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Abstract 
Background. Oxytocin (OT) is involved in regulating prostate growth. This study 

investigated whether OT, which normally inhibits prostatic growth, may stimulate 

proliferation in prostate cancer and whether this is accompanied by a change in 

oxytocin receptor (OTR) location. Caveolae are specialized invaginations in the 

cell membrane involved in the regulation of signal transduction. This study also 

investigated whether the number of caveolae and the expression of caveolae-

associated proteins, caveolin-1 (cav-1) and -2 (cav-2), and polymerase 1 and 

transcript release factor (PTRF) change in prostate cancer cells. 

Methods. Normal human prostate epithelial cells (PrEC) and prostate stromal 

cells (PrSC) and androgen-dependent lymph node carcinoma of the prostate 

(LNCaP) and androgen-independent (PC3) cancer cell lines were used. Human 

prostate tissue was obtained from surgical patients. OTR, cav-1 and -2, PTRF and 

androgen receptor (AR) expression were identified by immunocytochemistry and 

quantified by Western blot analysis. The MTS assay measured cell proliferation. 

Transmission electron microscopy (TEM) determined the number of caveolae per 

100µm of cell membrane. Double and triple immunohistochemistry was 

performed and co-localization was measured using Pearson's correlation 

coefficient. Total internal reflection fluorescence (TIRF) microscopy was used to 

determine the movement of OTR in living cells. 

Results.  The cell lines were characterized and shown to express OTR and 

androgen receptor (AR). In malignant cell lines and tissue, there was a loss of 

PTRF and an up regulation of cav-1 and -2. This was accompanied by a loss of 

caveolae as determined by TEM. 

 PC3 cells showed increased proliferation in response to an acute or chronic 

dose of OT or DHT alone. Addition of physiological concentrations of steroids 

combined with OT decreased proliferation of PC3 cells. Chronic androgen 
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withdrawal therapy (AWT) concentrations of DHT stimulated LNCaP cell 

proliferation. 

 Western blot analysis showed that cav-2 expression was increased in PC3 cells 

compared to PrEC cells. OTR expression was increased when PrEC cells were 

treated with T, E, and T+E. In LNCaP cells OTR expression increased following 

treatment with low levels of DHT. In PC3 cells OTR expression was reduced 

following treatment with OT alone, but increased with DHT. Cav-1 expression 

was up regulated by DHT and OT together in PrEC and down regulated by OT or 

DHT alone. Cav-1 was reduced by OT or DHT alone and with T+E in PC3 cells.  

 In PrEC cells, OT treatment increased co-localization of OTR & lipid rafts, and 

DHT decreased co-localization of OTR & cav-2. In PC3 cells, there was increased 

co-localization of OTR & lipid rafts with physiological OT and DHT alone and 

increased co-localization of OTR & cav-2 with DHT. In PC3, T or R1881 plus OT 

resulted in decreased co-localization of OTR and lipid rafts.  

 TIRF analysis using quantum dots showed that in PrEC, the OTR moved and 

there were immobile periods when OTR was stimulated with the OT ligand. In 

PC3 cells, OTR appeared to move erratically and more quickly across the cell 

membrane. 
Conclusion. In prostate cancer OT increases cell number, an effect that is lost 

when androgen is administered with OT. This study demonstrates the presence of  

caveolae in PrEC and shows that caveolae are lost in malignant epithelial cells. 

The changes in the cell membrane are accompanied by an up regulation of cav-2 

and by a loss of PTRF expression. In PrEC cells, OTR is co-localized with 

PTRF but in PC3 cells PTRF is lost and increased co-localization with lipid rafts 

is observed. Thus it appears that in prostate cancer, OTRs move out of caveolae 

and this may favour cell proliferation. These results suggest that in prostate 

cancer cells oxytocin, may stimulate proliferation and that this is accompanied by 

a change in OTR location.  
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1 Introduction 
1.1 Overview 

Prostate cancer is the most commonly diagnosed male cancer in New Zealand, 

and yet much remains to be explained concerning the molecular and genetic events 

important in prostate cancer progression.  Prostate cancer is an adenocarcinoma and 

is predominantly a disease of old age. In 2009, 2,471 men were diagnosed with and 

564 died from prostate cancer in New Zealand [NHIS, 2010]. Although one of the 

most prevalent types of cancer, many men will never have symptoms and will 

eventually die from other causes. Most prostate cancers are slow growing and are 

contained within the prostate gland i.e. 'localized' cancers. Unfortunately, in some 

men, the cancer can be aggressive and metastasize from the prostate to other parts 

of the body, particularly the bones and lymph nodes. 

Oxytocin (OT) and oxytocin receptor (OTR) are present in the human prostate 

[Whittington et al, 2004]. While expression of OT may decrease in prostate cancer, 

our evidence suggests that this is not the case for OT. In fact Zhong et al [2010] 

show that mRNA expression in cancer cells is higher than that in normal prostate 

cells. Although the OTR has a single isoform, the OT peptide is able to stimulate or 

inhibit proliferation [Bussolati et al, 2001]. Whether OTR is on the cell membrane 

or sequestered within cell membrane microdomains called caveolae, may dictate 

these effects [Guzzi et al, 2002]. Thus, it is hypothesized that OT, which normally 

inhibits prostatic growth, may stimulate proliferation if the location of the OTR is 

changed. 

 1.1.1 Aim 
The aim of this study was to determine if the location of OTR changes in prostate 

cancer and whether this affects cell proliferation.  
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1.2 Anatomical structure of the prostate 
The male reproductive tract consists of paired testes in which spermatozoa and 

androgens are produced, epididymides, ductus deferens and accessory glands. The 

male accessory sex glands consist of the prostate, seminal vesicles and bulbourethral 

glands. In the human male, the prostate is located deep within the pelvis, anterior to 

the rectum, posterior to the pubic symphysis and inferior to the urinary bladder. This 

location makes the prostate difficult to access (Fig 1.1). The normal prostate in the 

young adult male is an inverted cone shaped gland that encircles the urethra, is 

approximately the size of a walnut and weighs about 20 grams [Anderson, 1971].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Location of the prostate within the pelvis 
 

The function of this gland is to add secretions to the seminal fluid at the time of 

ejaculation and it contributes ~30% of the total seminal volume [Comhaire et al, 

1995]. Posterior and superior to the prostate are two seminal vesicles. The duct of 

each seminal vesicle joins with the ductus deferens on that side to form the 

ejaculatory duct. The ejaculatory ducts run through the cranial part of the prostate 
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gland and enter into the prostatic urethra at the veru montanum [Coakley et al, 2000]. 

The prostatic urethra is divided into proximal and distal segments by entrance of the 

ejaculatory duct at the veru montanum. The preprostatic sphincter surrounds the 

proximal half of the prostatic urethra. The sphincter is situated between the proximal 

urethra and periurethral zone of the prostate [McNeal, 1978]. The distal segment of 

the urethra receives the ejaculatory ducts and about 95% ofthe ducts from the 

glandular prostate [McNeal, 1988]. The sphincter urethrae surrounds the distal urethra 

[McNeal, 1988] and maintains urine control.  

The nerve supply to the prostate is both sympathetic (noradrenergic), from the 

hypogastric plexus and parasympathetic (cholinergic), from the pelvic nerve 

[Resnick et al, 1998]. The prostate blood supply is mainly from the prostatic branch 

of the inferior vesical artery and also the pudendal and middle rectal arteries [Dixon 

et al, 2005]. Arterial branches enter each side of the prostate at the bladder neck 

running towards the verumontanum, [McNeal, 1988], branching into urethral and 

capsular branches [Nicholson et al, 2007a].  

1.2.1 Zonal division of the human prostate  
Studies by McNeal in 1968 have been the basis for dividing the prostate into 

distinct histological zones [McNeal, 1968]. The zones differ in embryonic origin, 

histology, pathology and substances produced [McNeal, 1988], (Fig 1.2). 

The prostate is comprised of glandular and non-glandular regions. The glandular 

region consists of the periurethral glands, transition zone, and peripheral zone. The 

non-glandular region consists of the prostatic urethra and a fibromuscular stromal 

layer comprised of collagenous stroma and smooth muscle cells [Ayala et al, 1989]. 

The entire prostate gland is enclosed within a fibromuscular prostatic capsule 

containing a smooth muscle inner layer surrounding the stroma and prostate glands 

to assist in ejaculation [McNeal, 1988]. Dividing the prostate gland into zones is 

important clinically as the peripheral zone is the area most susceptible to 

inflammation such as prostatitis [Blacklock, 1991] and is the origin of 70% of 
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malignant growths [McNeal, 1969]. Approximately 25% of cancers arise in central 

zone [McNeal, 1978], and less than 10% occur in the the transition zone [McNeal, 

1988]. The transition zone and periurethral glands are the main site of Benign 

Prostatic Hyperplasia (BPH) [McNeal, 1978]. 

Figure 1.2. Image of the prostate showing the gland distribution 

1.2.2 Microscopic anatomy of the normal human prostate  

Prostate stroma 
The prostate stroma is composed of bundles of smooth muscle cells, which 

support and facilitate contraction. They also help maintain prostate tone [McNeal, 

1981]. The stroma also contains lymphatic and blood vessels, and fibroblasts.. 

Fibroblasts secrete an extracellular matrix rich in collagen, growth factors, 

mucopolysacharides, glycoproteins, reticular and elastic fibres [Doljanski, 2004],  

(Fig 1.3). 

Epithelial cells 
Within the epithelial layer of the gland, five types of epithelial cell have been 

identified; basal, secretory, neuroendocrine, stem and transit amplifying epithelial 

cells [Peehl, 2005]. Secretory epithelial cells are the predominant epithelial cells. 

Bordering the glandular lumen is a single layer of columnar epithelial secretory 
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cells that release their secretions including prostate specific antigen (PSA) and 

prostatic acid phosphatase into the lumen [Luke et al, 1994] (section 2.1.5). 

Secretory epithelial cells also express cytokeratin 18, a member of the cytokeratin 

family [Castellucci et al, 1996]. Ultrastructurally, the epithelial cells contain a 

prominent Golgi complex in the supranuclear region and many secretory granules 

[Franks et al, 1970]. Across the luminal surface there are abundant elongated 

microvilli with apical accumulation of secretory vacuoles [Timms et al, 1976]. Free 

ribosomes, and sparse granular endoplasmic reticulum are found throughout the 

cytoplasm [Franks et al, 1970] as are lysosomes and lipid droplets [Timms et al, 

1976]. Mitochondria and a large uniformly shaped nucleus are basally located in 

the cell [Timms et al, 1976], (Fig 1.3). 

 

Figure 1.3. Hematoxylin & Eosin stained section of prostate cells 
Fibroblast cells in the stroma support a layer of basal cells and secretory epithelial cells in 
the lumen. 

Basal cells 

A single row of basal cells sit atop the basement membrane that lines the acini 

and separates the stromal cells from the epithelium, (Fig 1.3). The basal cells in the 

human prostate are flattened cuboidal cells [El-Alfy et al, 2000] that lie parallel to 

!"#$%&'#(')*&''+)

,(+(')*&''+)

-$./0(')*&''+)
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the basement membrane and have slender filiform nuclei with little cytoplasm and 

no muscular filaments [Mao et al, 1966]. As in the rat and dog prostate, human 

basal cells are poorly differentiated as characterized by the lack of cytoplasmic 

organelles, a poorly developed Golgi complex, sparse short segments of 

endoplasmic reticulum, a few small mitochondria and no secretory vesicles [Timms 

et al, 1976]. Basal cells express cytokeratin 5 which can be used as a marker for 

this cell type [Abrahams et al, 2003]. 

Within the basal cell layer, a subpopulation of prostatic stem-like cells that can 

differentiate into basal, secretory or neuroendocrine cells has been described [Isaacs 

et al, 1989]. This hypothesis has been challenged by studies showing mitotic 

activity in differentiated epithelial cells indicating that these cells are capable of 

self-renewal even under low androgen levels [van der Kwast et al, 1998]. Evidence 

has been provided that basal cells may only act as a blood prostate barrier 

preventing substances in the blood coming into contact with epithelial cells [El-

Alfy et al, 2000].  

Neuroendocrine cells 

Neuroendocrine (NE) cells are scattered throughout the epithelium across all the 

prostate zones. They express neuropeptides including seroton in, somatostatin, 

neuron-specific enolase, calcitonin and bombesin [di Sant'Agnese, 1992]. These 

cells rest on the basal layer, in between the secretory cells with lateral dendritic 

processes but no luminal contact [McNeal, 1988]. Morphologically, they are highly 

granular [di Sant'Agnese, 1992]. They modulate growth and differentiation of the 

surrounding cells [Abrahamsson et al, 1989].  

Identification of prostate stem cells 

The normal adult prostate is maintained in a steady state of self-regeneration 

with cell proliferation and apoptosis in equilibrium. The existence of prostate stem 

cells was first postulated from the observation that normal prostate can regenerate 
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after repeated cycles of androgen deprivation and testosterone replacement in rats 

[Isaacs, 1987].  

The basal cell layer was thought to house stem cells, but this remains under 

debate [De Marzo et al, 1998]. Basal cells that express p63 were believed to be 

stem cells [Signoretti et al, 2005], however, in p63 null mice the complete prostate 

cell lineage was restored [Kurita et al, 2004] thereby disputing the hypothesis that 

p63 positive cells are the putative prostate stem cell. 

Isolated cells from adult mouse prostate glands are capable of generating a new 

functional prostate. A single adult stem cell was placed into matrigel along with rat 

stromal cells. When the gels were placed under the kidney capsule of immune-

deficient mice, they grew into functional prostate tissue [Leong et al, 2008].  

Found within the basal layer, transit amplifying cells were proposed to be stem-

like cells that are in the process of differentiating down either a neuroendocrine or 

exocrine pathway [Aarti et al, 2004]. Maturation down the exocrine pathway 

requires transit amplifying cells to proliferate into intermediate cells that migrate 

into the epithelial layer where they terminally differentiate into non-proliferative 

secretory cells which express prostate specific markers such as PSA [Aarti et al, 

2004]. However, evidence also suggests that proliferating transit amplifying cells 

may also be the origin of prostatic adenocarcinoma [Aarti et al, 2004].  

1.2.3 Function of the normal human prostate  
The prostate is an exocrine gland that is structurally developed to produce and 

store nutritional and protective secretions. The prostate contributes 30% of the 

seminal fluid volume, about 60% is produced by seminal vesicles and the testes 

produce spermatozoa as a further 2%.  

Prostatic fluid contains a variety of secretions. Proteases such as the enzyme 

prostatic acid phosphatase (PAP) [Filella et al, 1990; Papsidero et al, 1980] and 

PSA are secreted profusely with normal levels between 0.5-5g/L [Stephan et al, 

2002]. PSA is a member of the kallikrein family found only in the epithelium of the 
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prostate, and is important in liquefaction of semen within the female tract [Bilhartz 

et al, 1991]. In the healthy prostate when the basal cell layer and basement 

membrane are intact PSA is predominantly secreted into the seminal fluid. 

However, as prostate cancer develops and the basement membrane is breached then 

PSA is able to pass into the circulation resulting in increased serum concentrations. 

Identification of increasing PSA levels in the blood provides information that the 

normal architecture has been disrupted, but not whether this is due to benign or 

malignant changes [Wu et al, 1995]. 

Other prostatic secretions protect the spermatozoa by contributing an alkaline 

fluid from basic amines such as putrescine, spermine, spermidine and cadaverine 

[Pontes, 1983]. They counteract the acidic and hostile environment of the female 

reproductive tract and aid in sperm survival. The secretions are also rich in 

cholesterol, flavins and zinc, which is anti-microbial [Fair et al, 1976]. Citric acid 

acts as an antioxidant and binds metal ions [Huggins et al, 1942]. Fructose and 

galactose monosaccharides are the main nutrient source of sugars for metabolism 

for spermatozoa.  

Hormones stimulate the secretory cells lining the ducts. The prostate 

accumulates secretions slowly which are expelled rapidly by muscular contraction 

into the urethra to nurture and transport the spermatozoa produced in the testes. At 

ejaculation, contraction of the ductus deferens and accessory organs propels the 

spermatozoa, mixed with other fluids, out through the penile urethra [Ponig et al, 

1978]. After ejaculation the semen clots, retaining semen in the vaginal canal. 

Phosphorylcholine and prostaglandins suppress the female immune response, and 

changes in mucus aid sperm motility by creating a less viscous path [Huggins et al, 

1942]. The CZ secretes proteolytic enzymes not found in other zones such as 

pepsinogen II [Reese et al, 1986] and tissue plasminogen activator [Reese et al, 

1988]. Fibrinogenase, fibrinolysin and plasminogen activator are proteolytic 

enzymes liquefying the coagulated ejaculate allowing spermatozoa to escape and 

fertilize the ovum in the female tract [Stephan et al, 2002].  
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1.3 Steroidogenic regulation of the prostate 

1.3.1 Testosterone 
 In 1941, Huggins and Hodges reported that marked reductions in testosterone 

(T),  either by castration or estrogen treatment caused metastatic prostate cancer to 

regress [Huggins et al, 1941b]. Testosterone (Δ4-androsten-17β-ol-3-one) is a potent 

androgen produced mainly by the testes but also produced by the adrenal glands 

[Luke et al, 1994]. Testosterone (T) is formed by cleaving cholesterol to form 

pregnenolone [Setchell, 1978], which is then converted via 3β-hydroxysteroid 

dehydrogenase (3β-HSD) into T [Amory et al, 2001]. Testosterone is irreversibly 

converted to dihydrotestosterone (DHT) (and other 5α reduced androgens) in the 

prostate by the enzyme 5α-reductase, (5αR), or can be converted by the enzyme 

aromatase (P450arom) into estrogen (Fig 1.4). In the prostate, most of this 

conversion occurs in the stromal tissue [Russell et al, 1994]. Studies by Huggins et 

al, [1941] demonstrated in the dog that prostate atrophy occurred after castration 

but this could be reversed by treatment with T that was converted to the active 

androgen DHT [Bruchovsky et al, 1968]. 

1.3.2 5 α-reductase 

There are two isoenzymes of 5αR, in the rat prostate 5αR type I is expressed by 
basal epithelial cells, whereas 5αR type II is predominantly found in stromal tissue 
[Berman et al, 1993]. The 5αR Type II is more abundant in the human male 
reproductive tract [Thigpen et al, 1992] and exhibits three times as much activity as 
5αR Type I [Habib et al, 1983].  In situ hybridization and reverse transcriptase 
polymerase chain reaction (RT-PCR) analysis of primary human prostate cultures 
of separated stroma and epithelial cells determined that mRNA expression for both 
5αR isoforms was found in basal, epithelial and stromal cells [Habib et al, 1983]. 
However, the protein for 5αR was detected in basal and stromal cells of the normal 
prostate but not in epithelial cells. [Silver et al, 1994]. 
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Figure 1.4. Pathways of steroid biosynthesis  
Acetate is converted to cholesterol that is catalysed by P450scc enzyme to form 
pregnenolone (under luteinizing hormone (LH) control). Progesterone is converted to 17α-
hydroxyprogesterone and then to androstenedione. Aromatase (P450Arom) converts 
androstenedione to estrone and T to estradiol. Pregnenolone can also be converted to 17α-
hydroxypregnenolone and then to dehydroepiandrosterone (DHEA). DHEA is the 
precursor of androstenedione, which is converted to T by 17ß-hydroxysteroid 
dehydrogenase (17ß-HSD). T is converted into either active DHT by the enzyme 5αR that 
is converted into 5α-androstanediol or into estradiol by aromatase. A single arrow denotes 
irreversible reactions and reversible reactions have double arrows. 
www.vivo.colostate.edu/.steroid. gif.  
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1.3.3 Dihydrotestosterone 

Dihydrotestosterone, 5-androstan-17β-ol-one is a biologically active metabolite 

of T. It is formed following conversion of T by the enzyme 5αR, which reduces the 

4,5 double bond in the A ring [Luke et al, 1994]. Further metabolism converts DHT 

into 3α and 3β androstenediols in the cytoplasm or inactive 5α-androstanedione. 

DHT can also bind to the cytoplasmic androgen receptor (AR) protein. The prostate 

is the main source of circulating DHT [Peter, 2000]. The concentrations of DHT in 

the prostate can be 15-20 times higher than T levels [Rittmaster et al, 1991]. 

Conversion of T occurs in the stroma [Silver et al, 1994] and then DHT is 

transported into the epithelial cells. 

1.3.4 Androgen Receptor  
The AR is found in several locations; in the nucleus where it exerts classical 

androgenic actions, but also in the cytoplasm and cell membrane [Barrack et al, 

1983]. Developmentally, the AR appears in the fetal gonads, mesonephros and 

mesonephric duct in the first trimester [Sajjad et al, 2004]. From then on, basal, 

stromal, epithelial and endothelial cells in the prostate all express ARs [Bonkhoff et 

al, 1993; Pelletier et al, 2000; Cano et al, 2007]. 

The classical androgenic actions of DHT and T are a result of binding to the 

androgen receptor (AR) [Luke et al, 1994]. The androgen binding domain is on the 

C-terminal of the receptor and androgen binding changes the conformation of the 

protein [Luke et al, 1994]. When androgens bind to the intracellular AR, a portion 

of the AR is cleaved allowing the receptor to dimerize. The dimer is 

phosphorylated, translocated to the cell nucleus where it binds to specific DNA 

sequences (androgen response elements) that interact with co-regulator proteins 

which either enhance or suppress AR activation and stimulate synthesis of new 

proteins [Nelson et al, 2002], (Fig 1.5).  Both T and DHT bind to the AR although  
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Figure 1.5. The classical androgen receptor pathway 
 T is converted via 5αR to DHT to act via intracellular AR pathways.  
(1)   Androgen passes through the cell membrane and binds cytoplasmic AR. Bound AR 
translocates to the nucleus, binds to a DNA response element on a promoter of an androgen 
responsive gene and stimulates transcription.  
(2)   Bound AR interacts activates the mitogen-activated protein kinase (MAPK) pathway 
to influence AR-mediated transcription via phosphorylation of coactivator/receptor 
complexes. 
(3)   Androgen bound to steroid hormone-binding globulin (SHBG) activates SHBG 
receptor (SHBGR) and increases PKA activity. PKA influences phosphorylation of AR and 
AR co-regulators. Diagram modified from Foradori et al, [2008]. 
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DHT has a 10-fold stronger affinity for the AR than T [Rommerts, 1988; Beato, 

1989].The principal action of androgen is to regulate gene expression through the 

AR, which belongs to the superfamily of nuclear receptors. Activation of the AR is 

via Testosterone which is converted via 5αR to DHT to act via various intracellular 

AR pathways (Fig 1.5). i). Androgen may pass through the cell membrane to bind 

to  cytoplasmic AR that translocates to the nucleus, and binds to a DNA response 

element on a promoter of an androgen responsive gene to stimulate transcription.  

ii). Bound AR interacts with the SH3 domain of the tyrosine kinase c-Src to 

activate the mitogen-activated protein kinase (MAPK) pathway and influence AR-

mediated transcription via phosphorylation of coactivator/receptor complexes. iii). 

Whereas androgen bound to steroid hormone-binding globulin (SHBG) activates 

SHBG receptor (SHBGR) and increases PKA activity. PKA influences 

phosphorylation of AR and AR co-regulators.  

Non-classical effects of androgens can occur when the AR is present in the cell 

membrane. In this situation androgen binding to the AR triggers non-genomic 

signals and involves interactions between nuclear receptors and other signaling 

proteins in the cytoplasm and at the membrane surfaces [Papadopoulou et al, 2008]. 

Androgens induce rapid activation of kinase-signalling pathways and modify 

intracellular calcium levels. These effects are non-genomic (non-classical or rapid), 

as they occur in cells in the presence of inhibitors of transcription and translation 

and occur too rapidly to involve transcription [Heinlein et al, 2004].  

1.3.5   Estrogen 

Testosterone and other androgens are catalyzed irreversibly by the enzyme 

aromatase to produce estrogen (E) [Peter, 2000], (Fig 1.4). Aromatase is a 

microsomal member of the cytochrome P450 super family (P450arom), a product 

of the CYP19 gene.  

Estrogen is produced within the prostate from T mainly in the stromal cells. The 

most prevalent forms of estrogen found in the prostate are estrone (E1) and 
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estradiol (E2), [Etreby et al, 2000]. Estradiol is the main active estrogen in both 

males and females. Estrogens are involved in normal prostate growth [Peter, 2000]. 

One effect of E is to initiate cell proliferation, for example, E triggers proliferation 

of cells lining the mammary glands preparing the breast to produce milk during 

pregnancy.  

1.3.6 Estrogen receptors 
Estrogen binds to receptors in the cell nucleus causing the shape of the receptor 

to change allowing binding to specific DNA sites called estrogen response elements 

(ERE). The ERE binds to coactivator proteins and activates gene expression in 

response to estradiol [Klinge, 2001]. The human prostate expresses both estrogen 

receptor alpha (ERα) [Lubahn et al, 1993] and estrogen receptor beta (ERβ) 

[Kuiper et al, 1996]. 

In the normal human prostate, ERα is expressed by stromal cells [Tsurusaki et 

al, 2003] with ERβ expressed in epithelial cells [Lau et al, 2000; Adams et al, 

2002; Tsurusaki et al, 2003]. The ERβ functions in an antiproliferative manner in 

prostate epithelium and inactivation of ERβ results in prostate growth [Risbridger 

et al, 2007]. In both epithelial and stromal cells ERα has been demonstrated to 

promote the proliferative effects of E [Prins et al, 2001b] inducing prostate growth.  

Absence of ERβ results in hyperplasia of the prostate in 80% of 1-year old 

estrogen receptor β knock out mice (βERKO) male mice [Krege et al, 1998; 

Weihua et al, 2001]. Further investigation determined that murine prostate 

hyperplasia in the βERKO resulted from increased proliferation rather than 

decreased apoptosis [Imamov et al, 2005]. Treatment of estrogen receptor α knock 

out mouse (αERKO) and βERKO mice with synthetic estrogen diethylstilbestrol 

(DES) induced squamous prostatic metaplasia in wild type and βERKO mice, but 

not in αERKO mice, implicating a signalling pathway through ERα inducing 

metaplasia [Prins et al, 2001a].  
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Aromatase knockout mice (ArKO) have been generated by disrupting exon IX of 

the cyp19 gene and insertion of the NEO gene [Fisher et al, 1998b; Robertson et al, 

1999]. These mice are unable to convert T to E and develop an enlarged prostate 

possibly due to a lifelong exposure to androgens [Jarred et al, 2003]. 

1.4 Prostate disease in Man 

1.4.1 The ageing male  
Diseases of the human prostate are common and include benign prostatic 

hyperplasia (BPH), carcinoma of the prostate and inflammation (prostatitis). With 

ageing, the levels of T decrease and the levels of E rise [Shibata et al, 2000] in men. 

Testosterone levels decrease each year, from about 50 years of age onwards 

[Belanger et al, 1994]. Levels of sex hormone-binding globulin (SHBG) rise, 

further reducing concentrations of free biologically active circulating androgens, so 

that levels in men over 60 are about one third of a 20 year old [Schulman et al, 

2002].  

1.4.2 Benign Prostatic Hyperplasia 
Benign prostatic hyperplasia is characterized by an overgrowth of prostate 

stromal and epithelial cells, resulting in the formation of large nodules in the 

transition zone of the prostate.  In man, pathological changes begin to appear in the 

prostate from about the age of 30 [Anderson, 1971]. Only 8% of men of age 40 

show evidence of BPH [Berry et al, 1984], whereas 70% of men over the age of 70 

have prostates that show BPH [McNeal, 1988]. BPH is not associated with prostate 

cancer [Davidson, 2003] but often the conditions co-exist [Bostwick et al, 1992]. 

The prostate encircles the urethra so men with BPH often present with urination 

problems as enlarged tissue narrows the urethra. Clinically the obstruction is related 

to an increase in volume of stromal tissue [Shapiro et al, 1992].  

Estrogens are known to increase with age [Shibata et al, 2000] and to increase 

stromal growth [McPherson et al, 2001], by increasing expression of the AR 
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[Moore et al, 1972] and stimulating activity of 5aR [Isaacs, 1983]. The altered ratio 

of E to androgen promotes an increase in stromal growth [Isaacs, 1984], although 

evidence suggests that rather than uncontrolled growth of benign cells there is a 

reduction in apoptosis [Colombel et al, 1998]. Changes in Es may be important in 

the development of benign disease [Isaacs et al, 1989].  

1.4.3 Carcinoma of the prostate in New Zealand 
  The incidence of prostate cancer is increasing, which could be related to an 

increase in the aging population, early detection by PSA testing and increased 

public awareness. As men age, the risk of developing prostate cancer increases. In 

2009, 90 percent of all new cases of prostate cancer reported were in men aged over 

60 years. One man in 100 will die from prostate cancer before the age of 75 and 

two-thirds of deaths are in men over the age of 75. There are also reports that the 

incidence of prostate cancer and mortality rates are 1.2 times higher in Maori men 

than in non-Maori men [Gray et al, 2003] but this may be due to a delay in 

presentation rather than progression of the disease [NHIS, 2010]. In Western 

countries, it is estimated that 17 men in 100 may develop prostate cancer and 4 in 

100 will die from metastatic prostate disease [Mellado et al, 2009]. 

Epidemiological studies in New Zealand for the year 2007 revealed that prostate 

cancer was the most common cause of male cancer death [NHIS, 2010]. 

1.4.4 Development of prostate cancer 
The aetiology of prostate cancer is yet to be elucidated. Family history [Bauer et 

al, 1998], race [Platz et al, 2000], environment [Ross et al, 1994] and androgens 

[Huggins et al, 1941a] have all been implicated in the development of prostatic 

malignancy. Prostate malignancies are mainly localized to the PZ of the prostate 

and 95% are adenocarcinomas.  

Prostate cancer usually begins with a small number of atypical cells and is 

asymptomatic [Westerman et al, 2005]. This is followed by low-grade prostatic 

intraepithelial neoplasm (PIN) that progresses to high-grade PIN that is the most 
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likely precursor of prostatic carcinoma [Bostwick et al, 1987]. The PIN lesions 

progress to disrupt the basal layer and then the basement membrane [Bostwick et 

al, 1987]. But the tumor can remain undiagnosed until it is either large enough to 

obstruct the urethra and interfere with urination or it metastasizes [Westerman et al, 

2005]. The carcinoma progresses to invade the prostatic capsule and eventually 

progresses to metastasises typically to the lymph nodes and bones [Westerman et 

al, 2005] leading to a poor prognosis for the patient [Pinski et al, 2005].  

It is often quoted that many more men die with the disease rather than from it 

[Durham et al, 2003]. Histological evidence of prostate carcinoma was found 

incidentally at autopsy in 26% of men at age 55 and 59% at age 80 and older 

[Edwards et al, 1953; Franks, 1954; Breslow et al, 1977] indicating that the 

majority of aging men will develop microscopic foci of prostate cancer [Westerman 

et al, 2005]. This frequency suggests that millions of men in the USA have prostate 

cancer and yet fewer than 40,000 men die each year from prostate cancer [Mitka, 

2002]. These statistics indicate that most prostate cancers grow slowly over many 

years [Erbersdobler et al, 2002a]. Unfortunately, however in ~20% of men this 

slow growing tumor will develop properties of invasive prostate cancer [Boyle et 

al, 2003]. 

1.4.5 Gleason grading 
A diagnostic grading system of prostate cancer tissue was devised in the 1960s by 

Donald Gleason (Fig 1.6). The cancer cell’s ability to form a glandular structure 

mimicking normal prostate gland architecture is called differentiation. A tumor 

with a nearly normal structure (well differentiated) will behave relatively normally 

and not be aggressively malignant [Gleason, 1966]. The Gleason Score of 1 to 5 is 

based on Gleason grade for the first and second most predominant cancer patterns. 

The grades are added together to give a Gleason Grade i.e. 4+3=7, where the first 

grade is the most abundant pattern. A patient with a score of between 1-4 (well-

differentiated) will rarely develop aggressive disease whereas a score of 8-10 
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Figure 1.6. Gleason grading 

Gleason's drawing of five Gleason grades of prostate cancer [1966] showing the 

histological appearance of cancer tissue. The Gleason system is based on the architectural 

pattern as the glands progressively deteriorate from Grade 1 (well differentiated) to grade 5 

(poorly differentiated).  Hematoxylin & Eosin stained sections on the right. Bar = 100µm.  
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 (poorly differentiated) will develop aggressive and fatal prostate cancer [Babaian 

et al, 1991].  

In one study, tumor volume was calculated with computer-assisted planimetry 

from 365 radical prostatectomy specimens and showed that tumor size is not a 

reliable prognostic indicator [Erbersdobler et al, 2002b]. However, there is 

evidence that location is important, as lower Gleason scores are associated with TZ 

carcinoma that display a less malignant clinical behavior compared to PZ cancers 

[Erbersdobler et al, 2004]. Gleason grade 1-2 are almost exclusively found in the 

TZ and tumors of grade 3-5 are typically found in the PZ [McNeal et al, 1990].  

1.4.6 Androgen-dependent cancer 
Huggins and Hodges in 1941 published articles stating that prostate cancer was 

dependent upon androgens for growth. They proposed that since ARs cause the 

growth of prostate cells, they also stimulate the growth of prostate tumor cells. 

They measured the reduction of metastatic carcinoma prostate in the dog and 

showed growth was reduced after decreasing androgen levels through bilateral 

orchidectomy or E injections and proposed castration as a treatment for prostate 

cancer [Huggins et al, 1941a]. Subsequent published clinical reports claimed a cure 

for prostate cancer and also concluded that E improved survival for both early and 

late forms of prostate cancer [Nesbit et al, 1946; Nesbit et al, 1950]. However, 

re-examination of existing data showed no survival advantage from E treatment 

[Rhoden et al, 2004]. Moreover, E treatment was reported to cause myocardial 

infarctions and stroke in men [Blackard et al, 1970]. 

1.4.7 Prostate cancer treatments 
Androgens are essential for development and differentiation of the prostate gland 

but also accelerate growth of carcinoma. The progression of the disease can be 

delayed by surgical castration, or by chemical castration, androgen withdrawal 

therapy (AWT).  
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For men with early confined prostate cancer, complete removal of the tumor by 

radical prostatectomy is the best treatment. Androgen withdrawal therapy is the 

recommended treatment for men where the cancer has spread outside the prostate 

[Kyprianou et al, 1996].  The AWT reduces production of androgens [Isaacs et al, 

2004] and reduces disease symptoms in approximately 75% of men [Oudard et al, 

2003]. Androgen withdrawal triggers apoptosis in both normal and androgen-

dependent prostate cancer cells [Kyprianou et al, 1990; Gao et al, 1998] but not 

androgen-independent prostate cancer cells [Denmeade et al, 1996] nor basal cells 

[English et al, 1987]. Consequently, in many men the cancer becomes refractory to 

androgen reduction.In part this may reflect the fact that androgens are not 

completely lost in androgen deprivation therapy. While AWT reduces circulating 

androgen levels by 90-95% [Waxman et al, 1983] intraprostatic concentrations of 

the active androgen DHT only decline by 50-70% [Labrie, 2004].  

During AWT, treatment with anti-androgens such as LHRH agonists such as 

leuprolide reduces circulating levels of T to castrate levels, [Klotz, 2006]. LHRH 

agonists result in decreased LH and as a consequence T production [Scher et al, 

2004]. Flutamide is competitive antagonist of the AR. 

Problematically, the use of AWT for prostate disease has two major 

disadvantages: firstly are the overt side effects this treatment has in men such as 

loss of libido and erectile dysfunction [Saylor et al, 2009]. Secondly, after the 

initial remission phase, the disease becomes androgen independent. This occurs 

because stem cells are resistant to androgen deprivation and resume growth 

[Risbridger et al, 2008] and because AWT does not induce apoptotic death of 

androgen-independent prostate cancer cells [Isaacs, 1999], they continue to survive 

and proliferate as the tumor progresses to an androgen-independent state that is 

eventually fatal [Laufer et al, 2000].  
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1.4.8 Androgen-independent cancer  
Patients generally develop androgen-independent cancer within 3 years of 

starting AWT [Isaacs, 1999] and the mean survival time with androgen-

independent metastatic disease is about 9-12 months [Oudard et al, 2003]. There is 

no effective therapy for this form of the disease [Rinker-Schaeffer et al, 2000].  

Androgen-deprivation may in fact facilitate androgen-independent progression. 

The acquisition of the androgen-independent unresponsive state by prostate cancer 

cells is due to the presence of androgen independent cells [Isaacs et al, 1981] as the 

AR directly stimulates growth of the malignant cells despite the low-androgen 

environment [Gao et al, 2001]. Prostate cancer tissue and cell lines have the ability 

to produce their own T as the enzymes that convert cholesterol to T are upregulated 

in cancer cells [Dillard et al, 2008; Locke et al, 2008]. Although all cell types will 

grow in culture in the absence of androgen, growth of cultured cells without 

androgens may result in the selection of cells that are androgen independent 

[Webber et al, 1996]. In human prostate carcinoma, cells expressing both AR as 

well as AR negative cells have been detected before androgen ablation [Sadi et al, 

1991]. 

1.4.9 The androgen receptor in cancer 
A mutation in the AR steroid-binding domain can result in the AR becoming 

promiscuous allowing other steroids (i.e. Es) and even anti-androgens [Hobisch et 

al, 2000] to bind and activate mutant AR and promote proliferation and survival 

without requiring androgen ligand binding [Wang et al, 2000]. Mutations of the AR 

also result in promiscuous ligand binding as the AR becomes hypersensitive to low 

circulating levels of androgens following orchidectomy or androgen blockade 

[Mononen et al, 2002]. There are two schools of thought, that AR mutations only 

appear during the latter stages of prostate cancer or that anti-androgen treatments 

themselves promote AR mutations [Hyytinen et al, 2002].  
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Mutations are rare in patients with confined prostate cancer but are found in 44% 

of prostate cancer samples of patients with advanced metastatic disease [Tilley et 

al, 1996]. However, some mutations arise in the absence of androgens and are 

important for growth of the primary tumor rather than metastases. Mutations cluster 

into three regions of the AR [Buchanan et al, 2001a]. Mutations in the ligand 

binding domain (LBD) affect the ligand-binding pocket and decrease specificity so 

that the receptor becomes promiscuous [Veldscholte et al, 1990b; Taplin et al, 

1995; Buchanan et al, 2001b]. A second cluster borders activation function 2 (AF-

2) and result in increased sensitivity to the growth promoting effects of low levels 

of dihydrotestosterone [Gregory et al, 2001]. A third cluster found in the hinge 

region affects AR interactions with co-repressors to lessen the efficiency of anti-

androgens [Buchanan et al, 2001b].  

Prostate cancer cells appear to respond to AWT by amplifying AR gene copy 

number in patients who experience disease recurrence [Visakorpi et al, 1995; 

Koivisto et al, 1996; Miyoshi et al, 2000]. 

 Hormonal deprivation may lead to a selection of AR gene mutations. There is 

evidence that the androgen dependent prostate cancer (LNCaP) cell line recognize 

the anti-androgen cyproterone acetate and flutamide, as agonists [Wilding et al, 

1989]. The AR of the LNCaP cells contain a well-characterized T877A mutation 

[Veldscholte et al, 1990a] that recognizes anti-androgens [Veldscholte et al, 1992].  

This mutation results in an increase in the size of the steroid-hormone binding 

pocket allowing accommodation of ligands that cannot bind to the wild type 

receptor [Sack et al, 2001]. The T877A mutation can also mediate AR activity 

without androgen binding and enhance growth at low androgen concentrations [Sun 

et al, 2006]. AR can be activated independently of ligand binding and with low 

concentrations of androgens [Culig, 1994]. The HER-2/neu tyrosine kinase receptor 

activates the AR pathway in the absence of androgens [Craft et al, 1999].  
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Not only are AR mutations seen in prostate cancer, but there is also increased 

AR expression. Chen et al, [2004] found that there was a 2-5-fold increase in AR 

mRNA associated with hormone-refractory disease.  

Studies using transgenic androgen receptor knock out (ARKO) mice concluded 

that AR functions as a survival factor of prostate cancer epithelial cells [Niu et al, 

2008b]. Mutant AR has also been found in prostate cancer cell lines and in nude 

mouse xenografts, further supporting that AR modifications enhance signalling and 

provide an advantage for prostate cancer cells [Tan et al, 1997; Zhao et al, 1999].  

1.4.10 Cytoplasmic androgen receptors 
The AR protein is predominantly found in the cytoplasm and not the nucleus and 

in the absence of exogenous ligand [Trapman et al, 1996]. Immunohistochemical 

analysis of a rat prostate stromal cell line (PS-1) showed cytoplasmic localization of 

AR that was unresponsive to androgen stimulation when grown in media containing 

serum. When grown in serum-free medium, AR localized to the nucleus and the 

cell line responded to androgens [Gerdes et al, 1998]. In a later experiment, they 

showed that in PS-1, TGFβ1 induction resulted in transient translocation of AR 

from the nucleus to the cytoplasm [Gerdes et al, 2004].  

1.4.11 Non-classical AR in the cell membrane 
The classical response to androgen stimulation is mediated by AR activating  

gene transcription in the nucleus. However, non-classical activity is characterized 

by a faster response to androgens. There are two types of AR; (a) intracellular 

androgen receptors (iARs) mediating genomic androgen signals resulting in 

receptor dimerization, nuclear translocation and activation of target genes and (b) 

membrane androgen receptors (mARs) triggering non-genomic signals manifested 

within minutes of androgen binding.  

There are four ways in which androgen interacts with the mAR (Fig 1.7). 

Activation of the mAR may lead to activation of calcium channels through a G-

protein (GP), as the increased intracellular calcium leads to activation of PKC and 
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via calmodulin activates PKA and MAPK. Androgen interactions with mAR may 

also lead to modulation of GP activity and activation of phospholipase C (PLC), 

resulting in increases of IP3 that release intracellular calcium from the sarcoplasmic 

reticulum and subsequently activate the RAS/MEK/ERK pathway. The DHT 

metabolite, 3α-Diol interacts with Gamma-Amino-Butyric Acid-A receptor and 

increases intracellular chloride and the membrane potential. Finally T and its 

metabolites interact with phospholipids in the bilayer to change membrane 

flexibility and alter the function of sodium/potassium ATPase and calcium ATPase. 

These responses occur rapidly at the cell membrane in the absence of transcription 

and translation and the AR does not translocate to the nucleus [Foradori et al, 

2008]. Expression of AR in the cell membrane in human tumor cells was first 

reported in LNCaP cells [Kampa et al, 2002] where T and DHT induce PSA release 

and actin reorganization. These effects were attributed to mAR activation and were 

independent of classical AR because they were observed in the presence of the anti-

androgen flutamide or intracellular anti-sense oligonucleotides [Hatzoglou et al, 

2005]. Analysis of the molecular signaling pathway identified a mAR specific non-

genomic pathway, where PI-3K activation resulted in actin cytoskeleton 

reorganization. Three different antagonists failed to block the activation of this 

rapid signaling pathway [Papakonstanti et al, 2003]. Membrane AR expression was 

also reported in DU145 prostate cancer cells that are deficient in iAR [Hatzoglou et 

al, 2005]. There is no experimental evidence of interactions between iAR and 

mAR.  It is believed that mAR may represent either a pool of iAR targeted to the 

cell membrane that may be sequestered with lipid rafts or an unknown G-protein 

coupled receptor that can trigger iAR-independent signaling cascades [Aarti et al, 

2004]. 
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Figure 1.7. Non-classical androgen actions  
(1) Androgen interacts with membrane associated androgen receptor (mAR) leading to 

activation of calcium channels through a G-protein (GP). Increased intracellular calcium 
leads to activation of PKC and via calmodulin activate PKA and MAPK.  

(2) Androgen interacts with mAR leading to modulation of G-protein activity and 
activation of phospholipase C (PLC). The subsequent increase in IP3 releases 
intracellular calcium from the sarcoplasmic reticulum and activation of the 
RAS/MEK/ERK pathway.  

(3) DHT metabolite, 3α-Diol interacts with Gamma-Amino-Butyric Acid-A receptor and 
increases intracellular calcium and membrane potential.  

(4) T and its metabolites interact with phospholipids in the bilayer to change membrane 
flexibility and alter the function of sodium/potassium ATPase and calcium ATPase.  
Diagram taken from Foradori et al, [2008]. 
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1.4.12 Stromal-epithelial interactions in prostate cancer 
 Stromal-epithelial cell interactions are important in the initial development and 

then the maintenance of normal prostate size and function [Chung et al, 2006]. The 

stroma is also crucial for prostate cell development [Cunha, 1976; Bissell et al, 

1982]. The close interaction between stromal and epithelial components of the 

prostate gland mediates the transportation of oxygen and nutrients to the cells but 

more importantly exchanges information between these cells [Cunha, 1994; Steiner, 

1995]. Amongst the growth factors secreted by prostate stromal cells are insulin-

like growth factors (IGFs) that stimulate growth of epithelial cells and transforming 

growth factor beta (TGFβ) that inhibits growth of epithelial cells [Byrne et al, 

1996; Wong et al, 2000]. Epithelial differentiation is dictated by the surrounding 

stroma which in turn, dictates the androgen-induced growth response and the 

expression of secretory proteins in the normal prostate gland [Kooistra et al, 1997; 

Cunha et al, 2004] such as PSA secretion by the epithelial cells [Liu et al, 1997]. 

Stromal cells provide nutrients, growth factors, neurotrophic factors (for growth 

and maintenance of neurons) [Kooistra et al, 1997] and steroid hormones such as 

17β-oestradiol, T, DHT and progesterone [Cunha et al, 2004]. Consequently, the 

stromal compartment is able to modify the epithelial cell microenvironment 

[Kooistra et al, 1997].  

The AR plays a key role in regulating programmed cell death or apoptosis 
[Cunha et al, 2004]. Androgen-induced stromal cell products inhibit epithelial cell 
growth maintaining the delicate balance between proliferation and apoptosis 
[Kooistra et al, 1997]. Epithelial cell proliferation is normally low and in balance 
with cell death [Cunha et al, 1987]. Androgens act on ARs in stromal cells to 
release paracrine growth factors, which bind to receptors expressed solely by the 

basal cells such as EGF and transforming growth factor alpha (TGFα) to regulate 
proliferation of the basal cells [Cunha, 1994; Cunha et al, 2002]. These cell-cell 
interactions between the stromal and epithelial cells are critical for the 
maintainence of a normal prostate microenvironment.  
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In the human prostate, the dynamic stromal microenvironment is critical to both 
normal prostate development as well as tumor progression as through their 
interactions with epithelial cells, prostate stromal cells can regulate cell growth and 
differentiation. The effects are mediated through the AR. In the normal adult 
prostate, AR is expressed in both epithelium and stromal cells [Jenster, 1999].  

While prostate cancer is a disease of epithelial cells, stroma contributes by 
promoting tumor progression [Ekman, 2000]. Normally, collagen components of 
the extracellular matrix suppress prostate growth, balancing the cellular 
components [Chung et al, 1984]. As cancer progresses, clear distinctions between 
fibroblasts and smooth muscle become vague owing to reported expression of most 
smooth muscle markers in activated fibroblasts, referred to as myofibroblasts 
[Rowley, 1998; Cunha et al, 2004; Cano et al, 2007]. As the number of 
myofibroblasts increase in the stroma surrounding the tumor epithelium, the 
numbers of smooth muscle cells were seen to decrease [Tuxhorn et al, 2001; Cunha 
et al, 2002]. During neoplastic alterations, the stroma determines the rate of tumor 
progression [Chung et al, 2006].  
The importance of stromal-epithelial stem cell signaling appears crucial as is 
conserved across the species. Rodent stroma can direct the fate of human stem cells 
and generate human prostate epithelium from pluripotent human embryonic stem 
(ES) cells [Risbridger et al, 2008]. Human ES cells recombined with mouse 
prostate mesenchyme generate human prostate tissues composed of all cell types 
and secrete PSA [Taylor et al, 2006].  

Prostate tumor stroma is distinct from normal stroma and can be recognized by 
its pathology and molecular signature [Joesting et al, 2005]. Normal versus cancer 
associated stroma leads to different results in xenograft models [Taylor et al, 2006]. 
Human ES cells with carcinoma-associated fibroblasts (CAFs) were grafted into the 
kidney capsule of male immunodeficient mice to form teratoma tissues consisting 
of all three germ cell lineages that rapidly enlarged and killed the host. 
Additionally, normal prostate fibroblasts were unable to delay teratoma formation 
further implicating tumor stroma as a passive, rather than active, player in 
tumorigenesis [Risbridger et al, 2008].  
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1.5 Oxytocin and oxytocin receptor 

1.5.1 Oxytocin 
Oxytocin is a peptide hormone produced in the hypothalamus. It was first 

purified and sequenced by Du Vigneaud [du Vigneaud et al, 1953]. Oxytocin is a 

nonapeptide with cysteine residues at amino acid positions 1 and 6. These cysteine 

residues form a disulfide bridge creating a cyclic six amino acid ring with 3 amino 

acid residues tail as the COOH terminal, (Fig 1.8) [Kresge et al, 2004].  

 

Figure 1.8. Oxytocin peptide 
Schematic structure      

of the nonapeptide, 
oxytocin 

 

 

The gene that codes for OT in humans is found on chromosome 20p 12.21 and is 

comprised of 2 introns and 3 exons [Ivell et al, 1984]. Oxytocin is synthesized in 

the magnocellular neurons of the supraoptic nucleus and paraventricular nucleus of 

the hypothalamus (hypothalamo-neurohypophysial system). Oxytocin is 

synthesized as a pro-hormone packaged into vesicles and bound to the carrier 

protein neurophysin I to form a dimeric precursor complex [Zimmerman et al, 

1974]. 

Neurophysin-OT dimers are packaged and transported down axons to the nerve 

terminals of the posterior pituitary. Pulse-labelling the neurons with the radioactive 

amino acid cysteine (in which OT and neurophysin are exceptionally rich) showed 

that OT is enzymatically cleaved from the neurophysin while they are transported 

along the axon [Brownstein et al, 1980] see Fig 1.9 below. 
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In the axon, large numbers of OT-containing vesicles are stored until released by 

exocytosis when the nerve terminals are depolarized [Brownstein et al, 1980].  

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Oxytocin gene 
Genes for OT and vasopressin are located on the same chromosome at locus 20p13 

separated by 12kb [Rao et al, 1992], but are transcribed in opposite directions [Ivell et al, 

1984].  

Nerve terminals end directly on capillary endothelial cells so OT is released into the 

systemic circulation by specific stimuli and transported to target tissues 

[Brownstein et al, 1980]. 

Oxytocin (Greek for quick birth) in the female is secreted from the 

neurohypophysis [Fuchs et al, 1990] during labor to stimulate contractions of the 

uterus. Oxytocin also acts as a neurotransmitter in the brain, controlling stress 

levels [Lang et al, 1983] sexual and social behaviour (for a review, see [Gimpl et 

al, 2001].  

1.5.2 Structure of the oxytocin receptor  
In order for OT to have a biological effect in tissues it must bind to a specific OT 

receptor (OTR). A single isoform of the OTR gene [Kimura et al, 1992] is present 
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in the human genome and has been mapped to the gene locus 3p25-3p26.2 [Inoue et 

al, 1994].  

The OTR is a 388 amino acid polypeptide and is a member of the trimeric G-

protein-coupled cell-surface receptor super family [Peter et al, 1995] that consists 

of 7 hydrophobic transmembrane α-helices, joined by alternating intracellular and 

extracellular loops, with an extracellular N-terminal domain and a cytoplasmic C-

terminal domain [Barberis et al, 1998] (Fig 1.10). The OT receptor sequence is 

generally highly conserved across all species but large variations exist in the third 

intracellular loop that couples G-proteins [Ivell et al, 1995]. 

Human OTR has 3 glycosylation points in the N-terminal region, as well as 

phosphorylation sites in the 3rd intercellular loop and C-terminal [Kimura et al, 

1997]. In humans, three N-glycosylation sites have been identified prior to the first 

transmembrane domain [Kimura et al, 1997].  

The cyclic portion of OT binds with OTRs transmembrane domains 3, 4 and 6 

with the linear portion of OT interacting with transmembrane domains 2 and 3 

together with the first extracellular loop [Zingg et al, 2003] and undergoes rapid 

desensitization following stimulation [Evans, 1997]. The OTR can form 

homodimers and oligomers in vitro and these are present on the cell surface 

[Devost et al, 2003]. Homodimer formation is not dependent on disulfide bonds but 

the presence of receptor oligomers on the cell surface is modulated by ligand.  

1.5.3 The presence of OT in the male reproductive tract 
Challenging the traditional view of OT as a female hormone, OT is found to 

have actions in the male reproductive system. Nicholson et al, [1985] first 

identified the OT peptide in the human prostate using radioimmunoassay (RIA) and 

HPLC [Nicholson et al, 1985]. Oxytocin protein has been identified in the Leydig 

cells of the rat [Guldenaar et al, 1985; Yeung et al, 1988], bull [Ungefroren et al, 

1994], and ram [Assinder et al, 2000]. 
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Figure 1.10. Oxytocin Receptor Schematic 

Structure of human OTR with amino acid residues shown in one-letter code [Ivell et al, 

1995]. The N-glycosylation (Y) and palmitoylation (at C347) sites are marked. The N-

terminal is extracellular and C-terminal is cytoplasmic. The sequence that the antibody 

(OTR, 020) is raised to is in the third intracellular loop (highlighted green). 

 

Oxytocin mRNA has been demonstrated in the human [Ivell et al, 1990], rat 

[Foo et al, 1991], bull [Ang et al, 1991] and marmoset monkey testis [Einspanier et 

al, 1997]. The presence of OT in prostate tissues has been confirmed in several 

species including dog [Nicholson et al, 1995], rat [Nicholson, 1996], possum [Fink 

et al, 2005], and human [Farina-Lipari et al, 2003; Whittington et al, 2004].  

The discovery that OT mRNA is present in the prostate suggests local 
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production. The finding of both OT and neurophysin immunoreactivity in the 

prostate was important evidence for the local synthesis of the complete precursor 

molecule [Einspanier et al, 1997]. 

In the human prostate, OT immunoreactivity is seen primarily in the epithelial 

cells of the acini, but can also be observed sparsely in the stroma [Whittington et al, 

2000]. However, there may be differences between the species. Within the 

marmoset monkey prostate, RT-PCR analysis confirmed that neither OT nor 

neurophysin protein or RNA was produced within the prostate although both are 

present in the testis [Einspanier et al, 1997].  

1.5.4 The presence of OTR in the male reproductive tract 
While there is consensus that OT is produced in the prostate, where the OTR is 

expressed between species is still under debate, (Table 1.1).  

In the human prostate, OTR has been localized to the basal, epithelial cells as well 

as the smooth muscle cells in the surrounding stroma [Frayne et al, 1998; 

Whittington et al, 2004]. Similar localization is seen in the rat [Assinder et al, 

2004a] and ram [Assinder et al, 2000]. OTR mRNA has been identified within 

stromal and epithelial cells of the human prostate [Bodanszky et al, 1992; 

Einspanier et al, 1997]. 

The localization of OTR immunostaining in specific prostate cells is also 

inconsistent. In the marmoset monkey prostate, OTRs are seen in the stromal cells 

and only weakly expressed in basal cells [Einspanier et al, 1997]. Whereas in the 

macaque monkey, OTRs are only seen in the stromal cells [Frayne et al, 1995]. 

OTR mRNA gene transcripts have also been identified in the human prostate 

[Einspanier et al, 1997].  

In human prostate, OTR has been variably identified in stromal cells only [Frayne 

et al, 1998] or localized in both stromal and epithelial cells with weak expression in 

stromal cells [Cassoni et al, 2004a; Whittington et al, 2004].  



 

 33 

Table 1.1. Published details of OT and OTR protein expression in the prostate 
 

    Species Basal Epithelial  Stromal   Reference 
 
OT 

Human + + + [Whittington et al, 2004] 
Marmoset - - - [Einspanier et al, 1997] 

 
 
OTR 

Human + + ND [Whittington et al, 2004] 
ND ND + [Frayne et al, 1998] 

Rat + + + [Assinder et al, 2004a] 
 Marmoset + - + [Einspanier et al, 1997] 
 Macaque - - + [Frayne et al, 1998] 

 

+ = positive expression,  - = no expression,  ND = not done 

1.5.5 Actions of OT in the male reproductive tract 
Oxytocin has several roles in the male involving prostate growth, stimulation of 

contractile activity and also regulation of steroidogenesis.  

At ejaculation, a surge of OT is released from the posterior pituitary into the 

systemic circulation stimulating contraction of the prostate gland, seminiferous 

epithelium of the testis and the epididymis the transport of spermatozoa [Pickering 

et al, 1990; Frayne et al, 1996; Assinder et al, 2002; Thackare et al, 2006]. In 

humans, plasma OT concentrations increase during sexual stimulation and arousal 

[Carmichael et al, 1987].  

OT has been implicated in the growth of the rat prostate where castrated animals 

treated with OT had greater epithelial volume, a higher number of secretory cells 

and lower numbers of apoptotic cells than castrate controls [Plecas et al, 1992]. 

There is evidence that OT stimulates the growth of epithelial cells in the acini of 

rabbits [Armstrong et al, 1958] and the glandular epithelium of rats [Popovic et al, 

1990; Plecas et al, 1992]. 

Oxytocin has been shown to increase prostatic tone and induce contractions of 

the prostate of guinea pig, rat, dog and human [Bodanszky et al, 1992]. The 

contractions produced by OT are more potent than noradrenaline and methacholine 

[Bodanszky et al, 1992].  
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Oxytocin modulates DHT concentrations through regulation of the activity of 

the enzyme 5αR to stimulate conversion of T to DHT and OT itself is negatively 

regulated by androgens [Nicholson et al, 1994a; Nicholson et al, 1995], (Fig 1.11).  

Oxytocin acts by increasing the activity of existing type I enzyme and by 

increasing synthesis of the type II isoform [Assinder et al, 2004a]. By increasing 

activity of 5αR, OT is able to regulate the conversion of T to DHT [Nicholson et al, 

1994b]. Rats treated with OT for 3 days resulted in an increased production of 5αR 

type II isoform whereas messenger RNA (mRNA) for type I isoform was down 

regulated [Assinder et al, 2004a].  

In rats, chronic administration of OT reduces T levels but increases 5αR activity, 

as well as DHT concentrations in the testis and epididymis [Nicholson et al, 1994b] 

indicating a feedback mechanism. However, in the prostate the increase in 5αR 

activity following OT treatment was only transient and DHT returned to basal 

levels [Nicholson et al, 1995].  

 

 

Figure 1.11. Postulated feedback mechanism for oxytocin in the rat 
In the prostate, T is converted by 5αR to DHT that stimulates growth. Oxytocin increases 
5αR activity to increase concentrations of DHT. Both androgens feedback negatively to 
reduce OT concentrations in the prostate reducing the androgens to basal levels [Nicholson, 
1996]. Estrogen is thought to increase OT although the mechanism remains unclear. Green 
lines show stimulatory whereas red lines show inhibitory effects. 
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Oxytocin down-regulates expression of ERα and inhibits proliferation of MCF-7 

estrogen dependent human breast cancer cells [Turi et al, 2001]. There is also an 

increase in both binding affinity and transcriptional activity of ERα supporting the 

hypothesis of a direct OT-antimitogenic effect [Cassoni et al, 2002a]. Estrogen, T 

and DHT have all been shown to increase OT secretion in human prostate explants 

[Assinder and Nicholson 2004]. 

1.5.6 Regulation of OTR expression in the male  
Testosterone and its metabolites, E and DHT play a key role in regulating 

transcription of the OTR gene. In situ hybridization of hypothalamic tissue from 

castrated male rats showed that T or E alone had no effect on OTR, but together the 

hormones work together synergistically to significantly lower OTR expression from 

physiological values [Bale et al, 1995]. 

Estrogens have been shown to stimulate OTR expression in the uterus [Larcher et 

al, 1995]. Estrogen can also stimulate OTR expression in the pituitary and the 

hypothalamus.  In the pituitary lactotroph-derived cell line (MMQ) increased OTR 

gene expression was seen after E treatment [Breton et al, 1995].  

Estrogens promote OTR transcription via a novel, non-classical pathway involving 

a high-affinity binding site for nuclear orphan receptors [Koohi et al, 2005]. 

Progesterone induces down-regulation of OTR in the uterus [Larcher et al, 1995]. 

There is of yet, no evidence on the regulation of OTR in the prostate. 

1.5.7 G protein-coupled receptors (GPCR) at the cell membrane 
Guanine nucleotide binding proteins (G proteins) are important signal 

transducing molecules in cells. G proteins are involved in second messenger 

cascades where signalling molecules do not enter the cell, but instead utilize 

receptors on the surface of the cell membrane which couple to a kinase on the 

interior surface of the membrane to cause change in cell action [Vetter et al, 2001] 

such as protein synthesis, cell transport, cell growth and differentiation [Vetter et 

al, 2001].  
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The heterotrimeric G proteins are lipid-anchored proteins bound to the inner 

surface of the cell membrane. G proteins contain alpha (Gα), beta (Gβ) [Digby et 

al, 1989] and gamma (Gγ) subunits [Gilman, 1987]. Also included in the integral 

protein transmembrane family is the largest receptor family which are receptors 

coupled to G proteins - G protein-coupled receptors (GPCR) [Lee, 2003]. All 

GPCR are serpentine receptors that span the cell membrane seven times [McIntosh 

et al, 2006]. GPCR couple to heterotrimeric G proteins upon agonist stimulation. 

Ligands bind to extracellular domains in the membrane and amino acid residues in 

the third cytoplasmic loop, nearest the carboxyl terminal, that interact with the G 

proteins [Gilman, 1987]. When a ligand activates a G-coupled receptor it induces a 

conformation change in the receptor that allows the G protein to bind. 

1.5.8 Signalling pathways utilized by OTR 
Only a single isoform of the OTR has been identified and when the OT ligand binds 

to OTR, several signalling pathways are available for stimulation or inhibition of 

cell proliferation or a contractile response [Bussolati et al, 2001]. Contraction of 

smooth muscle following activation of OTR results in coupling to a Gq/11α class 

guanosine triphosphate (GTP) binding protein. This stimulates activity of PLC-β 

isoforms together with Gβγ that generate inositol tris-phosphate (IP3) and 1,2-

diacyl glycerol (DAG). Contraction occurs via the PLC-β pathway, IP3 and DAG 

activation [Guzzi et al, 2002; Strakova et al, 1998, 2003].  

Cell proliferation occurs through Gq/11αactivation via the DAG pathway, 

stimulating protein kinase C (PKC) that phosphorylates ERK (Fig 1.12). The OTR 

interacts with Gα1 [Strakova et al, 1997] and activates phospholipase C (PLC) 

resulting in phosphorylation of extracellular signal-regulated kinase (ERK) [Reversi 

et al, 2005b]. 
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Figure 1.12.  Routes of oxytocin receptor signaling  

1Guzzi et al, 2002; 2Strakova et al, 1998; 3Rimoldi et al, 2003; 4Zhong et al, 2003; 
5Strakova & Soloff, 1997; 6Reversi et al, 2005; 7Lopez Bernal 2003; 8Cassoni et al, 1997; 
9Cassoni et al, 2004; 10Hoare et al, 1999. From Nicholson et al, [2007a].  
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Treatment of small-cell lung cancer cells with physiological concentrations of 

OT resulted in an increase of ERK1/2 phosphorylation. ERK1/2 is required for OT  

stimulated proliferation indicating that OT induced mitogenic effects are mediated 

by its receptor and that this signalling passes through the phosphorylation of 

ERK1/2, p90RSK and MEK1/2-dependent pathway [Pequeux et al, 2004]. 

Activation of OTR has been shown to produce opposing effects on cell 

proliferation with a more sustained ERK phosphorylation resulting in an inhibition 

of proliferation of transfected kidney cells [Guzzi et al, 2002; Rimoldi et al, 2003] 

and transient ERK phosphorylation stimulating proliferation [Guzzi et al, 2002; 

Rimoldi et al, 2003]. However, it remains unclear how transient versus prolonged 

ERK activiation occurs and why this should have different effects in the same cell 

type. 

1.5.9 Oxytocin and malignancy 
Androgens are important in the development of pathology of the prostate, but other 

factors are also involved. Oxytocin administration can increase the weight of the 

testis, epididymis [Nicholson et al, 1994a] and the prostate [Nicholson et al, 1995]. 

Oxytocin can affect DHT synthesis by increasing activity of 5αR and this can 

stimulate prostate proliferation [Nicholson et al, 1995]. The OT hormone may be 

acting in a paracrine/autocrine manner. In the rat, gonadal steroids regulate 

prostatic OT, with androgens reducing but E increasing OT. Whereas in man, 

administration of androgens and E to prostate explants in vitro, both androgens and 

estrogens increased OT secretion [Assinder et al, 2004b Assinder and Nicholson 

2004].  

In the human, evidence from immunohistochemical and Western blot analysis of 

human prostate tissue suggests that in the progression of carcinoma there is a 

reduction of OT expression, but not the receptor in tissues and in normal human 

prostate epithelial and stromal cell lines [Whittington et al, 2004, Zhong et al, 

2010]. Cassoni et al, [2004] reported that neoplastic epithelial cells have increased 
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OTR compared with normal cells. Conversely, there is also evidence of an increase 

in OT expression in epithelial cells of the hyperplastic prostate using 

immunohistochemistry and Western blot analysis compared to normal prostate 

tissue [Farina-Lipari et al, 2003]. 

They also studied OTR expression in the human androgen-independent prostate 

cancer cell line DU145. When DU145 cells were treated with OT then a significant 

inhibition of cell proliferation was observed [Cassoni et al, 2004b]. 
In other tissue, OT inhibits proliferation of neoplastic mammary [Cassoni et al, 

1994] and endometrial [Cassoni et al, 2000] epithelial cells as well as 

neuroblastoma, astrocytoma [Cassoni et al, 1998] and bone osteosarcoma [Novak et 

al, 2000].  In normal trophoblast and endothelium, OT has the opposite 

proliferative effect of stimulating cell proliferation [Cassoni et al, 2001; Cassoni et 

al, 2004].  

Further studies would clarify if the different biological actions of OT depend the 

actions of different signalling pathways, or if the location of the OTR in normal and 

malignant cells was different due to changes in the membrane ultrastructure.  

1.5.10 The actions of OT in prostate cell lines 
 Whittington et al, [2007] showed OT had no effect on normal prostate 
epithelial cells when the cells were cultured alone. However, when epithelial cells 
were exposed to factors produced by stromal cells in a co-culture system, OT 
inhibits proliferation. Both stromal and epithelial cells are necessary for OTs effect 
on epithelial cells suggesting that factors secreted by the stromal cells may be 
involved [Plecas et al, 1992].  
 Further demonstrating the importance of stromal–epithelial interactions, King 
et al., [2006] described prostate cell growth in the presence of DHT and estrogen in 
cultured prostate stromal cells and showed that in the absence of steroids, co-
cultured PrSC proliferation was increased compared with cells grown alone. They 
also showed that when normal prostate stromal cells were co-cultured with 
epithelial cells with OT and E, the normal inhibitory effect of OT on cell 
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proliferation was lost. OT is known to modulate 5-alpha-reductase expression and 
activity in the normal prostate epithelial cells but not the stromal cells [Nicholson 
and Jenkin] thereby providing a mechanism for increasing cell proliferation. 
 Culturing epithelial prostate cells in the presence of androgen alone does not 
have any significantly effect cell growth [Tsugaya et al., 1996]. However, 
Whittington et al., in [2007] found that OT at 5nmol/L decreased the proliferation 
of stromal cells in the presence of steroids.  
There is growing evidence that OT may also affect growth in prostate cancer. When 
androgen dependent LNCaP or independent (PC3 or DU145) prostate cancer cells 
were grown in isolation, OT inhibited proliferation [Nicholson et al, 2005]. 
However, this is not under physiological conditions. In a patient undergoing 
androgen withdrawal therapy, androgens are suppressed, but not completely 
ablated. Moreover, the concentrations of OT are known to be decreased in men 
suffering from prostate cancer. Low concentrations of OT in the presence of 
androgens stimulated proliferation of androgen independent PC3 cells. 
 Treatment with OT alone inhibited proliferation but OT and T together 
stimulated proliferation of PC3 cells [Whittington et al, 2007]. Treating normal 
cells with OT and a disruptor of lipid rafts, cyclodextrin, can mimic this effect by 
removing the inhibitory effect of OT on stromal cells. These results infer that OT 
has different effects on the cell lines due to the position of the receptor within the 
cell membrane [Whittington et al, 2007].  
 Despite repetitive experiments, whether the cells were incubated in isolation 
or in a co-culture system, the addition of different combinations of steroids and 
which cell type was used, all have a differing effects on cell proliferation. OT 
seems to interact with T but not DHT, could this mean that E from the conversion 
of T to DHT could be involved. Simplifying the system by growing cells in 
isolation before attempting co-culture and the removal of the estrogen from the 
media would remove one complicating factor from the cells enviroment to 
determine if the proliferation is stimulated by an androgenic effect or an estrogenic 
effect.  
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1.6 Caveolin and caveolae vesicles 
The cell membrane is a two-dimensional fluid with phospholipid molecules in the 

cell membrane able to diffuse freely. The traditional view of the fluid mosaic lipid 

bilayer has been revized and appears to be a more complex system. Cell membranes 

are composed of phospholipids, cholesterol, sphingolipids and various lipid-modified 

and transmembrane proteins that form patches of membrane termed lipid rafts 

[Brown et al, 1998]. These rafts include caveolae [Simons et al, 2000] clathrin 

coated pits, and smaller microdomains.  

1.6.1 Cell membrane proteins 
The cell membrane contains structures that regulate the movement of substances 

entering and exiting the cell. The presence of specialized proteins on the surface of 

the cell membrane is essential for the cell to uptake molecules from their 

environment. These membrane-associated proteins also have hydrophobic and 

hydrophilic regions. The hydrophilic proteins anchor the protein inside the cell 

membrane [Alberts et al, 2002]. Included in the intregal proteins are 

glycosylphosphatidylinositol (GPI) anchored proteins which consist of a glycolipid 

attached to the C-terminus of a protein to chemically modify the protein after 

translation. Two fatty acid molecules within the GPI anchor proteins to the 

membrane. GPI-linked proteins are preferentially partitioned in lipid rafts due to 

their saturated membrane anchors [Brown et al, 1998]. These proteins have three 

distinct domains: a hydrophilic extracellular domain, a hydrophobic transmembrane 

domain that anchors it within the cell membrane, and a hydrophilic cytoplasmic 

domain. Either the N-terminus or C-terminus of the protein can extend to the 

extracellular side of the cell.  

The extracellular domain of many transmembrane proteins can also be 

glycosylated, e.g. the OT receptor has three N-glycosylation sites in its extracellular 

N-terminal domain [Kimura et al, 1997].  
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1.6.2 Caveolae 
Palade in 1953 demonstrated that cell surfaces contain small 50–100nm omega 

(Ω) shaped uncoated invaginations [Palade, 1953]. The shape of the invaginations 

resemble a little cave and hence they were called caveolae [Yamada, 1955]. 

Caveolae contain all elements of the cell membrane [Parton et al, 2002], but are 

enriched in cholesterol, sphingolipids, and the marker protein, caveolin [Razani et 

al, 2001b; Cavacini et al, 2002]. Three caveolin genes have now been identified, 

cav-1, -2 and -3 [Rothberg et al, 1992; Way et al, 1995; Scherer et al, 1996; Tang et 

al, 1996]. 

Caveolae are present in most cell types, but are especially abundant in terminally 

differentiated cells such as adipocytes, endothelial cells, fibroblasts [Parton et al, 

1995; Anderson, 1998] and smooth muscle cells [Severs, 1988]. Caveolae are 

absent from neurons [Parton, 2001] and lymphocytes [Fra et al, 1995], even though 

these cells express the caveolin protein [Bartoli et al, 1998].  

Scanning electron microscopical analysis of adipocytes reveals abundant 

caveolae covering 20% of the cell membrane surface area [Fan et al, 1983] totalling 

~1 million caveolae, significantly increasing the surface area by about 50% [Thorn 

et al, 2003]. Caveolae in polarized epithelial cells are found at the basal, but not 

apical cell membrane [Scherer et al, 1997]. Freeze fracture methods reveals 3-

dimensional information and shows caveolae have a striated coat of caveolin 

[Rothberg et al, 1992]. A striated spiral coat of delicate filaments of caveolin is 

seen on carbon-platinum replicas of caveolae in cultured human fibroblasts after 

deep-etching freeze fracture [Peters et al, 1985; Rothberg et al, 1992], (Fig 1.13a). 

The location of caveolin infers that it functions to sequester caveolae membrane 

away from the rest of the cell membrane [Thorn et al, 2003]. Immunogold labelling 

for the caveolin protein in adipocytes has identified two populations of caveolae 

that range in size from 25 to 150nm and both caveolae and caveolae vesicles were 

immunopositive for caveolin and destroyed by cholesterol depletion. Caveolae 
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larger than 50nm are open to the outside of the cell, as determined by accessibility 

for ruthenium red, the smaller < 50 nm caveolae had no cell surface openings 

[Thorn et al, 2003].  

1.6.3 The caveolin protein 
There are 3 caveolins (cav), caveolin-1 and -2 normally co-localize and are 

found in most cell types, whereas caveolin 3 (cav-3) is muscle-specific. Only 

smooth muscle contains all three caveolins. All 3 caveolin proteins, have been 

found in Xenopus laevis, Fugu rubripes and the invertebrate Caenorhabditis elegans 

[Williams et al, 2004a]. The caveolin gene family has also been discovered in C. 

elegans [Tang et al, 1997]. Developmentally, all three caveolins are expressed 

during late embryogenesis [Engelman et al, 1998b]. In the mouse, both cav-1 and -

2 mRNA are expressed on embryonic day 7, down regulated by day 11 and up-

regulated by day 15 to remain elevated on day 17 [Engelman et al, 1998b]. In 

comparison, cav-3 mRNA is first detected on embryonic day 15 and up regulated 

on day 17 [Engelman et al, 1998b].  

The genes encoding cav-1 and -2 are co-localized 19 kilobases apart on 

chromosome 7, localized 7q31.1 [Engelman et al, 1998a] and cav-3 is localized to 

chromosome 3 at the 3p25 locus [Sotgia et al, 1999]. Caveolin-1 contains 3 exons 

whereas both genes for cav-2 and cav-3 contain 2 exons [Engelman et al, 1998a]. 

The N-terminal domain in all caveolins contains an invariant caveolin signature 

sequence (aa 41-48, FEDVIAEP) by which all caveolins are recognized [Scherer et 

al, 1996; Tang et al, 1996]. Caveolin-1 contains 16 N-terminal amino acids that are 

not found in cav-2. Caveolin-2 differs in the scaffolding domain and the C-terminal 

from cav-1 [Fielding, 2006]. 

Caveolin-1  

VIP21 is an integral membrane protein that is abundant in the caveolae [Dupree 

et al, 1993]. Cloning of VIP21 cDNA [Glenney et al, 1992] revealed that it was 
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identical to another protein, cav-1, which had been cloned at the same time 

[Kurzchalia et al, 1992]. Caveolin-1 contains 178 amino acids and has a molecular 

weight of 18-24 kilodalton (kDa) by Western blot analysis [Rothberg et al, 1992].  

Structurally, cav-1 can be divided into three distinct regions: a hydrophilic 

cytosolic N-terminal domain (amino acids (aa) 1-101), a membrane spanning 

region (aa 102-134), and a hydrophilic C-terminal domain (aa 135-178) [Glenney et 

al, 1992]. Hydrophilicity analysis of caveolin protein revealed an extensive and 

extremely hydrophobic 40-amino acid region near the C terminus that provides 

stability for caveolae within the cell membrane [Glenney et al, 1992], (Fig 1.13b). 

In exocrine and endocrine cells, cav-1 accumulates in the secretory pathway of 

the pancreas, stomach and salivary gland [Li et al, 2001b]. Cav-1 is also seen in 

mitochondria, with lung epithelium having highest expression and liver hepatocytes 

having the lowest amount [Li et al, 2001b]. Immunostaining in transfected mouse 

3T3 cells showed brightly fluorescent membrane patches of cav-1 concentrated at 

the margin of cells [Glenney et al, 1992]. 

Caveolin is critical for formation of caveolae. Over expression of cav-1 in 

lymphocytes, that do not normally express caveolin is sufficient to drive formation 

of caveolae-sized vesicles containing the protein caveolin as seen with 

immunoelectron microscopy [Fra et al, 1995].  

Caveolin-2 

Caveolin-2 (cav-2) was identified through microsequencing of adipocyte 

membranes that are rich in caveolin [Scherer et al, 1996]. Characterization of the 

interaction of caveolin was performed using a human erythroleukemic cell line 

(K562) that expresses cav-2 but not cav-1 [Parolini et al, 1999]. Driving expression 

of cav-1 in K562 cells results in high molecular mass heterooligomers and 

formation of caveolae. Whereas without cav-1, cav-2 forms low molecular mass 

oligomers that are retained at the Golgi complex and not transported to the cell 

membrane [Parolini et al, 1999]. Caveolin-1 and -2 differ in their functional 



 

 45 

interactions with heterotrimeric G proteins [Scherer et al, 1996]. A peptide derived 

from cav-1 interacts with purified trimeric G proteins to suppress basal GTPase 

activity [Li et al, 1995], whereas a peptide derived from the corresponding 

sequence of cav-2 activates the GTPase activity of purified trimeric G proteins 

indicating cav-2 functions as a GTPase activating protein [Garcia et al, 2007b] 

holding G proteins in the inactive guanosine 5'-diphosphate (GDP)-liganded 

conformation. Both cav-1 and -2 sequentially recruit and concentrate inactive G 

proteins within caveolae membranes [Chun et al, 1994].  

1.6.4 Structure of caveolin 
All 3 caveolin proteins have an unusual hairpin-like membrane domain with both 

the N and C termini exposed to the cytoplasm as revealed by hydrophilicity plots 

and mutational analysis [Dupree et al, 1993]. A 33 amino acid hydrophobic domain 

spans the membrane forming a hairpin loop [Parton, 1996], (Fig 1.13c). 

Antibodies targeted specifically against the N or C terminus require membrane 

permeabilization in order to bind cav-1, also cell-surface biotinylation does not 

label cav-1 [Sargiacomo et al, 1995].  

Cav-1 has a soluble cytoplasmic form that has been detected by immunogold 

labelling in the endoplasmic reticulum, as well as a secreted form [Liu et al, 2002]. 

Soluble cav-1 can progress to the mitochondria [Razani et al, 2002a] or to the 

endoplasmic reticulum and either transport newly synthesized cholesterol back to 

caveolae or enter the lumen of the endoplasmic reticulum to be incorporated into 

lipid particles that are secreted by the cell [Liu et al, 1999].  

1.6.5 Oligomerization of caveolins 
Caveolin gathers and forms caveolae by its ability to polymerize [Monier et al, 

1995]. During caveolae formation, caveolin undergoes two stages of 

oligomerization [Monier et al, 1995; Sargiacomo et al, 1995]. After caveolin 

synthesis, the caveolins oligomerize in the endoplasmic reticulum to form high 

molecular mass homo-oligomers of ~350kDa  
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[Monier et al, 1995; Sargiacomo et al, 1995], each containing 14–16 caveolin 

monomers [Tang et al, 1996]. The caveolin homo-oligomers interact with each 

other to form even larger mega-complexes by oligomer-oligomer interactions 

[Monier et al, 1995; Sargiacomo et al, 1995; Song et al, 1997]. The oligomer is 

then transported in vesicles to the cell surface. Once it reaches the cell surface, cav-

1 becomes incorporated into functioning caveolae [Lisanti et al, 1993] and becomes 

detergent insoluble. 

Caveolin-1 forms homo-oligomeric complexes whereas cav-2 requires cav-1 to 

form hetero-oligomeric complexes [Monier et al, 1995; Parolini et al, 1999; 

Sargiacomo et al, 1995; Scherer et al, 1997]. Both cav-1 and cav-2 can be co-

expressed within a single cell and cav-2 requires cav-1 for appropriate membrane 

localization [Scherer et al, 1997]. 

Experiments with cav-1 deletion mutants have mapped the oligomerization 

domain [Sargiacomo et al, 1995] to the N-terminal sequence between aa 80-101 

named the ‘caveolin scaffolding domain’ [Li et al, 1996b] The scaffolding domain 

binds various signalling proteins [Sargiacomo et al, 1995] and concentrates 

caveolin-interacting molecules within caveolae membranes [Sargiacomo et al, 

1993; Li et al, 1995]. The C-terminal domain acts as a bridge facilitating homo-

oligomers to interact forming a caveolin-rich scaffold [Song et al, 1997]. 

Caveolin homo-oligomers bind with glycosphingolipids [Murata et al, 1995] 

cholesterol [Li et al, 1996a] and signalling molecules such as G-proteins. Whereas 

the cytoplasmic 41-amino acid membrane proximal region of caveolin mediates the 

formation of caveolin homo-oligomers [Sargiacomo et al, 1995], the carboxyl-

terminal half of this region (20 aa, residues 82-101) mediates the interaction of 

caveolin with G-protein-α subunits [Li et al, 1995; Li et al, 1996a; Scherer et al, 

1996; Tang et al, 1996]. 
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Figure 1.13. Structure of the caveolin protein 
Structure of a) the caveolae [Bender et al, 2002] is expanded to show b) the structure of an 

individual caveolin molecule [Williams et al, 2004a] and c) the way that caveolins sit 

within the cell membrane [Bender et al, 2002]. 
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1.6.6 Assembly of lipid rafts 
Caveolae are enriched in concentrations of cholesterol compared to the rest of 

the cell membrane and also have higher amounts of glycosphingolipids and 

sphingomyelin [Parton et al, 2006]. Cav-1 binds cholesterol tightly and specifically 

[Murata et al, 1995; Li et al, 1996b]. Cholesterol molecules found between the 

hydrocarbon chains of sphingolipid, function as dynamic glue to keep the raft 

assembly together [Simons et al, 2000].  

Phospholipid and cholesterol synthesis occurs in the endoplasmic reticulum, 

whereas sphingomyelin and glycosphingolipids are synthesized in the Golgi 

complex. The concentrations of cholesterol and sphingolipids increase as lipid rafts 

are assembled in the Golgi complex [Brown et al, 1998] and then moved to the cell 

membrane where they concentrate [Mukherjee et al, 2000]. Caveolin depends on 

cholesterol for caveolin oligomerization and insertion into membranes. Rafts 

initially contain only a small number of proteins. Clustering, leads to an increase in 

raft size. This clustering can be triggered [Simons et al, 2000] at the extracellular 

side of the membrane by ligands, antibodies, or lectins [London et al, 2000] and 

within the membrane by oligomerization [Brown et al, 1998]. 

1.6.7 Lipids in caveolae 
Caveolin binds to both cholesterol [Murata et al, 1995] and fatty acids [Trigatti 

et al, 1991] to supply cholesterol to caveolae [Li et al, 1996b] but the production of 

caveolin is also controlled by cholesterol [Smart et al, 2002].  Free cholesterol is 

required for oligomerization of cav-1 and the proper formation of caveolae 

[Rothberg et al, 1990]. Cells with mutations in caveolin exhibit perturbations in 

cholesterol binding [Galbiati et al, 1998]. Removal of cholesterol using the 

cholesterol binding drug nystatin disrupts the organization of the caveolin striated 

coat and causes caveolae to flatten [Liu et al, 1999]. Also transport of new 

cholesterol from the endoplasmic reticulum to the cell membrane is inhibited by 
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progesterone as pharmacological concentrations can cause cav-1 to accumulate in 

endoplasmic reticulum [Smart et al, 1996].  

Using either Triton X-100 based methods or detergent-free methods, caveolae 

membrane fractions can be purified on the basis of their buoyancy and resistance to 

solubilization [Sargiacomo et al, 1993], (appendix A) and can be used to identify if 

a protein associates with lipid rafts [London et al, 2000]. The first purification was 

achieved using electrophoresis on chicken gizzard smooth muscle cells that isolated 

more than 30 proteins within the caveolae along with GPI-anchored membrane 

proteins and G-proteins [Chang et al, 1994].  Soon after this, Lisanti et al, [1994] 

purified caveolae from lung tissue using TritonX-100 and were able to retain 85% 

of the caveolin and exclude 99.6% of other organelle-specific membrane markers 

[Lisanti et al, 1994b].  

1.6.8  PTRF 
While caveolins are the major protein component of caveolae and have been 

shown to be important in regulating the formation of caveolae, recent studies have 

highlighted the importance of another caveolar coat protein polymerase 1 and 

transcript release factor (PTRF), or PTRF-cavin, in this process [Hill et al, 2008]. 

In PTRF-null mice, the cells are devoid of caveolae, despite the presence of 

caveolin [Hill et al, 2008]. In relation to prostate cancer, the androgen-independent 

prostate cancer cell line (PC3) does not express PTRF and has extremely few 

caveolae [Hill et al, 2008]. However, transfection of PC3 cells with PTRF results in 

caveolae formation [Hill et al, 2008]. Whereas, increasing levels of cav-1 do not 

increase the number of caveolae in endothelial cells in vivo [Bauer et al, 2005].  

1.6.9 Caveolin interactions 
The C-terminal domain of caveolin undergoes palmitoylation which is the 

covalent attachment of fatty acids, such as palmitic acid to three cysteine residues 

of membrane proteins [Dietzen et al, 1995]. Palmitoylation enhances 

hydrophobicity of proteins contributing to their protein-protein interactions. Non-
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palmitoylated cav-1 is impaired in the transport of new cholesterol [Uittenbogaard 

et al, 2000] and cav-1 can lose its raft association after depalmitoylation [Zacharias 

et al, 2002].  

A highly conserved nine aa palmitoylation sequence in the LBD of AR is 

important for cav-1 interaction. Binding between AR and cav-1 has been localized 

to cav-1 residues 1–60, and not the CSD. A palmitoylation inhibitor prevents 

membrane localization of AR in LNCaP cells. In addition, ERK1/2 signalling, 

DNA synthesis, and cell viability following UV radiation were significantly greater 

in cells with wild type AR [Attard et al, 2008] suggesting AR palmitoylation and 

cav-1 interaction are an important survival mechanism for prostate cancer cells. 

Myristoylated proteins interact tightly with the bilayer [Olson et al, 1986] and 

preferentially associate with lipid rafts. Many raft proteins are acylated while few 

are prenylated, or lipidated [Melkonian et al, 1999]. Caveolin-1 has cysteine 

residues at positions 134, 144, and 157 that are acylated [Dietzen et al, 

1995]. These interactions tightly regulate passage of proteins in and out of rafts 

[Simons et al, 2002]. 

1.6.10 Caveolae function 
Originally, caveolae were proposed to carry out pinocytosis (for a review see 

Silverstein et al, 1977) and move serum albumin proteins from the bloodstream 

across the endothelial cell layer into tissues [Palade, 1960]. Although still 

controversial, caveolae are thought to undertake endocytosis [Parton et al, 1994; 

Nichols et al, 2001; Pelkmans et al, 2002], potocytosis where the caveolae 

themselves are not released into the cell [Anderson et al, 1992b], lipid transport 

[Smart et al, 1996], tumor suppression [Galbiati et al, 1998] as well as signal 

transduction [Li et al, 1996a; Anderson, 1998]. 

From the cell surface, the endocytozed cargo is directly transported across the 

cell [Anderson, 1998; Shin et al, 2001]. Experiments within live Chinese Hamster 

Ovary (CHO) cells using time-lapse microscopy to track GFP-labelled cav-1 show 
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that caveolin containing bodies or caveosomes [Mundy et al, 2002] move 

bidirectionally along microtubules [Pelkmans et al, 2002] which are then 

transported to cell surface caveolae [Mundy et al, 2002]. Immunofluorescent 

studies show that caveosomes retain the morphological and biochemical properties 

of caveolae because although rich in cav-1, caveosomes do not contain markers for 

Golgi, endosomes, lysosomes or endoplasmic reticulum [Pelkmans et al, 2001]. 

1.6.11 Caveolae mediated signal transduction  
Proven to be implicated in cellular transport processes, recent studies have 

shown that caveolae may also be involved in signal transduction specifically with 

receptors for OTR [Gimpl et al, 2000; Guzzi et al, 2002]. 

The 'caveolae signalling hypothesis' proposes that caveolae function as 

signalling platforms to compartmentalize and concentrate signalling molecules 

[Lisanti et al, 1994a].  Raft residents include GPI-anchored proteins, [Hooper, 

1999] double acylated proteins such as tyrosine kinases of the Src family [Lisanti et 

al, 1994a], Gα subunits of heterotrimeric G proteins [Resh, 1999], endothelial nitric 

oxide synthase (eNOS), cholesterol-linked proteins [Rietveld et al, 1999], 

transmembrane proteins, particularly palmitoylated proteins [Simons et al, 2002]. 

Many of these proteins are involved in signal transduction, providing evidence that 

lipid rafts have a function in concentrating signalling molecules [Simons et al, 

2000]. Treatment of LNCaP cells with androgen triggers association of AR with 

Src, that stimulates cell proliferation [Migliaccio et al, 2000]. The Src family 

tyrosine kinases are concentrated in caveolae [Scherer et al, 1997]. The MAPK 

signalling proteins Shc and ERK1/2 are also found in caveolae [Okamoto et al, 

1998]. AR interacts with Src in LNCaP cells to trigger the signal transduction 

pathways that improved cell viability [Migliaccio et al, 2000]. AR interacts with 

cav-1 and other signalling proteins localized within caveolae [Pedram et al, 2007]. 

Cell signalling is often turned off by receptor internalization and subsequent 

degradation by lysosomes. Another hypothesis is that the caveolin scaffolding 
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domain (CSD) sequestered within caveolae inactivates downstream signalling 

[Okamoto et al, 1998] including Src, mitogen-activated protein (MAP) kinases, and 

eNOS [Li et al, 1996a]. Many studies have documented binding interactions 

between the cav-1 CSD and a variety of signalling molecules such as the EGF 

receptor, c-Src, PI3K, Gαi, and eNOS [Lisanti et al. 1994a; Rietveld et al, 1999; 

Migliaccio et al, 2000]. As mentioned previously, cav-2 has a CSD sequence that is 

dissimilar from cav-1 [Song et al, 1996; Williams et al, 2004a]. 

Some raft residents have a weak affinity for rafts in the unliganded state and yet 

after ligand binding, they undergo a conformational change or become oligomerized 

to increase their raft affinity [Harder et al, 1998]. 

The insulin receptor is restricted to caveolae and the localization is critical for 

receptor function [Gustavsson et al, 1999]. Interestingly, the insulin receptor is 

detergent soluble and the use of detergents removes the receptor [Gustavsson et al, 

1999]. Treatment with cholesterol sequestering β-cyclodextrin eradicated lipid rafts 

and caveolae and removed the insulin response indicating that the receptor was 

dependent on caveolae/lipid rafts for signalling [Gustavsson et al, 1999]. In 

adipocytes, the removal of insulin receptors from caveolae were associated with 

insulin resistance caused by dissociation of the insulin receptor–cav1 complex by 

the interactions of insulin receptor with the ganglioside GM3 [Kabayama et al, 

2007]. Also the caveolin binding aa motif was found within the insulin receptor 

sequence [Couet et al, 1997] by using a fusion protein carrying the CSD [Li et al, 

1996a].  

1.6.12 Caveolae and caveolin in tumors 
Caveolae number and the amount of caveolin are seen to decrease considerably 

in immortalized cultured cells. This suggests that caveolae may inhibit signalling 

pathways that regulate cell proliferation [Razani et al, 2000] as the receptors 

sequestered inside are forced to move inhibiting the functional signaling activity 

and consequently disrupting the process of cell proliferation. Also, caveolae 
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number are absent or reduced in cell lines of in situ carcinoma [Koleske et al, 1995; 

Engelman et al, 1998b; Lee et al, 1998; Razani et al, 2000].  

Identification of the functions of cav-1 in oncogenesis began with the 

demonstration that cav-1 levels were inversely correlated with soft agar growth of 

transformed NIH 3T3 fibroblasts [Koleske et al, 1995].  

Caveolin-1 does not act in the same way in all types of human cancers. Cav-1 

has demonstrated tumor suppressor properties and is down regulated in human 

mammary tumors [Williams et al, 2004b], skin [Capozza et al, 2003], lung, 

cervical, ovarian cancers, sarcomas [Razani et al, 2001b] and oral squamous cell 

carcinomas [Hayashi et al, 2001; Han et al, 2004]. Conversely, cav-1 protein 

expression levels are up-regulated in high-grade bladder cancer [Rajjayabun et al, 

2001], squamous cell esophageal carcinoma [Hu et al, 2001] and in prostate cancer 

[Yang et al, 1999; Satoh et al, 2003]. The contrasting patterns of cav-1 expression 

in different cancers suggests that caveolin’s role may be determined by the tissue of 

origin [Bennett et al, 2009]. 

In vitro cell culture studies with human prostate tumor cell lines have shown that 

cav-1 up regulation is correlated with increased cell survival, androgen 

independence, and increased metastatic potential [Nasu et al, 1998; Li et al, 2001a] 

suggesting that cav-1 does not have tumor suppressor properties in prostate 

carcinoma. Cav-1 expression appears to be associated with human prostate cancer 

progression [Yang et al, 1998]. 

Caveolin-1 and -2 genes are localized to the D7S522 locus in the q31.1 region of 

human chromosome 7. This location corresponds to the site of an unidentified 

tumor suppressor gene [Engelman et al, 1998a; Engelman et al, 1998c]. Moreover, 

this region is frequently deleted in epithelial cancers such as prostate cancer 

[Zenklusen et al, 1994]. 

In prostate tumor cell lines derived from transgenic adenocarcinoma of mouse 

prostate (TRAMP) mice, that spontaneously develop prostate cancer with highly 

invasive metastases, there was an up regulation of cav-1 expression that directly 
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correlated with tumor growth [Engelman et al, 1999]. Williams et al, [2005] 

interbred cav-1KO mice with the TRAMP model. The offspring of these mice 

showed that loss of cav-1 did not delay the appearance of prostate cancer but 

significantly delayed progression to metastasis with reductions in tumor size and 

metastases in lymph nodes and lungs.  

The evidence suggests that cav-1 functions as a promoter of mouse prostate 

carcinogenesis, rather than a tumor suppressor [Williams et al, 2005].  

1.6.13 Oxytocin receptor localization 
As described above the location of the OTR may affect the cell signalling 

pathways activated and the effect on cell proliferation. Oxytocin receptors may be 
located either inside or outside of caveolae in the cell membrane [Guzzi et al, 
2002]. The final response of ligand binding appears to be dependent on the location 
of the OTR and the pathway activated which lead to either contraction, cell 
proliferation, or anti-proliferation [Bussolati et al, 2001]. 

The association of OTR within caveolin-enriched domains has been documented 

in human embryonic kidney (HEK293) cells. Gimpl et al, [2000] showed that only 

1% of OTRs were present in cholesterol-rich detergent-insoluble microdomains 

using detergent extraction methods. In contrast, by employing a detergent-free 

fractionation method, 15% of the receptors were recovered in HEK293 cells 

suggesting that the majority of the OTR receptors were not within the caveolae of 

the cells [Gimpl et al, 2000]. It is known that the affinity of OTR for OT increases 

with the cholesterol content of the cell membrane [Gimpl et al, 2000] and that OTR 

is very sensitive to alterations of the membrane cholesterol level [Kimura et al, 

1992]. Addition of cholesterol protects the OTRs from degradation whereas the use 

of methyl-β-cyclodextrin severely reduces microdomain stability [Gimpl et al, 

2000].  

Guzzi et al, [2002] investigated the functional localization of human OTR in 

caveolin-1 microdomains in MDCK cells. The full length wild type OTR cDNA 

was inserted into a pEGFP-N3 vector and fused to the N-terminus of enhanced 
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green fluorescent protein (EGFP) constructing a chimeric wild type (WT)-OTR-

GFP. The addition of GFP was shown not to affect the properties of the receptor 

[Guzzi et al, 2002].  A chimeric construct of the carboxyl-terminal WT-OTR-GFP 

was fused to full-length coding sequence of cav-2 (WT-OTR-GFP-cav2). When the 

MDCK cell line was engineered to overexpress OTR-GFP-cav2, the OTR protein 

construct was entirely located in cav-1 enriched caveolae, as cav-1 and -2 co-

expression form heteroligomeric complexes in caveolae. Oxytocin treatment 

inhibited proliferation of cells expressing WT-OTR-GFP but stimulated 

proliferation of cells expressing OTR-GFP-cav2 indicating that the localization of 

human OTR plays a vital role in regulating cell proliferation [Guzzi et al, 2002]. 

The results of this study show that if OTR is localized within caveolae then there 

was a proliferative response, and if OTR is localized outside, then an inhibition of 

proliferation was seen in MDCK cells [Guzzi et al, 2002]. 

1.7 In summary 
Prostate cancer is the most common male cancer diagnosed, and the growth and 

development of the prostate depends on T. Many prostate cancers are slow 

growing, but unfortunately in some patients the cancer can become aggressive and 

fail to respond to androgen withdrawal. Oxytocin and OTR are present in the 

human prostate [Whittington et al, 2004]. Although the OTR only has a single 

isoform, the OT peptide is able to stimulate or inhibit proliferation [Bussolati et al, 

2001, Whittington et al 2007]. Whether OTR is on the cell membrane or 

sequestered within cell membrane microdomains called caveolae, may dictate these 

effects [Guzzi et al, 2002]. Preliminary data suggests that this may occur in the 

prostate, with treatment of normal cells with a disruptor of lipid rafts replicating the 

stimulatory affects seen in prostate cancer cells treated with both OT and T 

[Whittington et al, 2007]. However it is not known whether in the human prostate, 

OTR is sequestered in the caveolae and is able to move and if this changes between 
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normal and malignant cell types. It is unknown whether protein expression of OTR 

is changed under these conditions. 

Our preliminary data suggest that OT only stimulates proliferation in prostate 

cancer cells if  T is also present. Since T is converted to DHT and E it is unclear 

whether it is T itself or either estrogen or 5 α-reduced androgens that are 

responsible for this effect.  

Recent work also suggests that the androgen independent PC3 prostate cancer 

cell line has very few caveolae, the structures which normally tether receptors and 

their signalling proteins. Whether caveolae are present in normal prostate cells is 

not known. Despite the lack of caveolae in PC3 cells evidence suggest that cav-1 

protein expression increases in prostate cancer [Yang et al, 1998; Yang et al, 1999; 

Satoh et al, 2003] and up regulation of cav-1 is associated with increased cell 

survival and metastatic potential [Nasu et al, 1998; Li et al, 2001a]. There is also 

evidence that cav-1 interacts with the AR [Lu et al, 2001].  

In the prostate there appears to be a complex interaction between OTR, caveolae 

and androgens that with prostate cancer progression favours cell proliferation. 

Undertsanding this relationship may provide new targets for the treatment of 

prostate cancer. 

 

1.8 Overarching aim 
The aim of this study was to determine if the location of OTR changes in prostate 

cancer and whether this affects cell proliferation.  

1.8.1 Hypothesis 
It is hypothesized that: 

a) Movement of the OTR out of caveolae occurs in prostate cancer 

b) Change in localization of OTR out of caveolae increases cell proliferation 
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The aim of the first experimental chapter (chapter 3) was to characterize the cell 

types used in this project to ensure that they are similar to those cells in vivo. It is 

expected that the normal and malignant cell lines will express receptors and 

proteins characteristic of the epithelial and stromal cells in human prostate tissue 

and will express the proteins and receptors under investigation, e.g. oxytocin 

receptor (OTR) and androgen receptor (AR).  

 

The aim of the second set of experiments was to determine if the proliferation of 

normal and malignant prostate cells was altered by changes in OT concentration. 

The rationale for this being that prostatic OT concentrations are reduced in prostate 

cancer. Previous studies have also shown that OT stimulates cell proliferation in 

prostate cancer cell lines, but only when T is also present [Whittington et al, 2007]. 

It is unclear whetehr this effect  is due to T alone or its metabolites.  Therefore, 

whether the presence of T or its metabolites affects the response of OT was 

investigated and this study included treatment with both physiological levels of T 

and also reduced concentrations to mimic the levels seen following AWT .  

 

The next set of experiments determined if there were differences in expression 

of OTR, caveolin and PTRF between normal and malignant epithelial cells. I expect 

my work to show, altering OT and steroid concentrations will affect the expression 

of OTR and caveolin protein. I predict that androgens are able to recruit caveolin 

and will affect the expression of caveolin protein, as will OT.  

 

In chapter 6 the presence of caveolae was determined in normal prostate and 

cancer cells and tissues to investigate whether caveolae are lost in prostate cancer.  

 

The aim of chapter 7 was to determine if co-localization of OTR, AR, caveolin 

and PTRF alters between normal and malignant cell types. Were the changes that 

we saw in vitro also seen in vivo. Other researchers have shown that the different 
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effects of OTR may be due to the change in localization on the cell membrane, is 

the same true in the prostate cell and does this change in prostate cancer.  

 

In chapter 8 movement of indiviual OTR molecules were tracked to investigate 

whether movement changes in normal and cancer cells in response to OT. It was 

hoped that this preliminary study would provide some insight into how possible 

changes in cell signalling may occur.  
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2 Methods 
This chapter details the four cell types and prostate tissue samples that were 

obtained and used in this study. Characterization of the cell types was undertaken. 

Morphology was determined at the ultrastructural level. Immunolocalization of 

OTR, PTRF and caveolae marker proteins was done initially on tissue sections and 

cells using the light microscope, cells were processed for electron microscopy and 

caveolae were counted. Cells were treated with OT or steroids or OT and steroids 

together and proliferation studies were done. Cells were used for Western blot 

analysis. Co-localization studies were performed following treatment with OT and 

steroids alone or together. Finally, Quantum dots and Total Internal Reflective 

Fluorescence (TIRF) microscopy was used to determine mobility of the OTR. 

2.1 Reasons for using cell lines 
The human prostate is not easily accessible (Fig 1.1) and obtaining prostate 

tissue from healthy men is extremely difficult. The human tissue specimens that 

were used were from men undergoing transurethral resection of the prostate 

(TURP). The samples were thus mainly diseased prostate tissue and did not 

normally include normal tissue which could act as a control.. 

Laboratory rodents have a prostate that is divided into 4 separate lobes that does 

not surround the urethra and does not spontaneously develop prostate cancer.  

There have been several publications from the Nicholson group using the cell 

types and media used in this thesis [Assinder, 2008; King et al, 2006; Whittington 

et al, 2004; Whittington et al, 2007]. The major advantage of using cell culture is 

the consistency and reproducibility of results obtained from using a known 

population of specific cells [Peehl, 2005] under strictly controlled conditions. 

Human cells, both normal and diseased can be grown.  Normal prostate cell isolates 

are useful for determining growth characteristics outside of the disease process. The 

limitations of cell culture are that cells are grown outside of the normal body 
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environment so there is no blood supply, not all cell types in the tissue may be 

present and all nutrients are supplied via media. Hormonal influences are absent 

other than those provided or as produced by the cells themselves. Cell lines 

established directly from tissue are recognized as primary cells, but have a limited 

lifespan and after ~50 doublings will become senescent. Immortalized cell lines 

have been transformed and have acquired the ability to proliferate indefinitely.  

2.1.1 PrSC 
Normal human prostate stromal cells (PrSC, CC-2508, Fig 2.1a) are 

commercially available (Clonetics, BioWhittaker, UK, Berks, UK) and were 

derived from a 55-year-old Caucasian male (lot.3F0211). The cells were received at 

passage 4 and grown in accordance with manufacturers instructions in stromal cell 

basal medium (SCBM, CC-3204) the details of the contents of the media were 

undisclosed for commercial reasons. Media did not contain phenol red. The media 

was supplemented with bullet kit media (Clonetics, BioWhittaker UK) containing 

human fibroblast growth factor B (hFGF-B), insulin and fetal bovine serum (FBS). 

The specification sheet noted that <10% of cells exhibited positive cytokeratin 

immunostaining. Cell cultures can be maintained as replicative cultures only for a 

short time before they undergo senescence and are no longer capable of dividing as 

only abnormal cells are capable of immortality [Hayflick et al, 1961]. Cells were 

passaged at confluence by trypsinization and were not taken beyond passage 8.  

2.1.2 PrEC  
Normal human prostate epithelial cells (PrEC, CC-2555, Fig 2.1b) are 

commercially available (Clonetics, BioWhittaker, UK, Berks, UK) and were 

derived from a 29-year-old Caucasian male (lot.5F1289). The cells were received at 

passage 2 and grown in accordance with manufacturers instructions in prostate 

epithelial basal medium (PrEBM, CC-3165) supplemented bullet kit media 

(Clonetics, BioWhittaker UK) containing bovine pituitary extract (BPE), 

Hydrocortisone, human epidermal growth factor (hEGF), adrenaline, transferrin, 
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insulin, retinoic acid and triiodothyronine. PrECs are known to contain a minute 

number of neuroendocrine cells [Sobel et al, 2006]. The cells were passaged at 

confluence by trypsinization and not taken beyond passage 8. On recommendation 

from the manufacturer, mammary epithelial basal media (MEBM CC-3153; 

Clonetics, BioWhittaker UK) with the prostate supplement bullet kit was used in 

experiments designed to be phenol red free. Epithelial media had pituitary extract 

from the bullet kit excluded during treatments.  

2.1.3 LNCaP  
Androgen dependent cell lines LNCaP (lymph node carcinoma of the prostate, 

Fig 2.1c) are immortal cells that are commercially available (American Type 

Culture Collection (ATCC) Manassas, VA, USA). LNCaP cells were isolated in 

1977 by Horoszewicz, from a needle aspiration biopsy of the left supraclavicular 

lymph node of a 50-year-old Caucasian male with confirmed diagnosis of 

metastatic prostate carcinoma (Lot no.21889). The cells grow slowly, in clusters 

that attach only lightly to the substrate. The media used contains inorganic salts 

such as calcium and magnesium salts, many amino acids, such as L-Glutamine, 

vitamins and glucose for energy. Media was phenol red free. The cells were 

received at passage 3 and grown in RPMI 1640 medium (Gibco, Invitrogen, 

Carlsbad, CA, USA) supplemented with 15% FBS (Thermo Fisher Sci Inc. NZ).  

2.1.4 PC3  
The androgen independent cell line, PC3, are immortal cells that are 

commercially available (ATCC, Manassas, VA, USA, Fig 2.1d). Kaighn isolated 

the PC-3 cell line in 1979, from a bone metastasis of a grade IV prostatic 

adenocarcinoma from a 62-year-old Caucasian male (Lot no.22363). The cells are 

androgen independent. The cells were received at passage 4 and were grown in 

F12/Dubelco Modified Eagle Medium (DMEM; Gibco 11320033, Invitrogen, CA, 

USA). Medium was phenol red free. The medium contains inorganic salts, amino  

 



 

 62 

Figure 2.1. Distinct growth characteristics of the cells 

 
a) Prostate stromal cells were organized  into a streamlined wide flattened cells with 

extended pseudopodia and 1 or 2 centrally located nuclei. b) Prostate epithelial cells grew 

in a disorganized monolayer of cuboidal cells in varying sizes with a single centrally 

located nucleus.  Enlarged details are shown. 

 
c) Androgen-dependent LNCaP cancer cells grew in clumps, they exhibited a slow growth 

rate. LNCaP cells have 1 to many centrally located nuclei with short pseudopodia in a 

torpedo shaped cell.  d) Androgen-independent PC3 cancer cells grew vigorously in a 

monolayer, with a few highlighted rounded cells that were dividing. PC3 cells were 

shortened spindle shaped cells with a central nucleus. Enlarged details are shown. All 

images were taken at the same magnification. 
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acids, such as L-Glutamine with vitamins and glucose for energy. The cells were 

passaged at confluence by trypsinization. 

2.2 Culture conditions  
 All media were prewarmed in a 37°C waterbath (Memmert, Schwabach, 

Germany). All procedures were performed in a sterile manner with sterile 

instruments and vessels in a class II biohazard laminar flow hood (BTR 

Environmental, Leicestershire UK).  

All equipment was ultraviolet (UV) treated for 20 min before use. Cells were 

grown in 25cm2 vented cell culture flasks (T25, 353108, Becton Dickinson) at 37°C 

in a humidified atmosphere of 5% CO2. Fresh media supplemented with 10nmol.L-1 

DHT was provided every 3 days.  

Cells were grown to 80% confluence and harvested by trypsinization for 

analysis. Antibiotics (antibiotic/antimycotic 15240-062, Gibco, Invitrogen, 

Carlsbad, CA, USA) were only added if required.  

2.2.1 Media change of cells  

The required fresh media was warmed in a 37°C waterbath. The flask was 

removed from the incubator and exhausted media was removed using a sterile 

transfer pipette and replaced with fresh media; 3ml for a flask between 30%-50% 

confluence and 5ml for flasks over 60% confluent. Media were changed 3 times per 

week; treatments were changed every day for 1 or 4 days. 

2.2.2 Subculturing cells 
Once the cells reached 70-80% confluence they were prepared for subculturing. 

Medium was removed from the flask and discarded unless from treatment groups, 

then the media was frozen in labelled glass tubes at –80oC for subsequent analysis. 

The cells were passaged by rinsing the adherent cell monolayer with 2ml of 

HEPES-HBSS to rid the flask of any remaining media that can inhibit trypsin 

activity. Trypsin (2ml) and ethylenediaminetetraacetic acid (EDTA) solution was 
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added to the flask and was returned to the 37oC incubator. Cells were examined 

microscopically after 5 min to see if ‘balling’ up had occurred. Trypsin was 

neutralized by adding 4ml of trypsin neutralizing solution (TNS). The cellular 

mixture was then transferred to a sterile 15ml tube (Fisher Scientific, Leicestershire 

UK) for centrifugation for 5 min at 220g at room temperature. The supernatant was 

discarded, ensuring the cell pellet was not dislodged, and then the pellet was 

resuspended into 1ml of pre-warmed media. Appropriate aliquots of the cell 

suspension were added to new culture vessels. The live cells were frozen down, 

further passaged or taken for analysis. 

2.2.3 Cell counts 
Cell numbers were assessed by counting aliquots of the cell suspension on a 

Neubauer Haemocytometer (Hausser Scientific, Horsham, PA, USA). The cell 

pellet was suspended in 1ml of medium. A specially weighted coverslip was placed 

on a haemocytometer and an aliquot (10µl) of cell suspension was then placed at 

the top of the cover slip that was drawn underneath by capillary action so that the 

whole counting chamber filled. The total numbers of cells in four corner squares of 

the large centre square were counted and multiplied by 4 to give a total of 16 

squares, (Fig 2.2). 

 

Figure 2.2 Haemocytometer counting chamber 
To get the total cell number, the number of milliliters the cell pellet was 

resuspended in was multiplied by the number of cells counted: 
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Equation 1.                   cells/ml = nx104   

where n equals the average cell count  
 

Cells were seeded at a density of 3.5x103 for PrSC and PC3 or 5x103 for both PrEC 

and LNCaP in 4ml of media in 25 cm2 vented flasks.  

2.2.4 Dye exclusion method 
Trypan blue is a vital stain used to selectively colour dead cells blue. Viable 

cells with intact cell membranes remain clear as trypan blue is excluded, however, 

trypan blue can traverse the membrane in a dead cell, (Fig 2.3). This method was 

used to ensure the treatments had no detrimental effect on cell viability. An aliquot 

(10µl) of cell suspension was placed in a tube with an equal volume of 0.4% trypan 

blue and gently mixed and incubated for 2 min at room temperature. An aliquot 

(10µl) of stained cells was placed on a haemocytometer and the numbers of viable 

(unstained) and dead (stained) cells were counted.  

In 24-well plates half the cell culture media was replaced with the 0.2% trypan 

blue solution and counted after 2 min. The cells that remained suspended were dead 

and were not considered. The total number of cells was divided by number of 

viable cells to give a percentage viability. 

 

 

Figure 2.3. The dye exclusion method 

Trypan blue penetrated the dead cells (n=2) while the live cells remained unstained. 
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2.2.5 Mr. Frosty  
Freezing cells down at each passage ensured that stock was always available 

from a lower passage number that had minimal passage number separation from the 

original vial. Cells were frozen in sterile cryotubes at the same cell numbers 

required to seed out a 25cm3 flask. Cells were frozen down in freezing media, 

which consists of their respective cell media and 10% dimethylsulfoxide (DMSO, 

D2650, Sigma-Aldrich. St Louis, MO, USA). DMSO is a cryoprotectant that 

protects cells from the detrimental side effects of freezing, such as ice crystal 

damage. For cryo-preparation, the cells were cooled at approximately -1oC per 

minute. Mr. Frosty consists of an icebox lined with tissue paper and inside is a 

small square plastic container containing a plastic freezer box insert and 

isopropanol. The cryotubes were labelled with pencil and then placed into the 

isopropanol and the icebox placed into an -80 °C freezer overnight. The next day, 

the cryotubes were placed into aluminium canes and into LN2 for storage until use.  

2.2.6 Reviving frozen cells  
Flasks with media were equilibrated in the incubator for at least 30 min. 

Cryotubes were removed from LN2 dewar and the cryotube pressure released by 

loosening the lid in a sterile area. The cryotube was warmed in the waterbath until 

the media had completely thawed. The cryotube was sprayed with 70 % ethanol 

before placing in the laminar flow hood, and using a transfer pipette the cells were 

placed into a prepared flask. The media was changed the following day to remove 

residual DMSO. 

2.3 Human prostate tissue 

2.3.1 Human prostate tissue sample collection 
Human prostate tissue was obtained from men undergoing routine surgical 

transurethral resection of the prostate. The Lower South Otago Regional Health and 

Disability Ethics Committee granted ethical approval for the study. The (1-3cm) 
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chips of fresh prostate tissue were removed by the surgeon and immediately placed 

into tissue culture media DMEM supplemented with 2mmol.L-1 L-glutamine (D-

0547, Sigma-Aldrich. Co.) and kept on ice for < 1 hr prior to use. Small amounts of 

tissue were fixed and prepared for histological examination, pathological diagnosis 

was performed by a clinical pathologist (Dr. G Williams). The well differentiated 

tissue with a low Gleason grade architecturally had early cancerous changes with 

epithelial cells still confined within the basement membrane. The poorly 

differentiated tissue had a high Gleason grade with disorganized epithelial cells that 

had invaded surrounding stroma (Fig 1.6). The tissue was diagnosed as either 

benign prostatic hyperplasia (BPH; n = 17), well differentiated prostate cancer 

(Gleason grade 1-3; n = 9) or poorly differentiated prostate cancer (Gleason grade 

4-6; n = 12). The high n values were necessary to account for inherent human 

variation, where the range of possible values for any measurable characteristic of 

human beings can vary due to genetic or environmental differences. 

2.3.2 Histological analysis of prostate tissue 
Tissue was fixed for 24hrs in neutral buffered formalin (NBF), dehydrated and 

embedded in paraffin wax on the Shandon Hypercenter XP (Appendix A). Paraffin 

wax sections (5μm) were cut on a Leica Jung 2025 microtome (Leica 

Microsystems, Singapore) using a disposable knife (Feather, Cell diagnostics, 

Dublin, Ireland). The sections were floated on 30% ethyl alcohol and then 

transferred into a 45oC Lipshaw Electric Tissue Float Water bath (Lipshaw, 

Michigan, USA). The sections were picked up on 3-aminopropyltriethoxysilane 

(APES) coated slides (A-3648, Sigma-Aldrich, St Louis MO, USA) and placed on a 

45oC hotplate (Astell-Hearson, London, UK) for 20 min before storing overnight in 

a 37oC incubator. Slides were stored at room temperature (RT) until further use. 

2.3.3 Image Analysis 
Slides were viewed on an Olympus AX70 light microscope (Olympus, Tokyo, 

Japan) and the images were captured on Spot 3.5.0 analysis software (Diagnostic 
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Instruments Inc, MI, USA) with a Spot RT colour camera attachment (model 2.2.1 

Diagnostic Instruments Inc, MI, USA).  

2.4 Immunohistochemistry 

2.4.1 Immunolocalization at the light microscope level 
In order to detect antigens in cells, an antibody was applied that binds 

specifically to the protein of interest followed by application of an enzyme labelled 

secondary antibody that catalyses chromogenic substrates at the site of primary 

antibody binding. Cross-linkages formed by aldehyde fixation may alter the protein 

conformation of the antigen so that the specific antibody no longer recognizes it. 

Antigen retrieval by heating breaks down those cross-linkages. All solutions used 

were detailed in Appendix C. Details of the antibodies are shown in Table 2.1. 

2.4.2 OTR antibodies  
The antibody against OTR (020) has been well characterized in this laboratory 

[Whittington et al, 2001]. The antibody used was a polyclonal rabbit OTR 

antiserum that was raised in New Zealand white rabbits against the synthetic 

peptide WQNLRLKTAAAA corresponding to the predicted amino acid sequence 

of the third intracellular loop of the rat OTR sequence (Fig 1.10). This region shows 

the least homology between the OT and vasopressin receptors [Adan et al, 1995].  

A commercially available antibody raised to the C-terminal of OTR with 

sequence C-RRLGETSASKKSN was used (OXTR EB08990; Everest Biotech Ltd. 

Oxford, UK).  

In living cells and TEM, a commercially available antibody was used (Santa 

Cruz, OTR N19, sc-8103) raised against the 389 aa of the N-terminal of OTR that 

protudes from the cell surface, Table 2.1.  
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Table 2.1. List of antibodies used and their source 

 
 

2.4.3 Immunohistochemistry methodology 
Sections of prostate tissue were deparaffinized in xylene and rehydrated through 

graded alcohols into distilled water (dH2O). If required, antigens were unmasked by 

boiling in either 1mM EDTA (pH8) or citric acid buffer (pH6) on HIGH power for 

2 x5 min on a rolling boil in a Sharp 1000-watt microwave oven.  The slides were 

left to cool for 10 min before washing in dH2O then phosphate buffered saline 

(PBS). Both OTR antibodies required additional incubation in 

   

Primary 
Antibody 

Host  Antigen Code Company 

AR 
 
Rabbit 

Peptide of human N-
terminus 

 
N-20 

Santa Cruz Biotech, 
CA, USA 

AR Mouse 
amino acids 299-315 of 

human AR. 
AR 441 

Abcam, Cambridge, 

UK 

 

Cav-1 

 

Rabbit 
aa  1-17 of human cav-1 

 

ab2910 

Abcam, Cambridge, 

UK 

 

Cav-2 

 

Rabbit 
aa 1-19 of human cav-2 

 

ab2911 

Abcam, Cambridge, 

UK 

 

CK18 

 

Mouse 

Acidic cytokeratin 

intermediate filament  

 

MON 3034 

Monosan, Uden, 

Netherlands  

 

ER! 

 

Mouse 
Full length human ER! 

NCL-ER-

6f11 

Novocastra, 

Newcastle, UK 

 

ER" 

 
Mouse 

130 amino acid (aa) 

portion of human ER " 

NCL-ER- 
beta 

Novocastra, 
Newcastle, UK  

 

HMWCK 

 

Mouse 
Cytokeratin 1,5,10,14, 

 

34βE12 

Dako Carpinteria, 

CA, USA 

 

MSA 

 

Mouse 

SDS protein extract of 

human myocardium 

 

NCL-MSA 

Novocastra, 

Newcastle, UK  

OTR 
020 

 
Rabbit 

3
rd

 intra-cellular loop of 
OTR 

020 University of Bristol 

OTR 
N19 

Goat 
N terminal of OTR 
sequence 

sc-8103 
Santa Cruz Biotech, 
CA, USA 

OXTR  Goat 
C terminus of OTR 

sequence 
EB08990  

Everest Biotech 

Oxfordshire, UK 

 
PSA 

 
Mouse 

N-terminal human PSA 
NCL-PSA- 
431 

Novocastra 
Newcastle, UK 

PTRF Mouse aa 157-272 mouse PTRF 611259 
   BD Transduction 

Laboratories, 

San Jose, Ca, USA 
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Tris/HCl/NaCl/Triton for 2 x 30 min. The OTR (020) required an Avidin and Biotin 

block (Avidin/Biotin blocking kit, SP-2001, Vector Laboratories Inc, Ca. USA.) for 

10 min each.  After application of a hydrophobic pen (00-8877, Invitrogen, Ca. 

USA) to provide a water repellent barrier keeping staining reagents localized on the 

tissue sections, the sections were incubated in Tris/HCl/NaCl/Triton/BSA for 30 

min before incubation with primary antibody (for dilutions used see Table 2.2). 

Tissue sections were blocked with 10% swine serum for 10 min and incubated with 

the primary antibody diluted in PBS overnight at 4oC in a humidity chamber. 

Negative control sections were incubated with an equivalent concentration of 

rabbit, goat or mouse immunoglobulin G (IgG). Positive control tissues were used. 

Specific dilutions and requirements for each antibody are listed in Table 2.2.  

Table 2.2. Antibodies used for characterization & investigation of prostate tissue and 
cell lines. 

 
ND = not done; - = not required 

 

 

 

 

 

Primary 
Antibody 

Host 

Primary 

Dilution 
(IHC) 

Primary 

Dilution 
(Westerns) 

Special        

Conditions 

Antigen 

   Retrieval 
for tissue 

Secondary 

Antibody 
(DAB) 

Secondary 

Antibody 
(AlexaFluor) 

+ve 

control 
tissues 

AR 
 

Rabbit 
1: 50 1: 200 

Methanol 

fix  for  cells 

Citric 

pH6 
LSAB2 555 Testis 

AR Mouse 1: 50 1: 1000 - - LSAB2 555 Heart 

Cav-1 Rabbit 1: 50 1: 3000 - - LSAB2 555 Uterus 

Cav-2 Rabbit 1: 50 1: 1000 - Trypsin LSAB2 488 Skin 

CK18 Mouse 1: 50 ND - Citric pH6 LSAB2 488   Mammary 

ER! Mouse 1: 50 ND - Citric pH6 LSAB2 488   Mammary 

ER" Mouse 1:100 ND - Citric pH6 LSAB2 488 Prostate 

HMWCK Mouse 1:100 ND - - LSAB2 488 Prostate 

MSA Mouse      1: 75    ND     - EDTA pH8 LSAB2 555 Uterus 

OTR 020 
 

Rabbit 
1:100 1:500 

Triton  washes 

Avidin /Biotin 
Citric pH6     Vectastain 488 Uterus 

OTR N19 Goat 1: 50 ND - - LSAB2 488 Prostate 

OXTR Goat       1: 40 1: 500 - - LSAB2 350 Uterus 

PSA Mouse       1: 100        ND - - LSAB2 488 Prostate 

PTRF Mouse       1: 40 1: 500    -    - LSAB2    488 Uterus 



 

 71 

The next day, the sections were rinsed in PBS and then incubated in biotinylated 

anti-mouse/anti-rabbit IgG (LSAB2, Dako Glostrup Denmark) or rabbit anti-goat 

IgG (PK6105, Goat IgG kit Vectastain elite, Vector Laboratories, Ca. USA) for 30 

min and then rinsed for 5 min in PBS. Sections were then incubated in streptavidin-

horseradish peroxidase complex (HRP, LSAB2, Dako, Glostrup Denmark) for 30 

min. 

Immunoreactivity was visualized with 3,3-diaminobenzidine tetrahydrochloride 

(Fast-DAB, Sigma-Aldrich. St Louis, MO, USA) that forms a coloured deposit at 

the sites of antibody-antigen binding. Sections were counterstained with Gills 

Hematoxylin #2 for 4 secs and rinsed in tap water until blue. Sections were 

dehydrated through graded alcohols and xylene and coverslipped with DPX. Slides 

were viewed under an Olympus BX-51 microscope. Images were captured using 

the Spot imaging system (Diagnostic Instruments, Inc., Sterling Heights, MI, USA). 

2.5 Immunocytochemistry 

2.5.1 Seeding of cells  
Immunocytochemistry (ICC) was used to investigate the localization and 

distribution of proteins in the prostate cell lines. All solutions are listed in appendix 

C. For immunocytochemistry and TEM, cells were seeded into 24-well plates at a 

density of 3.5x103 for PrSC and PC3 or 5x103 for both PrEC and LNCaP, in a final 

volume of 1 ml of their respective culture medium. Each experiment was performed 

at least three times. Each well contained either a Thermanox plastic coverslip 

(Thermanox, ProSciTech, Thuringowa, Queensland, Australia) or a glass coverslip 

(22 x 22 Menzel-Glaser, Braunschweig, Germany) cut into 6 pieces and sterilized 

in absolute alcohol. Cells were grown to 50-70% confluence for LM and to a full 

confluent monolayer for EM and then fixed.  
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2.5.2 Immunocytochemistry  
Wells containing glass coverslips had the media removed and were incubated in 

either 2% paraformaldehyde (or cold methanol for AR immunostaining) for 5 min 

which was then replaced with PBS. Cells were washed in PBS for 5 min and 

blocked with 10% swine serum (Sigma-Aldrich, St Louis, MO, USA) for 10 min. 

Cells were incubated with the primary antibody in primary antibody diluent 

(appendix C) overnight at 4oC in a humidity chamber. Negative control sections 

were incubated with an equivalent protein concentration (to that of the primary 

antibody) of rabbit, mouse or goat IgG as appropriate. 

 The next day, the sections were washed in PBS for 2 x 5 min, followed by 

incubation with biotinylated anti-rabbit/anti-mouse IgG (LSAB2, Dako Glostrup 

Denmark) for 30 min. After washing twice in PBS the cells were  incubated in 

streptavidin-horseradish peroxidase complex (LSAB2, Dako, Glostrup Denmark) 

for 30 min. Subsequent to washing in PBS 2 x 5 min, immunoreactivity was 

visualized with 3,3-diaminobenzidine tetrahydrochloride (Fast-DABTM, Sigma-

Aldrich, St Louis, MO, USA) and counterstained with Gills No.2 Hematoxylin for 

5 secs. After washing in tap water, cells were dehydrated through ascending alcohol 

concentrations. Cells on coverslips were removed from the 24-well plate and taken 

into xylene for 2 x 5 min before placing upside down onto a drop of DPX on a glass 

slide. Slides were viewed under an Olympus BX-51 microscope. Images were 

captured using the Spot imaging system (Diagnostic Instruments, Inc., Sterling 

Heights, MI, USA). All ICC procedures were done in the 24-well plates containing 

the coverslips. Antigen retrieval was not required, and the cells were blocked and 

incubated in the primary antibody (as used for tissue) in Table 2.2. 

2.6 Immunofluorescence 
Double immunofluorescent staining of both cells and tissue was performed. Day 

one for immunofluorescence on cells and tissue was the same as for DAB 

immunostaining up until the blocking step that now used 10% donkey serum 
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(Sigma-Aldrich) for 30 min. After washing for 5 min in PBS, the sections were 

incubated with the primary antibody (Table 2.2) overnight at 4oC in a humidity 

chamber. Negative control sections were incubated with an equivalent protein 

concentration of mouse rabbit or goat IgG.  After incubation in the primary 

antibody overnight, the slides were washed in PBS. The secondary antibody was 

conjugated to a fluorochrome for immunofluorescence (Table 2.2; Invitrogen, 

Carlsbad, CA USA).  

Sections were incubated in either donkey anti-mouse labelled with AlexaFluor 

555, donkey anti-rabbit AlexaFluor 488 or donkey anti-goat labelled with 

AlexaFluor 350 (Invitrogen, Carlsbad, CA USA) 1:1000 in PBS. After equilibrating 

in PBS for 2x 5 min, the slides were counterstained with Hoechst (see 3.6.1 below) 

and the slides were coverslipped using Vectashield mounting media (H-1000, 

Vector Laboratories, Burlingame,CA USA). Slides were stored at 4oC in the dark 

prior to viewing under an Olympus BX-51 microscope with fluorescent attachment. 

The excitation/emission of AlexaFluor 350 was 343/440nm, AlexaFluor 488 was 

495/519nm and AlexaFluor 555 was 555/565nm, (Table 2.3). Images were captured 

and merged using the Spot imaging system (Diagnostic Instruments, Sterling 

Heights, MI, USA). 

Table 2.3 A list of fluorophore conjugated secondary antibodies 

Fluorophore Conjugate Excitation Emission Bandpass 
filter Emittance 

AlexaFluor 488 donkey anti-goat 495nm 519nm 460-490nm Green 
donkey anti-rabbit 

AlexaFluor 555 donkey anti-rabbit 555nm 573nm 545-580nm Red 
donkey anti-mouse 

AlexaFluor 350 donkey anti-goat 343nm 440nm 334-365nm Blue 
 

 

The excitation wavelength is the light shone on a sample that transfers energy to induce 

fluorescence emision. The mercury burner provided a large spectrum of light that was 

selected for using the bandpass filters as indicated by the shaded areas.  
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2.6.1 Hoechst counterstaining 
The Hoechst 33342 stain (H-3570, Molecular probes, Eugene Oregon, USA) is a 

member of a family of bis-benzimide fluorescent stains that selectively binds to 

double stranded DNA (dsDNA). The dye is excited by ultraviolet light at 350-364 

nm to emit a blue fluorescent emission of 465 nm and the fluorescent intensity is 

increased in the presence of DNA [Bastos et al, 2005]. After equilibrating in PBS 

for 5 min, the Hoechst stain was applied (0.02 mg/ml in PBS, Hoechst 33342 stain, 

Molecular probes/Invitrogen) for 3 min in the dark. Slides were washed in PBS for 

5 min then coverslipped using Vectashield mounting media (H-1000, Vector 

Laboratories, Burlingame, CA USA). Slides were stored at 4oC in the dark until 

use. 

2.6.2 Double fluorescent immunostaining 
Immunofluorescence was used to investigate the co-localization of proteins in 

the prostate cell lines and prostate tissue. Cells grown on glass coverslips were 

fixed as above. Sections of prostate tissue were deparaffinized and rehydrated as 

before. If antigen retrival pretreatment was required for one of the antibodies prior 

to performing double labeling, Each primary antibody was tested individually and 

the necessary pretreatment was selected. Samples were blocked with 10% donkey 

serum (species same as secondary antibody; Sigma-Aldrich) for 30 min and then 

incubated with a mixture of both primary antibodies applied together overnight at 

4oC in a humidity chamber. Each antibody used had to be raised in a different 

species i.e. goat anti-OTR and rabbit anti-AR. Negative control sections were 

incubated with an equivalent protein concentration of both IgGs. The sections were 

incubated in a mixture of two secondary antibodies which are raised in different 

species with two different fluorochromes, i.e. Alexfluor 555-conjugated against 

rabbit and Alexfluor 488-conjugated against mouse (Table 2.2 Invitrogen, Carlsbad, 

CA USA) 1:1000 in PBS. After equilibrating in PBS for 2x 5 min, Hoechst 

counterstaining can be applied if desired, slides were coverslipped using 
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Vectashield mounting media  (Vector Laboratories, USA). Slides were stored at 

4oC in the dark prior to use.  

2.6.3 Fluorescent microscopy 
Microscope images were captured and merged using Spot analysis software 

(Diagnostic Instruments Inc, MI, USA) on an Olympus AX70 light microscope 

with a fluorescent attachment and a Spot RT colour camera attachment (model 

2.2.1 Diagnostic Instruments, Fig 2.4).  

 

Figure 2.4. Immunofluorescent detection 
Fluorophore conjugated secondary antibodies were used for immunofluorescent detection. 

The excitation wavelength is indicated by dashed lines. The emision wavelength indicated 

by solid lines. The mercury burner provided a large spectrum of light that was selected for 

using bandpass filters as indicated by shaded areas. There was no interference between the 

selected fluorophores. Graph courtesy of www.invitrogen.com/spectraviewer.  
 

2.7 Western blot analysis 
Western blotting was performed to assess if a particular protein was present and 

to quantify differences in protein expression between samples of cells and tissue.   

2.7.1 Cell sample extraction for Western blots 
 Cells were seeded into 25cm2 vented flasks into 4ml of culture medium for 

PrEC, PrSC, LNCaP cells and PC3 respectively. Media containing steroids were 

changed every day for 5 days and cells grown to 90% confluence. The cells were 
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passaged at confluence by trypsinization and the supernatant was discarded. The 

pellet was resuspended in 200ml of protease inhibitor and the cells were counted on 

a haemocytometer. Aliquots containing 5 x 103 cells in protease inhibitor were 

frozen at –80oC until use. 

2.7.2 Tissue sample extraction for Western blots 
Tissue sample extracts were prepared by homogenizing 0.5g of tissue in 2ml of 

PBS containing ‘complete’ mini protease inhibitor cocktail Tablets (Boehringer 

Mannheim UK, Lewes)[Whittington et al, 2001]. These Tablets contain water-

soluble protease inhibitors with broad specificity for the inhibition of serine, 

cysteine, and metalloproteases as they contain 4-(2-aminoethyl) benzenesulfonyl 

fluoride (AEBSF), E-64, bestatin, leupeptin, aprotinin, and EDTA (sodium salt). 

The sample was centrifuged and the pellet was discarded. The protein concentration 

of the supernatant was measured. 

2.7.3 Protein determination 
The quantity of protein in each tissue sample was determined to ensure equal 

loading onto the gel. The protocol was based on that of Lowry et al, [1970]. The 

assay was performed in triplicate. Samples were assayed at a 1:5 and a 1:10 

dilution. 

Standards were serially diluted from 2 mg/ml BSA in PBS, down to 0.0625 

mg/l. All incubations were performed in a 96 well plate on a shaking platform 

(K5125, IKALabortechnik, Labsupply Pierce, NZ). Standard or sample (40 µl) was 

added to each well. The Lowry’s solutions (a ratio of 9 volumes of A to 1 volume 

of B, see appendix C) were added together and 200µl were added to each well and 

incubated at RT for 15 min. Folin’s phenol solution B (10µl) was added and 

incubated at RT for 30 min. The extinction of each solution was measured at 650 

nM in a microplate reader (Model 550 Microplate reader, BioRad Ca. USA), using 

assay buffer as a blank. The absorbance data were provided by Microplate manager 
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4.0 application (BioRad Ca. USA). The protein concentration was calculated from 

standard curve values. 

2.7.4 SDS-PAGE electrophoresis 
Denaturing sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) uses a highly cross-linked gel through which the proteins migrate at a rate 

dependent upon their size. For analysis of protein expression, a Western blot 

method was used as previously described [Whittington et al, 2001].  

A polyacrylamide gel consisting of a lower 10% separating gel and an upper 4% 

stacking gel was cast. Samples of 50 x 103 cells were mixed with equal volumes of 

loading buffer containing the detergent SDS that will negatively charge the 

proteins. The samples were incubated in a boiling waterbath in a Sharp 1000-watt 

microwave oven for 5 min to denature the proteins before loading onto the gel. A 

10-kDa protein ladder (MagicMark LC5602, Invitrogen) was also loaded that 

produces bands of a known size to identify proteins of interest. The gels were run 

for 90 min at a constant 100V in running buffer. Six pieces of Whatmann filter 

paper 3mm were cut and along with the gel were soaked in transfer buffer for 1 

minute. Once ready, the blotter was stacked creating a sandwich of: anode (+), fibre 

pad, 3 papers, membrane, gel, 3 papers, fibre pad and cathode (-). The proteins 

were transferred to a nitrocellulose membrane (0.45μm pore; Transblot transfer 

medium, BioRad, Ca. USA) for 90 min at a constant 200mA in transfer buffer. At 

this time the membrane was checked for a successful transfer by using Ponceau dye 

that will detect air bubbles and to locate the total protein bands or reprobed using an 

antibody against α-tubulin to check equal protein loading. 

2.7.5 Immunodetection and identification of a protein 
 Once transfer was complete, the membrane was blocked for 1 hr with 0.02% 

(volume/volume (v/v)) Tween 20 in PBS with 10% non-fat milk powder (Anchor 

Milk, Fonterra Brands, Auckland NZ). The membrane was washed in PBS/Tween 

and then probed overnight on a rotary Table at 4oC with the appropriate primary 
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antibody diluted in PBS with 0.02% (v/v) Tween 20 and 3% (weight per volume 

(w/v)) milk powder. Membranes were washed in PBS/Tween for 5 min and this 

was repeated five times. Once washed, the membrane was incubated in the 

appropriate secondary antibody in PBS with 0.02% (v/v) Tween-20 and 3% (w/v) 

milk powder for 1 hr at room temperature. Membranes were washed in PBS/Tween 

for 5 min and this was repeated five times and then washed with PBS before 

detection of bound antibody by chemiluminescence (ECL RPN2109, Amersham 

International, GE Healthcare, Buckinghamshire, UK) for 1 min. Luminol is 

oxidized by horseradish peroxidase with hydrogen peroxide forming an excited 

state product that emits light at 425nm that slowly decays. The blots were exposed 

to film (Super RX Medical X-Ray film, Fuji, Tokyo, Japan) for an appropriate time 

depending on the strength of the signal. 

The membranes that had been used with the goat secondaries were reprobed for 

α-tubulin to check for protein loading. Band intensity was measured using a 

BioRad imaging densitometer (BioRad,Ca. USA) and quantified by densitometry 

using Molecular Analyst software.  

2.8  Ultrastructural analysis of the cells 
Cells on Thermanox coverslips were fixed using 2% glutaraldehyde in 0.1M 

cacodylate buffer containing 2mM calcium chloride (CaCl2) that was prewarmed to 

37oC before use. For primary fixation, half the tissue culture medium was removed 

and an equal quantity of prewarmed 2% glutaraldehyde in 0.1M cacodylate buffer 

containing 2mM CaCl2 was added and left for 30 secs. Most of the media/fixative 

solution was removed and fresh fixative was added and left for 1 min and then 

replaced with fresh fixative and left for 30 min at 37oC. The samples were washed 

in 0.1M cacodylate buffer containing 2mM CaCl2 for 3 x5 min on ice and then post 

fixed with 1% OsO4 in 0.1M cacodylate buffer containing 2mM CaCl2 for 30 min 

on ice. Samples were washed with double dH2O for 3 x 5 min on ice, and then 

washed in 3 changes of 0.05M sodium hydrogen maleate buffer (0.05M maleic 



 

 79 

acid, pH 5.2) for 3 x 5 min on ice. The cells were en block stained with buffered 

uranyl acetate in sodium hydrogen maleate buffer for 30 min on ice. Samples were 

washed in 3 changes of 0.05M sodium hydrogen maleate buffer (pH 5.2) for 3 x 5 

min on ice and then, dehydrated through 30%, to 100% graded ethanol for 2 min 

each and then into 100% ethanol for 3 x 5 min. Samples were infiltrated with 

Propylene Oxide (PO, Agar Scientific, Essex, UK) for 2 x 5 min then 1:1 PO: Agar 

100 (Agar Scientific, Essex, UK) for 5 min and then infiltrated with resin for 4 x 30 

min. Coverslips were placed cell side down over a BEEM capsule (Ted Pella, Inc. 

Redding, CA) filled with resin and polymerized for 24 hrs at 60oC. The plastic 

coverslip was removed from the BEEM capsule leaving the cells intact and 

embedded in resin. To locate the cells, the block was placed into Methylene Blue–

azure II stain [Graham et al, 2007] for 5 min at 60oC. A small area was removed 

containing the cells and re-embedded in fresh resin for 24 hrs at 60oC so vertical 

sections could be taken through the cells. Ultrathin sections (80nm) were cut on the 

Reichert FCS microtome using a Diatome diamond knife. Sections were contrasted 

with 1% buffered uranyl acetate and Reynolds lead citrate [Wu et al, 2010]. Grids 

were examined under the Phillips CM100 Transmission Electron Microscope 

(TEM) (Philips, Eindhoven, The Netherlands) at 80kv accelerating voltage. 

Randomly selected images were captured by the software imaging system (SIS) 

Mega III.  

2.9 Statistics 
Statistical analyses of the Western blot densitometry were performed using 

GraphPad Prism 4.0 (GraphPad Software Inc., San Diego, CA). Data are expressed 

as the mean ± S.E.M. When determining significance, the Analysis of Variance 

(ANOVA) was used with a post hoc Tukey test with significance level set at P < 

0.05.   
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3 Characterization of cell types 

3.1 Introduction   
As described earlier, the prostate is divided into two compartments; stromal 

tissue comprised of smooth muscle and fibroblast cells and luminal compartment 

comprised of basal and secretory epithelial cells, (Fig 3.1). To be a valid 

experimental system, it is necessary to show that the normal cells and malignant 

cells used in this study express the proteins and receptors that are characteristic of 

human prostate tissue in vivo.. 

Expression of specific cytokeratins can establish epithelial origin. Cytokeratins 

are intermediate filament proteins that form heterodimers of a basic keratin (1-8) 

and an acidic keratin (9-23).  Cytokeratin 18 (CK18) is the principal keratin 

expressed in epithelial cells [Moll et al, 1982]. The most commonly used basal cell 

specific marker is high molecular weight cytokeratin (HMWCK), which is a 

panepithelial marker including cytokeratin 1, 5, 10, and 14. Characteristically, a 

continuous circumferential pattern of immunostaining for HMWCK is seen in basal 

cells in normal and BPH prostate tissue, but the basal cells are disrupted in the 

progression of prostate cancer [Bostwick et al, 1987].  

Prostate specific antigen (PSA) is a specific marker of secretory epithelial cells. 

PSA is a serine protease that is expressed and secreted by human prostate epithelial 

cells [Digby et al, 1989].  

The myogenic marker muscle-specific actin (MSA) identifies smooth muscle 

cells in the prostate stroma [Ronnov-Jessen, 1996].  

Expression of nuclear receptors such as ARs and ERs can also be used to further 

characterize the cells. ERβ is the predominant form of ER expressed in nuclei of 

the basal glandular epithelium, the epithelial cells and stromal cells, whereas ERα 

is expressed in the nucleus of some stromal cells [Pasquali et al, 2001]. Both 

stromal and epithelial cells in the prostate tissue express ARs.  
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Figure 3.1. Histology of the human prostate  
 

Mallory Trichrome stained section showing the two compartments of the prostate. The 

glandular lumen is lined with epithelial cells (Epi) that sit atop a layer of basal cells (B) on 

the basement membrane. The epithelial cytoplasm stains purple with red nuclei. The 

stromal tissue compartment consists of smooth muscle (SM) stained red and connective 

tissue (CT) stained blue. Bar = 50µm. 
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There is  however, controversy in the literature as to whether basal cells express 

AR [Bonkhoff et al, 1993], or not [Harper et al, 1998]. Oxytocin receptor has been 

shown to be expressed both in vivo and in the cell types used in this study using the 

antibody 020 raised to the third intracellular loop of the receptor  [Whittington et al, 

2001]. A commercially available antibody raised to the C-terminal of OTR was also 

used (OXTR, Everest Biotech Ltd. Upper Heyford Oxfordshire, UK). 

Table 3.1 summarises the information in literature regarding the expression of 

proteins in the prostate cell lines used in this study. However, as can be seen the 

information is currently incomplete. 

3.2 Materials & Methods 

3.2.1.  Cell Culture 
Normal human prostate stromal cells (PrSC) and epithelial cells (PrEC) (Clonetics, 

BioWhittaker, UK) were grown in PrEBM or SCBM basal growth media 

supplemented with bullet kit media (Clonetics, BioWhittaker, UK). Androgen-

dependent LNCaP and androgen-independent PC3 cancer cell lines (ATCC, USA) 

were grown in RPMI1640 media (Gibco, Invitrogen, USA) supplemented with 10% 

FBS (Thermo Fisher Scientific Inc. Auckland, NZ) or F12/DMEM (Invitrogen, 

USA) respectively. Cells were cultured as described in chapter 2.2.   Cells were 

grown to 80% confluence and harvested between passages 4-6 by trypsinization for 

analysis. 

3.2.2 Tissue collection  
Human prostate tissue was obtained as described above, see chapter 3.3.1. 

Immunocytochemical markers were chosen to identify specific tissue elements in 

prostate tissue (Table 3.2). 
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Table 3.1  Profile of protein and mRNA expression of various proteins in prostate 
cell lines in the literature   

Y = expression      N = No expression       - = no information available 
1. Whittington et al  2004  2. King KJ et al 2006 3. Ito  et al 2001  4. Garraway et al 2003 
5. Veldscholte  et al 1990 6. Alimirah  et al 2006 7. Sobel  et al 2006 8. Montgomery et al 1992 
9. Oberneder  et al 1994 10. Brawer 2001 11. Cambrex-BioSci 2003 12. Barrett  et al 2001 
13. Zhang  et al 1997 14. Sensibar  et al  1999 15. Suzuki  et al  2006 16. Antonioli et al  2004 
17. Signoretti  et al  2000 18. Tai et al 2011   
    

3.2.3 Cell culture preparation for immunocytochemistry 
For immunocytochemistry, cells were seeded into 24-well plates containing 

glass coverslips at a density of 3.5x103 for PrSC and PC3 or 5x103 for both PrEC 

and LNCaP, in a final volume of 1 ml. The cells were cultured in the presence of 

10nmol.L-1 DHT for 5-7 days before fixation in 2% paraformaldehyde for 5 min. 

Cells were then examined using immunocytochemistry at the light microscope 

(LM) level, with each procedure performed at least 3 times.  

 
Antigen 

PrSC PrEC LNCaP PC3 
Protein RNA Protein RNA Protein RNA Protein RNA 

OTR Y 
(1) 

- Y 
(1) 

- _ _ - - 

ERα  Y 
(2) 

Y 
(2) 

Y 
(2) 

Y 
(2) 

N 
(2) 

N (7) 
Y (3) 

- N 
(3) 

ERβ  - N 
(2) 

- Y 
(2) 

- Y 
(2,3) 

- Y 
(3) 

AR Y 
(2) 

Y 
(2) 

Y 
(2) 

Y (2) 
N (4) 

Y 
(2,5) 

Y 
(2) 

Y(6) 
N (18) 

Y 
(6) 

PSA - - N 
(12) 

N (4) 
Y (7) 

Y 
(2,7-9) 

Y 
(7) 

Y(10) 
N (18) 

- 

CK18 
 

Y 
(11) 

- Y 
(7) 

Y 
(7) 

Y 
(9) 

- Y 
(12) 

- 

MSA Y 
(13,14) 

- N 
(15) 

- - - - N 
(16) 

HMWCK - - Y 
(17) 

- - - - - 
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Table 3.2 Antibodies used for identification of prostate tissue elements  
  

Epithelial tissue 
 

Stroma 
 

References 

Antibody Basal 
cells 

Epithelial 
cells 

Smooth 
Muscle 

Stromal 
cells  

CK18  +   [Sherwood et al, 1990] 
ERα     + [Leav et al, 2001] 
ERβ   +  + [Leav et al, 2001] 
HMWCK +    [Abrahams et al, 2003] 
MSA   +  [Ronnov-Jessen, 1996] 
PSA  +   [Sinha et al, 1986] 

 

Antibodies raised against cytokeratin-18 (CK18), high molecular weight cytokeratin (HMWCK), 
muscle specific actin (MSA), estrogen receptor-alpha (ERα), estrogen receptor-beta (ERβ) and 
prostate specific antigen (PSA). + = positive immunostaining. 
 

3.2.4 Immunocytochemistry and immunohistochemistry 
Immunocytochemistry (ICC) was used to characterize the cell lines and 

investigate the localization and distribution of OTR and AR in prostate cell lines. 

Cells grown on glass coverslips were fixed as before (chapter 2.4.3) in preparation 

for the immunocytochemical procedures (chapter 2.4.4). Negative controls in which 

primary antiserum was replaced with normal IgG were always included, but in 

situations where a cell type does not show staining, a separate negative image is not 

shown. Immunofluorescence was used to confirm the localization of CK18, ERα, 

ERβ, HMWCK, MSA, PSA OTRs, and AR in the prostate cell lines, (chapter 2.6). 

Immunohistochemistry (chapter 2.4.3) was performed as described earlier on 

sections of prostate tissue (chapter 2.3.1).  

3.2.5 Western blot analysis of the prostate cells and tissue 
For Western blots, PrEC, PrSC, LNCaP and PC3 cells were prepared as 

described earlier, (chapter 2.7.1). Tissue samples were extracted as described in 

chapter 2.7.2. Briefly, samples of 50 x 103 cells or tissue extracts (200µg) were 

separated by gel electrophoresis and the proteins transfered to nitrocellulose. The 
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blot was blocked with milk proteins and then an antibody was added to bind to its 

specific protein. Location of the antibody was revealed by chemiluminescence 

(Amersham Int, Amersham UK), (chapter 2.7).  

3.3  Results 

3.3.1 Immunocytochemistry of normal cell types 
Stromal cells 

As described by the supplier (Clonetics, BioWhittaker, UK, Berks, UK) <10% 

of the cultured prostate stromal cells expressed the epithelial marker CK18 (Fig 

3.2a).  

The stromal cells expressed ERα (Fig 3.2b) and ERβ (Fig 3.2c) in the nucleus. 

HMWCK (Fig 3.2d) was not detected. Muscle specific actin (Fig 3.2e) highlighted 

actin stress filaments in some, but not all cells.  PSA (Fig 3.2f) was not detected. A 

summary is provided in Table 3.3. 

Epithelial cells 

The larger prostate epithelial cells present expressed CK18 (Fig 3.3a) in the cell 

cytoplasm. Immunoreactive ERα was not detected (Fig 3.3b) but ERβ (Fig 3.3c) 

was identified in the cell nucleus. 

Intense immunoreactivity for HMWCK (Fig 3.3d) was seen in the cytoplasm of 

the smaller cells. There was no detectable immunoreactivity for MSA (Fig 3.3e). 

Prostate specific antigen was immunolocalized to the cytoplasm of the larger 

epithelial cell population (Fig 3.3f), (Table 3.3). 
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Figure 3.2. Stromal cell characterization 

 
 

Immunohistochemistry using immunofluorescence and DAB of stromal cells (passages 4-

5) cultured with 10nmol.L-1 DHT. Some stromal cells expressed a) CK18 see arrows. The 

stromal cells expressed b) ERα and c) ERβ. The cells expressed neither d) HMWCK nor f) 

PSA. Most, but not all cells were immunopositive for e) MSA. Positive immunostaining 

has red or brown staining, staining of nuclei was achieved with Hoechst or Hematoxylin.  

Bar = 50µm. 
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Figure 3.3. Epithelial cell characterization 

 
Immunohistochemistry using immunofluorescence and DAB of normal epithelial cells 

(passages 2-4) cultured with 10nmol.L-1 DHT.  Immunoreactivity for a) CK18 and for d) 

HMWCK indicated the presence of basal cells and secretory epithelial cells. b) ERα 

expression was not seen, but c) ERβ was seen in the nucleus of all epithelial cells. There 

was no immunoreactivity for e) MSA. f) PSA secretion was seen in the cytoplasm of some 

cells.  Positive immunostaining has red or brown staining, nuclear staining was achieved 

with Hoechst or Hematoxylin. Bar = 50µm.  
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3.3.2 Immunocytochemistry of malignant cell lines 
LNCaP cells 

Immunoreactive CK18 (Fig 3.4a) was present in the cytoplasm of all cells. 

Intense ERα immunoreactivity was seen in the cell nucleus (Fig 3.4b), whereas 

ERβ (Fig 3.4c) immunoreactivity was not detected. High molecular weight 

cytokeratin (Fig 3.4d) immunoreactivity was identified in the cytoplasm of all 

cells. Both MSA (Fig 3.4e) and PSA (Fig 3.4f) had weak immunoreactivity in the 

cytoplasm, (Table 3.3). 

 

PC3 cells 

The PC3 cells exhibited weak immunoreactivity for CK18 (Fig 3.5a). There was 

intense staining for receptors ERα (Fig 3.5b), and ERβ (Fig 3.5c)  in the nucleus 

with pale immunostaining in the cell cytoplasm.   

No immunoreactivity was detected for HMWCK (Fig 3.5d), or MSA (Fig 3.5e). 

Faint immunoreactivity was seen for PSA (Fig 3.5f).  

 



 

 89 

Figure 3.4. LNCaP cell characterization 

 
 

Immunohistochemistry using immunofluorescence and DAB of LNCaP cells (passage 3) 

cultured with 10nmol.L-1 DHT. a) CK18 expression was seen in all LNCaP cells. b) ERα 

was present in the nucleus, whereas c) ERβ immunoreactivity was absent. The LNCaP 

cells were immunopositive for d) HMWCK. There were low levels of immunoreactivity for 

e) MSA. f) PSA secretion was seen. Positive immunostaining has red or brown staining, 

nuclear staining was achieved with Hoechst or Hematoxylin. Bar = 50µm. 
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Figure 3.5. PC3 cell characterization 

 
 

Immunohistochemistry using immunofluorescence and DAB of PC3 cells (passage 7) 

cultured with 10nmol.L-1 DHT. a) weak CK18 immunostaining was seen in the cytoplasm 

of all PC3 cells. There was strong staining for b) ERα, and c) ERβ whereas 

immunoreactivity for d) HMWCK and e) MSA was not detected. f) PSA 

immunoreactivity was seen but in reduced amounts compared to the other cell types. 

Positive immunostaining has red or brown staining, nuclear staining was achieved with 

Hoechst or Hematoxylin. Bars = 50µm.  
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3.3.3 Co-localization of OTR antibodies 
The two OTR antibodies strongly co-localized in all cell types (Fig 3.6). 

 

Figure 3.6. OTR immunoreactivity as demonstrated by antibodies 020 and OXTR 

Two antibodies OTR 020 (in red) and OXTR (in blue) had a strong co-localization pattern 
(in purple) in PrSC (shown) PrEC, LNCaP and PC3 cells. 
 

3.3.4 Localization of  oxytocin receptor in prostate cells 
Immunoreactivity for OTR using the antibody raised to the third intracellular 

loop (020) was observed in the surface of stromal cells (Fig 3.7a). In epithelial 

cells, there was staining on the surface as well as perinuclear staining in some, but 

not all cells (Fig 3.7b). LNCaP cells showed immunoreactivity on the cell surface 

(Fig 3.7c). In PC3 cells, there was immunoreactivity for 020 on the cell membrane 

as well as some perinuclear staining (Fig 3.7d). 

Immunoreactivity for OTR using the antibody OXTR was observed in the 

surface of the stromal cells (Fig 3.8a). In the epithelial cells there was staining on 

the cell surface, some cells showed perinuclear staining and some cells showed 

distinct clumps of immunoreactivity on the cell margins (Fig 3.8b). LNCaP cells 

showed immunoreactivity on the cell surface (Fig 3.8c). In the PC3 cells, 

immunoreactivity was identified on the cell membrane as well as some perinuclear 

staining (Fig 3.8d). No immunoreactivity was observed in the negative controls 

when the primary antibody was replaced with an equivalent concentration of IgG 

(Fig 3.7 and 3.8e). 
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Figure 3.7. Immunocytochemical localization of oxytocin receptor using antibody 
020 

 
 

Oxytocin receptor immunoreactivity identified with antiserum 020 raised against the third 

intracellular loop of the OT receptor [Whittington et al, 2001]. Immunoreactivity was seen 

in a) stromal cells (PrSC), b) some, but not all epithelial cells (PrEC), c) LNCaP cells d) 

and in PC3 cells. e) Negative controls in which the primary antiserum was replaced with 

rabbit IgG were included, stromal cells are shown. Bar = 50µm. 
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Figure 3.8. Immunocytochemical localization of oxytocin receptor using antibody  
OXTR 

 
  

Immunohistochemical localization of OT receptor using an antibody raised against the C-

terminal of the OT receptor. Immunoreactivity was seen in (a) stromal cells,  (b) epithelial 

cells (c), LNCaP cells (d) and in PC3 cells. e) Negative controls in which the primary 

antiserum was replaced with normal goat IgG were included, LNCaP cells are shown. Bar 

= 50µm. 
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Figure 3.9. Immunocytochemical localization of the androgen receptor 
 

 
 
Immunoreactivity for the AR was seen in the nucleus of (a) stromal cells, and in the 
cytoplasm of (b) epithelial cells (c) and LNCaP cells. Nuclear staining was seen in (d) PC3 
cells. e) Negative controls in which the primary antiserum was replaced with normal rabbit 
IgG were always included, epithelial cells are shown Bar = 50µm.  
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3.3.5 Localization of androgen receptor in prostate cells 
Immunoreactivity for AR was seen in the nucleus of prostate stromal cells (Fig 

3.9a). Strong immunoreactivity for AR was seen in the nucleus and the cell 

cytoplasm of PrEC (Fig 3.9b), LNCaP cells (Fig 3.9c) and PC3 cells (Fig 3.9d). 

The precipitate appearance of the staining is due to the use of methanol as a 

fixative.  

Table 3.3. Summary of protein expression in normal and malignant cells 
 
    Cell type 

 

PrSC 
 

PrEC 
 

LNCaP 
 

PC3 
 

CK18 
 

cyto 
 

cyto 
 

cyto 
 

cyto 
 

ERα  
 

nuclear  
 

- 
 

nuclear 
 

nuclear 
 

ERβ  
 

nuclear  
 

nuclear 
 

- 
 

nuclear 
 

HMWCK 
 

- 
 

cyto 
 

cyto 
 

- 
 

MSA 
 

cyto 
 

- 
 

 cyto 
 

- 
 

PSA 
 

- 
 

cyto 
 

cyto 
 

cyto 
 

OTR 020 

 

cyto 

 

cyto 

 

cyto 

 

cyto 

 

OTR OXTR 

 

cyto 

 

cyto 

 

cyto 

 

cyto 

 

AR 
 

nuclear 

 

nuclear 

 

nuclear 

 

nuclear 

 
nuclear immunoreactivity (nuclear), cytoplasmic immunoreactivity (cyto)  

 no immunoreactivity detected ( - ), decreased immunoreactivity () compared to PrSC 
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3.3.6 Immunocytochemistry for tissue markers in prostate tissue 
In benign prostate tissue, the prostate epithelial cells expressed CK18 (Fig 

3.10a) in the cell cytoplasm. Immunoreactivity for ERα was identified in the cell 

nuclei (Fig 3.10b) of stromal cells.  ERβ (Fig 3.10c) was seen in the nucleus of the 

epithelial cells and stromal cells. 

Intense immunoreactivity for HMWCK (Fig 3.10d) was seen in the cytoplasm of 

the basal cells. Immunoreactivity for MSA was only observed in the stromal tissue 

(Fig 3.10e). Prostate specific antigen was immunolocalized to the cytoplasm of the 

epithelial cell population (Fig 3.10f). Negative controls in which the primary 

antiserum was replaced with rabbit IgG were included (Fig 3.10g). 

3.3.7 Immunohistochemistry for receptors in prostate tissue 
Immunohistochemistry for OTR using antibody 020 was seen in epithelial and 

stromal cells of the hyperplastic human tissue (Fig 3.11a), in the epithelial cells of 

the well-differentiated cancer tissue (Fig 3.11b) and throughout the tissue from 

patients with poorly differentiated malignant disease (Fig 3.11c). 

Using the antibody OXTR, immunoreactivity for OTR was localized 

predominantly to the epithelial cells of the BPH (Fig 3.11d) and the well-

differentiated cancer tissue (Fig 3.11e) and throughout the tissue from patients with 

poorly differentiated malignant disease (Fig 3.11f). 

Strong expression for AR was seen in the nuclei of the epithelial and basal cells 

(as confirmed with double immunohistochemistry with HMWCK, not shown) 

lining the lumen of the acini in patients with BPH (Fig 3.11g), there was 

cytoplasmic and nuclear expression in the stromal region and epithelial cells of the 

well-differentiated cancer tissue (Fig 3.11h). In the poorly differentiated cancer 

tissue a few immunoreactive epithelial cell nuclei were observed (Fig 3.11i). 
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Figure 3.10. Benign prostate tissue 

 
BPH tissue showed a) strong staining for cytokeratin-18 in the epithelial cell cytoplasm, b) 

ERα was seen in stromal cells and c) ERβ was seen in the epithelial and stromal cells. d) 

HMWCK delineated the basal cells and e) MSA was seen in the stroma. f) PSA 

immunoreactivity was seen in the epithelial cells. g) Negative controls in which the 

primary antiserum was replaced with rabbit IgG were included. Nuclear staining was 

achieved with Hematoxylin. Bar = 50µm. 
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Figure 3.11. Immunohistochemistry for OTR and AR in prostate tissue 

 
Immunostained sections showed OTR immunoreactivity using antibody 020 in stromal and 
epithelial cells in a) BPH, b) well differentiated carcinoma and c) poorly differentiated 
prostate cancer tissue. Immunostained tissue sections showed OTR immunoreactivity as 
seen with antibody OXTR in d) BPH, e) well differentiated and f) poorly differentiated 
cancer tissue. AR expression was observed in the nuclei of epithelial and stromal cells in g) 
BPH, h) well differentiated carcinoma and i) poorly differentiated prostate cancer tissue. 
Rabbit IgG used as a negative control in j) BPH k) well differentiated and l) poorly 
differentiated cancer tissue. Bars = 50µm. 
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3.3.8 Western blot analysis of cells 
Western blots showed immunoreactive bands at ~66kDa for OTR with both 

antibodies (Fig 3.12a & b). Sometimes with both antibodies, a second band was 

seen in the LNCaP cells suggesting a possible glycosylation of the receptor. Muscle 

was used as a negative control and no immunoreactive bands were detected with 

020 or OXTR. A single band of AR immunoreactivity was seen at 110kDa (Fig 

3.12c). The loading control α-tubulin confirmed that there was similar protein 

loading in each lane (Fig 3.12d). 

 When bands were quantified using densitometry, there was no significant 

difference in OTR expression using antibody 020 (Fig 3.13a; ANOVA, P=0.82) or 

OXTR (Fig 3.13b; ANOVA, P=0.47) expression between the four cell types. There 

was no significant difference in AR (Fig 3.13c) expression between the four cell 

types (ANOVA, P=0.912). Loading control α-tubulin showed no significant 

differences (Fig 3.13d; ANOVA, P = 0.99).  

Figure 3.12. Western blots of 4 different cell types 

 
 

Western blots of PrEC, PrSC, LNCaP and PC3 cells incubated with  

a) OT receptor 020, b) OXTR and c) AR. d) α-tubulin was used as a loading control.   

Protein from 50 x 103 cells was loaded in each lane 

PrSC       PrEC      LNCaP       PC3!

a) 020     66kDa!

b) OXTR  66kDa!

c) AR  110kDa!

d) !-tub  56kDa!
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Figure 3.13.  Western blot analysis of PrEC, PrSC, LNCaP and PC3 cells 

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

a) Western blot analysis of OTR (020) in cells. b) Western blot analysis of OXTR in cells. (muscle 

used as a negative control was not included in analysis) 

c) Analysis of AR in all 4 cell types. d) The loading control α-tubulin was used.  

Bars represent mean + S.E.M  PrSC n=5, PrEC n=6, LNCaP n=6, PC3 n=5  
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3.3.9 Western blot analysis of tissue 
Western blots showed immunoreactive bands at ~66kDa for OTR with 

antibodies 020 (Fig 3.14a) and OXTR (Fig 3.14b). Sometimes as in the cells, a 

second band was seen in some tissue extracts suggesting a possible glycosylation of 

the receptor, with both antibodies, liver was used as a negative control and rat 

uterus as a positive control. A single band of AR immunoreactivity was seen at 

110kDa (Fig 3.14c). The loading control α-tubulin confirmed that there was similar 

protein loading in each lane (Fig 3.14d). 

 When bands were quantified using densitometry, there was no significant 

difference in OTR expression with either 020 (Fig 3.15a; ANOVA, P=0.21) or 

OXTR antibodies (Fig 3.15b; ANOVA, P=0.79). There was no significant 

difference in AR (Fig 3.15c) expression between the tissue types (ANOVA, 

P=0.98). Loading control α-tubulin showed no significant differences (Fig 3.15d; 

ANOVA, P = 0.99).  

Figure 3.14. Western blots of prostate tissue 
 

 
 

Western blots of BPH, well differentiated prostate tissue, poorly differentiated prostate 

tissue and rat liver incubated with a) OT receptor 020, b) OXTR and c) α-tubulin. d) Liver 

was used as a negative control and uterus was used as a positive control tissue when 

incubated with OXTR. e) AR was seen in western blots of BPH, well differentiated  and 

poorly differentiated prostate tissue. Protein from 50 x 103 cells was loaded in each lane.  
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Figure 3.15. Western blot analysis of prostate tissue 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
a)  Western blot analysis of OTR in tissue. n=9,9,9,3. b)  Western blot analysis of OXTR 

(liver used as a negative control and uterus used as a positive control was not included in 

analysis). n=4,4,4,3,3. c) Western blot analysis for AR. n=6. d) α-Tubulin was used as a 

loading control. n= 8,8,8,3. Bars represent mean  +  S.E.M 

 

3.4 Discussion 
To be a valid experimental system, the cells used need to express proteins and 

receptors that are characteristic of human prostate tissue in vivo. Whereas the 

malignant cell lines are well characterised in the literature, the PrEC cells are not. 

Therefore, the aim of the experiments in this chapter was to characterize normal 

human prostate stromal and epithelial cells and malignant LNCaP and PC3 cell 

lines to determine the presence and location of OTR and AR. 
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PrSC cells express cytokeratin and muscle protein markers that are 

characteristic of stromal cells in vivo.  

Normal prostate stromal tissue is composed of populations of both fibroblast and 

muscle cells. Approximately 10% of the stromal cell cultures expressed CK18 a 

marker of fibroblast cells [Castellucci et al, 1996]. Whereas, about 80% of the 

stromal cells expressed MSA as seen in smooth muscle cells [Zhang et al, 2003]. 

Expression of ERβ in the stromal cells was also consistent with the staining pattern 

seen in tissue in that ERβ is seen in normal tissue stroma [Chang et al, 1999]. 

Stromal cells did not express markers that are solely expressed by epithelial cells 

e.g. PSA.  

PrEC cells express protein markers characteristic of epithelial cells in vivo.  

The normal and BPH prostate tissue epithelial cell population is composed of basal 

cells that are located on the basement membrane of the lumen under the luminal 

secretory epithelial cells.  

There were two distinct cell sizes seen in the PrEC cell population that may 

reflect the different proliferative and differentiation stages of the cells. The larger 

cells within the cell population expressed the epithelial marker CK18 and also 

expressed PSA. The basal cell marker HMWCK was stronger in the smaller cell 

population of epithelial cells, as was ERα. These results confirm the presence of 

two separate cell populations of basal and secretory epithelial cells in the PrEC. 

Concerns have been expressed that PrEC cells may predominantly represent basal 

cells. In our studies using PrEC cells from a 58yr Caucasian male donor (cc-2555; 

Clonetics, BioWhittaker, UK, Berks, UK), > 80% of the cells were luminal, rather 

than basal cells, by morphology and also immunocytochemistry for basal cell 

markers, e.g. HMWCK. 

Localization of ERα corresponds to the current literature, which has shown 

expression of the α isoform for this receptor in stromal cells and reactivity for ERβ 

in stromal and epithelial cells [Prins et al, 2008]. 
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Immortal cancer cells retain many characteristics of normal epithelial cells.  

In prostate tissue, CK18 expression is confined to epithelial cells within the 

glandular lumen. Both cancer cell lines express CK18 indicating epithelial and not 

basal cell origin, but the PC3 cells appear to have a lower level expression than 

LNCaP cells, maybe indicating a continual differentiation away from the normal 

epithelial cell type. This is further supported by the loss of HMWCK in PC3 cells, 

as loss of HMWCK is highly associated with cancer progression. 

As prostate cancer progresses in tissue, there is a loss of ERβ expression 

[Pasquali et al, 2001] and this was supported by the loss of ERβ immunostaining 

seen in the LNCaP cancer cell line. In the more aggressive PC3 cells ERβ 

expression was present and agrees with the finding that prostate metastatic tissue 

also expresses ERβ [Lai et al, 2004].  

Rather than the heterogeneous expression seen in the PrEC population, PSA was 

seen in all LNCaP cells albeit at a reduced level [Shimizu et al, 1991; Takahashi et 

al, 1999]. In PC3 cells, although PSA was still expressed the immunostaining was 

reduced and grainy. Although PC3 cells have been purported by some not to secrete 

PSA [Cavacini et al, 2002], these results are in agreement with other publications 

showing that PC3 cells express low levels of PSA [Takahashi et al, 1999; Brawer, 

2001; Veveris-Lowe et al, 2005; Shyr et al, 2010]. 

The PrSc, PrEC and malignant cell types express OTR.  

Confirmation of the presence of OTR in both epithelial and stromal cells supports 

the findings of Einspanier et al, [1997] who isolated mRNA for OTR in prostate 

tissue of the marmoset and Frayne et al, [1998] who confirmed OTR 

immunoreactivity in human epithelial and stromal cells. This provides evidence that 

normal human prostate cells may be responsive to locally produced and/or 

circulating OT. Both malignant cell types also express OTR and as cited previously 

[Whittington et al, 2004] there was a loss of OT expression in the malignant cell 

types compared to the normal cell types.  
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OTR immunostaining was seen in basal cells in some human tissue but not in 

others, highlighting the natural variability seen within the human species. Western 

blot analysis of the prostate cells using antibodies 020 and OXTR detected a single 

immunoreactive band with a molecular mass of 66kDa. Two bands for OTR were 

seen in the LNCaP cells and have also been observed in female reproductive tissues 

[Hinko et al, 1992]. While only one gene transcript has been identified for OTR 

[Einspanier et al, 1997], this has been shown to have three glycosylation sites in the 

extracellular N-terminal domain. Site-directed mutagenesis, has confirmed that full 

glycosylation is not necessary for the receptor to be biologically active [Kimura et 

al, 1997], but may increase the size of the receptor and may account for the extra 

band seen.  

All cell types were seen to express AR.  

Androgen receptor was expressed in the nucleus of all cell types in the prostate. 

The AR was seen in the nucleus of both the stromal and epithelial cell lines. Both 

prostate cancer cells lines PC3 and LNCaP also expressed AR, but it has been 

suggested that prostate tumors lose their androgen dependence as the traditional 

receptor becomes more ‘promiscuous’, binding other steroids and anti-androgens 

[Veldscholte et al, 1990a].  

The PC3 cell line is derived from an androgen resistant metastatic cancer in 

bone [Kaighn et al, 1979]. Initially it was thought that PC3 cells did not express 

ARs as the concentration of AR binding sites was undetectable when measured by 

[3H] DHT binding assays and also these cells did not respond to androgens [Kaighn 

et al, 1979]. However, when PC3 cells are stably transfected with full length human 

AR then the cells become androgen responsive, implying that the AR accessory 

proteins and downstream signalling pathways remain functional [Yuan et al, 1993]. 

Reverse transcriptase-PCR methodology has since shown that PC3 cells express 

low but detectable levels of normal sequences of AR mRNA of both the hormone 

and DNA-binding domains [Culig et al, 1993; Edelstein et al, 1994], although the 

LNCaP cell line express 50% higher levels of AR. In a recent report, LNCaP cells 
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were determined to express AR and PSA similar to human prostatic 

adenocarcinoma whereas PC3 cells did not express AR and PSA [Tai et al, 2011], 

however our results do not support these findings. Our Western blot results showed 

consistent immunoreactive bands for AR in all cell lines, as well as in human 

prostate tissue. Immunocytochemistry for AR showed similar positive results with 

evidence of the AR being intracellular as well as being nuclear. In ths study, all cell 

types were cultured with DHT in the media facilitating the expression of AR, 

whereas the study by Tai et al did not include androgens in the cell culture media 

3.5 Conclusion 
This study has established that the normal cell types and cancer cell lines express 

proteins characteristic of prostate cells in vivo. Stromal and epithelial cells 

specifically express the protein markers found within the separate compartments in 

normal prostate tissue. The PrEC cells are comprised of a heterogeneous population 

that represents both basal cells and terminally differentiated epithelial cells. The 

malignant cell lines show a progressive loss of normal cell markers. Oxytocin 

receptor expression was seen in all cell types. The presence of OTR suggests that 

prostate cells are responsive to locally produced OT. These experiments validate 

the further investigation of the prostate cell lines in this study. 
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4 Gonadal steroids modulate the 

effect of oxytocin on cell number in 

normal and malignant prostate 

cells  

4.1 Introduction  
This thesis builds on the published work of Whittington et al [2007], that 

demonstrated that while OT inhibits or has little effect on the proliferation of 

normal stromal and epithelial cells, in androgen-independent prostate cancer (PC3) 

cells, in the presence of testosterone, OT stimulates proliferation. Whittington’s 

study used physiological concentrations of OT. However, there is evidence that 

plasma [Nicholson et al, 1985] and tissue [Whittington et al, 2007] concentrations 

of OT decrease with the development of prostate cancer [Whittington et al, 2004]. 

Whether reduced concentrations of OT are also able to stimulate proliferation in 

PC3 cells is not known. 

Whittington also only examined the interaction of T with OT on cell 

proliferation. Within the prostate, T can be converted to either 5α reduced 

androgens, such as DHT, or estrogens. It is not clear whether the effect caused by 

OT and T is a direct effect of T or one of its metabolites. Furthermore, many men 

with advanced prostate cancer will be receiving AWT, and thus will have reduced 

concentrations of androgen present within the prostate [Belanger et al, 1989; Labrie 

et al, 1989].. Finally, Whittington et al [2007] used media containing phenol red in 

their study. Phenol red is known to have estrogenic effects making it unclear 

whether the interaction occurs between OT and androgen or estrogen. 
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The aim of this experiment was to determine whether OT at physiological 

concentrations and the reduced levels seen clinically in prostate cancer affect the 

proliferation of normal epithelial cells (PrEC), androgen dependent (LNCaP) and 

androgen independent (PC3) prostate cancer cells. In addition, the effects of OT 

and androgen together were investigated. Since DHT is the most biologically active 

androgen in the prostate experiments were initially conducted with OT and DHT at 

physiological and reduced concentrations to mimic those seen following AWT. 

Further studies were then performed with T itself, a non-metabolisable form of T 

and with E and tamoxifen which inhibits both ERα and β. All experiments were 

performed using media that did not contain phenol red in order to ensure that any 

effects observed were due to the administered steroids. 

4.2 Materials & Methods 

4.2.1 Cell Culture 
Normal human prostate epithelial cells (PrEC) (Clonetics, BioWhittaker, UK) 

were grown in colourfree MEBM basal growth media supplemented with bullet kit 

media (Clonetics, BioWhittaker, UK). Androgen-dependent LNCaP and androgen-

independent PC3 cancer cell lines (ATCC, USA) were grown in colour free 

RPMI1640 media (Gibco, Invitrogen, USA) supplemented with 10% FBS (Thermo 

Fisher Scientific Inc. Auckland, NZ) or colourfree F12/DMEM (Invitrogen, USA) 

respectively. Cells were cultured as described in chapter 3.2. Cells were grown to 

80% confluence and harvested between passages 4-6 by trypsinization for analysis. 

Cells were seeded into 24-well plates at a density of 3.5x103 for PC3 or 5x103 for 

both PrEC and LNCaP, in a final volume of 1 ml. Each experiment was repeated at 

least 3 times. Epithelial cells in vitro tend to lose their AR and PSA expression over 

time [Berthon et al, 1997]. The epithelial cells in this study had been grown in the 

presence of androgens prior to the experiment and have been shown to express both 

androgen and estrogen receptors (chapter 3). 
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4.2.2 The MTS cell proliferation assay 
The MTS proliferation assay (CellTiter 96 Aqueous One Solution, Promega, 

Madison) is a colorimetric method that measures the amount of dehydrogenase 

activity in metabolically active proliferating cells. Tetrazolium salt 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium or MTS is reduced into a formazan dye by dehydrogenases present in 

living cells. The reduction of tetrazolium salts is widely accepted as a reliable way 

to examine cell proliferation and is a quantitative test. Trypan blue is qualitative 

and indicates only if a cell is alive.  

There is a direct linear relationship between the number of proliferating cells and 

the amount of formazan produced. A standard curve (3,750-60,000 cells) was 

produced for each cell type, each media and each separate trial (Fig 4.1).  

 

Figure 4.1. A representative standard curve from the MTS assay 
PrEC cells were grown in conditions as described in materials and methods. Data are 

expressed as mean ± S.E.M from three separate experiments performed as triplicates. 
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Experiment 1: Do physiological and reduced concentrations of OT alone 
affect proliferation of PrEC and malignant LNCaP and PC3 cell lines and 
does the addition of DHT at physiological or reduced concentrations alter 
the affect of OT? 
Trials were performed to determine the number of cells required for seeding into 24 

well plates for use in the MTS assay. The cells keep proliferating throughout the 

assay and overcrowding can seriously hinder cell proliferation [Kokontis et al, 

1998]. The actual number of cells were counted at 1 and 4 days using a 

haemocytometer (Improved Neubauer, Canemco Inc.Quebec, Canada) and 20 x 103 

cells was the number decided to be within linear range of the MTS assay as in Fig 

4.2 [Romijn et al, 1988]. Cells were cultured as described in chapter 2. PrEC, 

LNCaP and PC3 cells were plated in triplicate into wells containing media and 

allowed to settle overnight. All media used was phenol red–free as this has 

estrogenic effects [Berthois et al, 1986] due to lipophillic impurities [Moreno-

Cuevas et al, 2000]. Medium was serum free as the fetal calf serum used to 

supplement tissue culture media contains a castrate level of T [Sedelaar et al, 2009] 

and OT. After 24hrs, cells were cultured either in the presence of OT at 

physiological (10nmol.L-1) or at reduced concentrations similar to those found in 

vivo in prostate cancer (0.1nmol.L-1). DHT was used at physiological 

concentrations (10nmol.L-1) or at lower levels (0.1nmol.L-1) as observed within the 

prostate following AWT [Belanger et al, 1989; Labrie et al, 1993]. Combinations 

of these treatments were also used, (Table 4.1). Wells containing everything but  

OT or steroids were used as a control. Fresh media was supplied daily.  

Trypan blue was used to determine whether the treatments affected cell viability. 

After 1 day or 4 days, cell number was assessed using the MTS colorimetric assay. 

For the assay, MTS (80µl) was added to 400µl of fresh media in each well and 

incubated for 2hrs in a humidified atmosphere at 37oC/5%CO2. The media were 

removed and absorbance was quantified on a SmartSpec 3000 spectrophotometer 
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(BioRad Laboratories, Ca, USA). To zero the spectrophotometer, a control well 

without cells containing the same volume of media and MTS was used. 

. 

 

 

 

 

 

 

Figure 4.2. Determining the number of cells to be seeded in the experiments 

PC3 cells were seeded as a standard curve and numbers of cells in a curve were plotted 

against actual number of cells counted. PC3 cells were seeded as a standard curve and 

numbers of cells in a curve were plotted against actual number of cells counted. Unknown 

cell numbers in the treatment groups were converted into cell numbers using a standard 

curve prepared in parallel with each experiment. The formazan dye produced is not stable 

so absorbance was read as soon as possible i.e. within 10 min 

Table 4.1 Details of treatments used in experiment 1. 
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Experiment 2: Does the addition of T, E, R1881 or Tamoxifen alter 

the effects of OT on cell number in PrEC and malignant LNCaP 

and PC3 cell lines ?  
In a previous study, Whittington et al, [2007] showed that OT did not affect 

number of PC3 cells in the absence of androgens but in the presence of T, low 

concentrations of OT (<1nmol.L-1) stimulated cell proliferation. The effects shown 

by Whittington et al, [2007] were not observed with DHT and so the study was 

extended to include other steroids. Hence experiment 2 examined the effect of T 

and it’s metabolites. Also a non-metabolizable T was used.  

Methyltrienolone or R1881 (17β-hydroxy-17α-[3H]methyl-4,9,11-estratrien-3-

one) is a potent, non-aromatizable androgen and is a synthetic agonist of the 

androgen receptor [Brinkmann et al, 1986]. R1881 does not respond to the 5αR or 

aromatase enzymes and so does not exhibit any DHT or estrogenic activity. R1881 

has an extremely strong binding affinity for AR surpassing T [van Roijen et al, 

1997]. 

The effects of estradiol were also investigated. Tamoxifen is a SERM that was 

first developed in 1962 as a oral contraceptive [Harper et al, 1967]. Results from a 

breast cancer prevention trial found that Tamoxifen reduced hormone-receptor-

positive breast cancer by up to 45% in women at high risk for the disease but also 

showed an increase in endometrial cancer [Fisher et al, 1998a]. Tamoxifen and its 

active metabolite, 4-hydroxytamoxifen (4-OH-Tamoxifen) are substituted 

triphenylethylene anti-estrogens [Kuiper et al, 1997]. Tamoxifen is metabolized in 

the liver by cytochrome P450 isoforms CYP2D6 and CYP3A4 into active 

metabolites including 4-OH-tamoxifen that has 30-100 times more affinity for ER 

than Tamoxifen and has an affinity for ERs similar to estradiol [Bruning, 1992; 

Eppenberger et al, 1991; Jordan et al, 1977]. Estrogens are competitive agonists of 

Tamoxifen [Jordan, 1975]. 4-OH-tamoxifen exerts its anti-estrogenic effect by 

competitively blocking the ERs [Wang et al, 2004]. 4-OH-Tamoxifen causes cells 
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to remain in the G0 and G1 phases of the cell cycle preventing cell mitosis rather 

than affecting apoptosis [Donjerkovic et al, 2000]. The Tamoxifen/ER complex 

suppresses expression of the ErbB2 pro-proliferative protein [Osborne et al, 2003]. 

4-OH-tamoxifen was used to inhibit E as it exerts an anti-estrogenic effect by 

competitively blocking the α and β ERs [Wang et al, 2004].  The use of an estrogen 

inhibitor was considered, however this could have resulted in changes in DHT 

concentrations, (Fig 4.3).  

PrEC, and PC3 cells were grown in their respective media. Due to time 

constraints LNCaP cells were not included in this study. Twenty-four hours after 

seeding, cells were changed to treatments containing T (10nmol.L-1), E (5pmol.L-1), 

T+E (10nmol.L-1 and 5pmol.L-1 respectively). In this study 10nmol.L-1 of R1881 

was used alone and in combination with 0.1nmol.L-1 or 10nmol.L-1 OT, (Table 

5.2).and 4-OH-tamoxifen (5pmol.L-1), either alone or with 0.1nmol.L-1 or 10nmol.L-

1 OT, (Table 4.2).  

Cells were maintained for 1 or 4 days with media changed daily. At the end of the 

treatment period, cell number was assessed using the MTS assay. Each treatment 

was run in triplicate in a 24 well plate and each experiment was repeated 3-4 times. 

4.3 Statistics 
The standard curve absorbance (y axis) was plotted against cell number (X 

axis). The absorbance readings from the treated cells were interpolated from the 

standard curve. Statistical analysis was performed on the mean of the triplicate of 

treated wells and each experiment was run on 3-4 separate occasions. The effects of 

the treatments on cell number were compared using a one-way ANOVA, GraphPad 

Prism 4.0c Software, San Diego, CA). Any significant differences between groups 

were investigated using a post hoc Tukeys t-test.  
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Figure 4.3. Rationale for experiment 2 
Cells were cultured either with no steroids, with (1) OT at reduced or at physiological 

levels. (2) DHT was used at physiological levels and reduced concentrations to mimic 

AWT levels. (3) Testosterone and (4) estrogen were used either alone or in combination. 

(5) R1881 (a synthetic unconvertible testosterone) and (6) Tamoxifen was used to block 

estrogen receptors ERα & β. 
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4.4 Results 

Experiment 1: Do physiological and reduced concentrations OT  

affect proliferation of PrEC and malignant PC3 and LNCaP cell 

lines and does the addition of DHT at physiological or reduced 

concentrations alter the affect of OT? 

PrEC cultured for 1 day 
When incubated with OT or DHT there were no changes in cell number when 

compared with the no treatment control. There was no significant changes in cell 

number for 1 day when OT and DHT were administered together (ANOVA, 

P=0.41; Fig. 4.4). 

PrEC cultured for 4 days  
There were no significant changes when cells were incubated with OT, DHT, 

at physiological concentrations or AWT concentrations of DHT (ANOVA, P=0.74; 

Fig. 4.5). 

LNCaP cells cultured for 1 day  
Cell number was not significantly affected by OT or DHT either alone or 

together  (ANOVA, P=0.96; Fig. 4.6).  

LNCaP cells cultured for 4 days  
Cell number was not significantly affected by OT alone, physiological 

concentrations of DHT or OT plus physiological concentrations of DHT. Low 

concentrations of DHT significantly increased cell proliferation compared to 

incubation with no steroid, low levels of OT, physiological DHT, physiological 

DHT with low levels of OT and with physiological OT. 

 The addition of OT, at either conentration, with low DHT cells inhibited cell 

proliferation and returned cell numbers to control values (Fig. 4.7). 
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Figure 4.4. The effects of OT and DHT on the number of PrEC cells at 1 day 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bars represent mean ± S.E.M, n = 3. * P<0.05. 
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Figure 4.5. The effects of OT and DHT on the number of PrEC cells at 4 days 
 

 

 

 

 

 

 

 

 

 

 

 

Bars represent mean ± S.E.M, n = 3. 
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Figure 4.6. The effects of OT and DHT on the number of LNCaP cells at 1 day  

  
Bars represent mean ± S.E.M, n = 5. 
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Figure 4.7. The effects of OT and DHT on the number of LNCaP cells at 4 days  

  
Bars represent mean ± S.E.M, n = 4, * P<0.05, ***P<0.001. 
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PC3 cells cultured for 1 day 

Treatment with OT and DHT alone increased cell number compared to the no 

treatment control. When cells were treated with OT and DHT at AWT levels or 

physiological levels no further cell proliferation was seen. All treatments 

significantly increased cell proliferation when compared to the no steroid control 

(ANOVA, P=0.0005; Fig. 4.8).  

PC3 cells cultured for 4 days 

At physiological and reduced concentrations OT increased cell number 

compared to the no treatment control (ANOVA, P=0.016; Fig. 4.9a). Treatment 

with DHT alone also increased cell number in a dose dependent manner (ANOVA, 

P=0.021; Fig. 4.9b). In the presence of physiological concentrations of DHT 

(ANOVA, P=0.010; Fig. 4.9c), OT inhibited the DHT induced cell proliferation. At 

AWT concentrations of DHT (ANOVA, P=0.25; Fig. 4.9d) no significant effect of 

OT was seen. With low levels of DHT and physiological OT then proliferation was 

decreased (ANOVA, P=0.0011; Fig. 4.9e). 

These results are summarized in Table 5.3.  
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Figure 4.8. The effects of OT and DHT on the number of PC3 cells at 1 day 

 
Bars represent mean ± S.E.M, n = 3, * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 4.9. The effects of OT and DHT on the number of PC3 cells at 4 days 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) The effect of OT at 0.1 and 10nmol.L-1 in the absence of steroids  

b) The effect of DHT at 0.1 and 10nmol.L-1 in the absence of OT 

c) The effects of OT in the presence of physiological  DHT  

d) The effects of OT in the presence of reduced DHT 

e) The effects of OT in the presence of reduced DHT compared to no steroids  

    Bars represent mean ± S.E.M, n = 5, * P<0.05, ** P<0.01. 
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Table 4.3. Effects of differing DHT & OT concentrations on cell number in 
experiment 1  

 
 

 
OT 

(nmol. L-1) 
DHT 

 (nmol. L-1) 
1 day 4 days 

 
 
 

PrEC 

OT alone 0.1  = = 
10  = = 

DHT alone  0.1 = = 
 10 = = 

PHYS levels  0.1 10 = = 
10 10  = 

AWT levels  0.1 0.1 = = 
10 0.1 = = 

 
 
 
 

LNCaP 
 

OT alone 0.1  =         = 
10  =         = 

DHT alone  0.1 =  
 10 = = 

PHYS levels  0.1 10 = = 
10 10 = = 

AWT levels  0.1 0.1 = = 
10 0.1 =  

 
 

 
PC3 

OT alone 
0.1    
10 

 

  
DHT alone  0.1  = 

 10   
PHYS levels  0.1 10 =  

10 10 =   
AWT levels  0.1 0.1 = = 

10 0.1 = = 
increased proliferation (); decreased proliferation (); no significant change in 

proliferation (=) compared to the no treatment control; Phys = physiological; AWT 

= androgen withdrawal therapy 
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Experiment 2: Does the addition of T, E, R1881 or Tamoxifen alter 

the effects of OT on cell number in PrEC and malignant LNCaP 

and PC3 cell lines ?  

PrEC cultured for 1 day 
There were no significant changes in cell number when PrEC cells were incubated 

with T. While R1881 alone had no effect on cell number, there was a decrease in 

cell proliferation when physiological concentrations of OT were added. Incubation 

with E or with T + E or with Tamoxifen (ANOVA, P=0.05; Fig. 4.10), did not 

affect cell number. 

PrEC cultured for 4 days 

There were no significant effects when PrEC were incubated with T, R1881, E, T + 

E or Tamoxifen (ANOVA, P=0.99; Fig. 4.11) and OT. 
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Figure 4.10. The effects of OT, T, E, R1881 and Tamoxifen on the number of 
PrEC cells at 1 day 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Bars represent mean ± S.E.M, n = 3, * P<0.05  
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Figure 4.11. The effects of OT, T, E, R1881 and Tamoxifen on the number of 
PrEC cells at 4 days 

 

  
 

Bars represent mean ± S.E.M, n = 5. 
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PC3 cells cultured for 1 day  

Cell number increased when cells were incubated with 10nmol.L-1 T in the presence 

of 0.1nmol.L-1 OT and 10nmol.L-1 OT compared to treatment with T alone 

(ANOVA, P=0.007; Fig. 4.12a). however, neither of these treatment groups 

differed from the no treatment controls. Cell number was increased in the presence 

of R1881 and reduced when PC3 cells were incubated with R1881 with 10nmol.L-1 

OT (ANOVA, P=0.014; Fig. 4.12b) when compared to incubation without steroids. 

Cell number was not significantly affected by E 5pmol/L-1 (ANOVA, P=0.418; Fig. 

4.12c), treatment with combined T 10nmol.L-1 + E 5pmol/L-1 (ANOVA, P=0.688; 

Fig. 4.12d) or treatment with Tamoxifen (ANOVA, P=0.54; Fig. 4.12e). 

Compilation of the data together showed increased cell proliferation in the presence 

of R1881 compared to T alone and Tam with 10nmol.L-1 OT (ANOVA, P=0.016; 

Fig. 4.12f).   

PC3 cells cultured for 4 days  

When treated with T, cell number was increased compared to cells treated with the 

no steroid control (ANOVA, P=0.0031; Fig. 4.13a). Physiological  OT 

concentrations reduced the stimulating effect of T. Cell number increased when 

incubated PC3 cells were incubated with R1881 This increase was reduced in the 

presence of 10nmol.L-1 OT (ANOVA, P=0.0005; Fig. 4.13b). Cell number was 

significantly increased in cells incubated with E 5pmol/L-1 when compared to the 

no treatment control (ANOVA, P=0.0485; Fig. 4.13c). There were no significant 

changes with T+E (ANOVA, P=0.83; Fig. 4.13d). Cells incubated with TAM were 

increased compared to the no treatment control or TAM + 0.1nmol.L-1 OT 

(ANOVA, P=0.016; Fig. 4.13e).  Compilation of all the data together showed 

increased cell proliferation in the presence of T or E alone when compared to 

R1881, E or Tam with OT, T+E alone or with OT. Cell number was seen to 

increase with R1881, but then decrease in the presence of OT  (ANOVA, 

P<0.0001; Fig. 4.13f). These results are summarized in Table 5.4.  
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Figure 4.12. The effects of OT, T, E, R1881 and Tamoxifen on the number of PC3 
cells at 1 day  

  
a) The effect of OT at 0.1 and 10nmol.L-1 in the presence of testosterone 
b) The effect of OT at 0.1 and 10nmol.L-1 in the presence of R1881 
c) The effect of OT at 0.1 and 10nmol.L-1 in the presence of estrogen 
d) The effect of OT at 0.1 and 10nmol.L-1 in the presence of testosterone + estrogen  
e) The effect of OT at 0.1 and 10nmol.L-1 in the presence of Tamoxifen 
f) Compilation of all the data together 
Bars represent mean ± S.E.M, n = 5, * P<0.05, ** P<0.01. 
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Figure 4.13. The effects of OT, T, E, R1881 and Tamoxifen on the number of 
PC3 cells at 4 days 

 
a) The effect of OT at 0.1 and 10nmol.L-1 in the presence of testosterone 
b) The effect of OT at 0.1 and 10nmol.L-1 in the presence of R1881 
c) The effect of OT at 0.1 and 10nmol.L-1 in the presence of estrogen 
d) The effect of OT at 0.1 and 10nmol.L-1 in the presence of testosterone + estrogen  
e) The effect of OT at 0.1 and 10nmol.L-1 in the presence of Tamoxifen 
f) Compilation of all the data together 
Bars represent mean ± S.E.M, n = 5, * P<0.05, ** P<0.01, *** P<0.001. 
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Table 4.4. Effects of differing steroid & peptide concentrations on cell number in 
experiment 2  

 
increased proliferation (); decreased proliferation (); no significant change in 
proliferation (=) compared to the no treatment control. 
 

 
 

OT 
(nmol. L-1) 

1 day 4 days 

 
 
 
PrEC 
 
 
 

T 
 = = 

0.1 = = 
10 = = 

R1881 
 = = 

0.1 = = 
10   = 

 
E  

 = = 
0.1 = = 
10 = = 

 
Tamoxifen  

 = = 
 = = 

0.1 = = 
10 = = 

T + E 
 = = 

0.1 = = 

PC3 

T 
        =          = 

0.1   
10   

 
R1881 

   
0.1 = = 
10    

E  
 =  

0.1 = = 
10 = = 

 
Tamoxifen  

 =  
0.1 = = 
10 =  

T + E 
 = = 

0.1 = = 
10 = = 
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4.5 Discussion 
The aim of this study was to determine if physiological levels of OT and steroids 

and the reduced levels that are found in men with prostate cancer affect cell 

number. It was hypothesized that OT would not affect cell number in PrEC, but that 

in malignant cells treatment with OT and androgens would stimulate cell 

proliferation.  

Effects of OT 

The results of this study confirm those of King et al, [2006] and Whittington et 

al, [2007] and support the hypothesis that physiological OT alone does not affect 

normal PrEC proliferation. Although the cells express OTRs (see chapter 3), the 

epithelial cells were not responsive to the effects of exogenous treatment with OT. 

There is evidence that OTR is expressed at higher levels in prostate malignancies 

than in hyperplastic tissues [Cassoni et al, 2004a] although concentrations of OT 

are lower in prostate cancer [Nicholson, 1996]. This study shows that even when 

lower concentrations of OT are used there is no effect on proliferation of isolated 

normal prostatic epithelial cells. However, King et al [2006] have shown using co-

culture experiments that OT inhibits proliferation of normal PrEC cells suggesting 

that paracrine factors from the stroma may be involved in mediating OT’s effects.  

This is the first investigation of the effects of OT on LNCaP cells and shows 

that, as with normal cells, OT did not alter proliferation.  However, when the 

androgen independent malignant PC3 cells were incubated with concentrations of 

OT similar to those found in cancer in the absence of androgens, then OT 

stimulated proliferation.  

In the light of Whittington et al’s [2007] findings it was hypothesised that OT 

would stimulate proliferation of PC3 cells when androgens were present. However, 

the data showed a stimulatory effect of OT alone at days 1 and 4 and unlike 

previous reports [King et al, 2006; Whittington et al, 2007], all of the androgens 

and estrogen like steroids used in this study increased proliferation alone after 4 
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days of culture. Furthermore, treatment of any of the steroids plus OT resulted in an 

inhibition of the stimulatory effect of OT on proliferation in the same cell type. 

There are several possible reasons for the difference in effect observed. Obviously 

this study used a different passage/batch of PC3 cells from Whittington et al (2007). 

Another difference is that Whittington et al,. (2007) used media that contained 

phenol red in their studies. Phenol red is known to have estrogenic properties 

[Berthois et al, 1986] and my results show that addition of E reduces the 

stimulatory effect of OT. This may explain why OT alone did not affect 

proliferation of cells cultured in media containing phenol red media. It is unclear 

why addition of androgen plus OT in the presence of phenol red resulted in a 

stimulatory effect. 

The mechanism of how a single receptor can both stimulate and inhibit 

proliferation is unclear, but this could be related to either an increase in OTR 

expression or a change in the location of the OTR. For example, whether the OTR 

is localized to the caveolae or to the cell membrane  [Guzzi et al, 2002; Rimoldi et 

al, 2003]. Kabayama et al [2007] have shown in Murine 3T3-L1 adipocytes, that 

caveolae are critical for proper compartmentalization of insulin signaling and that 

movement of the insulin receptor out of caveolae alters cell signalling and is 

involved in TNFα-induced insulin resistance.  
Effects of DHT 

None of the steroids used in this study when administered alone increased cell 

number in PrEC cells. These data support results seen previously that when 

epithelial cells are treated on their own, few effects on proliferation are seen 

[Berthon et al, 1997; Eaton et al, 1982; Nicholson et al, 2005; Whittington et al, 

2007]. Cell-to-cell interactions are critical in the normal prostate microenvironment 

and absence of the stromal cell control may affect the epithelial cells’ response. 

This lack of response is in agreement with results from other researchers, as when 

epithelial cells were cultured alone with T, DHT and estradiol there were no 

significant changes in proliferation [King et al, 2006; Whittington et al, 2007]. 
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However, when co-cultured with stromal cells, a proliferative response was 

observed [King et al, 2006] this may be due to the presence of stromal cell control. 

There was no change seen in LNCaP cell number after 1 day with any 

treatment, and perhaps this is not surprising as these cells are slow growing and an 

up regulation in proliferation may take more than 1 day to eventuate. LNCaP cells 

have a low proliferation rate with a well doubling time of 60 hrs [Horoszewicz et 

al, 1983]. Whereas PC3 cells are a highly proliferative metastatic cancer cell line 

with a doubling time half that of LNCaP cells of 36 hrs [Hsiao et al, 2009].  

The LNCaP cells remain androgen dependent but in this study, cell 

proliferation was enhanced in the conditions of low dose DHT. If this occurs in 

vivo, it may be important clinically as the levels at AWT may promote growth. 

With progression of the disease, some cancer cells will eventually acquire the 

ability for androgen-independent growth [Westin et al, 1995]. It may be that AWT 

selects for survival of subset of cells that have ability to become androgen 

independent. These results are in agreement with other researchers, where DHT had 

a twofold stimulatory effect on LNCaP cell proliferation [King et al, 2006] with 

higher concentrations of DHT causing a decrease in cell number and where LNCaP 

cell proliferation was stimulated by low concentrations of DHT alone [Waltering et 

al, 2009]. Tumors with higher rates of proliferative activity have a higher degree of 

biologic aggressiveness and indicate a poorer prognosis for the patient. Reducing 

androgen concentrations may favor proliferation of LNCaP and androgen 

dependent cancer cells. Perturbations to this system by reducing androgens 

stimulate the androgen dependent LNCaP cells to grow and if there was 

physiological OT present, then prognosis for survival might be excellent. If, 

however, the cancer were in the later stages, with the progressive loss of OT then 

removal of the androgens would delay metastasis at best. 

The AR that is present in LNCaPs is abnormal and contains a point mutation in 

the ligand binding domain so that the receptor becomes promiscuous. LNCaP cells 

have all the key enzymes required for androgen processing [Negri-Cesi et al, 1994]. 
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LNCaP cells also have membrane ARs [Stathopoulos et al, 2003] which may have 

different affinities for the various androgens [Foradori et al, 2008].  

Chen et al, [2004] reported that a two-to-five fold increase in AR mRNA is 

consistently associated with hormone-refractory disease. As a result, the cells 

became supersensitive to low androgen levels and anti-androgens promoting 

androgen function instead of inhibiting it [Chen et al, 2004]. Sawyer et al, [2004] 

used gene expression profiling and discovered that by elevating AR levels in 

hormone-dependent prostate cancer cells three-fold, the cancer cells become 

hormone independent enabling prostate cancer cells to grow in the presence of very 

small amounts of androgen [Mohler et al, 2004]. These results support these 

studies.  

PC3 cells are considered to be androgen independent, so the finding that DHT 

increases proliferation was not expected. The AR may function as both a suppressor 

to inhibit continuous proliferation of prostate cells and a proliferator in prostate 

cancer metastasis. The tumor suppressor function of AR is lost in androgen 

independent prostate cancer and in metastatic cancer, the AR is recaptured as an 

oncogene [Litvinov et al, 2004]. Furthermore, the AR may be mutated or may 

move to the cell surface where non-classical effects may promote increased cell 

number or steroids other than androgens may activate the AR and stimulate cell 

proliferation in cancer tissue [Niu et al, 2008a]. Our study shows that the AR in 

PC3 cells still respond to the presence of androgens. This has been noted by others 

[Alimirah et al, 2006] where physiological DHT was able to increase cell 

proliferation even though prostate cancer is considered androgen independent.  

Steroids and OT 

All steroids alone and OT alone stimulated cell number in PC3 cells and yet 

combination of OT together with steroids reduced this effect to control values. 

Malignant PC3 cells, do not have a functioning nuclear AR [Alimirah et al, 2006]. 

However, these androgens may be acting via membrane AR which may have 

diffferent affinities for the various androgens [Foradori et al, 2008]. Furthermore it 
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may be that each OT and androgens regulate expression of the others receptor. In 

this study we have assumed that treatments do not affect receptor expression, but 

this may not be the case. The OTR and AR receptors may also interact in a physical 

way. For example, epidermal growth factor receptor signaling promotes invasion by 

androgen-sensitive prostate cancer cells but is disrupted by an interaction between 

EGFR and AR [Bonaccorsi, 2004].  
Effects of Estrogen 

Estrogen receptor expression in prostate epithelial cells is altered in prostate 

cancer, with a loss of the ERβ as the cancer progresses that returns in malignant 

cells [Leav et al,. 2001]. We have shown that the presence of physiological E does 

not influence PrEC but does increase the number of malignant PC3. ERα 

[Chambliss et al, 2000] and ERβ [Chambliss et al, 2002] proteins are found in 

caveolae. Estrogen receptors, like ARs, can act rapidly through non-genomic 

mechanisms of signal transduction when localized on the cell membrane. In 

prostate cancer, E has been shown to promote cell differentiation and proliferation 

but this is thought to occur via action of the mutated AR [Cunha et al, 1981]. 

Aromatase that converts T to estradiol is expressed only in the stroma [Ellem et al, 

2004] and not in malignant or normal epithelial cells [Ho et al, 2008] which 

suggests that estradiol has a role in stromal cell function rather than normal 

epithelial cell function.  

Effects of Tamoxifen 

Tamoxifen is known to block both estrogen receptors in breast tissue [Horner-

Glister et al, 2005]. In the prostate, Tamoxifen may act as a partial agonist, as it 

does in the uterus [Pole et al, 2005] by increasing cell proliferation.  

Tamoxifen was used to block both ERs rather than an aromatase inhibitor that 

would reduce E, but could result in increased T or DHT. When incubated for 4 days 

there was an increase in cell number to Tamoxifen. Treatment with Tamoxifen 

provided no beneficial effect on prostate cancer in clinical trials [Horton et al, 
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1988] and in this study there was an increase in PC3 number. Addition of OT 

negated the proliferative effects of E and Tamoxifen after 4 days down to the level 

of no treatment controls. It is possible that both Tamoxifen and E are binding to the 

AR in malignant cells. 

Effects of R1881 

R1881 was used because it is not metabolized to E or DHT. When malignant PC3 

cells were incubated for 1 day, only R1881 increased cell number. When OT was 

added to T, cell proliferation increased, reproducing findings from Whittington et 

al, [2007], whereas when OT was added to R1881 then cell number decreased to 

the no treatment control level. These results may reflect the fact that R1881 is more 

potent than testosterone itself. 

Effects of Testosterone and Estrogen 

When the cells were treated with T+E together there was no change in 

proliferation, there was also no change when OT was added. Perhaps this may 

indicate that T and E are competing for same receptor. 

The changing ratio of androgen to E appears to be important [King et al, 2006; 

Shibata et al, 2000] as free T and DHT levels decline with age but circulating E 

does not [Ekman, 2000]. Addition of either T or E increased cell number, and yet T 

and E together had no additive effect. With the lack of E driving OT production 

these treatments show a decrease in cell number in normal and androgen reduced 

conditions suggesting that oxytocin is acting in a paracrine or endocrine manner by 

either directly activating or stimulating transcription of growth factors. 

4.6 Limitations 
Epithelial-stromal interactions are important in growth and development of the 

prostate as both epithelium and stroma influence each other via the substances that 

they secrete. The stromal compartment is able to modify the epithelial cell 

microenvironment via secreted paracrine factors [Kooistra et al, 1997], where 

epithelial cell growth is dependent on the androgen responsiveness of the stromal 
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compartment [King et al, 2006]. This may explain why, when epithelial cells are 

grown alone, although able to proliferate, they are not able to respond to treatments 

without the presence of stromal cells. The lack of response may also be due to loss 

of AR. It has been reported that after 3 weeks in culture [Berthon et al, 1997] the 

AR expression is lost , however, the cells in this study were only treated for 4 days. 

Over time sequential cultures of epithelial cells may have lost their capacity to 

express either form of 5αR [Habib et al, 1998] so that T is not converted to DHT. 

However the media used to maintain these cells contained physiological 

concentrations of DHT. In epithelial cells, there is no evidence that mRNA for 

aromatase is expressed and therefore it is unlikely that T has been converted to E 

[Ellem et al, 2004].  

4.7 Conclusion 
The aim of this experiment was to determine if the number of PrEC and 

malignant LNCaP and PC3 prostate cells was altered by addition of OT.  

In this study, PrEC were able to proliferate but there were no changes in cell 

number following OT or steroids or OT and steroids together, this has been seen by 

other researchers [Whittington et al, 2007]. In PC3 cells, OT alone and the steroids 

T, R1881, DHT and E all increased cell number. However, addition of steroids 

reduced the OT induced proliferation. The effects of T and OT differ from those of 

Whittington et al,. 2007.   

Androgens are essential in the maintenance of normal prostate function, 

however treatment of these men often involves androgen withdrawal that will 

reduce their levels of T and DHT. Low levels of DHT were seen to favour cell 

proliferation in the androgen dependent LNCaP cell line and this has been seen by 

other researchers [Waltering et al, 2009].  

The OT peptide is able to stimulate and inhibit proliferation in the same cells 

and yet, there is only a single isoform of the OTR. The contradiction in proliferative 

response may be due to a change in expression or location of OTR in the cell 
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membrane. The next chapter will determine if there is a change in OTR expression 

in the cells when they are treated with combinations of steroids and OT. 
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5 Effects of OT or T, E, R1881 and 
Tamoxifen or OT and steroids 
together on OTR, AR and 
caveolin-1 protein expression in 
prostate cell lines 

5.1  Introduction   
Oxytocin is synthesized by stromal and epithelial cells in the normal human 

prostate [Whittington et al, 2004] and in vitro these cells express receptors for OTR 

and the caveolin protein (see chapter 3). The previous chapter (chapter 4) has 

shown that steroids and OT can affect cell proliferation. It is posssible that the 

effects may in part be due to changes in expression of OTR, AR. Alternatively there 

may be changes in the cell membrane which promote these effects. Therefore 

expression of the protein caveolin1, which is known to be involved in the formation 

of caveolae, was also measured in normal and PC3 cells.  

Little is known about regulation of expression of the OTR in the human prostate. 

Estrogen has been shown to up regulate OTR expression in human breast cancer 

cell lines [Amico et al, 2002]. Testosterone has been shown to up regulate OTR in 

the hypothalamus, whereas DHT had no effect [Bale et al, 1995]. 

Testosterone and E have been shown to regulate caveolin [Pflug et al, 1999; Turi 

et al, 2001]. Estrogen down regulates the caveolin expression in the myometrium of 

ovariectomized rats [Turi et al, 2001] and this is accompanied by a decrease in the 

number of caveolae present in the cell membrane. Increased expression of caveolin 

has been associated with cancer progression in a mouse model of prostate cancer 

[Pflug et al, 1999]. The aims of this study were to use the cells from the previous 

series of experiments in chapter 4 to determine whether expression of OTR, AR or 
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caveolin protein is altered by treatment with OT, steroids or OT and steroids 

together.   

5.2  Materials & Methods 

Cell culture 
Normal human PrEC and malignant human LNCaP and PC3 cells were cultured 

as described before (chapter 3.2.2). PrSC were not used in the previous experiment 

and so could not be used here. After treatment, each well in a 24-well plate had the 

media removed for the MTS assay and the cells were trypsinized and counted. For 

the Western blot, 5 x 104 cells were added into each lane. Each experiment was 

repeated at least 3 times allowing each Western to be done three times. 

Experiment1: Cells cultured in the presence of OT or DHT or OT 

and DHT together 
After 24hrs, cells were cultured either in the presence of OT at physiological 

levels (10nmol.L-1) or at reduced concentrations found in vivo in prostate cancer 

(0.1nmol.L-1). DHT was used at physiological levels (10nmol.L-1) or at AWT levels 

(0.1nmol.L-1). Combinations of these treatments were also used. Cells were 

maintained for 1 day or 4 days with media changed daily.  

Experiment 2: Cells cultured with OT or T, E, T+E, R1881, 

Tamoxifen or OT and steroids together 
PrEC and PC3 cells were grown in their respective media. Twenty-four hours 

after seeding, cells were changed to treatments containing T, E, T+E, R1881 and 

the SERM Tamoxifen, either alone or with 0.1nmol.L-1 or 10nmol.L-1 OT. Cells 

were maintained for 1 or 4 days with media changed daily.    

Western blots 
Western blots were performed as previously described [Whittington et al, 2001]. 

The membranes were probed with antibodies: i) rabbit anti-OTR at a dilution of 
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1:500 or ii) rabbit anti-cav-1 1:5000 iii) rabbit anti-AR 1:200 were also used and iv) 

rabbit anti-α-tubulin 1:5000 was used as a loading control. 

5.3  Results  

Experiment 1. 

Results for PrEC  

Effects of DHT and OT treatment on OTR expression in PrEC 
There were no significant changes in protein expression of OTR in cells treated 

for 1 day with OT (ANOVA, P=0.33) DHT alone (ANOVA, P=0.41) or DHT and 

OT at physiological (ANOVA, P=0.18) or reduced concentrations (ANOVA, 

P=0.40). Data not shown.  

No significant changes in protein expression of OTR in cells treated were 

observed following 4 days treatment with OT (ANOVA, P=0.20) DHT alone 

(ANOVA, P=0.16) or DHT and OT at physiological (ANOVA, P=0.92) or reduced 

concentrations (ANOVA, P=0.5). Data not shown.  

Effects of DHT and OT treatment on AR expression in PrEC 
After 1 day there was a significant decrease in AR expression in cells treated 

with OT compared to the no steroid control (ANOVA, P=0.03; Fig. 5.1a). No 

changes were seen with DHT alone (ANOVA, P=0.07; Fig. 5.1b). At physiological 

concentrations of DHT, there were no significant differences with the addition of 

OT (ANOVA, P=0.06; Fig. 5.1c). There was decreased AR protein expression in 

cells treated at AWT levels of DHT with the addition of OT (ANOVA, P=0.0007; 

Fig. 5.1d). There was a significant decrease in AR expression when no steroid 

control and physiological DHT with low levels of OT were compared to low 

concentrations of DHT with OT (ANOVA, P=0.0001; Fig. 5.1e). 

Afer 4 days, there was no change in AR expression in PrEC cells treated with 

OT (ANOVA, P=0.94) or with DHT alone were compared to the no steroid control 
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(ANOVA, P=0.98). There was no change in AR expression in cells treated at 

physiological concentrations of DHT (ANOVA, P=0.62). Data not shown.  

Effects of DHT and OT treatment on cav-1 expression in PrEC 
 After 1 day, there were no significant changes in cells treated with OT 

(ANOVA, P=0.16; Fig. 5.2a) or DHT alone (ANOVA, P=0.12; Fig. 5.2a). At 

physiological concentrations of DHT and OT, there was an increase in cav-1 

expression (ANOVA, P=0.05; Fig. 5.2a). There was decreased cav-1 protein 

expression in cells treated with reduced DHT and OT levels (ANOVA, P=0.022; 

Fig. 5.2a). 

There was a significant decrease in caveolin expression in PrEC treated with OT  

for 4 days compared to the no steroid control (ANOVA, P=0.032; Fig. 5.3a). A 

decrease was also seen when cells treated with DHT alone were compared to the no 

steroid control (ANOVA, P=0.013; Fig. 5.3b). There was no further change in 

caveolin protein expression in cells treated with OT and physiological 

concentrations of DHT (ANOVA, P=0.29; Fig. 5.3c) or at AWT levels (ANOVA, 

P=0.57; Fig. 5.3d). There was a significant decrease in caveolin protein expression 

in the presence of OT and DHT compared to the no steroid control (ANOVA, 

P=0.0003; Fig. 5.3e).  A summary of all the results in Experiment 1 is provided in 

Table 5.1. 
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Figure 5.1. The effects of OT and DHT on androgen receptor protein expression in 
PrEC cells at 1 day. 

 
 

a) The effect of OT at 0.1 and 10nmol.L-1 in the absence of steroids 

b) The effect of DHT at 0.1 and 10nmol.L-1 in the absence of OT 

c) The effects of OT in the presence of physiological concentrations of DHT 

d) The effects of OT in the presence of reduced concentrations of DHT 

e) Compilation of all data together 

f) A representative Western blot probed with AR 

    Bars represent mean ± S.E.M, n = 4 * P<0.05 ** P<0.01. 
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Figure 5.2. The effects of OT and DHT on caveolin-1 protein expression in PrEC 
cells at 1 day.  

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

a) Compilation of all the data together 

b) A representative Western blot probed with cav-1 

    Bars represent mean ± S.E.M, n = 3, * P<0.05 
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Figure 5.3. The effects of OT and DHT on caveolin-1 protein expression in PrEC 
cells at 4 days. 

 

 

 
 

 

a) Compilation of all the data together 

b) A representative Western blot probed with cav-1 

 Bars represent mean ± S.E.M, n = 4 * P<0.05 ** P<0.01, *** P<0.001.  
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Results for LNCaP cells 

Effects of DHT and OT treatment on OTR expression in LNCaP 

cells 
There were no significant changes in OTR protein expression in cells treated for 

1 day with OT (ANOVA, P=0.98), with DHT (ANOVA, P=0.41) or DHT at 

physiological (ANOVA, P=0.52) or reduced concentrations (ANOVA, P=0.88). 

Data not shown.  

There were no significant differences seen when cells were treated with OT 

alone for 4 days (ANOVA, P=0.12; Fig. 5.4a). When cells were treated for 4 days 

with 0.1nmol.L-1 DHT there was a significant increase in OTR expression 

(ANOVA, P<0.0001; Fig. 5.4b). There was a significant increase in OTR 

expression in cells treated with physiological DHT and OT compared to cells 

treated with physiological DHT alone (ANOVA, P=0.0011; Fig. 5.4c). There were 

no significant differences seen in cells treated with DHT at reduced concentrations 

in the presence of OT (ANOVA, P=0.21; Fig. 5.4d). 
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Figure 5.4. The effects of OT and DHT on OTR (020) protein expression in 
LNCaP cells at 4 days. 

 
 

 
 

a) The effect of OT at 0.1 and 10nmol.L-1 in the absence of steroids 

b) The effect of DHT at 0.1 and 10nmol.L-1 in the absence of OT 

c) The effects of OT in the presence of physiological concentrations of DHT 

d) The effects of OT in the presence of reduced concentrations of DHT 

e) A representative Western blot probed with OTR antibody 020 and ponceau red 

    Bars represent mean ± S.E.M, n = 4, * P<0.05 ** P<0.01, *** P<0.001. 
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Results for PC3 cells 

Effects of DHT and OT treatment on OTR expression in PC3 cells 
There were no significant differences observed when PC3 cells were treated for 

1 day with OT (ANOVA, P=0.34), with DHT (ANOVA, P=0.89) at physiological 

concentrations (ANOVA, P=0.39) or at reduced concentrations (ANOVA, P=0.49). 

Data not shown.  

There were significant decreases in OTR expression when PC3 cells were 

treated for 4 days with physiological concentrations of OT (ANOVA, P=0.014; Fig 

5.5.a) and an increase in expression when treated with physiological DHT 

compared to low concentrations of DHT alone (ANOVA, P=0.034; Fig. 5.5.b).  

There was a decrease in OTR expression at physiological concentrations of DHT 

and OT (ANOVA, P=0.03; Fig. 5.5.c). There were no significant differences seen 

with reduced concentrations of DHT (ANOVA, P=0.10; Fig. 5.5.d).  

Effects of DHT and OT treatment on cav-1 expression in PC3 cells 
There were significant decreases in caveolin expression when PC3 cells were 

treated with physiological concentrations of OT (ANOVA, P=0.0064; Fig 5.6.a) 

and when treated with DHT (ANOVA, P=0.0044; Fig. 5.6.b). There were no 

changes seen at physiological concentrations (ANOVA, P=0.38; Fig. 5.6c) or at 

reduced concentrations (ANOVA, P=0.28; Fig. 5.6.d).  
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Figure 5.5. The effects of OT and DHT on OTR (020) protein expression in PC3 
cells at 4 days 

 
 
 

 

a)  Compilation of all the data together 

b) A representative Western blot probed with 020 

    Bars represent mean ± S.E.M, n = 4, * P<0.05 ** P<0.01. 
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Figure 5.6. The effects of OT and DHT on caveolin-1 protein expression in PC3 
cells at 4 days. 

 

 
 

 
a)  Compilation of all the dtat together 

b) A representative Western blot probed with cav-1 

    Bars represent mean ± S.E.M, n = 4 * P<0.05 ** P<0.01. 
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Results for PrEC cells; Experiment 2 
There were insufficient cells available to give results for Western blots on 
PrEC at day 1. 

Effects of OT or T, E, R1881 and Tamoxifen or OT and steroids 

together for 4 days on OTR expression in PrEC cells 
There was a significant increase in OTR expression when PrEC were treated 

with T, E and T +E (ANOVA, P=0.0.0008; Fig 5.7) compared to the no steroid 
control. The level of expression with the addition of physiolocal OT.  

 

Effects of OT or T, E, R1881 and Tamoxifen or OT and steroids 

together for 4 days on AR expression in PrEC cells 
There were no changes in AR expression when treated with T (ANOVA, 

P=0.69; Fig 5.8a) or E (ANOVA, P=0.96; Fig. 5.8a) or T+E (ANOVA, P=0.96; 
Fig. 5.8a). When all treatments were compared together then R1881 appeared to 
increase AR expression, however there were not enough samples to include in the 
calculations.  

Effects of OT or T, E, R1881 and Tamoxifen or OT and steroids 

together for 4 days on cav-1 expression in PrEC cells 
There were no changes in cav-1 expression when treated with T (ANOVA, 

P=0.78) or E (ANOVA, P=0.34) with T+E (ANOVA, P=0.19) or with R1881 
(ANOVA, P=0.068). Data not shown. 
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Figure 5.7. Effects of OT, T E and R1881 on OTR protein expression in PrEC cells 
at 4 days. 

 
 

a) The effect of OT at 0.1 and 10nmol.L-1 in the presence of 10nmol.L-1 T, 5pmol.L-1 E 

and physiological concentrations of T & E 

b) A representative Western blot probed with antibody 020 

c) Blot probed with Ponceau S 

Bars represent mean ± S.E.M, n = 4 (except R1881 n=1) 

* P<0.05 ** P<0.01 ***P<0.001. 
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Figure 5.8. The effects of OT, T  E and R1881 on AR protein expression in PrEC 
cells at 4 days 
 

 
 
 

c)         
 
 
 
a) The effect of OT at 0.1 and 10nmol.L-1 in the presence of 10nmol.L-1 T, 5pmol.L-1 E 

and physiological concentrations of T & E 

b) A representative Western blot probed for AR 

c) Blot probed with Ponceau S 

Bars represent mean ± S.E.M, n =3 (except for R1881 where n=1). 
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PC3 cells 

Effects of OT or T, E, R1881 and Tamoxifen or OT and steroids 

together on OTR expression in PC3 cells 
 When treated with T (ANOVA, P=0.10), E (ANOVA, P=0.68) R1881 

(ANOVA, P=0.27) T+E (ANOVA, P=0.93) or with Tamoxifen (ANOVA, P=0.50) 

for one day, no changes in OTR expression were seen. Addition of OT to the 

steroids did not affect OTR expression. Data not shown.  

Cells treated for 4 days showed no significant changes in protein expression for 

OTR with any treatment. Data not shown.  

Effects of OT or T, E, R1881 and Tamoxifen or OT and steroids 

together on cav-1 expression in PC3 cells 
 When treated with T (ANOVA, P=0.95) or with E (ANOVA, P=0.85) R1881 

(ANOVA, P=0.92) T+E (ANOVA, P=0.85) or with Tamoxifen (ANOVA, P=0.98) 

for one day there were no significant changes observed. Data not shown.  
Cells treated for 4 days showed no significant changes in cav-1 expression when 

treated with T (ANOVA, P=0.38; Fig.5.9a), R1881 (ANOVA, P=0.96; Fig. 5.9b), 

E (ANOVA, P=0.14; Fig. 5.9c) or Tamoxifen (ANOVA, P=0.115; Fig. 5.9e).. 

When treated with T +E alone and with low levels of OT there was a significant 

decrease in expression of cav-1 when compared to T+E and physiological OT 

levels or the no steroid control (ANOVA, P=0.0027; Fig. 5.9d). 
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Figure 5.9. Effects of OT, T E, R1881 and Tamoxifen on caveolin-1 protein 
expression in PC3 cells at 4 days. 

 
 
a) The effect of OT at 0.1 and 10nmol.L-1 with 10nmol.L-1 T 
b) The effect of OT at 0.1 and 10nmol.L-1 with 10nmol.L-1 R1881 
c) The effect of OT at 0.1 and 10nmol.L-1 with 5pmol.L-1 E 
d) The effects of OT with physiological concentrations of T & E 
e) The effect of OT at 0.1 and 10nmol.L-1 with 5pmol.L-1 Tamoxifen 
f) A representative Western blot probed for cav-1 
Bars represent mean ± S.E.M, n =3 * P<0.05 ** P<0.01. 
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Cells treated with DHT or OT alone or together probed with α-

tubulin. 
The immunoblots that were used for goat antibodies were used again for rabbit 

anti-α-tubulin as a loading control. There were no significant differences seen 

between the different treatments (ANOVA, P=0.99; Fig. 5.10a).  

A summary of all the results in Experiment 2 is provided in Table 5.1. 

 

Figure 5.10. The effects of OT and DHT on α-tubulin expression  

 
 
a) Equal numbers of cells (50 x 103) were loaded in each lane  

   Bars represent mean ± S.E.M, n = 9 

b) A representative Western blot probed with α-tubulin 
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5.4 Summary of findings 

Table 5.1 Effects of steroid & OT treatment on protein expression of OTR, AR and cav-1 

 

() = increased expression; () = decreased expression; - = No significant change 

1D = 1 day; 4D = 4 Days 

 

5.5 Discussion 
These data demonstrate the effects of treating prostate cell lines with 

physiological and reduced levels of steroids and OT and the changing expression of 

OTR, caveolin protein and AR in the cell lines. These results show that cav-1 was 

regulated by DHT and OT in PrEC and PC3 cells. There are a number of potential 

Treated 
with 

 
Cells 

 
Day 

 
Protein 

 
Results 

OT  
alone 

or with  
DHT 

PrEC 

1D 
 

OTR - 

cav-1 10nmol.L-1 DHT + 10 nmol.L-1 OT 
 0.1nmol.L-1 DHT and 0.1nmol.L-1 OT 

AR  10 nmol.L-1 OT compared to no steroid control  
 0.1 & 10 nmol.L-1 OT added to 0.1 DHT 

4D 
OTR - 
cav-1  compared with no steroid control 
AR -  

LNCaP 1D OTR - 
4D OTR  0.1 DHT & decrease with physiol DHT  

 PC3 

1D OTR - 

4D OTR  10nmol.L-1  OT or 10nmol.L-1 DHT + 10 nmol.L-1 OT 
10nmol.L-1  DHT 

cav-1  OT & DHT alone   

T, E 
T+E 

R1881 
Tam 
alone 

or with 
OT 

PrEC 
4D 
 
 

OTR  all compared with no steroid control 
cav-1 -  
cav-2 -  
AR -  

PC3 

1D OTR -  
cav-1 -  

4D 
OTR - 

cav-1 T+E and T+E with low OT  compared to no steroid 
T+E and OT  compared to TE low OT 
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mechanisms that could change levels of the protein. There are changes in 

transcription, translation, post translational modifications. However, it is the 

expression level of the protein that determines its functionality.  

Regulation of OTR expression in normal and malignant epithelial cells 

There was no change in expression of OTR in PrEC cells grown with OT or 

DHT, this in itself is an important finding, as the amount of protein did not change, 

but the protein may be able to interact with other proteins on the cell surface, such 

as AR. These data do not explain why OTR may stimulate proliferation in PC3 and 

not PrEC and so this change is unlikely to be due to changes in OTR expression. It 

may be that the co-localization of these protein is important, rather than the level of 

expression, OT appears to have no effect on OTR expression and this has been seen 

by other researchers [Filippi et al, 2005]. 

In PrEC grown with T, E, and T+E there was increased OTR expression at 4 

days compared to the no steroid control. Estrogens may up regulate expression and 

functional activity of oxytocin receptor in rabbit epididymis [Filippi et al, 2005]. 

Binding to oxytocin receptors was increased with testosterone treatment in the rat 

brain [Insel et al, 1993]. But despite this, there was no change in the effects of OT 

on cell proliferation with any of these treatments.  

In PC3 cells, OTR expression was reduced following treatment with 

physiological OT alone. This suggests that the ligand is able to down regulate 

receptor expression in a regulatory feedback mechanism. This has been seen in 

astroglial cells obtained from rat fetal hypothalamus [Di Scala-Guenot et al, 1995]. 

 OTR expression was increased with treatment with physiological DHT and the 

OTR may be able to respond to stimulation of malignant cells with androgens. It 

may be significant that cell proliferation in the PC3 cells also increased in the 

presence of androgens. This has not been reported previously. 

All steroids except OT or DHT increase expression after 4 days in PrEC and 

LNCaP (limited data) but not in PC3, where there is no effect indicating a 

difference in response between “normal” and cancer cells.  It also takes 4 days to 
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see an effect and is therefore likely to be increased synthesis, rather than just 

increased translation of existing OTR mRNA. 

LNCaP cells had increased OTR expression as well as increased proliferation 

in low levels of DHT 

In LNCaP cells treated with OT and DHT, there were no changes seen until 4 

days when there was a significant increase in OTR protein expression in cells 

treated with low concentrations of DHT. The various treatments on the other cell 

types showed no change in OTR expression. Alongside the increase in OTR 

expression, results from the previous chapter showed an increase in cell 

proliferation in these malignant epithelial cells at low concentrations of DHT. This 

is of concern. Increased expression of the OTR hormone and consequential increase 

in cell proliferation of these androgen dependent cancer cells at a time of low 

androgen levels (such as during AWT) could enhance the progression of prostate 

cancer. The increased expression of OTR in LNCaP cells in response to low levels 

of DHT is in direct contradiction compared to the PC3 cells where OTR expression 

has decreased. The LNCaP cells have a mutated AR that can mediate AR activity in 

a classical manner [Sun et al, 2006].  There may be a form of interaction between 

the AR and OTR receptor that enhances cell survival in the low androgen state, as 

the AR may interact and even decrease the expression of OTR.  

Cav-1 expression was reduced by OT, DHT and T+E alone in normal and 

malignant cells.   

In PrEC, OT and DHT decrease cav-1 expression. In PC3 cells, OT, DHT and 

T+E treatments decrease Cav-1 expression.  

Testosterone and E have been shown to regulate caveolin [Pflug et al, 1999; Turi 

et al, 2001]. The regulation of caveolin expression were not seen with DHT and 

OT.  In prostate cancer, there is a reduction of OT, DHT (in AWT) and a change in 

the ratio of T+E due to ageing, and all relate to the changing hormonal milieu. In 

the presence of DHT and OT there was a decrease in cav-1 protein expression in 

both PrEC and malignant cell types. In malignant PC3 cells, treatment with OT 
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alone also down regulated expression of cav-1. The N-terminus region of caveolin-

1 interacts with both the N-terminal domain and the ligand-binding domain of AR 

[Lu et al, 2001] and increased expression of caveolin has been associated with 

prostate cancer progression and there is evidence that this may be involved in 

altering  proliferation/apoptosis to increase malignancy [Thompson et al, 1999]. 

Caveolin-1 enhances cell survival after androgen ablation and promotes androgen 

insensitivity and metastatic activities. When T+E were combined then caveolin 

expression was seen to increase significantly in PC3 cells. Caveolin expression is 

not only regulated by T, but additionally by the other receptors that are bound to 

caveolin proteins, such as ERβ and OTR. 

Caveolin-1 expression is significantly up-regulated in both primary and 

metastatic human prostate cancer after AWT [Tahir et al, 2001] and these current 

results suggest that there was also regulation of caveolin by OT as well as 

physiological levels of T+E.  This fits with the current evidence that suggests that if 

the levels of androgens were increased, and estrogens were decreased one would 

expect to see an increase in caveolin expression. With LNCaP cells, if there was a 

decreased expression of OT and also reduced androgens to AWT levels, then this 

could result in increased cav-1 expression, and this would enhance the progression 

of prostate cancer.  

Androgen receptor expression in PrEC was down regulated by addition of OT 

alone and OT with DHT at AWT levels.   

OT can down regulate AR expression [Jenkin et al, 1999] and androgens are 

known to down regulate OT [Nantermet et al, 2004]. These results showed that AR 

was down regulated in PrEC cells after 1 day of treatment, AR expression was 

decreased in the presence of OT alone and low concentrations of OT and DHT, 

suggesting a regulatory mechanism between OTR and AR.  However, the data is of 

limited usefulness because it is incomplete as there is no data available for PC3 

cells.  
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5.6 Limitations 
In previous experiments, the AR antibody (N-20) worked well on a Western blot 

to give a single strong band. However, problems were experienced in this study 

when using a new batch of antibody. Discussions with Santa Cruz, revealed that 

they had lost their hybridoma cell line and now were issuing the antibody at half the 

original concentration. We were already using this product at a dilution of 1:200 for 

Western blots with PrEC. In the future we would need to repeat this experiment 

with PC3 cells. The decision was made to focus on the OTR and caveolin proteins 

in the treated cells.  

The antibody for cav-2 was always capricious when it came to Western blots. 

The MTS assay used the culture media and I took the cells for Western blots. 

Initially, I tried to use cav-2, but the Westerns did not work and so cav-1 was used. 

Due to the interaction between MTS assay and the chemiluminescence used to 

develop the Western blots (particularly in the PC3 cells), I was not able to measure 

the same parameters at the same time points in all cell types.  

Each set of Western blots should have either a negative or positive control, or 

both. This was not done due to the necessity of having the samples for each 

experiment running at the same time on the same blot. In hindsight, rabbit IgG 

could have been used as a negative control. 

In the future, the use of antagonists for OTR and AR would help determine 

whether these effects are specific.  

5.7  Conclusion  
All steroids except OT or DHT increase OTR expression after 4 days in PrEC 

and LNCaP (limited data) but not in PC3 cells, where there was no effect.  

In PrEC cells, OTR expression was up regulated by T whereas OTR was up 

regulated following treatment with DHT in malignant cells. The increased 

expression of OTR may contribute to the increased cell proliferation as the OTR 

moves from suppressing proliferation in the normal state to the stimulatory state as 
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seen in malignancy.  OTR is able to stimulate proliferation in PC3 and but not in 

PrEC so the increased proliferation seen in PC3 cells are unlikely to be due to 

changes in OTR expression. 

In PrEC, OT and DHT there is a decrease expression of cav-1. In PC3 cells, OT, 

DHT and T+E decrease cav-1 expression. Cav-1 expression is increased in prostate 

cancer and metastases, and it may be involved in altering proliferation/apoptosis to 

increase malignancy. When T+E were combined then caveolin expression was seen 

to increase significantly in PC3 cells. Caveolin expression is not only regulated by 

T, but additionally by the other receptors that are bound to caveolin proteins.  

The regulation of caveolin proteins by OT is only part of the story. Equally, the 

proteins are expressed in these cells and yet the amount of expression remains 

unchanged despite the different treatments. It may be that the co-localization of the 

proteins has a much greater effect than the level of expression.  

Having determined that caveolin protein is expressed in the PrSC, PrEC and PC3 

cells, the next chapter will determine if the different cell types display caveolae 

structures.  
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6 Stereological estimation of the 

number of caveolae in normal and 

prostate cancer cells 

6.1 Introduction   
The data from chapter 4 shows that OT stimulates cell proliferation in PC3 cells 

but not in PrEC. In chapter 5 it has been demonstrated that this change in effect is 

unlikely to be due to changes in OTR expression. Caveolae are specialized 

microdomains of lipid rafts that form cave-like invaginations within the cell 

membrane [Palade, 1953]. They play important roles in cell transport processes and 

signal transduction [Lisanti et al, 1994b]. The association of cell surface receptors 

with caveolae can affect the signalling pathway and alter the biological effect of the 

activated receptor [Guzzi et al, 2002].  

The human prostate cancer cell line LNCaP has been shown to be cav-1-

deficient [Tahir et al, 2001] and although the androgen-dependent prostate cell line 

(PC3) expresses the protein, these cells have been reported not to have caveolae 

[Hill et al, 2008]. Prostate stromal cells have been shown to express abundant 

numbers of caveolae [Smart et al, 1995b]. It is not known if PrEC display caveolae 

structures. Experiments from chapter 5, showed that the PrEC do not respond to 

treatments with OT, and yet in PC3 cells, OT can both inhibit and stimulate cell 

proliferation. It may be that differences in the cell membrane could account for this 

change in response to treatment e.g. movement of OTR to the flat membrane where 

OTR is more mobile.  

Experiments from chapter 4 determined that normal prostate epithelial cells 

express OTR, however it remains unknown if the PrEC express caveolae. Studying 

these cell at high magnification will enable us to see the structural differences 
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between the normal and malignant cell types, but most importantly, this will allow 

clear identification of the caveolae that are too small to be seen under light 

microscopy.  

The aims of this experiment were to i) determine by TEM if normal and 

malignant cells grown in vitro displayed caveolae, ii) to quantify the number of 

caveolae expressed and iii) to estimate the volume and total surface area of each 

cell type. It is hypothesised that epithelial cells will express caveolae and that the 

number of caveolae-like vesicles will decrease in prostate cancer. 

6.2 Materials & Methods 

Cell Culture 
The four cell lines were processed and examined at the electron microscopic 

(EM) level to establish basic morphology. Normal human prostate stromal cells 

(PrSC) and epithelial cells (PrEC; Clonetics, BioWhittaker, UK, Berks, UK) and 

androgen-dependent LNCaP and androgen-independent PC3 cancer cell lines 

(ATCC, Manassas, VA, USA) were grown as described in chapter 3.2.  Each 

experiment was performed at least three times. 

Transmission electron microscopy  
To determine whether the various cell types displayed caveolae, samples were 

grown on Thermanox coverslips and then embedded for TEM analysis. Specimens 

were processed as in chapter 2.6. Grids were examined under the Phillips CM100 

TEM (Philips, Eindhoven, The Netherlands) at 80kv accelerating voltage. At low 

magnification (~1000x), a 10 x 10 cm grid was placed on the screen and a random 

number determined the area to be counted in each cell. These cell membrane 

images were then captured at high magnification by SIS Mega III.  
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Stereological Analyses 

Quantitation of the caveolae-like vesicles 

To quantify the number of caveolae in normal and malignant cells, the numbers 

of caveolae-like vesicles were counted in randomly selected micrographs. At least 

150 cells were counted for each cell type. An average number of caveolae for each 

cell type was determined by averaging the data from the three experiments.  

The caveolae-like vesicles were identified by their distinctive ultrastructural 

appearance. Criteria for identification were shape and size. Caveolae-like vesicles 

display a distinctly thickened plasma membrane ranging from indentations to fully 

formed vesicles attached to the cell membrane measuring 50-150nm. Osmium 

labelling is noticeably darker and thickened in these regions, identifying the 

condensation of lipids [March, 1977], (in Fig 6.1).  

Estimation of surface area 

Stereological methods can provide three-dimensional information from two-

dimensional sections. The stereological techniques of surface area estimation using 

vertical uniform random (VUR) sections are well established [Baddeley et al, 

1986]. The mean cell volume (Vref) can be estimated and will allow calculation of 

the total surface area (S) of the cell. The objective of this stereological analysis was 

to compare the estimation of cell volume and surface area between normal and 

malignant cell types. To determine surface area of a cell, two calculations are 

required; surface density (Sv) and mean weighted cell volume (Vv) as in equation 1. 

 

Equation 1.    

 

! 

S.A.= Sv "Vv



 

 166 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Transmission electron micrograph showing caveolae 

TEM micrograph of several caveolae (arrows) shows the distinctive omega shaped 

appearance and darker thickened cell membrane of the structures. Bar = 200µm. 
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Estimation of surface density 

In this experiment, cells were grown on cover slips providing an isotropic 

(homogeneous in all directions) natural flat surface. The mean surface density of 

each cell was estimated by using VUR sections [Baddeley et al, 1986]. Criteria for 

VUR sections are that the area of interest is positioned on the horizontal (x-axis) 

but can be arbitrarily rotated 360o around the vertical (y-axis) that is fixed at a 90o 

angle to the horizontal axis (Fig 6.2a). Although the x-axis is fixed, sections were 

taken randomly through the y-axis and viewed using TEM and the magnification of 

each image was recorded.  

An estimation of the total surface area per unit volume (Sv) was derived from 

the use of cycloid arcs. A cycloid arc is a mathematical curve of known radius that 

is based on sine-weighted angles and cancels the bias of the non-random vertical 

axis in VUR samples [Garcia et al, 2007b]. The sine weighted angles enable 

measurements from a two-dimensional image to be estimated as surface density in 

3-dimensions. 

A series of cycloid arcs were placed on the electron micrographs so that the 

minor axis was parallel with the vertical direction (Fig 6.2b).The length of one 

cycloid equated to the actual length in the tissue after correction for magnification. 

By counting the number of surface-cycloid intersections (Ii) that hit the reference 

space of each image, the Sv was estimated [Baddeley et al, 1986]. A line with a 

known length of cycloid per point was measured (lIp) and adjusted for 

magnification of each image.  

In addition to counting surface-cycloid intersections, the reference volume 

(Vref) was estimated using the Cavalieri point counting method [Gundersen et al, 

1987], which was directly proportional to the number of points (Pi) hitting object 

profiles through the reference space. Surface density was estimated using equation 

2 [Howard et al, 1998]. The total surface area (S) was estimated as the product of 

surface density (Sv) and total volume (Vref). 
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Equation 2.   

! 

S
"

v (Y,ref ) =

2• Ii
i=1

n

#

l / p• Pi
i=1

n

#
 

Where:  Y = Y axis   ref = reference space  Ii = number of intercepts  
I = intercepts  P = points     Pi = number of points 

 

Estimation of mean weighted cell volume 

An estimation of mean weighted cell volume (

! 

V v) from vertical sections 

[Gundersen et al, 1987] was determined by the point sampled intercept method 

(PSI). A selection sine weighted frame was placed on the image and a randomly 

generated number was selected between 1-97 (e.g. 80). The intercept test grid was 

placed so that one of the intercept lines passed through the bottom left corner as 

well as the random number (Fig 6.2c). Using the iTEM soft imaging software and 

following the intercept grid as a guide, a line was drawn across the cells that were 

selected by the points on each line. To determine 

! 

V v (equation 3), [Howard et al, 

1998], each cell measurement was recorded and then cubed (I3). The mean of the 

cell intercept was calculated as Pi (π) divided by 3. Exactly 100 cell intercepts were 

measured for each cell type. 

 Equation 3.     

6.3 Statistics 
Data are expressed as the mean ± S.E.M. When determining significance the 

ANOVA was used with a post hoc Tukeys correction test with the significance 

level set at P < 0.05. To determine the significance of apical and basal caveolae-like 

vesicle distribution then Students t-test was used to compare the two groups.  
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Figure 6.2. Stereological tools used to estimate cell surface, density and volume 

 
 

The a) y-axis remains static in vertical sections. An example of b) the cycloid arc for 
vertical sections with 3 points (+) and 6 cell intercepts recorded at a known magnification. 
Where l/p is the length of test line per point corrected for linear magnification. An example 
of c) intercept lines and the sine weighted frame placed at a randomly selected number; in 
this example 80. 
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6.4 Results 

Ultrastructural analysis  
The cells grew well on the surface of the Thermanox coverslips and this method 

eliminated disruption of the cells by scraping, pelleting, or enzyme digestion. The 

plasma membrane and intracellular organelles such as mitochondria were all well 

preserved. Mitochondria degrade quickly when poorly fixed and tend to become 

swollen and exhibit indistinct membranes [Galluzzi et al, 2007]. 

Ultrastructural characterization of the cultured stromal cells (Fig 6.3a) revealed 

elongated and flattened fibroblast cells with cellular extensions. The nucleus was 

prominent, spindle-shaped and well preserved. Caveolae-like contours (Fig 6.3b, 

black arrows) were seen on the upper cell surface in the EM ultrathin sections, as 

was a characteristic clathrin coated pit (arrow head). The cytoplasm contained 

extensive rough endoplasmic reticulum (rER), essential for collagen synthesis 

[Zhang et al, 2003]. Electron microscopic characterization of the cultured epithelial 

cells (Fig 6.4a) in a monolayer showed that these cells had abundant caveolae. 

Epithelial cells also had junctional complexes (Fig 6.4b) with dense supporting 

actin filaments and gap junctions (zonula adherens) with two parallel membranes.  

Electron microscopic characterization of LNCaP cancer cells (Fig 6.5a) showed 

clumped cellular growth. The individual cells had an intact cytoplasmic membrane, 

clear cytoplasm, intact subcellular organelles, intact nuclear membrane and normal 

nucleolus. Many clathrin pits were seen (Fig 6.5b), but only the occasional 

caveolae-like structure. Ultrastructural characterization of the PC3 cancer cells (Fig 

6.6a) showed cell growth was generally in a monolayer, except for some rounded 

isolated cells that were in the process of dividing. The PC3 cells had a clear 

cytoplasm, intact cellular organelles, a double nuclear membrane with nuclear pores 

and normal nucleoli (Fig 6.6b). The membrane of the PC3 cells was packed with an 

out-crop of cell membrane (bleb) in some cells whereas other cells had a smooth 

membrane with caveolae seen only rarely.  
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Figure 6.3. Ultrastructure of stromal cells 

 

 
 

The prostate stromal cells (a) were organized into a monolayer of streamlined flattened 

cells with extended pseudopodia and 1 or 2 centrally located nuclei. At (b) higher 

magnification, cytoplasmic organelles were seen such as ribosome coated rough 

endoplasmic reticulum (rER) that was dilated. A line remains where the Thermanox (T) 

coverslip was removed. Many caveolae-like structures are seen (black arrows) as well as a 

clathrin pit (arrowhead). 
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Figure 6.4. Ultrastructure of epithelial cells 
 

 
 

a) Prostate epithelial cells grew in a close knit layer with many interdigitations. At b) high 

magnification PrEC displayed caveolae (arrow) and clathrin pits (not shown). Junctional 

complexes (J) and gap (G) junctions were seen, along with mitochondria (M) and rough 

endoplasmic reticulum (rER) and secretory vesicles (V).  
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Figure 6.5. Ultrastructure of LNCaP cells 
 

 
 

The LNCaP cells a) grew as clumps of cells. The cells showed an intact cell membrane 

with blebs, cytoplasmic organelles such as smooth endoplasmic reticulum (sER) and the 

nucleus with a prominent nucleolus (N). At b) higher magnification, only the occasional 

caveolae-like structures are seen on the cell membrane (arrow) as well as clathrin pits 

(arrow heads).  
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Figure 6.6. Ultrastructure of PC3 cells 
 

 
 

a) PC3 cells were rounded and grow in a slightly clumped monolayer. Intracellular 

organelles b) such as a double nuclear membrane (NM) and numerous mitochondria (M) 

were seen. A closer magnification of the cell membrane showed blebs or a smooth cell 

membrane. Clathrin pits c) were also seen (arrow head).  

 
 

 

a) 

NM 

b) c) 

M 

5µm 

500nm 1000nm 
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Caveolae numbers in cultured cells 
TEM revealed that prostatic stromal cells exhibited abundant caveolae-like 

structures (Fig 6.7a), PrEC had fewer caveolae (Fig 6.7b). Only the occasional 

caveolae-like structure was seen in LNCaP cells (Fig 6.7c), whereas PC3 cells (Fig 

6.7d) had a smooth cell membrane with caveolae-like vesicles rarely seen.  

When the number of caveolae-like vesicles in each cell type was quantified (Fig 

6.8a,) there was a significant difference in the number of caveolae between normal 

stromal and epithelial cells (P<0.001). Furthermore, a significant decrease was seen 

between normal and malignant epithelial cells lines (ANOVA, P=0.0004). There 

was no significant difference found between LNCaP and PC3 cell lines. 

The numbers of caveolae-like vesicles were distributed evenly across the apical 

and basal cell membranes of the cells (Fig 6.8 b). There was no significant 

difference in distribution in the normal stromal (ANOVA, P=0.141) or epithelial 

cells (ANOVA, P=0.209) although the caveolae tended to be located at the cell 

edges in the epithelial cells. There was no significant difference in distribution of 

caveolae-like vesicle in the apical and basal membranes of the malignant LNCaP 

(ANOVA, P=0.364) or PC3 cells (ANOVA, P=0.504). 

Stereological analysis of the cells showed that the surface area (SA, Fig 6.8c) of 

the normal stromal and epithelial cells were significantly different from the 

malignant cell types (ANOVA, P=0.0038). The PrSC had significantly larger SA 

than the PC3 cells (P<0.05). The normal epithelial cells had significantly more SA 

than the both the LNCaP (P<0.05) and PC3 cells (P<0.01).  

Mean weighted cell volume (Vv, Fig 6.8d) showed that the cell volumes were 

not significantly different (ANOVA, P=0.161). See Table 6.1. 
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Figure 6.7.  Caveolae in normal and malignant cells 

  
 

Transmission Electron Microscopy showing caveolae in a) PrSC, b PrEC, c) LNCaP, d) 

PC3 cells. Caveolae are indicated by arrows. Enlarged details of the plasma membranes are 

shown for c & d. 

a) b) 500nm 0.1µm 

Epithelial!

Caveolae in malignant cells!
LNCaP ! PC3!

Stromal!
Caveolae in normal cells!

c) d) 5µm 

1000nm 
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Figure 6.8. Stereological analyses of caveolae-like structures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a) Mean number of caveolae per micron length of cell membrane of PrSC (n=164, total number 
of cells), PrEC (n=161, total number of cells), LNCaP (n=165, total number of cells), and PC3 
(n=162, total number of cells). ANOVA *** P<0.0001; PrSC and PrEC were significantly different 
(P<0.0001) from all groups. 
b) Distribution of caveolae per micron length of cell membrane of PrSC (apical n= 82; basal n= 
82 total number of cells), PrEC (apical n= 85; basal n= 76; total number of cells), LNCaP (apical 
n= 100; basal n= 65; total number of cells), PC3 (apical n= 92; basal n= 70;total number of cells).  
c) Mean surface area (SA) of PrSC (n=164, total number of cells), PrEC (n=161, total number of 
cells), LNCaP (n=165, total number of cells), and PC3 (n=162, total number of cells). ANOVA * 
P<0.05; ** P<0.01. 
d) Mean cell volume (Vv) of PrSC (n=164, total number of cells), PrEC (n=161, total number 
of cells), LNCaP (n=165, total number of cells), and PC3 (total number of cells).  

Bars represent mean + S.E.M.  
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Table 6.1 Comparison of measurements taken in each experiment.  

 

Average 
number 

of 
cells    

counted
for 

caveolae 

Average 
length of 

membrane 
(µm) 

measured 
per cell 

Number of 
caveolae 

-like 
vesicles/µm 

Number 
of 

cells 
for Sv 

Sv 
(µm2/µm3) 

Vv 
(µm3) 

SA 
(µm3) 

 

 PrSC 
 

65±5 
 

314±107 
 

2.06±0.06 
 

55±5 
 

0.23±0.067 
 

1400±495 
 

300±10.9 
 

 PrEC 
 

56±8 
 

371±30 
 

0.75±0.13 
 

53±3 
 

0.24±0.011 
 

1114.8±177 
 

267±31 
 

 LNCaP 
 

50±0 
 

522±32 
 

0.11±0.007 
 

58±4 
 

0.18±0.011 
 

929±116 
 

171±392 
 

 PC3 
 

67±17 
 

593±50 
 

0.015±0.006 
 

54±3 
 

0.29±0.006 
 

799±270 
 

225±42 
Mean ± Standard Deviation; Sv = surface density; Vv =  mean weighted cell volume; SA = 
surface area. 

 

6.5  Discussion 
The aim of this experiment was to investgate whether there were cell surface 

changes between normal and malignant cells and, specifically, to determine if there 

was any change in the number of caveolae between normal and malignant prostate 

epithelial cells.  

Caveolae are found in most cell types but are most abundant in terminally 

differentiated cells such as adipocytes, endothelial cells and muscle cells [Lisanti et 

al, 1994a; Couet et al, 1997; Okamoto et al, 1998]. Caveolae-like structures were 

observed in normal prostate epithelial cells (PrEC), a finding which has not been 

previously reported. In epithelial cells, caveolae were congregated at the edge of the 

cell, indicating a polarization of these cells. In support of this, junctional complexes 

were also seen indicating that epithelial cells grown in vitro may mimic the motile 

polarized prostate epithelial cells in vivo. Intracellular junctions are part of normal 

cell-cell communication and caveolae and intracellular junctions are closely 

associated. The PrEC displayed fewer caveolae than the PrSC. 

Prostate stromal cells showed abundant caveolae on the cell surface and caveolae 

bulbs on the inner surface of the cell membrane, spread across the basal and apical 
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membranes. The data demonstrated the presence of multiple caveolae-like 

structures in prostate stromal cells and is similar to that previously reported in 

stromal/fibroblast cells from other tissues [Smart et al, 1995b].  

The LNCaP cell line has been shown to be cav-1-deficient [Tahir et al, 2001] 

and so it was not unexpected that these cells had exceedingly low numbers of 

caveolae-like vesicles. These cells did, however, display a noticeably higher 

number of clathrin pits than the other cell lines (data not shown) possibly providing 

a different cell signalling pathway in these cells. Activated epidermal growth factor 

receptor (EGFR) preferentially internalizes via clathrin-coated pits but not caveolae 

at low doses of EGF [Xiao et al, 2008]. 

The prostate cell lines LNCaP and PC3 are unable to form tight [Christiansen et 

al, 2003] or gap junctions [Lyng et al, 2000] and down regulation of these junctions 

are associated with cancer progression [Leithe et al, 2006].  

Hill et al, [2008] reported that in PC3 cells morphologically recognizable 

caveolae represent <0.2% of the cell membrane and our findings support this. Some 

PC3 cell membranes had high number of blebs but particularly interesting was the 

smooth membrane of the PC3 cells with very few discernable inclusions as 

described previously [Hill et al, 2008].  PC3 cells, however, do express the caveolin 

proteins; cav-1 and cav-2 (see chapters 5 and 8). 

What might be the pathophysiological consequences of decreased numbers of 

caveolae? As mentioned earlier, caveolae are relatively stable structures within the 

cell membrane and by anchoring cell surface receptors they can regulate signal 

transduction. In the absence of caveolae, caveolin and cell surface receptors 

associate transiently with more mobile lipid rafts on the surface of the cell 

membrane. In vitro studies have suggested that the biological effect mediated by a 

cell surface receptor may change depending on whether it is located within a 

caveola or not [Whittington et al, 2007] and this change in response is mediated by 

an alteration in cell signalling pathways [Rimoldi et al, 2003]. In the case of the 

peptide OT, movement of its receptors out of caveolae is associated with a 
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stimulation of cell proliferation [Nicholson et al, 2007b], thus the loss of caveolae 

may contribute to or facilitate tumor growth. 

From the stereological data, it was determined that while the surface area 

differed between the normal and malignant cell types, the cell volumes remained 

the same reflecting the differing characteristics of the cells. Stromal cells have an 

elongated flattened shape with pseudopodia, whereas epithelial cells have numerous 

interdigitations thus increasing the surface area of these cells. Increasing the surface 

area and thus increasing the absorption rate of nutrients is a method by which the 

cell efficiently maintains homeostasis. The malignant cells in this study had 

significantly smaller surface areas. LNCaP cells have a slow proliferation rate 

[Horoszewicz et al, 1983] and tend to grow in a clumped formation (Fig 3.1c) 

restricting cell growth into a rounded compressed shape. The PC3 cells are also 

more rounded as these cells grow in a monolayer, are highly proliferative and have 

a much faster doubling time [Hsiao et al, 2009] as the cells energy is put into 

mitosis and tumorigenesis.  

Distribution of the caveolae is also important. MDCK are immortalized 

epithelial cells, which are polarized, and caveolae are arranged on the apical 

membrane of the cell [Kurzchalia et al, 1992]. Motile cells have caveolae located 

on the leading edge of the cell [Schuck et al, 2004], and prostate epithelial cells are 

motile in vivo when stimulated by prostate stroma [You et al, 2003]. While it is 

uncertain whether normal prostate epithelial cells in vitro are polarized or non-

polarized, they exhibit a staining pattern for caveolin protein sorted to the leading 

edge of the cell as in chapter 8. Non-polarized cells exhibit caveolae ubiquitously 

and are non-motile, the prostate cell lines LNCaP and PC3 are non-polarized cells 

[Christiansen et al, 2003]. 

If the number of caveolae-like vesicles was the same for each cell type measured 

across a one-dimensional line and yet the surface area of one cell type differed from 

the others in three dimensions, then the number of caveolae per volume would 
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differ. Thus the size of the cells may differ providing a potential source of bias 

[Thune et al, 2000].   

6.6 Limitations 
A limitation of the stereological analysis was that extrapolation of one-

dimensional data into three-dimensional results was used to provide quantification 

of the caveolae-like vesicles per surface area and give total numbers per cell.  This 

may not have provided an accurate measure. Also, these observations are based on 

morphology alone and one needs to be cautious in interpreting these structures as 

caveolae without supporting biochemical information, such as immunogold staining 

(see appendix B). This study only looked in vitro and has not looked at tissues to 

determine if caveolae can be identified or not. 

6.7 Conclusion 
This study provides evidence for the existence of caveolae in PrEC. There is a 

dramatic loss in the number of caveolae-like vesicles in the malignant cell types. 

Caveolae have been shown to be important for signal transduction and the 

transmembrane receptor is usually sequestered within caveolae. Loss of caveolae 

must result in movement of the receptors to other parts of the cell membrane and 

this may favour cell proliferation. Increased proliferation gives the cancer cell a 

proliferative advantage over normal cells and this will promote the progression of 

prostate cancer.  

Having determined that PrEC express caveolin protein and caveolae structures 

and that there was loss of caveolae in malignant cells, the next chapter will 

determine whether PrEC express PTRF responsible for stabilizing caveolae 

structures or if PTRF expression varies between normal and malignant tissue and 

also with the loss of caveolae in malignant cells, determine if there is a change in 

the expression of caveolae markers. 
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7 Localization of OTR, AR, caveolin-
1 and polymerase transcript 
release factor (PTRF) in prostate 
cells and tissues 

7.1 Introduction    
The experiments in chapter 4 established the cultured cells as a viable 

experimental model for study of prostate disease as they express the proteins and 

receptors that are characteristic of human prostate tissue in vivo. In chapter 6 it was 

shown that both PrSC and PrEC cells express caveolae, whereas in the malignant 

cells, caveolae numbers are significantly reduced.  

G-protein coupled receptors such as OTR are normally partitioned into lipid rafts 

such as caveolae [Rimoldi et al, 2003]. Caveolin-1 has been demonstrated to both 

suppress and promote tumor growth depending on the cancer. In prostate cancer, 

cav-1 expression is up-regulated [Yang et al, 1998; Satoh et al, 2003] and, in vitro, 

up regulation of cav-1 is associated with increased cell survival and increased 

metastatic potential [Nasu et al, 1998; Li et al, 2001a].  

Caveolin-2 has also been linked with cancer progression, with cav-2 expression 

increased in aggressive forms of breast [Sadi et al, 1991; Elsheikh et al, 2008] and 

esophageal cancer [Ando et al, 2007]. Whether cav-2 expression is altered in 

prostate cancer is not known.  

While cav-1 is the major protein component of caveolae and has been shown to 

be important in regulating the formation of caveolae, recent studies have 

highlighted the importance of another caveolar coat protein PTRF (Polymerase 1 

and transcript release factor) or PTRF-cavin in this process [Hill et al, 2008]. In 

relation to prostate cancer, the androgen independent prostate cancer cell line (PC3) 
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does not express PTRF and has extremely few caveolae [Hill et al, 2008]. However, 

transfection of PC3 cells with PTRF results in caveolae formation [Hill et al, 2008].  

It is unclear whether normal PrEC express PTRF or if PTRF expression varies 

with the development and progression of prostate cancer. 

Androgen receptor is incorporated into the cell membrane in prostate cancer, and 

caveolin may facilitate this [Bennett et al, 2009]. There is evidence that membrane 

AR may increase cell survival by decreasing apoptosis and increasing proliferation 

[Engelman et al, 1997]. 

This chapter will investigate the expression of markers indicative of caveolae in i) 

normal PrSC and PrEC and malignant LNCaP and PC3 prostate cells and human 

prostate tissue, ii) whether OTR, AR and ER co-localize with markers of caveolae 

in normal and malignant cells and tissue. It is hypothesised that i) expression of the 

caveola marker PTRF will decrease in prostate cancer cells and tissue. ii) co-

localization of OTR, AR, caveolin and PTRF will alter between normal and 

malignant cells.  

7.2 Materials & Methods 

Cell culture 
Normal human prostate stromal cells (PrSC) and epithelial cells (PrEC) Clonetics, 

BioWhittaker, UK, Berks, UK) and androgen-dependent LNCaP and androgen-

independent PC3 (ATCC, Manassas, VA, USA) were grown as described 

previously in chapter 3.2. For immunocytochemistry, cells were seeded into 24-

well plates containing glass coverslips and cultured in the presence of 10nmol.L-1 

DHT for 5-7 days before fixation. Each experiment was performed at least three 

times on three separate occasions. 

Tissue immunohistochemistry 
 As described earlier, immunohistochemistry (see chapter 3.4.3) was performed on 

sections of prostate tissue (see Section 3.3.1). 
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Double immunofluorescence on tissue and cells 
Immunofluorescence was used to investigate the co-localization of OTR, AR, 

cav-1, cav-2 and PTRF in the prostate cell lines and prostate tissue. Cells grown on 

glass coverslips were fixed as before. Sections of prostate tissue were deparaffinized 

and rehydrated as before. Immunocytochemistry was performed using the antibody 

combinations below: 

i    rabbit anti-cav-1 and mouse anti-PTRF 
ii   rabbit anti-cav-2 and mouse anti-PTRF 
iii   rabbit anti-cav-1 and goat anti-OTR  
iv   rabbit anti-cav-2 and goat anti-OTR  
v    rabbit anti-OTR and mouse anti-PTRF  
vi   goat anti-OTR and rabbit anti-AR  
vii  rabbit anti-cav-1 and mouse anti-AR 

viii. rabbit anti-cav-2 and mouse anti-AR 
ix. rabbit anti-ERα and goat anti-OTR 
x. rabbit anti-ERβ and goat anti-OTR 

xi. rabbit anti-cav-1 and mouse anti-ERα   
xii. rabbit anti-cav-1 and mouse anti-ERβ 

xiii. rabbit anti-cav-2 and mouse anti-HMWCK 

7.3 Cell Results 

Immunocytochemistry for caveolin-1 and -2 in prostate cells  
Membrane immunoreactivity was clearly observed for cav-1 on the surface of 

the stromal cells (Fig 7.1a). In the epithelial cells there was strong 

immunoreactivity on the cell margins (Fig 7.1b). No immunostaining was observed 

in the LNCaP cells (Fig 7.1c). PC3 cells (Fig 7.1d) showed membrane 

immunoreactivity on the cell surface.  

Immunoreactivity was seen for cav-2 on the surface of the stromal cells (Fig 

7.2a). In epithelial cells there was immunoreactivity on the cell surface (Fig 7.2b). 

No immunostaining was observed in LNCaP cells or in the negative controls (Fig 

7.2c). PC3 cells (Fig 7.2d) showed immunoreactivity on the cell membrane.  

Immunocytochemistry for PTRF in prostate cells 
Cell surface immunoreactivity for PTRF was seen in prostate stromal cells 

grown in vitro (Fig 7.3a). Epithelial cells showed strong immunoreactivity for 
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PTRF around the cell nucleus (Fig 7.3b). Immunoreactivity was reduced in the 

malignant LNCaP cells (Fig 7.3c) and not detected in PC3 cells (Fig 7.3d).  

A summary of immunoreactivity for caveolin and PTRF  is provided in Table 
7.1. 

Table 7.1. Summary of results of caveolin and PTRF immunostaining 
 

 
 

PrSC 
 

PrEC 
 

LNCaP 
 

PC3 
 

Cav-1 
 

+ +  
 

+ + 
 

- 
 

+ + 
 

Cav-2 
 

+ + 
 

+ + 
 

- 
 

+ + + 
 

PTRF 
 

+ + 
 

+ + 
 

 
 

- 
 
+++ = intense immunoreactivity ++ = moderate expression; + weak immunoreactivity- = 
no detectable immunoreactivity.  
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Figure 7.1. Immunocytochemical localization of caveolin-1 

 
 
a) PrSC and b) PrEC, showed strong immunoreactivity for cav-1.  c) LNCaP cells exhibited 
no detectable immunostaining, whereas d) PC3 cells exhibited pitted membrane 
immunostaining. e) Negative controls in which the primary antiserum was replaced with 
normal rabbit IgG were always included, epithelial cells are shown. Bars = 50µm 
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Figure 7.2. Immunocytochemical localization of caveolin-2 

 
 

Immunolocalization of cav-2. a) PrSC, b) PrEC c) PC3 cells and d) LNCaP cells. e) 

Negative controls in which the primary antiserum was replaced with normal rabbit IgG 

were always included, stromal cells are shown. Bar = 50µm.   
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Figure 7.3. Immunocytochemical localization of PTRF 

 
 

Immunoreactivity was observed in a) PrSC, and b) PrEC. Weak staining was seen in c) 

LNCaP cells, but no immunoreactivity was observed in d) PC3 cells. e) Negative controls 

in which the primary antiserum was replaced with normal mouse IgG were always 

included, stromal cells are shown. Bar = 50µm.  
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Western blot analysis of cells 
Western blots showed an immunoreactive band at 20kDa for cav-1 (Fig 7.4a) 

and cav-2 at 22kDa (Fig 7.4b). A single band of PTRF immunoreactivity was seen 

at 48kDa (Fig 7.4c). The loading control α-tubulin confirmed that there was similar 

protein loading in each lane (Fig 7.4d). 

 When bands were quantified using densitometry then there was significantly 

different expression of cav-1 (Fig 7.5a, ANOVA, P = 0.0004) and cav-2 (Fig 7.5b 

ANOVA, P = 0.0028) between the cell types. Most noticeable was the decrease in 

both cav-1 and cav-2 in LNCaP cells compared with PrSC, PrEC and PC3 cells. A 

significant increase of cav-2 in PC3 cells compared to the other PrEC and LNCaP 

cells (P<0.0001) was observed. PTRF was detected in PrSC and PrEC, but not the 

malignant cell lines (Fig 7.5c). Loading control α-tubulin showed no significant 

differences (Fig 7.5d; ANOVA, P = 0.99).  

Figure 7.4  Western blots of cells showing caveolin and PTRF expression 

 
 

Western blots of PrEC, PrSC, LNCaP and PC3 cells incubated with a) cav-1, b) cav-2 c) 

PTRF. d) α-tubulin was used as a loading control.  50 x 103 cells were loaded in each lane. 

 
 

PrSC       PrEC      LNCaP       PC3!

a) cav-1  20kDa!

b) cav-2  20kDa!

c) PTRF  48kDa!

d) !-tub  56kDa!
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Figure 7.5  Western blot analysis of cav-1, -2 and PTRF in prostate cells 

 
a) Western blot analysis of cav-1 in cells. n=4  
b)  Western blot analysis of cav-2 in cells. n=3  
c)  Analysis of PTRF in cells. n=3  
d)  α-Tubulin was used as a loading control. n= 5 
Bars represent mean  +  S.E.M * P<0.05, ** P<0.01, *** P<0.001 
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Double immunofluorescence for caveolin and PTRF in cells 
 Immunoreactivity for cav-1 and PTRF was co-localized in stromal cells on the 

cell membrane in a punctate pattern (Fig 7.6a-c). In PrEC (Fig 7.6d-f) there was 

some co-localization for cav-1 and PTRF, at the cell surface. PTRF, but not cav-1, 

was also expressed in the nucleus. LNCaP cells showed neither cav-1 

immunofluorescence nor immunoreactivity for PTRF (Fig 7.6g-i). 

Immunofluorescence for cav-1 was seen in PC3 cells, but no PTRF 

immunostaining was observed (Fig 7.6j-l).  

Double immunofluorescence for cav-2 and PTRF showed a similar staining 

pattern to cav-1 and PTRF with co-localization observed on the cell surface in 

stromal (Fig 7.7a-c) and epithelial cells (Fig 7.7d-f). In LNCaP cells, there was no 

caveolin or PTRF expression (Fig 7.7g-i). Cav-2 immunofluorescence was seen in 

PC3 cells, but no immunofluorescence for PTRF was detected (Fig 7.7j-l).  

Double immunofluorescence for caveolin and OTR in cells 
Immunoreactivity for cav-1 and OTR was co-localized to the cell surface in 

stromal cells (Fig 7.8a-c). Caveolin-1 was strongly clumped along the cell margins 

in the epithelial cells whereas OTR was seen on the cell surface (Fig 7.8d-f). 

LNCaP cells did not express cav-1 (Fig 7.8g), but did express OTR in the 

cytoplasm (Fig 7.8h-i). Immunoreactivity for cav-1 and OTR was strongly co-

localized in the cell membrane of PC3 cells (Fig 7.8j-l). 

There was strong co-localization for cav-2 and OTR in the cell surface in normal 

stromal cells (Fig 7.9a-c). In epithelial cells, (Fig 7.9d-f) as in cav-1, there was 

patchy co-localization for cav-2 and OTR along the cell margins. LNCaP cells 

showed no detectable immunoreactivity to cav-2 (Fig 7.9g) but did express OTR in 

the cytoplasm (Fig 7.9h-i). There was co-localization between cav-2 and OTR in 

the cell membrane of the PC3 cells along with distinct regions of OTR staining (Fig 

7.9j-l).  
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Double immunofluorescence for OTR and PTRF in cells 
There was strong co-localization for OTR on the cell surface and PTRF in the 

nucleus in PrEC (Fig 7.10a-c). Immunostaining of OTR was seen in PC3 cells but 

no immunofluorescence for PTRF was detected (Fig 7.10d-f).  

Double immunofluorescence for OTR and AR in cells 
Immunoreactivity for AR was seen in the nucleus whereas OTR was seen on the 

cell membrane of the stromal cells (Fig 7.11a-c). In PrEC, the AR was localized to 

the cell nucleus and OTR was localized on the cell membrane (Fig 7.11d-f). Both 

LNCaP (Fig 7.11g-i) and PC3 cells (Fig 7.11j-l) showed strong nuclear and 

cytoplasmic co-localization of AR and OTR as the AR immunoreactivity was also 

seen on the cell surface. 

Double immunofluorescence for caveolin and AR in cells 
Double immunofluorescence in stromal cells for cav-1 and AR showed AR 

staining in the nucleus and strong cav-1 staining on the cell membrane (Fig 7.12a-

c). In the epithelial cells, there was AR staining in the nucleus with some co-

localization with caveolin in the cytoplasm (Fig 7.12d-f). The LNCaP cells lacked 

detectable cav-1 staining but showed strong AR staining throughout the cells (Fig 

7.12g-i). The PC3 cells showed fragmented AR staining but also some co-

localization on the cell surface (Fig 7.12j-l).  

Double immunofluorescence for cav-2 and AR showed a similar picture to cav-

1. In stromal cells, there was AR staining in the nucleus and strong cav-1 staining 

on the cell membrane (Fig 7.13-c). In the epithelial cells there was AR staining in 

the nucleus and cav-2 staining in the cytoplasm that seemed quite distinct from 

each other (Fig 7.13d-f). The LNCaP cells lacked detectable cav-2 staining but 

showed strong AR staining throughout the cells (Fig 7.13g-i). The PC3 cells 

showed fragmented AR staining but also some co-localization on the cell surface 

(Fig 7.13j-l). A summary of results on cells is provided in Table 8.2. 
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Figure 7.6. Double immunofluorescence for cav-1 and PTRF  

 
Immunofluorescence for cav-1 (in green, a, d, g, j) and PTRF (in red, b, e, h, k) with co-

localization (c, f, i, l) seen as yellow. In PrSC (a-c), there was strong co-localization on the 

cell membrane. In PrEC (d-f), PTRF was strongly localized around the nucleus (white 

arrow).  LNCaP cells (g-i) showed no immunoreactivity for PTRF or cav-1.  PC3 cells 

expressed cav-1 (j) but not PTRF (k). Bars = 50µm. 
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Figure 7.7. Double immunofluorescence for cav-2 and PTRF  

 
 

Immunofluorescence for cav-2 (in green, a, d, g, j) and PTRF (in red, b, e, h, k) with co-
localization (c, f, i, l) seen as yellow. There was some co-localization on the cell membrane 
of PrSC (a-c). In PrEC (d-f), PTRF was strongly localized around the nucleus. LNCaP (g-i) 
showed no immunoreactivity for PTRF or cav-2. PC3 cells (j-l) expressed cav-2 but not 
PTRF. Bars = 50µm 
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Figure 7.8. Double immunofluorescence for cav-1 and OTR 
 

 
Cav-1 (in red, a, d, g and j) and OTR (in blue, b, e, h and k) with co-localization (c, f, i and 
l) seen as purple. In PrSC (a-c), there was strong co-localization on the cell membrane. In 
PrEC (d-f), cav-1 was strongly localized around the cell margin. LNCaP cells showed no 
immunoreactivity for (g) cav-1 but expressed (h) OTR. PC3 cells (j-l) showed co-
localization with cav-1 and OTR. Bars = 50µm.  
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Figure 7.9. Double immunofluorescence for cav-2 and OTR 
 

 
 
Immunofluorescence for cav-2 (in red, a, d, g, j) and OTR (in blue, b, e, h, k) with co-
localization (c, f, i, l) seen as purple.  There was strong co-localization on the cell 
membrane of PrSC (a-c) and PrEC (d-f), LNCaP showed no immunoreactivity for (g) cav-
2, but expressed (i) OTR. PC3 cells (j-l) showed co-localization on the cell margin. Bars = 
50µm  
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Figure 7.10. Double immunofluorescence for OTR and PTRF 
 

 
 
 
 
 
 

Double immunofluorescence for OTR and PTRF. OTR (in green a, d) and PTRF (in red, b, 
e) with co-localization (c, f) seen as yellow. In PrEC (a-c), OTR was expressed in the cell 
cytoplasm, whereas PTRF was around the cell nucleus. PC3 cells (d-f) showed no 
expression for PTRF but strongly expressed OTR. Bars = 50µm. 

a)!

b)! c)!

d)!

e)! f)!
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Figure 7.11. Double immunofluorescence for AR and OTR 
 

 
 

Double immunofluorescence showed AR (in red, a, d, g and j) and OTR immunoreactivity 

(in blue, b, e, h and k) with co-localization (c, f, i and l) seen as purple. In PrSC (a-c), there 

was strong nuclear staining for AR. In PrEC (d-f), AR was strongly localized in the nucleus 

and OTR on the cell membrane. LNCaP cells and PC3 cells (j-l) showed co-localization 

with AR and OTR and the AR was not just present in the cell nucleus. Bars = 50µm.  

 



 

 199 

Figure 7.12. Double immunofluorescence for cav-1 and AR  

 
 

Double immunofluorescence for cav-1 (in green, a, d, g, j) and AR (in red, b, e, h, k) with 

co-localization (c, f, i, l) seen as yellow. In PrSC (a-c), there was staining on the cell 

membrane for cav-1 and in the nucleus for AR. In PrEC (d-f), AR was strongly localized to 

the nucleus.  LNCaP cells (g-i) showed no immunoreactivity for cav-1, but strong 

cytoplasmic and nuclear staining for AR. PC3 cells expressed cav-1 on the cell membrane 

(j) and AR staining in the nucleus with patches of co-localization (k). Bars = 50µm. 

a)!

b)! c)!

g)!

h)! i)!

j)!

k)! l)!

d)!

e)! f)!
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Figure 7.13. Double immunofluorescence for cav-2 and AR 

 
 

Double immunofluorescence for cav-2 (in green, a, d, g, j) and AR (in red, b, e, h, k) with 

co-localization (c, f, i, l) seen as yellow. In PrSC (a-c), there was staining for cav-2 on the 

cell membrane and for AR in the nucleus. In PrEC (d-f), AR was strongly localized around 

the nucleus and cav-2 on the cell membrane where some co-localization was seen. LNCaP 

cells (g-i) showed no immunoreactivity for cav-2, but strong staining for AR.  PC3 cells 

expressed cav-2 that was strongly co-localized with AR (j-k). Bars = 50µm.  
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7.4 Tissue Results 
A qualified pathologist divided the human prostate tissue into groups according 

to the Gleason grade. The well differentiated tissue with a low Gleason grade 

architechurally had early malignant changes with epithelial cells still confined 

within the cell membrane.  The poorly differentiated tissue had a high Gleason 

grade with disorganized epithelial cells that had invaded the surrounding stroma 

(Figure 2.6).  

Immunohistochemistry for caveolin and PTRF in prostate tissue 
Immunoreactivity for cav-1 was seen in the basal and luminal epithelial and 

stromal cells of the hyperplastic human tissue (Fig 7.14a). Caveolin-1 was strongly 

expressed in the epithelial cells in the well-differentiated cancer tissue (Fig 7.14b) 

and throughout the tissue from patients with poorly differentiated malignant disease 

(Fig 7.14c).  

Caveolin-2 immunoreactivity was localized predominantly to the epithelial cells 

although immunoreactivity for cav-2 was strongly expressed in the basal cells of 

some, but not all patients with BPH (as confirmed with double 

immunohistochemistry with HMWCK; Fig 7.14d). Immunoreactivity for cav-2 

appeared stronger in the well-differentiated cancer (Fig 7.14e) and poorly 

differentiated malignant tissue (Fig 7.14f).  

Strong protein expression for PTRF was seen in the nuclei of the epithelial cells 

lining the lumen of the acini in patients with BPH, there was cytoplasmic 

expression in a few cells in the stromal regions of the tissue (Fig 7.14g). In well-

differentiated cancer tissue only a few immunoreactive epithelial cells were 

observed (Fig 7.14h). No immunoreactivity was observed for PTRF in poorly 

differentiated malignant tissue (Fig 7.14i).  
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Double immunofluorescent IHC for caveolae markers  
Immunoreactivity for cav-1 and PTRF was co-localized predominantly in the 

epithelial cells in normal prostate tissue (Fig 7.15a-c) and prostate tissue with BPH 

(Fig 7.15d-f). In tissue displaying well-differentiated carcinoma (Fig 7.15g-i) only a 

few cells expressed co-localization between cav-1 and PTRF (white arrows). The 

intensity of the cav-1 immunofluorescence was increased in poorly differentiated 

malignant disease whereas the PTRF immunostaining was significantly decreased 

(Fig 7.15j-l).  

Double immunofluorescence between cav-2 and PTRF showed a similar staining 

pattern to cav-1 and PTRF with co-localization seen in normal prostate tissue (Fig 

7.16a-c) and in the BPH tissue (Fig 7.16d-f) and only a few cells seen in the well-

differentiated tissue (Fig 7.16g-i, white arrows). The intensity of the cav-2 

immunofluorescence appeared to have increased in the poorly differentiated tumor 

tissue and was accompanied by a decrease in PTRF immunostaining (Fig 7.16j-l).  

Double immunofluorescence for OTR and PTRF in prostate tissue 
Double immunofluorescence for OTR and PTRF in the prostate tissue showed 

no co-localization in the epithelial or stromal cells in the normal tissue (Fig 7.17a-

c). In the BPH tissue (Fig 7.17d-f) there was strong co-localization in the nucleus 

and weaker co-localization in the cell membrane of the epithelial cells, and in the 

stromal cells. In the well-differentiated tissue (Fig 7.17g-i) there was a lower level 

of epithelial expression of PTRF that was lost completely in the poorly 

differentiated tissue (Fig 7.17j-l). 

Double immunofluorescence for OTR and caveolin in prostate 

tissue 
Double immunofluorescence between OTR and cav-1 in the prostate tissue 

showed strong co-localization in the epithelial cells whereas the stromal cells 

showed some co-localization in the normal tissue (Fig 7.18a-c) and in the BPH 
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tissue (Fig 7.18d-f). In the well-differentiated tissue (Fig 7.18g-i) and in the poorly 

differentiated cancer tissue (Fig 7.18j-l) there was some co-localization throughout 

the tissue. 

Double immunofluorescence for OTR and cav-2 showed a similar staining 

pattern in the prostate tissue with strong co-localization in the epithelial cells 

whereas the stromal cells showed some co-localization in the normal (Fig 7.19a-c) 

and in BPH tissue (Fig 7.19d-f). In well-differentiated tissue (Fig 7.19g-i) and in 

poorly differentiated cancer tissue (Fig 7.19j-l) there was some co-localization. 

Double Immunofluorescent immunohistochemistry for OTR and 

AR 
Double immunofluorescence for OTR and AR in the prostate tissue showed 

strong co-localization in the epithelial cells whereas the stromal cells showed some 

co-localization in normal tissue (Fig 7.20a-c) and BPH tissue (Fig 7.20d-f). In the 

well-differentiated (Fig 7.20g-i) and in the poorly differentiated cancer tissue (Fig 

7.20j-l) there was discrete localization of the two receptors throughout the tissue. 

A summary of double immunofluorescence results on tissue is provided in Table 
7.3. 

Cav-2 expression in the basal cells  
Protein expression for cav-2 was seen in the basal cells lining the lumen of the 

acini in some patients with BPH (Fig 7.21a). Expression for cav-2 was stronger in 

those patients diagnosed with basal cell hyperplasia (Fig 7.21b) where expression 

for HMWCK immunostaining was also strong (Fig 7.21c). There was no staining 

seen in the negative control (Fig 7.21d). 

Double immunofluorescence using (Fig 7.21e) cav-2 and (Fig 7.21f) HMWCK 

showed that there was strong co-localization in the basal cells of patients diagnosed 

with basal cell hyperplasia (Fig 7.21g). 
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Figure 7.14.  Immunohistochemistry for caveolin and PTRF in prostate tissue 

 
 
Immunostained sections showed cav-1 immunoreactivity in stromal and epithelial cells in 
a) BPH, b) well differentiated carcinoma and c) poorly differentiated prostate cancer tissue.  
Cav-2 immunoreactivity in d) BPH, e) well differentiated and f) poorly differentiated 
prostate cancer tissue. PTRF expression was observed in epithelial and stromal cells in g) 
BPH. A few epithelial cells (arrows) displayed immunoreactivity in h) well differentiated 
carcinoma, no immunoreactivity was observed in i) poorly differentiated prostate cancer 
tissue. Rabbit or mouse IgG was used as a negative control (j-l). Bars = 50µm.  

Cav-1!

Cav-2!

PTRF!

a! b! c!

d!

h!g! i!

Neg!

e! f!

k!j! l!
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Figure 7.15. Double immunofluorescence for cav-1 and PTRF in tissue 

 
Immunofluorescence for cav-1 (a, d, g and j) and PTRF (b, e, h and k) with co-localization 
(c, f, i and l) seen as yellow. There was strong co-localization in normal prostate tissue (a-
c) and in BPH  (d-f), which diminished in well-differentiated cancer tissue (g-i, see 
arrows). In poorly differentiated cancer tissue (j-l), PTRF immunoreactivity was absent in 
both stroma and epithelium. Bars = 50µm.  
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Figure 7.16. Double immunofluorescence for cav-2 and PTRF in tissue 

 
Immunofluorescence for cav-2 (a, d, g and j), PTRF (b, e, h and k) with co-localization (c, 
f, i and l) seen as yellow. There was strong co-localization observed in normal prostate 
tissue (a-c) and in BPH  (d-f) which diminished in well-differentiated cancer tissue (g-i, see 
arrows). In poorly differentiated cancer tissue (j-l), PTRF immunoreactivity was absent 
whereas cav-2 was increased. Bars = 50µm. 
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Figure 7.17. Double immunofluorescence for OTR and PTRF in tissue 
 

 
 
Immunofluorescence for OTR (in green a, d, g and j), PTRF (in red b, e, h and k) with co-
localization (c, f, i and l) seen as yellow. There was very little co-localization observed in 
normal prostate tissue (a-c) there was some co-localization in BPH  (d-f) which increased 
in well-differentiated cancer tissue. In poorly differentiated cancer tissue (j-l), PTRF 
immunoreactivity was decreased whereas OTR was still expressed. Bars = 50µm.  
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Figure 7.18. Double immunofluorescence for OTR and cav-1 in tissue 
 

 
 
Immunofluorescence for OTR (in blue a, d, g and j) and cav-1 (in red b, e, h and k) with 
co-localization (c, f, i and l) seen as purple. There was co-localization observed in normal 
prostate tissue (a-c) and in BPH (d-f). The co-localization was also seen in well-
differentiated cancer tissue (g-i) and in poorly differentiated cancer tissue (j-l). Bars = 
50µm.  
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Figure 7.19. Double immunofluorescence for OTR and cav-2 in tissue 
 

 
 
Immunofluorescence for OTR (in blue a, d, g and j ) and cav-2 (in red b, e, h and k) with 
co-localization (c, f, i and l) seen as purple. There was co-localization observed normal 
prostate tissue (a-c) and in BPH  (d-f). The co-localization  was strong in well-
differentiated cancer tissue (g-i) and in poorly differentiated cancer tissue (j-l). Bars = 
50µm.   



 

 210 

Figure 7.20. Double immunofluorescence for OTR and AR in tissue 

 
 
Immunofluorescence for OTR (in green a, d, g and j ) and AR (in red b, e, h and k) with co-
localization (c, f, i and l) seen as yellow. There was some co-localization observed in 
normal prostate tissue (a-c). In BPH (d-f) there was OTR staining in the epithelium and AR 
staining in the stroma of the tissue. There was discrete staining in well-differentiated cancer 
tissue (g-i) and in poorly differentiated cancer tissue (j-l). Bars = 50µm. 
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Figure 7.21. Immunohistochemistry for cav-2 in basal cell hyperplasia 
 

 
 

Cav-2 in a) BPH and in b) basal cell hyperplasia.  HMWCK in c) basal cell hyperplasia and 

d) mouse IgG used as a negative control Bar = 10mm.  e) Cav-2 immunofluorescence and 

f) HMWCK in basal cell hyperplasia show strong co-localization in yellow g) Bar = 50µm.  
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Western blots of prostate tissue 
Western blots showed an immunoreactive band at 20kDa for cav-1 (Fig 7.22a) 

and cav-2 at 22kDa (Fig 7.22b). A single band of PTRF immunoreactivity was seen 

at 48kDa (Fig 7.22c). The loading control α-tubulin confirmed that there was 

similar protein loading in each lane (Fig 7.22d). 

There was significantly different expression of cav-1 between BPH and 

undifferentiated prostate cancer (Fig 7.23a, ANOVA, P = 0.03). There was a 

significant increase of expression of cav-2 in undifferentiated malignant tissue 

compared to BPH (Fig 7.23b ANOVA, P = 0.03). A significant decrease of PTRF 

in malignant tissue compared to BPH tissue (Fig 7.23c ANOVA, P = 0.0140) was 

observed. The loading control α-tubulin showed no significant differences (Fig 

7.23d, ANOVA, P = 0.99).  

Figure 7.22 Western blots of prostate tissue  
BPH     Poorly diff   Well diff 

 
 

Western blots of BPH, poorly differentiated and well differentiated protate cancer tissue 

incubated with a) cav-1, b) cav-2 c) PTRF and d) α-tubulin was used as a loading control.  

200µg of protein were loaded in each lane.  

!

a) Cav-1   20kDa       !

!

!

!

b) Cav-2  20kDa!

!

!     !

c) PTRF   48kDa!

  !

!

d) !-tub   56kDa!
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Figure 7.23. Western blot analysis of  caveolin and PTRF in BPH and cancer tissue 
 

 
 

a)  Analysis of caveolin-1 in tissue. n=3  

b)  Western blot analysis of caveolin-2 in tissue. n=6,7,5.  

c)  Incubation of Western blot for PTRF. n=10,7,7. 

d)  α-Tubulin was used as a loading control n= 8  

BPH = benign hyperplastic prostate tissue; Diff = well differentiated prostate cancer tissue; 

Undiff = poorly (or undifferentiated) prostate cancer tissue 

Bars signify mean + S.E.M. *P< 0.05. 
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Table 7.2. Summary of findings from co-localization studies in prostate cells  
Cells PrSC PrEC LNCaP PC3 

i    cav-1 and PTRF Y Y N N 
ii   cav-2 and PTRF Y Y N N 
iii  cav-1 and OTR Y Y N Y 
iv  cav-2 and OTR Y Y N Y 
v   OTR and PTRF Y  Y N N 
vi  AR and OTR N N Y  Y  

vii  cav-1 and AR N N Y Y 
viii  cav-2 and AR N N Y Y 

Y= col-localized; N=not co-localized; 

Table 7.3. Summary of findings from co-localization studies in prostate tissue 
Tissue Normal BPH Well diff Poorly diff 

i    cav-1 and PTRF Y Y  N 
ii   cav-2 and PTRF Y Y  N 
iv   OTR and PTRF   N   Y     N 
v  cav-1 and OTR Y Y 

 

 
 

 
iii  cav-2 and OTR Y Y 

 

 
 

 
vi  AR and OTR   Y   

 

 
 

 
Y= col-localized; N=not co-localized; 
() = increased expression; () = decreased expression 
 

7.5 Discussion 
The aim of this study was to investigate the expression of proteins associated 

with caveolae and changes in their co-localization with OTR and AR in normal and 

malignant cells and tissues. It was hypothesized that there would be a decrease in 

PTRF expression with the progression of CaP. Furthermore, the co-localization of 

OTR, AR, caveolin and PTRF would alter between normal and malignant cell types 

and that changes seen in vitro would be confirmed in prostate tissue.  

PTRF expression in cell lines and prostate tissue.   

PTRF has been shown to be required for the formation of caveolae [Hill et al, 

2008]. PTRF expression was lost in cancer cells and in cancer tissue and the loss of 

PTRF mirrored the loss of caveolae in cells. This confirms Hill et al [2008] study 

that PTRF is a marker of caveolae. The fact that similar changes are seen in both in 

cells and in cancer tissue suggests that in vitro findings also occur in vivo. 
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Immunoreactivity for PTRF was observed in both stromal and epithelial cells 

and in tissue from patients with BPH. Interestingly decreased expression of PTRF 

occurred not only in the epithelial cells but also in the stromal cells in CaP 

suggesting that malignant epithelial cells may alter the expression patterns of the 

surrounding stromal cells. Interaction between stromal and epithelial tissues has 

already been hypothesized and Olumi and colleagues [Olumi et al, 1999] have 

shown that stroma from malignant prostate tissue may play an active role in tumor 

progression. 

Although cav-1, -2 and PTRF were expressed in BPH tissue, the 

immunostaining for caveolin proteins was seen to increase, whereas PTRF 

expression was seen to decrease with the progression of CaP. This gives supporting 

evidence to the key role of PTRF in caveolae structures in malignant cells as 

described earlier (chapter 6). PTRF is required for caveolae formation and lack of 

PTRF expression correlates with the lack of caveolae structures.  

Caveolin-2 expression is up regulated in prostate cancer.  

These results show that in prostate cancer cav-2 is not associated with caveolae as 

while PTRF and caveolae were lost in PC3 and CaP tissue, cav-2 expression was 

not reduced. Changes in cav-1 have previously been documented [Sowa et al, 2001] 

but our data provide first evidence that cav-2 may also change and suggest that the 

up regulation of cav-2 may be greater than that of cav-1.  

Up regulation of both cav-1 and cav-2 has been associated with the development 

of more aggressive tumors in women with breast cancer [Elsheikh et al, 2008]. The 

biological significance of increased expression of caveolin is unclear. Caveolin-1 

has been shown to decrease apoptosis [Nasu et al, 1998] and it is not clear whether 

cav-2 has a similar effect. In patients with breast cancer, studies have shown that 

both cav-1 and cav-2 are associated with breast tumors that are basal-like and those 

that lack steroid hormone receptor positivity (triple-negative phenotype) [Elsheikh 

et al, 2008]. Univariate analysis showed that only cav-2 has a prognostic impact on 

breast cancer-specific survival [Elsheikh et al, 2008]. Further studies are 
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recommended to determine whether cav-1 and -2 play a role in CaP development or 

are just markers for the basal cells.  

Tissue from patients with BPH showed abundant stromal cav-1 immunostaining 

whereas CaP showed an absence of stromal cav-1. This directly correlates with CaP 

disease progression, as metastatic tumors have been described as negative for 

stromal cav-1 immunostaining [Di Vizio et al, 2009 ]. 

The changes in caveolin expression in LNCaP cells do not mirror the effects seen in 

tissue from patients with well differentiated CaP. Low passage androgen sensitive 

LNCaP cells do not express caveolin, but at higher passages these cells become 

androgen insensitive and caveolin expression has been detected [Tahir et al, 2001]. 

Our findings confirm previous studies showing a decrease in cav-1 in these cells 

[Sowa et al, 2001] and also demonstrate a loss of cav-2 expression. The reasons for 

these changes are not clear but reinforce the need for caution in interpreting data 

from in vitro cell line studies in isolation. 

OTR is associated with cav-1 in PrEC cells.  

Guzzi et al, [2002] investigated the functional localization of human OTR within 

caveolae of MDCK cells and concluded that the fraction of OTR residing in 

caveolar structures may play a role in regulating cell proliferation [Guzzi et al, 

2002]. In stromal cells that express large numbers of caveolae (chapter 6) there was 

a high degree of co-localization seen between OTR and cav-1 and -2. PrEC showed 

a different staining pattern as there was co-localization on the margins of the cells 

where cav-1 was expressed, but the remainder of the cell also expressed OTR. In 

malignant cells and cancerous tissue, OTR still shows a strong co-localization with 

caveolin protein suggesting that even though caveolae are lost OTR is in some way 

associated with caveolin proteins. In this study, there is evidence that the location 

of the OT receptor within the cell membrane dictates the outcome of agonist 

binding. In the malignant cells, there was a strong co-localization of cav-1 and -2 

with OTR.  With the loss of the caveolae structures, OTR (and other GPCRs) 
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would have to move on to the cell membrane and this may be under the stimulation 

of OT and androgens. 

Relationship between OTR and AR changes as the cancer progresses.  

In the stromal and epithelial cells, OTR is on the membrane and AR is mainly 

nuclear and little co-localization is observed. However, in the malignant cell types, 

OTR and AR appear to co-localize. This has been seen by other researchers [Tyagi 

et al, 2000; Herbert et al, 2007]. With cancer progression, there is a movement of 

AR and it is seen in the nucleus and also in the intracellular compartment in both 

cells and tissue. There is clear evidence of OT and androgens having a close 

functional relationship through OT interactions with 5αR [Assinder, 2008]. The 

presence and co-localization of both OTR and AR in prostate is of particular 

interest given evidence that they both influence carcinogenesis [Emmer et al, 2003; 

Loddenkemper et al, 2003; Suzuki et al, 2003; Hursti et al, 2005; Mechsner et al, 

2005; Pequeux et al, 2005; Cassoni et al, 2006a; Cassoni et al, 2006b; Pelosi et al, 

2006; Nicholson et al, 2007b; Whittington et al, 2007; Sendemir et al, 2008]. 

Androgens can modulate the proliferative effect of OT [Whittington et al, 2007]. 

The extensive co-localization of OTR and AR in the malignant cells rather than the 

normal cell lines supports our hypothesis that receptors for both may interact 

[Caldwell et al, 2003].  

Relationship between PTRF and OTR in prostate cancer tissue.   

There was an interesting relationship when looking at PTRF expression in relation 

to OTR. Initially, in the normal human tissue, most of the staining for OTR and 

PTRF was separate and distinct, but as the disease progressed to a well-

differentiated malignant state, the degree of co-localization increased, until PTRF 

disappeared altogether in the undifferentiated tissue. PTRF defines caveolae 

formation in which some OTR reside, as the caveolae structures were lost then the 

areas of co-localization became less discrete and more diffuse as presumably the 

OTR moves to the flat cell membrane rather than in caveolae. A similar relationship 

is seen with immunostaining with cav-1 or cav-2 and OTR as there was a loss of 
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discrete co-localization that is seen in the normal and BPH tissue into the intensely 

co-localized disorganized malignant tissue.  

Caveolin and androgen receptors  

In the PrEC and PC3 cells co-localization between the caveolin and AR was 

observed in agreement with published data [Lu et al, 2001]. Caveolin has been 

implicated in the progression of CaP, in that overexpression of cav-1 increases 

ligand-dependent AR membrane activation. Co-immunoprecipitation experiments 

demonstrated that interaction between AR and caveolin-1 is an androgen-dependent 

process [Lu et al, 2001].  

Caveolin-1 is an AR co-regulator and Cav-1 has been shown to increase AR 

activity and increase tumor cell survival and facilitate rapid, non-genomic AR 

signalling at the cell membrane [Li et al, 2001a]. Caveolin-1 enhances androgen-

bound AR-mediated transcription in human embryonic kidney (HEK293) cells [Lu 

et al, 2001] and anti-sense cav-1 inhibits the survival effects of T and converts 

castrate-resistant metastatic mouse prostate cancer cells to an androgen-sensitive 

phenotype [Nasu et al, 1998].  

Caveolin-1 affects the activity of AR and kinase signalling cascades indirectly 

[Bennett et al, 2009] by inhibiting the serine/threonine protein phosphatases, PP1 

and PP2A. Akt and ERK1/2 hyperphosphorylate AR in androgen independent CaP, 

increasing AR activity in an environment of low androgens, activating AR without 

ligand [Yeh et al, 1999]. AR has been shown to localize to caveolin-negative lipid 

rafts and interact with Akt independently of PI3K90 in LNCaP cells [Zhuang et al, 

2002].  

7.6 Conclusion 
The aim of this study was to investigate the co-localization of proteins associated 

with caveolae and the expression of OTR, AR, ERs and the changes in co-

localization that occur with the development and progression of CaP. This study 

demonstrates that changes in the cell membrane involving caveolin and PTRF 
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expression occur in CaP. The loss of PTRF expression mirrors the loss of caveolae-

like structures in the previous chapter. OTR was seen to initially co-localize in 

discrete areas with caveolae markers in the normal and BPH tissue but co-

localization decreased as the cancer progressed. There may also be an increase in 

co-localization of OTR and AR that was seen in the prostate cancer cells.There was 

also an up-regulation of cav-2 in PC3 cells and CaP. The next chapter will 

determine where the OTR co-localization changes in the prostate cancer in response 

to treatment with OT and or androgens. 
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8 Co-localization of OTR with 
caveolin and PTRF in normal and 
prostate cancer cell lines and 
tissues 

8.1 Introduction   
Caveolae number are lost in the malignant prostate cancer cells compared to the 

PrEC (chapter 7). In PrEC, normal and BPH tissue, some OTR co-localizes with 

PTRF and caveolin (chapter 7), suggesting the presence of OTR in caveolae. 

Expression of the OTR remains in prostate cancer cell lines and tissue.This raises 

the question whether with the loss of caveolae, OTR is present in lipid rafts or on 

raft membrane. The activation of OTR sometimes stimulates and other times 

inhibits proliferation and this could be related to location of the OTR and whether 

they are localized to the caveolae or to the cell membrane  [Guzzi et al, 2002; 

Rimoldi et al, 2003]. Earlier in this thesis we have shown that OTR stimulates 

proliferation of PC3 cells in the presence of either OT or steroids but that when OT 

is administered with androgen or estrogen this effect is lost.  

Flat lipid rafts are microdomains of the cell membrane that contain high 

concentrations of cholesterol and sphingolipids [Simons et al, 1997]. Lipid domains 

can be isolated from all cells, including cells that do not express caveolae [Fra et al, 

1995]. They differ from caveolae in that they do not express the protein caveolin 

and they are flat rather than invaginated [Kenworthy et al, 2000; Pike, 2003; 

Simons et al, 2000; Tuosto et al, 2001].  
Caveolae are specialized lipid rafts and the localization of signalling proteins, 

which like OTR, can be associated with lipid rafts, caveolae or both. Some 

researchers consider caveolae as a subset of lipid rafts that are defined as containing 

caveolin, whereas other researchers consider them to be completely separate 
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entities and functionally distinct from each other [Simons et al, 2010]. In this 

study, in normal cells, caveolae structures are defined by the presence of caveolin 

protein and PTRF.  

This experiment investigated the localization of OTR in relation to caveolin and 

lipid rafts in PrEC and malignant PC3 cells and determined if treatments with OT 

alone or with DHT, T, E, R1881 and Tamoxifen affected localization. 
It is hypothesised that: 
i)  Localization of OTR, with respect to lipid rafts, will differ in the PrEC cells 

compared to the malignant PC3 cells 

ii) In PC3 cells OTR localization will be affected by changes in OT alone or 

androgen concentrations and that treatment with OT + steroids will decrease this 

effect 

Due to time contsraints it was not possible to study the effects of both cav-1 and 

-2. In these experiments Cav-2 was used in preference to cav-1 as this showed more 

intense immunoreactivity (chapter 7)  and our data suggest that that there is an up-

regulation of cav-2 in poorly differentiated prostate cancer tissue (Fig7.16).  

8.2 Materials & Methods 

Cell culture 
For immunocytochemistry, cells were seeded into 24-well plates containing glass 

coverslips at a density of 3.5x103 for PC3 or 5x103 for PrEC, in a final volume of 1 

ml. Cells were cultured in their respective media in the presence of 10nmol.L-1 DHT 

that was changed every 24 hours. Normal PrEC and the malignant epithelial cell type 

(PC3) were used in these experiments.  The PrSC and LNCaP cells were not used 

because it is the normal epithelial cells (represented by PrEC) that change to become 

malignant (represented by PC3 cells).   

The prostate cell lines were treated with OT alone or in combination with T, DHT, 

E, R1881 and Tamoxifen for 4 days, (Table 8.1). Each experiment was performed 

three times. 
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Cholera Toxin 
Cholera toxin (CT) is an enterotoxin protein secreted by the Vibrio cholerae 

bacteria responsible for the harmful side effects of cholera infection [Sánchez et al, 

2008]. Cholera toxin is an oligomeric complex made up of six protein subunits 

consisting of a single copy of subunit A and a pentamer of subunit Bs. Subunit B 

will bind to GM1 gangliosides (a glycosphingolipid with sialic acids linked on the 

sugar chain) found concentrated in lipid rafts [Cuatrecasas, 1973]. The B subunit of 

CT is non-toxic. Binding of cholera toxin subunit B (CTB) is used to identify lipid 

rafts [Kenworthy et al, 2000; Blank et al, 2007].  

Table 8.1 Treatments used to determine whether OT and steroids affect co-
localization of cholera toxin, OTR and cav-2 

 

No steroid control 
 

OT 0.1nmol.L-1 
 

OT 10nmol.L-1 
 

DHT 0.1nmol.L-1 
 

OT 0.1nmol.L-1 
DHT 0.1nmol.L-1 

 

OT 10nmol.L-1  
DHT 0.1nmol.L-1 

 

DHT 10nmol.L-1 
 

OT 0.1nmol.L-1 

DHT 10nmol.L-1 

 

OT 10nmol.L-1  
DHT 10nmol.L-1 

 

T 10nmol.L-1 
 

OT 0.1nmol.L-1 

T 10nmol.L-1 

 

OT 10nmol.L-1  
T 10nmol.L-1 

 

E 5pmol.L-1 
 

OT 0.1nmol.L-1 

E 10nmol.L-1 

 

OT 10nmol.L-1  
E 10nmol.L-1 

 

T+E  
10nmol.L-1+ 5pmol.L-1 

 

OT 0.1nmol.L-1 

T+E 10nmol.L-1 

 

OT 10nmol.L-1  
T+E 10nmol.L-1 

 

R1881 10nmol.L-1 
 

OT 0.1nmol.L-1 

R1881 10nmol.L-1 

 

OT 10nmol.L-1  
R1881 10nmol.L-1 

 

Tamoxifen 
5pmol.L-1 

 

OT 0.1nmol.L-1 

Tam 10nmol.L-1 

 

OT 10nmol.L-1  
Tam 10nmol.L-1 
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Triple immunofluorescence to identify co-localization of OTR, cav-

2 and lipid rafts 
Co-localization of three proteins, OTR, cav-2 and CTB by 

immunocytochemistry involves tagging the first protein one colour (green-cholera 

toxin B) the second protein, a different contrasting colour (red-caveolin-2) and the 

third protein blue (OTR). Each colour is imaged separately, and proteins are 

deemed to be colocalized in areas where the two images overlain differs from the 

constituent colours (eg red plus green equals yellow). Caveolin-2 was used in 

preference to cav-1 in order to investigate further the increase in expression of cav-

2 in PC3 cells compared to the normal cells (chapter 7) and although cav-1 and cav-

2 generally co-express in many cell types. In prostate cancer, cav-2 was shown to 

be more up-regulated than cav-1 and therefore the results seen using cav-2 may be 

more dramatic than visualizing with cav-1.  

Lipid raft staining 
PrEC and PC3 cells were initially labelled with CTB-FITC and then fixed (see 

methods chapter 3.5.1) before continuing with the immunolabelling procedure. 

They were cooled to RT for 10 min and then at 4oC for 20 min. The cooling process 

avoided non-specific internalization of CTB-FITC which can occur when cells are 

not cooled during the staining procedure [Blank et al, 2007]. Cells were then 

incubated with 8µg/ml CTB-FITC for 30 min before being returned to 37oC/5% 

CO2 humidified incubator for 2 hrs. The CTB-FITC binding to lipid rafts can be 

inhibited by blocking the cell surface with a 10 fold concentration of CT [Blank et 

al, 2007] and this was used as a negative control. Preincubation with unlabelled CT 

(80µg/ml) was performed for 15 min before staining with CTB-FITC. Cells were 

then fixed with 2% paraformaldehyde for 10 min before continuing with 

subsequent immunolabelling. 
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Triple immunofluorescent labeling 
Fixed cells from above were blocked with 10% donkey serum (Sigma-Aldrich) 

for 30 min. The cells were then incubated with the primary antibodies; rabbit anti-

cav-2 and goat anti-OTR at 1:100 dilution in the same tube. The cells were placed 

overnight at 4oC in a humidity chamber. As a negative control, cells were incubated 

with an equivalent protein concentration of rabbit or goat IgG as appropriate. The 

cells were incubated in donkey anti-rabbit IgG, labelled with AlexaFluor 555 and 

donkey anti-goat AlexaFluor 350 (Invitrogen). After equilibrating in PBS, slides 

were coverslipped using Vectorshield mountant (H-1000, Vector Laboratories, 

Burlingame, CA USA). Slides were stored at 4oC in the dark until use.  

Image analysis 
The method based upon linear correlation analysis (Rp; Pearson's correlation 

coefficient) was used [ Cho et al, 2006; Adler et al, 2010; Wu et al, 2010] to  

quantify co-localization. Slides were viewed under an Olympus BX-51 microscope 

with a fluorescent attachment. Images were captured using the Spot imaging system 

and stored for later analysis. Data had to be lossless (TIFF 5.5MB) so that original 

images provide sufficient information to be reconstructed [French et al, 2008], 

therefore individual pixels were recorded rather than jpeg images, that average 

every line.   

Images selected for analysis had the background adjusted to black in Photoshop 

Elements 3 removing background pixel staining that can skew the data. A 10cm 

grid was applied via Photoshop elements 3 (Adobe Systems Incorp. Ca. USA) and 

was used to select a total of 10 random images each containing 1-5 cells from three 

separate experiments, with approximately 50 cells analyzed from each experiment.  

Fluorescent images for each antibody (Fig 8.1a) were converted via ImageJ 

(NIH image U. S. National Institutes of Health, Bethesda, Maryland, USA) into 

monochromatic 8-bit images with a data range of 256 values so that the pixels 

could be turned into a set of individual data collection points (Fig 8.1b). Co-
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localization calculations were made on pixels that had corresponding pixels in the 

matching image producing a co-localized image (Fig 8.1c).  

A mathematical relationship between the two variables was determined by using 

Pearson's correlation coefficient that detects linear relationships between the two 

sets of data. These are calculated automatically with ImageJ software co-

localization finder (http://rsb.info.nih.gov/ij/plugins/co-localization-finder. html).  

The analysis produces a scatter plot with a strong upwards line showing a 

posiive correlation (+1), whereas a downwards line showing a strong negative 

correlation (-1) (Fig 8.1d). Data from each of the images were entered into the 

calculations if that data point had an intensity value above image background noise 

[French et al, 2008].  

Statistics 
All statistical analyses for Pearson's correlation coefficient were performed using 

GraphPad Prism 4.0 (GraphPad Software Inc). Data are expressed as mean ± 

S.E.M. When determining significance, a one-way ANOVA was used to compare 

the effect the treatments had on each of the cell types. If a significant difference 

was determined then further analysis of a Tukeys post hoc test was used.   

A two way ANOVA determined how a response is affected by two factors. For 

example, a response to different drug treatments in both PrEC and PC3 cell type. 

Drug treatment is one factor and cell type is the other. A two way ANOVA was 

used to look at OT and cell type; DHT and cell type; physiological DHT and 

physiological and reduced levels of OT and cell type; and low levels of DHT and 

physiological and reduced levels of OT and cell type. The two-way ANOVA 

simultaneously asked three questions: Does the treatment affect the results? Does 

the cell type affect the results? Do the two factors interact?  If these were 

significant, this was followed by a post hoc Bonferroni correction test [Neter et al, 

1990] with significance set at P < 0.05.  
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Figure 8.1. Co-localization methodology demonstrated in PC3 cells  

 
 
a) Images of cells showing immunofluorescence for two separate proteins are changed into 

b) 8 bit grey scale image c) computer generated co-localization with pseudo red and green 

coloration (saturated white pixels not included in calculation) to provide a d) scatter plot of 

intensity. 

i) CTB (green) + cav-2 (red) shows good co-localization (Rp = 0.60) 

ii)  OTR (blue) + cav-2 (red) shows poor co-localization (Rp = -0.090) 
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8.3 Results 

Cholera toxin localization in prostate cells 
Cell surface immunoreactivity for CTB-FITC was seen in prostate epithelial 

cells (Fig 8.2a) but immunoreactivity was more diffuse in malignant PC3 (Fig 

8.2b). Cells incubated in 10-fold CT showed markedly reduced staining (Fig 8.2c). 

 

Figure 8.2. Cholera toxin in prostate cells 

Lipid raft staining using CTB-FITC was seen in a) PrEC and b) PC3 cells. In c) negative 

controls, staining was reduced by pre-incubation with cholera toxin. Bars = 50µm. 

 
Figure 8.3. Triple ICC for cav-2, OTR and CT in PrEC treated with OT and DHT   

a) OTR (in blue), b) cav-2 (in red), c) cholera toxin (in green), with co-localization seen in 

(d). The final image is shown in phase contrast. 

OTR Cav-2 CT Merge 

0.1 OT 

10 OT 

0.1 DHT 

10 DHT 

Neg 
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Quantification of OTR & CT co-localization in PrEC and PC3 

human prostate epithelial cells following treatment with OT 

or DHT  
One-way ANOVA analysis showed that in the PrEC cells, there was a 

significant but small increase in co-localization of OTR and CT with physiological 

concentrations of OT when compared with no treatment controls (P=0.014; Fig 

8.4a). There were no significant differences found when treating with DHT alone, 

(P=0.15; Fig 8.4b) or with DHT and OT at reduced levels (P=0.33; Fig 8.4c) or at 

physiological levels (P=0.32; Fig 8.4d). 

One-way ANOVA analysis showed that in PC3 cells, there was a significant 

increase in co-localization of OTR and CT with reduced and physiological 

concentrations of OT alone compared to control cells (P=0.0028; Fig 8.4a). There 

was a significant increase in co-localization found when treating with DHT alone, 

(P=0.0036; Fig 8.4b).  Treatment with DHT at reduced levels (P=0.0013; Fig 8.4c) 

or at physiological levels (P=0.016; Fig 8.4d) showed that there were significant 

decreases of co-localization with the addition of OT. 

A two-way repeated measures ANOVA found that OT treatment affected both 

cell type (ANOVA, P=0.0027; Fig. 8.4a) and treatment (ANOVA, P=0.0005; Fig. 

8.4a) indicating that the malignant cells showed increased co-localization of OTR 

and CT compared to PrEC cells with both concentrations of OT. There was an 

increase in co-localization of OTR and CT in PC3 cells treated with physiological 

levels of DHT alone compared to PrEC (ANOVA, P=0.033; Fig. 8.4b). PC3 cells 

showed a significant decrease in co-localization when treated with low levels of 

DHT and OT compared to normal cells (ANOVA, P=0.0049; Fig. 8.4c). There was 

a significant decrease in co-localization in the PC3 cells compared to the normal 

cell type with low levels of DHT and OT (ANOVA, P= 0.024, Fig 8.4d),  

A summary of co-localization results is provided in Table 8.2. 
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Figure 8.4. The effects of OT and DHT on OTR & CT co-localization in normal 
(PrEC) and malignant (PC3) human prostate epithelial cells 

 
 

a) The effect of OT at 0.1 and 10nmol.L-1 in the absence of steroids 
b) The effect of DHT at 0.1 and 10nmol.L-1 in the absence of OT 
c) The effects of OT with physiological concentrations of DHT 
d) The effects of OT in the presence of reduced concentrations of DHT 
Bars represent mean ± S.E.M, n =3  
One way ANOVA:  # P<0.05, @ P<0.05, @@ P<0.01. 
Two way ANOVA: * P<0.05, ** P<0.01, *** P<0.001. 
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Quantification of OTR & cav-2 co-localization in PrEC and PC3 

human prostate epithelial cells following treatment with OT 

or DHT 
One-way ANOVA analysis showed that in PrEC, there were no significant 

changes seen in co-localization of OTR and CT when treated with physiological OT 

alone (P=0.063; Fig 8.5a). There was a significant decrease found when treating 

with physiological DHT alone, (P=0.0062; Fig 8.5b). There was a significant 

increase in co-localization seen with DHT and OT at reduced levels (P=0.043; Fig 

8.5c) and DHT and OT at physiological levels (P=0.0019; Fig 8.5d). 

One-way ANOVA analysis showed that in PC3 cells, there were no significant 

changes seen in co-localization of OTR and CT with physiological OT alone 

(P=0.46; Fig 8.5a). There was a significant increase found when treating with low 

levels of DHT alone, (P=0.035; Fig 8.5b). No changes were seen with DHT and OT 

at reduced levels (P=0.2; Fig 8.5c) and DHT and OT at physiological levels 

(P=0.36; Fig 8.5d). 

Using two-way ANOVA, neither treatments with OT (ANOVA, P=0.19; Fig. 

8.5a) nor cell type (ANOVA, P=0.06; Fig. 8.5a) altered co-localization. Both cell 

types showed changes in co-localization with low levels of DHT, where increased 

co-localization was seen in PC3 cells (ANOVA, P=0.022; Fig. 8.5b). There was a 

significant decrease in co-localization in PrEC cells treated with physiological DHT 

alone (ANOVA, P=0.0006; Fig. 8.5b) that was not seen with addition of OT. There 

were no significant differences seen with low levels of DHT plus OT (Fig. 8.5c). 

There was a significant decrease in co-localization in PrEC cells treated with 

physiological DHT alone (ANOVA, P=0.0006; Fig. 8.5d) that was not seen with 

addition of OT. 

A summary of co-localization results is provided in Table 8.2. 
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Figure 8.5. The effects of OT and DHT on OTR & CT co-localization with OT in 
the presence of AWT and physiological concentrations of DHT in normal (PrEC) 
and malignant (PC3) human prostate epithelial cells 

 
a) The effect of OT at 0.1 and 10nmol.L-1 in the absence of steroids 
b) The effect of DHT at 0.1 and 10nmol.L-1 in the absence of OT 

Bars represent mean ± S.E.M, n =3  
One way ANOVA:  ### P<0.001. 
Two way ANOVA: ** P<0.005. 
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Quantification of CT & cav-2 co-localization in PrEC and PC3 

human prostate epithelial cells following treatment with OT or 

DHT 
One-way ANOVA analysis showed that in the PrEC cells, there were no 

significant changes seen in co-localization of CT and cav-2 with addition of OT 

alone (P=0.22; Fig 8.6a). There was a significant decrease found when treating with 

physiological DHT alone, (P=0.057; Fig 8.6b).  A one way ANOVA showed that in 

PrEC cells, no changes were seen with DHT and OT at reduced levels (P=0.44; Fig 

8.6c). There was a small but significant increase in co-localization seen when using 

DHT and OT at physiological levels (P=0.016; Fig 8.6d). 

One-way ANOVA analysis showed that in PC3 cells, there was a significant 

increase in co-localization of CT and cav-2 with physiological OT alone (P=0.018; 

Fig 8.6a), but not with DHT alone, (P=0.18; Fig 8.6b). A one way ANOVA showed 

that in malignant cells, there were no changes seen with DHT and OT at reduced 

levels (P=0.61; Fig 8.6c) but a significant decrease in co-localization was seen with 

DHT and OT at physiological levels (P=0.0056; Fig 8.6d). 

Using a two-way ANOVA, although there was no difference in cell type 

(ANOVA, P=0.87; Fig. 8.6a) there were differences seen between OT treatments 

(ANOVA, P=0.043; Fig. 8.6a). Both cell type (ANOVA, P=0.015; Fig. 8.6b) and 

treatment with DHT (ANOVA, P=0.048; Fig. 8.6b) showed decreased co-

localization in PrEC cells with physiological DHT alone. Two way ANOVA 

showed that no significant differences were seen with low levels of DHT plus OT 

(ANOVA, P=0.69; Fig. 8.6c). With physiological DHT, there were difference seen 

in treatment (ANOVA, P=0.014; Fig. 8.6d), and in cell type (ANOVA, P=0.0056; 

Fig. 8.6d) as PrEC showed a decrease in co-localization and PC3 cells showed an 

increase with physiological levels of DHT plus low levels of OT. 

A summary of co-localization results is provided in Table 8.2. 
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Figure 8.6. The effects of OT and DHT on CT & cav-2 co-localization 
 in normal (PrEC) and malignant (PC3) human prostate epithelial cells  

 

 
 
a) The effect of OT at 0.1 and 10nmol.L-1 in the absence of steroids 
b) The effect of DHT at 0.1 and 10nmol.L-1 in the absence of OT 
c) The effects of OT with physiological concentrations of DHT 
d) The effects of OT in the presence of reduced concentrations of DHT 
Bars represent mean ± S.E.M, n =3  
One way ANOVA:  #  P<0.05, @ P<0.05. 
Two way ANOVA: ** P<0.01. 
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Quantification of OTR & CT co-localization in PrEC and PC3 

human prostate epithelial cells following treatment with OT and T, 

R1881 E, Tam or TE 
One-way ANOVA analysis showed that in PrEC cells, there was no significant 

change seen in co-localization of OTR and CT with addition of T + OT (P=0.08; 

Fig 8.7a) or R1881 + OT  (P=0.46; Fig 8.7b) E + OT (P=0.28; Fig 8.7c), T + E 

(P=0.056; Fig 8.7d), or Tamoxifen + OT (P=0.59; Fig 8.7e). 

One-way ANOVA analysis showed in PC3 cells, there was a significant 

decrease seen in co-localization with T + physiological OT (P=0.043; Fig 8.7a). 

There was no change seen with R1881 + OT (P=0.45; Fig 8.7b), E + OT (P=0.51; 

Fig 8.7c), T + E (P=0.28; Fig 9.10d), or Tamoxifen + OT (P=0.32; Fig 8.7e). 

A two-way repeated measures ANOVA found that in PC3 cells, T plus 

physiological OT treatment decreased co-localization compared with PrEC cells 

(ANOVA, P=0.044; Fig. 8.7a). There was also a decrease in co-localization in PC3 

cells treated with R1881 plus physiological OT compared to PrEC cells (ANOVA, 

P=0.017; Fig. 8.7b). No change in co-localization was seen with any other 

treatment. 
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Figure 8.7. The effects of OT and E, Tam or T+E on OTR & CT co-localization in 
normal (PrEC) and malignant(PC3) human prostate epithelial cells 

 

 
a) The effect of OT at 0.1 and 10nmol.L-1 with 10nmol.L-1 T 
b) The effect of OT at 0.1 and 10nmol.L-1 with 10nmol.L-1 R1881 
c) The effect of OT at 0.1 and 10nmol.L-1 with 5pmol.L-1 E 
d) The effects of OT with physiological concentrations of T & E 
e) The effect of OT at 0.1 and 10nmol.L-1 with 5pmol.L-1 Tamoxifen 
Bars represent mean ± S.E.M, n =3 * P<0.05. 
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Quantification of OTR & cav-2 co-localization in PrEC and PC3 

human prostate epithelial cells following treatment with OT 

and T or R1881, E, Tam or T+E  
One-way ANOVA analysis showed that in the PrEC cells, there were no 

significant changes seen in co-localization of OTR and cav-2 with treatment with T 

+ OT (P=0.35; Fig 8.8a) or R1881 + OT  (P=0.68; Fig 8.8b), E + OT (P=012; Fig 

8.8c), T + E + OT (P=0.67; Fig 8.8d), or Tamoxifen + OT (P=0.79; Fig 8.8e). 

One-way ANOVA analysis showed that in PC3 cells, there was a significant 

decrease in co-localization of OTR and cav-2 with addition of T + OT (P=0.022; 

Fig 8.8a) or R1881 + OT (P=0.014; Fig 8.8b), E + OT (P=0.034; Fig 8.8c). There 

was no significant change seen in treatment with T + E and OT (P=0.35; Fig 8.8d), 

or Tamoxifen + OT (P=0.86; Fig 8.8e). 

Two way ANOVA showed that treatments with T affected the result (ANOVA, 
P=0.0215; Fig. 8.8a) whereas cell type did not alter co-localization (ANOVA, 
P=0.35; Fig. 8.8a).  

 
 
 
 
 
 
 
 
 
 



 

 237 

Figure 8.8. The effects of OT alone or with T, R1881 on OTR & Cav-2 co-
localization in normal (PrEC) and malignant(PC3) human prostate epithelial cells 

 
a) The effect of OT at 0.1 and 10nmol.L-1 with 10nmol.L-1 T 
b) The effect of OT at 0.1 and 10nmol.L-1 with 10nmol.L-1 R1881 
c) The effect of OT at 0.1 and 10nmol.L-1 in the presence of 5pmol.L-1 E 
d) The effects of OT with physiological concentrations of T & E 
e) The effect of OT at 0.1 and 10nmol.L-1 with  5pmol.L-1 Tamoxifen 

Bars represent mean ± S.E.M, n =3  
One way ANOVA: @P<0.05. 
Two way ANOVA: *P<0.05. 
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Quantification of CT & cav-2 co-localization in PrEC and PC3 

human prostate epithelial cells following treatment with OT 

and T or R1881, E, Tamoxifen or TE 
One-way ANOVA analysis showed that in the PrEC cells, there were no 

significant changes seen in co-localization of CT and cav-2 with addition of T + OT 

(P=0.18; Fig 8.9a) or R1881 + OT  (P=0.5; Fig 8.9b). E + OT (P=0.30; Fig 8.9c), T 

and E + OT (P=0.51; Fig 8.9d), or Tamoxifen + OT (P=0.78; Fig 8.9e). 

One-way ANOVA analysis showed that in PC3 cells, there was a decrease in co-

localization of CT and cav-2 following treatment with T with low levels of OT 

(P=0.063; Fig 8.9a). There were no significant change seen with the addition of 

R1881 + OT (P=0.44; Fig 8.9b). E + OT (P=0.22; Fig 8.9c), T + E and OT (P=0.8; 

Fig 8.9d), or Tamoxifen + OT (P=0.058; Fig 8.9e). 

A two way ANOVA showed that in cells treated with T, although there was no 
difference in cell type (ANOVA, P=0.36; Fig. 8.9a) there were differences seen 
between treatments (ANOVA, P=0.0023; Fig. 8.9b). No significant differences 
were seen in cell type or treatment with R1881. There was a significant increase in 
co-localization seen in PC3 cells treated with E and low levels of OT when 
compared to the PrEC cell type (Bonferroni, P<0.05; Fig. 8.9c). When cells were 
treated with T+E then cell type affected the result (ANOVA, P=0.025; Fig. 8.9d). 

A summary of co-localization results is provided in Table 8.2. 
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Figure 8.9 The effects of OT  alone or with T, E T+E and Tamoxifen on OTR & 
CT co-localization in normal (PrEC) and malignant (PC3) human prostate epithelial 
cells 

 
a) The effect of OT at 0.1 and 10nmol.L-1 with 10nmol.L-1 T 
b) The effect of OT at 0.1 and 10nmol.L-1 with 10nmol.L-1 R1881 
c) The effect of OT at 0.1 and 10nmol.L-1 with 5pmol.L-1 E 
d) The effects of OT with physiological concentrations of T & E 
e) The effect of OT at 0.1 and 10nmol.L-1 with 5pmol.L-1 Tamoxifen 
Bars represent mean ± S.E.M, n =3,  
One way ANOVA: @P<0.05. 
Two way ANOVA: * P<0.05. 
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Table 8.2 Summary of results of the co-localization studies 
 PrEC PC3 

 
OTR+CT  
  

OT ↑  ↑  
DHT - ↑  
AWT -   
Phys - - 

 
OTR+ cav-2  
  

OT - - 
DHT   ↑  
AWT - - 
Phys - - 

 
CT + cav-2  
  

OT - - 
DHT   - 
AWT - - 
Phys - - 

 
 
OTR+CT  

T - T + 10 nmol.L-1 OT 
R -  R1881 + 10 nmol.L-1 OT 
E - - 

TE - - 
Tam - - 
All - - 

 

 = not significant; ↑= increased co-localization; = decreased co-localization compared 

with control Phys = physiological; AWT = androgen withdrawal therapy 

8.5  Discussion 
The overall hypothesis of this thesis is that the localization of OTR in the cell 

membrane changes with development of prostate cancer.  Therefore, the aim of this 

chapter was to determine if OTR localization varies between the normal and 

malignant cell types following treatment with OT alone or with androgens and 

estrogens.  

OTR and lipid rafts 

In both PrEC and PC3 epithelial cells, there was an increase in co-localization of 

OTR with lipid rafts when cells were treated with OT alone. These results support 

the hypothesis that the OT causes the OTR to associate with the lipid rafts. The 

amount of co-localization was much greater following OT treatment in PC3 cells 

than the normal cells suporting the findings of [Whittington et al, 2007] that OTR 

stimulates proliferation in PC3 cells when localized to lipid rafts.  
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Interestingly in PC3 cells, DHT alone increased co-localization of OTR with 

lipid rafts but combination of OT and all steroids decreased co-localization. These 

changes mirrors the effects of OT and DHT on cell proliferation, with proliferation 

only occurring when the OTR is associated with lipid rafts.  

In the malignant epithelial cells, there was increased co-localization of OTR 

with lipid rafts with physiological DHT alone, suggesting that in these cells with 

DHT the OTR moves preferentially towards lipid rafts. Conversely, treatment with 

T and R1881 with physiological OT showed a decrease in co-localization of OTR 

and CT in malignant cells, as the OTR moved from lipid rafts and on to the cell 

membrane. These results suggest that this is an androgenic effect as R1881 cannot 

be converted further and both T and R1881 gave the same effect.  

OTR and cav-2 

There was no clear effect of OT and steroids on the co-localization of OTR and 

cav-2 and any changes that were observed were only small. A decrease in co-

localization was observed with DHT in  PrEC wheras DHT increased co-

localization of OTR and cav-2 in PC3 cells. T, R1881 and E all show an increase in 

co-localization in PC3 but this is lost with treatment of steroids and OT together.  

Lipid rafts and cav-2 

In PrEC, there was moderate increase in co-localization of lipid rafts and cav-2 

with all treatments. However there was no change in co-localization seen in PC3 

cells. The results suggest that some cav-2 is in lipid rafts but there is no significant 

effect of treatments on localisation of cav-2. 

Changes in co-localization of receptors can give vital insight to the function and 

importance of cell membrane structures in prostate cancer progression. Other 

researchers have shown that the type 1 insulin-like growth factor receptor (IGFR) in 

normal cells signals from the cell surface to promote proliferation and cell survival. 

Whereas in human tumor cells, the surface IGF-1R translocates to the nucleus 

following clathrin endocytosis and directly controls transcription [Aleksic et al, 

2010] and this process is stimulated by androgens [Pandini et al, 2005]. Our data 
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(Fig 8.9) shows that a reverse process happens in the AR as it is translocated from 

the nucleus where it signals as a classical AR, to the cell membrane where it 

enhances cell proliferation.  

8.6 Conclusion  
The recruitment of caveolin and expression of lipid rafts are modified within the 

mobile cell membrane by the addition of androgenic hormones, such as T [Li et al, 

2001]. The OTR moves in response to OT or steroid alone and combination of the 

treatments removes this effect. These results are very similar to the proliferation 

results. The normal cells responded towards incubation with DHT by increasing 

OTR in the lipid rafts. When DHT was given to PC3 cells there was increased co-

localization with OTR and CT. Whereas T and R1881 with physiological OT 

showed a decrease in OTR and CT in malignant cells. It may be that in cancer, with 

the loss of caveolae that the OTR moves out of lipid rafts, and that presence of T 

promotes further movement out of the lipid rafts and on to the cell membrane.  

In the next chapter, experiments were done to determine if the OTR movement 

can be detected on the surface of the cells and if this movement differs between the 

normal and malignant cell types, and if this trajectory changes when treated with T 

and OT. 
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9 Changes in the trajectory of single 
oxytocin receptor molecules in 
living PrEC and PC3 cells in 
response to oxytocin or 
testosterone 

9.1 Introduction   
In chapter 4, it was shown that the normal and malignant epithelial cells had a 

different proliferative response to treatment with OT and steroids. Specifically OT 

and DHT had no effect on proliferation in PrEC cells but OT or DHT alone 

increased proliferation in PC3 cells but this effect was lost when OT and DHT were 

administered together. The data from chapter 5 suggests that the changes in 

proliferation of PC3 cells were not mediated by changes in expression of the OTR. 

In chapter 6, it was demonstrated that normal cells express caveolae and that there 

was a loss of caveolae in the malignant cells. In chapter 8, it was shown that co-

localisation of the OTR with lipid rafts was increased  in PC3 cells following 

treatment with OT or DHT but these hormones together did not alter co-

localization.  

Together these data suggest that the OTR can both stimulate and inhibit cell 

proliferation and that the nature of the response may be determined by the location 

of the receptor in the cell membrane. In this chapter, the movement of single 

oxytocin receptor molecules in real time was investigated. 

All of the studies described so far provide a ‘snapshot’ of the localization of the 

OTR as they used immunocytochemistry on fixed cells. Whereas the cells used in 

this chapter are living. Normal PrSC cells were used for initial trials as they 

abundantly express both caveolae and caveolin protein and grow faster than PrEC. 

Normal PrEC cells were used as they express both caveolae and caveolin protein. 
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The PC3 cells were used because they show a different proliferative response to OT 

and DHT than PrEC cells. Results from chapter 6 confirmed that caveolae in PrEC 

were localized to the edge of the cells of both the apical and basal membranes. This 

information was important because if caveolae were just found in the apical 

membrane (as in MDCK cells [Kurzchalia et al, 1992] then the limitation of the 

laser penetration would have been insufficient to see them.  

This preliminary study uses Quantum dots (Qdots) for Total Internal Reflection 

Fluorescence (TIRF) microscopy to enable high-resolution imaging of single OTR 

molecules in the membranes of live cells and investigates whether treatment with 

physiological T or OT alone or together affects the movement of OTR, and if the 

response differs between PrEC and PC3 cells. 

It was hypothesised that individual OTR molecules will behave differently on the 

cell membrane of living PrEC and PC3 cells in response to OT or T alone or 

together.  

9.2 Materials & Methods 

Cell Culture 
Normal human prostate epithelial cells (PrEC) (Clonetics, BioWhittaker, UK) 

were grown in colourfree MEBM basal growth media supplemented with bullet kit 

media (Clonetics, BioWhittaker, UK). Androgen-dependent LNCaP and androgen-

independent PC3 cancer cell lines (ATCC, USA) were grown in colour free 

RPMI1640 media (Gibco, Invitrogen, USA) supplemented with 10% FBS (Thermo 

Fisher Scientific Inc. Auckland, NZ) or colourfree F12/DMEM (Invitrogen, USA) 

respectively. Cells were cultured as described in chapter 3.2. Cells were grown to 

80% confluence and harvested between passages 4-6 by trypsinization for analysis. 

Cells were seeded into 24-well plates containing 18mm round coverslips at a 

density of 3.5x103 for PC3 or 5x103 for both PrEC and LNCaP, in a final volume of 

1 ml. 
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Quantum dots 
Quantum dots (Quantum Dot Corporation Hayward, CA) were used to produce 

fluorescent signals on living cells. Quantum dots are fluorescent nanocrystal probes 

consisting of an electron-dense cadmium selenide (CdSe) core and cadmium sulfide 

shell [McPherson et al, 2001]. The properties of Qdots offer several advantages 

over conventional fluorophores. All Qdots are excited by a single broad ultraviolet 

light source <400nm. Slight increases in the size of the Qdot core change the 

emission fluorescence from deep blue (465nm) to infrared (2100nm). Qdots display 

intense photostability and resistance to metabolic degradation [Jaiswal et al, 2003; 

Ballou et al, 2004; Kirchner et al, 2005] making them suitable for tracking of single 

molecules and live cell labelling [Dahan et al, 2003].  

Total internal reflection fluorescence microscopy 
Techniques such as single-particle tracking allow the characterization of the 

movements of single molecules. When molecules are excited and detected with a 

conventional fluorescence microscope, the overwhelming background fluorescence 

swamps the resulting fluorescence from fluorophores bound to the surface. TIRF 

microscopy investigates the interaction of molecules with cell surfaces. The 

penetration depth into a cell is ~100nm.  

The basic concept of TIRF requires an excitation light beam travelling at a high 

incidence angle through the glass coverslip where the cells adhere [Burghardt et al, 

1981; Axelrod et al, 1984]. When light passes from a medium of higher to lower 

refractive index for all angles greater than the critical angle according to Snell's 

law1, then the beam of light is totally reflected from the glass/water interface, rather 

than passing through and refracting. The total internal reflection generates an 

electromagnetic field, called an evanescent wave, that propagates parallel to the 

surface in the plane of incidence creating an electromagnetic field in the liquid 

adjacent to the interface. 

                                                
1 Snell's Law equation describes how light is refracted as it travels from one medium to another 
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Figure 9.1. The concept of TIRF Microscopy 
Light waves pass through glass and are reflected at a critical angle, (θc) establishing an 

evanescent wave that travels into the cell membrane. Fluorophores are excited and emit red 

fluorescence while those further away are not excited. Refractive index = n. Image taken 

from http://www.olympusmicro.com.  

 

The evanescent wave is generated only when the incident light is totally 

internally reflected at the glass-water interface. The evanescent wave penetrates to a 

depth of only approximately 100nm into the sample medium, so fluorophores 

residing near the surface are excited by the evanescent wave whereas fluorophores 

further away from the surface are not excited, (Fig 9.1).  
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Antibody incubation 
PrEC and PC3 cells were grown on 18mm round glass coverslips and placed in a 

plastic Petri dish containing damp cotton wool. Antibody diluent and washes used 

the respective cell media for each cell type (chapter 2.2.2). All incubations were 

performed in a 5%CO2/37oC humidified incubator. The cells were incubated with 

primary antibody goat anti-OTR 1:100 (N-19; Santa Cruz Biotech Ca. USA) and 

incubated for 15 min. The OTR-N19 antibody was raised against the extracellular 

N-terminal of OTR and was used as these cells are living and were not 

permabilized. Negative control sections were incubated with an equivalent 

concentration of goat IgG. After washing in media 3 x 1 min, the cells were 

incubated in biotin conjugated F(ab’)2 fragments (fragmented upper half of 

antibody) donkey anti-goat IgG (705-066-147; Jackson Immunoresearch Labs Inc. 

Stratech Scientific Unit Suffolk, UK) for 15 min. The cells were then incubated 

with streptavidin conjugated Qdots (Q10121MP; Invitrogen) with a peak emission 

wavelength of 655nm for 3 min before washing in media 3 x 1 min. 

TIRF Analysis 
Coverslips of Qdot conjugated PrEC and PC3 cells were placed into the conical 

holder with respective colorfree media (900µl) without FBS, OT or steroids and 

placed under the inverted TIRF Olympus IX81 microscope using the Spectral 

LMM ND401 laser with 655 filter and viewed using a high numerical aperture 

objective.  

Identification of bound Qdots was straightforward due to their fluorescence 

blinking as they move between fluorescent (ionized) and non-fluorescent 

(neutralized) state. Each sample was scanned for a maximum of 1 hour without any 

obvious detrimental effects to the cells. A series of 8000 images were captured 

using MetaMorph software 7.7.2.0 (Molecular Devices Inc, Ca, USA). 
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Treatments 
A syringe (1ml) was filled with media containing 100nmol.L-1 OT or 

100nmol.L-1T or both. Polyethylene tubing (0.4mm; PE8040) was threaded onto a 

25g needle and the apparatus was placed into a Microinject diffusion pump (HT life 

science Ca. USA). Control samples received no application and the movement of 

the OTR was recorded. In the test samples, after 2 min of recording the treatments 

of media alone, or media containing OT, T or OT and T were added to make a final 

10nmol.L-1 concentration within the chamber. Only 1 series of images was taken 

per coverslip, between 2-11 separate experiments per treatment. Each series 

consisted of ~8000 frames of 42 msec each, in total lasting 6 min. 

Statistics 

Mean squared displacement 
Displacement is the movement of the molecule from its place or position over a 

series of time intervals. For pure Brownian motion, mean displacements are 

measured as zero. In order to distinguish between normal and anomalous diffusion, 

the equation of mean squared displacement (MSD) of the diffusing particles was 

obtained by performing a temporal average over a single trajectory [Michalet, 

2010]. A trajectory was constructed from the image sequence from a single Qdot. 

The trajectory was broken into shorter time averages (or displacements) that were 

treated as independent variables. The equation below was applied to each 

displacement on a sliding scale. The variance of this distribution is the MSD. 

Parameters were taken from each trajectory (x( ),y( )) and determined by using 

the following formula from [Bannai et al, 2006]: 

 

Equation 1.   

 

Where:  (tau) = acquisition time  n = total number of frames 
 

! 

"

! 

"

! 

"

! 

MSD(n" ) =
1

N # n
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The diffusion coefficient (D) was determined by fitting the initial few points of the 

equation: 

Equation 2.    MSD–nτ curve with MSD(nτ) = 4Dnτ + b.  

 

The displacement calculation provided data for intertrajectory comparison of 

each of the treatment groups. Box and whiskers plot show the median value in red, 

the top and bottom of the box represent 25th and 75th quartiles, while the whiskers 

represent interquartile values lower than the 1st percentile and greater than the 99th 

percentile for each minute.  

Non-random confinement 
Non-random confinement was determined as being a period of time in which the 

protein remained in a membrane region for duration considerably longer than could 

be explained by Brownian motion. The probability (𝜓 ) that a protein, with 

diffusion coefficient (D), will stay in a region of radius (R) for a period of time (t) 

was found to be [Saxton et al, 1997]: 
 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑.                               𝐿𝑜𝑔 𝜓 = 𝑥 − y Dt/R!  
 
The point within the segment (15 secs in this study) with the largest 

displacement from the starting point determined the value of R. Additionally, D is 

determined from the initial slope of the mean-squared displacement versus time 

plot for the entire trajectory. Regions of non random behavior, 𝜓, were transformed 

into L probability whereas mobile versus immobile periods (IP) were determined 

according to the equation below [Simson et al, 1995]: 
 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟒.                              𝐿 = − log 𝜓 − 1     𝜓 ≤ 0.1
              0               𝜓 > 0.1            

 
If a segment of movement has a likelihood of being from random Brownian 

origin, then L = 0. The greater the tendency for non-random confinement (the 
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smaller the value of 𝜓), the higher the value of L probability will be. For each 

segment, L was plotted as a function of time to give a profile of the trajectory. 

Confined diffusion was found where the profile rises above a critical threshold 

level, Lc, for a period of time. Tau (τ) was defined as the duration of confinement 

(0.5 secs in this study). The size of the non-random confinement was defined as the 

diameter of the circle circumscribing the corresponding segment of the trajectory. 

A particle tracking software algorithm designed by Daniil Popovic allowed 

accurate tracking of the motion of particles in real cell images was based on a 

polynomial fitting of the intensity around each particle. This software is particularly 

suitable for tracking endogenous particles in the cell, imaged with fluorescent 

microscopy in situations where neighboring particles may generate interference. 

The method uses a graphical user-interface and was run with the Matlab program 

[Rogers et al, 2007].  

Trajectory and displacement calculations were determined using a custom-made 

Matrix Laboratory (MatLab) function (MathWorks, MA USA). All data were 

recorded using Excel spreadsheets (Microsoft Corp, Mississauga, Ontario, CA). All 

statistical analyses were performed using GraphPad Prism 4.0 (GraphPad Software 

Inc., San Diego, CA). Data are expressed as the mean ± S.E.M, box and whisker 

plots and as a line graph. When determining significance, Students t-test was used 

to compare the two cell types with the significance level set at P < 0.05.  
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9.3   Results 

Does antibody OTR-N19 detect the OTR in PrEC and PC3 cells?  
Immunocytochemistry showed that antibody OTR-N19 detected immunoreactivity 

for OTR on the cell surface in PrEC and PC3 cells (Fig. 9.2a-b). Western blot 

showed a immunoreactive bands at ~66kDa for OTR with antibody OTR-N19 (Fig 

4.14a)   

 

Figure 9.2. Immunocytochemistry and Western blot for OTR using antibody OTR-
N19  

Immunocytochemistry using goat anti-OTR-N19 antibody raised to the extracellular N-

terminal of OTR in a) PrEC and b) PC3 cells. c) Rabbit IgG negative control was used. 

Bars = 50µm. d) Western blot with serial dilutions of human prostate protein (200µg to 

5µg) probed with OTR-N19 detected an immunoreactive band with a molecular weight of 

66kDa as seen with antibodies 020 and OXTR (chapter 3). 

  

a) b) 

a) b) 

c) 

d)!
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Can Qdots be used to identify OTR in living PrEC and PC3 cells?  
Having determined that the antibody OTR-N19 identifies OTR, next the 

antibody and Qdots needed to be trialed in living cells under the normal phase 

contrast microscope to determine if there were any detrimental effects. When 

stimulated with a UV lamp, immunocytochemistry showed that living PrSC turned 

green and PC3 cells red as the fluorescent Qdots joined onto the membrane of the 

living cells, (Fig 9.3). 

 

Figure 9.3. Immunocytochemistry using Qdots  
PrSC cells were Hoechst stained for easy identification. Primary OTR-N19 antibody 

conjugated to Qdots was used. After a) 2 min, a green floating Qdot was seen and after b) 

20 min cells were immunofluorescent green. Primary antibody cav-2 conjugated to Qdots 

was used on PC3 cells that were unstained after c) 2 min and stained immunofluorescent 

red after d) 20 min. Images taken at the same magnification. 

 

 

a)! b)!

c)! d)!
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Does the OTR move in living PrEC and PC3 cells? 
TIRF microscopy showed that OTR was mobile in both PrEC and PC3 cells (Fig 

9.4).  

 

Figure 9.4 Track of an OTR molecule as seen with TIRF microscopy 
Track of a single molecule of OTR in TIRF space using OTR-N19 antibody and Qdots on 

the surface of a PC3 cell in phase contrast. Each colour denotes the trajectory undertaken 

per minute over 6 min.  
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Effects of OT or T alone or together on trajectories of OTR in 

PrEC and PC3 cells 
 The OTR trajectories in the PrEC and PC3 cells were examined (Fig 9.5). 

Overall, in the PrEC, the trajectory remained confined to areas on the cell 

membrane whereas the trajectory in the PC3 cells appeared to be unrestrained. 

 In the PrEC, the no application control (Fig 9.5a) showed little difference from 

the addition of media (Fig 9.5b). But with the addition of OT, the trajectory of OTR 

became even more tighter and confined (Fig 9.5c). 

 In the malignant PC3 cells, without application the trajectory was unrestrained 

(Fig 9.5d; n=1), however, the addition of media restrained the trajectory of OTR 

(Fig 9.5e), although the  size of the track was still larger than the PrEC cells.  

 The application of OT showed that initially the OTR trajectory was unrestrained, 

until the time of application. Then the trajectory movements became more 

restrained, as evident by the pink, yellow and blue tracks (Fig 9.5f).  

 The same initial random movement was seen until application of T alone, when 

the track became smaller and tighter as the OTR moved faster (Fig 9.5g). 

 With application of OT and T together in the PC3 cells, then the OTR was seen 

to move quickly, with fewer immobile periods (IPs). 

The movement of OTR in normal cells 
In the PrEC, an intensity trajectory was plotted for a single molecule of OTR. 

Within a cell, the trajectory showed distinct periods of mobility and immobility (or 

immobile periods (IP); Fig 9.6a). In Fig 9.6b frequency of Ips is shown, with 22 IP 

tracked (Fig 9.6b). The total size of the movement within the immobile time frame 

is shown in Fig 9.6c). Fig 9.6d shows a representative trace of a trajectory of OTR. 
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Figure 9.5 Trajectories of OTR after 

treatment in PrEC and PC3 cells !
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a)! PrEC with no application n=4   !

b)   PrEC with media application n=11 !
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d)   PC3 with no application n=6 !

e)   PC3 with media application n=1!
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The movement of OTR in PC3 cells 
In PC3 cells, an intensity trajectory was plotted for a single molecule of OTR 

within a cell showing distinct periods of immobility (Fig 9.7a). Fig 9.7b showed the 

frequency of IPs is shown, with 98 IP tracked. The total size of the movement 

within the immobile time frame is shown (Fig 9.7c). Fig 9.7d shows a 

representative trace of a trajectory of OTR. 

Preliminary data from trajectory of OTR 
 When the number of IP in the OTR trajectory in the PrEC and PC3 cells was 

compared (Fig 9.8a), there was no significant difference seen in no application of 

media (t-test, P=0.32). There was a significant decrease in the number of IP in PC3 

cells compared to PrEC treated with OT (t-test, P=0.017).  

 Area of IP (Fig 9.8b), was increased in the PC3 cells in the no application (t-test, 
P=0.0005) and in the media vehicle (t-test, P=0.0005). In PC3 cells the number of 
IP was decreased compared to the PrEC cells (t-test, P=0.038). 
 There was a significant difference seen in the percentage of time spent within IP 
(Fig 9.8c), in the PrEC and PC3 cells with no application (t-test, P=0.0072). There 
were no significant differences seen with media vehicle application (t-test, P=0.67), 
or with OT (t-test, P=0.72), (Table 9.1). 

Table 9.1 Summary of results from trajectory plots 
 

 
No Application Media Application OT T OT + T 
PrEC PC3 PrEC PC3 PrEC PC3 PC3 PC3 

% of trajectories 1.57±1.23 7.78±5.5 9.9±8.7 24.64 12.13±9.2 2.07±0.7 12.51±1.5 4.72±4 

No of IP 3.7±2.99  7.86±7.34 8.8±4.3 17 9.3±4.7 3.5±0.7 13.5±0.7 12±11.3 

Area of IP 0.03±0.028 0.1±0.07 0.05±0.03 0.13 0.19±0.23 0.14±0.04 0.05±0.02 0.13±0.07 

Time in IP 9.6±7.3 10±4 18±15 21 17±18 11±12 7±4 6.5±0.7 

Mean ± Standard Deviation; IP = immobile periods, n= 4, 6, 11, 1, 4, 2, 2, 2 
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Figure 9.6 Trajectory of OTR in PrEC cells 
a) Representative fluorescence intensity trajectory for a single molecule of OTR within a 

cell. There are distinct periods of immobility (highlighted red) > 5 secs. 

b) Graph of a) showing frequency of IP with threshold (τ) set at 0.5secs (n=22). 
c) Graph showing disribution of length of IP/area of IP 
d) Graph showing a representative trace of a single molecule of OTR.  

Lc probability threshold = 2  

a)!

b)!

d)!

c)!
Immobile period length/area distribution  

Immobile Mobile 

Application (120 sec) 
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Figure  9.7. Trajectory of OTR in PC3 cells 
a)  Representative fluorescence intensity trajectory for a single molecule of OTR within a 

cell. There are distinct periods of immobility (highlighted red) > 5 secs. 

b)    Graph of a) showing frequency of IP with threshold (τ) set at 0.5secs (n=122). 
c)     Graph showing disribution of length of IP/area of IP 
d)     Graph showing a representative trace of a single molecule of OTR.  

Lc probability threshold = 20 
 

 

 

a) 

b)        c) 

d) 

Immobile period length /area distribution 

Immobile  Mobile  

Application (120 sec) 
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Figure 9.8 Preliminary data from trajectory of OTR  
a) Number of IP in trajectory. 
b) Area of IP  
c) Time spent within IP 
Bars represent mean ± S.E.M, n = 4, 6, 11, 1, 4, 2, 2, 2.  

* P<0.05, ***P<0.001. 
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Displacement of OTR in normal and malignant cells 
Displacement parameters were taken from each trajectory in the PrEC cells. 

When PrEC were untreated, displacement showed that the OTR was mobile, but 

there was a rise in displacement in the last minute but this may be due to long term 

exposure to the laser and consequential cell death (Fig 9.9a). There was no 

difference seen before and after application of media only, (Fig 9.9b). In PrEC, 

with application of OT alone, there was a very slight rise in displacement (Fig 

9.9c).  

In the PC3 cells, the OTR was mobile, but there was little change seen over the 

period of study (Fig 9.9d). With the addition of media alone, there was a slight rise 

in displacement but just one trajectory was measured and more are needed (Fig 

9.9e) With the addition of OT there was a decrease in displacement (Fig 9.9f). With 

the addition of T there was an increase in displacement (Fig 9.9g). When OT and T 

were added together there was a dramatic decrease and then increase in 

displacement was seen (Fig 9.9h). 

When all displacement trajectories from the PC3 cells were combined (Fig 9.10) 
then a pattern emerged. With the application of media alone (in blue), very little 
change was seen. With addition of OT (in red) there was a distinct peak in 
displacement at the time of application. There was a delayed decrease in 
displacement with OT+ T combined (in brown). A decrease in displacement was 
seen with addition of T (in green) as the trajectory moved faster with fewer 
immobile periods. 
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Box plots represent the median value in red, the top and bottom of the box represent 25th 

and 75th quartiles, while the whiskers represent the 1st percentile and 99th percentile for each 

minute, n = 4, 6, 11, 4, 1, 2, 2, 2.  

No application!

Vehicle!

(Media only)!

OT + T!

T!

OT!

a)!

b)!

f)!

e)!

d)!

c)!

Normal  Cells ! ! ! !Cancer!Cells!

(PrEC)! ! ! ! !(PC3) ! !!

Figure 10.9 Displacement of OTR 

after treatment in PrEC and PC3 cells !

 !

a)! PrEC with no application n=4   !

b)   PrEC with media application n=11 !

c)   PrEC with OT n=4  !

d)   PC3 with no application n=6 !

e)   PC3 with media application n=1!

f)   PC3 with 10nmol.L-1 OT n=2   !

g)  PC3 with 10nmol.L-1 T n=2  !

h)  PC3 with 10nmol.L-1 T + OT n=2 !

h)!

g)!



 

 262 

 

 

Figure 9.10 Cumulative displacement of treatments 
When displacement data from the treatments groups in PC3 cells were graphed together 
then a definite pattern emerged. At the time of application of media alone (in blue), very 
little change was seen. With addition of OT (in red) there was a distinct peak at the time of 
application. There was a delayed decrease in displacement with OT+ T combined (in 
brown). A decrease in displacement was seen with addition of T (in green) as the trajectory 
moved faster with fewer immobile periods. 
 

9.4 Discussion 
It was hypothesized that changes in the localization of OTR in the cell 

membrane occurs with development of prostate cancer and that OT and androgens 

are involved in movement of OTR. 

The use of Qdot labelling in living cells has allowed us to view the movement of 

the OTR on the cell membrane in real-time.  

Three characteristic types of locomotion of OTR were observed: (a) stationary 
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molecules on the cell surface; (b); confined diffusion where OTR particles are 

undergoing confinement within a limited area, possibly by the membrane-

associated caveolae or lipid rafts and (c) free floating random motion particles.  

Brownian motion [Simson et al, 1995] or the random movement of particles did 

not interfere with the results as the experiments showed that the movement of OTR 

was a characteristic circular motion with distinct periods of immobility that were in 

TIRF space.  The OTR movement differed from other particles in the same field 

that were undergoing random Brownian movement that were insignificant 

compared to the dramatic movements of the OTR. The movement of OTR was not 

due to locomotion of the whole cell, as the cells were not visibly motile and other 

particles attached to the cell were immobile. Random movement [Simson et al, 

1995]  cannot account for the detection of temporary immobile confinements of the 

OTR that represent a departure from the free movement and therefore may be an 

important aspect of the dynamic structure of cell membranes. Interactions with lipid 

rafts would temporarily confine the protein to small regions. The changes in 

trajectory after the administration of the treatments were routinely seen and were 

quite distinctive. 

The PrEC and PC3 cells were observed without the addition of anything to the 

chamber to set a baseline measurement for the movement of OTR. Addition of 

media alone to the chamber showed that the movement of the OTR was not affected 

by turbulence. Any slight reaction could have been due to the addition of oxygen or 

new nutrients of the media that would interact with the movement of OTR.  

Deviations from the track of the OTR showed transient confinement of the 

protein to small regions of the cell membrane suggesting interactions with 

caveolae or lipid rafts.  Comparing the two cell types showed that there were 

significant differences in movement of the OTR. In PrEC treated with OT, 

movement was more confined and ceased for longer periods of time, whereas in the 

PC3 cells movement was more diverse and OTRs only stopped transiently. 

Halting on the cell membrane allows activation of OTR to initiate signalling 
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cascades, which control a variety of cellular processes. The observed confinement 

(in regions 100-300nm3 in diameter) was attributed to interactions between OTR 

with the caveolae or lipid rafts and identifies a significant amount of temporary 

confinement in the protein trajectories. It has been reported that temporary confined 

diffusion for LDL receptors on the surface of dermal fibroblasts, are mobile and 

move distances of 0.5-1µm comparable to the average distance between coated pits 

and also that those receptors in coated pits had detectable mobility [Anderson et al, 

1992a]. 

The displacement analysis was able to extract values of the displacement 

coefficient (D) of single particle undergoing confined non-Brownian motion in a 

medium in the presence of OT ligand or steroids. The results showed that when 

both cell types were stimulated with OT, there was a period of immobility, and then 

the receptor moved again until the next period of immobility. When the cells were 

treated with T, there was a stimulation of the OTR in PC3 cells, the OTR was seen 

to move faster as if stimulated, and remained confined for less time. This is 

thought-provoking as we have shown previously (chapter 4) that OT and T alone 

were able to stimulate cell proliferation, but exclusively in the PC3 cells. And yet a 

combination of androgens and OT did not stimulate proliferation. It is possible that 

T in combination with OT alters the location of the OTR to decrease its effect. 

Sustained ERK phosphorylation causes inhibition and transient ERK 

phosphorylation causes stimulation of cell proliferation. Changes in OTR 

movement could provide a mechanism for the alteration in ERK phosphorylation 

patterns that is seen with stimulation of OTR. 

The dynamics of membrane proteins in living cells help us to understand 

important biological questions such as signal transduction, however, the biological 

implications of confinement needs to be more fully explored. 

9.5 Limitations 
This was a preliminary investigation into the movement of single OTR 
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molecules and as such, the numbers of experiments need to be increased. 

There is a concern that the size of the Qdot bound to an antibody by a 

streptavidin-biotin Fab fragment is the same size (~200nm) as when bound to GFP 

and this may be too big to be internalized [Saxton et al, 1997], as caveolae are also 

about 200nm across. However, the antibody could be directly conjugated to the 

Qdots and companies are developing particles half the diameter of commercial 

Qdots [Howarth et al, 2008] that would dramatically reduce the overall size. 

9.6  Conclusion 
In conclusion, the present study used Qdots and TIRF microscopy to study 

phenomena occurring at cell membrane interfaces and this showed that OTR 

movement is circular in shape in the absence of ligand. In response to the ligand the 

receptor stopped for a matter of seconds and then started moving again. In the 

PrEC, the movement was confined, possibly to lipid rafts and was unaffected by 

OT or T. In PC3 cells, the movement was far more extensive than in the PrEC. The 

OTR moved faster in response to T and halted on the cell membrane for a reduced 

amount of time. With OT treatment, then time in IP increases as the number of IPs 

decrease, as OTR is able to bind to its receptor. With both T and OT together then 

there is a synergy between the two ligands as they stimulate the OTR. 
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10  General Discussion 
The aim of this study was to determine whether the location of OTR changes in 

prostate cancer and whether this affects cell proliferation.  

It was hypothesized that: 

c) Movement of the OTR out of caveolae occurs in prostate cancer 

d) Change in localization of OTR out of caveolae increases cell proliferation 

 

a) Movement of the OTR out of caveolae occurs in prostate cancer. 

Caveolae are invaginated structures within the cell membrane. Caveolae are 

relatively stable structures and by anchoring cell surface receptors they can regulate 

signal transduction [Li et al, 1996a; Anderson, 1998]. This study provides 

stereological evidence for the existence of caveolae in normal prostate epithelial 

and stromal cells but also demonstrates a dramatic loss in the number of caveolae-

like vesicles in the malignant cell types.  

PTRF is required for the formation of caveolae [Hill et al, 2008] and a reduction in 

PTRF expression occurred in both LNCaP and PC3 cells. Changes in PTRF 

expression were also seen in tissue samples from patients with benign and 

malignant prostate disease. Decreased expression in both epithelial and stromal 

tissue was seen in well differentiated cancer and no immunoreactivity was detected 

in tissue from patients with poorly differentiated cancer [Gould et al, 2010]. This 

confirms that, in both tissue and cell lines, there is a loss of PTRF with prostate 

tumor progression, and strongly suggests that a loss of caveolae occurs in vivo. 

Guzzi et al, [2002] investigated the functional compartmentalization of human 

OTR within caveolae of MDCK cells and concluded that a small fraction of OTRs 

reside in caveolar structures that play a critical role in determining OT’s effect on 

cell proliferation. Data from this thesis also suggest that in normal cells and tissue 

that at least some OTRs are present in caveolae. In normal cells and BPH tissue 

OTR co-localizes with PTRF suggesting localization of the receptors in caveolae. 
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Furthermore, the preliminary electron microscopy study (appendix???) 

demonstrates immunolabelled OTR in caveola-like structures. In prostate cancer, 

caveolae and PTRF expression are lost,  and therefore OTRs must move to other 

parts of the cell. Thus, this study provides some evidence to support the first 

hypothesis that the OTR moves out of caveolae in prostate cancer. 

 

b) Change in localization of OTR out of caveolae increases cell proliferation 

In the absence of caveolae, caveolin and cell surface receptors associate 

transiently with more mobile lipid rafts on the surface of the cell membrane. In 

vitro studies have suggested that the biological effect mediated by a cell surface 

receptor may change depending on whether it is located within a caveolae or not 

[Whittington et al, 2007] and this change in response is mediated by an alteration in 

cell signalling pathways [Rimoldi et al, 2003]. In the case of the peptide OT, 

movement of its receptors out of caveolae is associated with a stimulation of cell 

proliferation [Nicholson et al, 2007b; Whittington et al, 2007]. Thus loss of 

caveolae may contribute to, or facilitate, tumor growth. Loss of caveolae may 

favour cell proliferation and promote the progression of prostate cancer.  

Other examples where movement of a receptor is associated with a change in 

function is insulin resistance. Lipid rafts are recognized as critical for proper 

compartmentalization of the insulin receptor. In adipocytes in a state of insulin 

resistance, the inhibition of insulin metabolic signaling and the removal of insulin 

receptors from caveolae was associated with insulin resistance caused by 

dissociation of the insulin receptor–cav1 complex by the interactions of insulin 

receptor with the ganglioside GM3 [Kabayama et al, 2007]. 

Concentrations of prostatic OT are decreased in tissues from men with prostate 

cancer [Whittington et al, 2004]. This study aimed to investigate whether OT 

concentrations found in the physiological and malignant prostate could affect cell 

proliferation and whether gonadal steroids are able to modulate the response. When 

normal cells were treated with OT or androgens alone in vitro, there was no effect 
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and this has been reported previously [King et al, 2006; Whittington et al, 2007]. 

The PrEC were able to proliferate, but were not affected by the treatments 

provided.  

When PC3 cells were stimulated with OT or androgens there was an increase in 

proliferation. This appears to contradict the findings from other researchers. 

Cassoni et al, [1997] reported an inhibitory effect of OT on breast cancer cells 

using supraphysiological doses of the peptide OT. Both OT and DHT when added 

alone to PC3 cells were able to stimulate cell proliferation. But at 4 days with 

physiological and reduced DHT concentrations in the presence of OT, there was a 

noticeable decrease in cellular proliferation back to control values. In a previous 

study, Whittington et al, [2007] showed that OT did not affect proliferation of PC3 

cells in the absence of androgens but in the presence of T, OT stimulated cell 

proliferation [Whittington et al, 2007]. They used media that contained phenol red 

in some of their studies and phenol red is known to have estrogenic properties 

[Berthois et al, 1986]. Our studies show that while T or E alone can increase cell 

number in PC3 cells when the two steroids are combined no proliferative effect is 

observed. Thus the difference seen in our results are possibly due to the lack of E in 

our media, as E alone can stimulate cell proliferation and that addition of OT 

reduces this stimulation. This may also explain why cells cultured in estrogen free 

media in the presence of OT alone had a stimulatory effect. 

 

There are several potential reasons for the change in effect of OT in normal and 

cancer cells. It is possible that this reflects a change in OTR expression. This study 

has shown that both PrEC and PC3 cells express OTR. Treatment with OT did not 

affect OTR expression in PrEC or PC3 cells and while treatment of PrEC cells with 

DHT increased OTR expression steroids had no effect on the receptor expression in 

PC3 cells. Therefore it seems unlikely that the changes in proliferation are due to 

altered OTR expression in prostate cancer. 
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Movement of the OTR so that it associates with different signalling pathways 

may also explain the altered effect of OT, and steroids, in PC3 cells. Lipid raft 

disruption experiments using cyclodextrin showed that raft disruption converted an 

inhibitory effect of OT to a stimulatory effect in normal cells. However, raft 

disruption had no effect on the stimulatory effect of OT plus T on PC3 cells 

[Whittington et al, 2007], suggesting that the OTR must be located outside of lipid 

rafts in this environment. The fact that both androgens and OT were required for 

this effect raises the possibility that androgens may be involved in moving the OTR 

outside of lipid rafts.  

The work by Whittington et al, [2007] and ourselves differ from those of Guzzi 

et al, [2002] and Rimoldi et al, [2003] who showed that activation of OTRs located 

within caveolae resulted in coupling of OTR to G αq11 and stimulation of cell 

proliferation. However, Guzzi et al and Rimoldi et al were using the kidney cell 

lines, MDCK and HEK, and these cells were transfected with OTR, and the kidneys 

cell response to OT may differ from the prostate cells used in these experiments.  

The co-localization experiments in this study further complicate the picture. 

Treatment with OT or steroids increased the co-localization of OTR with lipid rafts 

in PC3 cells but not PrEC cells. While one might expect binding of OT to its 

receptor may cause movement of the OTR it is perhaps more difficult to understand 

how androgen or estrogen could cause movement of the receptor. It does seem that 

in the presence of ligands for both the OTR and AR/ER that movement of the OTR 

to the lipid raft is inhibited. This study has confirmed earlier findings 

[Papadopoulou et al, 2008], that with cancer progression some AR moves to the 

cell membrane and it is possible that an interaction occurs between the AR and 

OTR at the membrane. Further studies examining the co-localization of AR and 

OTR in response to OT +/- steroids would begin to address this question. 

The preliminary data using TIRF microscopy on the trajectory of single 

molecules of OTR on the surface of the living prostate cells adds further evidence 

that the movement of receptor molecules differ between normal and malignant 
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cells. The OTR molecules exhibited rapid movement and periods of immobility, 

indicating that OTR proteins are resident in both mobile and immobile fractions of 

the cell membrane. Deviations from the track of the OTR in the PrEC prostate cells 

showed transient confinement of the protein to small regions of the cell membrane 

suggesting interactions with caveolae or lipid rafts, whereas in the malignant cells, 

movement was more diverse and OTR only stopped transiently before continuing. 

This may result in altered signalling pathways being activated and hence 

stimulation rather than inhibition. 

When both cell types were stimulated with OT, there was a period of 

immobility, and then the receptor moved again until the next period of immobility. 

When the cells were treated with T, then there was an increase in movement of the 

OTR in PC3 cells, the OTR was seen to move faster which may indicate its 

activation, but remained confined for less time. Our preliminary data show that in 

PrEC cells movement of OTR was confined in many immobile periods, whereas in 

PC3 with OT or T there were decreased numbers of immobile periods.  

Relationship between AR and OTR in prostate cancer 

In normal cells, AR is found in the cell nucleus. In metastatic cancer, the AR 

moves from the cell nucleus on to the cell membrane [Foradori et al, 2008] where it 

may signal as a non-classical AR and enhances cell proliferation. Our data (Fig 7.9) 

shows that as cancer progresses, then a relationship was clearly seen to develop 

between AR and OTR as co-localization was seen to occur in the PC3 cells and 

tissue.  Changes seen in co-localization were not just due to alteration in expression 

of OTR/cav/AR (chapter 5).  On the cell surface there may be a novel receptor that 

binds T and this has been seen in LNCaP cells [Kampa et al, 2002]. A cell surface 

AR might bind T preferentially with no 5αR conversion necessary in a non-

classical manner and could elicit a faster and greater magnitude of response. The 

fact that R1881 has a similar effect to T would suggest that 5αR conversion of T is 

not required. 
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Androgen withdrawal therapy reduces the availability of androgens from these 

cells. During advanced stages of prostate cancer, the cancer cells do not respond to 

hormonal treatments and are defined as androgen independent, And yet there is an 

up regulation of AR [Chen et al, 2004] and in the cells and tissue we have shown 

the presence of AR.  

How can androgens stimulate the actions of OTR in the malignant PC3 cell line 

that lacks a functioning AR? There is a possibility that there is a functional 

interaction between the membrane OTR and the membrane AR, both of which are 

able to regulate caveolinand also stimulate prostate cancer cell proliferation. Acute 

stimulation with OT and androgens results in a transient ERK phosphorylation via 

OTR that stimulates proliferation (ref?????) Chronic stimulation with OT may 

result in changes in OTR expression reducing this effect. Changes in OTR 

movement could provide a mechanism for the alteration in ERK phosphorylation 

patterns that are seen with stimulation of OTR. Guzzi et al, [2002] showed that if 

human OTR was localized within caveolae then there was a proliferative response, 

and if OTR was localized outside, then an inhibition of proliferation was seen in 

MDCK cells. Activation of OTR has been shown to produce opposing effects on 

cell proliferation with a more sustained ERK phosphorylation resulting in anti-

proliferation in transfected MDCK cells and transient ERK phosphorylation 

stimulates proliferation [Guzzi et al, 2002; Rimoldi et al, 2003]. 

With the loss of caveolae structures,  OTR moves out of lipid rafts, and the 

presence of T plus OT promotes further movement out of the lipid rafts. This has 

been suggested by other researchers that disrupted the lipid rafts in the membrane 

of the prostate PC3 cells and were still able to stimulate proliferation [Whittington 

et al, 2007].  

Taking all of these data together this study provides circumstantial evidence to 

support the hypothesis that the change of localization of OTR out of caveolae 

increases cell proliferation. 
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Changes in expression of caveolin 

The study has also that changes in caveolin also occur in prostate cancer. Cav-1 

has been shown to decrease apoptosis [Nasu et al, 1998] and can independently 

lead to increased cell viability and clonal growth suggesting that cav-1 contributes 

to metastasis in vivo [Li et al, 2008]. In the development of prostate cancer, there is 

an increase in the levels of caveolin expression and a further increase in metastatic 

cancer [Yang et al, 1998]. In prostate cancer, caveolin protein cannot be associated 

with caveolae since we have shown that caveolae are lost in cancer. This was also 

evident in the double immunostaining of the tissue where PTRF expression 

declined and caveolin expression significantly increased. In the absence of caveolae 

the GPCRs (including OTR) move to the cell membrane and this is critical for a 

change in cell signalling enhancing cell proliferation in prostate cancer progression. 

Many articles equate caveolin expression with the presence of caveolae [Chang 

et al, 1994]. This study shows that this may not be a valid assumption as caveolin is 

also expressed in non-caveolae parts of the cell membrane. Furthermore, PTRF is 

required for caveolae formation and sequestration of mobile caveolin into immobile 

caveolae structures [Hill et al, 2008] and this may be a more suitable marker for 

caveolae than caveolin. 

 

Cav-2 protein is significantly up regulated in prostate cancer 

This study highlights the link between cav-1 and cav-2 in prostate cancer. This 

study identifies changes in cav-1 and -2 expression. The changes in cav-1 have 

previously been documented [Karam et al, 2007] but our data from the cell lines 

suggest that up regulation of cav-2 may also occur. This is the first time that this 

has been shown for cav-2. Up regulation of both cav-1 and cav-2 has been 

associated with the development of more aggressive tumors in women with breast 

cancer [Elsheikh et al, 2008] and up regulation of cav-1 is associated with tumor 

progression in prostate cancer [Yang et al, 1999]. Further studies are required to 

investigate whether a similar association is present between cav-2 and prostate 



 

 273 

cancer. The mechanism of action of increased expression of cav-2 is also unclear 

but may stem from the maintenance of basal cells [Zuo et al, 2010] or the malignant 

transformation of basal cells [Miniati et al, 1996], where in some patients, this 

protein is preferentially expressed. 

 

OT regulates caveolin expression 

Androgens are able to recruit caveolin into the cell membrane and affect the 

expression of caveolin protein [Lu et al, 2001], as does estrogen [Turi et al, 2001] 

and also possibly OT. The N-terminus region of cav-1 interacts with both the N-

terminal domain and the ligand-binding domain of AR [Lu et al, 2001] suggesting 

there may be a reciprocal arrangement in that caveolin may also regulate AR 

expression [Pflug et al, 1999]. 

In this study, Western blot analysis of the PrEC showed that incubation with 

physiological OT and DHT decreased expression of cav-1. In the presence of OT 

with DHT and T+E there was a decrease in cav-1 protein expression in both normal 

and malignant cell types. Regulation of caveolin expression by OT has not been 

shown previously. One of the classical actions of OT in normal epithelial cells is to 

inhibit cell proliferation and part of this ability may be by the regulation of caveolin 

(and hence caveolae) expression. There is evidence that plasma [Nicholson et al, 

1985] and tissue [Whittington et al, 2007] OT concentrations decrease with the 

development of prostate cancer [Whittington et al, 2004]. We have shown that OT 

is able to down regulate caveolin expression, and with the decrease in OT levels, 

there may be a subsequent increase in caveolin expression. 
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Figure 10.1  Proposed model of OTR location in normal and prostate cancer cells  
In a) normal cells, OTR is located to caveolae and treatment with OT resulted in an 
inhibition of proliferation.  In b) malignant cells, there is a loss of caveolae and OTR 
moves to the lipid rafts where in response to OT or T there is a stimulation of proliferation. 
In c) malignant cells treated with OT and T together, OTR moves from the lipid rafts on to 
the cell membrane stimulating proliferation.  
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10.1   Future investigations 
As always, more questions were raised at the completion of this thesis than 

answers, there are several directions in which future work could be taken.  

The preceeding investigations on cell proliferation and co-localization were 

performed on one cell type cultured in isolation. This is the logical place to start, 

however the interactions that are seen in the tissue are missing. Future 

investigations would use a co-culture system. Previous studies have shown that 

PrEC do respond to OT, but only in the presence of stromal cells [King et al 2006].  

Interactions between stromal and epithelial cells have been shown to be critical for 

normal function within the prostate. The absence of stromal control over epithelial 

cells may diminish the ability of the epithelial cells to respond to the steroid 

treatments, as growth of the epithelial cells are dependent upon paracrine factors 

produced via the stromal cells. A co-culture situation would more closely resemble 

in vivo conditions [Whittington et al, 2007]. 

We need to provide substantive proof that OTR does move in these cells. The 

immunogold results from EM need to be explored more fully, especially as OTR 

was seen in caveolae but was also localized on the cell membrane and, in hindsight, 

these data support our results. 

The inter-relationship between AR and OTR needs to be further explored as the 

interaction between these receptors in the prostate is complicated. More work 

utilizing TIRF microscopy with in vitro studies could help answer this question. 

DuoLink (Olink Bioscience, Dag Hammarskjölds, Uppsala, Sweden) has just 

released a label that only fluoresces when two molecules interact and this could be 

used to label OTR and AR on the cell membrane and further investigate the 

interactions of the two receptors.  

I would like to investigate the proliferative effect seen in PrEC and PC3 cells 

and determine which signalling pathways, such as ERK and pERK are activated, 
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especially to see how the signalling pathways are stimulated by the presence of OT 

and androgens. By using Western blot analysis with fluorescent secondaries we can 

visualize both proteins at the same time in normal and malignant cell types. 

Signalling arrays (Cignal 45-Pathway Reporter Array, QIAGEN MD, USA) could 

be used to determine if there is altered activation of other signalling pathways 

following OT treatment in the normal and malignant cell types.  

Is loss of caveolae a cause or an effect of tumour progression? To answer this, 

transfection of PTRF back into PC3 cells would force expression of caveolae and 

allow investigation of the effects of OT on proliferation of these cells. More 

critically, we could knockdown the expression of PTRF in PrEC and see if this 

increases cell proliferation. 

There was only a single filter set on the TIRF microscope. Although imaging of 

CTB-FITC while single molecule tracking of the OTR was possible, it was not 

informative to view the CTB-FITC as we had to use a mercury burner that would 

view the entire cell and not just TIRF space. Delineating caveolae with PTRF 

labelled with fluorescent dyes would show the compartments and overlaying the 

image with the QD trajectory would allow visualization of transitions of a Qdot 

labelled OTR between caveolae compartments. The number of transitions between 

compartments, dwell time, and the average diffusion within caveolae could be 

estimated from the trajectory. 

10.2   Clinical applications 
One main objective of a researcher is to develop novel and effective therapies 

for the treatment of disease. With the progression of prostate cancer and a 

consequential loss of caveolae, there is a loss of PTRF and this could be useful in 

diagnosing prostate cancer. Unlike PSA that can be raised in benign or malignant 

conditions, or anything that disturbs prostate architecture, and cannot reliably 

predict the stage of disease, PTRF is not lost in benign conditions but is only lost as 

malignancy develops. Prostate cells could be taken from urine samples [Vlaeminck-
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Guillem et al, 2011] or tissue used from prostate biopsy and double immunostained 

for PTRF to determine the development of prostate cancer and for PSA to 

determine that the cell was of prostate origin. Use of a flow cytometer could read 

the expression in individual cells. Before this there would need to be further 

investigation into the male reproductive tract to see if other tissues (i.e. urethra) 

express PTRF. 

The concentrations of OT are decreased in men with prostate cancer and the 

concentrations of caveolin are increased.  We have shown that OT was able to 

regulate caveolin protein expression. Restoration of OT to optimal levels may have 

a beneficial effect as they may help combat the progress of the cancer. Whether or  

not OT is able to regulate PTRF expression remains to be seen. Future experiments 

could look more closely at this overlooked molecule and determine the regulation 

of PTRF to retain them in the cell membrane.  

10.3   Conclusion 
It was hypothesized that changes in the localization of OTR in the cell 

membrane occur in prostate cancer. In normal prostate epithelial cells, the cell 

membrane includes both flat lipid rafts and caveolae. This study has shown that 

caveolae are lost in malignant epithelial cells and the changes in the cell membrane 

are accompanied by a loss of PTRF expression. In PrEC cells OTR is co-localized 

with PTRF but in PC3 cells, the co-localization decreases and the OTR moves to 

lipid rafts. Thus it appears that in prostate cancer OTRs move out of caveolae  

It was hypothesized that change in localization of the OTR influences cell 

proliferation. The evidence presented suggests that movement of OTRs out of 

caveolae and onto lipid rafts or cell membrane favours cell proliferation.  

 These data also suggest a novel interaction between AR and OTR. In normal 

cells, AR is found in the cell nucleus and OTR will move from caveolae to caveolae 

and there may be periods of immobility when OTR is stimulated with the OT 

ligand. During cancer progression the AR translocates to the cell membrane and 
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facilitates non-classical actions of androgens. The OTR found in caveolae in normal 

cells, then moves onto the lipid rafts with the loss of the caveolae structures. In 

prostate cancer, there is a strong interaction between OTR and AR, because in the 

presence of T alone the OTR may move to the lipid raft. However, with T and OT 

together the OTR does not increase its co-localization with lipid rafts.  

In human prostate cancer, OTR may play a role in the development and 

progression of the malignant prostate. Understanding intercellular interactions will 

assist in preventing and treating prostate cancer more successfully. This must be 

understood at the molecular level to develop effective prevention strategies and 

identify tumor pathways. 
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Appendices 
Appendix A: Purification of caveolae-like vesicles 

Aim 
The aim of this work was to establish a method for the preparation of purified 

caveolae based on density gradient centrifugation.  

Introduction 
The isolation of pure caveolae fractions of the plasma membrane would allow 

the investigation of whether the number of OTR sequestered within caveolae 

vesicles change under pathophysiological conditions.  

Smart et al, [1995] have developed a method whereby intact caveolae can be 

extracted from plasma membranes. This method involves the plasma membrane 

being isolated and the release of caveolae into a hypotonic buffer. Diffusion 

through a continuous iodixanol gradient results in accumulation of the caveolin-rich 

vesicles at the top of the gradient, while caveolin-poor vesicles assemble in lower 

regions. A second discontinuous gradient concentrates the caveolin vesicles sharply 

at a gradient interface. 

However, attempts using this method with prostate cells or tissue did not provide 

sufficient numbers of caveolae to be useful in further experimentation. 

Materials & Methods 

Homogenization 
The aim of the homogenization was to produce efficient cell disruption while 

avoiding nuclear rupture [Marsh et al, 1987]. Stromal cells (5 x 25mm flasks) were 

grown to a near confluent monolayer. The media was removed and the monolayers 

rinsed three times with PBS (known as Solution A) and then twice with 

homogenization Solution B (0.25M sucrose buffered with 10nmol.L-1 
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triethanolamine-10nmol.L-1  acetic acid to pH 7.8) at room temperature. Ice-cold 

Solution C (Solution B with 1mM EDTA added to reduce aggregation) was added 

to the flask and the cells scraped into the solution (Fig A1a). The suspended 

monolayer was homogenized using 25 strokes of the pestle of a tight-fitting Dounce 

homogenizer. Frozen prostate tissue (1g) was homogenized to powder under liquid 

nitrogen using a mortar and pestle into ice-cold Solution C buffer. This buffer is 

essential for the success of this technique [Smart et al, 1995b]. 

Isolation 
Ultracentrifugation separated the plasma membrane from the nuclear material on 

a discontinuous gradient. All procedures were carried out on ice to reduce fluidity 

of the plasma membrane.  

The cell or tissue homogenate was suspended in 3ml of Solution D (0.137M 

NaCl, 50mM Hepes-NaOH, pH 7.4) and homogenized by imposing liquid shear 

forces by repeated passage through a 27-gauge syringe needle. The homogenate 

was then centrifuged at 1000g (Sigma Laborzentrifugen 3K15) at 4oC for 5 min to 

pellet nuclei and unbroken cells.  

A stock solution of 50% iodixanol was prepared by mixing 5 volumes of 

OptiPrep (60% w/v, iodixanol in water, Invitrogen; D-1556) with 1 volume of 

Solution E dilution buffer (0.137M NaCl, 300mM Hepes-NaOH, pH 7.4). Dilutions 

of 2%, 10%, 15% and 18% iodixanol were prepared by mixing a stock solution of 

50% iodixanol with homogenization buffer Solution D. In 14ml ultracentrifuge 

tubes (Beckman Instruments Ca, USA) 1ml of supernatant was sequentially 

overlayered with 1ml each of the four gradient solutions producing a discontinuous 

gradient (Fig A.1a). Samples were ultracentrifuged at 235,000g (40,000rpm) at 4oC 

for 90 min using a swing-bucket rotor (top speed 39,500rpm; Beckman SW41Ti, 

Sorvall TH641). Fractions (0.5ml) were pipetted off collecting the material banded 

at each gradient interface.  
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Dot blots 
The dot blot method was used to determine whether the membrane vesicle 

fractions recovered from interfaces at the top of the 10% and 18% iodixanol 

contained membrane microdomains. The cav-1 antibody gave a single band when 

run on a Western blot indicating high specificity for that particular antigen making 

the dot blot method particularly useful.  

A small strip of Polyvinylidene Difluoride (PVDF) was activated with 70% 

methanol and washed with PBS. The caveolae containing fraction (10ml) was 

dotted onto the membrane and allowed to dry. The membrane was reactivated, 

washed with PBS and incubated with primary antibody in PBS (at the dilution 

required for a Western blot) for 1 hr at room temperature. The membrane was 

washed 3x with PBS before incubating with swine-anti-rabbit HRP conjugated 

secondary antibody for 1 hr at room temperature. The membrane was washed 3x 

with PBS before exposing the membrane to DAB until the brown colour had 

sufficiently developed, the reaction was stopped by washing with PBS and the 

membrane was air-dried, (Fig A.1b). 

Purification 
A further ultracentrifugation step separated the heavy elements of the plasma 

membrane from lighter elements by using a continuous gradient prepared by a 

gradient mixer. All procedures were carried out on ice.  

The plasma membrane fraction was suspended in 2ml of Solution F suspension 

buffer (0.25M sucrose, 1mM EDTA, 20mM Tricine-NaOH, pH 7.6). The tube was 

placed on ice and using a sonicator probe (Vibra Cell, Sonics and Materials inc, 

Newtown, CT, USA), the fraction was sonicated for 10 sec then allowed to cool for 

2 min before repeating the sonication procedure twice more. A stock solution of 

50% iodixanol (Solution H) was prepared by mixing 5 volumes of OptiPrep with 1 

volume of Solution G (0.25M sucrose, 6mM EDTA, 120mM Tricine-NaOH, pH 

7.8). Solution H was added to Solution F to make a final iodixanol concentration of 
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23% w/v. Two gradient solutions of 10% (w/v) iodixanol and 20% (w/v) iodixanol 

were prepared by diluting Solution H with Solution F.  

Using a Gradient Mixer, a 9ml linear 10-20% iodixanol gradient was produced. 

The gradient was underlayered with 4ml of sample and centrifuged at 53,000g 

(21,000rpm) at 4oC for 90min. The top 5ml of the gradient was collected and 

transferred to a new centrifuge tube and mixed with 4ml of Solution H, (Fig A.1.c). 

Concentration 
A third ultracentrifugation was performed to concentrate the caveolae-like 

structures. All procedures were carried out on ice. Table A.1 for gradients below. 

Table A.1 Production of gradients for caveolae purification 
 Iodixanol Buffer      (ml) Gradients  
Fractionation Optiprep 60%: Soln A Soln B 5 + 1 50% iodixanol: Soln C 
 Solution C Soln D 0.4 + 9.6 2% iodixanol  
 Solution C Soln D 2 + 8 10% iodixanol  
 Solution C Soln D 3 + 7 15% iodixanol  
 Solution C Soln D 3.6 + 6.4 18% iodixanol  
Purification Optiprep 60%: Soln A Soln B 5 + 1 50% iodixanol: Soln C 
 Solution C Soln D 1 + 9 5% iodixanol  

 Solution C Soln D 1 + 4 10% (w/v) iodixanol 
 Solution C Soln D 3 + 7 15% iodixanol  
 Solution C Soln D 2 + 3 20% (w/v) iodixanol 
 Solution C Soln D 1.84 + 0.16 23% w/v 

 

Gradients of 5% and 15% solutions were produced by diluting Solution H with 

Solution F and then 1ml of 15% and 0.5 ml of 5% gradients were layered over the 

sample and centrifuged at 52,000g (20,000rpm) at 4oC for 90min, (Fig A.1d). A 

caveolae-rich opaque layer formed above the 15% iodixanol layer. The dot blot 

method  
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Figure A.1. Caveolae-like vesicle purification  

 
 
Confluent cells were collected in a hypotonic buffer and homogenized on ice. Cell 
membrane was isolated a) on a discontinuous gradient. Supernatant from the original 
sample (S) and aliquots (10µl) at each step of the purification gradient were loaded onto 
PVDF membrane and probed with cav-1 antibody b). To separate lipid rich vesicles from 
the rest of the membrane, a continuous gradient was overlaid on the sample and centrifuged 
c). The top 5ml was overlaid and centrifuged again concentrating the vesicles in an opaque 
band (d, white arrow). A dot blot e) of the opaque band as well as gradients above and 
below (1,2,3) showed that after TCA precipitation (4,5,6), the opaque band was 
immunopositive for anti-cav-1 (in band 5) as indicated by the arrow. 
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determined the opaque layer contained membrane microdomains with aliquots 

(10ml) from the opaque layer as well as gradients above and below blotted onto 

activated PVDF and probed with anti-caveolin antibody, (Fig A.1e). TEM was used 

to confirm the presence of caveolae-like fractions. 

Protein precipitation 
The Trichloroacetic Acid (TCA) method [Schaffner et al, 1973] concentrated the 

proteins from the opaque layer achieved by gradient ultracentrifugation. TCA 

(100ml) was added to the sample (900ml) that turned milky white indicating the 

presence of proteins. The sample was vortexed, incubated on ice for 1 hr and then 

centrifuged, 6500g at 4oC for 1 hr. The clear supernatant was discarded and 1ml of -

20oC HPLC grade acetone was added to the white protein pellet. The proteins were 

suspended in acetone to completely remove the TCA that would otherwise continue 

to chelate the proteins. After incubation for 1 hr at -20oC, the sample was 

centrifuged again at 6500g, 4oC for 10mins. The acetone was discarded and the 

pellet was air-dried and resuspended in protease inhibitor. 

Negative staining 
Negative staining is a quick staining method using electron dense 

phosphotungstic acid (PFA) that was originally developed for viewing negative 

images of viruses under the TEM [Madeley et al, 1988]. Treating carbon grids in 

nitrogen plasma made the grids hydrophilic so that the samples spread uniformly. 

An aliquot (~10µl) of sample was placed onto a recently ‘plasma glowed’ 

carbon coated grid and left for 10secs. The sample was blotted carefully across the 

edge and then allowed to dry. The grid was negatively stained by placing 10ml of 

1% PFA (pH 6.5) on the grid and then removed immediately by blotting. The grid 

was dried under a lamp for a few seconds before viewing on the TEM. 
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Results 
 Immunopositive staining for cav-1 was seen at all levels of the purification 

gradient using the dot blot method getting paler towards the lower gradients, with 

lowest gradient containing the nuclear fraction. The dot blot method also showed 

that caveolin was seen at the expected level in the opaque band, but only after TCA 

precipitation.  

 Purification of caveolae-like vesicles of the expected size and structure was 

achieved (Fig A.2a-c). However, the caveolae were present at very low 

concentrations. Using the TCA precipitation method, sufficient protein was 

achieved to load onto a Western blot  but the morphology was unaccepTable for 

EM as the vesicles were collapsed and very little of the membrane ultrastructure 

remains (Fig A.2d).  

 

Figure A.2. Caveolae-like vesicles 
Electron micrograph of caveolae-like vesicles from stromal cells, through ultracentrifugation (a-c) 

and using TCA purification (d). Bars = 200nm. 

a c b 

d 
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Discussion  
Microdomains within the plasma membrane known as caveolae are thought to be 

critical sites for cell signalling. Common methods used for analysis of these regions 

are isolation and purification procedures using density gradient centrifugation.  

Due to the time and cost in preparing adequate numbers of cells, prostate tissue 

was used for initial trials, but this had its own set of problems. Although reasonable 

numbers of caveolae were extracted, the numbers were not as high as expected, this 

may be due to several factors. First, tissue was stored at -80oC and this may have 

resulted in ice crystal damage that would destroy the small structures. Also, the 

tissue was stored in the biofreezer for more than 5 years and although fresh tissue 

was preferable, we did not have ready access to this at the time. The nature of the 

tissue could also be a factor as prostate is fibrous and there was a large pellet of 

tissue remnants after extraction. Reducing the tissue to powder under liquid 

nitrogen could have disintegrated the small structures and may have also 

contributed to low caveolae numbers. Within the tissue, stromal cells possess 

caveolae in reasonable numbers as do endothelial cells [Turi et al, 2001] and 

smooth muscle [Thyberg, 2000]. Therefore we cannot be sure of the origins of the 

extracted caveolae in tissue. These problems may be specific to frozen tissue and 

may no longer be an issue if the procedure is tried on cultured cells.  

The method of plasma membrane isolation and caveolae purification on cultured 

stromal cells yielded low numbers of caveolae-like vesicles. Smart required 10x 

100mm flasks of normal human fibroblasts cells for his method [Smart et al, 

1995b]. Human fibroblast cells have large numbers of caveolae [Smart et al, 

1995a], but this procedure would be difficult in PrEC, LNCaP and PC3 cells, as I 

have already shown that these cells possess reduced inclusions, and even these may 

not be caveolae.  

To obtain higher numbers of caveolae, the method published by Macdonald et al 

[2005], a modification of the Smart method requiring only a single 
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ultracentrifugation step on a continuous gradient may be a more efficient option. 

Using this method the authors were able to obtain twice the amount of protein in a 

caveolae enriched fraction, using half the amount of starter material [Macdonald et 

al, 2005]. This method may provide a higher concentration of the caveolae-

enriched fraction. 

Conclusion 
The aim of this work was to establish a method for the preparation of purified 

caveolae based on preparation of plasma membranes and density gradient 

centrifugation. Obtaining caveolae fractions from tissue gave reasonable results but 

we could not be certain from where within the prostate the vesicles originated. 

Attempts made on cultured stromal cells produced low yields and would not be 

practical in other cell types that display low numbers of caveolae-like vesicles. But 

most of all, only low numbers of OTR may be present within the caveolae and it is 

the distribution of the receptor between caveolae and lipid rafts that may be of most 

importance. The discovery that caveolae number decrease with the progression of 

prostate cancer also meant that this line of enquiry was unlikely to be helpful and 

therefore other steps to localize the OTR were pursued. 
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Appendix B: Immunogold staining 

Aim 
The aim of this study was to perform ultrastructural analysis using immunogold 

to determine the localization of OTR in the cell lines. 

Introduction 
Identification of caveolae in the cells can be confirmed by the use of antibodies 

raised against caveolin protein. Because these structures are too small to be 

identified by the light microscope; TEM was used. Once the caveolae had been 

identified then the OTR localization could be confirmed.  

Method 

Gold immunolocalization on cells at the EM level   
The immunogold technique is a delicate balance between fixation giving good 

morphology and the level of immunogold staining giving a good signal.  A range of 

concentrations of gluteraldehyde and paraformaldehyde were used in the trials. 

The cells were incubated in media without FBS at 37oC/5%CO2 for 10 min 

before fixation. Wells containing Thermanox coverslips were fixed as before. 

Briefly, half of the tissue culture medium was removed and an equal quantity of 

prewarmed 2% glutaraldehyde and 2% paraformaldehyde in 0.1M phosphate buffer 

(PB) containing 2mM CaCl2 was left for 1 min. The fixative was removed and 

replaced with fresh fixative and left for 30 min at 37oC. The samples were washed 

in 0.1M PB for 2 x 5 min and then were washed in 0.1% sodium borohydride in 

0.1M PB for 10 min to inactivate residual aldehyde groups followed by 2x 5 min 

PB washes. Cells were then permabilized with 0.05% Triton in 0.1M PB for 10 min 

followed by 2x 5 min PB washes. A high molecular weight protein block was 

applied for 15 min and then cells were washed with incubation buffer (Aurion, 

Wageningen, The Netherlands) for 2 x 5 min. Cells were incubated with primary 
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antibody rabbit anti-cav-1 or goat anti-OTR (N19) or PBS as a negative control in 

incubation buffer overnight at 4oC in a humidified chamber. 

On day two, the samples were washed 3 x 5 min with incubation buffer followed 

by incubation with the appropriate secondary antibody ultra small gold conjugate 

reagent (0800.333 donkey-anti-goat; 0800.311 donkey-anti-rabbit, Aurion) 1:100 in 

incubation buffer overnight at 4oC.  

On day three, samples were washed 6 x 5 min with incubation buffer and then in 

ddH2O. Samples were then postfixed in 2% glutaraldehyde in PB for 5 min. After 

washing in ddH2O for 5 x 2 min, the samples were silver enhanced with freshly 

prepared R-Gent (500.033, Aurion) until brown, approximately 1 hr, (Fig B.1).  

Figure B.1. Silver enhancement 
Stromal cells were incubated with (a) anti-cav-1 or (b) PBS. The immunogold secondary is 

silver enhanced and shows as a brown colouration and was viewed under the inverted light 

microscope. 

 

Samples were washed thoroughly with ddH2O for 3 x10 min and then post fixed 

with 0.5% OsO4 in ddH2O for 15 min. Samples were washed with ddH2O for 3 x 5 

min, dehydrated through graded ethanol for 2 min each and into 100% ethanol for 3 

x 5 min. The samples were infiltrated with Propylene oxide (PO) for 2 x 5 min then 

1:1 PO: Agar 100 (Agar Scientific, Essex, UK) for 5 min. Finally, the cells were 

infiltrated with resin for 4 x 30 min. The coverslip was placed on a dried BEEM 

capsule filled with resin and polymerized for 24 hours at 60oC. The coverslip was 

 

a b 
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removed with heat and a small resin block was cut out containing the embedded 

cells, which were identified by placing into 60oC Methylene blue–azure II stain for 

about 5 min. The blocks were re-embedded into fresh resin and polymerized for 48 

hours at 60oC as above so that vertical sections could be taken through the cells. 

The resin block was removed and ultramicrotomy proceeded. Ultrathin sections 

(80nm) were cut on the Reichert FCS microtome using a Diatome diamond knife. 

The sections were contrasted with 1% buffered uranyl acetate and Reynolds lead 

citrate. Grids were examined under the Phillips CM100 TEM (Philips, Eindhoven, 

The Netherlands) at 80kv accelerating voltage and SIS Mega III captured images. 

Results 
Cell surface immunoreactivity for caveolin was seen in normal prostate cells 

grown in vitro (Fig B.2a-e). Clathrin pits did not stain with either antibody (Fig 

B.2f) and a negative control was always used (Fig B.2g).  

Malignant PC3 cells showed strong immunoreactivity for OTR on the cell 

membrane and within the cells (Fig B.3a-d). OTR staining was seen in the cells and 

not in the background (Fig B.3e-f) 

Stromal cells showed some OTR staining in caveolae (Fig B.3g) and associated 

with rER (Fig B.3h), but mostly on the cell membrane. 
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Figure B.2 Immunogold staining identified caveolae in stromal cells 
Electron micrograph of caveolae vesicles from stromal cells (a-e). Clathrin pits did not 

stain with antibodies to cav-1 or cav-2 (f). Electron micrograph of negative control 

epithelial cells, caveolae vesicles are highlighted (g) Micron markers are indicated. 

 

a! b!

c! d!

e!

f! g!
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Figure B.3. Oxytocin receptor immunogold staining in PC3 and stromal cells 

Electron micrograph of OTR-N19 staining in malignant PC3 cells showing positive 

immunogold staining in the cells and along the cell membrane (a-f).  In stromal cells, OTR-

N19 was occasionally associated with caveolae (g, see arrows) and associated with rough 

endoplasmic reticulum in stromal cells (h). Micron markers are indicated. 

a!

b! c! d!

e! f!

g! h!
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Discussion  
Caveolae are critical sites for cell signalling. The aim of this study was to 

perform ultrastructural analysis using immunogold to determine the localization of 

both caveolin and OTR in cell lines. Identification of caveolae in the cells was 

confirmed by the use of antibodies raised against caveolin protein. These structures 

are easily identifiable in the stromal and epithelial cells. But as previously 

determined, caveolae were lost in the malignant cell lines. 

Once the caveolae were identified then the OTR localization could be 

confirmed. But once again, Guzzi et al, [2002] identified only a small fraction (~1-

15%) of total OTRs within caveolae in MDCK cells, whereas the greatest numbers 

of OTR-GFP fusion proteins were recovered in the bottom fractions that contained 

the bulk of the membrane-associated proteins [Guzzi et al, 2002]. This supports the 

evidence that the OTR is located on the surface of the cell membrane [Whittington 

et al, 2007]. OTR was also not seen associated with clathrin pits. 

Conclusion 
The aim of this work was to establish a method for identification of caveolae 

based on based on immunogold analysis and from there, a method of identifying 

OTR. But this would not be practical in cell types that display low numbers of 

caveolae. But most of all, only low numbers of OTR were present within the 

caveolae and it is the distribution of the receptor between caveolae and lipid rafts 

that may be of most importance.  
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Appendix C: Solutions 
All chemicals and reagents were supplied by Sigma-Aldrich (Poole, UK) or by 
BDH unless otherwise stated. 

Cell culture 
1. Hanks balanced salt solution (HBSS) 

  sodium chloride (NaCl)              8g 
 potassium chloride (KCL)             0.4g 
 di-sodium hydrogen orthophosphate anhydrous (Na2HPO4)  0.0495g 
 potassium dihydrogen phosphate (KH2PO4)       0.06g 

 Make upto1L with MilliQ. pH to 7.5. A 25x concentrate can be made. 
   

2. 30mM HEPES (Sigma H4034) 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)   0.715g   
HBSS                   100ml   
pH to 7.5, filter sterilise, aliquot and freeze. 
 

3. 0.025%Trypsin-EDTA  
Trypsin (Sigma, H4799)   125mg   
ethylenediaminetetraacetic acid (EDTA; 280214S)     50mg  
HBSS                   500ml 
Heat EDTA in HBSS to dissolve and allow to cool. Add trypsin  
and pH to 7.5, filter sterilise, aliquot and freeze. 
 

4. Trypsin neutralization solution (TNS) 
Fetal Bovine Serum (FBS, Gibco 10091-148)       20ml     

       HBSS                  80ml   
                       

5. RPMI 1640 media for LNCaP cells 
RPMI 1640 powder (Gibco, 31800-022)        1packet  
HEPES                    2.38g  
Sodium pyruvate (pyruvic acid; C3H3Na03)       0.11g  
Sodium Bicarbonate (S5761; NaHC03)        1.5g  
Glucose  (C6H1206)               4.5g  
MilliQ water                  950ml  
Adjust to pH 7.5 -7.7. Make up to 1L. Filter sterilise, this will lower the pH to 
the desired pH 7.0-7.6. Before use, add 10 % FBS. 

 
6. 0.04% Trypan blue  

 Trypan Blue (Sigma)               0.04g 
PBS                    100ml 



 

 338 

LM solutions and processing 
1. 10% Neutral buffered formalin (NBF)  

 Sodium dihydrogen phosphate (NaH2P04) 3.5g 
 Disodium hydrogen phosphate (Na2HP04)  6.5g 
 Formaldehyde 40% w/v   100ml  
 Distilled water (dH2O)    900ml 

Make up to 1L. 10% formalin is equivalent to 4% formaldehyde. 
       

2. Paraffin wax embedding 
Hypercenter XP (Shandon Inc, Pittsburgh, PA, USA) 
After fixation:   
70% Alcohol                1 hr 
95% Alcohol                1 hr 
Absolute Alcohol   3x            1 hr 
Xylene       3x            1 hr 
Wax 1 (vacuum)               1 hr 
Wax 2 (vacuum)               1 hr 
Wax impregnated tissue was embedded into metal moulds (tissue-tek, Ted 
Pella, Inc. Reading, CA) using the Shandon Embedding Centre (Shandon Inc, 
Pittsburgh, PA, USA) and paraffin wax (Paraplast, Ted Pella, Inc. Reading, 
CA). 
 

3. Hematoxylin & Alcoholic Eosin  
Hematoxylin & Alcoholic Eosin (H&E) is a routine diagnostic stain. 

Hematoxylin stains the nuclei blue and eosin stains the cytoplasm in shades of pink 
that can distinguish muscle from collagen and healthy from necrotic tissue. Paraffin 
embedded tissue blocks were cut (5µm) onto plain slides and stored at 37 oC 
overnight. Slides were dewaxed in xylene 2 x 3 min and then rehydrated through 
descending alcohol concentrations to tap water. Sections were stained in Harris 
Hematoxylin for 8 min and washed well in running water. Excess stain was 
removed by differentiation in 0.1%HCl in 70% alcohol until the connective tissue 
was clear. The slides were washed in tap water until blue and then dehydrated 
through 70% and 95% alcohol to absolute alcohol. After staining in 0.1% eosin Y 
in absolute ethanol for 3 min, the sections were dehydrated through ascending 
alcohol concentrations into xylene and then coverslipped with a No.1 glass 
coverslip (Menzel-Glaser, Braunschweig, Germany) and mounted with distrene 
dibutylpthalate xylene (DPX).  

 
4. Mallory Trichrome  

Mallory Trichrome (MALT) is used to distinguish muscle from collagen. This 
stain results in muscle and cytoplasm appearing red, collagen blue, erythrocytes 
orange and nuclei dark purple. Paraffin embedded tissue blocks were cut (5µm) 
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onto plain slides and stored at 37oC overnight. Slides were dewaxed in xylene 3 x 3 
min and then rehydrated through descending alcohol concentrations to water. 
Nuclei were over stained with Harris Hematoxylin for at least 10 min. The sections 
were stained in 1% Acid Fuchsin for 10 min and washed in tap water till collagen 
staining was almost colourless. They were then stained in Mallory’s Aniline Blue - 
Orange G for 30 min and washed in tap water for 1-2 min or until the aniline blue 
no longer came away. Dehydrated quickly, cleared in two changes of xylene and 
mounted in DPX.  

 
5. Harris Hematoxylin 

Hematoxylin                5g 
Ammonium alum (NH4Al(SO4)2·12H2O)      100g  
Ethyl alcohol                50ml 
dH2O                   1 L 
Sodium Iodate  (NaI03)            0.37g    
Heat the water and add alum. Dissolve Hematoxylin in alcohol and add 
Hematoxylin to the hot alum solution. When boiling add sodium iodate a few 
grains at a time. When cool add 40ml glacial acetic acid. 

 
6. Aniline Blue Orange G  

Aniline Blue WS (colour index (C.I.) 42755)     0.5g 
Orange G (C.I. 16230)             2.0g 
Phosphotungstic acid              1.0g 
dH2O                   100ml 

 
7. DPX 

Distrene 80 (plastic)             280g 
Dibutylpthalate (plasticizer)           100ml 
Xylene (solvent)               650ml 
Butylated Hydroxytoluene (BHT)         7g 

LM Immunohistochemistry 
1. Preabsorption of 020 antibody 

Because the antigen was conjugated to BSA during antibody production, it was 
preabsorbed against BSA before use 
1. Activate PVDF membrane with 90% ethanol and rinse with dH2O  
2. Load 1mL of 5% BSA in a ~5µL spots all over membrane.  
3. Dry the membrane to fix the BSA into the membrane  
4. Reactivate with 90% ethanol and rinse with dH2O 
5. Incubate the BSA loaded membrane with a 1:50 dilution of 020 antiserum in 

Tris/HCl overnight on a rotary mixer 
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2. Phosphate buffered saline (PBS) 
Sodium chloride                 16g 
Di-sodium hydrogen orthophosphate anhydrous (Na2HPO4) 2.4g 
Sodium di-hydrogen orthophosphate (NaH2PO4.H2O)   0.4g  
Potassium chloride               0.5g 
dH2O                    1.8L 
Check pH 7.4 and then make up to 2L 

 
2. 1mM EDTA pH 8 

EDTA                   0.292g 
 dH2O   500ml  
 Heat to near boiling to dissolve and then cool to room temperature. Adjust to 

pH 8.0 with 10M NaOH, and make up to 1 L with dH2O. 
10M sodium hydroxide (NaOH) 40g of NaOH in 50ml of dH2O and up to 100ml 

 
3. 1mM Citric buffer pH 6 

sodium citrate trisodium salt dihydrate (C6H5Na3O7•2H2O)  0.294g 
dH2O                    500ml  

 dissolve, adjust to pH 6.0 with 10M NaOH make up to 1 L with dH2O. 
 
4. 0.2M Tris base Stock Solution A  

 Tris base (hydroxymethyl)-aminomethane. (C4H11NO3)  24.2g 
Make up to 1 L with dH2O 

 
5. 0.2M HCl Stock Solution B 
 concentrated hydrochloric acid (38%; HCl)      17ml  
 Adding acid to water, make up to 1 L  
 
6. Tris/HCl  
 stock solution A               125ml  
 stock solution B               96ml  
 dH2O                   500ml    

Adjust to pH 7.6 with solution A or B and make up to 1 L with dH2O 
 
7. Tris/HCl/NaCl 
 NaCl                   8.7g  
 Tris/HCl    1L 
 
8. Tris/HCl/NaCl/Triton 
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 Triton X-100                0.5ml 
 Tris/HCl/NaCl               100ml 
 
9. Primary antibody diluent (Tris/HCl/NaCl/Triton/BSA) 
 BSA (Sigma)                3g  
 Tris/HCl/NaCl/Triton             100ml 
 
10. 3,3’-diaminobenzidene (DAB)  
 Fast TM DAB (Sigma)             1 Tablet  
 Urea hydrogen peroxide (CH4N2O.H2O2)      1 Tablet 
 dH2O                   5ml 

Solutions and processing for EM Studies 
1. 0.1M cacodylate buffer containing 2mM CaCl2  

sodium cacodylate (trihydrate) Na (CH3)2AsO2.3H20   2.14g  
dH2O                   95ml  
Add 1N HCl until pH is 7.2 and make up to 100ml with dH2O  
1N HCL 1.57ml of concentrated HCl (38%) up to 20ml of dH2O 

 
2.   4% paraformaldehyde (PF)  

Paraformaldehyde (CH3CH2CO[CH2]3CH3)       4g  
dH2O                    40ml 
Heat to 600C while stirring.  Add drops of 1M NaOH until clear, add dH2O to 
make up to 50ml, store frozen in aliquots for later use. 
 

3.  4% PF in 0.1M cacodylate buffer 
To 4% paraformaldehyde (above) make up to 100ml with 0.2M   

 Cacodylate buffer, check pH and store at 4oC 
 

4.  4% PF & 0.1% Glutaraldehyde in 0.1M cacodylate buffer 
To 4% paraformaldehyde (above), add 400ml of 25% Glutaraldehyde 
solution and add dH2O to make up to 50ml. Make up to 100ml with 0.2M 
Cacodylate buffer. Check pH and store at 40C 

 
5.  Reynold’s lead citrate  

 Lead acetate (Pb(C2H3O2)2 . 3H2O)       1.33g 
 Sodium citrate  (Na3C6H5O7.2H2O)       1.76g  
  CO2-free water  (boiled for 5mins and cooled)    30ml 

Add 8ml 1N NaOH (carbonate-free). This will change the solution from 
milky to colourless, Make up to 50ml with CO2-free water. 

 
6. 2% glutaraldehyde in 0.1M cacodylate buffer containing 2mM CaCl2  
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25% glutaraldehyde             8ml  
0.1M cacodylate buffer           92ml  
Calcium chloride (CaCl2.2H20)          0.3g  
Confirm pH 7.2   

 
7. 1% Osmium (OsO4) in 0.1M cacodylate buffer with 2mM CaCl2 

4% OsO4 stock solution            2ml   
0.1M cacodylate buffer containing 2mM CaCl2   6ml 

 
8. Buffered uranyl acetate sodium hydrogen maleate buffer solution 
 

a) Sodium Hydrogen Maleate stock solution 
 Maleic acid (C4H404) in 250ml of dH2O       11.6 g  
  1M NaOH solution              100ml  

Make up to 500ml with dH2O and check pH 2.8 
1M NaOH. 4g of NaOH and make up to 100ml with dH2O 

 
b) 0.05M Sodium Hydrogen Maleate buffer solution, pH 5.2 
 Sodium hydrogen maleate stock solution     50ml  
 0.1M NaOH                30ml  

Make up the volume to 200ml with dH2O. 
0.1M NaOH. 10ml of 1.0M NaOH up to 100ml with dH2O 

  
c) 1% Buffered Uranyl Acetate solution, pH 6.0 
 Sodium hydrogen maleate stock solution     12ml  
  0.1M NaOH               18ml  

Make up to 50ml with dH2O then dissolve 0.5g of uranyl acetate 
 

9.  Methylene blue–azure II stain 
 

a)  Phosphate buffer for methylene blue–azure II  
 dibasic, anhydrous sodium phosphate       1.067g  
 monobasic potassium phosphate        0.908g 
 dH2O  up to 100ml. 
 

b)  Methylene blue–azure II stain stock solution  
  phosphate buffer             30ml  
 dH2O                 50ml 
 methyl alcohol             10ml  
 glycerin  (C3H803)            10ml 
 azure II  (C.I. 52010)           0.02g  
  methylene blue (C.I. 52015)         0.13g  
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Store in a brown glass bottle. Prepare working solution on the day  
of  the experiment by diluting the filtered stock to 1/5 with dH2O. 

 
10. Epoxy Agar 100 Resin (Medium hardness) 
 Agar 100 resin  24.0g  

 dodecenyl succinic anhydride (DDSA) 16.0g  
 methyl nadic anhydride (MNA)        10.0g  

benzyl dimethyl amine 2.5% accelerator (BDMA) 1.25g   

EM Immunolabelling 
1. 0.2M PB  

dibasic, anhydrous sodium phosphate       2.134g  
potassium phosphate            1.816g 
dH2O up to 100ml 

 
2. 2% PF in 0.1M PB 

To 50ml of 4% PF and make up to 100ml with 0.2M PB, check pH and store 
frozen until use. 

 
3. 2% PF in 0.1M PB with CaCL2 

To 50ml of 4% PF add 0.3g calcium chloride (CaCl2.2H20) and make up to 
100ml with 0.2M PB, check pH and store until use. 

 
4. 2% glutaraldehyde & 2% paraformaldehyde in 0.1M phosphate  

buffer with 2mM CaCl2  
To 50ml of 4% PF add 8ml of 25% Glutaraldehyde solution and add dH2O to 
make up to 50ml. Make up to 100ml with 0.2m PB. Check pH and store at 
40C 

 
5. 0.1% sodium borohydride in 0.1M PB  

Sodium borohydride           0.1g 
   0.1M PB                100ml 
    Needs to be made fresh just before use, and must bubble when applied 
 
6. 0.05% Triton in 0.1M PB  

Triton                 50ml 
0.1M PB               9550ml 

 
7. High molecular weight block  

BSA                 5g 
Cold water fish skin (G7765)        0.1g 
5% goat serum (serum to secondary antibody)   5ml 
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0.1 M PB               100ml 
 
8. 2% glutaraldehyde in 0.1M PB for 5 min. 

25% glutaraldehyde            8ml 
 0.1M cacodylate buffer          92ml 
 Confirm pH 7.2   
  
9. Silver enhancement 

AURION R-Gent SE-EM (500.033) kit: enhancer, initiator activator. 
The initiator was diluted 20 drops to 1 drop of activator. This resulting 
mixture is the developer.  
For use- two drops of developer was mixed with 20 drops of enhancer.  

 
10. 0.5% OsO4 in ddH2O  

4% OsO4 stock solution            1ml   
ddH2O                 7ml 

Western blot  
1.  Protein determination 

a. Lowry’s Solution A 
Sodium carbonate (Na2Co3)         2% w/v  
tartaric acid (Na3K)            0.1% w/v 

 
b. Lowry’s Solution B  

Copper Sulphate (CuSO4.5H2O)       0.1% w/v 
Add 9 volumes of Lowry’s solution A to 1 volume of B for use 

 
c. Lowry’s solution C for protein determination  

Folin and Ciocalteu’s phenol reagent (Sigma)     1 volume 
  dH2O                  1 volume 

Prepare fresh before use 
 

2. Protease Inhibitor  
Complete protease inhibitor  (Roche; 11697498001)  1 Tablet 
PBS                   50ml 

 
3. 10% Resolving gel - for 2 gels 

dH2O                   7.9ml 
30% N,N’-methylene-bis-acrylamide mix (BioRad)   6.7ml  
1.5M Tris (pH 8.8)              5ml  
10% (w/v) sodium dodecyl sulfate (SDS)      0.2ml 
 10% (w/v) sodium persulfate (APS; BioRad)     0.2ml 
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TEMED (BioRad)              8ml  
  

4. 4% Stacking gel - for 2 gels 
dH2O                   4.1ml 
30% N,N’-methylene-bis-acrylamide mix (BioRad)   1ml  
1.5M Tris (pH 6.8)              0.75ml 
10% (w/v) SDS (BDH)            0.06ml  
10% (w/v) APS (BioRad)            0.06ml   
Tetramethylethylenediamine (TEMED; BioRad)    6ml  

 
5. 1M Tris pH 8.8 

Tris base (BDH)               12.1g 
milliQ water                 80ml  
Adjust pH to 8.8 using HCl and make up to 100ml 

 
6. 1.5M Tris pH 6.8 

Tris base                  18.17g  
milliQ water                80ml   
Adjust pH to 6.8 using HCl and make up to 100ml 

 
7. 0.02% PBS/Tween 

Polyoxyethylene sorbitan monolaurate. (Tween 20; BioRad)  0.2ml 
PBS                     1L 

 
8. Running buffer (5x concentrated) 

Tris base                  30.3g 
Glycine                   143g  
SDS                    10g  
Make up to 2 L with dH2O  

 
9. Transfer Buffer (10x concentrated) 

Tris base                  24.2g 
Glycine                   112.6g 
Make up to 1 L with dH2O  
 

10. Loading Buffer (SDS reducing buffer) 
dH2O                   3.6ml   
1M Tris (pH 6.8)               1ml  
Glycerol                  0.8ml  
10% (w/v) SDS                1.6ml 
1M dithiothreitol,(DTT; C4H10O2S2)        0.8ml  
0.16% (w/v) bromophenol blue          0.2ml  
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11. Ponceau S Stain 

 Ponceau S (4566 Merck; C.I. 27195)        0.1g 
  Acetic acid                 1ml  
 Make up to 100ml with MilliQ. 

Quantum Dots 
1.   10% Orthoboric acid 

 Orthoboric acid (H3BO3)            10g 
adjusted to pH 8 with 10M NaOH to dissolve - filtered on 2µm pores 

 
2. Incubation buffer 

 10% Orthoboric acid             1ml 
 10% BSA                 8ml 
 1.42M Sucrose (C12H22O11)           6ml 

Make up to 40ml with dH2O 

Caveolae fractionation 
Homogenization Solution A: Phosphate-buffered saline (PBS, as above)  

Homogenization Solution B: 
1. 100mM triethanolamine stock 
 Triethanolamine (Sigma; N(CH2CH3)3)       1.49g 

Make up to 100ml with dH2O 
 

2. 100mM acetic acid stock 
Acetic acid                 0.60ml 
Make up to 100ml with dH2O 

 
3. 100mM EDTA stock 

EDTA (Na2•2H2O)               3.72g  
Make up to 100ml with dH2O 

 
4.  Homogenization buffer B 

Sucrose (0.25M)               17g  
 dH2O                   100ml 
Triethanolamine stock              20ml 
Adjust to pH 7.8 with triethanolamine or acetic acid stock up to 200ml  

 
5.  Homogenization Solution C: 

Homogenization buffer B            200ml 
EDTA stock                 2ml  
Adjust to pH 7.8 with triethanolamine or acetic acid stock up to 200ml  
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Fractionation Solution A: OptiPrep TM (60% iodixanol)  

Fractionation Solution B:  
1.  500mM Hepes stock 

Hepes (free acid)               11.9g 
Make up to 100ml with dH2O 

 
2.  1mM NaCl stock 

1 M NaCl                 5.84g 
Make up to 100ml with dH2O 

 
3.  Solution B: OptiPrep dilution buffer 

NaCl stock                 13.7ml 
 Hepes stock                60ml  
Adjust to pH 7.4 with NaOH and make up to 100ml  

 
4.  Solution C 

 Working Solution of 50% (w/v) iodixanol  
5 volumes of OptiPrep to 1 volume of Solution B 

 
5. Fractionation Solution D: Homogenization buffer 

NaCl stock                 27.4ml  
Hepes stock                20ml  
Adjust to pH 7.4 with NaOH and make up to 200ml  

 
Purification Solution A: OptiPrep TM 60% 
1.   Solution B: 
 Stock solution 500mM Tricine 

Tricine  (HOCH2)3CNHCH2COOH)      8.95g 
Make up to 100ml with dH2O 

 
2.  Stock solution 100mM EDTA 

EDTA                3.72g   
Make up to 100ml with dH2O 

 
3.  Solution B: Diluent  

Sucrose                 8.5g 
dH2O                 50ml  
EDTA stock               6ml 
Tricine stock              24ml  
Adjust to pH 7.6 with 1 M NaOH and make up to 100ml 
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4.  Solution C. Working solution of 50% iodixanol  
 

5.  Purification Solution D. Suspension medium:  
Sucrose         17g 
dH2O                 100ml  
EDTA stock               2ml  
Tricine stock               8ml  
Adjust to pH 7.6 with 1 M NaOH and make up to 200ml  

 

 

Western blots 

 
 

Figure D.1 Representative Western blot 
The MagicMark™ XP Western Protein Standard is on the left of a representative Western 

blot membrane loaded with treated normal epithelial cells (annoted blot top left). All 

primary antibodies were anti-rabbit. Androgen receptor (top band 110kDa), OTR (middle 

band 60kDa) and cav-1 (bottom band 20kDa) are seen.   

 
 

 

 

 

  

 


