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Abstract  

The aim of this study was to investigate the effects of Cylindrospermopsin (CYN) 

on human reproductive cells. CYN is a potent alkaloid cyanotoxin that inhibits 

protein synthesis (PSI) and causes cytochrome P450 metabolism-dependent 

cytotoxicity and genotoxicity in mice and mouse cells in vitro. In the last two 

decades, evidence has suggested that CYN can have deleterious health effects in 

humans and animals; however, further research into CYN toxicity is essential. 

Currently, little is known about the effects of CYN on human reproductive cells, 

although preliminary data suggest that low levels of CYN may adversely affect 

metabolic pathways in granulosa cells and cause oxidative damage to spermatozoa 

membranes. Both have the potential to affect cell viability and functionality.  

In vitro cultures of primary-derived granulosa cells (GC) and spermatozoa provide 

good reproductive models to investigate a compound‟s toxicity. Both are readily 

obtained from patients seeking assisted reproductive technology (ART). In this 

study, GC were isolated from women undergoing ART and cultured in defined 

medium. After an initial 24-h adherence period, GC were then exposed to 0 – 5 µM 

CYN for 24, 48 or 72 h. After each time point, cell viability was measured and 

conditioned medium was collected for quantification of secreted steroid hormones 

by radioimmunoassay. The presence of cytoplasmic cholesterol lipid substrates 

required for steroidogenesis, and 3β-hydroxysteroid dehydrogenase (3βHSD) 

enzyme activity (which enables GC to produce progesterone from pregnenolone 

cholesterol substrate) were also assessed.  

Exposure of GC to CYN concentrations of ≥ 1 µM for 48 h was cytotoxic. 

Decreased levels of cytoplasmic cholesterol lipid, 3β HSD activity and steroid 

hormone production 72 h after addition of ≥ 1 µM CYN was likely due to this loss 

of cell viability.  

CYN toxicity is mediated indirectly via its CYP metabolites, but also directly by 

inhibition of protein synthesis (PSI). Even partial PSI may decrease GC steroid 

hormone production in cells, at doses without measurable loss of viability. To test 
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this, de novo protein synthesis in GC exposed to CYN was measured using [
3
H]-

Leucine. The hypothesis was confirmed with observations of dose-dependent 

decreases in progesterone production, and protein synthesis, after 6 h exposure to 

CYN concentrations up to 5 µM.  

Mature, human spermatozoa lack CYP activity and do not rely on de novo protein 

synthesis, the two main mechanisms by which CYN confers its toxicity. However, 

spermatozoa cell membranes are densely packed with lipids, which are rapidly 

oxidised by reactive oxygen species when antioxidant defence mechanisms have 

been depleted. Since CYN has been shown to reduce antioxidant defence 

mechanisms, lipid peroxidation in spermatozoa is a potential secondary toxicity that 

could still affect fertility. The effects of CYN on both fresh and cryopreserved 

human spermatozoa were investigated through the use of four different viability 

assays: the MTT, MTS, Eosin Y exclusion, and ATP assays. Neither the MTT nor 

MTS assay proved capable of measuring spermatozoa viability in control 

experiments under the conditions used in this study. CYN concentrations up to 3 

µM were not cytotoxic to cryopreserved spermatozoa after 72 h as determined by 

Eosin Y exclusion. There were significant decreases in ATP levels in fresh 

spermatozoa, but only after 24 h exposure to 30 µM CYN.  

The current guideline for safe levels of CYN in drinking water is below 1 µg.L
-1

. 

Short-term exposure of mature human spermatozoa and human granulosa cells to 

such levels of CYN is unlikely to affect the viability or functionality of the cells. 

However, the effects of long-term exposure to CYN need to be further investigated. 

The ability of CYN to decrease steroid hormone production and protein synthesis in 

GC may indicate a potential to disrupt normal reproductive cell functionality and 

development.  

.  
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“Amongst all theories that deal with the origin of life “liquid water is the 

quintessential environmental criterion for both the origin and sustenance of life” 

(Davis & McKay 1996). 
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Chapter 1. General Introduction 

Assisted reproductive technologies (ART) were established to address problems 

associated with abnormal reproductive functioning in order to help couples 

conceive. There are an estimated 70 million infertile couples worldwide; with 

demographic factors such subsequent delays in starting a family, due to other social 

factors taking precedence, thought to have contributed to lower fertility rates 

(Ledger 2009; Ombelet et al. 2008). Furthermore, general health issues such as 

obesity and the rise in sexually transmitted diseases have also contributed to 

decreases in infertility (Ledger 2009). Assisted reproductive techniques involve 

protocols which down-regulate the endogenous female cycle and allow exogenously 

administered gonadotropins to stimulate development and production of oocytes 

and surrounding steroidogenic cells (granulosa and theca cells) within the ovary, 

referred to as superovulation or hyperstimulation (Salamonsen et al. 2001). 

Granulosa cells (GC) play a major role in production of steroid hormones, vital for 

the establishment and maintenance of pregnancy (Keren-Tal et al. 1995). GC can be 

used as an investigative in vitro reproductive model to determine possible effects of 

toxins and pollutants (Beckman et al. 1991; Breckwoldt et al. 1996; Chaffkin et al. 

1993; Harvey & Everett 2003; Quinn et al. 2006; Rodgers et al. 1996). 

Infertility can be attributable to either male factors, female factors or both. The 

collected oocyte is fertilised with a spermatozoon through in vitro fertilisation 

(IVF) or intracytoplasmic sperm injection (ICSI). Couples undergo ICSI when there 

are abnormal semen parameters. Declines in semen quality are associated with a 

decline in male fertility (Aitken et al. 2004; Pichini et al. 1994). Alternatively, 

couples seeking ART due to the women‟s menstrual cycle abnormalities, 

endometriosis or physiological barriers preventing fertilisation undergo IVF (Fatum 

et al. 2009; Ledger 2009; Ng et al. 2000; Nuojua-Huttunen et al. 1999; Stephansson 

et al. 2009; Templeton et al. 1996). 

Humans can be exposed to drugs, chemicals and toxic compounds (collectively 

called xenobiotics) in the environment through routes such as inhalation and 
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consumption of contaminated water (Aitken et al. 2004; Pacifici et al. 1995; 

Wagner et al. 1990; Yousef et al. 2007). Some environmental pollutants affect 

human reproduction; a specific study on male patients seeking treatment for their 

infertility in south eastern Spain, found that exposure to occupational toxins such as 

glues, solvents and silicones were major contributing factors to male infertility in 

patients undergoing ART (Mendiola et al. 2008). 

1.1 Human Primary-derived Granulosa Cells 

Human granulosa-lutein cells are commonly used as a reproductive model to 

investigate the effects of environmental chemicals and pollutants on viability and 

steroid hormone production (Heimler et al. 1998; Hong et al. 2007; Hsia et al. 

2007). The ovarian follicle is divided into two compartments: the vascularised theca 

externa and interna, and the non-vascular compartment containing granulosa cells, 

oocyte and the follicular fluid (Shalgi et al. 1973). The ovarian follicle has an 

extensive blood supply through which many proteins, lipophilic substances and 

potential xenobiotics can penetrate the blood-follicle barrier and reach the 

developing oocyte and steroidogenic cells (Murphey 2004; Shalgi et al. 1973; 

Wagner et al. 1990). Human granulosa cells play a key role in successful 

reproduction (Hosokawa et al. 1998). The growth, development and survival of the 

ovarian follicle are dependent on successful passage through the sequential stages 

of initiation, growth, selection, ovulation and luteinisation and optimal functioning 

of all steroidogenic tissue (Richards 1994). Follicular growth is dependent on the 

proliferation and secretion of steroid hormones from granulosa cells to create the 

ideal environment for oocyte maturation and nourishment (Huang et al. 2004; 

Tapanainen et al. 1987). Throughout the follicular phase, follicle stimulating 

hormone (FSH) and estradiol (which acts via the estrogen receptors α and β) 

stimulate mitotic proliferation of granulosa cells and induction of luteinising 

hormone (LH) receptors (Chu et al. 2004; Drummond & Findlay 1999; Enmark & 

Gustafsson 1999; Mangelsdorf et al. 1995). This phase is crucial in development 

and growth of primordial follicles into one mature dominant follicle from which an 

oocyte will be ovulated (Macklon & Fauser 1998; Yong et al. 1992). The newly 

formed LH receptors on GC allow LH to induce ovulation whilst stimulating the 

GC to luteinise (now granulosa-lutein cells) and to cease proliferating (Chaffkin et 
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al. 1993). In vivo, human chorionic gonadotropin (hCG) - a placental homologue of 

LH - has the ability to activate LH receptors and increase progesterone output by 

granulosa-lutein cells (Devoto et al. 2002; Figenschau et al. 1997; Huhtaniemi 

2004).  

The differentiation of GC into luteinised cells is characterised by a wide range of 

functional changes (Ben-Ze've & Amsterdam 1987; Chaffkin et al. 1993; Delforge 

et al. 1972; Figenschau et al. 1997). These hallmarks include:  

– the cessation of proliferation; 

– increases in cyclic adenosine 3‟:5‟ monophosphate AMP (cAMP) 

production; 

– expression of steroidogenic enzymes and hormone receptors;  

– progesterone production; 

– cytodifferentiation; 

– morphological changes of GC in the presence of an extracellular matrix; 

– cellular aggregation; and,  

– the formation of gap junctions  

Figure 1-1, illustrates the difference between proliferative granulosa cells (high 

nuclear to cytoplasmic ratio), under the influence of FSH, and a luteinised 

granulosa cell (low nuclear to cytoplasmic ratio) which is under the influence of LH 

(Chaffkin et al. 1993). It is considered that a cell which is still in its proliferative 

state is incapable of accumulating cholesterol lipid required for steroidogenesis as it 

is not in terminal state of differentiation (Kinkel et al. 2004). 
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Figure 1-1: Proliferation or Differentiation of Granulosa Cells (Vaughan 2002) 

A granulosa lutein cell has a high cytoplasmic to nuclear ratio- indicative of the cell no-longer in a 
proliferative state. In comparison a granulosa cell is smaller and has a high nuclear to cytoplasmic ratio 
and maintains mitotic capabilities.
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1.1.1 Ovulation 

The growth, differentiation, and viability of ovarian cells are regulated by 

endocrine, paracrine and autocrine factors (Soboloff et al. 2001; Vaughan 2002). 

The key gonadotropins involved in regulation of survival (viability) and 

functionality (steroid hormone production) of granulosa cells are FSH and LH/hCG 

(Richards 1994). Progesterone regulates viability, differentiation and cell 

proliferation with autocrine effects on gene transcription in granulosa cells via the 

progesterone receptor (PR) (Espey et al. 2004; Peluso 2003). As a result, gene 

expressions of specific enzymes are up-regulated to combat oxidative damage 

caused by inflammatory processes associated with ovulation. These include the 

glutathione-S-transferase enzymes induced by the protein kinase A (PKA) pathway 

(Adler et al. 1999). Progesterone and estradiol function as receptor ligands and can 

also induce the transcription and translation of immediate early stress response 

genes, which regulate the expression of other genes and granulosa cell 

differentiation (Enmark & Gustafsson 1999; Espey et al. 2004; Mangelsdorf et al. 

1995; Peluso 2003). 

1.1.2 Hormonal Regulation of Steroidogenesis  

Steroidogenesis is regulated and modulated predominately via the protein kinase A 

(PKA) signalling pathway under the influence of tropic hormones (Stocco et al. 

2005). Steroidogenesis and the production of sex-steroid hormones are essential for 

function of the ovary and the testes, and the establishment and maintenance of 

pregnancy (Keren-Tal et al. 1995). These processes are dependent on pituitary-

derived FSH, and LH, which increase the concentration of cAMP (Fritz & Speroff 

1982). These two hormones act via the cAMP secondary messenger signalling 

system which regulates transcription of hormone synthesis genes (Devoto et al. 

2002; Fritz & Speroff 1982). 

However, other pathways exist which act independently of, or work in synergy 

with, the PKA system to regulate steroidogenesis, including the protein kinase C 

(PKC) pathway, arachidonic acid metabolism (involved in regulation of signalling 

pathways) and calcium messenger system (Stocco et al. 2005). The rate limiting 

factor to steroidogenesis is the steroidogenic acute regulatory protein (StAR) and its 



General Introduction

 

7 

 

ability to translocate cholesterol from the outer to the inner mitochondrial 

membrane (Stocco & Clark 1996). StAR belongs to the mitochondrial 

phosphoproteins which are regulated by FSH and LH. Changes in StAR reflect 

changes in steroid hormone biosynthesis (Kohen et al. 2003). The main signalling 

transduction pathway of steroidogenesis involves the binding of the gonadotropins 

to the ovary activating G-stimulatory proteins which activate adenylyl cyclase 

increasing cAMP levels which activate PKA and other protein kinases stimulating 

steroidogenesis (Leung & Armstrong 1980; Leung & Steele 1992; Richards 1994; 

Yong et al. 1992). 

Estradiol synthesis by granulosa cells is primarily stimulated by FSH (Devoto et al. 

2002). The androgens are the precursors for estradiol biosynthesis. In the early 

follicular phase, FSH stimulates increased estradiol production by inducing 

expression of the aromatase enzyme (Leung & Armstrong 1980). Leung & 

Armstrong had proposed the two – cell two-gonadotropin theory of ovarian 

steroidogenesis whereby interaction exists between granulosa and theca cells, with 

GC unable to synthesise the androgen substrates needed to produce estradiol on 

their own. Granulosa cells lack the 17α-hydroxylase and C17, 20-lyase enzymes 

necessary to produce androgens from C21 precursors, Figure 1-2 (Havelock et al. 

2004; Leung & Armstrong 1980). Androstenedione produced by the theca cells, can 

diffuse through the basement membrane which separates the theca and granulosa 

cells, into the avascular compartment. Here, it can be aromatised inside GC into 

estradiol by one of the key steroidogenic enzymes, cytochrome P450 aromatase 

(CYP19), under the influence of FSH (Havelock et al. 2004). It is the amount of C19 

androgens synthesised from cholesterol in theca cells (stimulated by LH) that 

determines how much estradiol can be produced by granulosa cells. As the 

developing follicle draws nearer to ovulation, LH levels increase as estradiol levels 

drop (Leung and Armstrong, 1980), due to decreased androgen availability and LH 

also exerting an inhibitory effect on aromatase activity (Devoto et al. 2002; 

Havelock et al. 2004).  

Progesterone production is increased when granulosa cells enter the luteal phase, 

the continued communication and interaction between now theca-lutein and 
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granulosa-lutein cells increases expression of steroidogenic enzymes cytochrome 

P450 side chain cleavage enzyme (CYP11A1) and 3β-hydroxysteroid 

dehydrogenase (3βHSD), the latter critical to the production of progesterone 

(Devoto et al. 2002; Havelock et al. 2004). 

 

1.1.3 Steroidogenesis 

Differentiated granulosa-lutein cells are abundant with cytoplasmic lipids which 

store cholesterol substrates required for steroid hormone production (Ho et al. 2004; 

Schmidt et al. 1984). The steroid hormones of interest are the estrogens, progestins 

and androgens, all of which are structurally similar and stem from a common 

pathway (Miller 1988). There are thus numerous steps where xenobiotic toxicity 

could disrupt steroidogenesis. The key enzymes involved in steroid hormone 

biosynthesis are steroidogenic acute regulatory protein (StAR), cytochrome P450 

side chain cleavage enzyme (CYP11A1), 3β-hydroxysteroid dehydrogenase 

(3βHSD) and aromatase (CYP19), Figure 1-2 (Harvey & Everett 2003; Ho et al. 

2004; Payne & Hales 2004).  

The human cytochrome P450 (CYP) family is comprised of 57 genes that code for 

enzymes involved in drug and xenobiotic metabolism, cholesterol metabolism and 

steroid synthesis (Nebert & Russell 2002). The CYP‟s involved in the metabolism 

of xenobiotics are mainly CYP1, CYP2 and CYP3, which can produce reactive 

intermediates which are more toxic than the parent compounds (Nebert & Russell 

2002; Runnegar et al. 1995). StAR is the rate limiting step in steroidogenesis where 

it translocates cholesterol from outer mitochondrial membrane (OMM) to 

CYP11A1 in the inner mitochondrial membrane (IMM) initiating steroidogenesis 

(Stocco & Strauss 1998). 3βHSD enzyme, type II isoform found within the ovary, is 

essential for progesterone production. It is membrane-bound and distributed to both 

mitochondrial and microsomal membranes (Kerin et al. 1976; Payne & Hales 2004; 

Sanderson 2006; Wattenberg 1958). The steroidogenic pathway has multiple 

molecular points which can be targeted by endocrine disruptors, altering enzyme 

activity in the ovaries and testis, Figure 1-2 (Harvey & Everett 2003; Hoyer 2001). 

Human granulosa cell in vitro assays can be utilised to investigate xenobiotics 
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acting as steroid receptor antagonists and/or agonists, by inhibiting or activating 

steroidogenic enzymes (Enmark & Gustafsson 1999; Fan et al. 2007; Harvey & 

Everett 2003; Hughes et al. 1990; Sanderson 2006).  
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Figure 1-2: Steroidogenic Pathway in granulosa-lutein and theca-lutein cells (Kasper et al. 
2006) 

Key steroidogenic enzymes highlighted are CYP11A1; 3-βhydroxysteroid dehydrogenase and CYP19 
(aromatase). Pregnenolone, C-21 cholesterol, is synthesised by the mitochondrial CYP11A1 and is the 
immediate precursor for all steroid hormones (Breckwoldt et al. 1996; Doody et al. 1990; Harvey & 
Everett 2003; Miller 1988; Payne & Hales 2004). Luteinising hormone/hCG regulates the early steps in 
steroidogenesis; cholesterol is transported into the mitochondria by the steroidogenic acute regulatory 
protein (StAR) and is converted to pregnenolone (Devoto et al. 2002; Kasper et al. 2006; Saxena et al. 
2004; Yong et al. 1992). Diagram adapted and modified from (Kasper et al. 2006). 
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1.2 Human Mature Spermatozoa 

The testes produce spermatozoa and steroid hormones required for normal 

reproductive function. Many studies have focussed on the long term developmental 

effects of xenobiotics and chemicals on male testis, reproductive tract and 

spermatozoa (Mendiola et al. 2008). Semen quality is often assessed as the 

biological end point for toxicology studies (Fraser et al. 2006; Mendiola et al. 2008; 

Pacifici et al. 1995; Pichini et al. 1994; Sanderson 2006; Wagner et al. 1990; 

Yousef et al. 2007). The simplest index of spermatozoa viability is motility, and it 

also determines clinical fertilisation capability (Morris et al. 2007). Sertoli cells 

provide the ideal environment for spermatogenesis and maturation of spermatozoa. 

Sertoli cells also create the blood-testes barrier facilitating intracellular transport of 

nutrients (Amann 1981; Griswold 1998; Hecht 1998). The process of 

spermatogenesis involves the repackaging of nuclear proteins to increase genomic 

stability. Genomic transcription in spermatozoa does not resume until after 

fertilisation (Grootegoed et al. 2000; Hecht 1998). Spermatogonia (original germ 

cell) contain highly vacuolated mitochondria capable of undergoing protein 

synthesis, whereas mature spermatozoa contain only mitochondrial ribosomes and 

no cytoplasmic ribosomes, and are thus only capable of mitochondrial gene 

expression (Hecht 1998; Revelli et al. 1994). These changes reflect changing 

metabolic needs throughout spermatogenesis (Hecht 1998). Mature spermatozoa are 

comprised of four essential parts; the head, an acrosome, the midpiece and the tail, 

Figure 1-3. The head contains the complete genetic information, the acrosome 

contains the enzymes required to penetrate the zona pellucida and fertilise the 

oocyte, and the tail provides forward progressive motility required to reach the 

oocyte (De Kretser et al. 1998; Hecht 1998; Liu & Baker 1992). Microtubules form 

the spermatozoon tail, an extension of the axoneme in the neck of the spermatozoon 

which renders the spermatozoon motile (De Kretser et al. 1998). The axenomes are 

densely packed with mitochondria. Abnormalities which affect ATPase activity or 

production of ATP energy molecules will directly affect spermatozoa motility (De 

Kretser et al. 1998; Grootegoed et al. 2000). 
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Figure 1-3: Human Spermatozoa 

The anatomy of a mature human spermatozoon (a) represents schematic representation of the side 
view of spermatozoon; (b) details a cross-section view of the spermatozoon head portion. Figure 
extracted from Sherwood (2001). 
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1.2.1 ATP Production by Human Spermatozoa 

ATP is the predominant energy store in mammalians cells, including spermatozoa 

(Orlando et al. 1982; Peterson & Freund 1970). The ratio of ADP and ATP 

nucleotides reflects the physiological state of spermatozoa and directly relates to 

their motility (Orlando et al. 1982). Glycolysis has been found to be more efficient 

than oxidative respiration in maintaining ATP levels in spermatozoa due to the 

limited oxygen consumption by spermatozoa (Peterson & Freund 1970). 

The glycolylic rate of spermatozoa is 0.5 µmoles of glucose per 10
8 

sperm.h
-1

 

producing 2 µmoles of ATP for each glucose molecule metabolised (Peterson & 

Freund 1970). Spermatozoa with ATP concentrations less than 40 pmole per 10
6
 

sperm have limited success in IVF, thus ATP concentration is an indicator of 

viability, functionality and fertilisation capability (Vigue et al. 1992). 

1.2.2 Effects of Reactive Oxygen Species on Human Spermatozoa 

The primary susceptibility of spermatozoa is membrane integrity compromise via 

oxidation (Aitken et al. 2004; Pacifici et al. 1995; Wagner et al. 1990; Yousef et al. 

2007). Oxygen is essential for energy production, however reactive oxygen species 

(ROS) are also unavoidably generated (Griveau & Lannou 1997). Seminal plasma is 

one of the most powerful antioxidant fluids; deficiencies in seminal fluid are often 

associated with oxidative stress that results in male infertility (Griveau & Lannou 

1997; Sanocka et al. 1997). Spermatozoon membranes are comprised of high 

concentrations of unsaturated fatty acids which increase their susceptibility to 

oxidative damage (Aitken et al. 1993; Griveau & Lannou 1997; Said et al. 2005; 

Said et al. 2005). ROS damage decreases fertilisation capability by inducing lipid 

oxidation of spermatozoa membranes, and with increased permeability there is an 

increased chance of DNA damage and decreased motility due to a loss of 

intracellular ATP (Aitken et al. 1993; Griveau & Lannou 1997; Said et al. 2005; 

Said et al. 2005; Yousef et al. 2007). 
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1.3 Environmental Toxins in Australian Waters 

Due to recent lower-than-average rainfalls in Australia, potable water shortages 

have been observed in Queensland and southern Australia (Climate Analysis 

Section 2006; McKay & Moeller 2001). As a result of water shortages, and the 

additional effect of increased temperatures, water restrictions and water recycling 

programs have been implemented to manage the increasing demand for water 

(Stenekes et al. 2006). As new water sources are tapped, there is heightened need to 

ensure that the drinking water supply is safe to consume, free of contaminants such 

as microbes (pathogenic bacteria and viruses), aquatic biota (such as blue green 

algae) and inorganic and organic chemicals. Under favourable conditions, 

cyanobacteria are the predominant phytoplankton in Australian reservoirs, lakes 

and rivers (Hoeger et al. 2004). As a result, toxins produced by cyanobacteria could 

pose a serious health risk if they enter the drinking water supply (McKay & Moeller 

2001). 

1.4 Cyanobacterial Blooms and Associated Toxins 

Cyanobacteria, commonly known as blue-green algae, belong to an ancient group of 

photosynthetic autotrophic prokaryotes thought to be responsible for the 

accumulation of oxygen in the earth‟s atmosphere nearly 2 billion years ago 

(Ressom et al. 1994). Bloom formation and the dominance of one cyanobacterial 

species in a water body depends on several factors: nutrient availability (correct 

ratio of phosphorus and nitrogen), water column stability, temperature, pH and 

carbon dioxide (CO2) levels (Dignum et al. 2005; Fabbro & Duivenvoorden 1996; 

Mur et al. 1999; Reynolds & Walsby 1975; Steinberg & Hartmann 1988).  

Not all cyanobacteria are toxic to water supplies, and even within a single toxic 

species there can be differing toxicity between strains (Sivonen & Jones 1999). In 

Australia, 42% of cyanobacteria samples tested in mouse bioassays were 

hepatotoxic or neurotoxic, and up to 84% of cyanobacteria samples tested by high-

performance liquid chromatography (HPLC) were found to contain neurotoxins 

(Baker & Humpage 1994; Negri et al. 1997; Sivonen & Jones 1999). The increasing 

threat of cyanobacterial toxins entering drinking water supplies makes preventative 

measures and effective removal techniques essential (Griffiths & Saker 2003; 
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Hoeger et al. 2005). Copper sulphate is the most common preventative treatment 

method for control of cyanobacterial blooms; however, it is the least effective for 

preventing contamination of the water supply as it results in cell lysis and release of 

intracellular toxin (Falconer 1998). Effective methods for the removal of 

cyanobacterial cells without causing cell lysis and release of associated cyanotoxins 

is continuously being researched (Hrudey et al. 1999).  

1.5 Cyanotoxins 

Cyanotoxins can be classified into three groups based on their chemical structures: 

the cyclic peptides, alkaloids and lipopolysaccharides; and each differs in its 

mechanism of toxicity (Hoeger et al. 2004; Sivonen & Jones 1999). Of specific 

interest is the tricyclic alkaloid hepatotoxin known as cylindrospermopsin (CYN, 

Figure 1-4) which was classified as the highest priority for cyanotoxin 

investigations at the U.S. Environmental Protection Agency Unregulated 

Contaminant Monitoring Regulation (UCMR) meeting on cyanobacterial toxins. 

 

 

 

 

 

 

Figure 1-4: Structure of Cylindrospermopsin 

* Denotes that the OH can be an epimer thus producing 7-epicylindrospermopsin or be substituted by H 
to produce deoxycylindrospermopsin.

* 
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1.6 Cylindrospermopsin (CYN) 

Cylindrospermopsin, C15H21N5O7S, has a low molecular weight of 415 Daltons 

(Figure 1-4) and its zwitterionic properties enable it to be highly soluble in water 

(Chong et al. 2002; Hawkins et al. 1985; Ohtani et al. 1992; Sivonen & Jones 

1999). The pure form of CYN is stable in sunlight, the dark, UV light, pH 4, 7 and 

10 and cannot be degraded by boiling (Chiswell et al. 1999; Duy et al. 2000; Moore 

et al. 1998; Sivonen & Jones 1999). A total of six species have been identified 

worldwide which produce CYN. In Australia, Cylindrospermopsis raciborskii 

(originally identified by Woloszynska 1912) is the species posing the greatest threat 

of CYN contamination, and is considered toxic in Australian waters (Falconer & 

Humpage 2006; Hawkins et al. 1985; Ohtani et al. 1992; Seifert et  al. 2007). C. 

raciborskii can contain between 1.5 – 5.5 mg.g
-1

 of CYN in freeze-dried cell 

(Sivonen & Jones 1999).  

The elimination of CYN via various methods has been investigated, with 

chlorination, ozone and activated carbon found to be effective in the elimination of 

CYN (Rodríguez et al. 2007). When directly comparing the effectiveness of 

chlorine treatment and ozone treatment, ozone had a higher rate of oxidation and 

elimination of CYN than chlorine (Rodríguez et al. 2007). Chlorine, although 

effective in the removal of 99% of CYN (pH 6-9 at 0.5 mg.L
-1

), can produce 

harmful trichloromethanes if concentrations of chlorine exceeds 1 mg.mL
-1

, and is 

less effective if organic matter is present (Rodríguez et al. 2007; Senogles et al. 

2000). If not detected early and eliminated from the contaminated water, CYN is 

not only stable but can remain unnoticed, potentially causing harm if ingested.  

1.7 Cylindrospermopsin Toxicity 

The no observable adverse effect level (NOAEL) for CYN is 30 µg.kg
-1

.day
-1

 

determined from in vivo male mice toxicity studies obtained from purified and cell-

extract CYN derived from C. raciborskii (Humpage & Falconer 2003). However, 

the lowest observable adverse effect level (LOAEL) is reported as 20 µg.kg
-1

.day
-1

, 

and was derived from studies involving long-term chronic exposure of female and 

male mice to CYN derived from Aphanizomenon ovalisporum (Sukenik et al. 2006), 
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which could explain the discrepancy. The dose-response and threshold doses 

observed upon toxin exposure, depends upon the biological endpoint chosen. 

Although organ and/or body weight is the usual index of an adverse physiological 

response to toxin exposure, if an increase in protein levels in urine is to be 

considered an indicator of a toxic response then the NOAEL for CYN determined 

by Humpage and Falconer (2003) would be 60 µg.kg
-1

.day
-1

. The recommended 

guideline for safe levels of CYN in drinking water has been set for 1 µg.L
-1

, based 

on the NOAEL of 30 µg.kg
-1

.day
-1

 (Humpage & Falconer 2003). However this is 

yet to be adopted in Australia by the National Health and Medical Research Council 

(NHMRC). CYN concentrations of up to 100 µg.L
-1

 can be detected in bulk water 

of Queensland, Australia and Florida, USA (Burns et al. 2000), and levels of up to 

1 – 10 mg.L
-1

 have been recorded in the waters of Germany and Brazil (Carmichael 

et al. 2001). Thus, it is vital that research into the toxic effects of CYN is 

undertaken, with particular regard for low dose, chronic effects on the sensitive 

human reproductive system. 

1.7.1 Incidence and Location of CYN 

In recent years, the occurrence of C. raciborskii in human drinking water storages 

has increased significantly in various climates such as tropical and subtropical 

regions, temperate climates of Australasia, the US, Europe and cooler regions of 

Africa (Baker & Humpage 1994; Falconer et al. 1999; Falconer & Humpage 2006; 

Griffiths & Saker 2003; Padisak 1997). In the last two decades, research into the 

toxicity of CYN has found deleterious health effects in humans and animals 

(Hawkins et al. 1985; Ohtani et al. 1992). The “mystery disease” of Palm Island in 

1979 was the first in Australia to be associated with toxicity arising from C. 

raciborskii algal blooms. Cylindrospermopsin was the probable causative agent of 

the hospitalisation of 138 children and 10 adults who suffered from hepatoenteritis, 

acute liver enlargement, constipation, vomiting and headaches (Byth 1980; 

Falconer 2001; Hawkins et al. 1985). A follow-up review of medical records from 

the children poisoned from the 1979 outbreak found an increased rate of 

gastrointestinal cancers in the period of 1982-1999 compared to an unexposed 

similar population; however no significance was found due to the low number of 

individuals in the exposed population (Falconer & Humpage 2006).  

* 
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A second human poisoning arising from algal blooms was recorded in 1997 in 

Caruaru, Brazil, where 76 of the 131 patients undertaking treatment at the dialysis 

centre developed acute liver failure and died. The phytoplankton found in the 

clinic‟s water source was examined and revealed that it was contaminated with the 

cyclic peptide microcystin and CYN (Carmichael et al. 2001). 

1.7.2 In vivo Toxicity of CYN 

Cylindrospermopsin exhibits its toxicity firstly in the liver, where the effects occur 

in four phases: protein synthesis inhibition, membrane proliferation, fat droplet 

accumulation and cell death. This profile is comparable to the effects of 

cycloheximide, a potent protein synthesis inhibitor (Terao et al. 1994). In addition 

to the hepatotoxic effects in mice, histopathological analysis of tissues after acute 

CYN exposure found necrosis in kidney tissues, atrophy in the thymus, damage to 

heart tissue and ulcers in the gastrointestinal tract (Hawkins et al. 1985; Seawright 

et al. 1999; Terao et al. 1994). Several in vivo studies have been carried out to 

determine acute toxicity thresholds, using the standard LD50 endpoint. For freeze-

dried cell suspension of cultured C. raciborskii an acute dose of 168 mg.kg
-1 

was 

lethal for mice, 6-9 hours after administration, with an LD50 of 64 ± 5 mg.kg
-1 

at 24 

h (Hawkins et al. 1985). A subsequent study by Hawkins et al. (1997) using a 

sonicated suspension of C. raciborskii obtained from an ornamental lake resulted in 

an LD50 of 52 mg.kg
-1

 at 24 h and 32 mg.kg
-1

 at 7 d. In comparison, injection of 

purified CYN has a LD50 of only 2.1 mg.kg
-1

 after 24 h and 0.2 mg.kg
-1

 after 5 days 

(Ohtani et al. 1992). 

The variation in toxicity thresholds between studies likely reflects variation 

between mouse strains, the degree of purification of CYN and the presence of 

additional, potentially toxic components within C. raciborskii extracts yet to be 

identified (Baker & Humpage 1994; Falconer 2001; Fastner et al. 2003; Hawkins et 

al. 1997). Many of the in vivo studies have used aqueous cyanobacterial extracts or 

purified CYN administered via intraperitoneal injection; however, the most likely 

route of exposure to CYN is via oral uptake (Seawright et al. 1999). 

An oral exposure study investigated the effects of subacute exposure with 

increasing daily CYN concentrations of 10 – 55 µg.kg
-1

.day
-1 

in the drinking water 
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of female and male mice over a 42-week period (Sukenik et al. 2006). The CYN 

source was Aphanizomenon ovalisporum, and analyses were carried out on body 

and organ weights, serum and haematological samples at 20 and 42 weeks. The 

results were largely consistent with those of Humpage and Falconer (2003). 

Specifically, exposure to low concentrations of CYN was found to have no 

significant effect on body weight at a final daily intake of 50 µg.kg
-1

.day
-1

 after 42 

weeks.  

Toxicokinetic studies were carried out to determine the distribution and excretion 

pattern of CYN. An IP dose of 0.2 mg.kg
-1

 of 
14

C-labelled CYN was administered 

to Quackenbush mice, the results showing that CYN was predominately excreted 

into the urine (48.2%) with approximately 20.6% accumulating in the liver within 

12 h (Norris et al. 2001).  

Glutathione enzyme (GSH) and cytochrome P450 (CYP) systems are cellular 

defence mechanisms involved in the elimination of xenobiotics. Norris  et al. (2002) 

investigated the toxic effects of CYN on hepatic cells pre-treated to lower GSH 

concentrations and found that 0.2 mg.kg
-1

 significantly decreased hepatic GSH 

concentrations (Norris et al. 2002). However, as this dose is not lethal to mice, it is 

thought that decreases in hepatic GSH are not a primary mechanism of CYN 

toxicity (Humpage et al. 2005; Norris et al. 2002). In the same study, pre-treatment 

with CYP inhibitors attenuated toxicity in Quackenbush mice resulting in a 100% 

survival rate in comparison to controls, implicating CYP metabolism of CYN as an 

important mechanism of toxicity (Norris et al. 2002). 

1.7.3 In vitro Toxicity of CYN 

It was first noted by Terao et al. (1994) that CYN diminished the total amount of 

liver CYP enzymes which caused severe hepatotoxicity. CYN uptake in vitro was 

rapid and caused a complete and irreversible block of protein synthesis after 4 h 

exposure to CYN concentrations above 0.5 µM (Froscio et al. 2003). Although 

CYN blocked protein synthesis it did not immediately cause cytotoxicity as some 

mammalian cells survive short term without protein synthesis in vitro. When mouse 

hepatocytes were pre-treated with CYP inhibitors, such as proadifen, cytoxicity was 

diminished with no effect on protein synthesis inhibition. Thus CYP metabolites 
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induce cytotoxicity but not protein synthesis inhibition which was most likely 

mediated by the parent compound (Froscio et al. 2003). The CYP isoforms involved 

in the bioactivation of CYN and the generation of cytotoxic and genotoxic effects 

have yet to be identified (Froscio et al. 2003). Hence the two proposed mechanisms 

of action of CYN are the production of metabolites via CYP oxidation and the 

second is direct effect on protein synthesis inhibition bypassing production of CYN 

metabolites (Froscio et al. 2001; Terao et al. 1994). 

1.7.4 The Effects of CYN on Cell Viability in vitro 

The effects on the viability of cells after exposure to toxic chemicals can be 

investigated using a variety of methods. Cytotoxicity is a result of one or a 

combination of effects on a cell. These include DNA damage, protein synthesis 

inhibition, destruction of cell membrane, and inhibition of enzymatic reactions 

(Ishiyama et al. 1996). Cytotoxicity from exposure to xenobiotics such as CYN can 

be evaluated by various assays including the lactate dehydrogenase (LDH), MTT, 

MTS, ATP, trypan blue exclusion and crystal violet assays, and these are commonly 

used to determine viability of granulosa cells (Bain et al. 2007; Chaffkin et al. 

1993; Ferran et al. 1998; Fessard & Bernard 2003; Froscio et al. 2003; Guet et al. 

1999; Knaggs et al. 1998; Lambert et al. 2000; Runnegar et al. 1994; Soboloff et al. 

2001; Young et al. 2005). 

Figure 1-1 summarises the cytotoxic effects of CYN in various cell types and at 

various concentrations in vitro (Bain et al. 2007; Chong et al. 2002; Froscio et al. 

2003; Runnegar et al. 1994). The outcome of cell viability after CYN exposure may 

be dependent on the sensitivity of the viability assay, mechanism of uptake of CYN 

in different cell types and concentration of CYN. Recent studies also suggest 

sensitivity to the cytotoxic effect of CYN differs between cell lines and primary-

derived cells (Bain et al. 2007; Chong et al. 2002; Froscio et al. 2009). Toxicity to 

reproductive cells such as granulosa cells is not necessarily reflected in assessments 

of viable cell numbers but rather manifests as decreases in steroid hormone 

production (Endo et al. 1993; Hong et al. 2007; Young et al. 2005). 
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Figure 1-5: Review of CYN toxicity in vitro 

Live cells are indicated by green circle, dead cells are indicated by red circles. The y-axis shows increasing exposure period (h) and the x-axis indicates increasing CYN 
concentration. The picture indicates organism from which cells were derived from mouse and human. Each arrow indicates an assay investigating toxicity of CYN at a specific 
concentration (µg.mL

-1
 or µM). MTT= MTT assay, MTS= MTS assay both of which are tetrazolium assays whereby viability assessment is based on functional mitochondrial 

dehydrogenase activity. LDH= Lactate dehydrogenase, which is released into culture medium due to disruption of cell membrane. Blue boxes indicate concentrations (conc) of CYN 
that can be reached and current guideline drinking water safety level. In summary CYN concentration ranges of 1µM – 5 µM were toxic to primary derived rat and mouse 
hepatocytes causing 40-67% cell lysis and complete cell death after 18h, respectively, as measured by LDH assay (Froscio et al. 2003; Runnegar et al. 1994). Moreover, cytotoxicity 
in primary human dermal fibroblast (HDF) cells and rat hepatocytes occurred after 72 h exposure to 2.4 µM, as measured by the MTS (IC50) and LDH (30% cytotoxicity) assays, 
respectively (Bain et al. 2007; Chong et al. 2002).
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1.7.5 Other Effects of CYN 

The indication that there was an increase in gastrointestinal cancers throughout the 

period of 1982-1999, following the cyanobacterial poisoning of 1979 in Palm Island 

(Section 1.7.1), suggests that CYN may have carcinogenetic effects. However 

further research is required as the increase was not statistically significant (Chong 

et al. 2002; Froscio et al. 2003; Humpage et al. 2000; Humpage et al. 2005). Both 

in vitro and in vivo research have been carried out to investigate the carcinogenic 

and genotoxic effects of CYN. Initial in vitro studies using the WIL2NS 

lymphoblastoid cell-line found that CYN was genotoxic, inducing both 

chromosome fragmentation and whole chromosome loss (Humpage et al. 2000). 

This was detected by the comet assay, and with a significant increase in 

micronucleus formation observed at CYN concentrations of 6 and 10 µg.mL
-1

. CYN 

is also considered to be a mutagen, causing the formation of DNA adducts in vivo 

(Shaw et al. 2000). Falconer and Humpage (2001) showed that CYN was 

potentially carcinogenic by inducing tumours in male Swiss Albino mice, and in 

vivo genotoxic effects where significant DNA strand breakage was detected in DNA 

isolated from mice livers after 0.2 mg.kg
-1

 exposure for 6, 12, 24 and 48 h 

(Falconer & Humpage 2001; Shen et al. 2002). The direct genotoxic effects of CYN 

may vary between cell types and species, since then a study carried out by Fessard 

and Bernard (2003) using the comet assay did not detect direct genotoxic effects of 

CYN on Chinese Hamster Ovary K1 cells in vitro. They found that cell growth was 

inhibited, with cell blebbing and rounding occurring, but without direct damage to 

DNA (Fessard & Bernard 2003). CYN-metabolites may also be genotoxic, as 

genotoxic effects of CYN were completely inhibited in primary-mouse hepatocytes 

co-treated with CYP inhibitors, omeprazole (CYP2C19) and 2-diethylaminoethyl-

2,2-diphenylvalerate (SKF525A, a CYP3A enzyme) (Franklin & Hathaway 2008; 

Humpage et al. 2005). Thus, the various profiles of CYP enzymes (section 1.1.3) 

present in different cell types may generate metabolites with varying genotoxic 

potencies. The study by Humpage et al. (2005) also found that the DNA damage 

caused by CYN at 0.05 µM was 10-fold below the effective concentration (EC50) 

inducing cytotoxicity. A marker for lipid peroxidation, malondialdehyde (MDA), 

was not affected after CYN exposure (Humpage et al. 2005). 
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1.8 Cylindrospermopsin- A Possible Reproductive Toxin? 

Recent in vivo studies implicate CYN as a developmental toxicant. For example, 

Rogers et al. (2007) evaluated the in uteri toxicity of purified toxin in mice. 

Exposure to 32 µg.kg
-1

 CYN (via IP injection) at gestational days (GD) 8-12 was 

lethal to 60% of dams, although in the surviving dams, no adverse effects on litter 

size or fetal weight were found; at the higher dose of 50 µg.kg
-1,

 litter size was 

decreased. The same concentrations administered at GD 13-17 in uteri, had lower 

maternal toxicity in comparison to GD 8-12 but increased number of dead pups, 

premature births, and significant decreases in pup weight with reduced postnatal 

growth (Rogers et al. 2007). The increased pup toxicity during the later gestational 

period may be associated with the inability of CYN to cross the placenta and thus 

metabolites were unable to affect the developing embryo during organogenesis. 

Although CYN did not cross the placenta, its delay and absence of toxicity in the 

early gestational period may be due to an absence of the necessary enzymes for 

metabolic activation of CYN or the delayed development of the enzymes later in 

gestation required to cross the placenta (Rogers et al. 2007). Premature births are 

highly uncommon among the murine species, previous recorded incidences of 

premature births were due to altered estradiol and progesterone levels by 

xenobiotics such as ticonazole (Rogers et al. 2007) and thus CYN may have 

affected steroid hormone production in vivo which resulted in the premature births 

detected by Rogers et al. (2007). 

More recently, Young et al. (2008) investigated the effects of CYN on the viability 

and steroid hormone production by human primary-derived granulosa cells in vitro. 

Viability was assessed by the MTT assay and basal and human chorionic 

gonadotropin (hCG)-stimulated estradiol and progesterone production was 

quantified by radioimmunoassay. Cytotoxicity was observed after 24 h exposure to  

1 µg.mL
-1

 (2.4 µM) CYN. Basal progesterone production decreased after 24 h 

exposure to 0.0625 µg.mL
-1

 (0.3 µM) CYN, while hCG-stimulated progesterone 

production decreased after 6 h exposure to 1 µg.mL
-1

 (2.4 µM) CYN.  

A key finding was that decreases in progesterone production per well did not occur 

in hCG non-responsive cells. This suggests that a heterogeneous population of cells 
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existed which were not only hCG non-responsive but the same cells did not respond 

to CYN, whereby cytotoxicity or steroid hormone production was not affected after 

CYN exposure. It is the 24 – 72 h period post-isolation that the majority of 

granulosa cells differentiate and desensitise from in vivo gonadotropin stimulation. 

Thus, the 18 h post-isolation granulosa cells used by Young et al. may not have 

been responsive to further hCG stimulation (Lambert et al. 2000; Landefeld et al. 

1997). It is also possible that those cells which did not respond to hCG were non-

steroidogenic cells, such as macrophages and leukocytes (Baranao et al. 1995; 

Beckman et al. 1991; Lobb & Younglai 2006; Loukides et al. 1990). The granulosa 

cells used in the study by Young et al. (2008) were obtained from women seeking 

ART for their infertility. Information on each woman‟s individual infertility and 

reproductive histories in this study were not disclosed. It is unclear if the ART-

sourced granulosa cells recapitulate the responses of normal, healthy cells, since 

donors with abnormal fertility are likely to be over-represented, and all donors 

underwent ART hyperstimulation. It is possible that women seeking ART with 

endocrine-related infertility may have unhealthy granulosa cells which respond 

differently to in vitro gonadotropin stimulation and exposure to toxins, such as 

CYN (Young et al. 2008). Hence, there is a need to determine if sensitivity to the 

effects of CYN differs between granulosa cells representative of the normal, 

healthy, fertile general population and those classified as unhealthy (section 2.2.1 

Characterisation of Primary-Derived Human Granulosa Cells).  

1.9 Environmental Toxins and their Effects on Steroid Hormone 
Production 

Reproductive toxicology has been a major concern for over two decades, with 

various xenobiotics acting as reproductive toxicants (Mattison 1983). Xenobiotics 

are generally defined as a foreign compound to the human body and can sometimes 

be synonymous to environmental pollutants. A toxin is defined as a poisonous 

substance produced by a live organism (MediLexicon 2011), such as CYN. These 

toxins, if adversely affecting the reproductive system of the host organism are 

reproductive toxicants. The toxicity of a toxin is dependent and varies with species, 

gender and it is heavily dependent on how the toxin is metabolised, absorbed, 

detoxified and cleared within an organism (Mattison 1983). If the metabolites 
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produced are not cleared from the body then damage will occur. A toxin can have 

direct or indirect effects, the latter requiring metabolism of the toxin in order to act 

as a reproductive toxicant (Mattison 1983). It is now increasingly common to find 

environmental pollutants that can alter endocrine homeostasis in granulosa cells by 

disrupting the production of steroid hormones causing development and 

reproductive defects. Such compounds are referred to as endocrine disruptors 

(Heimler et al. 1998), and include pollutants like dioxin, which induces 

programmed cell death (apoptosis) and depletes substrate availability for 

steroidogenesis in human granulosa cells in both a dose- and time-dependent 

manner (Heimler et al. 1998). Other endocrine disruptors include:  

– Bisphenol A (BPA), a plasticizer and well known endocrine disruptor 

inhibits aromatase (CYP19) activity and estradiol secretion by impairing 

normal FSH-stimulated aromatase mRNA and protein expression in 

granulosa cells (Kwintkiewicz et al. 2009); 

– Roundup (a herbicide), with the chemical name of isopropylamine salt of 

Glyphosate, inhibits steroidogenesis by targeting StAR expression post-

transcription. The StAR protein is the rate limiting step in the steroidogenic 

pathway. The active ingredient of Roundup – glyphosate was not the 

inhibitory component, thus more research is required to identify the 

inhibitory component (Walsh et al. 2000); and,  

– Amino-glutethimide, a complete steroidogenesis (CYP11A1) inhibitor; 

pharmacotherapy for steroid-dependent cancers such as breast cancer and 

adrenal function suppressant in Cushing‟s syndrome (Gross et al. 2007; 

Harvey & Everett 2003; Havelock et al. 2004).  

http://en.wikipedia.org/wiki/Isopropylamine
http://en.wikipedia.org/wiki/Salt
http://en.wikipedia.org/wiki/Glyphosate
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In luteinised rat granulosa cells, Adlay, a Chinese herbal medicine (100 µg.mL
-1

), 

decreased progesterone and estradiol production by inhibiting major signalling 

pathways (cAMP-PKA signal transduction pathway), intracellular messengers 

(cAMP accumulation), steroidogenic enzyme activity (CYP11A1 and 3βHSD 

enzyme) and protein expression of steroidogenic enzymes (CYP11A1 and StAR) in 

vitro (Hsia et al. 2007). 

1.9.1 Do Parallel Mechanisms of CYN Toxicity Exist in Human Reproductive Cells?  

CYN‟s toxic mechanisms are also found in the human reproductive systems.  These 

mechanisms can affect viability of steroidogenic cells, granulosa cells and mature 

spermatozoa (Hsia et al. 2007). 

1.9.1.1 Cylindrospermopsin Uptake processes in vitro 

Since CYN is a water-soluble toxin, cellular uptake mechanisms are required for it 

to penetrate the lipid bilayer and enter cells. However less efficient mechanisms 

have been observed in rat hepatocytes where the primary uptake mechanism 

involves the bile acid transport system, with passive diffusion of CYN into the cell 

due to its low molecular weight (415Da) a slower, secondary process (Chong et al. 

2002; Froscio et al. 2009; Froscio et al. 2003). Hence the effects of CYN in vitro 

may be dependent on the uptake mechanism, which may influence the response 

induced in a particular cell type (Chong et al. 2002). 

1.9.1.2 Apoptosis in Granulosa Cells 

The gonadotropins FSH and LH are pro-survival signals for granulosa cells, 

moderately increasing cAMP levels, followed by a desensitisation period and 

increasing progesterone production up to four–fold (Aharoni et al. 1995; 

Amsterdam et al. 1999). Yet human dermal fibroblasts exposed to CYN show 

increased cAMP levels and induction of apoptosis (Bain 2007). Similarly, pre-

ovulatory granulosa cells stimulated in vitro with increased cAMP levels to very 

high levels undergo apoptosis mediated by p53 (Aharoni et al. 1995; Amsterdam et 

al. 1999). Granulosa cell differentiation (i.e. increased steroidogenic output) is a 

response to moderately increased cAMP levels; however, very high levels of cAMP 

seem to induce apoptosis. This also occurs in vivo and is dependent on the duration 
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of the cAMP signal (Aharoni et al. 1995; Amsterdam et al. 1999; Keren-Tal et al. 

1995). The results presented by Aharoni et al. (1995) suggest that stimulants and/or 

exogenous compounds which increase cAMP levels, excluding gonadotropin 

releasing hormone (GnRH), bypass Gs –coupled receptor processes. From this, it 

can be speculated that certain checkpoints or regulatory points are bypassed, from 

which the signal can be directed to either apoptosis or prolonged cell survival. This 

was evident in a study carried out by Keren-Tal et al. (1995) which found that 

granulosa cells can maintain a repertoire of signalling pathways directed to either 

cell death or survival in the development of a mature follicle.  

In vivo, ovulation is considered to be analogous to an inflammatory response 

(Espey et al. 2004). This is indicated by increased vascularisation of the follicle 

(hyperaemic) which induces large amounts of prostaglandins (PGs) and hyaluronan 

(HA) rich-matrix that are usually found at sites of inflamed tissue (Richards et al. 

2008). As a result, key immediate early-response genes for steroidogenesis and 

angiogenesis are activated (Espey et al. 2004; Richards et al. 2008). It is these key 

immediate early-response genes and respective nuclear transcription factors which 

have also been identified in pathways associated with CYN toxicity. Cells respond 

to stress and DNA damage by activating transcription factors such as tumour 

suppressor protein 53 (p53) which regulates gene expression associated with growth 

arrest, programmed cell death (apoptosis) and DNA repair. After 24 h exposure to 

1µg mL
-1

 CYN (2.4 µM), human dermal fibroblasts responded with increased 

expression of apoptotic genes, most likely attributed to activation of anti-

proliferative effects of transcription factors p53 and NF-κB (Bain 2007; Bain et al. 

2007; Chu et al. 2004). The DNA damage response pathways were also up-

regulated and mediated by the immediate response genes JUN, FOS, and MYC 

(Bain 2007).  

1.9.1.3 Signalling Pathways in Granulosa Cells and CYN’s Up-Regulation of Gene 
Expression 

TNF-α induces apoptosis in granulosa cells, whilst also modulating steroid hormone 

production in intact human follicles in response to gonadotropins (FSH/hCG), via 

cAMP-dependent PKA pathways such as MAPK, regulating StAR expression 
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(Amsterdam & Sasson 2004; Baud & Karin 2001; Espey et al. 2004; Peluso 2003; 

Saliba & Henrot 2001; Stylianou & Saklatvala 1998; Yu et al. 2005). CYN also 

induces an inflammatory stress response by activating the MAPK pathway which 

activates transcription of Activator Protein-1 and NF-κB via TNF-α (Baud & Karin 

2001; Hess et al. 2004). Even if increased cAMP levels commit granulosa cells to 

apoptosis, it is not necessarily reflected in an immediate cessation of 

steroidogenesis (Aharoni et al. 1995; Amsterdam et al. 1999). Granulosa cells are 

capable of steroid hormone production in the early stages of apoptosis unless major 

levels of intracellular disorganisation of key organelles (mitochondria, smooth 

endoplasmic reticulum and golgi body) and presence of lipid droplet has occurred 

(Aharoni et al. 1995; Amsterdam et al. 1999). 

1.9.1.4 Possible Oxidative Effects of CYN 

In all mammalian cells, glutathione (GSH) quenches ROS generated in tissues 

exposed to high levels of exogenous toxins such as the liver, kidneys, lung and 

intestines (DeLeve & Kaplowitz 1991). GSH levels were significantly reduced in 

mouse hepatocytes exposed to a single-IP dose of 0.2 mg.kg
-1

 CYN in vivo (Norris 

et al. 2002). The mechanisms by which GSH levels fall can be associated with 

oxidative stress (Deneke & Fanburg 1989). Although Bain et al. (2007) showed that 

CYN exerted stress in cells and induced the tumour suppressor gene p53, the type 

of stress could not be determined in the study. CYN was found not to decrease GSH 

levels due to oxidative stress, but by inhibiting GSH synthesis (Runnegar et al. 

1995). When mouse hepatocytes were exposed to CYN concentrations of 1 µM, 

GSH levels were depleted after 18 h and after only 10 h at a higher concentration of 

5 µM; both occurred prior to CYN-associated cytotoxicity and were not correlated 

with increased lipid peroxidation (Humpage et al. 2005; Runnegar et al. 1995).  

The two mechanisms by which CYN confers its toxicity, directly via protein 

synthesis inhibition and indirectly via CYP-metabolites are not relevant for mature 

spermatozoa. Hence, it is unlikely that CYN will directly compromise the 

membrane integrity of mature human spermatozoa in vitro, but lipid peroxidation 

may occur due to decreased defence mechanisms as spermatozoa develop and 

mature in vivo (Aitken et al. 2004). 
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1.10 The Effects of Environmental Toxins on Human Reproductive 
Cells- A Need for Investigation 

1.10.1 Human Granulosa cells Derived from Assisted Reproductive Technology  

Human granulosa cells can be used to investigate effects of xenobiotics on viability 

and steroidogenesis in vitro (Enmark & Gustafsson 1999; Fan et al. 2007; Harvey & 

Everett 2003; Hughes et al. 1990; Sanderson 2006). Many xenobiotics, such as 

polychlorinated biphenyls (PCB‟s), fungicides and herbicides have been found to 

interfere with the estradiol producing enzyme, aromatase, resulting in a dose-

dependent decrease in estradiol production by granulosa cells (Sanderson 2006). 

Thus, it is necessary to determine if and how toxins interfere with steroidogenesis 

and viability, specifically focussing on cyanobacterial toxins such as CYN, as 

similar mechanisms of toxicity are present in reproductive cells. (Fan et al. 2007; 

Nishi et al. 2001; Ohno et al. 2004).  

1.10.2 Human Spermatozoa 

There are various studies that have investigated the effects of naturally occurring 

environmental xenobiotics and chemicals on human spermatozoa (Fraser et al. 

2006; Pacifici et al. 1995; Pichini et al. 1994; Wagner et al. 1990; Yousef et al. 

2007). Declines in semen quality are associated with a decline in fertility (Aitken et 

al. 2004; Pichini et al. 1994). The effects of xenobiotics on viability and motility of 

spermatozoa needs to be investigated as xenobiotics can potentially be transported 

into seminal plasma by ion trapping process dependent on lipid solubility and pH of 

plasma and seminal fluid (Aitken et al. 2004; Pacifici et al. 1995; Pichini et al. 

1994; Wagner et al. 1990; Yousef et al. 2007). Interestingly, spermatozoa that 

survive direct exposure to xenobiotics and chemicals in seminal fluid still have to 

combat those present in cervical mucus of the female, further emphasising the 

importance of reproductive toxicological studies (Aitken et al. 2004; Wagner et al. 

1990).
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1.11 Research Aims 

This project aims to investigate the effects of the blue green algal toxin 

cylindrospermopsin on human reproductive cells from patients undergoing Assisted 

Reproductive Technologies (ART). 

1.12 Scope 

The scope of this research specifically investigates the effects of CYN on human 

derived spermatozoa and primary-derived human granulosa cells from ART 

patients. Furthermore granulosa cell functionality and (progesterone and estradiol 

production) protein synthesis will also be investigated.  

1.13 Hypotheses 

1.13.1 Human Spermatozoa 

Cylindrospermopsin will not affect the viability of human mature spermatozoa. 

Spermatozoa which have yet to fertilise the oocyte are transcription inactive and 

lack CYP enzymes. Thus the main mechanisms by which CYN confers its toxicity 

are absent. However, CYN may potentially generate free radicals that may target 

spermatozoon membranes, which are densely packed with lipids, and hence 

spermatozoon viability is at risk and needs to be investigated.  

1.13.2 Human Primary-Derived Granulosa Cells 

Cylindrospermopsin will be cytotoxic to human primary-derived granulosa cells as 

they contain the enzymes belonging to the CYP family and, thus have the ability to 

metabolise CYN and generate toxic metabolites. 

Cylindrospermopsin will inhibit protein synthesis in granulosa cells as previous 

studies have shown that CYN causes protein synthesis inhibition. 

Cylindrospermopsin will decrease progesterone and estradiol production by human 

granulosa cells potentially interfering with CYP enzymes in the steroidogenic 

pathways such as the CYP11A1 enzyme. 
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1.13.3 Experimental Approach 

Presented below is a flow diagram representing experimental approaches used to 

address the aims of this project. 

 

 

Figure 1-6: Flow-diagram of Experimental Approach 
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Chapter 2. General Material and Methods 

2.1 General Chemicals and Reagents 

Chemicals and reagents that were used in cell culture experiments were of cell 

culture grade and are listed in Chapter 8 Appendices: Reagents, Stock Solutions & 

Media Preparation. 

2.2 Assisted Reproductive Technology (ART) 

During ART cycles, women are stimulated to produce multiple follicles (Section 

Chapter 1 General Introduction) from which granulosa cells can be collected 

(Beckman et al. 1991; Chaffkin et al. 1993; Quinn et al. 2006). An advantage of 

using ART derived- granulosa cells was that it allowed access to the clinical ART 

case notes (listed in Table 2-1). The information collected, based on their infertility 

factors, can indicate the likelihood of producing healthy granulosa cells with 

normal functionality (Table 2-1). The granulosa cells isolated for use in research 

were segregated into two subgroups referred to within this research as „healthy and 

„unhealthy‟. This segregation was based on the woman‟s infertility factor and from 

the type of ART treatement. 
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Table 2-1: Demographic and Ovarian Response Data 

Lists demographic and clinical factors that indicate infertility due to male infertility factor (MIF) or 
female infertility factor (FIF), these factors can also influence fertility outcome and the responsiveness 
to ART regime. The factors indicate the status of isolated granulosa cells as being healthy, unhealthy or 
unknown.
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2.2.1 Characterisation of Primary-Derived Human Granulosa Cells 

The overall aim of using primary-derived granulosa cells in this research was to 

determine if CYN can act as a reproductive toxicant. As described in section 1.1, 

granulosa cells are a good reproductive model to investigate the effects of toxins in 

vitro. Natural IVF cycles are those that allow the normal reproductive cycle to 

mature an oocyte which is then retrieved. However most often this oocyte is missed 

and is a limitation of this type of ART, thus the development of hyperstimulated-

IVF protocols whereby the ovary produces multiple mature oocytes thus increasing 

the chances of producing a mature healthy oocyte. 

However the affects of the hyperstimulation protocol on the health of status of the 

oocyte have had minimal investigation. The current theory is that granulosa cells 

function differently to their normal counterparts due to the hyperstimulation in vivo 

(Lobb & Younglai 2001). Granulosa cells obtained from hyperstimulation regimes 

produce five-fold less progesterone than their normal counterparts and hence cannot 

attain their full steroidogenic output (Lobb & Younglai 2001). With this in mind the 

aim of this research was to determine the toxicity of CYN on reproductive cells  and 

CYN‟s effects on viability and steroidogenic output. If the cells are adversely 

affected, then further investigations as to whether this is attributed to the 

mechanisms also present in other cell types (refer to section 1.7) will be carried out. 

Furthermore many patients seeking fertility treatment (attributed to endocrine, 

biological age and physical barriers) may have reproductive cells that function 

differently to the general population that have been able to conceive naturally 

(Alviggi et al. 2009).  

The cumulus-oocyte cell complex contains a heterogeneous population of cells 

which vary in steroidogenic capabilities, fertilisation and cleavage potential (Bar-

Ami et al. 1989). Progesterone production by granulosa cells isolated from large 

mature pre-ovulatory follicles is dependent on the maturation of the corresponding 

cumulus-oocyte complex (Bar-Ami et al. 1993). The maturation and steroidogenic 

capability of granulosa cells is dependent on the in vivo priming regime, of which 

FSH stimulated (the GC used in this work were from FSH primed ART-cycles, 

refer to section 2.3) have higher estradiol and progesterone output (Lobb et al. 
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1998). It was not the scope of this research to assess the cumulus-oocyte complex 

as they were collected by the technical staff for use in ART-cycle, as routinely done 

and further described in section 2.3 (Bar-Ami et al. 1993; Lobb et al. 1998). 

The response to the hyper-stimulation regime can be influenced by demographic 

factors such as duration of clinically diagnosed infertility, age of woman (above or 

below 35 years of age), current or prior smoker and body mass index; and these 

data can be used as predictors of ovarian response. The ovarian response can be 

determined from the clinical data, the indicators being basal FSH levels and the 

number of mature oocytes generated, Table 2-1. The two treatment regime options 

for ART are IVF or ICSI. Female infertility factors (FIF) are attributed to the 

following: tubal ligation (TL), ectopic pregnancy (EP), polycystic ovary syndrome 

(PCOS), irregular menstrual cycle, amenorrhoea, or endometriosis; and are 

associated with women undertaking IVF cycles, Table 2-1 (Esterhuizen et al. 2001; 

Ng et al. 2000; Stephansson et al. 2009). Male infertility factors (MIF) include: 

semen volume, semen pH, concentration of spermatozoa in each semen sample, 

motility of spermatozoa, morphology and white blood cell count in semen sample, 

as listed in, Table 2-3 and are associated with ICSI cycles for ART treatment of 

male infertility. Couples undergoing infertility treatment for female reproductive 

problems and with suboptimal spermatozoa parameters were classified as having 

both male and female infertility factor. Granulosa cells defined as healthy were 

primarily from ICSI cycles (MIF). Granulosa cells isolated from healthy women, 

with normal fertility (non-FIF related) were regarded as representative of those 

from a normal, healthy population. It is speculated that sub-fertile women with 

endocrine disorders will have unhealthy granulosa cells, and respond poorly to their 

ovarian hyper-stimulation regime. Granulosa cells which survive in culture 24 h-

post isolation can be considered healthy (Lobb et al. 1998). However the definition 

of healthy and unhealthy granulosa cells in this study is referring to the 

development of granulosa cells in vivo whereby MIF and FIF factors have been 

shown to influence the development of granulosa cells and their functionality. Thus 

unhealthy granulosa cells which have poorly developed in vivo may be more 

sensitive to reproductive toxins than their healthy counterparts. Thus by selecting 

granulosa cells from „healthy‟ and „unhealthy‟ women and observing viability and 
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steroidogenic output in control treatments and CYN exposed cells  it will identify 

differences in sensitivity, similar to a study carried out by Huang et al. (2004). The 

differences in sensitivity to the toxin may be due to the functionality, development 

of GC due to hyperstimulation or in the case of the unhealthy cohort poor 

development in vivo associated with the infertility factor.  

2.2.1.1 The Study Cohort 

A total of 55 women were included in this study, of which 35 cases were attributed 

to MIF (healthy), 5 cases were attributed to FIF (unhealthy) and 15 cases were 

unable to be classified (Appendix Chapter 8, Table 8-1). The combined data of all 

women (n=55) were: mean age 35 ± 5 years, mean body mass index 26.7 ± 5.9 

(above normal range of 18-25), although with normal response to the hyper-

stimulation regime, Table 2-2. When granulosa cells were segregated into MIF, FIF 

and unknown fertility factors, the response to the hyper-stimulation regime were 

also within normal parameters, Table 2-2. The differences between healthy and 

unhealthy granulosa cells allowed the identification of extraneous variables which 

may influence the results. The data from women used in this study indicate that the 

granulosa cells were representative of a normal, healthy and fertile population. It is 

possible that other factors not listed in Table 2-2, could contribute to the 

development of unhealthy granulosa cells despite a normal and good ovarian 

response occurring. There were no significant differences in the demographic and 

ovarian data collected from patients classified as having MIF, FIF, combined or 

unknown infertility, (Chi-squared test, p>0.05). 
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Table 2-2: Summary of Demographic and Ovarian Data of ART Cases 

Total ART cases N=55; Basal FSH (IU/L) blood sample taken prior to commencement of treatment cycle; 
BMI= body mass index (kg/m

2
); E2 = maximum plasma estradiol concentrations (pmol/L); Number of 

Mature Follicles aspirated per woman for each cycle; Number of Oocytes aspirated refers to the total 
number of oocytes collected from cycle; Number of Follicular Fluid Tubes refers to number of tubes of 
follicular fluid collected from each woman on day of oocyte retrieval; Number of GC isolated refers to 
GC yield from density gradient centrifugation; mean= ± 1 standard deviation. 

.
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2.2.2 Characterisation of Spermatozoa Samples Used in the Study 

The optimal parameters for a fresh semen sample to be a reflection of normal 

functioning spermatozoa as set out by the World Health Organisation (WHO) are 

listed in Table 2-3. A summary of the semen analyses from the male cohort used in 

this study is detailed in Table 2-4. Although these parameters individually do not 

indicate whether successful fertilisation will take place, they provide valuable 

information on spermatozoa functionality, and were used as the selection criteria to 

assess which samples were included in experiments (Liu & Baker 1992). This body 

of research involved both cryopreserved and fresh spermatozoa from males seeking 

ART. An analysis of the semen samples prior to cryopreservation indicated normal, 

healthy spermatozoa which conform to the WHO (1992) specifications detailed in, 

Table 2-3. However, post-thawing, the samples had decreased motility, viability 

and were less concentrated. This was the only source of cryopreserved samples 

available. Viable spermatozoa were also isolated and included in the research. 

Cryopreserved samples from each male were stored in multiple straws. For each 

experiment, four straws were used; samples that showed greater than 20% motility 

post-thawing proceeded were used in the research as carried out in clinical practice.  
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Table 2-3: Normal Spermatozoa Parameters 

The criteria of a healthy semen sample set by the World Health Organisation (1992). WBC = white blood 
cell concentration. 

 

 

 

Table 2-4: Summary of Semen Analysis of Cryopreserved and Fresh Spermatozoa 

Cryopreserved (n=7) and fresh (n=10) spermatozoa from semen samples were analysed for forward 
progressive motility (%) and presence of live spermatozoa (%) and concentration (sperm/mL). Pre-
cryopreservation refers to analysis of semen prior to cryopreservation; post-thaw refers to semen 
sample analysis after samples were allowed to thaw. Pre- cryopreservation % viability of spermatozoa 
was not determined by the IVF Laboratory thus data not available (n/a). Fresh spermatozoa samples 
were not cryopreserved and thus “post-thaw” data was not applicable (n/a). The World Health 
Organisation (WHO 1992) reference guidelines of a normal healthy semen sample were included to 
make direct comparison to each variable. 

Spermatozoa Parameter  Normal Criteria 

Volume  >2.0mL 

pH  7.2-7.8 

Concentration  >20×106sperm/mL 

Motility  >50% with forward progressive motility 

Morphology  >30% with normal morphology 

WBC  <1×106/mL 



General Material and Methods

 

41 

 

 

2.3 Isolation of Human Granulosa Cells  

Human granulosa cells were obtained from women (total n=55, Flinders Clinical 

Research Ethics approval 47/00) undergoing ART at Flinders Reproductive 

Medicine Unit, South Australia. The number of participants recruited in this thesis 

was limited as it was dependent on their suitability with respect to the selection 

criteria and the patients consent for the use of their cells in research. Signed consent 

to use cells for research was obtained from each patient prior to collecting cells. 

ART regimes involve the use of gonadotropins which stimulate the ovaries to allow 

the growth of multiple follicles; there are two protocols which can be used. The two 

protocols include short protocol (FLARE-up) or long protocol. The first step 

involves the down-regulation of the endogenous cycle by administration of 

gonadotropin releasing hormone (GnRH), Synarel (Serono Laboratories, Sydney, 

Australia). This was then followed by hyper-stimulation with recombinant FSH, 

Puregon (Organon, Australia) or Gonal F (Serono Laboratories, Sydney, Australia) 

to produce multiple follicles. What is commonly referred to as the “short” protocol 

involves the additional use of the oral contraceptive pill for the duration of one 

menstrual cycle, followed by two days without the contraceptive pill to allow onset 

of menstruation which is then followed by the administration of Synarel on day 2 of 

the new menstrual cycle and the incorporation of FSH by day 4. The concentration 

at which Synarel is administered is maintained throughout the regime and stopped 

prior to human chorionic gonadotropin administration (hCG). The short protocol 

allows the removal of remaining corpus luteum from previous cycles and the 

administration of Synarel on the “contraceptive free” days which stimulates the 

woman‟s pituitary gland to “Flare-up” FSH production. The short protocol is 

generally recommended for women who have previously responded poorly to the 

long protocol, older patients and women with raised FSH levels at the beginning of 

their periods. In contrast, the long protocol does not incorporate the  oral 

contraceptive pill but involves the administration of Synarel 7 days prior to onset of 

menstrual cycle and the incorporation of FSH on day 4 of the menstrual cycle. In 

this protocol concentration of Synarel is reduced throughout the regime and stopped 

prior to hCG. An ultrasound of the ovaries determines whether the follicles are 
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mature (minimum of 2 follicles with 18 mm diameter). Human chorionic 

gonadotropin (hCG; 5000 IU; Profasi; Serono Laboratories) is then administered 

after 34-36 h, whereby the women become peri-ovulatory and their follicles are 

ready to be aspirated. Oocytes can then be collected from the follicular fluid and 

used for in vitro fertilisation. There were four women who underwent the short 

protocol, these women were seeking ART for male infertility factors and were 

considered to have normal, healthy granulosa cells representative of the fertile 

general population. 

After the removal of the oocytes-cumulus complex the granulosa cells were isolated 

from the remaining follicular fluid (FF). This process is most common for 

granulosa cells to be used in vitro culture (Chaffkin et al. 1993; Lobb et al. 1998; 

Quinn et al. 2006). The follicular fluid containing the granulosa cells were 

transferred into 10 mL tubes (Southern Cross Science) to evenly distribute volumes 

and eliminate any blood clots. Follicular fluid was centrifuged at 107 × g for 10 

min, the supernatant was discarded and the pellets were resuspended in non-

supplemented Ham‟s F12/Dulbecco‟s Minimum Essential Medium (Appendix 8.2.2 

Granulosa Cell Base Medium), followed by a second centrifugation at 107 × g for 

10 min. Granulosa cells were then isolated using a Ficoll-Hypaque (equivalent to 

Lymphoprep, δ= 1.0076 g.mL
-1

) density gradient, in which 2 mL of granulosa cell 

sample was layered on top of a 3 mL Ficoll-Hypaque layer (Chapter 8 Appendices: 

Reagents, Stock Solutions & Media Preparation) gradient and centrifuged at 375 × 

g for 10 min. The granulosa cells at the medium – Ficoll-Hypaque interface were 

collected and washed twice with wash medium, and resuspended with DMEM/F12 

supplemented with 10% fetal calf serum (FCS) and human insulin (5 µg.mL
-1

), 

Apo-transferrin (5µg.mL
-1

), and sodium selenite (5ng.mL
-1

) (ITS, each individually 

purchased from SIGMA, Appendix 8.2.2 Media Full Granulosa Cell Medium). The 

yield of viable granulosa cells isolated from the follicular fluid was determined by 

trypan blue exclusion assay (Section 2.8.1 Trypan Blue Exclusion Assay Method). 

Culture conditions for primary-derived granulosa cells were optimised (Chapter 3). 

The optimal culture conditions were determined to be a pre-treatment adherence 

period of 24 h for granulosa cells cultured at a density of 2 × 10
4 

cells/well of a 96-

well plate in DMEM/F12 +10% FCS in a 37°C humidified incubator with 5% CO2. 
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2.3.1 Culture Conditions of Human Primary-derived Granulosa Cells 

In vitro cultures of primary-derived granulosa cells provide a good investigative 

reproductive model, as they are readily isolated from women undergoing ART 

(Beckman et al. 1991; Chaffkin et al. 1993; Quinn et al. 2006). The human mature 

ovarian follicle contains both mural granulosa cells (GC) and cumulus granulosa 

cells (CC). During the maturation of a follicle, the antrum (containing the follicular 

fluid) expands and the mural granulosa cells are those that surround the antrum, 

whilst the cumulus cells surround the oocyte (Eppig 2001; Khamsi & Roberge 

2001). It is the mural granulosa cells which are commonly isolated for use in 

research in vitro. The health and function of the granulosa cells reflects that of the 

oocyte; however the developments of these granulosa cells are under tight control 

by the oocyte (Jiang et al. 2010). It can be expected that 50,000 granulosa cells can 

be isolated per pre-ovulatory follicle (Salustri et al. 1990). Although primary-

derived granulosa cells will produce large inter-individual variations in vitro, under 

optimised culture conditions they can be controlled to represent the in vivo 

physiological model (Breckwoldt et al. 1996; Chaffkin et al. 1993; Quinn et al. 

2006; Sasson & Amsterdam 2002; Ubaldi 2005; Yong et al. 1992). These 

conditions will be used in subsequent chapters in order to investigate the toxic 

effects of the cyanobacterial toxin, cylindrospermopsin, in vitro. The key GC 

culture conditions conducive to viability and functionality were optimised in our 

laboratory, these include: granulosa cell isolation (refer to section 2.3) cell culture 

density and adherence period pre-treatment. The optimal adherence period for 

primary derived granulosa cells pre-treatment was a 24 h adherence period in 96-

well plates for cytotoxicity assays. This provides primary derived granulosa cells 

adequate time to desensitize from in vivo gonadotropin stimulation and is supported 

by published literature (Beckman et al. 1991). Granulosa cell density plays a key 

role in metabolic activity of cells whilst in culture, whereby at low densities (5 × 

10
3
 cells/well) GC maintain mitotic capabilities and can proliferate, whereas at 

higher cell densities (5 × 10
4
 cells/well) GC are committed to differentiation 

(Chaffkin et al. 1993). The 2 × 10
4
 cells/well was the optimal density for in vitro 

culture of GC and allows a number of treatment combinations to be examined.
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2.4 Isolation of Human Spermatozoa 

Semen samples, both fresh (n=10) and cryopreserved (n=7) were donated by 

healthy males from the general community and from males undertaking IVF 

treatment for infertility at Flinders Reproductive Medicine Unit, Flinders Medical 

Centre. The ideal samples would come from males who have previously fathered a 

child or children. This guideline was not included in the selection process as it 

would have further limited the number of participants recruited. Rather the strict 

guidelines defined by the WHO listed in Table 2-3 were adhered to with the 

exception of motility. Cryopreserved samples needed to have a minimum of 20% 

viability, whereas fresh samples required meeting the 50% set by WHO (1992). In 

addition, participant‟s age was to fall within the 18-35 age range. For each 

experiment, samples were obtained from a minimum of 4 cryo-straws per male 

participant and thawed at room temperature for 10 min. A glass transfer pipette was 

used to transfer the 4 pooled cryopreserved spermatozoa samples into a 5 mL sterile 

plastic tube containing QAHM‟s medium + 5% HSA (Appendix 8.2.2 Spermatozoa 

QAHM‟s Medium) followed by centrifugation at 300 × g for 10 min. 

Cryoprotectant medium was removed and replenished with 1 mL QAHM‟s medium 

+ 5% HSA. Spermatozoa were separated from the semen and motile sperm were 

selected using PureCeption
TM 

(SAGE BioPharma, In-Vitro Fertilisation Inc, CT, 

USA) discontinuous density gradient consisting of a 80% gradient overlaid with a 

40% layer made in QAHM‟s + 5% HSA. Samples were loaded on the column and 

centrifuged for 20 min at 300 × g. The layer at the 40%:80% interface was removed 

and the remaining pellet was collected and resuspended in QAHM‟s + 5% HSA. 

Spermatozoa were centrifuged at 250 × g for 8 min to remove any residual 

PureCeption
 TM

. Spermatozoa viability and motility was determined as described in 

Section 2.8.5 Eosin Y & Section 2.8.6 Spermatozoa Motility. A minimum of 1 × 

10
5
 sperm/well was used. Fresh semen was collected by masturbation into sterile 

containers and samples were allowed to liquefy at room temperature for 30min 

prior to processing as for cryopreserved samples. 
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2.5 Human Granulosa Cell Tumour Cell line (KGN) 

The human granulosa tumour cell line (KGN) was donated by Dr Theresa Hickey, 

Department of Obstetrics and Gynaecology, School of Medicine, Adelaide 

University, Australia. The original KGN granulosa cell line was derived from a 63 

year old woman with stage III ovarian cancer, histo-pathological analysis indicated 

granulosa cell carcinoma. The cell line exhibited stable, long-term proliferation (5 

years) confirming carcinoma origin. The KGN cells have an abnormal karyotype of 

45XX7q-, -22 (partial deletion of chromosome 7 and monosomy 22) associated 

with ovarian tumours (Nishi et al. 2001). KGN cells were cryopreserved at passage 

5 in 20% FCS and 5% DMSO and maintained in DMEM/F12 +10% FCS in a 37°C 

humidified incubator with 5% CO2. The doubling rate of the KGN cells was 46.4 h 

and they were subcultured at confluence (>80% of flask covered with cells, 1-2 

weeks) with 0.25% trypsin-1 mM EDTA (Nishi et al. 2001). 

2.5.1 KGN Cell Line Maintenance 

The KGN cell line can be cultured in vitro to investigate the potential reproductive 

effects of toxins and characterise signalling pathways in comparison to other 

granulosa cell lines and primary-derived granulosa cells as they maintain most of 

the physiological activities of granulosa cells (Chu et al. 2004; Minehata et al. 

2007; Nishi et al. 2001). The mechanism of steroidogenesis in KGN is similar to 

that of normal granulosa cells. Although they lack the LH-receptor, they are still 

capable of producing higher amounts of progesterone in response to cAMP in 

comparison to primary-derived GC from pre-antral follicles (Amsterdam & Sasson 

2004). The KGN cells used in experiments were thawed from passage 5. The 

resuscitation process involved immediate removal of cells from dimethyl sulfoxide 

(DMSO, SIGMA), in which the cell suspension was transferred into a 10 mL tube 

containing equilibrated DMEM/F12 +10% FCS cell culture medium using a steri le 

plastic pipette. The cells were then centrifuged at 115  × g for 5 min. The 

supernatant was discarded and the cells were resuspended in 1 mL of DMEM/F12 

+10% FCS. Cells were transferred to a 25 cm
2
 polystyrene sterile flask fitted with a 

0.22 µM filter cap (Nunc Flasks, Nunclon™ with Filter Cap, InVitro, Australia) 
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containing 4 mL of DMEM/F12 + 10% FCS and were grown to 80-90% confluence. 

Cells were subcultured by rinsing with PBS once and incubated with 2 mL of 

0.25% trypsin and 1 mM EDTA solution, for 2-3 minutes at 37°C until the cells had 

detached from the surface of the flask. The detachment was carried out in the 37°C 

incubator as per instructions from Dr Theresa Hickey, Department of Obstetrics and 

Gynaecology, School of Medicine, Adelaide University, Australia. Fresh 

DMEM/F12 + 10% FCS (2 – 4 mL) was added and gently used to resuspend the 

cells by pipetting. The cell suspension was then transferred to a new flask at a ratio 

of 1 mL of cells to 5 mL of complete medium. The concentration of KGN cells in 

suspension (cells.mL
-1

) was determined by Trypan Blue (Section 2.8.1 Trypan Blue 

Exclusion Assay Method). 

2.6 Mouse Leydig Tumour Cell Line (MLTC-1) 

The mouse Leydig tumour cell line originated from transplantable Leydig tumour 

cells carried in C57BL/6 mice. Of the two cell lines generated, the MLTC-1 cell 

line is capable of basal progesterone production, and increases the amount produced 

when stimulated with hCG (Panesar et al. 2003). The Mouse Leydig Tumour Cell 

Line (MLTC-1, ATCC accession number CRL-2065) have a doubling time of 35 h, 

they were subcultured upon reaching >80% confluence and maintained in RPMI + 

10% FCS. The subculturing of MLTC-1 cells was the same as carried out for KGN 

cells (Section 2.5.1). 

2.7 Cylindrospermopsin 

Cylindrospermopsin (CYN) was extracted from freeze-dried Cylindrospermopsis 

raciborskii and purified by HPLC. CYN was kindly donated by the Australian 

Water Quality Centre, Bolivar South Australia (Hawkins et al. 1997; Humpage et 

al. 2000). A stock solution of 1 mg of CYN was reconstituted in 1 mL sterile MQ 

water to give a final concentration of 1 mg.mL
-1 

(2400µM). The CYN stock was 

initially diluted to 100 µM in granulosa culture medium or spermatozoa culture 

medium before each series of experiments, as detailed in Table 2-5. 
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2.7.1 Cylindrospermopsin Treatments 

Primary-derived granulosa cells, KGN cells and spermatozoa were exposed to CYN 

concentrations as detailed in Table 2-5. These concentrations were made from the 

100 µM stock by diluting in the medium respective to cell type and in combination 

with other factors which are detailed in Table 2-5. Treatments were stored at -20°C 

between experiments. Viability and functionality experiments involving primary-

derived granulosa cells and KGN cells were exposed to 0.1 – 3.0 µM CYN. For 

protein synthesis assays and protein semi-quantification experiments, primary-

derived granulosa cells were exposed to 3 and 5 µM CYN. For viability assays 

involving human spermatozoa, the sperm were exposed to 0.1, 0.3, 1, 3, 10 or 30 

µM. Experimental details are further described in their respective chapters. 
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 CYN Exposure Experiments 

Cell Type  Experiment 
(Chapter) 

Media CYN Concentration 

Human 
Granulosa 

Cells 

 
 

 

Viability & 
Functionality 

Assays 
(Chapter 4) 

DMEM/F12 + 10%FCS+ ITS 0, 0.1, 0.3, 1.0 & 
3.0µM 

  Protein 
Synthesis 

Assay 
(Chapter 5) 

DMEM/F12 + 10%FCS+ ITS Time Course: 0, 3.0 
& 5.0µM 

Treatment 
Exposure: 0, 0.1, 
0.3, 1.0 & 3.0µM 

  Protein Semi- 
Quantification 

(Chapter 5) 

DMEM/F12 + 10%FCS+ ITS 0 & 3.0µM 

 

  Protein Semi- 
Quantification 

(Chapter 5) 

DMEM/F12 + 10%FCS+ ITS + 
1000mIU/mL hCG 

0 & 3.0µM 

 

Human 
Spermatozoa 

 

 
Viability 
Assays 

(Chapter 6) 

QAHM’s + 5% HSA 0, 0.1, 0.3, 1.0, 3.0, 
10.0 & 30.0µM 

KGN  
Viability 
Assays 

(Chapter 3) 

DMEM/F12 + 10%FCS+ ITS 
+1mM cAMP 

0, 0.1, 0.3, 1.0 & 
3.0µM  

Table 2-5: CYN Treatment Concentrations 

CYN concentrations (µM) used with each cell line made up in respective medium types. Refer to Chapter 
8 Appendices: Reagents, Stock Solutions & Media Preparation for details regarding each medium type. 
FCS- fetal calf serum, ITS- insulin/transferrrin/selenium, hCG- human chorionic gonadotropin, cAMP- 
cyclic adenosine monophosphate, 
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2.8 Assessment of Toxicity 

2.8.1 Trypan Blue Exclusion Assay Method 

The Trypan Blue Exclusion Assay allows the differentiation between live and dead 

cells. Trypan Blue cannot penetrate the cell membrane of live cells and thus they 

remain golden in colour, whereas in dying or dead cells membrane integrity is lost 

and hence the Trypan Blue can no longer be excluded by the cell and thus they 

appear blue (Petty et al. 1995). Three separate 10 µL aliquots of cell suspension 

were each diluted 1:1 with trypan blue (See Appendix 8.2.3 Trypan Blue). Each 

resulting 20 µL aliquot was transferred to one chamber on a haemocytometer 

whereby a total of 3 large squares, comprised of 25 smaller squares, were counted 

per aliquot (Neubauer, Weber, England- Figure 2-1). The average viable cell 

concentration (cell concentration per mL, cell.mL
-1

) of each of the 3 aliquots was 

calculated by multiplying the average number of live cells of the three aliquots by 

10
4 

(dimensions of the haemocytometer), and the dilution factor of 2. 
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Figure 2-1: Diagram of Neubauer Haemocytometer. 

The squares counted in the Trypan Blue Exclusion assay include the middle circled square and adjacent 
squares on either side. Each large square is divided into 25 smaller squares. Adapted from 
www.liv.ac.uk/ physiology/pams/haemo.gif 

file:///G:/Thesis/Final%20Thesis/May%202010/www.liv.ac.uk/%20physiology/pams/haemo.gif
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2.8.2 Tetrazolium Reduction Assays 

The MTT and MTS assays are colorimetric assays based on the reduction of the 

water-soluble MTT or MTS dye to the purple formazan crystalline product 

(Mosmann 1983; Plumb et al. 1989). The MTT assay produces an insoluble 

formazan, which cannot cross the cell membrane into the extracellular environment 

and thus cells require treatment with a soluble solution to release and solubilise the 

formazan crystals in order to be quantified on a spectrophotometer at a wavelength 

of 570 nm. The formazan produced by the MTS assay does not require 

solubilisation and can be quantified directly in the culture medium at a wavelength 

of 490 nm (Fotakis & Timbrell 2006; Goodwin et al. 1995; O'Toole et al. 2003).  

The MTT and MTS assay were used to determine the number of viable cells after 

treatment exposure. In order to determine number of viable cells the absorbance of 

formazan needs to be related to known number of viable cells in a “standard curve”. 

The standard curve consists of a gradient of 0 to 4 ×10
4 

cells/well in triplicate; these 

were dispensed to wells of a 96-well plate (Nunc, In Vitro, Australia). The negative 

controls were triplicate wells which did not contain any granulosa cells. A linear 

relationship between absorbance of formazan and cell number needs to be 

established in which the absorbance of formazan produced after treatment can be 

used to calculate the number of viable cells  

2.8.2.1 MTT Assay  

The outer perimeter wells of the standard curve plates and 96-well treatment plates 

were not used because of evaporation of medium from these wells. The outer wells 

were filled with 100 µL of base medium specific to each cell type (Appendix 8.2.2 

Media). 

After the removal of the cells from the medium 100 µL of a 0.5 mg.mL
-1

 solution of 

MTT (3-[4,5-dimethyl(thiazole-2-yl-3,5-diphenyl] tetrazolium bromide) was added 

to each of the wells, and incubated in a 37°C humidified incubator with 5% CO2 for 

24 h. The formazan was solubilised by adding 80 µL of 20% SDS in 0.02M HCl 

and incubating at room temperature for 1 h in the dark. After the incubation period 

the absorbance of formazan was read on an automatic plate reader (µQuant BioTEK 
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Instruments Inc, VT, USA, with KCJunior Program) at a wavelength of 570 nm 

with a reference wavelength of 655 nm. A standard curve was established and from 

it the number of viable cells in each well after treatment exposure was calculated. 

A strong correlation between formazan production and number of granulosa cells 

was confirmed if R
2
 value was > 0.98, Chapter 8 Appendices: Calculations and 

Conversions. 

2.8.2.2 MTS Assay  

The MTS assay procedure was carried out according to manufacturers‟ instructions 

(Promega 2003); briefly, 20 µL of MTS solution was added to wells of treatment 

and standard curve plates and incubated in a 37°C humidified incubator with 5% 

CO2 for 2 h. Formazan production was measured on an automatic plate reader 

(µQuant BioTEK Instruments Inc, VT, USA, with KCJunior Program) at a 

wavelength of 490 nm. A strong correlation between formazan production and 

number of granulosa cells was confirmed if R
2
 value was > 0.98, refer Chapter 8 

Appendices: Calculations and Conversions. 

2.8.3 ATP Assay  

The energy providing molecule adenosine tri-phosphate (ATP) is needed in all 

living cells (Petty et al. 1995; Sevin et al. 1988). The main role of ATP is for 

biological synthesis, transport and movement processes (Mueller et al. 2004). The 

ATP assay principle is based on the reaction of luciferin to oxyluciferin catalysed 

by luciferase enzyme in the presence of Mg
2+

 ions and ATP to yield a luminescent 

signal. A linear relationship between intensity of luminescent signal and ATP 

concentration is then established (Mueller et al. 2004; Sevin et al. 1988). Similar to 

the tetrazolium assays, each treatment plate was simultaneously accompanied with 

the setup of a standard curve in order to determine cell number post treatment or 

cell culture period. ATP quantification was carried out according to manufacturers‟ 

instructions, Figure 2-2 which details volumes of reagents, processing time and 

technique (PerkinElmer 2002). Briefly cell lysis buffer was used to lyse 

spermatozoa cells to release and stabilise ATP. After incubation with substrate 

buffer counts per second (CPS) of luminescence was determined using the 
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TopCount luminescence plate reader, The CPS obtained was then used to determine 

the number of live spermatozoa from the standard curve. 
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Figure 2-2: ATP Assay Flow Diagram (PerkinElmer 2002).  

Refer in-text for description, briefly after treatment cells were lysed open (1) and substrate solution was 
added (2) & (3) allowing ATP to be quantified by measuring the luminescence emitted from wells. Figure 
extracted from Perkin Elmer (2002).
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2.8.4 Crystal Violet Assay 

One of the indicators of loss of cell viability is by the loss of membrane integrity 

and the detachment of cells (Gillies et al. 1986; Ishiyama et al. 1996). Crystal 

violet, N-hexamethylpararosaniline, is a metachromophoric basic dye that stains the 

membrane of attached viable cells (Gillies et al. 1986; Ishiyama et al. 1996). 

Similar to the tetrazolium assays each experimental treatment plate was 

accompanied by a standard curve in order to determine cell number post treatment 

or cell culture period by comparison with the standard curve. Cells were incubated 

with 50 µL of Crystal Violet (0.5% in 50% methanol) for 10 min at room 

temperature. The Crystal Violet stain was gently rinsed off cells with running 

distilled water, which were then air dried in a fumehood before solubilising with 50 

µL of 33% acetic acid. The optical density was determined by measuring at a 

wavelength of 570 nm and a reference wavelength of 635 nm using an automatic 

plate reader (µQuant BioTEK Instruments Inc, VT, USA, with KCJunior Program). 

The standard curve setup was the same as that utilised in the MTT assay (Section 

2.8.2 Tetrazolium Reduction Assays). A strong correlation between crystal violet 

stain and number of granulosa cells was confirmed if R
2
 value was > 0.98 (Chapter 

8 Appendices: Calculations and Conversions). 

2.8.5 Eosin Y Assay 

The principle of the Eosin Y assay is that live spermatozoa have structurally intact 

cell membranes and dead spermatozoa have disintegrating cell membranes which 

cannot prevent uptake of the Eosin Y stain (Björndahl et al. 2004; Eliasson & 

Treichl 1971; WHO 1999). A 40 µL aliquot of spermatozoa suspension was mixed 

with 20 µL of Eosin Y (5 g.L
-1

, SIGMA) for 30 s followed by 20 µL of sperm 

diluent in order to immobilise spermatozoa (final dilution 1:1, Appendix 8.2.3 

Stock Solutions, Sperm Diluent). Live spermatozoa with intact and functional 

membranes stained white and dead spermatozoa stained pink. 10 µL of Eosin Y 

stained spermatozoa sample was loaded on to a haemocytometer. Spermatozoa in 

25 small squares were counted at × 400 magnification under a light microscope. 

Final live spermatozoa number was divided by 50 to get sperm concentration × 10
6
 

mL
-1

. If only 5 large squares were counted then the final live spermatozoa number 
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was divided by 10 to give spermatozoa concentration ×10
6
.mL

-1
 (Chapter 8 

Appendices: Calculations and Conversions, Spermatozoa Conversion Table). 

2.8.6 Spermatozoa Motility 

Spermatozoa motility was assessed by placing a 10 µL drop of spermatozoa sample 

onto a glass slide before adding a coverslip (22 × 22 mm). Both motile (forward 

progressive motility) and non-motile (immobile) sperm were counted by visual 

counting, a minimum of 200 spermatozoa were counted in a single field of view at 

× 250 magnification under brightfield illumination. Samples with less than 20% 

motile spermatozoa were not used in experiments. 

2.9 Identification of Lipids Using the Oil Red O Stain  

It is considered that a granulosa cell that which has differentiated is capable of 

accumulating cholesterol lipids, these lipids stain red and can be detected by an Oil 

Red O Lipid Stain. Adherent cells were cultured in LabTekII 8-well glass 

chamberslides (NUNC, In vitro Australia) at a density of 4 × 10
4
 cells /well and 

allowed to adhere for 24 h in DMEM/F12 + 10% FCS + ITS at 37°C with 5% CO2. 

Post-culture cells were rinsed with PBS, fixed with 10% formalin for 10 min, rinsed 

with 60% isopropanol for 30 s, rinsed with MQ water for 1 min and stained with 

ORO/isopropanol for 15 min (adopted from Kinkel (2004), stain 2 from Casselman 

(1959)). Cells were then counter stained for 10 min with Mayer‟s Haematoxylin 

(SIGMA CA, USA), and then rinsed with MQ water. Haematoxylin staining was 

intensified by adding sodium phosphate solution for 5 min, followed by 2 × 30 s 

rinses with MQ water (Kinkel et al. 2004). Slides were allowed to air dry and cells 

were mounted in aqueous medium (Aquatex, Merck, Australia). Slides were 

visualised on Brightfield microscope at × 200 magnification for presence of red-

stained lipid droplets, (section 2.11 Image Analysis of Oil Red O & 3β-

Hydroxysteroid Dehydrogenase Staining). 

2.10 Detection of 3β-hydroxysteroid Dehydrogenase Assay  

In order for granulosa cells to produce progesterone they require 3βHSD activity 

(section 1.1.3 Steroidogenesis). 3βHSD is a dimeric enzyme with a bifunctional 

catalytic site. After binding to the substrate it undergoes a conformational change 
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activating the second enzyme 3-oxosteroid isomerase (Bar-Ami 1994; Simard et al. 

2005). NADH acts as a cofactor which induces the conformational change in the 

enzyme protein that activates the isomerase reaction (Simard et al. 2005; Thomas et 

al. 2004). 3βHSD is located in the endoplasmic reticulum (ER) and mitochondrial 

membrane and catalyses sequential 3β-hydroxysteroid dehydrogenation and ∆
5
 to 

∆
4
-isomerization, which converts DHA to progesterone (Bar-Ami 1994). Cells were 

cultured in LabTekII 8-well glass chamberslides (NUNC, Invitro Australia) at a 

density of 4 × 10
4
 cells/ well. They were allowed to adhere for 24 h in DMEM/F12 

+ 10FCS +ITS in a 37°C humidified incubator with 5% CO2. A 300 µL volume of 

3βHSD reaction mixture (0.5 mg.mL
-1

 nitroblue tetrazolium (NBT); 2 mg.mL
-1

 

nicotinamide adenine dinucleotide (NAD); and 0.25 mg.mL
-1

 trans-

dehydroandrosterone (DHA), was added as described by Fischer and Khan (1972) 

for 1 h at 37°C. Control wells did not contain DHA. The reaction mixture was 

discarded and cells were rinsed with PBS, fixed with 10% formalin for 10 min, 

rinsed with MQ water, counter-stained with 1% neutral red (Department of 

Anatomical Physiology and Pathology, Flinders Medical Centre) for 2 min at room 

temperature. Mayer‟s Haematoxylin could not be used as a counter stain as it is 

blue which cannot be differentiated from the blue 3βHSD formazan deposits. 

Alternatively neutral red was used to stain the nuclei of cells and was used as a 

measure of viability based on the remaining number of cells attached (Morgan et al. 

1991, Fotakis and Timbrell 2006, Section 2.11 Image Analysis of Oil Red O & 3β-

Hydroxysteroid Dehydrogenase Staining (Fotakis & Timbrell 2006; Morgan et al. 

1991). Slides were rinsed with MQ water, followed by dehydrating through an 

ethanol series (2 × 70% and 1 × 100%) and 1× Histo-Clear (National Diagnostics). 

Slides were air dried and mounted with Clarion organic mounting medium 

(SIGMA, Australia). Slides were visualised on a brightfield microscope at × 200 

magnification for the presence of blue spots as a positive identification of sites of 

3βHSD activity. 
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2.11 Image Analysis of Oil Red O & 3β-Hydroxysteroid Dehydrogenase 
Staining 

After staining for the presence of 3βHSD activity or ORO, ImageJ analysis 

software (National Institutes of Health, USA) was used to assess staining of cells 

(Chapter 8 Appendices: ImageJ Analysis). 3βHSD activity staining was 

differentiated into 4 groups as detailed in Table 2-6. 

Similarly ORO staining was also differentiated into 2 groups. Steroidogenic cells 

were identified by the presence of red lipid staining within the cell. Non 

steroidogenic cells were identified by the absence of red staining.  

The counter stains used in the assays were Mayer‟s Haematoxylin (ORO Lipid 

Stain) or Neutral Red (3βHSD assay), both of which stained the cell nuclei. This 

allowed the total number of attached cells to be quantified by performing the 

following calculations. Four images per treatment per woman per assay repeat were 

processed for the ORO Lipid assay and 3βHSD assay. The entire chamberslide well 

could not be captured in the four images. It was assumed that granulosa cells 

adhered randomly and formed a monolayer on the surface of the wells, thus the four 

photos captured were used as a representative number to estimate the total number 

of cells in the well. The total count in four images could be extrapolated to 

determine total cell number in each well post-treatment. Thus the following 

calculations were carried out. The area of each chamberslide well was 7 × 10
7
 µm

2
, 

so when incorporating the pixel dimensions of the image at ×20 magnification into 

the calculation, each image represented 0.34% of the chamberslide well. Four 

photos were taken for each well from random locations that did not overlap with 

each other. The four images therefore represented 1.37% of the chamberslide well 

area. The numbers of cells counted in the four images were then converted to total 

number of cells by multiplying 100/1.37. 
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Table 2-6: 3βHSD Activity Assay Image Analysis of Four Different Staining Outcomes 

Negative 3βHSD large cells: Light stained 3βHSD large cell: Intense stained 3βHSD large cells and small 
dense cells. Negative 3βHSD large cells were cells that had no blue formazan crystal deposits. Light 
stained 3βHSD large cells identified by the appearance of lightly scattered even distribution of formazan 
deposits covering <80% of cells. Intense stained 3βHSD large was classified as very dark blue formazan 
deposits covering >80% of cell. Small dense cells were identified as cells that were circular and lacking 
cytoplasm (Figenschau et al. 1997). Magnification × 400, 

 

Figure 2-3: Example of ORO staining in primary-derived granulosa cells 

Magnification × 400, granulosa cells stained for presence of Oil Red O Lipids, red droplets indicates 
presence of ORO. 
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2.12 Radioimmunoassay (RIA) 

Radioimmunoassay‟s (RIA) are based on the competition between a radiolabelled 

hormone “tracer”, and an unlabelled hormone molecule contained in the 

conditioned cell culture medium after granulosa cells culture.  

2.12.1 Progesterone RIA 

The radioactivity of a 10 µL aliquot of undiluted progesterone tracer (MP 

Biomedicals, Catalogue 07-170126, 
125

I Tracer (1.1ml/vial 10 µCi) was first 

determined using the Packard RIASTAR gamma counter for 2 minutes. The counts 

per minute (cpm) were then used to determine what dilution was necessary to 

obtain 10,000 cpm per assay tube. 

Each RIA included total count tubes (5 mL 3DT tubes) consisting only of 25 L of 

progesterone tracer with 10,000 cpm per tube and Non-Specific Binding (NSB) 

tubes in which the anti-progesterone primary antibody was omitted. The limit of 

detection of the progesterone assay was 0.2 ng.mL
-1

 and the interassay coefficient 

of variation was 14%.  

Progesterone Standard tubes ranging from 2000 ng.mL
-1

 to 0 ng.mL
-1

 were assayed 

in duplicate
 

(Chapter 8 Appendices: Radioimmunoassay Reagents) and 

Immunoassay BioRad Controls 1, 2 and 3 (Table 8-2).  

Test solutions collected from wells containing cells post-treatment were stored at -

20°C and thawed overnight at 4°C before RIA. Once all tubes and necessary 

standards and controls were set-up (Figure 8-2), 100 µL of NaFam (Chapter 8 

Appendices: Radioimmunoassay Reagents) assay buffer was added to each of the 

tubes except for the NSB tubes and the total count tubes which received 200 µL and 

0 µL NaFam, respectively. The appropriate Progesterone Standards, Controls and 

Samples were added to numbered tubes; however no sample or assay buffer was 

added to the total count tubes. The NSB tubes and the 0 ng.mL
-1

 standard tube both 

contained the 0 ng.mL
-1

 Progesterone Standard.  

This was followed by the addition of 100 µL of the Progesterone Tracer to each 

tube, freshly diluted so that each tube contained 10,000 cpm. The total count tubes 
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were capped and placed aside for the remainder of the assay. Progesterone 

Antiserum (MP Biomedicals Australia, diluted to 1:5,000 of stock solution) was 

added at a volume of 100 µL aliquot per tube to all of the tubes except the NSB 

tubes. Each tube was then shaken for 20-30 seconds and incubated for 1 h in a 37°C 

heated water bath. Post- incubation 100 µL of 1:100 diluted Normal Rabbit Serum 

(extracted from rabbit blood obtained from the Animal House at Flinders Medical 

Centre, Chapter 8 Appendices: Radioimmunoassay) was added. This was 

immediately followed by 100 µL of a 1:30 dilution of Sheep anti-Rabbit Antiserum 

(Chemicon, Australia, Catalogue AB 7130) and 200 µL of 14% Polyethylene glycol 

to all of the tubes except the total tubes. Each tube (except total tubes) was then 

individually vortexed for 5-10 seconds and allowed to stand at room temperature 

for 30 minutes.  

All tubes except the total tubes were centrifuged at 2002 × g at 4°C for 20 minutes 

in a Heraeus Minifuge T Centrifuge. The supernatant of the tubes was aspirated in a 

way that avoided disturbance to the pellet. All tubes including the total count tubes 

were counted for 2 minutes in the Packard RIASTAR gamma counter. 

2.12.2 17β-Estradiol RIA 

The procedure of the estradiol RIA assay involved a similar setup to that of the 

progesterone RIA (Figure 8-4). The concentration of a 10 µL aliquot of undiluted 

estradiol tracer (MP Biomedicals, Catalogue 07-138 226, 
125

I Tracer (1.1ml/vial 10 

µCi) was determined using the Packard RIASTAR gamma counter for 1min. The 

counts per minute (cpm) were then used to determine the dilution to carry out to 

ensure that each tube in the RIA contained 10,000 cpm.  

Each RIA consisted of total count tubes containing 25 µL of estradiol tracer (10,000 

cpm per tube), Non-Specific Binding tubes without anti-estradiol primary antibody 

(MP Biomedicals, Catalogue 64737) Estradiol Standards ranging from 2000 pg.mL
-

1
 to 0 pg.mL

-1
 (4 μg.mL

-1
 Estradiol stock, DSL, serially diluted in Full Granulosa 

Cell Media, Chapter 8 Appendices: 8.2.2 Media) and Immunoassay Biorad Controls 

1, 2 and 3 (Table 8-2) all of which were assayed in duplicate. The limit of detection 

of this assay was 20 pg.mL
-1

 and the interassay coefficient of variation was 12%. 
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The estradiol radioimmunoassay was carried out in the same way as the 

progesterone protocol. However the only difference was that after addition of the 

anti-estradiol antibody the tubes were incubated at 4°C for 20 h in a cold room. 100 

µL of 1:30 dilution of donkey anti-sheep serum was used for the estradiol assay in 

order to separate bound and free fractions. The remainder of the estradiol assay was 

followed as for the progesterone protocol, section 2.12.1. 
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Chapter 3. Optimisation of In Vitro Culture of 
Primary-Derived Human Granulosa Cells  

3.1 Introduction 

In vitro culture of primary-derived granulosa cells provides a good investigative 

model of a reproductive tissue, with the cells readily isolated from women 

undergoing ART (Beckman et al. 1991; Chaffkin et al. 1993; Quinn et al. 2006). 

Although primary-derived granulosa cells will produce large inter-individual 

variations in vitro, under optimised culture conditions they can be controlled to 

represent the in vivo physiological model (Breckwoldt et al. 1996; Chaffkin et al. 

1993; Quinn et al. 2006; Sasson & Amsterdam 2002; Ubaldi 2005; Yong et al. 

1992). However, the in vivo follicle is comprised of a complex network of 

steroidogenic and non-steroidogenic cells, with follicular tissues normally 

comprised of 5-15% macrophages and leukocytes (Baranao et al. 1995; Beckman et 

al. 1991; Lobb & Younglai 2006; Loukides et al. 1990). Nonetheless, in vitro 

toxicity assays are needed to examine and investigate effects on fertilisation 

capabilities. Thus, the key aspects of GC culture, the conditions conducive to 

viability and functionality, need to be optimised. Such factors include GC isolation 

technique, cell culture density, pre-treatment incubation period (adherence), 

supplementation of medium with serum, and the type of culture vessel.  

The follicular fluid needs to be processed in order separate granulosa cells from 

contaminating factors such as red blood cells in order to minimise the interference 

to experimental assays, and to obtain a homogenous population of luteinised 

granulosa cells. The presence of these contaminating factors has the potential to 

alter the biochemical properties of GC such as progesterone production (Beckman 

et al. 1991; Lobb & Younglai 2006; Quinn et al. 2006). Various methods have been 

developed to minimise presence of contaminating factors. These involve one-step 

methods or a multiple process of density gradients (colloidal silica), incubation in 

tissue culture plastic dishes with removal of medium and non-steroidogenic cells, 

hypertonic and hypotonic solutions, and enzymatic treatment with trypsin/EDTA 
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(Beckman et al. 1991; Figenschau et al. 1997; Lobb & Younglai 2006; McAllister 

et al. 1990; Quinn et al. 2006; Wang et al. 1995). Although each method has its 

advantages and disadvantages, no method eliminates all contaminating cell types; 

however, each effectively reduces the percentage of contaminating cells to less than 

5% detectable levels (Baranao et al. 1995; Beckman et al. 1991; Lobb & Younglai 

2006; Loukides et al. 1990). In this research, granulosa cells were isolated from the 

follicular fluid using Ficoll-Hypaque density gradient centrifugation (Lymphoprep, 

see Chapter 8 Appendices: Reagents, Stock Solutions & Media Preparation). 

Density gradients are also indirect methods for selection of luteinised granulosa 

which have increased lipid composition and steroid hormone production raising the 

density and effectively segregating from un-luteinised cells (Hartshorne 1990). The 

three types of GC and their densities include; mural (1.004 g.mL
-1

), antral (1.044 

g.mL
-1

) and cumulus oophorus (1.032 g.mL
-1

) cells, which when centrifuged over 

Ficoll-Hypaque (δ = 1.0076 g.mL
-1

) would isolate the mural cells at the interface, 

so that the majority of cells would be granulosa-lutein cells.  

In vivo, the LH surge induces ovulation and luteinisation of granulosa cells. hCG 

administered in vivo during the ART procedure mimics the role of LH. Upon 

isolation, ≈ 20% of granulosa cells have yet to differentiate; a pre-treatment culture 

provides an environment for them to differentiate, desensitise from in vivo 

gonadotropin stimulation and transform into granulosa-lutein cells (Breckwoldt et 

al. 1996; Chaffkin et al. 1993; Edgar et al. 1991; Lobb & Younglai 2006; Schmidt  

et al. 1984). This pre-treatment period can range from 24 – 96 h, although some 

studies have used a pre-treatment period of up to 7 days or eliminated it completely 

(Schipper et al. 1993). Pre-treatment period also allows for the removal of non-

adherent cells as medium is changed prior to experimentation being carried out 

(Best et al. 1994). Although the literature shows that primary-derived granulosa 

cells are pre-cultured for a minimum of 24 h before treatment, cell lines such as the 

human uterus carcinoma (HeLa) require only 3 h to attach (Ishiyama et al. 1996). 

However, the granulosa-like KGN cell line also requires a minimum 24 h pre-

treatment (Tsutsumi et al. 2008). Granulosa cells contain cytoplasmic lipid droplets 

(characteristics of steroidogenic cells), have oval shaped nuclei, with the cells 
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found spread out in singles, or aggregated together to form clusters, when cultured 

in the absence of stimulants such as FSH and LH (Aharoni et al. 1995). 

Granulosa cells can be cultured in various types of vessels; however, the optimal 

density to culture granulosa cells has yet to be investigated (Baranao et al. 1995; 

Beckman et al. 1991; Chaffkin et al. 1993; Figenschau et al. 1997; Schmidt et al. 

1984). The closest study was carried out by Chaffkin et al. (1993) who found that at 

low granulosa cell densities, cells proliferate in vitro due to the presence of 

secretary factors released into the culture medium, reflecting an un-luteinised 

population of cells. At higher culture densities, granulosa cells differentiated. This 

chapter aims to investigate the optimum in vitro density to culture granulosa cells 

representing a cell population which is differentiated and capable of steroid 

hormone production whilst remaining viable throughout the exposure period 

selected. The optimal density of granulosa cells used in culture also varies between 

studies. Generally, the greater the surface area of culture vessel, the higher the 

density of granulosa cells used: 1 × 10
6
 cells in 1 mL in a 6-well plate; 2 – 4 × 10

5
 

cells in 0.5 mL in a 24-well plate; and only 5 – 50 × 10
4
 cells in 0.1 mL in a 96-well 

plate (Baranao et al. 1995; Beckman et al. 1991; Chaffkin et al. 1993; Figenschau et 

al. 1997; Schmidt et al. 1984). At high cell densities progesterone concentrations 

were directly correlated to cell density, whereas at cell densities of 5 × 10
4
 

cells/well this relationship was no longer observed. Hence, there is a need to ensure 

that granulosa cell density used in culture is optimal to ensure normal steroid 

hormone production, a key endpoint of toxicity studies (McAllister et al. 1990). 

In an attempt to prolong the viability of granulosa cells in culture, the medium is 

supplemented with serum to provide biological components lacking in artificial 

nutrient medium, although many of these may not be found in the direct in vivo 

environment of granulosa cells located within the ovary of the maturing follicle 

(Figenschau et al. 1997). Throughout in vitro culture, serum has been found to 

spontaneously cause luteinisation of granulosa cells (Schipper et al. 1993). 

However, the presence of serum is essential for maintenance of cell viability and 

the concentration of serum used ranges between 5 and 30% depending on the 

endpoint to be assessed post-treatment (Best et al. 1995; Figenschau et al. 1997).  
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Secretion of steroid hormones is crucial for the nourishment, growth, development 

and successful fertilisation of the oocyte (Asboth et al. 2001; Breckwoldt et al. 

1996). The differentiation process involves transforming into large luteal cells , 

commonly referred to as hypertrophy, and is also indicated by increased 

progesterone production and the presence of cholesterol lipids (Chaffkin et al. 

1993; Quinn et al. 2006; Stoklosowa et al. 1978; Yu et al. 2005). Steroid hormones 

released into the culture medium can be detected using antibody-based detection via 

enzyme immunoassays; however, the predominant method used is 

radioimmunoassay which is specific and has low cross-reactivity (Beckman et al. 

1991; Chaffkin et al. 1993; Kasson et al. 1993; Lobb & Younglai 2006; Lovell et al. 

2002; McAllister et al. 1990; Schmidt et al. 1984). 

Granulosa cells from mature follicles (15-25 mm in diameter) maintain their 

differentiated state and continue to secrete progesterone in long-term culture 

(Chaffkin et al. 1993; Schmidt et al. 1984; Stoklosowa et al. 1978; Yu et al. 2005) . 

Some culture conditions utilise an extracellular matrix, as this has been shown to 

increase basal progesterone production by granulosa cells in response to hCG 

stimulation as well as formation of gap junctions which are the intracellular 

communication pathways between granulosa cells (Figenschau et al. 1997; Kasson 

et al. 1993; McAllister et al. 1990). However, the use of an extracellular matrix 

provides granulosa cells with steroid precursors and thus creates difficulty in 

determining if the endogenous supply of substrate would be a limiting factor to 

steroid hormone production. For this reason, extracellular matrix was not included 

in our culture of granulosa cells (Schipper et al. 1993). 

In order to assess the suitability of selected culture conditions and cytotoxicity of 

compounds, granulosa cell viability must be determined. The viability assay 

selected needs to be rapid, reproducible, high throughput and sensitive (Siddiqui et 

al. 2006). Viability of cells cultured in vitro can be measured by various assays, the 

most common are those that include staining of membrane structures with dyes or 

assays which measure metabolic activity of cells with the uptake of salts (Gillies et 

al. 1986; Ishiyama et al. 1996; Mosmann 1983). Metabolic assays and dye uptake 

assays (physical method) sometimes result in different determinations of viability, 
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despite individual correlation between absorbance and cell number. Thus, it is 

important to assess viability by using two distinct mechanisms simultaneously to 

increase reliability of results when determining cytotoxic effects (Fotakis & 

Timbrell 2006; Hansen et al. 1989). 

In addition to determining viability of cells as described in section 1.7.4, 

assessment of cytotoxicity of toxins includes determining whether normal 

physiological functioning of the cells is affected. In the case of granulosa cells, this 

is steroid hormone production. This can be directly determined by the presence of 

cholesterol substrates required for steroidogenesis (ORO Lipid Stain), by 

quantifying hormone production, and by investigating effects on enzymes involved 

in steroidogenesis. 

Large granulosa-lutein cells have the potential for increased metabolic capability 

required for cellular function such as production of steroid hormones progesterone 

and estradiol, in which the mitochondria play a vital role (Zlotkin et al. 1986). The 

changes to viability and functionality of granulosa cells would be indicated by 

changes to mitochondrial functioning (Amsterdam et al. 1999). Although a variety 

of endpoints to determine viability of granulosa cells exist, the MTT assay is 

dependent on the metabolic activity of the mitochondria as is steroidogenesis, hence 

viability is best characterised using the MTT or MTS assay, and results are 

supported by comparing viability determined in the Crystal Violet assay (Gerlier & 

Thomasset 1986; Mosmann 1983; Patrizio et al. 2007).  

Steroidogenic cells capable of producing progesterone and estradiol contain 

cholesterol lipids and selectively stain with Oil Red O (Hillensjo et al. 1985; 

Stoklosowa et al. 1978). It is considered that a granulosa cell still capable of 

proliferation, which is not in a terminal state of differentiation, is incapable of 

accumulating lipid (Quinn et al. 2006). Granulosa cells used in the experiments 

described in this chapter were primary-derived, thus the mouse Leydig tumour cell 

line (MLTC-1) was also used because it has a similar steroidogenic pathway to 

granulosa cells and is a good in vitro model to compare and characterise 

experimental techniques (Martinat et al. 2005; Yu et al. 2005). The KGN granulosa 

cell line was not available when the research described in this chapter was 
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undertaken. Both granulosa cells and MLTC-1 can be used to investigate 

cholesterol lipid staining via Oil Red O assay (ORO) and hence deduce the cells‟ 

capability to produce steroid hormones. 

 

3.2 Chapter Aims and Objectives 

In order to determine cytotoxic effects of cylindrospermopsin, the optimal culture 

conditions for granulosa cells need to be characterised. Viability assays, pre-

treatment culture period and identification of cholesterol lipids require 

optimisation. The following hypotheses were investigated (Figure 3-1: Flow 

Diagram of Chapter Objectives): 

- Granulosa cell mitochondrial dehydrogenase enzymes will reduce the MTT 

tetrazolium salt to formazan in which absorbance will be proportional to cell 

number.  

- Granulosa cells cultured in vitro will stain with the Crystal Violet dye in 

which absorbance will be proportional to cell number.  

- Primary-derived granulosa cells will require a minimum of 24 h pre-

treatment culture period to attach and exhibit characteristics of a 

differentiated population capable of steroidogenesis. 

- Granulosa cells which are in a differentiated state will stain with Oil Red O 

indicating presence of steroid hormone precursors and capability of initiation of 

steroid hormone production. 
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-  

Figure 3-1: Flow Diagram of Chapter Objectives 

Flow diagram represents sequence of experimental approaches undertaken in this chapter. GC were 
classified as healthy or unhealthy. Secondly, culture of GC were characterised in terms of adherence 
time and cell density based on optimal MTT assay and steroid hormone results. Thirdly, viability assays 
for GC were optimised and finally the optimisation of Oil Red O lipids stain was carried out.
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3.3 Materials and Methods  

3.3.1 Characterisation of Granulosa Cells  

Women were recruited from June 2006 until November 2008. Data regarding 

various fertility factors were obtained from individual case records and included 

demographic, medical and fertility histories (Table 8-1). 

3.3.2 Isolation of Primary- derived Human Granulosa Cells 

Granulosa cells were isolated from ovarian follicular fluid as outlined in 2.3 

Isolation of Human Granulosa Cells. A total of 27 cases were included, 11 cases 

were IVF and 16 cases were ICSI. The sources of primary cells were classified as 

cells used for “optimisation” under the “Experimental Endpoint” column in (Table 

8-1). Couples that underwent ICSI but had a female infertility factor (women 49 

and 53) were excluded; woman 44 was included as her infertility factor was tubal 

ligation and not a hormonal issue.  

3.3.3 KGN Cell Line Maintenance 

Refer to section 2.5.1 KGN Cell Line Maintenance.  

3.3.4 Trypan Blue Exclusion Assay 

Immediately after isolation of GC the number of live (viable cells) was determined 

using Trypan Blue (2.8.1 Trypan Blue Exclusion Assay Method). This was used to 

set-up adherence standard curves for MTT assay, Crystal Violet assay and ORO 

staining. 

3.3.5 Optimisation of Pre-treatment Culture Period and Cell Density of Primary- 
derived Human Granulosa Cells in vitro  

3.3.5.1 Adherence Standard Curves 

In order to determine the optimal adherence time and cell density required for GC 

culture, a series of adherence standard curves were setup as shown in Figure 3-2. 

Three adherence times were to be investigated: 2, 4 and 24 h. The adherence plate 

was setup identical to a standard curve plate. A standard curve plate was comprised 

of granulosa cell concentrations of 0 – 4 × 10
4 

cells/well in replicates of six which 

were dispensed into wells of a flat-bottomed 96-well plate (Nunc, inVitro Australia) 
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in DMEM/F12 + 10% FCS+ ITS of 100 µL final volume. The internal controls 

were the replicate six wells which did not contain any granulosa cells. The 

adherence standard curve plates were cultured for 2, 4 or 24 h. The MTT assay 

(refer to section 2.8.2.1 MTT Assay) was carried out and a linear regression 

analysis was undertaken to assess relationship of formazan production with cell 

number for each attachment time. The number of granulosa cells originally seeded 

was then compared to the number of granulosa cells remaining after attachment 

period, based on comparing formazan production in the samples to the prepared 

standard curve, Figure 3-2. 
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Figure 3-2: Adherence Standard Curves 

Flow diagram representing how the adherence standard curves were used to determine optimal time 
required for granulosa cells to adhere to flat bottom 96-well plates. (A) Each adherence standard curve 
(2, 4 and 24 h) was used to generate a linear equation derived from absorbance of formazan produced 
by cultured GC of concentrations up to 40×10

3
cells/well.(B) Each equation was then used to calculate 

the number of viable cells produced after 24, 48 and 72 h culture in standard curve plates. The ideal 
result is an adherence standard curve plate that represents the original GC concentration added to each 
well (shown on x-axis of graphs). This is represented by the 24 h standard curve as it estimated the 
number of viable cells close to that originally seeded, whereas the 2 h and 4 h show not enough and too 
many respectively.
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3.3.5.2 Culture Plates 

In addition to measuring cell numbers immediately following the adherence 

periods, extra plates were established for each adherence protocol and then further 

cultured for 24, 48 or 72 h (Figure 3-2, Part B). These plates were used to assess the 

adherence protocols for their ability to preserve the relationship with initial seeded 

cell numbers over the course of the experiment. Conditioned media post GC culture 

were collected and stored at -20°C for steroid hormone analysis by 

radioimmunoassay (RIA, Figure 3-2). 

3.3.5.3 KGN Cells 

KGN cells were allowed to adhere for 24 h prior to in vitro culture. Standard curve 

plate (post 24 h adherence period) and culture plates were setup as detailed in 

section 3.3.5.2. Refer to KGN MTT Standard Curve for the standard curve. This 

represents 3 repeat independent assays. 

3.3.6 Optimisation of Crystal Violet Assay for Primary-derived Human Granulosa 
Cells 

For each independent experiment 4 culture plates were setup, each comprised of GC 

of 0 – 4 × 10
4
 cells/well in replicates of six wells in a flat-bottomed 96-well plate 

(Nunc, inVitro Australia) in DMEM/F12 + 10% FCS+ ITS of 100 µL final volume. 

The 4 culture plates consisted of 3 standard curves and 1 adherence standard curve 

(24 h). The negative controls were six wells that did not contain any GC. Granulosa 

cells were allowed to adhere for 24 h before Crystal Violet processing. Media 

conditioned by GC were collected and stored at -20°C for steroid hormone analysis 

by RIA. At the end of each culture period (24, 48 and 72 h) the standard curve 

plates were assayed by Crystal Violet (section 2.8.4). The linear regression equation 

from absorbance at 570 nm relative to GC concentration of the 24 h standard curve 

plate was then used to determine the number of viable cells at the end of culture 24, 

48 and 72 h. This was repeated for the KGN cell line. 
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3.3.7 Radioimmunoassay (RIA) 

Radioimmunoassays were carried out on conditioned cell culture media containing 

hormone collected after culture of GCs. Concentrations of progesterone (ng.mL
-1

) 

and estradiol (pg mL
-1

) were determined as outlined in Section 2.12 

Radioimmunoassay. Each culture well was independently assayed. 

3.3.8 Oil Red O Lipid Stain Assay (ORO Assay) 

3.3.8.1 MLTC-1 Cell Line 

MLTC-1 cells were used to optimise the Oil Red O lipid stain. Cells were obtained 

from a research colleague within the Department of Biotechnology and were 

maintained as detailed in General Material and Methods section 2.6 Mouse Leydig 

Tumour Cell Line (MLTC-1). 

3.3.8.2 Primary-derived Human Granulosa Cells 

Granulosa cells were cultured in LabTekII 8-well glass chamberslides (NUNC, In 

vitro Australia) at a density of 4 × 10
4
 cells/well in final volume of 300 µL. They 

were allowed to adhere for 24 h in DMEM/F12 + 10% FCS supplemented with ITS 

at 37°C humidified incubator with 5% CO2. Post-culture period granulosa cells 

were rinsed with PBS, fixed with 10% formalin for 10 min, rinsed with 60% 

isopropanol for 30 s, rinsed with MQ water for 1 min and stained with 

ORO/isopropanol. Two stain preparations were examined: ORO Stain 1 from 

Kinkel et al. 2004 and ORO Stain 2 (Casselman 1959). Two incubation times were 

examined (15 min/30 min) and two temperatures (22°C / 37°C) as shown in Table 

3-1. Cells were then counter stained with Mayer‟s Haematoxylin (SIGMA 

CA,USA) for 10 min, rinsed with MilliQ water, and haematoxylin stain was 

intensified with sodium phosphate solution (Kinkel et al. 2004) for 5 min, followed 

by 2 × 30 s rinses with MQ water. Slides were allowed to air-dry and mounted with 

aqueous mounting medium Aquatex (Merck, Australia). Slides were visualised on a 

brightfield microscope at × 200 magnification for presence of red droplets. MLTC-

1 cells (2.6 Mouse Leydig Tumour Cell Line (MLTC-1) were used to optimise Oil 
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Red O staining (2.9 Identification of Lipids Using the Oil Red O Stain) (Manna et 

al. 2004; Manna et al. 2001; Panesar et al. 2003). 

3.3.9 Image Analysis of Oil Red O Lipids 

Refer to 2.11 Image Analysis of Oil Red O & 3β-Hydroxysteroid Dehydrogenase.  

3.3.10 Statistical Analysis 

Absorbance was related to number of granulosa cells by fitting either a linear or 

exponential regression curve or both. Independent-T test was used to compare 

means of data from two groups. Significance was accepted when P-value< 0.05 

unless otherwise indicated. 

 

 

Table 3-1: Oil Red O Optimisation 

Optimisation of ORO staining (n=3). MLTC-1= mouse Leydig tumour cell line, at a density of 4 × 10
4
 

cell/well in LabTekII 8-well chamberslide. ORO stain 1& 2 refer to stains adopted from Kinkel et al. 
(2004) and Casselman (1959). Cells were allowed to adhere for 6 h prior to staining. Arrow indicates 
order in which parameters were then optimised. Slides were then processed for image analysis using 
ImageJ analysis (WCIF) software.
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3.4 Results 

3.4.1 Establishment of Optimal Culture Conditions of Primary-derived Human 
Granulosa Cells in Vitro. 

3.4.1.1 Determination of Adherence Period for Granulosa Cells  

The culture periods of 2, 4 or 24 h were investigated to determine the optimal 

conditions, and whether a shorter pre-treatment adherence period for granulosa cells 

could be used as a better alternative. The MTT assay was carried out and both an 

exponential and linear regression was fitted to the data to determine the type of 

relationship between absorbance and granulosa cell number, whereby the R-square 

value represented the relative strength of the association. The adherence period that 

produced the highest formazan production and the strongest correlation to cell 

number were the first criteria initially used to determine the optimal adherence 

period for GC. The results showed that the 24 h adherence exponential standard 

curve had the highest correlation of R
2
=0.99, followed closely by 4 h (R

2
=0.96) and 

2 h (R
2
=0.94) (Figure 3-3). Although there was a strong linear relationship at all 

adherence time points investigated (24 h, 0.96; 48 h, 0.98 and 2 h, 0.99), the data 

was also well modelled by an exponential regression, due to sub-linear curvature at 

the lower cell densities. The curvature suggests that the amount of formazan 

produced is not entirely dependent on the number of granulosa cells and that other 

factors contribute. The amount of tetrazolium salt metabolised by granulosa cells 

was higher after the 24 h adherence than the 2 or 4 h standard curves (Figure 3-3). 

The linear regression was the preferred model since the cell range of 0.5 – 4 × 10
4
 

cells were to be investigated when determining granulosa cell viability after CYN 

treatment and this range was well covered by the linear portion of the curve.  
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Figure 3-3: Formazan production by GC after 2, 4 or 24 h adherence  

Granulosa cells seeded at concentrations from 0 to 4× 10
4
 cells/well were allowed to adhere for 2 h (n=3), 4 h (n=4) or 24 h (n=4) in DMEM/F12 + 10% FCS. GC were incubated with 

MTT (0.5mg/mL) for 24 h, and formazan production (absorbance of 570nm) correlated to granulosa cells concentration. Each line represents adherence time with respective R-
square value determined by (A) Exponential regression or (B) Linear regression analysis. Error bars represent mean absorbance ± 1 SEM. 
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The intra-assay coefficient of variance (intra CoV) of OD570 nm between replicate 

wells at each cell density was calculated, refer Figure 3-4. Lower granulosa cell 

concentrations of 2.5 × 10
3
 and

 
5 × 10

3 
cells/well resulted in higher intra CoV in 

comparison to 1 × 10
4
 and 4 × 10

4 
cells/well densities which had intra CoV less 

than 10%. The 24 h adherence standard curve had lower intra CoV in comparison to 

the 2 and 4 h adherence periods at all concentrations except 625 and 2,500 

cells/well. This indicates that granulosa cells cultured for a 24 h culture post-

isolation may indicate a granulosa cell population which has similar metabolic 

capabilities. 
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Figure 3-4: Intra Assay Coefficient of Variation for Adherence Standard Curves 

Granulosa cells (GC) seeded at concentrations from 0 to 4× 10
4
 cells/well in DMEM/F12 + 10% FCS, at 

adherence periods of 2, 4 or 24 h. GC were incubated with MTT (0.5mg/mL) for 24 h, formazan 
production was quantified by measuring absorbance at 570nm. The OD570nm

 
is means of triplicate wells 

within each assay. The intra CoV was calculated by expressing the standard deviation by the mean of 
triplicate wells at each GC density and multiplying by 100 to present as percentage (%). Bars represent 
the mean of the intra CoV of n=3 repeat assays and data values for each bar are located on the outside. 
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The second criterion investigated was which linear equation generated from each 

adherence period would accurately represent the cell number of granulosa cells 

cultured for 24 h, as determined by MTT assay (Figure 3-5). All adherence standard 

curves showed a strong correlation between the following variables: the number of 

viable GC after 24 h culture and initial GC concentration seeded. Figure 3-6, shows 

that the number of viable granulosa cells generated by the 24 h adherence standard 

curve equation was more accurate in reflecting number of viable granulosa cells 

initially seeded after 24, 48 and 72 h of culture because of the lower intra CoV, 

higher metabolic capability and absorbance reading and produced a strong linear 

region of the range of cell densities which are of interest.  

Thus 24 h was determined to be optimal adherence period to culture GC prior to 

treatment exposure. 
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Figure 3-5: Standard Curves for Determining Number of Viable Cells by MTT Assay 

Granulosa cells (GC) seeded at concentrations from 0 to 4× 10
4
 cells/well in DMEM/F12 + 10% FCS, and 

allowed to adhere for 24 h and further cultured for 24 h. GC were then incubated with MTT (0.5mg/mL) 
for 24 h, and formazan production was quantified by measuring absorbance at 570nm. The OD570nm was 
used to generate the number of viable cells from the equation for each adherence time 2 h (n=3), 4 h 
(n=4) or 24 h (n=4). Number of viable cells generated was correlated to the granulosa cell concentration 
originally seeded. Each line represents linear regression relationship between number of viable cells and 
GC concentration. Error bars represent mean Number of viable cells ± 1 SEM. 
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Figure 3-6: Number of Viable Cells after 24, 48 and 72 h as determined by each Adherence 
Standard Curve 

Granulosa cells seeded at concentrations from 0 to 40× 10
3
 cells/well were cultured for 24 h, 48 h or 72 

h in DMEM/F12 + 10% FCS. GC incubated with MTT (0.5mg/mL) for 24 h, and formazan production was 
quantified by measuring absorbance at 570nm. The OD570nm was used to calculate the number of viable 
cells present at 24 h, 48 h and 72 h using the linear regression equation for each adherence time 2 h 
(n=3), 4 h (n=4) or 24 h (n=4). One-way ANOVA was used to determine significant differences in number 
of viable cells over 72 h culture period. Each bar represents number of viable cells ± SEM.
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3.4.1.2 Determination of Optimal Granulosa Cell Concentration for in vitro culture  

A 24 h pre-treatment culture was applied to the subsequent experiments including 

the standard curve (a linear equation was used to determine cell numbers) and the 

three culture plates (24, 48 and 72 h). Specifically, granulosa cell concentrations of 

1 × 10
4
, 2 × 10

4
 and 4 × 10

4
 cells/well were investigated to determine the optimal 

GC density (cells/well) to use for in vitro toxicity studies over a 72 h culture 

period, Figure 3-7 and Figure 3-8. Viability, progesterone (ng.mL
-1

) and estradiol 

(pg.mL
-1

) were quantified at 24 h intervals as these were deemed important factors 

in the characterisation of optimal in vitro culture conditions for GC.  

The standard curve was not sensitive in determining the number of viable cells 

ranging between the GC concentration range of 625 to 2,500 cells/well as OD570 nm 

was below the 0 cell/well control wells, Figure 3-7. The number of viable cells after 

72 h remained the same or only slightly increased compared with that observed at 

the 48 h culture period, Figure 3-7. The MTT assay indicates that an initial density 

of 2 × 10
4
 cells/well was maintained over the 72 h period. At 2 × 10

4
 cells/well 

progesterone concentrations were optimal, being significantly higher than at 1 × 10
4
 

cells/well and did not differ from wells containing 4 × 10
4
 cells/well (Figure 3-8). 

Estradiol concentrations were less variable and lower at 2 × 10
4
 cells/well in 

comparison to the 4 × 10
4 

density, (Figure 3-8). A time-dependent decrease in 

estradiol concentrations occurred at 2 × 10
4
 and 1 × 10

4
 cells/well, however at the 

latter cell concentration, progesterone concentrations did not increase with 

increased culture time. The optimal GC concentration for use in culture after an 

initial 24 h adherence period was the 2 × 10
4
 cells/well due to stability and 

reproducibility of the number of viable cells, lower estradiol and higher 

progesterone production- indicating the presence of granulosa-lutein cells. 
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Figure 3-7: Number of Viable Granulosa Cells after 24, 48 and 72 h 

Granulosa cells (n=4) seeded at densities in the range of 0 to 4× 10
4
 cells/well were cultured for 24 h, 48 

or 72 h in DMEM/F12 + 10% FCS. GC were incubated with MTT (0.5mg/mL) for 24 h, and formazan 
production (absorbance at 570nm) was used to calculate the number of viable cells from the 24 h 
adherence linear regression equation. One-way ANOVA was used to determine significant differences in 
number of viable cells over 72 h culture period. Each bar represents number of viable cells ± SEM, 
p<0.05. 
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Figure 3-8: Comparison of Variables from Granulosa Cells Cultured at Various Denisties 

Number of viable granulosa cells (A), progesterone concentration (B, ng.mL
-1

), and estradiol 
concentration (C, pg/mL) (n=4). GC were seeded at a densities of 10× 10

3
 cells/well, 20× 10

3
 cells/well or 

40× 10
3
 cells/well and then cultured for 24 h, 48 or 72 h in DMEM/F12 + 10% FCS. GC were incubated 

with MTT (0.5mg/mL) for 24 h, and formazan production (absorbance of 570nm) was used to calculate 
the number of viable cells from the 24 h adherence linear regression equation. Steroid hormone 
concentrations were determined by RIA. Statistical significance was determined by one-way ANOVA, p-
values <0.05 for each variable. * Represents significant differences from 24 h within each GC density; 

a
 

represent significant differences from 10× 10
3
 cells/well within time point. 
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3.4.1.3 Standard Curves: Comparison of the MTT and Crystal Violet Assays in Primary-
derived Human Granulosa Cells 

The MTT assay, which is dependent on metabolic production of formazan, and the 

Crystal Violet assay, which stains live adhered cells were compared in terms of 

their accuracy, sensitivity and reproducibility in determining the number of viable 

cells. The absorbance after 24 h in culture and the number of granulosa cells 

initially seeded was strongly linearly correlated in both the MTT assay, (R
2
= 0.98, 

n=15) and the Crystal Violet assay (R
2
=0.99, n=9), Figure 3-9. Further 

investigation found that when data points were fitted with an exponential regression  

the R-square value of the MTT assay and Crystal Violet were similar R
2
=0.98 and 

R
2
=0.99, respectively, Figure 3-9. The sub-linear formazan production in the MTT 

assay at the lower cell densities in comparison to the higher cell densities which 

resulted in the linear range of absorbance may be attributed to the limited amount of  

tetrazolium substrate available and changes in metabolic capability of cells at 

higher densities. Nonetheless, both assays produced absorbance‟s which were 

strongly linearly correlated to GC concentration. 
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Figure 3-9: Comparison of MTT and Crystal Violet Standard Curves 

Granulosa cells seeded at densities in the range of 0 to 4× 10
4
 cells/well in DMEM/F12 + 10% FCS. GC were incubated with MTT (0.5mg/mL, n=16) for 24 h or stained with Crystal 

Violet (0.5% w/v in 50% methanol, n=8). Inset graph (A) represents linear regression of data points, main graph (B) represents data points fitted with exponential regression. Each 
data point represents mean absorbance (570nm) ± SEM at each GC concentration (cells/well). 
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3.4.1.4 Standard Curves: Comparison of the MTT and Crystal Violet Assay in the KGN 
Granulosa Cell Line 

Inter-individual variability associated with using primary-derived human granulosa 

cells may interfere with the strength of association between absorbance and cell 

number, and thus both viability assays were optimised in KGN cells. As a cell line 

they are not subject to significant biological variability between repeats and would 

be less variable than primary-derived cells. The MTT assay (n=3) had previously 

shown a strong linear relationship between formazan production and KGN cell 

concentrations in our laboratory (Figure 8-6, KGN MTT Standard Curve).  

The Crystal Violet assay also produced an R-square value of 0.99 which shows a 

good correlation between absorbance and KGN cell concentration from three 

independent repeats (Figure 3-10).
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Figure 3-10: Crystal Violet Standard Curve of KGN 

KGN (n=3) seeded at densities in the range of 0 to 4× 10
4
 cells/well were allowed to adhere for 24 h in 

DMEM/F12 + 10% FCS and then processed for the Crystal Violet assay. Linear regression of mean 
absorbance (570nm) ± SEM in relation to KGN concentration (cells/well).
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3.4.1.5 Viability: Comparison of the MTT and Crystal Violet Assays in Primary-derived 
Human Granulosa Cells 

A comparison between the numbers of viable cells calculated from the MTT and 

Crystal Violet assays was carried out after 24, 48 or 72 h at an initial density of 2 × 

10
4
 cells/well (Figure 3-11). There were no statistically significant differences 

between viable cell numbers calculated from either assay. Both assays showed 

higher numbers of viable cells than the 2 × 10
4
 cells/well that was originally seeded 

(Figure 3-11).
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Figure 3-11: Comparison of Number of Viable Cells determined by MTT and Crystal Violet 
Assay over 72 h Culture Period 

Granulosa cells were cultured at 2× 10
4
 cells/well in DMEM/F12 + 10% FCS. GC were incubated with MTT 

(0.5mg/mL, n=18) for 24 h or stained with Crystal Violet (0.5% w/v in 50% methanol, n=8). Absorbance 
at 570nm was used to calculate the number of viable cells from the 24 h adherence linear regression 
equation. Calculated number of viable cells at each incubation time was correlated with the granulosa 
cell concentration originally seeded. Each bar represents the number of viable cells ± SEM.
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3.4.2 Optimisation of ORO staining for use with Primary-derived Human 
Granulosa Cells 

3.4.2.1 Optimal Oil Red O Staining Conditions  

Three variables were required to be characterised in order to identify positive ORO 

lipid staining in MLTC-1 cells. These were the ORO stain concentration, incubation 

time and temperature. The key determining factor of ORO positive staining was the 

ORO stain preparation (significantly higher staining with Stain 2 preparation, 

P <0.0005, Figure 3-12). There was no difference in positive ORO cells exposed to 

15 min or 30 min incubation with Stain 2 at either 22°C or 37°C (P >0.05, Figure 

3-13 & Figure 3-14). The parameters of the ORO staining were selected in the 

following order: ORO stain 2, followed by an optimal incubation time of 15 min, as 

temperature had no effect on staining, 22°C was selected. 
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Figure 3-12: Comparison of ORO positive hCG-stimulated MLTC-1 cells in ORO Stain 1 and 2 

MLTC-1 (n=4) were cultured at 4× 10
4
 cells/well for 4 h in 300 µL RPMI + 10% FCS +1000mIU/mL hCG. 

MLTC-1 cells were stained with ORO for presence of lipids with two preparations of ORO Stain (ORO 
Stain 1 or 2). Four images were acquired per well and cells were scored for presence or absence of ORO-
stained lipids. Each bar represents stained cells as a percentage of total cells counted ± SEM, *P <0.0005 
by Independent t-test.

* 
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Figure 3-13: Comparison of ORO positive hCG-stimulated MLTC-1 cells after 15min and 30 
min 

MLTC-1 (n=4) were cultured at 4× 10
4
 cells/well for 4 h in 300 µL RPMI + 10% FCS +1000mIU/mL hCG. 

MLTC-1 cells were stained with ORO for presence of lipids using ORO stain 2 for 15 or 30 min. Four 
images were acquired per well and cells were scored for presence or absence of ORO lipids. Each bar 
represents stained cells as a percentage of total cells counted ± SEM.
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Figure 3-14: Comparison of ORO positive hCG-stimulated MLTC-1 cells at 22 and 37 degrees 
Celsius 

MLTC-1 (n=4) were cultured at 4× 10
4
 cells/well for 4 h in 300 µL RPMI + 10% FCS +1000mIU/mL hCG. 

MLTC-1 cells were stained with ORO for presence of lipids using ORO stain 2 for 15min at either 22
o
C or 

37
o
C. Four images were acquired per well and cells were scored for presence or absence of ORO lipids. 

Each bar represents stained cells as a percentage of total cells counted ± 1 SEM.
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3.4.2.2 Comparison of Oil Red O in MLTC-1 Cells and Primary-derived Human 
Granulosa Cells  

MLTC-1 cells were used to optimise ORO staining conditions as they are a cell line 

with low variability between passage numbers and were readily available for 

experimental use. The optimised conditions were trialled in human primary derived 

granulosa cells and compared to MLTC-1 ORO staining over a 72 h culture period. 

Independent t-test showed that there was no significant difference in percent 

positive ORO staining between MLTC-1 and human primary-derived granulosa 

cells after 72 h using optimised conditions outlined in 3.4.2.1 (Figure 3-15). 

.
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Figure 3-15: Comparison of ORO positive hCG-stimulated MLTC-1 cells and human primary-derived Granulosa Cells (GC) 

MLTC-1 cells were cultured at 40× 10
3
 cells/well in 300 µL RPMI + 10% FCS +1000mIU/mL hCG and human primary-derived Granulosa cells (GC) were cultured at 40× 10

3
 cells/well 

in 300 µL DMEM/F12 + 10% FCS (n=4) for 24, 48 or 72 h. Cells were stained for presence of cholesterol lipids with ORO stain 2 for 15 min at 22
o
C. Four images were acquired per 8-

well LabTek II chamber slide and cells were scored for presence or absence of ORO lipids. Each bar represents percentage of total cells counted ± 1 SEM. An example of ORO 
staining is also shown; arrows indicate the nucleus of each cell. The GC image shows 14 cells and the MLTC-1 image shows 13 cells with identifiable nuclei ×200 magnification on 
brightfield microscope. Magnification x 400.
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3.5 Discussion 

Viability assays are the usually the first step of toxicity assessment; correct 

interpretation relies on their accuracy, sensitivity, reproducibility and swiftness, 

attributes found in both the MTT and Crystal Violet assays (Fotakis & Timbrell 

2006; Gillies et al. 1986; Ishiyama et al. 1996; Siddiqui et al. 2006). A 24 h 

adherence period was found to be the optimal culture period for human-primary 

derived granulosa cells in vitro. An exponential and linear model could be fitted to 

the data obtained by the MTT assay, representing a strong association between 

OD570nm and cell number after 24 h adherence. 

A plateau of absorbance in wells at the higher granulosa cell densities cultured may 

be attributed to a combination of increased metabolic activity and limited substrate 

availability. This was indicated when comparing 2, 4 and 24 h adherence standard 

curves; whereby the 2 h and 4 h produced similar OD570nm at the highest GC 

density. At 24 h the OD570nm readings suggest that there was an increase in 

metabolic capability. Further experiments are required in which extended adherence 

periods, examination of higher granulosa cell densities and increased tetrazolium 

concentrations are needed to determine if substrate availability was a limiting factor 

or granulosa cells gained increased metabolic capabilities with prolonged time in 

culture. Granulosa cell density plays a key role in metabolic activity of cells whilst 

in culture, whereby at low densities (5 × 10
3
 cells/well) GC maintain mitotic 

capabilities and can proliferate, whereas at higher cell densities (5 × 10
4
 cells/well) 

are committed to differentiation (Chaffkin et al. 1993). It is unlikely that the GC at 

higher densities were deprived of substrate as the concentration of MTT used was 

0.5 mg.mL
-1

, which was previously optimised by Young et al. (2005c) and was 

found to be an optimal concentration that balances cytotoxicity and maximum 

formazan production by granulosa cells (Young et al. 2008; Young et al. 2005). 

The presence of other cell types and factors in the culture medium may interfere 

with the MTT assay. Granulosa cells isolated from follicular aspirates will always 

be a part of a heterogeneous cell population which contains leukocytes, 

lymphocytes and macrophages (Antczak & Van Blerkom 2000; Baranao et al. 1995; 

Loukides et al. 1990). A comparative assay between an ovarian cell line (HeLa 
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cells) and a murine macrophage cell line (Raw 264.7) found that macrophage 

activation in the presence of NADPH interferes with the ability of the mitochondria 

to reduce MTT thus the MTT assay is at risk of underestimating the number of 

viable cells in what were similar culture conditions used in our experimental model 

(Ahmad et al. 2006). At the same time studies suggest that formazan is 

spontaneously produced as an artefact of the MTT assay due to the possibility of 

other sites than the mitochondria for reduction of MTT, whereby inducible nitric 

oxide synthase (iNOS) which has a high affinity for the MTT salt, also 

spontaneously generates formazan (Pozzolini et al. 2003). Studies have shown that 

presence of albumin used in culture medium at a 10% concentration reduced 

absorbance readings of the MTT assay by 50% affecting cell number 

determinations (Huang et al. 2004). However in our experimental model it is 

essential that 10% FCS is used to maintain granulosa cell viability.   

Thus the term „optimal adherence period‟ may not necessarily indicate GC are at 

optimal metabolic functioning in which they have regained sensitivity from in vivo 

gonadotropin stimulation, have luteinised or are at their optimal steroidogenic 

output. As demonstrated the most we can extrapolate from the adherence period is 

the time required for cells to attach in the culture vessel under the described 

conditions to allow for experimental research. 

The linear regression model of the 24 h adherence standard curve was used to 

determine the number of viable granulosa cells cultured at 24, 48 and 72 h. A 24 h 

adherence is a minimum period for which granulosa cells can attach, continue to 

luteinise and potentially reach optimum mitochondrial metabolic activity indicated 

by their ability to produce formazan (Zlotkin et al. 1986). The selection of 24 h 

allows granulosa cells to desensitize from in vivo gonadotropin stimulation and is 

supported by published literature of routinely used in vitro culture methods for 

primary-derived granulosa cells (Beckman et al. 1991). The 2 h adherence period 

compromised the accuracy of the cell number determination despite having the 

highest sensitivity (625 cells/well). The required cell concentration range of 0.25 – 

4×10
4
 cells/well was in the linear region of the 24 h adherence standard curve, 
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further supporting the 24 h as the optimal GC pre-treatment culture period, with 

high accuracy in representation of number of viable cells. 

It is accepted that studies involving granulosa cell culture use cell densities that 

range from 0.5 – 5 × 10
4
 cells/well in 96-well culture plates (Beckman et al. 1991; 

Chaffkin et al. 1993). Granulosa cell densities of 1, 2 and 4 × 10
4
 cells/well were 

investigated to determine optimal viability and steroid hormone production for 

culture in 96-well plates. A cell density of 4 × 10
4
 cells/well cultured for 72 h 

generated an overestimation of cell numbers by the MTT assay. This is most likely 

attributable to hypertrophy of cells rather than an indication of proliferation. 

Hypertrophy is a result of GC differentiation into large luteal cells with the 

potential for increased hormone production involving the mitochondria and 

increased MTT metabolic activity (Chaffkin et al. 1993; Zlotkin et al. 1986). 

Granulosa cells undergo marked hypertrophy over the 24 to 72 h period after hCG 

exposure in vivo, in which there is an abundant increase in cytoplasm, increased 

nuclei size and cessation of proliferation (Landefeld et al. 1997). Interestingly 

granulosa cells obtained from women who were over 38 years of age had 

substantially less mitochondria compared to women less than 34 years of age 

(Fatum et al. 2009). The mean age of women used in the entire research was 35 ± 5 

years of age and unlikely to be the main reason for the varied formazan produced. 

The link with MTT metabolism is supported by Gerlier and Thomasset (1986), who 

found that the MTT assay can determine a cell‟s ability to produce formazan 

independent of proliferation. Thus it is difficult to determine if granulosa cell 

numbers have increased, have differentiated or if cells have hypertrophied. 

Progesterone concentrations were consistently higher at 2 × 10
4 

cells/well while 

estradiol concentrations significantly decreased over the culture period in 

comparison to other cell densities, indicating that luteinisation occurred under these 

culture conditions. The 2 × 10
4
 cells/well was the optimal density for in vitro 

culture of GC.  

The MTT assay determines viability of granulosa cells on the basis of their 

metabolic activity, whereas the Crystal Violet assay determines viability by 

measuring the uptake of Crystal Violet stain by attached cells (Gillies et al. 1986; 
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Hansen et al. 1989; Ishiyama et al. 1996; Prochaska & Santamaria 1988; Russell & 

Robker 2007; Saotome et al. 1989; Siddiqui et al. 2006; Steuerwald 2007; Zlotkin 

et al. 1986). Fitting the absorbance data of both assays with a linear and exponential 

regression produced a strongly linear association (R
2
-values were above 0.97) 

between OD570nm and number of cells. For this research, the viability of cells 

cultured for cytotoxicity assays required the linear region to be within the range of 

0.25 – 4 × 10
4 

cells/well, for which the equation generated by the linear regression 

was most suitable.  

It can be concluded first, that the MTT and Crystal Violet assay both accurately 

determine viability, are reproducible and these results support that of published 

literature (Best et al. 1995; Fotakis & Timbrell 2006; Hansen et al. 1989; Lambert 

et al. 2000; Mosmann 1983). Secondly, the repeat assays involve granulosa cells 

from different women, the high inter-individual variability which exists in using 

primary-derived cells reflected by high standard error bars in the higher cell 

densities by both viability assays despite their different mechanisms for 

determining viability (Fotakis & Timbrell 2006; Ishiyama et al. 1996). The variance 

within the MTT assay may be attributable to mitochondrial aging, whereby GC 

isolated from different women of varying ages will have mitochondria that have 

differing metabolic activities (Fatum et al. 2009; Steuerwald 2007). Mitochondrial 

deletions in the nucleotide sequence of mtDNA may reach up to 73% in oocytes of 

women older than 37, and up to 53% in women younger than 32 (Hsieh et al. 2004). 

The women in our study were 35±5 years old. Thus production of mitochondrial 

dehydrogenase enzymes and their metabolic functioning may be altered (Hsieh et 

al. 2004).  

Determining granulosa viability, defined by a cell‟s capability to carry out 

metabolic processes as opposed to cell staining by assessing mitochondrial activity 

using the MTT assay, was a particularly important end point. The sub-optimal 

functionality of the mitochondria and the mitochondrial dehydrogenase enzymes 

will also reflect capability of steroid hormone production, as the mitochondria  play 

a key role in steroidogenesis. This creates further difficulty in expressing hormone 

production relative to viable cell number determined by MTT assay, hence the need 
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to assess viability via two distinct mechanisms simultaneously to increase 

reliability of results when determining cytotoxic effects (Amsterdam et al. 1999; 

Arthur & Boyd 1974; Fotakis & Timbrell 2006; Hansen et al. 1989).  

It is expected that GC obtained from pre-ovulatory follicles exposed to in vivo hCG 

are luteinised (McAllister et al. 1990) and it is unlikely that proliferation was a 

cause of the curvature as luteinised GC do not proliferate (Amsterdam et al. 1999; 

Chaffkin et al. 1993). Thus, there are differences in the metabolic capacity and 

cellular commitment by cells between the densities investigated. The rate at which 

luteinisation occurs is asynchronous, only one-third of follicular cells isolated after 

in vivo hCG administration are classified as granulosa cells with the remainder 

being luteinised (Chaffkin et al. 1993; Steuerwald 2007) hence a small proportion 

of cells will metabolise MTT at different reates depending on their state of 

differentiation.  

The use of both the MTT and Crystal Violet assays is required when determining 

the number of viable granulosa cells. Both viability assays generated R-square 

values greater than 0.97, and were equally accurate, sensitive and reproducible in 

determining viability of primary-derived granulosa cells and KGN cells.  

The presence of steroidogenic cells was identified by the measurement of the 

steroid hormones progesterone and estradiol. Their synthesis is dependent on the 

availability of cholesterol lipid substrates. A positive stain by Oil Red O (ORO) is 

an indication of the cholesterol substrate material within cells and that they are no 

longer in their proliferative state but have differentiated (Kinkel et al. 2004; 

Stoklosowa et al. 1978). There are many ORO staining techniques available so the 

key parameters needed to be optimised for use with GC (Casselman 1959; Disbrey 

& Rack 1970; Fischer & Kahn 1972; Kinkel et al. 2004; Stoklosowa et al. 1978) . 

Taking this into account and the limited yield of granulosa cells after isolation, the 

optimisation of staining parameters of the assay were carried out in Mouse Leydig 

Tumour cell line (MLTC-1) which stain positive to ORO. The optimal staining 

parameters were that of ORO stain 2 by Kinkel et al. (2004) and Stoklosowa et al. 

(1978), for 15 min at room temperature. These conditions were then trialled in GC 
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and were adopted as there were no significant differences in ORO staining between 

the two cell types. 

3.6 Conclusion 

The key characteristics for optimal GC culture that will be used in subsequent 

chapters in order to investigate the toxic effects of the cyanobacterial toxin, 

cylindrospermopsin, in vitro include a cell density of 2 × 10
4
 cells/well with a 24 h 

“adherence” period prior to treatment in 96-well plates for cytotoxicity assays. In 

addition to the aforementioned reasons, the 2 × 10
4
 cell/well density also allowed 

more treatment combinations to be examined compared to using 4 × 10
4 

cells/well. 

Determination of viability of GC after treatment with CYN will include both the 

MTT and Crystal Violet assays. Furthermore, this model for in vitro culture of GC 

in our experiments is similar to other GC toxicity models established in the 

literature (Breckwoldt et al. 1996; Sasson & Amsterdam 2002; Young et al.  2008). 

Steroidogenic capabilities are maintained over the 72 h culture time investigated, 

suggesting that hormone production in GC can continue until cell death occurs. In 

addition to endpoints that determine steroid hormone production, steroidogenic 

functionality ORO Lipid Stain and 3β- hydroxysteroid dehydrogenase assay will 

also be carried out (Amsterdam et al. 1999; Breckwoldt et al. 1996; Ho et al. 2004). 



The Effects of the Blue-Green Algal Toxin Cylindrospermopsin on Human Granulosa Cells

 

105 

 

Chapter 4. The Effects of the Blue-Green Algal 
Toxin Cylindrospermopsin on Human 

Granulosa Cells 

4.1 Introduction 

Acute human exposure to CYN can occur by accidental ingestion of contaminated 

drinking water and recreational water (Codd et al. 1999). However what is more of 

a concern is the low dose- chronic exposure of CYN through the drinking water, 

which is more likely to occur. To date the only human death involving direct oral 

consumption of cyanobacterial toxins was a teenage boy from Madison Wisconsin, 

USA. The coroner found the likely cause of death to be linked to the exposure of 

the neurotoxin- anatoxin-a (Stewart et al. 2006). However it is more likely that non-

direct routes such as that encountered by the second human poisoning 1997 in 

Caruaru, Brazil, where 76 of the 131 patients undertaking treatment at the dialysis 

centre developed acute liver failure and died due its contamination with the cyclic 

peptide microcystin and CYN (refer to section 1.7). In Australia, pollution of water 

systems with cyanobacterial toxins is becoming a major concern (McKay & 

Moeller 2001), with the real risk of CYN reaching the reproductive organs and 

associated cells if the toxin were to enter the circulatory system. CYN is a highly 

soluble stable molecule and is resistant to degradation due to changes in pH or 

temperature (See section 1.6 for references). If ingested orally, CYN may survive 

the acidic environment (pH 1-2) of the stomach (Thompson et al. 2011) which will 

depending on the rate of gastric emptying and thus has the possibility of entering 

the bloodstream (Bryant & Knights 2010, pg 130-135). The levels of CYN in blood 

plasma have yet to be determined and were not a focus of this study. The maturing 

follicle is comprised of a family of cells including granulosa cells (Figenschau et al. 

1997; Peluso 2003). Within the ovary, the follicular fluid of the developing follicle 

is comprised of secretions from granulosa cells and plasma exudates (Edwards 

1974). The follicular fluid and plasma are also connected due to permeability of the 

membrane; thus, granulosa cells and the oocyte within the follicle are exposed to 
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components of the circulatory system (Edwards 1974; Hess et al. 1998), including 

toxins and pharmaceuticals such as nicotine, antibiotics, alcohol and chlorinated 

hydrocarbons (Macklon & Fauser 1998; Wagner et al. 1990). Interestingly the 

chlorinated hydrocarbons were detected in 152 samples of follicular, seminal and 

cervical fluids from sterility patients undergoing IVF (Wagner et al. 1990). 

Cylindrospermopsin mainly affects the liver of where foreign chemicals undergo 

detoxification. Hence the metabolites produced during the detoxification of CYN 

cause toxicity, specifically toxic CYN metabolites produced by CYP enzymes 

(Froscio et al. 2003). CYN toxicity occurs in four phases: protein synthesis 

inhibition, membrane proliferation, fat droplet accumulation and cell death (Terao 

et al. 1994). A more detailed review of the in vitro CYN toxicity studies can be 

found in section 1.7.3. If CYN was to be ingested orally it will need to be filtered 

through the liver before entering the systemic blood and although CYN has non-

specific cytotoxicity in the body the primary site of toxicity occurs in the liver. All 

CYP enzymes belong to the same family but differ in functionality as discussed in 

section 1.1.3. The CYP enzymes found in the liver are different to those required 

for steroid hormone biosynthesis, so although CYN has the potential to enter the 

bloodstream and reach the ovaries which is highly vascularised, CYN requires to be 

metabolised into its toxic metabolites to confer its toxicity. Whether the CYP 

enzymes involved in steroid hormone synthesis can generate the toxic CYN 

metabolites have yet to been determined. The identification of CYN metabolites 

was not a focus of this study.  

Currently, the recommended guideline value of a safe concentration of CYN in 

drinking water is 1 µg.L
-1

 as determined by in vivo studies which found the NOAEL 

30 µg.kg
-1

.day
-1

 of CYN (Humpage & Falconer 2003). The two proposed 

mechanisms of action of CYN are the production of metabolites via CYP oxidation 

and the second is via direct effect on protein synthesis (Froscio et al. 2001; Terao et 

al. 1994).  

Cytotoxicity is a result of one or more effects on a cell, including DNA damage, 

protein synthesis inhibition, destruction of the cell membrane, and inhibition of 

enzymatic reactions (Ishiyama et al. 1996). Cytotoxicity can be evaluated by 



The Effects of the Blue-Green Algal Toxin Cylindrospermopsin on Human Granulosa Cells

 

107 

 

various assays such as the lactate dehydrogenase (LDH), MTT, MTS and Crystal 

Violet assays. These assays have been used to investigate the effects of CYN 

toxicity and are commonly used in determining the viability of granulosa cells 

(Bain et al. 2007; Fessard & Bernard 2003; Froscio et al. 2003; Knaggs et al. 1998; 

Lambert et al. 2000; Runnegar et al. 1994; Soboloff et al. 2001; Young et al. 2005). 

Cytotoxicity caused by CYN may be dependent on the mechanism of CYN toxicity, 

which can vary in different cell types and according to CYN concentration. Recent 

studies suggest that sensitivity to the cytotoxic effects of CYN differs between cell 

lines and primary-derived cells (Bain et al. 2007; Chong et al. 2002; Froscio et al. 

2009).  

4.2 Chapter Aims and Objectives 

This chapter aims to investigate the effects of CYN on viability and steroid 

hormone production by human primary-derived granulosa cells using 

concentrations ranging from 1-3 µM (416- 1248 µg.L
-1

), similar to the range tested 

on primary hepatocytes (Froscio et al. 2003; Runnegar et al. 1994). These 

concentrations are significantly higher than what would be expected to naturally 

occur; however there have been instances when CYN concentrations have reached 

100,000 µg.L
-1

-,
 
which is 80% greater than the highest concentration tested on 

human granulosa cells in this study. These set of results also aim to reproduce the 

data obtained by Young et al. (2008) and further extend the work by comparing 

sensitivity of granulosa cells to toxin exposure segregated on clinical ART 

infertility factors. The effects of CYN on viability of a granulosa-like tumour cell 

line, KGN cells will also be investigated. Finally, histochemical analysis of 

granulosa cells exposed to CYN will be used as a tool to monitor whether 

cholesterol lipids or 3βHSD activity are affected by CYN, both of which are 

required for steroidogenesis. The working hypotheses underpinning these 

investigations are: 

- Cylindrospermopsin will be cytotoxic to granulosa cells, in a time and dose-

dependent manner.  

- Cylindrospermopsin will decrease basal granulosa cell steroid hormone 

production. 
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- Changes to steroid hormone production will be reflected in percentage of the 

cells staining positive to the presence of cholesterol.  

- Decreased progesterone production will be reflected by decreased 3βHSD 

staining due to reduced activity in granulosa cells cultured in vitro. 

- Granulosa cells classified as unhealthy will be more sensitive to the adverse 

effects of CYN in comparison to their healthy counterparts, with 

cytotoxicity and decreases in basal granulosa cell steroid hormone 

production being observed. 

- Cylindrospermopsin will adversely affect the granulosa tumour-cell line 

KGN at similar concentrations and exposure periods to that of primary 

derived human granulosa cells. 

-  

Figure 4-1: Flow Diagram of Chapter Objectives
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4.3 Materials and Methods 

Granulosa cells were isolated from ovarian follicular fluid as outlined in 2.3 

Isolation of Human Granulosa Cells. A total of 13 cases were included, two cases 

were FIF and 11 cases were MIF/unknown (but underwent ICSI). The sources of 

primary cells were classified as cells used for “CYN and GC” under the  

“Experimental Endpoint” column in (Table 8-1). Preparation of 

Cylindrospermopsin Treatments 

CYN stock solution of 1 mg.mL
-1

 (2400 µM) was prepared by dissolving freeze-

dried toxin in sterile water, which was stored at -20°C. Concentrations tested were 

0.1, 0.3, 1 and 3 µM CYN, Table 2-5. Serial dilutions were made in Ham‟s 

F12/Dulbecco‟s Minimum Essential Medium (F12/DMEM, 1:1; ThermoTrace, 

Melbourne, Australia) supplemented with 10% fetal calf serum (FCS, Trace 

Biosciences) and insulin, transferrin and selenium (Sigma) and stored at -20°C in 

the dark. Control was DMEM/F12 + 10% FCS/ITS (0 µM CYN). 

4.3.1 Statistical Analysis 

Statistical Package for the Social Sciences (SPSS, v15.0) was used to undertake 

statistical analyses. One-way ANOVA was used to determine statistical significance 

in the GC viability (MTT and Crystal Violet assay), steroid hormone production 

(progesterone and estradiol) and functionality assays (ORO lipid stain and 3βHSD 

activity) after CYN exposure. If analysis showed a significant interaction effect 

(P < 0.05) between CYN concentrations, a follow-up analysis was conducted in 

which data were grouped by exposure period or CYN concentration, and analysed 

by Tukey‟s post-hoc analysis to compare the means of different treatments within 

each time point against the control. A t-test was carried out to determine statistical 

significance in GC viability (MTT assay), steroid hormone production 

(progesterone and estradiol) between unhealthy and healthy cohorts. P values < 

0.05 were accepted as significant. Data in graphs represent mean ± SEM. 
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4.4 Effects of CYN on Primary-derived Human Granulosa Cells 

As discussed in section 1.7.2, CYN is known to have a wide range of in vivo 

effects, particularly as a developmental toxicant (Rogers et al. 2007). More 

recently, Young et al. (2008) investigated the effects of CYN on the viability and 

steroid hormone production of human primary-derived granulosa cells in vitro. 

Viability was assessed by the MTT assay, while basal and human chorionic 

gonadotropin (hCG)-stimulated estradiol and progesterone production was 

quantified by radioimmunoassay. In vitro, hCG (a placental homologue of LH) has 

the ability of activating LH receptors and increasing progesterone output by 

granulosa-lutein cells (Devoto et al. 2002; Figenschau et al. 1997; Huhtaniemi 

2004). 

The study by Young et al. (2008) found CYN to be cytotoxic to primary-derived 

granulosa cells after 24 h exposure to 1 µg.mL
-1 

(2.4 µM) CYN. Basal progesterone 

production decreased after 24 h exposure to 0.0625 µg.mL
-1

 (0.3 µM) CYN, and 1 

µg.mL
-1

 (2.4 µM) caused a significant decrease in hCG stimulated progesterone 

production after 6 h exposure, without inducing cell death. CYN may have inhibited 

progesterone production by reducing substrate availability for steroidogenesis or by 

down-regulating or inhibiting the activity of the steroidogenic enzyme 3βHSD 

(Young et al. 2008). Effects on progesterone production per well did not occur in 

granulosa cells which did not respond to hCG stimulation (control wells) in vitro. 

This suggests that a heterogeneous population of cells existed in which some cells 

were not only hCG non-responsive, but whose steroid hormone production was 

unaffected by exposure to CYN.  

The granulosa cells used in the study by Young et al. (2008) were obtained from 

women seeking ART for their infertility, however information on their fertility and 

reproductive were not provided. Thus, it is unclear if the granulosa cells were 

isolated from women with normal reproductive physiology, who were undergoing 

ART due to MIF, that might be considered healthy (refer to section 2.2.1). Healthy 

and unhealthy granulosa cells may differ in their sensitivity to further gonadotropin 

stimulation or exposure to toxins in vitro, as was observed by Young et al. (2008). 
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It is important to determine the toxic effects of CYN in cells that are representative 

of the normal, healthy women. 

Primary-derived granulosa cells were exposed to CYN concentrations of 0.1 – 3.0 

µM similar to in the study of Froscio et al. (2003) to determine if there would be a 

dose- and time-dependent decrease in viability and basal steroid hormone 

production. Granulosa cells used in cytotoxicity assays came from 12 different 

donors and were cultured at a density of 2 × 10
4
 cells/well. CYN exposure periods 

were 24 h, 48 h and 72 h, following a pre-treatment adherence period of 24 h, and 

were cultured under the conditions described in section 2.3.1. Conditioned media 

post-treatment was collected and stored at -20°C for progesterone and estradiol 

analysis by RIA (section 2.12 Radioimmunoassay). Viability was determined by 

MTT (n=5, section 2.8.2.1 MTT Assay) or Crystal Violet assay (n=7, section 2.8.4 

Crystal Violet Assay). Results are shown for the combined cohort and then further 

segregated into healthy and unhealthy cohorts to determine if there are differences 

in sensitivity to CYN toxicity. 

4.4.1 Non-differentiable differences in Clinical Data Segregated Based on 
Infertility Factors  

In this group of women there were no differences in the clinical data obtained for 

the MIF and FIF cohorts, with both groups suggesting that the granulosa cells were 

healthy (Table 4-1). There was 1 successful pregnancy from the cohort of women 

used in this study. This woman was classified as having FIF and underwent IVF 

treatment. The FIF cohort produced higher GC yield than the MIF cohort, however 

the inter-woman variation was also high (9.0 × 10
5
 ± 4.3 × 10

5
 SD cells/mL). A 

comparison between ovarian response parameters from MIF and FIF derived 

granulosa cells are detailed in Table 4-1. Data collected from both groups were 

comparable; the minimal differences between the data collected suggest that none 

of the factors which segregate cells into healthy or unhealthy could be directly 

indicative of the sensitivities to be observed in granulosa cell responsiveness after 

CYN exposure. Hence, viability and hormone data (where applicable) are presented 

combined and then further subdivided into healthy and unhealthy to all allow for 

interpretation of differences due to healthy status of cells. 
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Table 4-1: Ovarian Response Parameters for Male and Female Infertility Factor Cohorts 

Granulosa cells isolated from women used in this chapter (n=12) were divided into two cohorts based 
on whether they had male infertility factor (MIF) or female infertility factor (FIF). Ovarian response 
factors collected include; age of patient at time of isolation; previous treatment cycles, and total units of 
FSH administered; maximum plasma estradiol (IU/mL) detected before oocyte aspiration, number of 
mature follicles produced, number of oocytes aspirated, number of embryos transferred and pregnancy 
outcome; number of follicular fluid tubes collected per woman, number of isolated GC.mL

-1
. Data 

represent mean ± standard deviation.
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4.4.2 CYN was Cytotoxic to Primary-Derived Granulosa Cells 

In the combined data, results showed that exposure to 0.1, 0.3, 1 or 3 µM CYN for 

72 h caused a time-dependent decrease in the number of viable cells observed in 

both the MTT and the Crystal Violet assays. After exposure to 0.1 µM CYN for 72 

h a 40% loss of cells was observed determined by the MTT assay, P < 0.01 (Figure 

4-2). A 48 h exposure to 1 µM CYN was the effective concentration where a 50% 

loss in viability (EC50) in GC was observed (MTT assay, P <0.001). CYN 

continued to be significantly cytotoxic throughout the 72 h exposure period (Figure 

4-2). The unhealthy granulosa cells were more sensitive to the cytotoxic effects of 

CYN after 72 h exposure, but not at earlier time points. 72 h exposure to 0.1 µM 

CYN resulted in a significant decrease in viability as determined by the MTT assay, 

whereas a 1 µM CYN concentration was required to observe a loss of cell viability 

in the healthy granulosa cells group (MTT assay, Figure 4-2). At 24 h, CYN 

appears to have stimulated increased formazan production causing an 

overestimation of viable cell number which was not apparent in the Crystal Violet 

assay (Figure 4-2).  
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Figure 4-2: GC Viability Assay As Determined by MTT Assay 

Granulosa cells seeded at a density of 20,000 cells/well, in triplicate wells which were treated with 0, 
0.1, 0.3 1.0 or 3.0µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. The number of viable 
granulosa cells was determined by the MTT assay. Top graph is for combined data (n=5), bottom left 
graph depicts data for women whose GC classified as healthy (n=3), bottom right graph represents data 
for women whose GC classified as unhealthy due to female infertility factors (n=2). Error bars represent 
mean number of viable cells ± 1 SEM, significance indicated by *p<0.05 as determined by one-way 
ANOVA. a & b represent significant differences within a specific concentration over 72 h-exposure 
period investigated where a and b are significantly different to each other p<0.01. 
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In comparison, the Crystal Violet assay detected a 72% decrease in number of 

viable GC after 72 h exposure to 1 µM CYN, (P <0.001 Figure 4-3). After 48 h 

exposure to 3 µM CYN there was a 80% loss of viability of granulosa cells as 

determined by the Crystal Violet assay, P <0.001 (Figure 4-3). The Crystal Violet 

data also suggest that granulosa cells classified as unhealthy were more sensitive to 

CYN than their healthy counterparts. Exposure to 0.3 µM CYN for 72 h caused a 

significant decrease in cell viability in the unhealthy cohort. In comparison, the 

healthy cohort required 72 h exposure to 1 µM CYN for a significant loss in 

viability to be observed (Figure 4-3). 
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Figure 4-3: GC Viability Assay As Determined by Crystal Violet Assay 

Granulosa cells seeded at a density of 20,000 cells/well (n=5), in triplicate wells which were treated with 
0, 0.1, 0.3 1.0 or 3.0 µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. The numbers of viable 
granulosa cells were determined by the Crystal Violet assay. Top graph is for combined data (n=5), 
bottom left graph depicts data for women whose GC classified as healthy (n=3), bottom right graph 
represents data for women whose GC classified as unhealthy due to female infertility factors (n=2). Error 
bars represent mean number of cells ± 1 SEM, significance indicated by *P <0.05 as determined by one-
way ANOVA. a, b & c represent significant differences within CYN concentration over the 72 h period 
time point where a, b and c are significantly different to each other P <0.01
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Overall, the data suggests that the MTT assay was more sensitive in the detection of 

the metabolic changes within granulosa cells caused by exposure to CYN, and that 

the unhealthy cohort were more sensitive to CYN toxicity. 

4.4.3 CYN Decreased Steroid Hormone Production by Primary-Derived Granulosa 
Cells 

Granulosa cells were cultured at 2 × 10
4
 cells/well, with culture medium analysed 

after 24, 48 and 72 h exposure to measure hormone concentrations. Data was 

analysed for combined women as well as being subdivided into healthy and 

unhealthy cohorts. The magnitude of decreased progesterone and estradiol 

concentrations were not solely related to loss of cell viability. In the combined data, 

there was a time- and dose-dependent decrease in progesterone concentration after 

72 h exposure to 0.1 (IC50), 1 and 3 µM CYN (P < 0.05, Figure 4-4).  

The steroid hormone data was then examined in the healthy and unhealthy cohorts. 

Figure 4-4 and Figure 4-5 (bottom panels) show that steroid hormone production in 

the unhealthy group was more sensitive to low CYN concentrations than the healthy 

counterparts. Progesterone concentration fell below the limit of detection after 72 h 

exposure to 0.1 µM CYN (Figure 4-4). This was not correlated to a loss of viability 

as determined by either the MTT assay or Crystal Violet assay and was not 

observed in the healthy cohort. 
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Figure 4-4: Progesterone Production (ng/mL) by GC 

Granulosa cells seeded at a density of 20,000 cells/well, in triplicate wells which were treated with 0, 
0.1, 0.3 1.0 or 3.0µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. Progesterone concentration 
(ng/mL) was determined by RIA. Top graph is for combined data (n=5), bottom left graph depicts data 
for women whose GC classified as healthy (n=5), bottom right graph represents data for women whose 
GC classified as unhealthy due to female infertility factors (n=2). Error bars represent progesterone 
concentration ng/mL ± 1 SEM, significance indicated by *P <0.05 as determined by one-way ANOVA. a, b 
& c represent significant differences within CYN concentration over the 72 h period where a, b and c are 
significantly different to each other P <0.05. 
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Similarly, estradiol concentrations decreased after 72 h exposure to 0.1, 0.3, 1 and 3 

µM CYN, P <0.001 except at 3 µM where P <0.05 (Figure 4-5). Similar to the data 

for progesterone, the magnitude of decrease in estradiol concentrations could not be 

accounted for by the loss of cell viability. 
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Figure 4-5: Estradiol Production (pg/mL)  

Granulosa cells seeded at a density of 20,000 cells/well, in triplicate wells which were treated with 0, 
0.1, 0.3 1.0 or 3.0 µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. Estradiol concentration 
(pg/mL) was determined by RIA. Top graph is for combined data (n=7), bottom left graph depicts data 
for women whose GC classified as healthy (n=5), bottom right graph represents data for women whose 
GC classified as unhealthy due to female infertility factors (n=2). Error bars represent estradiol 
concentration pg/mL ± SEM, significance indicated by *P <0.05, **P <0.001 as determined by one-way 
ANOVA.  
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4.4.4 Increased Sensitivity to CYN Toxicity in the Unhealthy Granulosa Cell Cohort  

The loss of granulosa cell viability and steroid hormone production after 72 h 

exposure to CYN in the healthy and unhealthy cohorts (section 4.4.2) were further 

investigated. The data after 72 h from the two cohorts in Figure 4-2, Figure 4-4 and 

Figure 4-5 were represented as percentage of 0 µM CYN control. Steroid hormone 

data were not expressed per viable cell number because the final cell numbers 

calculated at the end of treatment exposure do not factor in the steroid hormone 

production by cells which were metabolically active prior to cell death at the end of 

treatment exposure. 

The MTT assay cell viability data were used, as this assay was more sensitive in the 

detection of decreased cell number than the Crystal Violet  assay (section 4.4 and 

Figure 4-2). The percent decrease in the number of viable cells and steroid hormone 

production relative to the 0 µM CYN control in the unhealthy cohort was more 

sensitive to the toxic effects at low CYN concentrations (0.1 and 0.3 µM CYN) 

than the healthy cohort, Figure 4-6.  

Cylindrospermopsin concentrations of 1 and 3 µM were still cytotoxic to primary-

derived granulosa cells, but the percent decrease in viability was not significantly 

different between unhealthy and healthy cohorts, Figure 4-6. Thus, the unhealthy 

cohort was more sensitive to low CYN concentrations than the healthy cohort. 
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Figure 4-6: Percentage of Steroid Hormone Production and Viable Granulosa Cells in Healthy 
and Unhealthy Cohorts after 72 h Exposure to CYN 

Granulosa cells seeded at a density of 20,000 cells/well were treated with 0, 0.1, 0.3 1.0 or 3.0 µM CYN 
in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. Steroid hormone production after 72 h exposure to CYN 
in both healthy (n=5) and unhealthy (n=2) cohorts from Figure 4-2, Figure 4-4 and Figure 4-5 were 
represented as percent of media control (0µM CYN). The number of viable cells (A) was represented as 
percent of media control (0µM CYN) derived from the MTT assay after 72 h exposure to CYN in both 
healthy and unhealthy cohorts in Figure 4-2, progesterone production (B) as percent of control and the 
estradiol production (C) as percent of control. Error bars represent mean percent of control ± SEM, 
significance indicated by *P <0.05, as determined by t-test.

A 

B C 
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4.5 Effects of CYN on KGN Granulosa-like Cell line 

Although primary-derived human granulosa cells are a good in vitro reproductive 

model to investigate the effects of toxins as they reflect the in vivo physiological 

state, granulosa-like cell lines are increasingly being used as a comparative tool. 

KGN are a human granulosa tumour cell line first developed and characterised by 

Nishi et al. (2001). Cells were obtained from a 63 year old woman with stage III 

ovarian cancer (Nishi et al. 2001). KGN cells require cAMP to stimulate 

progesterone production in vitro (Nishi et al. 2001; Tsutsumi et al. 2008). They 

maintain FSH receptors and the same pattern of steroidogenesis and are used as a 

comparative model to identify mechanisms that control the response in primary 

derived cells, with minimal biological variability and are particularly useful when 

yields of primary-derived granulosa cells are low (Chu et al. 2004; Macklon & 

Fauser 1998; Minehata et al. 2007; Nishi et al. 2001).  

KGN (n=3 independent experiments) were cultured at a density of 2 × 10
4
 

cells/well in triplicate wells were cultured as for primary-derived granulosa cells. 

Conditioned media was removed and replaced with fresh medium containing 

treatments of 0.1, 0.3, 1 or 3 µM + 1 mM cAMP, as detailed in Table 2-5 (Tsutsumi 

et al. 2008). Control wells for CYN treatment and cAMP inclusion were also 

carried out- referred to as 1 mM cAMP. Media post-treatment was collected and 

stored at -20°C for progesterone analysis by RIA (2.12 Radioimmunoassay). The 

number of viable cells after treatment was then determined by Crystal Violet assay 

(section 2.8.4 Crystal Violet Assay). 

4.5.1 CYN was Cytotoxic to KGN Cells 

The KGN cells were exposed to CYN concentrations detailed in Table 2-5, cAMP 

(1 mM) was added to detect changes in stimulated progesterone production. First, it 

was important to determine if 1 mM cAMP would be cytotoxic to cells up to 72 h 

exposure. By this time, the number of viable KGN cells had decreased by 40% 

when compared to the media control DMEMF12, Figure 4-7. However this appears 

to be due to an inhibition of an increase in cell numbers in the control rather than a 

loss of cells per se. Thus, in order to determine if CYN was cytotoxic to KGN cells, 
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data was directly compared to 1 mM cAMP control. The KGN cells were exposed 

to all CYN concentrations and were unaffected after 24 h of treatment exposure, 

though 3 µM CYN caused a 55% and 90% loss of cell viability after 48 h and 72 h 

exposure respectively, P <0.05 (Figure 4-7). Thus, the KGN cells and healthy 

primary derived granulosa cells had similar sensitivity to CYN, as determined by 

the Crystal Violet assay. 
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Figure 4-7: Viability of KGN after Exposure to CYN  

KGN cells were seeded at a density of 20,000 cells/well (n=3) and exposed to 0.1, 0.3, 1.0 or 3.0 µM CYN 
in DMEM/F12 + 1mM cAMP + 10% FCS for 24 h, 48 h or 72 h. Experimental controls were DMEM/F12 + 
10% FCS (DMEM/F12), and DMEM/F12 + 1mM cAMP + 10% FCS (1mM cAMP). The number of viable 
granulosa cells were determined by the Crystal Violet assay. Error bars represent ± 1 SEM, significance 
indicated by “a” and * P <0.05 as determined by one-way ANOVA, in comparison to DMEM/F12and to 1 
mM cAMP, respectively.

a 
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4.5.2 CYN Decreased Progesterone Production by KGN Cells 

In the absence of cAMP stimulation, KGN cells did not produce progesterone 

throughout the 72 h period (RIA limit of detection 1ng.mL
-1

). However, when KGN 

cells were stimulated with 1 mM cAMP, progesterone production significantly 

increased at each 24 h culture interval over a total of 72 h of culture (48 h, 18.99 ± 

16.33 ng.mL
-1

 P < 0.05 and 72 h 56.65 ± 24.48 ng.mL
-1

, P <0.001), Figure 4-8. 

KGN cells maintained the capability to produce progesterone when stimulated with 

cAMP in the presence of CYN. However, the magnitude of progesterone production 

decreased after 48 h and 72 h exposure to 0.1 – 3 µM CYN (P <0.001, Figure 4-8). 

Decreases of 66% and 93% were observed after 48 h exposure to 0.1 µM and 0.3 

µM CYN respectively, P <0.001. Furthermore, after 24 h exposure to 1 µM CYN, 

progesterone concentrations remained at the same level as the unstimulated controls 

at the same time-point (Figure 4-8). Thus, the decrease in cAMP-stimulated 

progesterone production by KGN after CYN exposure was not correlated to loss of 

cell viability, Figure 4-7. 



The Effects of the Blue-Green Algal Toxin Cylindrospermopsin on Human Granulosa Cells

 

127 

 

 

Figure 4-8: Progesterone Production (ng/mL) by KGN after CYN Exposure 

KGN cells were seeded at a density of 20,000 cells/well (n=3) and exposed to 0.1, 0.3, 1.0 or 3.0 µM CYN 
in DMEM/F12 + 1mM cAMP + 10% FCS for 24 h, 48 h or 72 h. Experimental controls were DMEM/F12 + 
10% FCS (DMEM/F12), and DMEM/F12 + 1mM cAMP + 10% FCS (1mM cAMP). Progesterone 
concentration (ng/mL) was determined by RIA. Error bars represent ng/mL ± 1 SEM *P <0.001 as 
determined by one-way ANOVA. a, b & c represent significant differences within time point where a, b 
and c are significantly different to each other P <0.001 as determined by one-way ANOVA.
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4.6 Effects of CYN on Oil Red O Lipid Staining & 3β- Hydroxysteroid 
Dehydrogenase Enzyme in Primary-derived Human Granulosa 
Cells  

The granulosa cells used in these functionality experiments were isolated from 

different women to the viability assays (refer to section 4.4.2) and represent only 

healthy women. Primary-derived granulosa cells were exposed to the same CYN 

concentrations as viability assays. For functionality assays, granulosa cells (n= 3 

donors for ORO and n= 3 donors for 3βHSD) were cultured in LabTekII 8-well 

glass chamberslides at a density of 4 × 10
4
 cells/well. CYN exposure periods were 

24 h, 48 h and 72 h, following the pre-treatment adherence period of 24 h. Media 

post-treatment was collected and stored at -20°C for progesterone and estradiol 

analysis by RIA (section 2.12 Radioimmunoassay). Analysis of images taken of GC 

cultured for ORO stain and 3βHSD activity was carried out, refer to section 2.11 

(Image Analysis of Oil Red O & 3β-Hydroxysteroid Dehydrogenase). In addition to 

determining the presence of cholesterol substrates (O Red O staining) and 3βHSD 

functionality, the number of attached cells was used to measure viability.  

4.6.1 Cytotoxicity of CYN on Primary-Derived Granulosa Cells in Functionality 
Assays 

There was a significant loss of cell viability after 48 h exposure to 3 µM CYN in 

pooled ORO and 3βHSD cell counts, P <0.001 Figure 4-9. This was similar to that 

detected by the MTT and Crystal Violet assays (Section 4.4.3)  
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Figure 4-9: Number of Attached GC from pooled ORO & 3βHSD Data 

Average number of attached granulosa cells from combined ORO (n=3) and 3βHSD (n=3) assays. This 
was derived from the total number of viable cells in each assay. Mean total counts for both assays from 
4 random photos representing 1.37% of chamber slide well were transformed into total number of 
viable cells by multiplying by 100/1.37. Error bars represent ± 1 SEM, significance indicated by P <0.001 
as determined by one-way ANOVA.

* * 
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4.6.2 Effects of CYN on Cholesterol Substrate Availability in Primary-derived 
Human Granulosa Cells 

The type and rate of steroidogenesis in primary-derived granulosa cells and in other 

steroidogenic cells, is dependent on the intracellular availability of cholesterol and 

the translocation of cholesterol substrate into the inner mitochondrial membrane by 

steroidogenic acute regulatory protein (StAR) (Bar-Ami 1994). Cholesterol lipid 

substrates can be detected by a positive Oil Red O (ORO) stain (Kinkel et al. 2004). 

Thus, these experiments were designed to replicate the findings of Young et al. 

(2008) which suggest the decrease in progesterone production might have been the 

result of decreased cholesterol substrate availability. 

ORO lipid staining significantly decreased after 24 h exposure to 3 µM CYN, in 

which 76 ± 22% cells remained positively stained, in comparison to 96 ± 4% in the 

control, P <0.05. No cells were present to assess ORO staining after 48 h and 72 h 

exposure to 1 µM and 3 µM CYN. At lower CYN concentrations, no decrease in 

ORO staining was observed. Thus, exposure to CYN results in loss of cell viability 

rather than actual decreases in cholesterol substrates required for steroidogenesis.  
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Figure 4-10: Percentage of ORO Positive Cells  

Granulosa cells seeded at a density of 40,000 cells/well (n=3), allowed to adhere for 24 h followed by 
exposure to 0, 0.1, 0.3, 1.0 or 3.0 µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. Post treatment 
media was collected and stored for steroid hormone production and cells were then stained for ORO. 
Staining observed under bright field microscope at × 200 magnification for positive ORO cells and 
negative ORO cells. Error bars represent ± 1 SEM of percentage of cells stained positive to ORO, 
significance indicated by *P <0.05 as determined by one-way ANOVA on cell counts positive to ORO 
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4.6.3 Effects of CYN on 3βHSD Activity in Primary-derived Human Granulosa Cells  

These experiments were designed to further develop the findings by Young et al. 

(2008) which suggest the decrease in progesterone production might have been the 

result of decreased 3βHSD enzyme activity. Progesterone production by luteinised 

granulosa cells is dependent on the presence and activity of 3βHSD enzyme. The 

activity of 3βHSD in granulosa cells was identified by the reduction of DHA 

substrate and subsequent production of blue formazan deposits. This was 

investigated after exposure to CYN treatments over a 72 h culture period. Overall, 

3βHSD activity was unaffected after exposure to CYN throughout the period 

examined. 

In the absence of formazan deposits granulosa cells were classified as „negative 

staining‟ indicating either the absence of 3βHSD, or activity of the enzyme. The 

presence of blue formazan deposits was further classified as being either light or 

intensely stained as detailed in Table 2-6 and small dense cells were also present as 

shown in Figure 4-11. 

 

 

 

 

 

Figure 4-11: Example of various 3βHSD staining classifications 

Classification of 3βHSD staining of granulosa cells seeded at a density of 40,000 cells/well (n=3), after 
exposure to 0, 0.1, 0.3, 1.0 or 3.0 µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. 3βHSD 
reaction mixture (0.5mg/mL NBT, 2mg/mL NAD & 0.25mg/mL DHA) was added for 1hr. Staining was 
then observed under bright field microscope at × 200 magnification, classification as detailed in Table 
2-6. Images analysed in ImageJ WCIF software. 
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The proportion of cells which did not stain in the cell population did not change as 

a result of CYN exposure over time. The total percent of positive 3βHSD staining 

significantly increased after the first 24 h of culture in DMEM/F12 (Figure 4-13). 

This suggests that a majority of unstained cells acquired 3βHSD activity and 

potentially steroidogenic capabilities to produce progesterone during this period, an 

indication of luteinisation. This was further supported by progesterone 

concentrations increasing after a 72 h culture period in culture medium only, Figure 

4-14. 

Although the net number of staining cells did not change, there were shifts between 

the percentages of intense 3βHSD stained large cells (IS) and light 3βHSD stained 

large cells (LS). In the control treatment medium, intensely stained cells 

significantly increased to 87 ± 18% after 72 h of culture when initially only 44 ± 

22% were intensely stained, P <0.01,Figure 4-13. This suggests that with increasing 

time in culture, granulosa cells had increased 3βHSD enzyme activity and 

capability to produce progesterone. 

There was no significant difference in intense and light staining observed in the 

first 24 h of culture in DMEM/F12 (Figure 4-12). The intense staining was defined 

as greater than 90% of the cell covered with blue-formazan deposits in comparison 

to light staining, which was approximately 20-30% of the cell. These were 

differentiated by visual inspection and ImageJ was used as a cell counter. The 

change in intensity of staining was observed at 0.3 µM CYN after 72 h exposure, 

where intense staining increased to 92 ± 18% and light staining decreased to 7± 

19% (Figure 4-12) suggesting that there was increased 3βHSD activity. The 

presence of dense cells was consistent and did not change significantly in 

percentage after exposure to increasing CYN concentrations. There was no time-

dependent or dose-response change in number of dense cells after CYN exposure 

(Figure 4-12 & Figure 4-13). 
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Figure 4-12: Percent (%) of Positive 3βHSD Stained Cells after 24, 48 and 72 h 

Granulosa cells seeded at a density of 40,000 cells/well (n=3), allowed to adhere for 24 h followed by 
exposure to 0, 0.1, 0.3, 1.0 or 3.0 µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. Post treatment 
media collected and stored for steroid hormone production, 3βHSD reaction mixture (0.5mg/mL NBT, 
2mg/mL NAD & 0.25mg/mL DHA) was added for 1hr. Staining observed under bright field microscope at 
× 200 magnification for Negative 3βHSD large cells: Light stained 3βHSD large cell: Intense stained 
3βHSD large cells and small dense cells. Error bars represent Percent 3βHSD positive staining ± 1 SEM, 
significance indicated by a & b representing significant differences within time point where a and b are 
significantly different to each other p<0.05 by one-way ANOVA on cell counts positive to 3βHSD for each 
category. 
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Figure 4-13: Change in Positive Percent 3βHSD Stained Cells 

Granulosa cells seeded at a density of 40,000 cells/well (n=3), allowed to adhere for 24 h followed by 
exposure to 0, 0.1, 0.3, 1.0 or 3.0 µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. Post treatment 
media collected and stored for steroid hormone production, 3βHSD reaction mixture (0.5mg/mL NBT, 
2mg/mL NAD & 0.25mg/mL DHA) was added for 1hr. Staining observed under bright field microscope at 
× 200 magnification for Negative 3βHSD large cells: Light stained 3βHSD large cell: Intense stained 
3βHSD large cells and small dense cells. Error bars represent percent 3βHSD positive staining ± 1 SEM, 
significance indicated by a & b representing significant differences within time point where a and b are 
significantly different to each other P <0.05 by one-way ANOVA on cell counts positive to 3βHSD for 
each category.
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4.6.4 CYN Decreased Steroid Hormone Production by primary derived- Granulosa 
Cells Cultured for Functionality Assays  

There was a time-dependent decrease in progesterone concentrations after 72 h 

exposure to 0.1 (58%), 1.0 (82%) and 3.0 µM CYN (90%), p<0.05 Figure 4-14.  

 

Figure 4-14: Progesterone Concentration (ng/mL) produced after CYN Exposure by GC 
cultured in Chamberslide Wells  

Granulosa cells seeded at a density of 40,000 cells/well (n=10) were treated with 0, 0.1, 0.3 1.0 or 3.0 
µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. Progesterone concentration (ng/mL) was 
determined by RIA. Error bars represent ± 1 SEM, significance indicated by a & b representing significant 
differences within time point where a and b are significantly different to each other P <0.05 as 
determined by one-way ANOVA. 
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Similarly, time-dependent decreases were also observed for estradiol concentrations 

after 72 h exposure to 1 µM (75%) and 3 µM CYN (83%), P <0.05 Figure 4-15.  

 

 

Figure 4-15: Estradiol Concentration (pg/mL) by GC cultured in Chamberslide Wells after 
CYN Exposure 

Granulosa cells seeded at a density of 40,000 cells/well (n=10) were treated with 0, 0.1, 0.3 1.0 or 3.0 
µM CYN in DMEM/F12 + 10% FCS for 24 h, 48 h or 72 h. Estradiol concentration (pg/mL) was determined 
by RIA. Error bars represent ± 1 SEM, significance indicated by a & b which represent significant 
differences within time point where a and b are significantly different to each other p<0.05 one-way 
ANOVA. 
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The magnitude of the decrease in steroid hormone concentration was greater than 

can solely be attributed to loss of cell viability. The decrease in steroid hormone 

production was similar to that of viability assays (Section 4.4.1). 
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4.7 Discussion 

The infertility factors MIF or FIF give an indication to which type of ART 

treatment will be undertaken (IVF or ICSI). Couples undergoing IVF are likely to 

have female infertility factors (Ng et al. 2000). In contrast, couples undergoing 

ICSI have an increased chance of having male infertility factor (MIF) (refer to 

Section 2.2). Women with FIF are likely to have unhealthy granulosa cells and are 

at risk of having poor ovarian development in vivo in response to hyper-stimulation 

(Ng et al. 2000; Russell & Robker 2007). Thus, experimental results were 

represented as combined data or separated into two cohorts, FIF and MIF, which 

represented healthy or unhealthy granulosa cells respectively. The two women 

whom comprised the unhealthy cohort, women 5 and 7 (Table 8-1) were on their 

second ART treatment cycle, and had previously been diagnosed with ectopic and 

tubal ligation fertility problems respectively. Both women were classified as having 

FIF (unhealthy GC), had a total of 6 follicular fluid tubes collected, an average of 4 

mature follicles and a total of 11 oocytes from which an average of 9.75 x 10
5 

granulosa cells mL
-1

 were isolated. Although this may indicate a pattern to which 

describes unhealthy granulosa cells, it only represents data from 2 women, and 

when compared to the MIF group (n=10) a similar pattern was also observed. The 

data regarding the clinical factors collected for each woman (Table 4-1) involved in 

this research did not differ between the FIF and MIF groups. The lack of difference 

may be attributed to the sample size (Yie et al. 1995), or the parameters selected 

were not sensitive enough to detect differences in ovarian responsiveness and 

development to in vivo hyper-stimulation – between healthy and unhealthy cohorts. 

Furthermore a sample size of two may not be representative of the wider 

population, thus the women may not actually be more sensitive to CYN due to their 

female infertility factor classification. A larger number of women would be needed 

for reproducibility of the results obtained. Additional parameters to those listed in 

Table 8-1 to investigate that may indicate differences in ovarian response include 

increasing the number of women in the FIF group from which data is collected 

from, and matching the granulosa cells to its respective oocytes, at time of 

collection. The segregation of granulosa cells as unhealthy and healthy based on 

ART clinical data which segregated women into FIF and MIF groups indicate that 
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they could possibly pre-determine differences in sensitivity GC to CYN exposure 

and possibly reflect the in vivo response to toxin exposure by the general 

population. 

In the three major experiments undertaken, the effects of CYN on primary-derived 

granulosa cells and KGN cells have generated three different viability data sets 

which can be compared. 

The MTT assay allows the detection of early cytotoxic changes, reflecting 

decreases in metabolic capability to produce formazan prior to complete cell loss, 

whereas the Crystal Violet assay cannot (Amsterdam et al. 1999; Zlotkin et al. 

1986). A key aspect of using the MTT assay to determine number of viable cells is 

the involvement of mitochondrial enzymes. The ability of the succinate 

dehydrogenase enzyme to reduce the tetrazolium salt to formazan represents live 

and metabolically active cells and may indicate a cell‟s capability for 

steroidogenesis, which also occurs at the mitochondria (Arnould et al. 1990; 

Carmichael et al. 1987; Mosmann 1983; Mueller et al. 2004; Petty et al. 1995; 

Young et al. 2005). The viability of primary-derived granulosa cells as determined 

by the MTT and Crystal Violet assays showed that CYN was cytotoxic to granulosa 

cells after 72 h exposure to 0.1 – 3 µM CYN, which was comparable with the 

results obtained by Young et al. (2008). When comparing between the two viability 

assays, the MTT assay was more sensitive than the Crystal Violet assay in its 

ability to detect loss of viability of granulosa cells after CYN exposure (section  

3.4.1.5). The study by Young et al. (2008) found that 2.4 µM CYN was cytotoxic to 

granulosa cells after 24 h exposure (MTT assay); whereas the combined data from 

this study suggest that granulosa cells were more sensitive to CYN at lower 

concentrations (1 µM) after 48 h exposure. In comparison, Froscio et al. (2003) 

found that 1 µM CYN decreased the viability of mouse hepatocytes by 52% after 18 

h exposure, as measured by the LDH assay. What we can conclude from this is that 

in comparison to the study by Young et al. (2008), the toxicity to granulosa cells 

was delayed, occurring after 48 h, but at only half the concentration. When 

comparing to Froscio et al. (2003), the CYN toxicity also appears to be delayed. 

Possible explanations include:  
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– different toxic CYN metabolites produced by the CYP enzymes found in 

granulosa cells (which are dedicated to steroidogenesis);  

– differences in uptake mechanisms between primary-derived mouse 

hepatocytes and human granulosa cells (Chong et al. 2002; Froscio et al. 

2009); 

– toxicity might have been due to the inhibition of protein synthesis, which is 

a slower process; 

– the LDH assay may have been more sensitive than the MTT assay in 

detecting loss of cell viability; or  

– the differences in cytotoxicity may be attributable to cell type and or species 

(Bain et al. 2007; Froscio et al. 2009). 

The functionality assays further support the delayed cytotoxicity of CYN as 48 h 

exposure to 1 µM CYN resulted in a complete loss of granulosa cell viability from 

chamber slide wells in a time frame similar to that observed by the MTT and 

Crystal Violet assays. This was attributed to both CYN and decreased ability of GC 

to attach to chamberslide wells (Alexopoulos et al. 2000). Although the attachment 

of granulosa cells to the chamber slide wells was not as strong as in 96-well plates 

(Amsterdam et al. 1999), changes in cell conformation and secretary properties 

induced by the presence of CYN may have contributed to the complete loss of cells 

due to detachment. Biological variability based on state of granulosa cell 

luteinisation at time of isolation may affect adherence efficiency of primary-derived 

granulosa cells to chamberslide wells. Alexopoulos et al. (2000) found that GC 

cultured in chamberslides need to have medium changed in gradual step as they 

remain loosely attached to the surface of chamberslide wells. 

Although the clinical and demographic data collected from the ART cases were 

similar, segregation of cases based on FIF or MIF and classifying the GC as 

unhealthy and healthy, respectively showed that granulosa cells from the unhealthy 

cohort had increased sensitivity to CYN cytotoxicity and reduced steroid hormone 

production after exposure to CYN. This also suggests that other parameters exist 
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which may determine and influence the health status of GC and need to be 

investigated. The segregation of GC into FIF and MIF cohorts may reflect the 

likelihood of unhealthy cells responding similarly in vivo, not just to CYN, but 

other toxins, further affecting fertility success. 

An interesting find in our data is that exposure to CYN (0.1 – 3 µM) for 24 h 

significantly increased the number of granulosa cells detected by the MTT assay 

(Figure 4-2, unhealthy cohort). This may be attributed to biological variability, 

different metabolic capabilities by unhealthy cells, or an indication of an un-

luteinised cell population only detected by the MTT assay (Breckwoldt et al. 1996; 

Chaffkin et al. 1993; Edgar et al. 1991; Schmidt et al. 1984). The latter is unlikely 

because granulosa cells reflected a luteinised population by staining positive to 

3βHSD activity and unlikely to proliferate as the increase in cAMP levels 

associated with increase steroidogenesis activate signalling pathways that inhibit 

mitotic proliferation (Richards 1994; Seifer et al. 1993) and overestimation of cell 

numbers. Thus, the increase in cell number observed further supports differences in 

metabolic processes between healthy and unhealthy granulosa cells (Bar-Ami 1994; 

Macklon & Fauser 1998; Richards 1994). 

The main mechanisms of CYN toxicity are CYP metabolism-dependent cytotoxicity 

and protein synthesis inhibition (Froscio et al. 2003). Thus, granulosa cells which 

are healthy would be expected to have optimal mitochondrial capabilities and 

steroidogenesis, dependent on CYP enzymes (for reviews of the key steroidogenic 

CYP enzymes refer to Section 1.1.3). If cytotoxicity in granulosa cells occurred by 

CYP metabolites then the healthy granulosa cells with optimal mitochondrial 

functionality and CYP enzymes would more likely to be affected. However, this 

was not the case in our data, but rather the unhealthy granulosa cells with poor 

ovarian development to in vivo hyper-stimulation were more sensitive to CYN 

toxicity most likely attributed to their decreased capabilities for cellular defence 

mechanisms (Fatum et al. 2009; Russell & Robker 2007). 

Although ART regimes stimulate follicular growth and subsequently the growth 

and development of granulosa cells; the GC nonetheless are smaller in size and 

produce less progesterone than their naturally developed counterparts (granulosa 
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cells from women who did not undertake IVF) (Lobb & Younglai 2001). The other 

alternative granulosa cell-like cells are the KGN cells, which are a good 

comparative model for reasons discussed in section 2.5, particularly due to the 

higher stimulated-progesterone production by these cells. Thus any disruptions to 

steroid hormone are more likely to be observed and not related to biological 

variability. The primary-derived granulosa cells were given a pre-treatment culture 

period of 24 h to desensitise from in vivo gonadotropins and regain sensitivity to 

further stimulation if required and increase progesterone production (Landefeld et 

al. 1997; Tureck & Strauss 1982) and thus KGN cells were used as an alternative to 

non-hyperstimulated ART derived cells.  

The KGN cells were not used to directly compare the affects of CYN between 

primary and cell-lines but rather to determine if CYN is a toxin to this cell type. 

Thus the effects of CYN on primary-derived GC or KGN cells were compared 

directly to treatment control. The effect on viability and steroid hormone production 

will indicate the role of CYN as a reproductive toxicant. As a comparative tool the 

KGN cells were used; exposure to 3 µM CYN for 48 h decreased KGN cell 

viability as determined by the Crystal Violet assay. As viability was detected by the 

Crystal Violet assay, the onset of cytotoxic effects may have been compromised by 

not using the MTT assay. If the true onset of toxicity (unaffected by choice of 

viability assay) was after 48 h exposure to 3 µM CYN then mechanisms exist 

within KGN cells that make them more resistant to CYN toxicity than primary-

derived granulosa cells (1 µM CYN after 48 h) within the same species (Froscio et 

al. 2009). The absence of toxicity in KGN cells after 1.0 µM CYN exposure may 

indicate that granulosa cell lines respond differently to CYN and may be more 

robust or have differing intracellular transport mechanisms than primary derived 

GC (Froscio et al. 2009). Toxicity or loss of cell viability may have been delayed in 

KGN cells due to the presence of cAMP. It is known that when levels of cAMP 

decrease apoptosis occurs (Amsterdam et al. 1999), whereas primary-derived 

granulosa cells were not cultured in the presence of cAMP. 

In addition to the three sets of viability data from the three major experiments, each 

corresponds to its own set of steroid hormone data. 
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Results for steroid hormone production by granulosa cells after CYN exposure were 

also delayed compared to Young et al. (2008) whom found that 0.1 µM CYN 

significantly decreased progesterone concentrations 6 h, whereas in this study it 

was only observed after 72 h exposure. The combined data show that loss of cell 

viability was the major factor to the decreased progesterone production. Granulosa 

cells maintain steroid hormone production capability whilst undergoing apoptosis-

mediated cell death (Amsterdam et al. 1999). 

Steroid hormone production in the healthy and unhealthy cohorts was not related to 

significant decreases in cell number at low CYN concentrations (0.1 and 0.3 µM), 

whereas at higher CYN concentrations (1 & 3 µM), loss of cell viability was the 

likely cause of decreased steroid hormone production in both groups. The decreases 

in cell number alone cannot account for the decreased steroid hormone production 

at the lower CYN concentrations in the healthy cohort. Inhibition of protein 

synthesis of key steroidogenic enzymes may be a contributing factor to decreased 

steroid hormone production as studies have shown the inhibition of aromatase and 

StAR de novo synthesis to occur by 6 h (Chan & Tan 1987; Landefeld et al. 1997; 

Lin et al. 2009). 

Both the viability and steroid hormone production data indicated that unhealthy 

granulosa cells were more sensitive to the toxicity of CYN at lower concentrations 

after 72 h exposure in comparison to the healthy cohort. However, a higher number 

of repeats would be required to confirm this, especially as biological variability 

contributed to the high SEM, which has also been an issue in other studies 

(Beckman et al. 1991).  

The research carried out in this chapter was to further explore if the decrease in 

progesterone concentrations found in the research by Young et al (2008) were 

attributable to decreases in cholesterol substrate availability or 3βHSD 

functionality. First, it was important that primary-derived granulosa cells in culture 

were luteinised. The degree of luteinisation and maturation of GC is dependent on 

responsiveness to gonadotropins administered in vivo and indicates their ability to 

produce steroid hormones in vitro (Conti 2002). Luteinisation is marked by an 

increase in progesterone production (dependent on 3βHSD activity), a decrease in 
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estradiol production and cessation of proliferation (Bar-Ami 1994; Conti 2002; 

Macklon & Fauser 1998; Richards 1994). The in vitro culture model employed in 

this research was found to be conducive to granulosa cell luteinisation over the 72 h 

period.  

The presence of positive ORO staining indicates the endogenous supply of substrate 

for steroid hormone production, and the presence of 3βHSD activity suggests that 

live cells remaining after CYN exposure maintain properties for steroidogenic 

functionality (Bar-Ami 1994; Fischer & Kahn 1972). The decrease in both 

progesterone and estradiol production after  exposure to 3 µM CYN in the 

functionality assays were attributed to the decreased cholesterol availability 

detected by the ORO lipid stain after 24 h. However, progesterone production 

decreased after 72 h exposure to only 0.1 µM CYN, and was unlikely to be 

attributed directly to the decrease in substrate availability. Similarly, estradiol 

concentrations decreased after 72 h exposure to 1 µM CYN. The loss of cells after 

72 h exposure to > 0.1 µM CYN (Figure 4-10) may have caused the significant 

decrease in estradiol. Furthermore, decreases in substrate availability, would be 

immediately observed in decreased capability of steroid hormone production where 

studies have shown that decreases in estradiol concentrations are most likely a 

result of reduced substrate availability for aromatase, rather than due to a direct 

effect on enzyme activity or protein level (Huang et al. 2004).  

The presence of small dense cells, lacking cytoplasm remained constant throughout 

culture and may represent apoptotic bodies which did not change after exposure to 

CYN (Fatum et al. 2009). The presence of blue formazan granule deposits was not 

easily distinguishable within these cells due to the decreased cytoplasmic space. 

Nonetheless, it has been shown that 3βHSD staining remains present in theca cells 

of follicles undergoing atresia, thus maintaining ability to synthesise progesterone 

(Teerds & Dorrington 1993). Alternately, the small dense cells may represent an 

un-luteinised granulosa cell population that are known to be characterised by their 

high nuclear to cytoplasmic ratio (Delforge et al. 1972).  

The amount of spontaneous formazan production in the absence of exogenous DHA 

(substrate for 3βHSD enzyme) was found to be minimal and not significantly 
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different to negatively stained cells (Fischer & Kahn 1972). The presence of 

unstained cells in the 3βHSD assay may be attributed to presence of 

lymphohaemopoetic cells (leukocytes, monocytes, B-lymphocytes and T-

lymphocytes) which are also found in the follicular fluid (Beckman et al. 1991; 

Loukides et al. 1990; Wang et al. 1995) and do not stain positive for 3βHSD 

activity (Amsterdam et al. 1999; Fatum et al. 2009).  

Decreases in progesterone concentrations in primary-derived granulosa cells were 

related to decreased viability rather than 3βHSD activity or cholesterol substrate 

availability. Our results did not support the decrease in progesterone production 

found by Young et al. (2008) to be attributed to a loss of 3βHSD functionality; it 

appears that enzyme activity was still functional. The significant decrease in light -

stained 3βHSD cells after 72 h and the simultaneous increase in intense-stained 

3βHSD cells suggest that GC increased or regained 3βHSD activity after 72 h in 

culture with no apparent effect by the presence of 0.3 µM CYN. The same pattern 

was observed at 1.0 µM CYN, however, not in the same magnitude nor was it 

statistically significant. Increased 3βHSD activity would indicate that there would 

be increased progesterone production due to the apparent increased 3βHSD activity 

and especially as substrate was supplied and remained constant throughout the 

experiment. However, progesterone concentrations detected from the same wells 

decreased and were not attributed to lack of substrate availability (ORO Lipid 

staining was positive and not significantly reduced). The decrease in progesterone 

concentrations was first, not statistically significant when compared to 48 h time 

period and secondly, dropped to the same level as the control. Thus, assuming 

functionality of 3βHSD enzyme is optimal (indicated by increased intensity of 

staining) and there remained a drop in progesterone concentrations, it would 

suggest that the endogenous supply of pregnenolone substrate (precursor for 

progesterone production) was the limiting factor. It is possible that pregnenolone 

production by CYP11A1 was affected by either a direct action of CYN with the 

CYP11A1 enzyme, or by the inhibition of de novo protein synthesis of StAR the 

rate limiting enzyme for steroidogenesis (Stocco & Strauss 1998). If StAR is not 

available or functional then the translocation of cholesterol substrates, their 

presence detected by ORO Lipid stain in our assay, into the mitochondria would not 
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occur and thus the cholesterol substrates would remain un-utilised for 

steroidogenesis.  

Further work is required to determine if 3βHSD enzyme activity was altered. CYN 

is a potent inhibitor of protein synthesis at the translational step of protein synthesis 

as determined in rabbit reticulocyte lysate translation system (Froscio et al. 2001). 

Changes in CYP11A1 or StAR expression may subsequently affect enzyme protein 

levels and progesterone production by 72 h in vitro, and is dependent on de novo 

protein synthesis (Stocco & Clark 1996). Decreases in 3βHSD activity due to 

decreased availability of substrate would not be detected in our assay system as the 

reaction mixture was supplemented with 3βHSD substrate. Further experiments are 

needed to determine if the substrate precursors for the enzymes producing 

progesterone and estradiol production are diminished and if the enzymes such as 

CYP11A1 were affected by CYN by direct interaction or protein synthesis 

inhibition.  

Finally, as a comparison, cAMP-progesterone production in KGN cells was also 

investigated. Despite a decrease in KGN cell number after 72 h in culture in 

DMEM/F12 + 1mM cAMP, progesterone production continued to increase over the 

72 h culture period. Decreases in progesterone concentration after CYN exposure  

were not correlated with loss of viability. Progesterone production by KGN was 

abolished after 48 h exposure to 1 and 3 µM CYN, despite the presence of cAMP. 

Cyclic AMP activates intracellular signalling systems favouring the expression of 

steroidogenic genes (Hanukoglu et al. 1990). The inhibition of progesterone 

production was unaccounted for by the loss of cell viable granulosa cells, also 

suggesting that protein expression or activity of key steroidogenic enzymes such as 

StAR or CYP11A1 may have been down regulated or inhibited in both KGN and 

granulosa cells (Arthur & Boyd 1974; Tsutsumi et al. 2008; Young et al. 2008). The 

effect of CYN on stimulated-progesterone production by KGN cells cannot be 

directly compared to granulosa cells, but rather they indicate that the steroidogenic 

rate limiting proteins play a major role in progesterone production despite sufficient 

stimulation with cAMP and no significant loss of cell viability. Furthermore the 

viability of KGN cells should also be determined with the MTT assay as this would 
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have indicated if CYN also affected the mitochondria of KGN cells. Thus the onset 

of cell death may be at an earlier time point and lower CYN concentration as 

observed in the granulosa cells. 

A poor ovarian response to hyperstimulation in vivo results in a 2-fold decrease in 

progesterone production which subsequently results in decreased conception rate 

and development of granulosa cells with decreased steroid hormone production 

capabilities in vitro (Phy et al. 2002). This is likely to be attributed to a 17% 

decrease in StAR protein in granulosa-luteal cells (Phy et al. 2002), of which the 

StAR protein is the rate limiting step in steroid hormone production (Stocco & 

Strauss 1998). If granulosa cells do not have the capacity for maximal 

steroidogenesis (due to a poor ovarian response), then granulosa cells cultured in 

vitro may have either increased or decreased sensitivity upon exposure to a stimuli 

in vitro with respect to steroid hormone production. The establishment and 

maintenance of pregnancy is dependent on the presence of progesterone; if in vivo 

progesterone concentrations fall below 32 nmol.L
-1

 then this indicates abnormal 

follicular growth, ovulation and steroid hormone production (Zonneveld et al. 

1994). Thus granulosa cells will respond differently to an in vitro stimulus 

depending on their in vivo ovarian response. Furthermore granulosa-luteal cells 

require time in culture to desensitize from in vivo hyperstimulation which is 

inversely related to time in culture (Zosmer et al. 2002). In addition inflammatory 

cytokines are implicated in ovarian steroid hormone production (interlukin-1 is 

found in follicular fluid) and increases progesterone production by granulosa-luteal 

cells, with cAMP being the main messenger (Zosmer et al. 2002). Thus maximal 

progesterone production in vitro by granulosa-luteal cells is dependent on a good 

ovarian response, presence of StAR protein, desensitisation from hyperstimulation 

and adequate cAMP, whereas KGN cells require the presence of cAMP and do not 

require additional culture time to desensitize. The granulosa cells used in these 

experiments were also subdivided into healthy and unhealthy groups of which 

unhealthy women would be poor ovarian responders (Lobb & Younglai 2001). 

KGN cells were stimulated with cAMP, whereas GC were not and in addition to the 

aforementioned these are the main differences between KGN cells and GC response 

to CYN exposure in vitro.  
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There were differences in steroid hormone production between healthy and 

unhealthy granulosa cells after CYN exposure. Progesterone concentrations 

decreased below the critical threshold (10 ng.mL
-1

, Figure 4-4) in the unhealthy 

cohort after 48 h exposure to 0.3 and 3.0 µM CYN. However the data from the 

unhealthy cohort is from a total of two repeats, thus not indicative of the wider 

population and the unhealthy granulosa cells may actually have the capability to 

maintain progesterone production above the critical threshold. In comparison the 

KGN cells required 72 h exposure to 1.0 µM CYN for progesterone production to 

be abolished, indicating that although KGN and GC respond differently to CYN, 

the outcome is similar - there is a risk of CYN decreasing progesterone production 

to the critical threshold which may affect pregnancy outcome (Phy et al. 2002; 

Zonneveld et al. 1994; Zosmer et al. 2002).  

Hence, further investigations into protein synthesis inhibition or signalling 

pathways CYN targets in primary-derived granulosa cells and KGN may enhance 

understanding of the mechanism of CYN action on steroidogenesis. 

4.8 Conclusion  

Our data support cytotoxicity of CYN in primary granulosa cells as observed by 

Young et al. (2008). CYN cytotoxicity was unlikely to be mediated by CYP 

metabolites, primarily due to different CYP enzymes found in granulosa cells than 

mouse hepatocytes. Cytotoxicity was also delayed, attributable to different uptake 

mechanisms or inhibition of general protein synthesis. Decreases in progesterone 

concentrations were correlated to loss of viability, rather than availabi lity of 

cholesterol lipids or loss of 3βHSD activity. In addition to the study by Young et al. 

(2008), estradiol concentrations decreased and were most likely attributed to the 

loss of cell numbers. The unhealthy granulosa cell cohort was more sensitive to 

cytotoxicity and had decreased steroid hormone concentrations in comparison to the 

healthy cohort. The unhealthy granulosa cells were from women characterised as 

having female infertility factors and were undergoing IVF, thus their increased 

sensitivity to toxins could be due to poor maturity and development in vivo, 

different metabolic processes and capabilities which target and activate similar 

signalling mechanisms of which CYN elicits its adverse effects. The differentiation 
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between healthy and unhealthy cells was important for two reasons; the first is that 

in vitro experiments can be tailored to investigate effects on the most sensitive cells 

and the mechanisms by which healthy cells are more robust. Secondly, it assists in 

decreasing inter-individual variability, aiding statistical analysis. Furthermore, the 

infertility factor will play a role and influence the development of GC within the 

ovarian follicle. The decrease in steroid hormone production suggests that CYN 

could target CYP pathways essential for steroidogenesis (Conti 2002). The 

following chapter aims to further investigate if CYN also inhibits protein synthesis 

in granulosa cells. 

. 
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Chapter 5. Effects of Cylindrospermopsin on 
Human Granulosa Protein Synthesis in vitro 

5.1 Introduction 

In addition to the cytotoxic effects of cylindrospermopsin, which occur after 18 h 

exposure to 1 µM CYN in mouse primary hepatocytes, CYN is also a potent 

inhibitor of protein synthesis (Froscio et al. 2001; Froscio et al. 2003). Protein 

synthesis is inhibited after exposure to 0.5 µM CYN for 4 h, but this was unrelated 

to cytochrome P450 (CYP) metabolism-dependent cytotoxicity (Froscio et al. 

2003). The two uptake mechanisms by which CYN is thought to enter cells, are the 

bile acid transport system and passive diffusion (Chong et al. 2002). In addition to 

CYN‟s hydrophilic properties which decrease its ability to easily permeate the cell 

membrane, CYN‟s molecular weight of 415 Da limits its diffusion. Hence, passive 

diffusion is a secondary and slower uptake mechanism (Chong et al. 2002). Froscio 

et al. (2009b) found that the type of cell and its location in the gastrointestinal tract 

may determine how sensitive it will be to CYN, due to differing metabolic activity 

and cellular uptake mechanisms. Recently, CYN uptake was found to be at least 

partially independent of energy dependent mechanisms, as cellular uptake occurred 

at 4°C and in a time-dependent manner, increasing by 6-fold after a 24 h period 

(Froscio et al. 2009). CYN uptake was relatively slow and likely to be dependent on 

the limited transport systems available in most cell lines in comparison to primary 

derived cells (Froscio et al. 2009).  

Chong et al. (2002) found that CYN uptake by the bile acid transport system can 

also occur. Bile acids are synthesised from hydrophobic insoluble cholesterol 

molecules in which soluble molecules of bile acids are formed to maintain 

cholesterol homeostasis in the liver (Alrefai & Gill 2007). The movement of bile 

acids occurs rapidly into hepatocytes and is dependent on two processes: (1) Na
+
 

transport systems (Na
+
-dependent taurocholic co-transporting peptide, NTCP) 

which are also modulated by cAMP, and (2) Na
+
-independent organic anion 
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transporting peptide (OATP) transport system (conjugated forms of bile acids) 

(Alrefai & Gill 2007).  

Granulosa cells can utilise various transport pathways and solute carriers to allow 

molecules to enter the intracellular environment. Molecules such as ascorbic acid 

are transported across the plasma membrane, dependent on active transportation via 

a Na
+
 pump (Zreik et al. 1999), a solute carrier similar to the bile salt co-transport 

family (Hediger et al. 2004). Studies have shown that GC utilise Na
+
 ion channels 

for other transport mechanisms (Alrefai & Gill 2007; Zreik et al. 1999). This may 

include the bile acid transport systems, utilising solute carriers to maintain 

homeostasis. Cholesterols are comprised of steroid structures and are synthesised in 

the liver via oxidation pathways (Smith et al. 2009). Cholesterol is also involved in 

the production of the sex steroids progesterone and estradiol indicating the ovarian 

follicle is abundant with cholesterol (Smith et al. 2009). Thus, bile acids are likely 

to be present in the follicular fluid and synthesised from granulosa cells (Smith et 

al. 2009), thus bile acid transport mechanisms are likely to be present in GC. Active 

CYN uptake by GC is likely, and once inside a cell, CYN is a potent inhibitor of 

protein synthesis (Froscio et al. 2003). Steroid hormone production by human 

primary-derived granulosa cells involves membrane hyperpolarisation and voltage 

dependent ion channels for Na
+
 and Ca

2+
 (Kunz et al. 2007). In response to 

increased intracellular Ca
2+

 levels, which can be stimulated by Acetylcholine (Ach), 

K
+
 channels are opened and result in membrane hyperpolarisation. Blockage of this 

channel results in a block of gonadotropin-stimulated steroid hormone production 

(Kunz et al. 2007).  

Dysfunctions in steroid hormone biosynthesis result in impairment of ovarian 

function and infertility (Lin et al. 2009). Steroid biosynthesis is dependent on de 

novo protein synthesis of the steroidogenic proteins such as steroidogenic acute 

enzyme regulatory (StAR) and cytochrome P450 side-chain cleavage enzyme 

(CYP11A1) (Amsterdam et al. 1999; Breckwoldt et al. 1996; Stocco et al. 2001). 

Steroid biosynthesis is also dependent on gonadotropins which increase the level of 

intracellular cAMP (Ronen-Fuhrmann et al. 1998). The two rate-limiting steps in 

steroidogenesis (as detailed in section 1.1.3) are steroidogenic acute regulatory 
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enzyme (StAR) and CYP11A1 enzyme, which is the precursor to all steroid 

hormones (Breckwoldt et al. 1996; Clark et al. 1994; Devoto et al. 2002; Ronen-

Fuhrmann et al. 1998; Stocco & Clark 1996). FSH and LH/hCG are the 

gonadotropins which regulate protein expression of StAR, CYP11A1 for steroid 

hormone production (Conti 2002; Huang et al. 2004; Sasson & Amsterdam 2002). 

The CYP11A1 enzyme is of particular interest as it may be a prime target of CYN 

toxicity either via direct interaction, production of toxic metabolites, or inhibition 

of protein synthesis. Many of the steroidogenic enzymes such as aromatase 

(production of estradiol) are affected at the mRNA level as a result of down-

regulation of gene expression in granulosa cells and subsequent protein synthesis 

(Kagabu et al. 1999). Cycloheximide (CXH), which is a potent protein synthesis 

inhibitor in granulosa cells (Landefeld et al. 1997; Stocco & Clark 1996) was found 

to significantly reduce estradiol production at concentrations of 0.015 – 150 µg.mL
-

1
, which was not correlated to decreased cell viability.  

The capability of luteinised and non-luteinised granulosa cells to undertake protein 

synthesis in vitro does not differ between the two cell states (Landefeld et al. 1997). 

Studies have shown that both stages of differentiation were capable of protein 

synthesis after in vivo exposure to 5000 mIU of hCG in female rats (Landefeld et al. 

1997). Differentiation of granulosa cells and their responsiveness to further in vitro 

stimulation can occur anywhere between 24 h to 72 h post-isolation of granulosa 

cells (Landefeld et al. 1997; Tureck & Strauss 1982). Granulosa cells are allowed to 

adhere prior to stimulation with hCG, allowing cells to form a monolayer and 

desensitise from in vivo gonadotropin stimulation (Edgar et al. 1991). In vitro 

stimulation with hCG is known to increase CYP11A1 activity in rat granulosa cells, 

whereby progesterone production by granulosa cells was optimal after 8-14 days 

culture post-isolation (Voutilainen et al. 1986).  

In order to determine protein synthesis, many laboratories measure 
3
H Leucine 

incorporation (Kirchman et al. 1985; Nelson et al. 1978) and that of other 

radiolabelled amino acids such as uridine, guanosine or methionine sulphate, with 

their incorporation quantified by liquid scintillation counting (Heller et al. 1981), a 

well established assay by Lowry et al. (1951). Cyclosporine A, an 
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immunosuppressive drug (cyclosporin A, CsA), was found to inhibit estradiol 

production at high concentrations of 3 – 10 µg mL
-1

 as well as having cytotoxic 

effects and inhibition of protein synthesis, indicated by the incorporation of 
3
H 

Leucine (Gore-Langton 1988). Thus, as steroidogenesis in GC can be dependent on 

de novo protein synthesis (Stocco & Clark 1996), 
3
H Leucine incorporation is an 

appropriate assay to use in determining effects of CYN on protein synthesis in 

granulosa cells. 

In our experiments, granulosa cells were cultured for 24 or 48 h prior to CYN 

exposure to determine if there would be a difference in the sensitivity of GC 

responding to hCG stimulation and whether changes in CYP11A1 protein levels 

would be correlated to steroid hormone biosynthesis. Furthermore, although 3βHSD 

mRNA levels vary throughout the luteal phase, protein levels of the enzyme remain 

in excess and functional, thus changes to 3βHSD gene expression are unlikely to 

cause decreases in progesterone production (Devoto et al. 2002; Duncan et al. 

1999). Thus, it is important to determine whether protein synthesis, steroid 

hormone production and CYP11A1 protein levels in GC stimulated with hCG after 

24 or 48 h pre-treatment adherence period will differ in response to CYN exposure 

in comparison to unstimulated granulosa cells. 

5.2 Chapter Aims and Objectives 

The investigations described in this chapter- whereby decreases in steroid hormone 

production as a result of CYN exposure will also be correlated to the inhibition of 

protein synthesis in human primary derived granulosa cells. The first step was to 

determine if the granulosa cell population represent healthy cells. The second step 

was to determine if CYN would affect protein synthesis in granulosa cells, and if 

so, at what concentration and time. This was followed by semi-quantitative 

detection of CYP11A1 (by western immunoblot-detection) in granulosa cells after 

exposure to the CYN concentration and exposure period found to inhibit protein 

synthesis in primary hepatocytes. This was subsequently related to any changes 

observed in steroid hormone biosynthesis. See Figure 5-1: Flow Diagram Chapter 

Objectives. The specific hypotheses were: 
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- Cylindrospermopsin will inhibit in vitro protein synthesis in primary-derived 

granulosa cells which is time and dose-dependent. 

- Decreases in steroid hormone production will be relative to the decrease in 

protein synthesis inhibition after CYN exposure. 

- Levels of CYP side chain cleavage enzyme will decrease after exposure to 

CYN with and without human chorionic gonadotropin stimulation as a result 

of protein synthesis inhibition. 

- Decreases in steroid hormone production will be relative to CYP11A1 levels 

in granulosa cells. 

 

Figure 5-1: Flow Diagram Chapter Objectives 
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5.3 Materials & Methods 

5.3.1 Isolation of Primary-derived Human Granulosa Cells 

Refer to 2.3 Isolation of Human Granulosa Cells. The sources of primary cells were 

classified as cells used for “PSI and Westerns” under the “Experimental Endpoint” 

column in (Table 8-1) and include a total of n=13 (women 16-28). All cells were 

derived from either MIF patients or patients classified with unknown fertility factor 

but underwent ICSI. The granulosa cells used from patients classified with an 

unknown fertility factor refers to an unknown reason for which the couple was 

seeking fertility treatment. The relevance is that the unknown factor is not 

attributed to a female endocrine issue, and thus could be included in the study. Thus 

the reason for which the couple sought ART was unknown but likely to be a MIF 

due to ICSI.  

5.3.2 Protein Synthesis Inhibition After Increased Exposure Time to CYN (Time 
Course Assay) 

In order to determine at which time protein synthesis would be inhibited by 

granulosa cells exposed to 5 µM CYN, the following experiment was conducted. 

Granulosa cells were seeded into 6-well plates (10
5 

cells/well) in duplicate wells 

(Nunc, inVitro Australia) in DMEM/F12 + 10% FCS + ITS (human insulin, 5 

µg.mL
-1

; Apo-transferrin, 5 µg.mL
-1

 and sodium selenite 5 ng.mL
-1

) in 1 mL final 

volume. Granulosa cells were allowed to adhere for 24 h prior to treatment. Media 

was replenished with treatments of either DMEM/F12+ 10% FCS ± 1 µCi [
3
H] 

Leucine; DMEM/F12+ 10% FCS ± 5 µM CYN± 1 µCi [
3
H] Leucine for 2 h, 4 h, 6 

h or 24 h. Media was collected after treatment and stored at -20°C for steroid 

hormone analysis by RIA. [
3
H] Leucine incorporation was determined as detailed in 

Section 5.3.4 Protein Synthesis Inhibition Assays- 
3
H Leucine Incorporation. 

Controls included DMEM/F12+ 10% FCS (Control) and DMEM/F12+ 10% FCS+1 

µCi [
3
H] Leucine (

3
H Leucine Control). 

5.3.3 Protein Synthesis Inhibition After Increased CYN Concentration (CYN 
Exposure Assays) 
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In order to determine if protein synthesis would decrease in GC in a dose-dependent 

manner with increasing CYN concentration, with or without hCG stimulation, after 

6 h exposure, the following experiments were conducted. 

5.3.3.1 [3H] Leucine Incorporation without hCG stimulation 

Granulosa cells were seeded into 6-well plates (10
5 

cells/well) in duplicate wells 

(Nunc, inVitro Australia) in DMEM/F12 + 10% FCS+ ITS of 1 mL final volume. 

Granulosa cells were allowed to adhere for 24 h prior to treatment. Media was 

removed and treatments of DMEM/F12+ 10% FCS or DMEM/F12+ 10% FCS + 1 

µCi [
3
H] Leucine + CYN (0.1, 0.3, 1 or 3 µM) added for 6 h. Media were collected  

after treatment and stored at -20°C for steroid hormone analysis by RIA. [
3
H] 

Leucine incorporation was determined as detailed in 5.3.4 Protein Synthesis 

Inhibition Assays- 
3
H Leucine Incorporation.  

5.3.3.2 [3H] Leucine Incorporation with hCG stimulation 

assay setup was repeated as for section 5.3.3.1 [
3
H] Leucine Incorporation without 

hCG stimulation. Treatments consisted of  

- DMEM/F12+ 10% FCS 

- DMEM/F12+ 10% FCS + 1000 mIU.mL
-1

 hCG 

- DMEM/F12+ 10% FCS + 1 µCi [
3
H] Leucine + 1000 mIU.mL

-1
 hCG 

-  DMEM/F12+ 10% FCS + 1 µCi [
3
H] Leucine + 1000 mIU.mL

-1
 hCG + 

CYN (0.1, 0.3, 1 or 3 µM)  

for a period of 6 h. Media was collected after treatment and stored at -20°C for 

steroid hormone analysis by RIA. [
3
H] Leucine incorporation was determined as 

detailed in 5.3.4. Controls as for 5.3.3.1, with the addition of DMEM/F12+ 10% 

FCS+1 µCi [
3
H] Leucine + 1000 mIU.mL

-1
 hCG (0 µM CYN + hCG), n=3.
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5.3.4 Protein Synthesis Inhibition Assays- 3H Leucine Incorporation 

5.3.4.1 Quantification of [3H] Leucine Incorporation 

To quantify protein synthesis in human IVF-derived granulosa cells, the 

incorporation of [
3
H]-Leucine into trichloracetic acid (TCA) precipitate was 

measured (Freshney 2005). Granulosa cells were isolated as described previously 

(Section 5.3.1 Isolation of Primary-derived Human Granulosa Cells) and allowed to 

adhere for a period of 24 h at a cell density of 4 × 10
4 

cells/well in DMEM/F12+ 

10% FCS. Granulosa cells were incubated with 1 µCi [
3
H]-Leucine (115.4 

Ci/mmol, PerkinElmer Pty Ltd, Vic, Australia) per mL of medium. After the 

designated exposure period detailed in sections 5.3.2 and 5.3.3, the medium was 

removed and wells containing granulosa cells were washed with 2 mL of un-

supplemented DMEM/F12 followed by 500 µL of ice-cold 10% TCA. Cells were 

collected by scraping using a rubber policeman, transferred into a sterile plastic 

tube and centrifuged at 5000 × g for 5 min. The supernatant was removed and a 

10% TCA wash was repeated twice. The pellets were then digested with 250 µL of 

0.3 M NaOH at 37°C for 1 h. Protein synthesis determination was performed by 

transferring 200 µL of the cell digest into Mini POLY-Q™ Vial (Polyethylene, 

Beckman Coulter, CA, USA) containing 5 mL of ReadySafe
TM

 (Beckman Coulter, 

CA, USA) scintillation fluid. The samples were counted for 2 min in a Beckman LS 

3801 scintillation counter (Beckman Coulter, CA, USA), deriving the counts per 

minute based upon a pre-defined quench curve using Beckman quench standards. 

The remaining 50 µL of the cell digest was used to quantify total genomic DNA 

(see: DNA Quantification).  

5.3.5 DNA Quantification 

The remaining 50 µL from the cell digest (section 5.3.4.1) was used as to quantify 

the amount of DNA. An accurate method for detecting and quantifying total 

genomic DNA from cultured granulosa cells (sections 5.3.2 & 5.3.3) by 

spectrophotometric analysis at 260 nm (Teare et al. 1997). This is because the 

amount in the sample is correlated to concentration of nucleic acid, based on the 

Beer-Lambert law (Teare et al. 1997). 
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5.3.6 Western Immunoblot: Cytochrome P450 side chain cleavage enzyme 
(CYP11A1) 

Granulosa cells were seeded into 24-well plates (2 × 10
5
concentration per well) and 

were allowed to adhere for either 24 or 48 h in DMEM/F12. Media were collected 

and replaced with treatment medium (DMEM/F12+ 10% FCS ± 100 mIU mL
-1

 hCG 

or DMEM/F12+ 10% FCS ± 3 µM CYN) for 6 h. Post-treatment, media was 

collected and stored at -20°C for RIA analysis of steroid hormones. GC monolayers 

were washed twice with PBS and harvested by cell scraping into 0.5 mL RIPA 

buffer (150 mM NaCl; 50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 10% Na-

deoxycholate; 1 mM PMSF; 1 mM EDTA and a cocktail of protease inhibitors 

(Leupeptin/aprotinin/pepstatin, SIGMA). This was placed on ice for 15 min before 

the cell material was pelleted by centrifugation at 14000 × g for 5 min. The protein 

concentration in the supernatant was determined by Bradford assay (Bradford 

1976). Samples were prepared (1:2) in loading buffer (3x Loading buffer: 0.5 M 

Tris-HCl, pH 6.8; 25% glycerol; 10% (w/v) sodium dodecyl sulfate (SDS) and 

0.5% (w/v) bromophenol blue) and were heated for 5 min at 95°C; 5 µg protein per 

lane was electrophoresed in a 12% SDS-PAGE gel using standard procedures 

(Fatum et al. 2009) for 1 h at 150 V and transferred to a nitrocellulose membrane 

(BioRad) at 100 V for 1.5 h. A pre-stained molecular weight marker (MagicMark, 

Invitrogen) was used. Membranes were blocked overnight at 4°C with blocking 

buffer (40 mM Tris pH 7.4; 5% (w/v) skim milk powder; 0.1% (v/v) Tween20). 

Detection of CYP11A1 was achieved by the incubation of the membrane with a 

polyclonal anti-human CYP11A1 antibody (1:1300; abCam) in Tween buffer (40 

mM Tris pH7.4; 0.1% (v/v) Tween20) for 1 h at 37°C. After incubation with the 

primary antibody, the membranes were rinsed 5 × with washing buffer (2 × 5 min; 1 

× 10 min and 2 × 15 min, 20 mM Tris pH 7.4; 150 mM NaCl; 5% (w/v) skim milk 

powder; 0.1% (v/v) Tween20). Membranes were then incubated with a secondary 

anti-rabbit HRP-conjugate antibody (1:5000) for 1 h at 37°C. After incubation with 

the secondary antibody, membranes were rinsed 4 × with washing buffer (2 × 5 min 

and 2 × 15 min). Protein bands were detected with enhanced chemiluminescence 

HRP substrate and visualised using a cooled CCD camera (Fuijifilm LAS4000). 

Membranes were then stripped with stripping buffer (8.5 SDS-Reagents & Western 

Immunoblotting Buffers Stripping Buffer) at 50°C for 30 min, blocked as 
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previously described and re-probed with a monoclonal anti β-actin antibody raised 

in mouse (1:5000, SIGMA A3854, kindly donated by Rhys Hamon, Department of 

Medicine, Adelaide University) for 1 h at 37°C, membranes were then washed and 

incubated with secondary anti-mouse HRP conjugate antibody (1:5000) for 1 h at 

37°C. After incubation with the secondary antibody, membranes were rinsed 4 × 

with washing buffer (2 × 5 min and 2 × 15 min). Detection and visualisation as 

described for CYP11A1 (refer to section 5.3.6). 

5.3.7 Radioimmunoassay (RIA) 

Media collected post treatment was analysed for hormone content. Refer to section 

2.12 Radioimmunoassay. The [
3
H]-Leucine did not interfere with the RIA, which is 

specific for 
125

I isotope. 

5.3.8 Statistical Analysis 

Statistics Package for the Social Sciences (SPSS) version 15.0 for windows was 

used for statistical analyses and graphs. Differences between treatments and 

incubation periods analysed by one-way ANOVA; with post-hoc analysis carried 

out by Tukey or Dunnett‟s test. Statistical significance was accepted at P <0.05 or 

where otherwise indicated. 
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5.4 Results 

5.4.1 Characterisation of Primary-derived Human Granulosa Cells  

The granulosa cells isolated for experimental use in this chapter (individually listed 

in Table 8-1 under “PSI and Westerns”) were grouped under male infertility factor 

and unknown fertility factor (infertility could not be attributed to either female or 

male factors) and represent healthy cells. Although there was one IVF case, this 

woman was on her first ART treatment cycle and had a good ovarian response to 

the hyper-stimulation regime (Section 2.2.1). The clinical case notes did not 

attribute a male or female factor to the reason why the couple was seeking 

treatment for their infertility. 
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Male Factor Unknown 

ART Procedure ICSI IVF ICSI 

10 1 2 

Age of Patient at 
Isolation 

33 ± 6 35 33 ± 0 

Average Number of 
Treatment Cycle  

5 ± 4 1 3 ± 2 

Total FSH 
Administered (Units) 

2794 ± 2547 2800 1763 ± 159 

Maximum E2 pmol/L 9388 ± 10012 13575 8542 ± 8806 

Number of Mature 
Follicles (>15mm) 

8 ± 5 9 4 ± 1 

Number of Oocytes 
Aspirated 

11 ± 6 6 19 ± 18 

Number of Embryos 
Transferred 

1 ± 1 1 1 ± 1 

Number of 
Pregnancy’s 

3 0 1 

Number of Follicular 
Fluid Tubes Collected  

7 ± 4 10 13 ± 11 

Granulosa Cells 
Isolated (cells/mL) 

1.3 x 106 

± 5.5 x 105 

1.2 x 106 2.7 x 106  
± 2.1 x 106 

 Table 5-1: Ovarian Response Parameters for Male and Unknown Infertility Factor Cohorts 

Women whose granulosa cells were used in this chapter were divided into two cohorts based on 
whether they had male infertility factor (MIF) or female infertility factor (FIF). If clinical data was not 
indicative of FIF or MIF then the patient’s fertility factor was classified as Unknown. Ovarian response 
factors collected include; type of ART procedure (IVF/ICSI); age of patient at time of isolation; the 
number of previous treatment cycles, and total units of FSH administered; maximum plasma estradiol 
detected before oocyte aspiration, number of mature follicles produced, number of oocytes aspirated, 
number of embryos transferred and the number of women who became pregnant outcome; number of 
follicular fluid tubes collected, number of isolated GC/mL. Data represent mean ± standard deviation.
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5.4.2 Effects of CYN on Protein Synthesis Inhibition in Primary-derived Human 
Granulosa Cell with Increased Exposure Time  

Results were expressed as cpm.µg
-1

 DNA. A negative control (without 
3
H-Leucine) 

was included for each experiment in order to determine background cpm. For CYN 

treated granulosa cells, [
3
H]-Leucine was added at the same time as the toxin. The 

incorporation of the radiolabelled amino acid allowed the quantification of de novo 

protein synthesis (Duley et al. 1979). Maximum protein synthesis occurred after a 

24 h culture period in control medium. Protein synthesis was significantly reduced 

by 61% (P <0.05) and 95% (P <0.005) after exposure to 5 µM CYN for 6 h and 24 

h respectively in comparison to the control (Figure 5-2). 

5.4.3 Effects of CYN on Steroid Hormone Production by Primary-derived Human 
Granulosa Cells with Increased Exposure Time  

Steroid hormone analysis of the culture medium collected showed there were no 

statistically significant changes in either progesterone (Figure 5-3) or estradiol 

(Figure 5-4) levels relative to DNA content, after a total of 24 h exposure to 5 µM 

CYN. In the controls, both progesterone and estradiol concentrations were 

correlated to protein synthesis (Figure 5-2) and maximum levels were seen after 24 

h (Figure 5-3 & Figure 5-4). However, protein synthesis after 24 h exposure to 5 

µM was almost abolished relative to the amount of protein present. Hence, it 

appears that inhibition of protein synthesis does not directly translate to complete 

inhibition of steroid hormone production over a 24 h time-frame. 
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Figure 5-2: Inhibition of Protein Synthesis in Granulosa Cells 

Granulosa cells (n=3 women) were seeded into 6-well plates (10
5 

cells/well) in duplicate wells and were 
allowed to adhere for 24 h prior to treatment. Media were replenished with control (DMEM/F12+ 10% 
FCS + 1µCi [

3
H] Leucine) or 5 µM CYN treatment (DMEM/F12+ 10% FCS + 5µM CYN + 1µCi [

3
H] Leucine) 

for 2 h, 4 h, 6 h or 24 h. Cells were then collected for determination of protein synthesis as described in 
5.3.4.1. Data values represent mean ± SEM, and significance was determined by Independent t-test and 
indicated by *P <0.05 and **P <0.005.

* ** 
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.  

Figure 5-3: Progesterone Production by Granulosa Cells after Time Exposure to CYN  

Granulosa cells (n=3 women) were seeded into 6-well plates (10
5 

cells/well) in duplicate wells and were 
allowed to adhere for 24 h prior to treatment. Media were replenished with 

3
H Leucine

 
control 

(DMEM/F12+ 10% FCS + 1 µCi [
3
H] Leucine) or 5µM CYN treatment (DMEM/F12+ 10% FCS + 5µM CYN + 

1µCi [
3
H] Leucine) for 2 h, 4 h, 6 h or 24 h. Media were collected after treatment and stored at -20°C for 

steroid hormone analysis by radioimmunoassay. Progesterone concentrations relative to amount of 
DNA (ng/mL/µg DNA) in duplicate wells of 3 separate assays were expressed as mean ± SEM. 
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Figure 5-4: Estradiol Production by Granulosa Cells after Time Exposure to CYN 

Granulosa cells (n=3 women) were seeded into 6-well plates (10
5 

cells/well) in duplicate wells and were 
allowed to adhere for 24 h prior to treatment. Media were replenished with 

3
H Leucine

 
control 

(DMEM/F12+ 10% FCS + 1µCi [
3
H] Leucine) or 5µM CYN treatment (DMEM/F12+ 10% FCS + 5µM CYN + 

1µCi [
3
H] Leucine) for 2 h, 4 h, 6 h or 24 h. Media was collected after treatment and stored at -20°C for 

steroid hormone analysis by RIA. Estradiol concentrations expressed relative to amount of DNA 
(pg/mL/µg DNA) in duplicate wells of 3 separate assays are shown as mean ± SEM.
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5.4.4 Effects of CYN on Protein Synthesis Inhibition In Primary-derived Human 
Granulosa Cell to Increasing CYN Concentrations 

A 5 µM CYN concentration inhibited protein synthesis in GC after 6 h exposure 

(refer to section 5.4.2). Granulosa cells were then cultured for 6 h with increasing 

concentrations of CYN in the absence (Figure 5-5) or presence (Figure 5-6) of hCG 

stimulation to determine if the CYN-induced decrease in protein synthesis is dose-

dependent and whether hCG modifies any effect of CYN. A decrease in protein 

synthesis occurred after 6 h exposure to the highest concentration of 3 µM CYN in 

comparison to control, in the unstimulated cells (P <0.05, Figure 5-5). There was 

no significant inhibition of protein synthesis by GC cultured with hCG after 

exposure to any of the CYN concentrations (Figure 5-6).  
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Figure 5-5: Protein Synthesis Inhibition in Granulosa Cells after Cylindrospermopsin Exposure 
for 6h 

Granulosa cells (n=3) were exposed to the following treatments: control referred to as 0µM 
(DMEM/F12+ 10% FCS+ 1µCi [

3
H] Leucine); 0.1-3.0 µM CYN treatments (DMEM/F12+ 10% FCS + 1µCi 

[
3
H] Leucine + 1000mIU/mL hCG +CYN (0.1, 0.3, 1.0 or 3.0 µM) for 6h. Media was collected after 

treatment and stored at -20°C for steroid hormone analysis by RIA. [
3
H] Leucine incorporation was 

determined as detailed in 5.3.4. Data values represent mean ± SEM, and significance was determined by 
ANOVA and indicated by *P <0.05.

* 
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Figure 5-6: Protein Synthesis Inhibition after Exposure of hCG Stimulated Granulosa Cells to 
Cylindrospermopsin for 6h 

10% FCS + 1µCi [
3
H] Leucine; control with hCG referred to as 0µM CYN treatment (DMEM/F12+ 10% FCS 

+ 1000 mIU/mL hCG + 1 µCi [
3
H] Leucine); 0.1-3.0 µM CYN treatments (DMEM/F12+ 10% FCS + 1 µCi [

3
H] 

Leucine + 1000 mIU/mL hCG +CYN (0.1, 0.3, 1.0 or 3.0  µM) for 6h. Media (n=3) was collected after 
treatment and stored at -20°C for steroid hormone analysis by RIA. [

3
H] Leucine incorporation was 

determined as detailed in 5.3.4. Bars represent mean ± SEM.
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5.4.5 Effects of CYN on Steroid Hormone Production by Primary-derived Human 
Granulosa Cells to Increasing CYN Concentration  

Protein synthesis by granulosa cells was inhibited by 6 h exposure to 3 µM CYN. 

There was no statistically significant inhibition of protein synthesis by granulosa 

cells in the presence of CYN and hCG (1000 mIU.mL
-1

) (section 5.4.4, Figure 5-6). 

The effects of CYN on steroid hormone production with or without hCG 

stimulation were examined, (Figure 5-7 & Figure 5-8). Progesterone and estradiol 

concentrations were determined using radioimmunoassay and expressed relative to 

total genomic DNA. Granulosa cells stimulated with hCG in control wells 

significantly increased progesterone production (15.98 ± 4.3 ng.mL
-1

.µg
-1

 DNA) in 

comparison to un-stimulated granulosa cells (8.53 ± 1.5 ng.mL
-1

.µg
-1

 DNA). 

Progesterone production was not affected after 6 h exposure to increasing CYN 

concentrations ± hCG stimulation (Figure 5-7). Granulosa cells stimulated with 

hCG did not significantly increase estradiol synthesis in comparison to un-

stimulated cells (Figure 5-8). In fact, estradiol produced by granulosa cells cultured 

in the presence of hCG in control wells was reduced and thus any effects due to 

CYN may have been masked (Figure 5-8). The decrease in estradiol concentrations 

(pg/mL/µg DNA) in unstimulated granulosa cells exposed to 6 h of CYN 

concentrations 0 – 3 µM appear to be dose-dependent, but not statistically 

significant (Figure 5-8). 
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Figure 5-7: Progesterone Production by Granulosa Cells after CYN Exposure 

Granulosa cells (n=3) were exposed the following treatments: control (DMEM/F12+ 10% FCS + 
1000mIU/mL hCG + 1µCi [

3
H] Leucine); 0.1-3.0 µM CYN treatments (DMEM/F12+ 10% FCS + 1 µCi [

3
H] 

Leucine + 1000 mIU/mL hCG +CYN (0.1, 0.3, 1.0 or 3.0 µM) for 6h. Media was collected after treatment 
and stored at -20°C for steroid hormone analysis by RIA. Progesterone concentrations relative to the 
amount of DNA (ng/mL/µg DNA) in duplicate wells of 3 separate assays was expressed as mean ± SEM. 
Significance indicated by *P <0.05 as determined by t-test.
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Figure 5-8: Estradiol Production by Granulosa Cells after CYN Exposure 

Granulosa cells (n=3) were exposed the following treatments: control (DMEM/F12+ 10% FCS + 
1000mIU/mL hCG + 1µCi [

3
H] Leucine); 0.1-3.0 µM CYN treatments (DMEM/F12+ 10% FCS + 1µCi [

3
H] 

Leucine + 1000mIU/mL hCG +CYN (0.1, 0.3, 1.0 or 3.0 µM) for 6h. Media was collected after treatment 
and stored at -20°C for steroid hormone analysis by RIA. Estradiol concentrations relative to the amount 
of DNA (pg/mL/µg DNA) in duplicate wells of 3 separate assays was expressed as mean ± SEM.
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5.4.6 Effects of CYN on Semi-quantification of CYP11A1 Protein in Primary-derived 
Human Granulosa Cells  

From these data, it appears that hCG increased granulosa cells sensitivity to protein 

synthesis inhibition, but there was no significant effect on steroid hormone 

production by 6 h exposure to 3 µM CYN. Studies suggest that primary-derived 

human granulosa cells regain sensitivity to hCG stimulation as a result of extended 

culture in vitro prior to treatment. Therefore, CYP11A1 protein levels and the 

correlation to steroid hormone production were examined after 24 or 48 h pre-

treatment adherence periods. Granulosa cells were then exposed to 1000 mIU.mL
-1

 

hCG ± 3 µM CYN for 6 h after which CYP11A1 protein levels were detected by 

Western Immuno-blotting (Figure 5-9 A & B, section 5.3.6). A specific band of 53 

kDa was observed, consistent with CYP11A1. The blot was stripped and re-probed 

with β-actin to act as a binding control. Semi-quantification of protein levels 

relative to β-actin show that CYP11A1 protein levels were highest in controls after 

24 h adherence in DMEM/F12. This significantly decreased after 48 h adherence 

(P <0.05, Figure 5-10). After 24 h adherence, CYP11A1 protein levels significantly 

decreased after 6 h exposure to 3 µM CYN in comparison to 0 µM CYN control 

(P <0.05, Figure 5-10). CYN also appears to have caused a reduction in CYP11A1 

protein after 48 h adherence, but this was not significant, probably due to the 

reduced levels in the 0 µM CYN treatment. After 24 h adherence followed by 

culture in hCG, CYP11A1 protein levels significantly decreased compared to the no 

hCG treatment, and were still lower after 48 h adherence (P <0.05, Figure 5-10). 

These effects of hCG were not altered by exposure to 3 µM CYN (Figure 5-10). 
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Figure 5-9: CYP11A1 Protein Detection in Granulosa Cells  

Granulosa cells (n=3) were seeded into 24-well plates (2× 10
5
concentration per well) and were allowed 

to adhere for either 24 h (A) or 48 h (B) in DMEM/F12 prior to treatment. Media post adherence time 
was collected and replenished with treatment medium DMEM/F12, 3 µM CYN, hCG or hCG + 3 µM CYN 
(DMEM/F12+ 10% FCS ± 1000mIU/mL hCG or DMEM/F12+ 10% FCS ± 3 µM CYN) for 6 h. Post-
treatment, media was collected and stored at -20°C for RIA analysis of steroid hormones. Bands 
represent CYP11A1, 53kDa (1:750 of anti-human CYP11A1) and β-actin 43kDa.
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The high variability in the 24 h adherence control group resulted in the decrease 

being non-significant in CYP11A1 protein levels after 48 h adherence. Similarly, 

the decrease in CYP11A1 protein after 24 h adherence with hCG stimulation was 

not significant when compared to control (Figure 5-10). In comparison to section 

5.4.4, the presence of hCG either protected or masked the effect of CYN on 

granulosa cell CYP11A1 protein levels, as there was no difference between 

CYP11A1 protein levels in control wells and the CYN exposed wells in the 24 h 

adherence group (Figure 5-10). In un-stimulated granulosa cells exposed to 3 µM 

CYN there was a significant decrease in CYP11A1 protein levels in the 24 h 

adherence group when compared to the control (Figure 5-10). 
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Figure 5-10: CYP11A1 relative to protein concentration 

Granulosa cells (n=3) were seeded into 24-well plates (2× 10
5
concentration per well) and were allowed 

to adhere for either for 24 h (A) and 48 h (B) in DMEM/F12 prior to treatment. Media post adherence 
time was collected and replenished with treatment medium DMEM/F12, 3µM CYN, hCG or hCG + 3µM 
CYN (DMEM/F12+ 10% FCS ± 1000mIU/mL hCG or DMEM/F12+ 10% FCS ± 3µM CYN) for 6h. Post-
treatment, media was collected and stored at -20°C for RIA analysis of steroid hormones. Bars represent 
CYP11A1 protein band relative to total protein (Arbitrary Unit- Background/ mm

2
/ µg protein) ± SEM, a 

and b P <0.05 are significantly between adherence periods, analysis carried out via Independent t-test. * 
P <0.05 was significantly to 0µM control with the same adherence. Analysis carried out via Independent 
One-way ANOVA.

b b * 

a a 
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5.4.7 Relationship between Steroid Hormone Production and CYP11A1 protein 
levels in Primary-derived Human Granulosa Cells after Exposure to CYN 

It was observed that CYP11A1 protein levels change with time in culture prior to 

hCG stimulation and CYN exposure (section 5.4.6). This section investigates if the 

changes in CYP11A1 protein levels (24 or 48 h pre-treatment adherence) correlated 

to changes in steroid hormone production. Steroid hormones, progesterone and 

estradiol, were quantified from culture medium obtained after treatment exposure in 

section 5.4.6. The significant decrease in CYP11A1 protein levels after 6 h 

exposure to 3 µM CYN (24 h adherence) did not result in a significant change in 

either progesterone or estradiol production (Figure 5-11 & Figure 5-12). 

Progesterone production by granulosa cells allowed to adhere for 48 h followed by 

exposure to 0 or 3 µM CYN (Figure 5-11) increased after hCG stimulation (48 h 

adherence) and was unaffected by simultaneous exposure to 3 µM CYN. The 

increase in progesterone production was unrelated to CYP11A1 protein levels 

(Figure 5-11). These data indicate that increases in progesterone concentration may 

be independent of CYP11A1 protein levels and the rate of protein synthesis, at least 

over the 6 h time frame of these experiments. 

Granulosa cells exposed to 3 µM CYN in the presence of hCG (24 h adherence) 

increased estradiol production relative to the amount of CYP11A1 protein levels 

and controls, but this was not observed after 48 h adherence (Figure 5-12). 
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Figure 5-11: Progesterone Concentration (µg/mL/µg protein) relative to CYP11A1 levels in 
Granulosa Cells adhering for either 24 h or 48 h 

Granulosa cells (n=3) were allowed to adhere for 24 h or 48 h prior to culture in DMEM/F12 (0 µM), 
3µM CYN, hCG or hCG + 3µM CYN for 6 h. Bars represent CYP11A1 protein band relative to β-actin 
(Arbitrary Unit- Background/ mm

2
) ± SEM. Line represents progesterone concentration (µg/mL/ µg 

protein) ± SEM.
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Figure 5-12: Estradiol Concentration (µg/mL/µg protein) relative to CYP11A1 levels in 
Granulosa Cells adhering for either 24 h or 48 h 

Granulosa cells (n=3) were allowed to adhere for 24 h or 48 h prior to culture in DMEM/F12 (0 µM), 3 
µM CYN, hCG or hCG + 3µM CYN for 6 h. Bars represent CYP11A1 protein band relative to β-actin 
(Arbitrary Unit- Background/ mm

2
) ± SEM. Line represents estradiol concentration (µg/mL/ µg protein) ± 

SEM.



Effects of Cylindrospermopsin on Human Granulosa Protein Synthesis in vitro

 

180 

 

5.5 Discussion 

Studies carried out in mouse hepatocytes found that exposure to 0.5 µM CYN for 4 

h inhibited protein synthesis and that this was irreversible in mouse hepatocytes 

(Froscio et al. 2001; Froscio et al. 2003; Runnegar et al. 1994).  

The GC used to study the effects of CYN on protein synthesis and CYP11A1 

protein levels in this study, showed a 50% inhibition of protein synthesis after 6 h 

exposure to 5 µM CYN. This was a 10-fold higher concentration than was required 

to inhibit protein synthesis in primary mouse hepatocytes (Chong et al. 2002; 

Froscio et al. 2003; Runnegar et al. 1994), but the suppression occurred within a 

similar time frame. Protein synthesis was inhibited in GC prior to the onset of 

cytotoxicity as determined by MTT and Crystal Violet assays (which occurred after 

48 h, section 4.4).  

The decreases in steroid hormone production detected after 6 h exposure to 5 µM 

CYN were not statistically significant. Protein synthesis in granulosa cells was 

inhibited after 6 h exposure to 3 µM and the decrease in steroid hormone 

production was not of the same magnitude. Previous studies have also shown that 

decreases in steroid hormone production and protein synthesis in granulosa cells do 

not occur with the same magnitude (Stocco & Clark 1996). In Chapter 3, significant 

decreases in granulosa cell viability occurred after 48 h exposure to 0.1-3 µM CYN, 

while steroid hormone production was not affected until after 72 h exposure. The 

protein synthesis time-course experiments only covered a period of 24 h, since the 

yield of granulosa cells at isolation limited the amount of exposure periods which 

could be tested per experimental repeat. Hence, the experiments did not allow for 

the observation of similar decreases in steroid hormone production as observed in 

viability assays in Chapter 3. However, the available data suggests that steroid 

hormone production by granulosa cells were not directly affected by inhibition of 

protein synthesis, and that the decreases in steroid hormone production were a 

result of cytotoxicity.  

Human chorionic gonadotropin (hCG) stimulates steroidogenesis and promotes the 

expression of CYP11A1 protein (Chaffin et al. 2000). In the study by Breckwoldt et 
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al. (1996) granulosa cells were cultured for 7 d to allow recovery from in vivo 

gonadotropin stimulation and regain sensitivity to further stimulation in vitro. Our 

data support the published literature in which the primary-derived granulosa cells 

required 24-72 h pre-treatment adherence time to differentiate and regain sensitivity 

to further gonadotropin stimulation. Granulosa cells used in the protein synthesis 

inhibition time-course and CYN dose-response experiments were responsive to 

hCG stimulation with significant increases in progesterone production in control 

wells (Figure 5-7). Progesterone concentrations after hCG stimulation (48 h 

adherence) increased (with a simultaneous decrease in estradiol concentrations) in 

comparison to hCG-stimulated cells after 24 h adherence (Figure 5-11) indicating a 

differentiated granulosa cell population.  

In the CYN dose-response protein synthesis assays, a plateau in the inhibition of 

protein synthesis was reached after exposure to 1 µM CYN in the presence of hCG, 

whereas in unstimulated cells a dose-dependent decrease in protein synthesis was 

observed and significance reached after 6 h exposure to 3 µM CYN. The presence 

of hCG may have protected GC from protein synthesis inhibition after exposure to 

3 µM CYN (Figure 5-10). However this is not certain, as hCG-stimulated cells at 

low CYN concentrations (0.1 and 0.3 µM CYN) decreased protein synthesis to 

levels lower than non-hCG stimulated granulosa cells. Young et al. (2008) found 

that granulosa cells exposed to 1µg.mL
-1

 of CYN (2.4 µM) had decreased hCG-

stimulated progesterone production after 6 h exposure, with no effect on 

progesterone production in non-hCG responsive granulosa cells, which also seems 

to be the situation of our data. However, in order to determine whether cells were 

hCG non-responsive due to insufficient pre-treatment culture time, additional 

experiments where GC are cultured for 48 h prior to treatment need to be carried 

out for protein synthesis inhibition time-course studies.  

After 48 h adherence the non-significant production of progesterone by the 

granulosa cells (cultured for in experiments to semi-quantify CYP11A1 protein 

levels) was not related to changes in CYP11A1 but rather due to the presence of 

hCG (hCG increases cAMP levels required for progesterone production which 

occurs during steroidogenesis refer to section 1.1.2). Hence granulosa cells require 
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a minimum of 24 h in culture prior to further in vitro gonadotropin stimulation 

cells, as aforementioned in this section, and further supports the literature that 

steroidogenesis is limited by StAR protein levels and not necessarily on CYP11A1 

protein levels (Walsh et al. 2000). Thus further experiments investigating the levels 

of StAR protein are required.  

The 3 µM CYN treatment did not have any effect on steroidogenesis after 6 h 

exposure. A minimum of 72 h exposure to 3 µM CYN was required to observe 

decreases in steroid hormone production (see Chapter 4, section 4.4.3). The non-

significant decreases in steroid hormone production in protein synthesis assays 

were unlikely to be as a result of loss of cell viability due to PSI which is a slower 

process. Hence, loss of cell viability after 48 h would significantly decrease steroid 

hormone production by 72 h (see Chapter 4, section 4.4.3). In vitro culture of 

granulosa cells found CYP11A1 protein levels to be stable (Breckwoldt et al. 

1996), and decreases in the protein levels of steroidogenic enzymes, such as 3βHSD 

are not necessarily immediately reflected by decreased steroid hormone production 

(Huang et al. 2004a). Studies have shown that although mRNA levels of 3βHSD 

and CYP11A1 can be up-regulated subsequent increases of protein levels of these 

two stable enzymes does not occur. Thus, changes in mRNA levels do not result in 

rapid changes to enzyme activity or protein level and hence mRNA levels are not a 

major factor in the control of steroid hormone production (Huang et al. 2004). 

Whereas acute response to hormonal stimulation (FSH, LH/hCG) results in 

stimulation of de novo protein synthesis, thus if PSI occurs, it may reduce the 

hormone-induced stimulation of steroidogenesis by inhibiting the translocation of 

cholesterol substrates into the inner mitochondrial membrane attributed to the 

presence of StAR and its functional activity (Stocco et al. 2005). Hence, the 

inhibition of protein synthesis may result of decreased ability for de novo StAR 

synthesis, and could decrease steroid hormone production.  

Huang et al. (2004a) found that changes to protein levels of both CYP11A1 and 

3βHSD are not necessarily reflected by immediate changes in enzyme activity or 

steroid hormone production and that protein levels cannot solely predict the effect 

on steroidogenic output, which was supported by our data, although limited by the 
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0-24 h exposure period examined. Whether the decreases in steroid hormone 

production were a result of decreased activity due to the targeted effects of CYN on 

the dehydrogenases or CYP enzymes needs to be determined. However, it is more 

likely that decreased steroid hormone production is related to onset of cell death. 

Exposure to 5 µM CYN significantly inhibited protein synthesis and caused a 

decrease in steroid hormone biosynthesis, and so further experiments were carried 

out to observe if protein levels of CYP11A1 would also be significantly decreased. 

To determine if the decrease in steroid hormone production was a result of altered 

protein expression of CYP11A1, granulosa cells were cultured in presence of 3 µM 

CYN for 6 h with or without hCG stimulation after adherence periods of 24 h or 48 

h. The results from our research showed the strongest detection of CYP11A1 after 

24 h adherence without hCG or CYN exposure. Decreases in steroidogenesis could 

not be correlated to decreased protein levels of CYP11A1; this supported our 

investigations as CYP11A1 protein levels remained stable in culture (Breckwoldt et 

al. 1996). It was most likely that after 48 h adherence GC seem to require hCG 

stimulation to maintain progesterone production, supporting that desensitisation of 

GC to in vivo stimulation occurs between 24 and 72 h culture (Breckwoldt et al. 

1996; Edgar et al. 1991; Landefeld et al. 1997).  

5.6 Conclusion  

The granulosa cells in this chapter were classified as healthy. Studies have shown 

that CYP11A1 protein levels and decreases in steroid hormone production are not 

correlated to healthy and unhealthy granulosa cells (Fatum et al. 2009). In 

summary, CYN-induced protein synthesis inhibition occurred at higher 

concentrations and required longer exposure periods in GC compared to mouse 

hepatocytes. This may be due to reduced uptake capability or metabolic activity of 

GC (Froscio et al. 2009). The role of hCG in protecting granulosa cells or increases 

the sensitivity of granulosa cells to CYN needs to be further investigated.  Other 

studies have found that in the presence of hCG, CYP11A1 protein levels remained 

constant in prolonged culture of primary-derived granulosa cells despite apoptosis 

occurring simultaneously, this was not observed in our results (Breckwoldt et al. 

1996). The effects of CYN on steroidogenesis could not be determined due to high 
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biological variability in addition to the selected time course was too short to detect 

significant effects particularly in Chapter 4 where significant inhibition of steroid 

hormone production occurred after 72 h. Further experiments are needed to 

determine if hCG and CYN function in unison to increase intracellular cAMP, 

possibly committing GC to either steroidogenesis, apoptosis or both in addition to 

inhibiting protein synthesis and if StAR protein levels or activity is affected 

(Amsterdam et al. 1999). 
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Chapter 6. The Effects of the Blue-Green Algal 
Toxin Cylindrospermopsin on Human 

Spermatozoa 

Preliminary data suggested CYN was cytotoxic to cryopreserved and fresh 

spermatozoa as measured by the MTT assay, indicating an alternate, yet to be 

identified mechanism of CYN action. This chapter aims to further examine if the 

previous results from investigations carried on the effects of CYN on human mature 

spermatozoa are verifiable.  

6.1 Introduction 

A normal healthy semen sample should be a minimum 2mL in volume and consist 

of a minimum of 2×10
7
 sperm.mL

-1
 with 50% having progressive motility and less 

than 25% abnormal morphology (WHO 1999). Human spermatozoa have cell 

membranes that are densely packed with phospholipids, which are highly 

susceptible to oxidation by toxins (Aitken et al. 1998; Claassens et al. 2000; De 

Jonge et al. 2003). The World Health Organisation (WHO) guideline for 

determining human spermatozoa viability recommends the Eosin Y Exclusion 

assay, on its own or in a two-step process with nigrosin, and this method is 

routinely used in examination of semen samples in IVF laboratories (Björndahl et 

al. 2004; Eliasson & Treichl 1971; WHO 1999). The MTT assay is dependent on 

the reduction of (3-[4,5-dimethyl (thiazole-2-yl-3,5-diphenyl] tetrazolium bromide) 

a yellow soluble tetrazolium dye in the mitochondria of live cells (Arnould et al. 

1990; Carmichael et al. 1987; Mosmann 1983; Mueller et al. 2004; Petty et al. 

1995; Young et al. 2005). Two independent studies have reported the metabolism of 

MTT by spermatozoa; the first involved observation of human spermatozoa under 

light microscopy to visualise the formazan crystals (Nasr-Esfahani et al. 2002). The 

second study showed that equine sperm also successfully metabolised the MTT salt 

(Aziz et al. 2005). As spermatozoa are densely packed with mitochondria to fuel 

their motility the MTT and MTS assays were trialled to determine if they could be 

used for human spermatozoa. The MTT and MTS assays are indirect measures of 
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glucose metabolism and oxidative phosphorylation required to generate the energy 

molecule ATP (Folgero et al. 1993; Murdoch & White 1967). Viable spermatozoa 

with functional mitochondria generate ATP, whereas the ATP from dead or dying 

cells is rapidly degenerated (Mueller et al. 2004; Petty et al. 1995). The 

tetrazolium-based assays and ATPLite assay (Perkin-Elemer) generate a control 

linear standard plot with the number of viable cells and formazan production or 

intensity of ATP-dependent luminescence, respectively (Mueller et al. 2004; Sevin 

et al. 1988).  

Many drugs, chemicals and xenobiotics in our environment have been shown to 

directly affect the function and viability of human spermatozoa (Baumgartner et al. 

2009; Fraser et al. 2006). A specific study on male patients seeking treatment for 

their infertility in south eastern Spain, have found that their infertility was 

attributed to occupational exposure to glues, solvents and silicones (Mendiola et al. 

2008). Environmental xenobiotics and toxins have been shown to directly affect the 

function and viability of human spermatozoa (Baumgartner et al. 2009; Fraser et al. 

2006). The viability of spermatozoa is commonly directly related to their motility; 

however non-motile spermatozoa can also be considered viable (Aitken & Baker 

2006; Björndahl et al. 2004; Eliasson & Treichl 1971).  

The cytotoxicity of CYN as detailed in section 1.7 suggests that it may have 

reproductive effects and currently there is no information available about the effects 

of CYN on male reproduction. CYN has the potential to reach spermatozoa as it has 

similar properties to nicotine, a volatile water-soluble alkaloid, which has been 

detected in the seminal fluid (Benowitz et al. 1982; Nakajima et al. 1998; Pacifici et 

al. 1995). The primary mechanism for the reduction of spermatozoa viability occurs 

when their membrane integrity is compromised via oxidation (Aitken et al. 2004; 

Pacifici et al. 1995; Wagner et al. 1990; Yousef et al. 2007). Mature spermatozoa 

lack transcriptional activity and active CYP enzymes, hence CYN-mediated 

inhibition of protein synthesis and the generation of CYP metabolites are unlikely 

in spermatozoa (Grootegoed et al. 2000; Hecht 1998). There is a possibility that 

CYN may affect viability of spermatozoa despite the inconclusive evidence to 

pinpoint the type of oxidative stress induced by CYN (Bain et al. 2007), and not 
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correlated with increased lipid peroxidation (Humpage et al. 2005; Runnegar et al. 

1995). 

6.2 Chapter Aims and Objectives 

This study aims to establish methods appropriate for determining spermatozoa 

viability and investigating the effects of CYN on the viability of mature human 

spermatozoa. See Figure 6-1: Flow Diagram Chapter Objectives. 

Hypotheses tested in this chapter were: 

- Human mature spermatozoa are densely packed with mitochondria and as 

such will reduce the tetrazolium salt to produce formazan which is linearly 

related to spermatozoa number in the MTT and MTS assay. Thus this assay 

can be used as a viability assay. 

- The primary energy molecule in human spermatozoa, ATP, will be 

quantified and linearly related to number of viable spermatozoa and so can 

be used as a viability assay. 

- CYN will not adversely affect human mature spermatozoa as they lack 

active CYP enzymes and do not have active protein synthesis.
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-  

Figure 6-1: Flow Diagram Chapter Objectives
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6.3 Materials and Methods 

All chemicals and reagents used were obtained from SIGMA Aldrich and were of 

cell culture grade. Two types of human spermatozoa culture media were used; 

Quinns Advantage Medium with Hepes (QAHM‟s, SAGE Media In-Vitro 

Fertilisation Inc, CT, USA) and Hams F12 (SIGMA, St Louis, MO, USA).  

Hydrogen Peroxide (30% v/v, Aldrich, USA) was used as a positive control. Media 

were supplemented with 5% human serum albumin (HSA, Vitro-life). Media 

reagents are detailed in Reagents, Stock Solutions & Media Preparation. 

6.3.1 Cylindrospermopsin 

Refer to section 2.7 Cylindrospermopsin for details on the source of CYN. Serial 

dilutions were made in QAHM‟s supplemented with 5% HSA and to give final 

concentrations of 0.1-100 µM. Stock solutions were stored at -20°C in the dark. 

Refer to 2.7.1 Cylindrospermopsin Treatments, Table 2-5 for CYN treatment 

details. 

6.3.2 Motility 

Spermatozoa samples were subjected to a motility analysis (section 2.8.6) prior to 

use in experimental assays. Samples with less than 20% motile spermatozoa were 

not used in experiments. 

6.3.3 Eosin Y Assay  

A one-step Eosin-Y method was used to determine the number of viable 

spermatozoa remaining after exposure to CYN, section 2.8.5. 

6.3.4 MTT and MTS Assay  

Spermatozoa were added to a sterile 96-well plate (Nunc, In Vitro, Australia) at 

concentrations ranging from 0 to 5 × 10
5
sperm/well in triplicate wells and 

incubated for 2 h or 24 h in either QAHM‟s + 5% HSA or HamsF12 medium + 5% 

HSA. MTT (3-[4, 5-dimethyl (thiazole-2-yl-3, 5-diphenyl] tetrazolium bromide), 

was added to give a final concentration of 0.5 mg.mL
-1

 in 100 µL total volume. If 

incubated with QAHM‟s medium, plates were left at room temperature in the 

laminar flow to maintain sterile conditions and pH of 7.4. If HamsF12 medium was 
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used, plates were placed in a humidified incubator at 37°C + 5% CO2. The resultant 

formazan crystals were solubilised by the addition of 80 µL of 20% SDS in 0.02 M 

HCl and incubated in the dark at room temperature for 1 h. Optical density of 

formazan at a wavelength of 570 nm using an automatic plate reader (µQuant 

BioTEK Instruments Inc, VT, USA, with KCJunior Program). This was repeated for 

the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl) -2-(4-

sulfophenyl)-2H-tetrazolium; 0.32 mg.mL
-1

) assay in both types of mediums 

following manufacturer‟s instructions (Promega 2003). 

 Incubation periods of 2, 4 or 24 h were examined. The formazan salt produced by 

MTS does not need solubilisation as is required for the MTT assay. Standard curve 

plates identical to that of the MTT assay were setup, the amount of MTS reduction 

and subsequent formazan production by spermatozoa was determined using the 

plate reader to measure absorbance at 490 nm. For both assays a linear relationship 

was taken to be confirmed if the R
2
 value > 0.98 correlating formazan production to 

spermatozoa concentration. 

6.3.5 ATPLite Assay  

The ATPLite assay utilises a luciferase system where ATP present within a sample 

supports the generation of luminescence which was quantified and linearly related 

to cell number. The assay was carried out as detailed in section 2.8.3 ATP Assay. In 

order to relate CPS to the number of live spermatozoa, a standard curve of 0  –

 5 × 10
5 

sperm/mL in triplicate wells was setup alongside treatments. A linear 

relationship between CPS and viable spermatozoa number was accepted at an R
2
 

value of greater than or equal to 0.98. The number of viable spermatozoa was 

expressed as 10
6
 live sperm.mL

-1
 as is the norm. 

6.3.6 Collection and Preparation of Human Spermatozoa  

Fresh and cryopreserved semen samples were donated (ethics approval 47/00) by 

men undergoing assisted reproductive technology at Flinders Reproductive 

Medicine Unit, Flinders Medical Centre, undergoing in vitro fertilisation (IVF) 

attributed to FIF. Cryopreserved samples (n=3 different men) were thawed at room 

temperature for 10 min, transferred to 5 mL sterile plastic tubes and cryoprotectant 
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media was removed by adding QAHM‟s medium + 5% HSA and centrifuging at 

300 × g for 10 min. Spermatozoa were separated from the semen and motile 

spermatozoa were selected using PureCeption
TM 

(SAGE BioPharma, In-Vitro 

Fertilisation Inc, CT, USA) silica bead discontinuous density gradient consisting of 

a 80% gradient layer overlaid with a 40% layer made in QAHM‟s + 5% HSA. 

Samples were loaded onto the column and centrifuged for 20 min at 300 × g. The 

non-viable spermatozoa layer at the 40%:80% interface was removed and the 

remaining pellet was collected and resuspended in QAHM‟s + 5% HSA, then sperm 

were centrifuged at 250 × g for 8 min to remove any residual PureCeption
 TM

. 

Sperm viability and motility were evaluated. A minimum of 1 × 10
5
 sperm/well 

were exposed to CYN. Fresh semen (total n=9 different men) was collected by 

masturbation into sterile containers and samples were allowed to liquefy at room 

temperature for 30 min prior to processing as for cryopreserved spermatozoa. 

6.3.7 Selection of Culture Medium 

In order to determine the optimum culture medium for human spermatozoa, 1  × 10
6
 

sperm/well were cultured in a 24-well plate for 1 or 24 h in QAHM‟s or Hams F12 

+ 5% HSA ± 1000 µg.mL
-1

 hydrogen peroxide (H2O2), which was used as a positive 

toxicity control. Spermatozoa in QAHM‟s medium were incubated at room 

temperature in the laminar flow and spermatozoa in HamsF12 were incubated at 

37°C + 5% CO2. Viable spermatozoa were determined by Eosin Y Exclusion assay 

(section 2.8.5). 

6.3.8 Exposure of Fresh and Cryopreserved Human Spermatozoa to CYN 

The effect of CYN on spermatozoa viability was investigated. Fresh and 

cryopreserved spermatozoa (n=3 respectively; total of 6 participants) were added to 

24-well sterile plates in concentrations of 1 × 10
5
 sperm/well (InVitro, Nunc 

Australia) and exposed to CYN (0, 0.1, 0.3, 1, 3 µM) or 1000 µg.mL
-1

 of H2O2 for 

15 min, 90 min, 4 h, 6 h or 24 h. Each treatment was conducted in duplicate wells. 

Viability was determined by Eosin Y Exclusion assay (refer to section 2.8.5). In a 

separate experiment, fresh spermatozoa (n=3) were exposed to CYN (0.1, 0.3, 1. 3 , 

10 or 30 µM) for periods of 15 min, 4 h, 6 h or 24 h in triplicate wells of a 96-well 

luminescence plate (InVitro Nunc Australia), with a corresponding standard curve 
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of 0 to 5 × 10
5
 spermatozoa/well and viability was determined by the ATPLite 

assay (PerkinElemer). 

6.3.9 Statistical Analysis 

Fresh spermatozoa viability determined by the ATP assay after various exposure 

periods to CYN was initially analysed by a one-way analysis of variance (one-way 

ANOVA); if analysis showed a significant interaction effect (P < 0.05) between 

CYN concentrations and exposure periods a follow-up analysis was conducted in 

which data were split into exposure period and viability in the CYN concentrations 

was analysed by a Tukey post-hoc test to compare means of different treatments 

against the control. P values <0.05 were accepted as significant. All viability data 

obtained from the Eosin Y exclusion assay were analysed by one-way ANOVA. P 

values <0.05 were accepted as significant. Linear regression was used to determine 

correlation between absorbance and spermatozoa number. Statistical Package for 

the Social Sciences (SPSS, v15.0) was used to undertake analyses. Data in graphs 

represent means ± 1 SEM. 
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6.4 Results 

6.4.1 Comparison of Culture Media for Human Spermatozoa  

Spermatozoa were cultured in both Hepes buffered QAHMs medium and sodium 

bicarbonate buffered HamsF12 medium for 1 or 24 h ± 1000 µg.mL
-1

 hydrogen 

peroxide, and number of viable spermatozoa were assessed by Eosin Y Exclusion 

assay. Spermatozoa viability was maintained for 24 h in QAHMs medium but 

declined significantly in HamsF12 (Figure 6-2, P <0.05). The exposure of 

spermatozoa to 1000 µg.mL
-1 

hydrogen peroxide for 1 h did not significantly reduce 

the numbers of viable spermatozoa in either medium, however after 24 h of 

exposure there was a significant decrease in viability in HamsF12 (P <0.05) and a 

similar but not statistically significant decrease in QAHMs when compared to their 

respective medium only controls. 
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Figure 6-2: The Viability of Human Spermatozoa in Different Culture Media 

Fresh human spermatozoa (n=3) were cultured in Hepes buffered (QAHMs) or sodium bicarbonate 
buffered media (HamsF12) media ± 1000 µg.mL

-1
 hydrogen peroxide for 1 h or 24 h. Live spermatozoa 

numbers were determined by the Eosin Y exclusion assay. Significance indicated by *P <0.05 as 
determined by one-way repeated measures ANOVA, bars represent mean ± 1 SEM.
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6.4.2 Tetrazolium- Viability Assays for Assessment of Human Spermatozoa 
Viability  

A concentration range of 0 to 1 × 10
5
 spermatozoa incubated with 0.5 mg mL

-1
 

MTT or 0.32 mg.mL
-1

 MTS for 2 h did not generate a linear relationship between 

spermatozoa concentration and formazan production in either QAHMs (MTT, 

R
2
=0.01; MTS, R

2
=0.06) or HamsF12 (MTT, R

2
=0.12; MTS, R

2
=0.072) medium 

(Figure 6-3: upper and lower panels respectively). There was no difference in 

optical density after 2 h between wells containing spermatozoa and control wells 

containing no spermatozoa in either the MTT or MTS assay, possibly due to the 

high background (Figure 6-3, upper panel and lower panels respectively). In 

comparison to granulosa cells, the optical density in control wells of the MTT assay 

of HamsF12 and QAHMS media were similar. Increasing the incubation time with 

MTT or MTS to 24 h did not generate a linear relationship between spermatozoa 

concentration and optical density in QAHMs (MTT, r
2
=0.10; MTS r

2
=0.43) or 

HamsF12 (MTT, r
2
=0.006; MTS, r

2
=0.08) (Figure 6-4, upper and lower panels 

respectively).  
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Figure 6-3: MTT and MTS conversion to formazan by Human Spermatozoa after 2 h 

Fresh human spermatozoa (n=3) were cultured in Hepes buffered (QAHMs) or sodium bicarbonate 
buffered media (HAMs-F12) media with 0.5mg.mL

-1 
MTT (upper panel) or 0.32 mg.mL

-1
 MTS (lower 

panel) for 2 h. Spermatozoa incubated with MTT were lysed with 20% SDS in 0.02M HCl for 1hr in the 
dark at room temperature and absorbance of formazan at 570nm was plotted against spermatozoa 
number. Production of formazan production by spermatozoa incubated with MTS was assessed at 
490nm, with no solubilisation step required. Error bars represent mean ± 1 SEM.
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Figure 6-4: Conversion of MTT and MTS to formazan by human spermatozoa after 24 h 

Fresh human spermatozoa (n=3) were cultured in Hepes buffered (QAHMs) or sodium bicarbonate 
buffered media (HAMs-F12) media with 0.5mg.mL

-1 
MTT (upper panel) or 0.32 mg.mL

-1
 MTS (lower 

panel) for 24 h. Spermatozoa incubated with MTT were lysed with 20% SDS in 0.02M HCl for 1hr in the 
dark at room temperature and absorbance of formazan at 570nm was plotted against spermatozoa 
number. Production of formazan by spermatozoa incubated with MTS was at determined 490nm, with 
no solubilisation step required. Error bars represent mean ± 1 SEM.
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6.4.3 ATPLite Viability Assay for Assessment of Human Spermatozoa Viability  

The ATPLite assay generated a linear relationship between luminescence (CPS) and 

number of spermatozoa (0 to 1 × 10
5
 spermatozoa/well) cultured in QAHMs 

medium, R
2
=0.98 (Figure 6-5). 

 

 

 

 

Figure 6-5: ATP Assay Standard Curve of Human Spermatozoa 

Fresh human spermatozoa (n=3) were cultured in Hepes buffered (QAHMs) media, assay carried out as 
per manufacturer’s instructions and luminescence (CPS) was plotted against number of spermatozoa. 
Error bars represent mean ± 1 SEM.



The Effects of the Blue-Green Algal Toxin Cylindrospermopsin on Human Spermatozoa

 

199 

 

6.4.4 Effects of CYN on Cryopreserved and Fresh Human Spermatozoa 

CYN concentrations of 0, 0.1, 0.3, 1 or 3 µM in QAHM‟s + 5% HSA had no 

significant effect on the viability of fresh (Figure 6-6, lower panel) or 

cryopreserved spermatozoa (Figure 6-6, upper panel) as assessed by the Eosin-Y 

exclusion assay. As expected, the H2O2 caused a significant decrease in viability 

after 24 h exposure (cryopreserved P <0.01; fresh P <0.05).  

A significant decrease (27%) in the negative control, untreated spermatozoa 

viability (P <0.01, Figure 6-7) were observed after 24 h exposure as determined by 

the ATP assay. The 1000 µg.mL
-1

 H2O2 positive control caused a decrease in 

spermatozoa viability (P <0.05) as previously observed. However the ATP assay 

suggests a significant (88%) decrease in viable number of spermatozoa occurs by 

15 min after exposure to H2O2. At the highest CYN concentration of 30 µM 

spermatozoa viability significantly decreased after 4 h exposure (P <0.01, Figure 

6-7). 
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Figure 6-6: Effects of CYN on Cryopreserved and Fresh Spermatozoa Viability as Determined 
by the Eosin Y Assay 

Fresh (upper panel, n=3) and Cryopreserved (lower panel, n=3) human spermatozoa were treated with 
0, 0.1,0.3, 1.0, 3.0 µM CYN or 1000µg.mL

-1
 hydrogen peroxide in QAHM’s + 5%HSA for 15 min, 4 h or 24 

h. The numbers of viable spermatozoa were determined by the Eosin Y Exclusion assay. Error bars 
represent ± 1 SEM, significance indicated by *P <0.05 as determined by one-way repeated measures 
ANOVA.
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Figure 6-7: Effects of CYN on viability of fresh spermatozoa as Measured by ATP-Dependent 
Luciferase Luminescence 

Fresh human spermatozoa (n=3) were treated with 0, 0.1,0.3, 1.0, 3.0, 10.0, 30.0 µM CYN or 1000 
µg.mL

-1
 hydrogen peroxide in QAHM’s + 5%HSA for 15min, 4 h or 24 h. The numbers of viable 

spermatozoa was determined by the ATPLite Luciferase assay. Error bars represent ± 1 SEM, significance 
indicated by *P <0.05 as determined by one-way between-groups ANOVA. 

a 

a b 
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6.5 Discussion 

Many studies examining spermatozoa have used HamsF10 as the culture medium 

which has an osmolarity of 278-311 mOsmol.L
-1

 when buffered with sodium 

bicarbonate. Other culture media reported include Biggers–Whitten–Whittingham 

(BWW), Human Tubal Fluid and Earls Essential Medium which have osmolarities 

ranging from 277-302 mOsmol.L
-1

, all of which are within the optimal osmolarity 

range for human spermatozoa which is 220 – 380 mOsmol.L
-1

 (Acosta & Kruger 

1996; Aitken et al. 1983; Hughes et al. 1998; Ibrahim et al. 1989; Morris et al. 

2007; Murphey et al. 1986; Tomsu et al. 2002). However QAHM‟s medium (280 ± 

10 mOsmol.L
-1

) is the recommended culture medium for use in IVF culture 

(Patrizio et al. 2003). It was found that QAHM‟s medium maintained spermatozoa 

viability for 24 h of culture whereas viability declined in HamsF12 medium. 

QAHM‟s also appeared to protect against the oxidative effects of hydrogen 

peroxide more effectively than HamsF12. It has been found that the major factor 

that influences cell survival in defined medium is the presence of serum, such as 

human serum albumin (HSA) (Claassens et al. 2000; De Jonge et al. 2003; Rizzino 

et al. 1979). The maintenance of spermatozoa at room temperature reflects the in 

vivo conditions where mature spermatozoa are found in a natural environment of 

approximate temperatures resting at 26°C (Dunkel et al. 1997; Hossain et al. 2008). 

Thus the use of QAHM‟s medium in presence of HSA at room temperature is 

suitable for spermatozoa culture.  

As spermatozoa are densely packed with mitochondria both the MTT and MTS 

assay were investigated to determine if the mitochondria within spermatozoa could 

reduce the tetrazolium salt to formazan, thus providing a correlation between OD 

and number of live spermatozoa. The inability to correlate absorbance of formazan 

to spermatozoa number after 2 and 24 h of culture with MTT in two buffered media 

types suggests that the tetrazolium salt could not reach the mitochondria within 

spermatozoa or was not metabolised under the conditions of our assay system. The 

MTT and MTS assays are dependent on the metabolism of the tetrazolium salt by 

succinate dehydrogenase, an enzyme which is part of the citric acid cycle (Folgero 

et al. 1993; Mosmann 1983) and hence these tetrazolium assays are indirect 
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measures of glucose metabolism (Folgero et al. 1993). The energy production (via 

oxidative phosphorylation) is fuelled by the presence of glucose and its 

metabolism; mature spermatozoa require energy for their motility and thus need to 

be actively metabolising glucose (utilizing oxygen) in order to generate ATP 

(Folgero et al. 1993; Orlando et al. 1982). 

The reduction of MTT and MTS salts by the mitochondria is rapid and has been 

shown to occur within 1h by bovine and 2 h by human spermatozoa (Aziz 2006; 

Nasr-Esfahani et al. 2002). Studies by Aziz et al. (2005) and Nasr Esfahani et al. 

(2002) were able to optimise the MTT assay for equine and human sperm 

respectively. Nasr Esfahani et al. (2002) observed the production of formazan 

crystals in the mid piece of human spermatozoa using light microscopy at ×1000 

magnification, whereas Bernas and Dobrucki (2000) used back scattered light 

confocal microscopy to detect the location of intracellular formazan production 

(Bernas & Dobrucki 2000). Aziz et al. (2006) were able to semi-quantify the 

formazan produced by bovine spermatozoa at 550 nm after 1 h at 37°C prepared in 

Hepes and 0.1% bovine serum albumin (BSA).  

Studies have shown that the extracellular presence of succinate substrate did not 

increase ATP production by spermatozoa (Peterson & Freund 1970), nor increase 

rate of respiration (Folgero et al. 1993), and if MTT/MTS reduction is dependent on 

the succinate dehydrogenase enzymes, the ability of spermatozoa to metabolise the 

salts may not be efficient despite the high permeability of MTT (Mosmann 1983). 

Mitochondrial respiration is favoured at a pH of 7.0 (Murdoch & White 1967), an 

unlikely cause of why the MTT and MTS viability assays did not work in our 

culture system as spermatozoa were cultured in either Hepes (QAHMs) or sodium 

bicarbonate (HamsF12) buffered medium which maintain a pH of 7.0.  

Secondly, it was unlikely that bacterial contamination may have occurred as the OD 

readings between control and spermatozoa containing wells of the MTS assay were 

similar. Despite the reduction of the MTS salt and production of formazan it was 

not linearly related to spermatozoa. The OD in spermatozoa containing wells were 

similar to control wells with no spermatozoa which may be an artefact of the assay 

where formazan is produced in the absence of cells as a result of media type 
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(Bruggisser et al. 2002; Debnam & Shearer 1997; Huang et al. 2004; Young et al. 

2005).  

Thirdly, the presence of serum albumin inhibits mitochondrial respiration, 

favouring anaerobic glycolysis and inhibition of respiration in vitro (Davidoff 

1968). Aziz et al. (2006) used 0.1% BSA in their culture medium in which 

spermatozoa reduced MTT to formazan within 1 h, suggesting that 5% HSA used in 

our culture system may have inhibited respiration in vitro (Davidoff 1968; Huang et 

al. 2004). If spermatozoa in the presence of high concentrations of serum cannot 

metabolise the tetrazolium salt or inhibits respiration an electron transfer reagent 

may be required. The most commonly used is phenazine methosulfate (PMS), 

which is combined with the tetrazolium salts MTS and XTT (Goodwin et al. 1996; 

Vistica et al. 1991). However from our data the formazan produced in the MTS 

assay in spermatozoa containing wells were not significantly higher than control 

wells suggesting that the respiration in the presence of an electron transfer reagent 

was not the limiting factor.  

The study by Davidoff (1968) found that fatty-acid free serum albumin in culture 

potentiated the inhibitory effects of phenethylbiguanide (guanidine derivative) on 

oxidation of pyruvate by the Krebs cycle. This is interesting and may have some 

relevance as CYN is a tricyclic guanidine (Ohtani et al. 1992), if the concentration 

of serum albumin were to be decreased, then the inhibitory effects to mitochondrial 

respiration may potentially be reflected by decreases in motility, decreased ATP 

levels (ATP assay) or decreased formazan production in the MTT or MTS assays (if 

they were to work with the decreased concentrations of serum albumin).  

Two alternative methods, the Eosin Y Exclusion assay and the ATPLite assay, were 

used to determine the number of viable human spermatozoa. Our results show that 

ATP quantification (CPS) was linearly related to number of spermatozoa in 

QAHMs HEPE‟s buffered medium with an R
2 

> 0.98 in QAHMs HEPE‟s buffered 

medium. The ATPLite assay differs from the tetrazolium based assays in that it 

does not require the uptake of a salt or its conversion to a product, but rather 

spermatozoa are lysed and amount of ATP released is quantified. The ATPLite 

assay has been found to be more reliable, sensitive and reproducible than the MTT 
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assay and other tetrazolium based assays (Cree & Andreotti 1997; Mueller et al. 

2004; Petty et al. 1995). The Eosin Y Exclusion assay is a common and effective 

method for determining live spermatozoa based on the principle that live 

spermatozoa have structurally intact cell membranes whereas dead spermatozoa 

have disintegrating cell membranes and will take up the stain (Björndahl et al. 

2004; Eliasson & Treichl 1971; WHO 1999). The ATPLite assay involves the 

quantification of ATP, generated by the mitochondria within spermatozoa, as a 

marker for cell viability and spermatozoa motility (Petty et al. 1995; Sevin et al. 

1988; Vigue et al. 1992). The differences in Eosin Y Exclusion assay and the 

ATPLite assay in determining viability suggest that the ATPLite assay accurately 

determines the number of viable cells and is sensitive in assessing how the 

functionality and sub-lethal cell damage of spermatozoa is occurring after 1h of 

treatment (Cree & Andreotti 1997; Mueller et al. 2004). A decrease in ATP levels 

correlates to a decrease in motility and possibly fertilisation capability (Cree & 

Andreotti 1997; De Jonge et al. 2003; Vigue et al. 1992). 

CYN concentrations of 0.1 – 3.0 µM were not cytotoxic to cryopreserved or fresh 

human spermatozoa by either the Eosin Y Exclusion assay or ATPLite assay. A 

time-dependent decrease in number of viable spermatozoa after exposure to 30 µM 

of CYN (equivalent to 12.5 mg.L
-1

) was observed. A significant decrease in the 

number of viable spermatozoa was detected by the ATPLite assay after 4 h 

exposure to 30 µM. It is possible that very high concentrations of CYN are required 

to observe toxicity in spermatozoa, whereby the presence of albumin in culture 

medium may have masked the effects of CYN at lower concentrations (Claassens et 

al. 2000; De Jonge et al. 2003). The presence of albumin in the culture medium 

decreases the sensitivity of spermatozoa to toxins, as spermatozoa can bind toxic 

components but with preferential adsorption by albumin thus delaying or preventing 

expression of sperm toxicity (Claassens et al. 2000; De Jonge et al. 2003).  

Guanidine derivatives are potent inhibitors of respiration in the mitochondria, the 

presence of albumin potentiates the inhibition by phenethylbiguanide, a biguanidine 

derivative (Davidoff 1968). Although not identical phenethylbiguanide and CYN 

(tricyclic guanidine) may share similarities in their affinity and or how they interact 
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with serum albumin in vitro, furthermore alkyl monoguanidines are specific 

inhibitors of NAD-linked mitochondrial oxidations (Davidoff 1968). Serum 

albumin also affects the mitochondria by binding and removing endogenous supply 

of free-fatty acids, which are also utilised during respiration. Hence if spermatozoa 

are preferentially adsorbing serum albumin in the medium, potentially decreasing 

respiration, which was supported by a decrease in energy production in the form of 

ATP (Figure 6-7, control wells) and the inability for tetrazolium salts to be reduced 

despite published literature suggesting otherwise, then the effects of CYN may be 

masked in mature spermatozoa in vitro. These data do not support the cytotoxic 

effects of CYN on both cryopreserved and fresh spermatozoa previously carried out 

in our laboratory, but show that a 24 h exposure to a concentration of 30 µM was 

required to observe significant decreases in ATP levels of fresh human spermatozoa 

as determined by the ATP assay, which is not unexpected as the mechanisms by 

which CYN induces cytotoxicity do not exist in mature human spermatozoa.  

A decrease in ATP levels correlates to a decrease in motility and possibly 

fertilisation capability (Cree & Andreotti 1997; De Jonge et al. 2003; Vigue et al. 

1992). Despite there being no significant decrease in ATP levels after exposure to 

the lower CYN concentrations, any decrease in ATP levels will adversely affect 

forward progressive motility and subsequent successful fertilisation capabilities of 

spermatozoa. As the motility of spermatozoa is dependent on ATP, the viability of 

spermatozoa in response to toxins in vitro can be investigated by determining the 

levels of ATP as useful end point to measure (Claassens et al. 2000). Semen 

samples with ATP concentrations of less than 40 pmol.10
6
 sperm indicate 

diminishing sperm function and fertilisation capabilities (Vigue et al. 1992).  

The presence of serum albumin also plays a protective role to mature spermatozoa 

decreasing their sensitivity to membrane oxidising agents; it is thought that the 17 

disulfide bridges in serum albumin quenches free radicals preventing oxidative 

damage of the lipids of spermatozoa membrane (Claassens et al. 2000). Higher 

concentrations of CYN are required to cause significant effects on spermatozoa 

viability due to the mechanism by which CYN enters the intracellular environment. 

Although the hydrophilic properties of CYN make it difficult for it to readily 
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diffuse across the lipid bilayer of a cell membrane, CYN toxicity is dependent on 

transport mechanisms and or passive diffusion to enter the intracellular 

environment of a cell (Chong et al. 2002; Froscio et al. 2009) mechanisms which 

may not be present in mature spermatozoa.  

Although the main mechanisms of CYN toxicity are CYP-independent protein 

synthesis inhibition and CYP metabolism dependent cytotoxicity (Froscio et al. 

2001; Froscio et al. 2003; Humpage et al. 2005), protein synthesis in mature 

spermatozoa is limited to the mitochondria; mature spermatozoa also only contain 

mitochondrial ribosomes and no cytoplasmic ribosomes (Hecht 1998; Revelli et al. 

1994). It is also unlikely that CYP metabolites are involved as mature spermatozoa 

do not contain these enzymes (Conley & Hinshelwood 2001). Exposure to CYN 

concentrations of 0 – 3 µM did not elicit a cytotoxic response in mature 

spermatozoa as observed in GC. 

Spermatozoa membranes are densely packed with polyunsaturated phospholipids 

and lack reactive oxygen species (ROS) sequestering antioxidants and have reduced 

capabilities for DNA repair and response to oxidative damage (Aitken et al. 2004). 

Hence CYN-associated cytotoxicity in spermatozoa after 24 h exposure to 30 µM 

CYN was 50% of the control (which also had a significant decrease ATP levels) is 

unlikely to be solely attributed to increased lipid peroxidation, but rather due to an 

additive effect of decreased antioxidant defence mechanisms (Humpage et al. 2005; 

Runnegar et al. 1995) in the absence of seminal fluid (Aitken et al. 2004; Sanocka 

et al. 1997) and potential HSA effects on mitochondrial respiration (Davidoff 

1968).  

Oxidative damage is not limited to the phospholipids of the plasma membrane, 

DNA damage of spermatozoa can also be induced affecting the health of future 

generations as it occurs at the germ line level (Aitken & Baker 2006; Aitken et al. 

2004; Pichini et al. 1994). Hydrogen peroxide is a potent oxidiser and has the 

capability of altering spermatozoa membrane integrity (Aitken et al. 1998). Both 

the number of live fresh and cryopreserved spermatozoa significantly decreased 

after 24 h exposure to hydrogen peroxide as assessed by the Eosin Y assay, 

supporting the hypothesis that hydrogen peroxide as a potent oxidiser of membrane 
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phospholipids (Aitken et al. 1998; Griveau & Lannou 1997). The ATPLite assay 

was much more sensitive than the Eosin Y Exclusion assay for detection of a loss of 

viability as a significant decrease in the number of viable spermatozoa was detected 

by 15 min of exposure to hydrogen peroxide, whereas the Eosin Y assay showed 

hydrogen peroxide to decrease viability after 24 h exposure in both cryopreserved 

and fresh spermatozoa. The decrease in ATP levels is reflective of metabolic 

changes within spermatozoa, and an indication of internal damage to energy supply. 

This may be damage to the mitochondria (Hecht 1998; Revelli et al. 1994). It may 

also be a reflection of ATP leakage from a damaged spermatozoa-plasma 

membrane. The possibility of CYN accumulating in vivo is a real risk as studies 

have showed that increased exposure to environmental tobacco smoke (passive 

smoking) was significantly correlated to an increase in nicotine (a volatile, water -

soluble alkaloid) in seminal fluid, despite nicotine having a short half-life of 2 h 

and 80-90% is metabolised by the liver (Benowitz et al. 1982; Nakajima et al. 1998; 

Pacifici et al. 1995). Similarly a dose of 0.2 mg.kg
-1 

(the approximate median lethal 

dose) was administered to male Quackenbush mice in which approximately 72% of 

CYN was excreted in the urine and faeces of after 12 h exposure (Norris et al. 

2001). 

Many studies have found that xenobiotics often do not affect the morphology of 

spermatozoa. However this does not preclude any effects on fertilising capabilities 

of spermatozoa within the female tract (Fraser et al. 2006). It has been previously 

determined that hydrocarbon concentrations can reach up to 100 µg.kg
-1

 in human 

cervical mucus, where 1 µg.kg
-1

 exerted inhibitory effects on spermatozoa 

functionality (Wagner et al. 1990). In addition, it is worth investigating the uptake 

mechanisms and transport of xenochemicals and similar compounds across 

spermatozoa membranes as they may adversely affect functionality at lower toxin 

concentrations despite no immediate effects on viability. Furthermore as non-motile 

spermatozoa can also be „viable‟ it is important to determine viability by assessing 

DNA damage in spermatozoa using assays such as the COMET assay.  
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6.6 Conclusion  

It is known that „environmental factors, whatever the route, can clearly affect the 

development and function of the male reproductive tract‟ (Aitken et al. 2004). In 

conclusion the data presented here suggests that optimal conditions for examining 

the effects of CYN on spermatozoa were in QAHM‟s medium in conjunction with 

Eosin Y Exclusion assay or ATP quantification to measure the number of viable 

spermatozoa. The MTT and MTS tetrazolium based assays could not be optimised 

for determination of spermatozoa viability under our assay conditions, most likely 

attributed to the presence of 5% serum albumin. Further experiments with 

decreasing concentrations of serum in the culture medium can be investigated to 

determine if human spermatozoa can reduce the MTT and MTS salts to formazan 

and increase sensitivity to CYN. 

There is a real possibility of CYN accumulating in vivo especially with exposure 

periods extending further than 24 h; it is unknown if CYN will accumulate in vivo 

and what the potential affect on the functionality, maturation and development of 

spermatozoa could be. This study presents the initial basis in which further 

spermatozoa functionality tests can be employed to build a deeper understanding of 

the potential risk of CYN on human male reproduction. 
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Chapter 7. General Discussion  

CYN is a toxin produced by fresh water cyanobacteria and has been increasingly 

found in sub-tropical waters (Codd et al. 2005); furthermore the poisoning in Palm 

Island in 1979 was not solely attributed to CYN as Microcystins another 

cyanobacterial toxin was also present. What would be expected in a general 

cyanobacterial bloom is for the presence of many various types of toxins. Thus oral 

ingestion (one method of exposure) of a mixture of toxins may create the potential 

for them to act synergistically and affect reproductive cells. Many environmental 

contaminants such halogenated compounds, dioxins, pesticides and metals have 

been detected in human tissues and have been found in reproductive fluids such as 

seminal and follicular fluids (Edwards 1974; Hess et al. 1998; Wade et al. 2002; 

Wagner et al. 1990). Many of the studies that investigate the cytotoxic effects of 

mixed compounds (at concentrations which meet the TDI) have been in vivo mouse 

models in order to ascertain the damage that may occur as a result of the toxin 

being ingested. This then further allows the examination of organs and histological 

examination of tissues to determine degree of damage. Followed on from this , many 

in vitro studies can be carried out to determine intracellular mechanisms of action. 

The study by Wade et al. (2002) which investigated whether xenobiotic compounds 

work synergistically to increase overall toxicity, found that a mixture of compounds 

were unlikely to generate adverse effects on immune function or reproductive 

physiology. In contrast a study by Walsh et al. (2000) found that a mixture of 

pesticides did synergistically increase the overall inhibition of steroid hormone 

production but rather antagonistically decreasing overall inhibition of 

steroidogenesis to 50%. These types of studies are very valid and necessary when 

doing toxicity studies. However many of them are first dependent on establishing 

whether the toxin in question is toxic, in this thesis the potential of CYN to be a 

reproductive toxicant first needs to be established. The research aims of this thesis 

were to investigate the effects of cylindrospermopsin on human granulosa cells and 

mature spermatozoa from patients undergoing Assisted Reproductive Technology 

(ART). The research can be separated to individually discuss the effects on female 
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reproductive cells, male reproductive cells and then discuss as a whole. Patients 

seeking ART are either infertile or sub-fertile and thus the development and 

„health‟ status particularly of granulosa cells is influenced by reproductive 

histories. This research also aims investigated if the granulosa cells which were 

classified as ‟unhealthy‟ were more sensitive to CYN exposure than their  „healthy‟ 

classified granulosa counterparts. 

Successful human reproduction requires normal functioning of reproductive cells. 

These cells include spermatozoa to fertilise the oocyte and granulosa cells which 

play a major role in production of steroid hormones vital for establishment and 

maintenance of pregnancy (Beckman et al. 1991; Breckwoldt et al. 1996; Chaffkin 

et al. 1993). The gonadotropins; FSH and LH/hCG control steroidogenesis by 

regulating StAR, CYP11A1 and 3βHSD enzymes at the mRNA and or protein level 

(Huang et al. 2004). Steroid hormone production is dependent on increased 

intracellular cAMP levels, translocation of cholesterol substrates into the 

mitochondria and subsequent conversion of cholesterol to pregnenolone by 

CYP11A1, the precursor to all steroid hormones produced (Breckwoldt et al. 1996; 

Clark et al. 1994; Conti 2002; Devoto et al. 2002; Ronen-Fuhrmann et al. 1998; 

Sasson & Amsterdam 2002; Stocco & Clark 1996). An essential criterion when 

using primary-derived cells for use in research is to ensure that they are healthy and 

capable of functioning optimally. This is difficult to determine but clinical 

parameters can be used as indicators. The ability to select healthy spermatozoa is 

relatively straightforward involving a one-step density gradient centrifugation 

dependent on motility of spermatozoa. This parallels the normal fertilisation 

selection processes in vivo where successful fertilisation is dependent on motile 

spermatozoa reaching the oocyte in the female reproductive tract. However, the 

selection of healthy granulosa cells is dependent on a multitude of factors including 

reproductive histories such as: polycystic ovary syndrome (PCOS), irregular 

menstrual cycle/amenorrhoea, or endometriosis which are considered to influence 

the development of granulosa cells as these conditions are influenced by the 

endocrine system which controls hormone regulation and development of ovarian 

cells. Oocyte growth and maturation is dependent on the communication feedback 

between oocyte and granulosa cells (Richards 1994; Russell & Robker 2007). 
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Furthermore this influences the development of GC in vivo and whether GC will 

have a “good” ovarian response characterised by the parameters discussed in 

section 2.2.1. 

The majority of granulosa cells used in this body of research were isolated from 

women which represented “normal”, healthy and fertile general population. A total 

of 55 women were included in this study, 35 cases were attributed to MIF (healthy), 

5 cases FIF (unhealthy) with the remaining 15 attributed to unknown factors.  

Experiments that included granulosa cells which were classified as unhealthy were 

subdivided into healthy and unhealthy cohorts and further analysed to compare 

sensitivity of the cells in the two groups after CYN exposure. 

7.1 In vitro Culture Conditions of Human Primary-derived Granulosa 
Cells 

Prior to undertaking CYN exposure studies, the optimisation of culture conditions, 

viability assays and functionality assays was required.  

Differentiated granulosa cells are characterised by increased steroid hormone 

production, particularly progesterone which is reflected by metabolic changes. Not 

all granulosa cells respond to hCG administered in vivo by differentiating into 

granulosa-lutein cells, this creates a heterogeneous population of cells with varying 

steroidogenesis capabilities (Breckwoldt et al. 1996). Thus upon isolation granulosa 

which have yet to luteinise (~20%) require a „pre-treatment‟ period in culture to 

allow the cells to differentiate a process which can range between 24 h and up to 7 

d (Landefeld et al. 1997; Schipper et al. 1993). Thus a 24 h pre-treatment culture 

period was investigated to determine if it was sufficient for primary-derived 

granulosa to attach to the culture vessel and differentiate into granulosa-lutein cells. 

The optimal period of pre-treatment culture and granulosa cell density to ensure 

that steroid hormone production and viability of cells was maintained in vitro was a 

24 h pre-treatment adherence period using 20×10
3
 cell/well. These two factors were 

determined from our optimisation studies and are supported by published literature 

(Breckwoldt et al. 1996; Chaffkin et al. 1993; Gerlier & Thomasset 1986; Ho et al. 

2004; Macklon & Fauser 1998; Quinn et al. 2006; Sasson & Amsterdam 2002; 
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Steuerwald 2007; Zlotkin et al. 1986). The 20×10
3
 cells/well density produced 

optimal progesterone production, minimal hypertrophy of cells reflected by stable 

numbers of viable cells over a 72 h period in control culture medium and the 

maximum number of experimental combinations could be carried out in 96-well 

culture plates. 

It was hypothesised that the absorbance produced by the reduction of tetrazolium 

salt (MTT) to formazan or staining of granulosa cells with Crystal Violet would be 

proportional to the number of live and viable cells. 

The reduction of MTT tetrazolium salt to formazan was based on the premise that 

cells which have active mitochondria are capable of metabolising the MTT 

(Mosmann 1983). In addition to energy production for cell maintenance, granulosa 

cell function also depends on the mitochondria in order for steroidogenesis to occur 

(Fatum et al. 2009). Determining granulosa cell viability by assessing 

mitochondrial activity using the MTT assay is a particularly important end point; 

furthermore sub-optimal functionality will also reflect capability of steroid 

hormone production. Thus the MTT assay is sensitive enough to detect early 

changes in the viability of GC. This creates difficulty in expressing hormone 

production relative to viable cell number determined by MTT assay, hence the need 

to assess viability via two distinct mechanisms simultaneously to increase 

reliability of results when determining cytotoxic effects (Amsterdam et al. 1999; 

Arthur & Boyd 1974; Fotakis & Timbrell 2006; Hansen et al. 1989). The Crystal 

Violet assay is a simple and rapid assay which determines the number of cells that 

are still attached after treatment exposure.  

In our results both assays had OD570nm that were either strongly linearly or 

exponentially associated to number of cells. Thus the MTT and Crystal Violet 

assay‟s both accurately determined viability and were reproducible, supporting that 

of published literature (Best et al. 1995; Fotakis & Timbrell 2006; Hansen et al. 

1989; Lambert et al. 2000; Mosmann 1983). The linear regression was used to 

estimate the viability of granulosa cells after CYN exposure; as the strong 

correlation to cell number was within the linear region of 2,500 to 40×10
3 

cells/well 

required of the experimental model. 
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As hypothesised granulosa cells which are in a state of differentiation will be 

positive to ORO lipid stain indicating presence of cholesterol substrate. Our results 

show that after 24 h pre-treatment culture period cholesterol substrates were 

detected in granulosa cells using the optimal staining parameters of ORO stain 2 by 

Kinkel et al. (2004) and Stoklosowa et al. (1978), for 15 min at room temperature. 

Furthermore the 20×10
3
 cell/well density is also within the sensitivity and linear 

range of both the MTT and Crystal Violet assays and thus changes to viability can 

be detected as can changes to steroid hormone production. Furthermore this model 

for in vitro culture of GC in our experiments is similar to other GC toxicity models 

established in the literature (Breckwoldt et al. 1996; Sasson & Amsterdam 2002; 

Young et al. 2008). 

7.2 Cytotoxic Effects of CYN on Human Primary-derived Granulosa 
Cells in vitro 

As the human ovaries are highly vascularised the contents of the follicular fluid are 

comprised of secretions from granulosa cells and plasma exudates due to the 

permeability of the blood-follicle membrane (membrane separating theca and 

granulosa cells) to components of the plasma; thus the granulosa cell and the oocyte 

within the follicle are exposed to components of the circulatory system similar to 

other tissue and cell types (Edwards 1974; Hess et al. 1998). Thus there is a real 

risk of granulosa cell exposure to the blue green algal toxin cylindrospermopsin 

(Young et al. 2008). Furthermore hydrocarbons, drugs and environmental toxins 

have been found to enter the human semen; of particular interest is nicotine, an 

alkaloid with similar properties to CYN (Benowitz et al. 1982; Nakajima et al. 

1998; Pacifici et al. 1995). 

The primary objective of this research was to investigate the cytotoxicity of CYN 

on primary-derived human granulosa cells in which it was hypothesised that CYN 

would be cytotoxic in a time and dose dependent manner.  

CYN is primarily hepatotoxic, with cytotoxicity occurring by 18 h at 1.0 µM CYN 

(LDH assay) in primary mouse hepatocytes and at 0.1 µM CYN (MTT assay) after 

72 h exposure in rat hepatocytes (Chong et al. 2002; Froscio et al. 2003). More 
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recently a study was carried out by Young et al. (2008) investigating the effects of 

CYN on the viability and steroid hormone production by human primary-derived 

granulosa cells in vitro. Results showed CYN to be cytotoxic (viability was 

assessed by the MTT assay) and to cause a decrease in hCG-stimulated 

progesterone production. Toxicity was observed after 24 h exposure to 1 µg.mL
-1

 

CYN (~2.4 µM). In our results CYN was cytotoxic after 48 h exposure to 1.0 µM 

(MTT assay) and 3.0 µM (Crystal Violet assay). Young et al. (2008) also showed 

that 48 h exposure to 1.0 µM CYN caused GC cytotoxicity (MTT assay). It is 

possible that primary-derived granulosa cells are less sensitive to cytotoxic effects 

of CYN than primary rat and mouse hepatocytes. This may be attributed to the 

higher concentration of CYP- CYN metabolising enzymes found in hepatocytes 

specifically targeted to eliminating foreign compounds and toxins,  or different 

uptake mechanisms between species and cells between primary-derived and 

immortalised cell line (Froscio et al. 2009; Froscio et al. 2009; Froscio et al. 2003; 

Payne & Hales 2004). Alternatively cytotoxicity may be indirectly caused by 

inhibition of protein synthesis which is a slower mechanism of toxicity.  

It was also hypothesised that CYN would decrease basal granulosa cell steroid 

hormone production reflected by the percent of cholesterol staining and or decrease 

in 3βHSD activity. Steroid hormone production after exposure to CYN was 

quantified by radioimmunoassay and results were comparable to Young et al. 

(2008). Young et al. (2008) found basal progesterone production decreased after 24  

h exposure to 0.0625 µg.mL
-1

(~0.3 µM) CYN and that a concentration of 1 µg.mL
-1

 

CYN (~2.4 µM) decreased hCG-stimulated progesterone production after 6 h 

exposure. In this study progesterone production decreased after 72 h exposure to 

0.1 µM CYN and was attributable to the loss of viability. Similarly, estradiol 

concentrations in combined data significantly decreased after 72 h exposure to all 

CYN concentrations tested of which only 1.0 and 3.0 µM were attributable to loss 

of viability. The consequence of the inhibition of estradiol production is the arrest 

in the development and maturation of granulosa cells (Devoto et al. 2002). 

Steroidogenesis depends on the availability of cholesterol substrates (positive Oil 

Red O (ORO) lipid stain) of which the rate of steroidogenesis is dependent on the 
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intracellular availability of cholesterol substrates and activity of enzymes involved 

in steroidogenesis (Bar-Ami 1994). Furthermore the decrease in steroid hormone 

production was not entirely as a result of decreased cholesterol substrate which 

occurred after 24 h exposure to 3.0 µM CYN, yet the decrease in cholesterol 

substrate availability cannot be ruled out as a contributing factor to decreased 

steroid hormone production.  

Progesterone production is dependent on 3βhydroxysteroid dehydrogenase enzyme 

activity (3βHSD), section 1.1.1. The decreases in progesterone production occurred 

after 72 h exposure to 0.1 µM CYN. In our results the decreases in progesterone 

concentrations were a result of decreased viability rather than 3βHSD activity or 

cholesterol availability, which is unlikely to be caused by a decrease in substrate 

availability at 3.0 µM CYN. The presence of cholesterol lipids reflected the 

presence of an endogenous supply of substrate for steroid hormone production, and 

the presence of 3βHSD activity suggests that live cells remaining after CYN 

exposure maintain properties for steroidogenic functionality (Bar-Ami 1994; 

Fischer & Kahn 1972). Furthermore our results did not support the decrease in 

progesterone production found by Young et al. (2008) to be attributed to a loss of 

3βHSD functionality or substrate availability. Further work is required to determine 

if enzyme activity was altered.  

The decreased steroid hormone production observed by Young et al. (2008) only 

occurred in hCG responsive granulosa cells. The non- hCG responsive granulosa 

cells in the study by Young et al. (2008) indicate either an un-luteinised granulosa 

cell population or granulosa cells that have yet to desensitise from in vivo 

gonadotropin stimulation and are unable to respond to further stimulation without a 

pre-treatment culture period in vitro, which can be up to 7 d (Landefeld et al. 1997; 

Schipper et al. 1993). However it can also indicate differences between granulosa 

cells based on their „health‟ status (as described in section 4.1) in which responsive 

cells are considered to have luteinised and likely to reflect healthy cells.  

It was hypothesised that differences in the sensitivity to cytotoxic effects of CYN 

would be observed between „healthy‟ and „unhealthy‟ granulosa cells. The data 

from Chapter 4 were from combined women of healthy and unhealthy granulosa 
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cells and differences in sensitivity to the cytotoxic effects of CYN were apparent 

between these groups. It was found that granulosa cell viability and steroid 

hormone production in the unhealthy cohort were more sensitive to the cytotoxic 

effects of CYN at lower concentrations but not an earlier time point. Granulosa 

cells which are healthy would be expected to have optimal mitochondrial 

capabilities and steroidogenesis, dependent on CYP enzymes hence „healthy‟ GC 

would be expected to be more sensitive which was not the case most likely 

attributed to their decreased capabilities for cellular defence mechanisms (Fatum et 

al. 2009; Russell & Robker 2007). 

7.3 Cytotoxic Effects of CYN on Granulosa Tumour Cell Line -The KGN 
Cells 

Differences have been found to exist in the cellular uptake of CYN between cell 

lines and primary cells (Froscio et al. 2009). Primary-derived human granulosa 

cells are a good model to work with as they are the closest in vitro reflection of the 

in vivo physiological state. However, the granulosa tumour cell line, KGN provides 

an opportunity to compare results and possibly identify mechanisms that control the 

response in primary derived cells, with minimal biological variability and are 

particularly useful when primary-derived granulosa cells are less readily available 

(Macklon & Fauser 1998; Minehata et al. 2007; Nishi et al. 2001). It was 

hypothesised that CYN would adversely affect KGN cells at a similar concentration 

and exposure period to primary-derived granulosa cells. In our study the 

proliferation of KGN cells was both time and dose-dependently inhibited after 48 h 

exposure to 3.0 µM CYN. In comparison to primary-derived granulosa cells loss of 

KGN viability as determined by the Crystal Violet assay were similar. Indicating 

that CYN toxicity in granulosa cells is delayed in comparison to mouse hepatocytes 

for reasons aforementioned in section 7.2. However cAMP- stimulated progesterone 

production in KGN cells was significantly inhibited after 48 h exposure to 0.1 µM 

CYN suggesting that steroidogenesis and mitochondrial functioning was affected 

prior to onset of cell death. If the MTT assay was carried out as the viability assay 

may have detected an earlier loss of viability which may have reflected the 

significant decreases in progesterone production at 0.1 µM CYN.  
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7.4 Effects of CYN on Human Primary-derived Granulosa Cell Protein 
Synthesis in vitro.  

It was hypothesised that CYN would inhibit protein synthesis in a time and dose 

dependent manner causing subsequent decreases in steroid hormone production. 

Cylindrospermopsin is a potent inhibitor of protein synthesis (PSI) which occurs 

after 4 h exposure to 0.5 µM CYN and is unrelated to cytochrome P450 (CYP) 

metabolism dependent cytotoxicity (Froscio et al. 2003). The capability of 

luteinised and non-luteinised granulosa cells to undertake protein synthesis in vitro 

does not differ between the two cell states (Landefeld et al. 1997).  

As hypothesised CYN inhibited protein synthesis after 6 h exposure to 5 µM. It 

occurred within a similar time frame as observed in mouse hepatocytes (4 h). 

However protein synthesis inhibition occurred at a concentration 10-fold higher 

than primary mouse hepatocytes (0.5 µM CYN), supporting the difference in 

sensitivity and uptake mechanisms between type of cells (Froscio et al. 2009). The 

earlier onset of cytotoxicity in hepatocytes is attributable to uptake mechanisms 

which may involve the bile acid transport pathway, passive diffusion and the 

generation of bioactive CYP metabolites (Chong et al. 2002; Froscio et al. 2001; 

Froscio et al. 2003). CYP metabolite induced cytotoxicity and protein synthesis 

inhibition occur independently (Froscio et al. 2001; Froscio et al. 2003). Whereas in 

granulosa cells, CYP metabolism dependent cytotoxicity remains to be elucidated, 

what can be extrapolated from the data was granulosa cells (at 5 µM after 6 h 

exposure) were 10-fold less sensitive to PSI than hepatocytes (0.5 µM after 4 h 

exposure) but the uptake into cells occurred within a similar time frame and 

continued over a 24 h period where PSI was signficantly inhibited in GC. Froscio et 

al. (2009) found that in the presence of a cell membrane, CYN uptake was slower 

but continued to enter the cell over a 24 h period. This may suggest that CYN is 

utilising similar uptake mechanisms to enter cells, such as the bile acid transport 

system (Chong et al. 2002) as bile acids have been detected in the ovarian follicle 

(Smith et al. 2009).  

Although no statistically significant decreases in steroid hormone production were 

observed in direct relation to inhibition of protein synthesis. The significant 
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decreases in steroid hormones which occurred after 72 h exposure were correlated 

to loss of cell viability (Chapter 4), whereas CYN exposure periods in the protein 

synthesis inhibition assays were only for 24 h, hence loss of viability and steroid 

hormone production may have been attributed to decreased protein synthesis but is 

not apparent until after 72 h of in vitro culture. Steroid hormone production is 

dependent on de novo protein synthesis, thus the acute exposure period and 

decreases in protein synthesis may have contributed to the significant decreases in 

steroid hormone production in protein synthesis assays and cytotoxicity of GC 

(Chapter 4). The protein synthesis time course assay ranged from 0 to 24 h which 

was selected to gauge the onset of protein synthesis and compare to protein 

synthesis inhibition observed in primary mouse hepatocytes studies carried out by 

Froscio et al. (2003). 

In vitro hCG stimulates the expression of CYP11A1 protein promoting 

steroidogenesis (Chaffin et al. 2000; Voutilainen et al. 1986). Granulosa cells were 

cultured for 24 h or 48 h prior to CYN exposure to investigate if there would be a 

difference in the sensitivity of GC responding to hCG stimulation and whether 

changes in CYP11A1 protein levels would be correlated to steroid hormone 

production. The results showed the strongest detection of CYP11A1 after 24 h 

adherence with no hCG stimulation or CYN exposure. The decrease in protein 

synthesis was not directly reflected in decreased CYP11A1 levels in neither hCG-

stimulated nor non-hCG stimulated granulosa cells. Granulosa cells were 

responsive to hCG stimulation after 48 h adherence supporting that desensitisation 

of GC to in vivo stimulation occurs after 2 d in culture (Breckwoldt et al. 1996; 

Edgar et al. 1991). The data further supports that granulosa cells were in a state of 

differentiation and could be responsive to hCG stimulation despite the increase in 

progesterone production not being statistically significant, in section 5.4.7. Studies 

have shown that decreases in steroidogenic enzyme mRNA levels are not 

immediately reflected in protein levels, this may explain the delay in inhibition of 

steroid hormone production observed in our results (Huang et al. 2004). 

Furthermore acute steroidogenesis is dependent on the rate limiting enzyme StAR 

and its de novo synthesis, therefore if PSI is causing decreased steroid hormone 

production it is more likely to be attributed to StAR protein levels, than those of 
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CYP11A1. The PSI experiments carried out indicate general inhibition of protein 

synthesis by CYN. 

An extended exposure period to reflect that of cytotoxicity assays is required in 

order to correlate CYP11A1 enzyme levels and steroid hormone production to 

determine if the decreases observed in protein synthesis assays are correlated to 

decreases in steroid hormone after CYN exposure. The semi-quantification of 

CYP11A1 protein levels does not provide an indication about enzyme activity or if  

the active site has been modified and thus specific effects of CYN on CYP11A1 

protein cannot be elucidated.  

7.5 Effects of CYN on Mature Human Spermatozoa 

It was hypothesised that mature human spermatozoa would reduce the MTT and or 

MTS tetrazolium salts as the axenomes of spermatozoa are densely packed with 

mitochondria. Although the MTT assay was applicable for determining viability of 

granulosa cells we could not adapt the MTT or MTS assay to determine viability of 

human spermatozoa, as previously reported by the other studies. (Aziz et al. 2005; 

Nasr-Esfahani et al. 2002). It is possible that the MTT and MTS salts could not 

reach the mitochondria within spermatozoa or were not metabolised under the 

conditions of our assay system despite conducting the MTT assay under similar 

culture conditions to that of the successful studies. The presence of serum albumin, 

known to inhibit mitochondrial respiration (Davidoff 1968; Huang et al. 2004), of 

which our culture medium comprised of 5% human serum albumin may have 

inhibited the reduction of MTT by mitochondrial succinate dehydrogenases.  Aziz et 

al. (2006) cultured their spermatozoa in Hepes containing 0.1% of bovine serum 

albumin. 

As hypothesised ATP concentrations were quantified and linearly related to the 

number of viable spermatozoa. The Eosin Y and ATPLite assay were alternative 

methods of determining viability providing a rapid, sensitive and accurate 

determination of live number of spermatozoa and an indication of spermatozoa 

functionality by determining membrane integrity and energy production 

respectively. 
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The mechanisms by which CYN mediates its toxicity include CYP metabolites and 

protein synthesis inhibitions, both of which are not actively present in spermatozoa, 

thus it was hypothesised that CYN concentrations of 0 - 10 µM CYN were not 

cytotoxic to spermatozoa. Despite studies showing that oxidative stress was not a 

significant factor in the toxicity of CYN (Humpage et al. 2005), spermatozoa 

membranes are highly susceptible to oxidative stress. Whether the 30 µM CYN 

concentration was a level to induce a chain reaction of oxidative damage or directly 

oxidised lipids is unclear. The 30 µM CYN caused what was interpreted as a loss of 

spermatozoa viability by compromising membrane integrity and decrease of 

intracellular ATP levels (which degenerates rapidly) as determined by both Eosin Y 

and ATP assay respectively. The ATPLite assay was much more sensitive than the 

Eosin Y Exclusion assay for detection of a loss of viability. The decrease in ATP 

levels is reflective of metabolic changes within spermatozoa, and an indication of 

internal damage to energy supply. This may be damage to the mitochondria or 

protein synthesis occurring at the mitochondrial level (Hecht 1998; Revelli et al. 

1994).  

7.6 Conclusion 

In conclusion the mitochondrial dehydrogenase enzymes of granulosa cells were 

capable of reducing the MTT tetrazolium salt to formazan producing absorbance 

that was proportional to cell number. Furthermore the granulosa cells stained with 

the Crystal Violet dye and produced an absorbance that was proportional to cell 

number. It was determined that primary-derived granulosa cells require a minimum 

of 24 h adherence to attach and exhibit characteristics of a differentiated population 

capable of steroidogenesis, indicated by increased progesterone production. The 

differentiated state of primary-derived granulosa cells that exhibit characteristics of 

granulosa-lutein cells are reflected by the presence of cholesterol substrates, 

increased progesterone production and hCG responsiveness- the latter by which 

depends on a cell‟s ability to first desensitise to in vivo hyperstimulation. The 

results indicate that GC required a minimum of 24 h pre-treatment culture period; 

however data from hCG experiments suggest 48 h is required for desensitisation to 

occur. The granulosa-lutein cells were identified by positive Oil Red O lipid 

staining for the presence of cholesterol substrates required for steroidogenesis. 
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Cylindrospermopsin was cytotoxic to granulosa cells at 1.0 µM CYN after 48 h 

reducing granulosa cell viability comparable to that observed by Young et al. 

(2008). Furthermore CYN decreased basal progesterone and estradiol production by 

primary-derived granulosa cells after 72 h exposure to 0.1 µM CYN in both 

unhealthy and healthy granulosa cells. Changes to steroid hormone production were 

not a direct result of decreased cholesterol substrate availability which occurred 

after 24 h exposure to 3.0 µM. In addition the decrease in progesterone production 

was not as a result of decreased 3βHSD enzyme activity staining which remained 

unaffected throughout CYN treatment. This research introduced the need to 

incorporate the reproductive histories of women as an important factor when 

selecting the granulosa cells to use for in vitro research. Granulosa cells classified 

as unhealthy were more sensitive to the cytotoxic effects of CYN in comparison to 

their healthy counterparts. Cylindrospermopsin was also cytotoxic to the granulosa 

cell line, KGN cells in which the proliferation of KGN granulosa cells ceased 

within the time frame required for cell number to double. In addition there was a 

decrease in cell viability after exposure to CYN at similar concentrations to those 

that were cytotoxic to primary GC. Cylindrospermopsin decreased cAMP-

stimulated progesterone production in KGN cells after 72 h exposure to 0.1 µM 

CYN and inhibited cAMP-stimulated progesterone production after 48 h exposure 

to 1.0 µM CYN. 

Protein synthesis in primary-derived granulosa cells was inhibited by 6 h exposure 

to 5.0 µM CYN, within a similar time-frame as primary-derived hepatocytes but at 

a 10-fold higher concentration. The subsequent decreases in steroid hormone 

production were not correlated to significant decreases in protein synthesis 

inhibition after a total 24 h CYN exposure. The protein levels of the CYP11A1 

enzyme decreased after exposure to CYN in the absence of hCG stimulation after 

24 h adherence. Loss of CYP11A1 protein levels after CYN exposure may have 

been prevented by the presence of hCG, with no effect on CYP11A1 protein levels 

after 48 h adherence in the presence of hCG and CYN. Progesterone production was 

found to be unrelated to CYP11A1 protein levels, in contrast to estradiol 

concentrations after 24 h adherence. 
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Human mature spermatozoa could not reduce the tetrazolium salt to produce 

formazan such that no linear relationship could be established relating absorbance 

to spermatozoa numbers in either the MTT or MTS assay. Thus the MTT and MTS 

assays could not be used as viability assays. However upon lysis of spermatozoa, 

ATP concentrations measured by the luminescence signal generated by the ATPLite 

assay conditions was linearly related to number of viable spermatozoa and was used 

as a viability assay, in addition to the Eosin Y assay routinely used to determine 

viability of spermatozoa in ART laboratories. CYN concentrations up to 10 µM did 

not adversely affect human mature spermatozoa. However exposure to 30 µM 

decreased ATP levels which is related to viability of spermatozoa.  

Finally, CYN was cytotoxic to granulosa cells both primary-derived and the KGN 

cell line. However granulosa cells were less sensitive than mouse hepatocytes. CYN 

uptake by granulosa cells may utilise the bile acid transport pathway in addition to 

passive diffusion, with cytotoxicity occurring as a result of protein synthesis 

inhibition and not CYP metabolites. Decreases in steroid hormone production were 

likely to be caused by protein synthesis inhibition of the steroidogenic rate limiting 

enzyme StAR and also loss of viability. Granulosa cells were the reproductive cells 

used to investigate the affects of CYN as a reproductive toxicant in the female 

system; however the equivalent Sertoli cells from the male reproductive system 

were not used but rather mature human spermatozoa. The Leydig cells are found 

adjacent to the seminiferous tubules, surround the Sertoli cells, and secrete 

testosterone (also under the influence of LH) essential for the production of mature 

spermatozoa. The Leydig cells are also susceptible to CYN toxicity through similar 

mechanisms to granulosa cells. However mature human spermatozoa were used 

primarily due to preliminary data obtained from our laboratory which suggested 

that CYN was cytotoxic to mature spermatozoa and significantly reduced their 

viability within 1 h. This researched aimed to further elucidate those claims. 

Although granulosa cells are diploid cells and spermatozoa are haploid cells, both 

of these cell types are crucial for the establishment and maintenance of pregnancy. 

CYN was found not to be cytotoxic to spermatozoa which remained viable 

compared to the hydrogen peroxide positive control. Human mature spermatozoa 

are unlikely to be affected by CYN as they lack the primary mechanisms by which 
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CYN mediates its effects. Thus the development of spermatozoa within the Sertoli 

cells (site of spermatogenesis) of the testes or testosterone production by the Leydig 

cells would be the next steps in determining CYN‟s role as a reproductive toxicant. 

Furthermore it would also be necessary to investigate the affect of growth and 

differentiation of immature granulosa cells after exposure to CYN. These 

subsequent research investigations would parallel the development of key 

reproductive cells in both male and female reproductive systems which are required 

in the establishment and maintenance of pregnancy within ethical boundaries.   

7.7 Future Directions 

The reality is cylindrospermopsin is not the only cyanobacterial toxin to be found in 

Australian waters. In more temperate waters, microcystins, anatoxins and 

nodularins can also be found and are potent cyanotoxins. Although C.raciborskii is 

observed mainly in tropical areas it is also increasingly found in temperate 

Australian waters and hence a mixture of cyanotoxins is likely to occur in 

freshwaters. Hence investigations in to the toxicity of a mixture of cyanotoxins 

need to be carried out as their combined effects on human reproductive cells at low 

concentrations which mimic a natural occurrence will eventually be required. 

Extensive research needs to be directed towards cylindrospermopsin toxicity due to 

its potency as a hepatotoxin and potential carcinogenic effects in vivo and in vitro. 

Recent studies have begun to investigate the carcinogenetic, genotoxicity, and 

reproductive effects of CYN; however these have been in murine models. Thus this 

research identifies the potential risk to human reproduction. The combination of 

cell death, decrease in steroid hormone and protein synthesis inhibition in primary 

GC and KGN cells requires further investigation to determine mode of cell death, 

whether cell death is occurring via apoptosis or as a response to increased cAMP 

levels. Toxins have the ability to reach and pass through the reproductive systems 

in both males and females. A toxin such as nicotine, which has similar properties to 

CYN have been demonstrated to reach the reproductive cells and hence indicates 

that CYN may potentially be cytotoxic and adversely affect functionality of these 

cells. Further toxicity assays over longer exposure periods need to be undertaken, 

whilst investigating the various uptake mechanisms by which CYN enters granulosa 

cells, if CYP inhibitors play a minor role in cytotoxicity and if steroidogenic 
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enzymes are affected by the general inhibition of protein synthesis. Decreases in 

mRNA levels are not immediately reflected in protein levels and thus the delay in 

effects on steroid hormone production should be further investigated by quantifying 

steroid hormone substrate precursors to aromatase, CYP11A1 and 3βHSD 

steroidogenic enzymes to assess if there is decreased functional activity as a result 

of exposure to cylindrospermopsin. By decreasing the concentrations of human 

serum albumin in the spermatozoa culture medium, it may be possible to determine 

if the presence of serum albumin inhibited the reduction of tetrazolium salts to 

formazan. Despite no adverse effects to membrane integrity of spermatozoa after 

acute exposure to CYN in vitro there is a chance of chronic exposure within the 

female reproductive tract where spermatozoa can survive for up to 4 days. The 

potential of decreased ATP concentrations in vitro may reflect decreases in motility 

and functionality in vivo which need to be further investigated.  
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CYN has the potential to adversely affect the seeds of tomorrow by accidental 

exposure through the one element we cannot live without- water.
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8.1  Clinical Data from Entire Cohort of Women  
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Experimental 
End Point 

Woman 
ID 

Age of 
Patient 

Previous 
Pregnancy? 

Years of 
Infertility  

BMI Smoker 

Optimisation 29 41 No Infertility <1 
year 

20 Non-
Smoker 

Optimisation 30 32 No Unknown unknown Unknown 

Optimisation 32 33 No Infertility <1 
year 

20 Non-
Smoker 

Optimisation 33 34 No Infertility 2-5 
years 

unknown Non-
Smoker 

Optimisation 34 35 No Infertility <1 
year 

unknown Unknown 

Optimisation 35 44 No Unknown unknown Unknown 

Optimisation 36 28 No Infertility <1 
year 

unknown Unknown 

Optimisation 37 32 No Unknown unknown Unknown 

Optimisation 39 42 No Unknown unknown Unknown 

Optimisation 41 39 No Infertility 2-5 
years 

unknown Unknown 

Optimisation 42 39 No Infertility > 6 
years 

31 Non-
Smoker 

Optimisation 44 36 No Infertility 2-5 
years 

23 Non-
Smoker 

Optimisation 45 33 No Infertility <1 
year 

unknown Non-
Smoker 

Optimisation 46 31 No Infertility 2-5 
years 

30 Smoker 

Optimisation 47 30 No Infertility <1 
year 

unknown Non-
Smoker 

Optimisation 48 34 No Infertility 2-5 
years 

unknown Non-
Smoker 

Optimisation 49 43 No Infertility 2-5 
years 

28 Non-
Smoker 

Optimisation 50 56 No Infertility 2-5 
years 

unknown Non-
Smoker 

Optimisation 51 29 No Infertility 2-5 
years 

25 Non-
Smoker 

Optimisation 52 36 No Infertility <1 
year 

unknown Unknown 

Optimisation 54 48 No Infertility 2-5 
years 

unknown Unknown 

Optimisation 55 44 No Infertility 2-5 
years 

20 Non-
Smoker 

Optimisation 31 36 Yes Infertility <1 
year 

unknown Non-
Smoker 

Optimisation 38 29 Yes Infertility <1 
year 

28 Non-
Smoker 

Optimisation 40 35 Yes Infertility 2-5 
years 

unknown Non-
Smoker 

Optimisation 43 40 Yes Unknown 31 Non-
Smoker 

Optimisation 53 34 Yes Infertility 2-5 
years 

unknown Non-
Smoker 

Optimisation 11 41 yes Infertility <1 
year 

34 Non-
Smoker 

Optimisation 13 36 yes Infertility <1 
year 

unknown Unknown 

CYN and GC 1 29 no Infertility 2-5 
years 

27 Non-
Smoker 

CYN and GC 6 34 no Infertility <1 
year 

18 Non-
Smoker 

CYN and GC 7 41 no Infertility <1 
year 

24 Non-
Smoker 
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Table 8-1: ART Demographic and Clinical Variables of all women in Cohort 

CYN and GC 9 31 no Infertility 2-5 
years 

unknown Non-
Smoker 

CYN and GC 10 33 no Unknown unknown Unknown 

CYN and GC 12 38 no Unknown 33 Non-
Smoker 

CYN and GC 14 27 no Unknown 25 Unknown 

CYN and GC 15 36 no Unknown 23 Non-
Smoker 

CYN and GC 2 32 yes Infertility 2-5 
years 

unknown Unknown 

CYN and GC 3 32 yes Infertility 2-5 
years 

43 Non-
Smoker 

CYN and GC 4 37 yes Infertility 2-5 
years 

18 Smoker 

CYN and GC 5 33 yes Infertility <1 
year 

29 Non-
Smoker 

CYN and GC 8 33 yes Infertility > 6 
years 

22 Non-
Smoker 

PSI & 
Westerns 

16 38 no Infertility <1 
year 

25 Non-
Smoker 

PSI & 
Westerns 

17 33 no Infertility 2-5 
years 

unknown Non-
Smoker 

PSI & 
Westerns 

18 33 no Infertility 2-5 
years 

unknown Non-
Smoker 

PSI & 
Westerns 

19 30 no Infertility <1 
year 

29 Non-
Smoker 

PSI & 
Westerns 

20 35 no Infertility <1 
year 

29 Non-
Smoker 

PSI & 
Westerns 

21 27 no Unknown 35 Non-
Smoker 

PSI & 
Westerns 

22 25 no Infertility <1 
year 

20 Non-
Smoker 

PSI & 
Westerns 

23 35 no Unknown unknown Unknown 

PSI & 
Westerns 

24 36 no Infertility 2-5 
years 

28 Non-
Smoker 

PSI & 
Westerns 

25 28 no Infertility 2-5 
years 

25 Non-
Smoker 

PSI & 
Westerns 

26 43 no Unknown 38 Smoker 

PSI & 
Westerns 

27 33 no Infertility > 6 
years 

22 Smoker 

PSI & 
Westerns 

28 31 no Infertility 2-5 
years 

29 Smoker 
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Experimental 
End Point 

Woman 
ID 

Previous Number 
of ART Cycles 

Infertility 
Factor 

Infertility Description ART 
Procedure 

Basal FSH 
(IU/L) 

Total FSH 
Administered 

(units) 

Maximum 
Plasma E2 
(pmol/L) 

Optimisation 29 2 Both Endometriosis & Spermatozoa ICSI 6.00 1,300 11,153 

Optimisation 30 1 Unknown Normal Parameters IVF unknown 1,900 22,521 

Optimisation 32 3 Male 
Factor 

Spermatozoa ICSI 7.00 1,700 4,522 

Optimisation 33 1 Male 
Factor 

Spermatozoa IVF 9.00 1,250 3,341 

Optimisation 34 1 Unknown Unknown IVF unknown 2,000 8,504 

Optimisation 35 8 Male 
Factor 

Un Specified ICSI unknown 2,250 8,054 

Optimisation 36 1 Male 
Factor 

Un Specified ICSI unknown 1,100 6,419 

Optimisation 37 1 Male 
Factor 

Un Specified ICSI unknown 1,575 6,689 

Optimisation 39 4 Unknown Unknown IVF unknown 3,600 10,138 

Optimisation 41 3 Male 
Factor 

Un Specified ICSI unknown 2,400 2,321 

Optimisation 42 3 Unknown Unknown IVF 8.00 4,900 4,552 

Optimisation 44 2 Female 
Factor 

Tubal Ligation IVF 7.00 3,000 3,471 

Optimisation 45 5 Both Endometriosis & Normal Sperm 
Parameters 

ICSI 8.00 3,180 6,689 

Optimisation 46 1 Male 
Factor 

Spermatozoa ICSI 6.00 1,400 8,516 

Optimisation 47 1 Male 
Factor 

Spermatozoa ICSI 14.00 1,800 1,892 

Optimisation 48 1 Male Donor Sperm IVF 5.00 1,275 4,129 
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Factor 

Optimisation 49 2 Female 
Factor 

Endometriosis & Normal Sperm 
Parameters 

ICSI 5.00 2,213 14,790 

Optimisation 50 2 Male 
Factor 

Spermatozoa & Ovarian Cyst ICSI 7.00 2,400 8,722 

Optimisation 51 3 Male 
Factor 

Spermatozoa ICSI 8.00 1,200 13,747 

Optimisation 52 1 Unknown Un Specified IVF unknown 900 5,085 

Optimisation 54 8 Male 
Factor 

Un Specified ICSI unknown 4,050 15,320 

Optimisation 55 2 Male 
Factor 

Spermatozoa IVF 25.00 5,850 5,254 

Optimisation 31 3 Unknown Unknown IVF 9.00 3,500 8,944 

Optimisation 38 2 Male 
Factor 

Spermatozoa & History of 
Pregnancy 

ICSI 5.00 1,237 8,105 

Optimisation 40 6 Male 
Factor 

Donor Sperm & History of 
Pregnancy 

ICSI 5.00 1,800 5,503 

Optimisation 43 8 Male 
Factor 

Spermatozoa IVF 10.00 4,050 5,052 

Optimisation 53 9 Female 
Factor 

Endometriosis/Tubal 
Ligation/Ectopic/History of 

Pregnancy 

ICSI 15.00 6,300 2,551 

Optimisation 11 1 Male 
Factor 

Spermatozoa/History of Pregnancy ICSI 5.00 2,200 20,686 

Optimisation 13 1 Male 
Factor 

Spermatozoa/History of Pregnancy ICSI unknown 1,350 2,332 
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CYN and GC 1 1 Male 
Factor 

Spermatozoa ICSI 10.00 1,850 4,479 

CYN and GC 6 1 Unknown Normal Parameters/Anorexia IVF 5.00 650 5,367 

CYN and GC 7 1 Female 
Factor 

Tubal Ligation IVF 7.80 2,900 8,173 

CYN and GC 9 6 Male 
Factor 

Spermatozoa/Type II Diabetes 
(female) 

ICSI 10.00 4,462 4,249 

CYN and GC 10 1 Unknown Normal Parameters IVF unknown 1,575 3,199 

CYN and GC 12 2 Male 
Factor 

Spermatozoa ICSI 6.00 2,050 18,961 

CYN and GC 14 4 Male 
Factor 

Spermatozoa ICSI 5.00 937 4,293 

CYN and GC 15 1 Male 
Factor 

Spermatozoa ICSI 14.00 1,800 6,416 

CYN and GC 2 5 Both Ectopic Preg/Endometriosis/History 
of Pregnancy 

ICSI 10.00 3,500 3,664 

CYN and GC 3 6 Male 
Factor 

Spermatozoa/History of Pregnancy ICSI 5.00 3,500 3,664 

CYN and GC 4 3 Both Ectopic Preg/History of Pregnancy ICSI 10.00 2,500 4,602 

CYN and GC 5 1 Female 
Factor 

Ectopic Pregnancy IVF unknown 1,300 9,869 

CYN and GC 8 5 Male 
Factor 

Spermatozoa/History of Pregnancy ICSI 6.00 1,500 15,699 



 

234 

 

PSI & 
Westerns 

16 5 Male 
Factor 

Spermatozoa ICSI 10.00 9,450 6,256 

PSI & 
Westerns 

17 4 Unknown Normal Parameters ICSI 5.00 1,875 2,315 

PSI & 
Westerns 

18 1 Unknown Normal Parameters ICSI 5.00 1,650 14,768 

PSI & 
Westerns 

19 4 Male 
Factor 

Spermatozoa ICSI 6.00 1,500 32,476 

PSI & 
Westerns 

20 1 Unknown Normal Parameters IVF 8.00 2,800 13,575 

PSI & 
Westerns 

21 1 Male 
Factor 

Spermatozoa ICSI 6.00 3,375 5,068 

PSI & 
Westerns 

22 3 Male 
Factor 

Un Specified ICSI 4.00 1,650 22,971 

PSI & 
Westerns 

23 5 Male 
Factor 

Spermatozoa ICSI unknown 1,800 4,628 

PSI & 
Westerns 

24 2 Male 
Factor 

Un Specified ICSI 5.00 2,025 4,087 

PSI & 
Westerns 

25 7 Male 
Factor 

Spermatozoa ICSI 5.00 975 4,987 

PSI & 
Westerns 

26 3 Male 
Factor 

Un Specified ICSI 6.00 4,200 3,805 

PSI & 
Westerns 

27 15 Male 
Factor 

Un Specified ICSI 7.00 1,012 7,314 

PSI & 
Westerns 

28 3 Male 
Factor 

Spermatozoa ICSI 7.00 1,950 2,285 

Table 8-1: ART Demographic and Clinical Variables cont
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Experimental 
End Point 

Woman 
ID 

Follicula
r Fluid 
Tubes 

Collecte
d 

Number of 
Mature 

Follicles 

Number 
Oocytes 

Aspirated 

Granulosa 
Cells 

Isolated 
(cells/mL) 

Pregnancy 

Optimisation 29 3 6.00 11.00 1.7E+05 No 

Optimisation 30 8 6.00 14.00 3.9E+05 No 

Optimisation 32 4 4.00 6.00 4.0E+05 Yes 

Optimisation 33 3 3.00 8.00 3.2E+05 Yes 

Optimisation 34 8 2.00 24.00 7.9E+05 No 

Optimisation 35 5 2.00 7.00 4.0E+05 No 

Optimisation 36 6 2.00 11.00 7.9E+05 Yes 

Optimisation 37 5 5.00 11.00 1.2E+06 No 

Optimisation 39 5 5.00 3.00 3.9E+05 No 

Optimisation 41 4 3.00 1.00 5.6E+05 No 

Optimisation 42 4 5.00 7.00 3.2E+05 Yes 

Optimisation 44 3 1.00 8.00 8.0E+05 No 

Optimisation 45 7 5.00 9.00 3.0E+05 No 

Optimisation 46 11 7.00 23.00 6.1E+05 Yes 

Optimisation 47 3 3.00 2.00 9.6E+04 Yes 

Optimisation 48 4 3.00 6.00 8.0E+05 Yes 

Optimisation 49 16 8.00 30.00 4.2E+05 No 

Optimisation 50 6 6.00 10.00 6.1E+05 No 

Optimisation 51 7 4.00 14.00 5.9E+05 Yes 

Optimisation 52 5 8.00 30.00 1.2E+06 No 

Optimisation 54 2 2.00 14.00 5.6E+04 Yes 

Optimisation 55 2 3.00 7.00 4.6E+05 No 

Optimisation 31 6 7.00 5.00 2.8E+05 No 

Optimisation 38 7 7.00 16.00 7.3E+05 No 

Optimisation 40 6 5.00 18.00 7.3E+05 Yes 

Optimisation 43 4 3.00 4.00 2.2E+05 No 

Optimisation 53 4 4.00 6.00 5.5E+05 Yes 

Optimisation 11 9 8.00 15.00 6.9E+05 Yes 

Optimisation 13 2 2.00 4.00 3.4E+05 No 

CYN and GC 1 6 5.00 7.00 7.6E+05 No 

CYN and GC 6 5 8.00 8.00 6.5E+05 Yes 

CYN and GC 7 6 6.00 8.00 8.4E+05 No 

CYN and GC 9 7 7.00 10.00 3.2E+05 No 

CYN and GC 10 7 5.00 5.00 3.1E+05 No 

CYN and GC 12 9 7.00 21.00 6.4E+05 No 

CYN and GC 14 8 5.00 14.00 3.7E+05 No 

CYN and GC 15 7 5.00 12.00 1.6E+06 No 

CYN and GC 2 5 3.00 7.00 6.1E+05 No 

CYN and GC 3 5 4.00 7.00 6.1E+05 No 

CYN and GC 4 4 5.00 6.00 6.0E+05 No 

CYN and GC 5 6 2.00 13.00 1.1E+06 No 

CYN and GC 8 10 10.00 12.00 1.6E+06 No 

PSI & 
Westerns 

16 5 3.00 6.00 9.4E+05 No 
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PSI & 
Westerns 

17 5 3.00 6.00 1.2E+06 No 

PSI & 
Westerns 

18 21 5.00 32.00 4.2E+06 Yes 

PSI & 
Westerns 

19 17 12.00 14.00 7.9E+05 No 

PSI & 
Westerns 

20 10 9.00 6.00 1.2E+06 No 

PSI & 
Westerns 

21 8 10.00 14.00 2.2E+06 No 

PSI & 
Westerns 

22 12 19.00 22.00 1.8E+06 No 

PSI & 
Westerns 

23 5 7.00 11.00 9.0E+05 Yes 

PSI & 
Westerns 

24 8 4.00 7.00 1.8E+06 No 

PSI & 
Westerns 

25 7 12.00 12.00 1.8E+06 No 

PSI & 
Westerns 

26 3 2.00 3.00 8.8E+05 Yes 

PSI & 
Westerns 

27 6 6.00 14.00 1.3E+06 Yes 

PSI & 
Westerns 

28 3 3.00 4.00 6.4E+05 No 

Table 8-1: ART Demographic and Clinical Variables cont 

Table details individual clinical data. Total ART cases N=55; woman ID (note this is ID for identification 
within thesis); previous pregnancy (number of pregnancies prior to infertility treatment resulting in live 
births); Years of infertility (number of years patient has been clinically diagnosed as in/subfertile); BMI= 
body mass index (kg/m

2
); smoker; Number of previous cycles (number of previous ART cycles 

undertaken); infertility factor (female or male infertility factor); infertility description (indicators of why 
in/subfertility is an issue); ART procedure (in vitro fertilisation or intracytoplasmic sperm injection); Basal 
FSH (IU/L) blood sample taken prior to commencement of treatment cycle; E2 = maximum plasma 
estradiol concentrations (pmol/L); Number of Mature Follicles aspirated per woman for each cycle; 
Number of Oocytes aspirated refers to the total number of oocytes collected from cycle; Number of 
Follicular Fluid Tubes refers to number of tubes of follicular fluid collected from each woman on day of 
oocyte retrieval; Number of GC isolated refers to GC yield from density gradient centrifugation 
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8.2 Reagents, Stock Solutions & Media Preparation 

8.2.1 Reagents 

Chemical/ Product Source 

2-Mercaptoethanol Sigma-Aldrich, St Louis, MI, USA 

Acetic Acid-glacial Aldrich Chemicals, St Louis, MI, USA 

Albumin from 
Bovine Serum 
Fraction V 
minimum 96% 
lyophilized powder 

Sigma-Aldrich, St Louis, MI, USA 

Ammonium 
Persulphate 

BioRad, Vic Australia 

Arcylamide Bis 
(30%) 

BioRad, Vic Australia 

Crystal Violet Aldrich Chemicals, St Louis, MI, USA 

DMEM/HAMS F12 
(with Hepes, 
glutamine & no 
sodium 
bicarbonate) 

Invitrogen, Australia 

Donkey anti-
Sheep/Goat (DAG) 

Chemicon (Millipore), Australia 

Estradiol 125I Tracer MP Biomedicals, Australia 

Fetal Calf Serum (GIBCO) Invitrogen, Australia 

Formalin Sigma-Aldrich, St Louis, MI, USA 

Glycine Sigma-Aldrich, St Louis, MI, USA 

Hydrochloric 
Acid(12M): 

Aldrich Chemicals, St Louis, MI, USA 

Insulin Sigma-Aldrich, St Louis, MI, USA 

KCl Sigma-Aldrich, St Louis, MI, USA 

Lymphoprep 
(Ficoll-Hypaque) 

GE Healthcare, Australia 
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Methanol Aldrich Chemicals, St Louis, MI, USA 

Neutral Red (1% 
v/v) 

Department of Anatomical Physiology & Pathology, Flinders 
Medical Centre 

PEG (Polyethylene 
glycol) 

(BDH) Merck Pty Ltd, Australia 

Penicillin/Streptom
ycin 

Invitrogen, Australia 

Primary antibody 
(Sheep polyclonal 
to Progesterone)  

MP Biomedicals, Australia 

Progesterone  Sigma-Aldrich, St Loui, MI, USA 

Progesterone I125 
Tracer  

MP Biomedicals, Australia 

Sheep Anti-rabbit 
Serum (SAR) 

Chemicon (Millipore), Australia 

Skim Milk Diploma- Local Supermarket 

Sodium 
Bicarbonate 
(NaH2CO3) 

Pfizer, Australia 

KH2PO4 Sigma-Aldrich, St Louis, MI, USA 

Merthiolate 
(Thimerosal) 

Sigma-Aldrich, St Louis, MI, USA 

Na2H2PO4 Sigma-Aldrich, St Louis, MI, USA 

Na2HPO4 (disodium 
hydrogen 
orthophosphate) 

Sigma-Aldrich, St Louis, MI, USA 

NaCl Sigma-Aldrich, St Louis, MI, USA 

NaH2PO4.2H2O 
(sodium 
dihydrogen 
orthophosphate) 

Sigma-Aldrich, St Louis, MI, USA 

Sodium 
Bicarbonate 
(NaHCO3) 

Sigma-Aldrich, St Louis, MI, USA 

Sodium dodecyl 
sulphate 

Sigma-Aldrich, St Louis, MI, USA 

Sodium Selenite Sigma-Aldrich, St Louis, MI, USA 
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TEMED Sigma-Aldrich, St Louis, MI, USA 

Thiazolyl Blue 
Tetrazolium (MTT): 

Sigma-Aldrich, St Louis, MI, USA 

Transferrin Sigma-Aldrich, St Louis, MI, USA 

Trizma Base Sigma-Aldrich, St Louis, MI, USA 

Tryp/EDTA (0.5g/L 
porcine trypsin/ 
0.2g/L EDTA 

Sigma-Aldrich, St Louis, MI, USA 

Trypan Blue Sigma-Aldrich, St Louis, MI, USA 

Tween 20 Sigma-Aldrich, St Louis, MI, USA 

 

8.2.2 Media 

Granulosa Cell Base Medium 

Preparation of wash medium (DMEM/F-12) with no foetal bovine serum (FBS) for a 5L volume: 

 60 g DMEM/HAMS F12 powder (Gibco BRL, Invitrogen Life Sciences, Mount Waverly, 
Vic., Australia) (12 g.L-1 final concentration) 

 6 g of Sodium Bicarbonate NaHCO3 

 Streptomycin (SIGMA, Australia 5000 μg.mL-1) 

 Penicillin (SIGMA, Australia 5000IU.mL-1) 

Wash medium DMEM/F12 was filter sterilised Nitrogen 4.0 gas cylinder. A vacuum tank and 
medium tank from were used. 1000ml irrigation bottles were used to make up to 5L. The 
solution’s pH was set to 7.4. The media was then sterilised. 

Prior to use, wash media was further filter sterilised using a 250mL filter steriliser using 0.22 
μm filter. 

Spermatozoa QAHM’s Medium 

Media was purchased pre-prepared: 

QAHM’s®, SAGE Media In-Vitro Fertilisation Inc, CT, USA 

Spermatozoa Hams F12 Medium  

Preparation of Hams F12 medium (with 25mM HEPES, 1.176g/L Sodium Bicarbonate and 5% 
Human Serum Albumin) for a 500mL volume: 

  5.35g HAMS F12 powder (10.64 g/L modified with L-Glutamine and without Sodium 
Bicarbonate MP Biomedicals, Australia)dissolved in 450mL MQ water 



Reagents, Stock Solutions & Media Preparation

 

240 

 

 2.98g HEPES 

 7mL of Sodium Bicarbonate NaHCO3 (8.4% v/v) 

 Adjusted volume to 500mL 

Media was filter sterilised using 500mL filter with 0.2µM filter (Millipore, Australia). The 
solution’s pH was set to 7.4 using potassium hydroxide.  

For use in culture Human Serum Albumin added to final concentration of 5%. Media was 
equilibrated in humidified incubator with 5% CO2 prior to use.  

Full Granulosa Cell Medium  

 Fetal Bovine Serum at 10% (Gibco BRL, Invitrogen Life Sciences, Mount Waverly, Vic., 
Australia) of final volume 

 1ml of 100 × ITS stock (Insulin 0.5 mg.mL-1, Transferrin 0.5 mg.mL-1, Selenium 0.5 
mg.mL-1, Invitrogen Life Technologies, Mount Waverly, Australia) 

 89 mL ‘Granulosa Base Medium’ DMEM/F12 

These are then filter sterilised using a 250 mL filter steriliser prior to use and can be stored at -
20oC until use. 

 

8.2.3 Stock Solutions 

100 × Insulin/Transferrin/Selenium (ITS) Stock 

Dissolve 20 µl selenium, 20 mg transferrin and 2 mL insulin in 40 mL DMEM/F12, filter sterilise 
(0.2 µm), aliquot into 1.5 mL eppendorfs. Stored at -20oC.  

Heat Inactivation of Fetal Calf Serum 

Heat 500 mL bottle of FCS at 56oC for 30 min. Aliquot into 10 mL tubes (aseptically). Store at -
20oC 

10 × Phosphate Buffered Saline (PBS) 

Reagents/Product Grams/Litre 

NaCl 80 

KCl 2 

Na2H2PO4 14.4 

KH2PO4 2.4 

Dissolve salts in 900 mL M.Q. H2O 
Adjust pH to 7.4 
Make up to 1 L with M.Q. H2O 
Store at room temperature 
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10 × MTT (5 mg/mL) 

Dissolve 500 mg in 100 mL 1× PBS 
Filter Sterilise 
Aliquot into 1 mL 
Store at -20oC 

Trypan Blue 

Dissolve 0.9 g sodium chloride in 90 mL M.Q. H2O (salt solution) 
Dissolved 0.2 g Trypan Blue in salt solution 
Made up to 100 mL 
Filtered 
Stored at room temperature 

20% Sodium dodecyl solution in 0.2 M HCl 

Reagents/Product Concentration 

SDS 20% (w/v) 

HCl 0.2 M 

Dissolve 20 g of SDS in 100 mL 0.2 M HCl (with gentle heating) 
Store at room temperature 

Crystal violet 

Reagents/Product Volume 

0.5% (w/v) Crystal Violet 0.5 g 

50% Methanol (1:1 methanol: 
M.Q.H2O) 

100 mL 

Dissolve Crystal Violet in 50% methanol. 
Store at room temperature 

33% Acetic acid (100mL) 

Mix 33 mL of acetic acid with 67 mL of M.Q.H2O. Store at room temperature. 
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Sperm diluent 

Reagents/Product Volume 

0.05%(w/v)Sodium Bicarbonate (NaHCO3) 0.5 g 

0.01%(v/v)Formalin/Formaldehyde 100 mL 

Dissolve 5 g NaHCO3 80 mL M.Q.H2O, add 1 mL Formalin 
Make up to 100 mL  
Autoclave  
Store at room temperature
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8.3 Calculations and Conversions 

 

Spermatozoa Conversion Table 

Dilution 25 squares 10 squares 5 squares 

undiluted Divide by 100 - - 

1:2 Divide by 50 Divide by 20 Divide by 10 

1:5 Divide by 20 Divide by 8 Divide by 4 

1:10 Divide by 10 Divide by 4 Divide by 2 

1:20 Divide by 5 Divide by 2 Divide by 1 

1:50 Divide by 2 Divide by 0.8 Divide by 0.4 

Figure 8-1: Calculation of Live Spermatozoa Concentration (sperm/mL) 

When determining spermatozoa concentration, if there is a high concentration of 

spermatozoa then less number of squares are counted as described in 2.8.5 Eosin Y 

Assay, thus calculations are adjusted according to the number of squares counted.  

Mix a 40 µL sample of spermatozoa sample with 20 µL of Eosin Y for 30sec. 

Add 20 µL of Sperm diluent, giving a total of 1:2  

Count the number of pink and white spermatozoa in 10 µL aliquot on 

haemocytometer (in central 25 square) until total spermatozoa counted is 200. 

Hence if all 25 squares counted at 1:2 dilution and obtained 20 pink (dead) sperm 

and 40 white (live) sperm then the concentration of live sperm is (40/50)= 0.8 x 10
6 

sperm/mL 
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MTT/MTS/Crystal Violet Assay Standard Curve and Determination of Number of Viable Cells  

The standard curve was derived by creating a graph which had a Y-axis 

representing the absorbance obtained and an X-axis representing the cells per well 

concentration. The average absorbance obtained for the six-replicate wells per cell 

concentration was graphed. A linear regression trendline was added to the graph 

from which the R-squared coefficient (R
2
) was displayed. The R-squared value is 

an indicator from 0 to 1 that shows how closely the estimated values for the 

trendline correspond to the actual data. The trendline was said to be reliable when 

its R-squared value was greater than that of 0.98 as it produced the most linear 

standard plot (Young et al 2004).  

The linear region of the plot was used to calculate the relationship between optical 

density and cell number by using the form of  

y = mx +c 

where “y” was equal to the optical density, “m” was equal to gradient of the straight 

line and “c” was equal to the intersection with the Y-axis. 

This equation was used to calculate the number of viable cells in each well after the 

cells had undergone their respective treatments. 
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8.4 ImageJ Analysis 

Images taken on BX50 Brightfield Microscope were scored for ORO Lipid Staining 

and 3βHSD staining using ImageJ software (Wright Cell Imaging Facility, 

University Health Network Research, Toronto, Canada):  

ImageJ Analysis software was downloaded from: 
http://www.uhnres.utoronto.ca/facilities/wcif/fdownload.html 
 
1. Image was opened and “Plugins” was selected from the toolbar menu 

2. The “particle analysis” option was selected 

3. The cell counter option in “particle analysis” was selected. 

4. A new window of the same image was opened, with additional buttons at the 

bottom of the window. This was called the counter window of (image name). An 

additional window, the results window, was used to tabulate the counts generated. 

5. At the bottom of the counter window four buttons each assigned with a colour, red, 

green, blue and yellow, and a fifth button is labelled results. 

6. When analysing ORO images 

a.  The red button was assigned to cells that did not stain with ORO and thus 

are referred to as ORO negative cells. 

b. The green button was assigned to cells that did stain with ORO and thus are 

referred to as ORO positive cells. 

7. When analysing main 3βHSD images: 

a. Negative 3βHSD large cells (red button, Table 2-6) 

b. Light stained 3βHSD large cells (green button, Table 2-6) 

c. Intense stained 3βHSD large cells (blue button, Table 2-6) 

d. Small Dense Cells (yellow button, Table 2-6) 

NB a separate set of images were analysed for Negative staining (red button); 

very light staining (green button) or light staining (blue button) 

8. How to use the colour coded buttons:  

a. If the red button was pressed then any cells in the image selected (for 

example an ORO negative cell with no visible staining of ORO droplets in 

cells) then the cell will have a red dot placed on it, this will then be 

simultaneously recorded in the results window. 

b. After “red button” selection was completed, the next coloured button would 

follow in which the results will be simultaneously recorded in the results 

window. 

9. When the whole image has been scored then the results were tallied, providing an 

average of all red, green, blue and yellow counts in selected in the image. This is 

done by pressing the results button in the counter window. 

10. Data was then saved as an Microsoft Excel file (.xls) 

11.  This was repeated for 4 images (repeat) per treatment per time point for each 

woman.  

12. Data was then exported to SPSS for statistical analysis.

http://www.uhnres.utoronto.ca/facilities/wcif/fdownload.html
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8.5 SDS-Reagents & Western Immunoblotting Buffers 

Below details the buffers and reagents used in semi-quantification of CYP11A1 

protein. 

Separating Gel (12%)  

Reagent Volume 

M.Q H2O  3.4 mL 

Solution A Gel Buffer (pH8.8) 2.5 mL 

10%SDS 0.1 mL 

Acrylamide Bis (30%) 4.0 mL 

10%APS 50 µl 

TEMED  5 µl 

Stacking Gel (4%)  

Reagent Volume 

M.Q H2O 6.1 mL 

Solution B Gel Buffer (pH6.8) 2.5 mL 

10%SDS 0.1mL 

Acrylamide Bis (30%) 1.3 mL 

10%APS 50 µL 

TEMED  10 µL 

3x Loading Buffer 

Reagents Amount 

M.Q H2O 3.55 mL 

0.5M Tris-HCl, pH6.8 1.25 mL 
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Glycerol 2.5 mL 

10% (w/v) SDS 2 mL 

0.5% (w/v) bromophenol blue 0.2 mL 

Mix 475 µL loading Buffer + 25 µL of 2-mercaptoethanol prior to mixing with sample 
 

Solution A Gel Buffer (1.5M Tris-HCl, pH 8.8) 

Reagents Amount  

Tris-Base 90.86 g 

M.Q H2O 400 mL 

Adjust to pH 8.8 with HCl.  
Bring 500 mL with M.Q H2O 
Store at 4oC. 
 

Solution B Gel Buffer (0.5M Tris-HCl, pH 6.8) 

Reagents Amount  

Tris-Base 30.29 g 

M.Q H2O 400 mL 

Adjust pH 6.8 with HCl.  
Bring to 500 mL with M.Q H2O 
Store at 4oC. 

10% Ammonium Persulphate 

Reagents Amount  

Ammonium Persulphate 100 mg 

M.Q H2O 1 mL 
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Running Buffer: 

Reagent Amount 

Tris Base(15 g/L) 30.3 g 

Glycine(72 g/L) 144.0 g 

SDS(5 g/L) 10.0 g 

M.Q H2O 1 L 

 

Transfer Buffer  

Reagent Amount 

25 mM Tris Base 3.03 g 

192 mM Glycine 14.4 g 

20% (v/v) Methanol 200 mL 

M.Q H2O 800 mL 

Do not adjust the pH 
Store at 4oC. 
 

Blocking Buffer 

Reagent Amount 

40 mM Tris 2.422 g 

5% (w/v) Skim Milk 25 g 

0.1% (v/v) Tween 20 0.5 mL 

M.Q H2O 500 mL 

Dissolve powders in M.Q H2O  
Adjust pH 7.4 with concentrated HCl,  
Add the Tween20  
Store at 4oC (maximum 1day). 
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Wash Buffer 

Reagents Amount 

20 mM Tris Base  2.42 g 

150 mM NaCl  8.77 g 

5% (w/v) Skim Milk Powder(g) 
 

 
50 g 

0.1% (v/v) Tween20   1 mL 

Dissolve powders in M.Q H2O  
Adjust pH 7.4 with concentrated HCl 
Add the Tween20  
Store at 4oC  

10 x Tris-Tween Buffer 

Reagent Amount 

40 mM Tris Base 48.46 g 

0.1% (v/v Tween 20 10 mL 

M.Q H2O 1 L 

Dissolve powders in M.Q H2O  
Adjust pH 7.4 with concentrated HCl,  
Add the Tween20  
Store at 4oC  
 

Ponceau S Stain 

Reagent  Amount 

0.2% (w/v) Ponceau S  20 g 

10% acetic acid  10 mL 

Dissolve Ponceau S in 10% acetic acid 

Store at room temperature. 
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10% SDS: 

Reagents/Product Amount 

10% (w/v)SDS 10 g 

M.Q H2O 90 mL 

Dissolve powders in M.Q H2O  
Store at room temperature 

Stripping Buffer  

Reagents/Product  Amount 

100 mM B-mercaptoethanol  698 µL 

2% w/v Sodium Dodecyl Sulphate (SDS) 
 

 
2.0 g 

62.5 mM Tris-HCl (pH: 6.7)  0.757 g 

Dissolve Tris-HCl in 80 mL M.Q. H2O 
Adjust pH to 6.7 with NaOH 
Add 2.0g SDS  
Make up to 100 mL with M.Q. H2O  
Add 698 µ: of β-mercaptoethanol  
Store room temperature
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8.6 Radioimmunoassay Reagents 

8.6.1 Common Reagents 

Normal Rabbit Serum (NRS)  

Final concentration 1:100 
Store at 4oC 

PEG (Polyethylene glycol) 

Dissolve 164 g in 1 L M.Q.H2O  
Store at 4oC 

NaFam Buffer  

Reagents/Product Amount 

NaH2PO4.2H2O (sodium dihydrogen orthophosphate) 1.86 g 

Na2HPO4 (disodium hydrogen orthophosphate) 4.581 g 

Merthiolate (Thimerosal) 0.24 g 

NaCl 6 g 

EDTA (ethlenediamine-tetraacetic acid) 3.274 g 

RO H2O 1 L 

BSA (albumin from Bovine Serum) 2.5 g 

Dissolve all reagents except the BSA in 1 L M.Q.H2O 
Adjust pH to 7.4 with NaOH. 
Add 2.5 g of BSA to 1 L of NaFam buffer  
Store at room temperature
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BioRad Quality Control 1, 2 and 3 

 
Hormone 

Quality Control Mean Range 

Progesterone 

QC 1 0.94 ng/mL 0.38-1.50 ng/mL 

QC 2 6.54 ng/mL 4.25-8.3 ng/mL 

QC 3 16.7 ng/mL 10.9-22.5 ng/mL 

Estradiol 

QC 1 83.2 pg/mL 22.5-144 pg/mL 

QC 2 189 pg/mL 66.2-312 pg/mL 

QC 3 416 pg/mL 191-641 pg/mL 

Table 8-2: BioRad Assay Quality Control Concentrations 

The BioRad Quality controls (QC 1, 2 and 3) were used for both progesterone and estradiol radio 
immunoassays. To ensure that the standard curve produced from either progesterone or estradiol 
standards used are reliable the concentrations of progesterone and estradiol for each of the QC need to 
match the above levels. 

8.6.2 Progesterone Reagents 

Progesterone 125I Tracer (1.1 ml/vial 10µCi) 

Determine counts/min 
Dilute to 10,000 counts/ 100 µL/ sample tube 
Store at 4oC 

Progesterone Standards Range  

Standards of 0,1,2,5,50,500,1000, and 2000 ng/mL made from Progesterone (see 

Reagents, Stock Solutions & Media Preparation) 

Make up in DMEM/F12 + 10%FCS + ITS 
Store at 4oC 

Progesterone Primary Antibody 

Primary antibody (Rabbit polyclonal to Progesterone) 
Dilute to final concentration of 1:5000 per 100 µL/sample tube in NaFam buffer 
Store at 4oC 

Sheep Anti-rabbit Serum (SAR- 18-36 mg/mL protein) 

Dilute 1:30 per 100 µL/sample tube in NaFam buffer 
Store at 4oC
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Progesterone RIA Experimental Flow Diagram 

 

Figure 8-2: Progesterone RIA Experimental Flow Diagram 

The progesterone RIA experimental flow diagram is a step by step outline of the order in which reagents 
were added to each tube to determine progesterone concentration in samples. Each sample was 
identified with a tube number. Assay controls: total counts (progesterone tracer only), Non-specific 
binding tubes (NSB tubes without primary antibody), progesterone standards (0-2000 ng/mL) and 
BioRad QC1-3 controls were assayed in duplicate. Sample tubes were assayed in triplicate. Time period 
refers to which post-treatment media was collected from. Flow diagram then shows the order (steps 1 
through to 12) in which reagents were added, respective volumes, incubation periods and technique 
involved. 
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Figure 8-3: Progesterone RIA Standard Curve 

X-axis represents concentration of progesterone standards (ng.mL
-1

) with the y-axis representing % of 
bound progesterone tracer, hence as progesterone concentration in sample or standard increases the 
amount of progesterone 

125
I
 
tracer bound in the fraction decreases. The %Ref/Total refers to the binding 

of progesterone 
125

I
 
tracer that can bind from the total amount present. Values should not exceed 

50.0%. The %NSB/total is non-specific binding of total amount of total progesterone present in the form 
of 

125
I
 
tracer; this value should remain below 10%. 
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8.6.3 Estradiol Reagents 

Estradiol 125I Tracer (1.1 ml/vial 10 µCi) 

Determine counts/min 
Dilute to 10,000 counts/ 100 µL/sample tube 
Store at 4oC 

Estradiol Standards 

0, 20, 50, 250, 750, and 2000 pg/mL (stock of 4 x 106 pg/mL) 
Make up in DMEM/F12 + 10% FCS + ITS 
Store at 4oC 

Primary antibody (Goat polyclonal to 17β estradiol)  

Dilute to final concentration of 1:100,000 per 100 µL/sample tube in NaFam buffer 
Store at 4oC 

Secondary antibody (Donkey anti-sheep, 36 mg/mL total protein)  

Dilute 1:30 per 100 µL/sample tube in NaFam buffer 
Store at 4oC 
 

Estradiol RIA Experimental Flow Diagram 

Figure 8-4: Estradiol RIA Experimental Flow Diagram 

The Estradiol RIA experimental flow diagram is a step by step outline of the order in which reagents 
were added to each tube to determine estradiol concentration in samples. Each sample was identified 
with a tube number. Assay controls: total counts (estradiol tracer only), Non-specific binding tubes (NSB 
tubes without primary antibody), estradiol standards (0-2000 pg/mL) and BioRad QC1-3 controls were 
assayed in duplicate. Sample tubes were assayed in triplicate. Time period refers to which post-
treatment media was collected from. Flow diagram then shows the order (steps 1 through to 12) in 
which reagents were added, respective volumes, incubation periods and technique involved. 
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Figure 8-5: Estradiol RIA Standard Curve 

X-axis represents concentration of estradiol standards (pg.mL
-1

) with the y-axis representing % of bound 
estradiol tracer, hence as estradiol concentration in sample or standard increases the amount of 
estradiol 

125
I
 
tracer bound in the fraction decreases. The %Ref/Total refers to the binding of estradiol 

125
I
 

tracer that can bind from the total amount present. Values should not exceed 50.0%. The %NSB/total is 
non-specific binding of total amount of total estradiol present in the form of 

125
I
 
tracer; this value should 

remain below 10%. 

.
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8.7 KGN MTT Standard Curve  

 

Figure 8-6: MTT Standard Curve for KGN Cells 

KGN (n=3) seeded at a densities range of 0 to 4× 10
4
 cells/well were allowed to adhere for 24 h in 

DMEM/F12 + 10% FCS. KGN processed for MTT assay salt (0.5 mg/mL, n=16) for 24. Scatterplot shows 
linear regression of mean absorbance (570nm) ± 1 SEM to KGN concentration (cells/well). This was 
carried out by Vicki Edwards (2008), Department of Medical Biotechnology, Health Sciences, Flinders 
University Australia. This figure refers to section 3.3.5.3 KGN Cells.
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