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Abstract 

Haemoglobin is present in a diverse group of non-erythroid tissues, with proposed roles in oxygen 

regulation and sequestering reactive oxygen species (ROS) or nitric oxide (NO). Previous studies 

discovered in vivo matured cumulus oocyte-complexes (COCs) of mouse and human origin express 

haemoglobin in high amounts, compared to drastically low levels following maturation in vitro. In 

vitro maturation (IVM) is known to produce poorer quality COCs, likely due to changes in gene 

expression and irregular ROS/NO levels. In this thesis, I aim to investigate the role of haemoglobin 

in oxygen regulation and sequestering ROS and NO, which are vital for maintaining healthy oocyte 

development. 

Haemoglobin interacts with partner molecule 2,3-bisphosphoglycerate (2,3-BPG), synthesised by 

bisphosphoglycerate mutase (Bpgm), to facilitate the release of oxygen. The maintenance of a low 

oxygen environment is crucial to ensuring oocyte developmental success. This thesis provides new 

insights on the characterisation of Bpgm in the in vivo matured and IVM COC, demonstrating a 

contrasting expression pattern between Bpgm and haemoglobin. Interestingly, Bpgm is highly 

expressed in IVM COCs relative to in vivo, and modifications to IVM were made to uncover how it 

is regulated. A CRISPR-Cas9 knockdown of Bpgm was carried out, with exciting initial results 

suggesting Bpgm might be involved in the upregulation of oxygen-regulated genes. 

During COC development, its metabolic needs rely heavily on oxidative phosphorylation, which can 

result in undesirably high levels of ROS. I investigated the antioxidant potential of haemoglobin to 

nullify ROS by testing different in vitro models of oxidative stress. Menadione induced ROS 

production in granulosa cells and COCs, while compromised culture conditions, simulating a poor 

IVM environment, increased ROS levels in denuded oocytes (DOs). Although exogenous 

haemoglobin quenched ROS in granulosa cells, this was not observed in DOs. This result brings to 

light the vulnerability of DOs in poor IVM conditions and warrants further investigation to combat 

oxidative insult induced by the culture environment. 

Nitric oxide (NO) may play a role in oocyte meiotic arrest due to its ability to increase levels of cyclic 

GMP, a known phosphodiesterase inhibitor, thus maintaining high cyclic AMP levels within the 

oocyte and meiotic arrest. As haemoglobin is known to sequester NO, I assessed the expression of 
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NO synthase (NOS) during in vivo maturation and whether this was dysregulated during IVM. 

Interestingly, gene expression patterns were remarkably similar between in vivo and IVM. Also, 

Nos2 expression correlated with time points of meiotic progression. The addition of haemoglobin 

was unable to change Nos2 levels in COCs. This however could be due to the chosen model, and 

the utilisation of alternative models may determine whether haemoglobin has a biological effect 

on NOS gene expression. 

This thesis broadly expands on earlier findings of the presence of haemoglobin in COCs, 

demonstrating the association of haemoglobin and Bpgm with low oxygen, and informing future 

experimental designs to test the role of haemoglobin in ROS and NO regulation. By advancing 

haemoglobin research, this work adds to the understanding of methods to improve IVM conditions 

and enhance in vitro oocyte developmental competence.  
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 BACKGROUND 

1.1.1 The clinical relevance of in vitro oocyte maturation 

Fertility is a growing major health concern. The United Nations 2015 World Fertility Patterns report 

stated that 46% of earth’s population live in countries with below-replacement fertility levels (UN 

2015). Over the past few decades, there has been a rise in the use of assisted reproductive 

technologies (ART) to compensate for the global decrease in rates of fertility. For 2016 in Australia, 

there were 14.8 ART treatments cycles per 1000 women of reproductive age (2017 NSPU report 

release September 2019). Since the conception of the first baby born via in vitro fertilisation (IVF), 

scientists began developing more technologies to provide higher chances of success. However, IVF 

routinely uses in vivo matured oocytes. In vitro oocyte maturation (IVM) is a lesser known ART, 

which involves extracting immature oocytes from the ovary and placing them in carefully 

controlled environments to mature prior to IVF. This technique has helped patients with polycystic 

ovarian syndrome to prevent ovarian hyperstimulation syndrome (Cha et al. 2000), or those about 

to undergo chemotherapy treatments that result in damage to the ovary (Das et al. 2012). As the 

environment of the ovary is highly adapted for oocyte maturation, research into better replicating 

the ovarian environment in vitro is a growing field (Gilchrist and Thompson 2007) to ensure success 

rates following IVF of IVM oocytes reach the same levels as those matured in vivo.  

1.1.2 A low oxygen environment within the ovary 

Understanding the physiology of the ovary is essential if improvements in IVM are to be realised. 

The ovary is primarily comprised of follicles, with one oocyte within each follicle. As the follicle 

matures, follicle stimulating hormone (FSH) induces estradiol and progesterone production by the 

granulosa cells (Rouillier et al. 1996). This triggers the follicle to mature and form an antral follicle, 

with a fluid-filled antrum. At this stage of folliculogenesis, the follicle wall contains two cell layers: 

the outer vascular theca cells and inner avascular granulosa cells, separated by a basement 

membrane. Further within the follicle is the oocyte surrounded by cumulus cells, termed the 

cumulus-oocyte complex (COC). This distance separates the oocyte from the closest vasculature, 

creating a barrier to the oocyte obtaining oxygen (Channing et al. 1980; Johnson 2013). Upon 

release of the luteinising hormone (LH) surge from the pituitary gland, the follicle grows in 

diameter to prepare for the ovulation of a mature COC (Duffy and Stouffer 2003). This results in a 
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further separation from blood vasculature, as shown by decreasing oxygen levels in follicular fluid 

(Fischer et al. 1992). Therefore, for the oocyte to survive in this low oxygen environment, it is 

feasible that the COC has adaptive mechanisms to mature under these conditions. 

1.1.3 The importance of oxygen in oogenesis and potential role for haemoglobin 

Gas binding and transport are essential mechanisms for life in animals. Oxygen is vital for aerobic 

metabolism: the driving force behind mitochondrial energy production in the cell. Haemoglobin 

(Hb) is a well-characterised protein which carries out gas transport within all mammals but also 

functions to protect cells from oxidative stress via reactions with hydrogen peroxide (H2O2) and 

nitric oxide (NO) (Reeder and Wilson 2005). The roles of Hb in the mammalian erythrocyte have 

been studied extensively, however Hb expression has also been described in a variety of non-

erythroid tissues where it is thought to play various, critical roles specific to those tissues. 

The majority of the Hb-containing, non-erythroid tissues are found in a low oxygen environment, 

located far from vascular support. For instance, Hb has been found in retinal epithelial cells, of 

which the photoreceptors have a high energy and thus oxygen demand, despite being located in a 

low oxygen environment (Tezel et al. 2009). Hb has also been discovered in mesangial cells of the 

kidney, which experience rapid changes in oxygen levels due to their proximity renal arterial and 

venous vessels (Nishi et al. 2008). Thus, Hb may function to normalise oxygen supply in a 

fluctuating oxygen environment. Recently, the presence of Hb in non-erythroid cells has expanded 

to reproductive tissues. Its protein and transcript were found in high levels within in vivo mouse 

and human granulosa cells and COCs contrasted to in vitro derived-COCs (Kind et al. 2013a; Brown 

et al. 2015). As stated earlier, these cells are found in the antral follicle which is thought to be a 

low oxygen environment. The early embryo also expresses Hb mRNA/protein (Lim et al. 2018). 

Haemoglobin may also play an important role in the male reproductive tract with Hb globin mRNA 

detected in the epididymis of bulls, rabbits and quails (Belleannee et al. 2011; Reddy et al. 2012; 

Nixon et al. 2014). 

Both the oocyte (from the secondary follicle stage onwards) and the preimplantation embryo rely 

heavily on oxidative phosphorylation to produce cellular energy (Harris et al. 2009; Cinco et al. 
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2016). However, this is accompanied by the generation of reactive oxygen species (ROS) via the 

electron transport chain (Nasr-Esfahani and Johnson 1991; Harvey et al. 2002). Increased levels of 

ROS are detrimental to the oocyte and early embryo and there has been much interest surrounding 

the use of antioxidants to nullify its effects, of which Hb could play a role. Similarly, increased ROS 

has a negative impact on the development and function of spermatozoa (Sanocka and Kurpisz 

2004). Within the epididymis, Hb is located in the duct of the lumen and in close contact with 

spermatozoa (Nixon et al. 2014). Thus, Hb could potentially protect against excessive oxidative 

stress during sperm maturation, together with other known antioxidant enzymes (Vernet et al. 

2004). 

Reactive nitrogen species such as NO and nitric dioxide radicals are correlated with ROS production, 

and interact with Hb in red blood cells (Rifkind et al. 2006). The abundance of Hb in both the in 

vivo oocyte and embryo support the possibility of Hb acting as an antioxidant to counteract both 

ROS and reactive nitrogen species, maintaining healthy oocyte and embryo development. 

Furthermore, the involvement of Hb in scavenging ROS and NO could indicate potential metabolic 

benefits, either by attenuating oxidative stress seen in in vitro cultured embryos (Goto et al. 1993) 

or reducing the apoptotic effects of NO seen during IVF (Chen et al. 2001; Lee et al. 2004b). 

Substantiating this hypothesis, macrophages and neurons, both of which produce abundant NO, 

also express Hb subunits (Liu et al. 1999; Richter et al. 2009). The binding of Hb to NO also brings 

an additional potential function in the developing oocyte, as the effects of NO are thought to be 

induced via increasing intracellular levels of cyclic guanylate monophosphate (cGMP), which is 

involved in oocyte meiotic maturation (Norris et al. 2009). The presence of NO is thought to inhibit 

oocyte meiotic maturation (Nakamura et al. 2002), thus the presence of Hb might function to 

overcome this inhibition. 

The following sections will review the conclusions drawn from numerous studies investigating the 

role of Hb in non-erythroid tissues, which show the potential roles of Hb, including the regulation 

of gene expression and scavenging of ROS. Prior work investigating the function of Hb in early 

reproductive cell types and its future possibilities for improving in vitro culture, including IVM, is 

also further discussed.  
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 HAEMOGLOBIN REGULATION OF OXYGEN AND OTHER GASES 

The structure of Hb enables it to bind not only oxygen and NO, but other gases such as carbon 

dioxide (CO2) and monoxide. The Hb protein has a quaternary structure, comprising of four 

globular protein subunits. Adult Hb consists of two pairs of  and  globulin chains, each chain 

containing a porphyrin ring associated with a prosthetic heme group that holds an iron (Fe) ion in 

either the reduced “ferrous” state (Fe2+) or oxidised “ferric” (Fe3+) state. Oxygen binds to the heme 

group when it is in the ferrous state, causing a conformational change to the porphyrin ring 

structure, which induces similar changes to adjacent heme groups. This “cooperative binding” 

increases their oxygen-binding affinity as more oxygen reversibly binds to the one protein. When 

oxygen is bound to Hb, it is temporarily in a ferric state, which prevents the conversion of Hb to 

Methaemoglobin (Hb oxidised to the ferric state without oxygen; MetHb). When Hb binds to CO2 

and NO, they do not exhibit cooperative binding, but rather bind to allosteric sites on Hb. Toxic 

gases such as carbon monoxide, cyanide and sulfur dioxide exhibit competitive binding for Hb, 

preventing oxygen from binding (Dickerson 1983). To further add to its versatility in gas binding 

and transport, Hb also exists in various forms, some with beneficial features such as the fetal form 

(two α and two γ globulin chains) which has higher oxygen affinity than adult Hb, allowing the 

oxygen to be directed to the growing fetus (Newsholme and Leech 1983); and mutant forms which 

cause diseases such as sickle cell anaemia and thalassemia (Dickerson 1983). In vertebrates, there 

are numerous globin proteins found in different tissues; with myoglobin, found predominantly in 

muscle, being the next most abundant following Hb (Wittenberg and Wittenberg 2003), and 

another 6 members: androglobin, cytoglobin, globin E, globin X, globin Y and neuroglobin; with 

evolutionarily conserved functions in oxygen and NO binding, as well as ROS sequestration 

(Burmester and Hankeln 2014). 

The transport of oxygen via Hb is facilitated by an allosteric effector molecule, 2,3-

bisphosphoglycerate (2,3-BPG), which upon binding to Hb, promotes the displacement of oxygen 

molecules. This vital process prevents tissue hypoxia in low oxygen conditions; for instance in high 

altitudes, 2,3-BPG levels are increased to allow more oxygen to be released from Hb in oxygen-

deprived tissues (Weber 2007). Pregnant women have an elevated level of intracellular 2,3-BPG, 

lowering maternal oxygen affinity and thus, providing more oxygen for the fetus from the maternal 
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uterine arteries (Tomita 1981). Interestingly, ovarian granulosa cell tumours have significantly 

higher expression of the enzyme bisphosphoglycerate mutase (Bpgm), which synthesises 2,3-BPG. 

As these tumour cells are in a low oxygen environment, increased levels of 2,3-BPG could 

substantially reduce the oxygen affinity of tumour cell Hb compared to non-malignant granulosa 

cells, allowing Hb to bind to other gases, and releasing more oxygen to tumour cells for 

tumorigenesis preferentially over non-malignant cell processes (Owens et al. 2002).  

1.2.1 A low oxygen environment in the reproductive tract 

Preimplantation embryo development also occurs in a low oxygen environment in vivo, according 

to oxygen tension measurements in the oviduct, cervix and uterus of various mammals (Yedwab 

et al. 1976; Fischer and Bavister 1993). The oxygen tension in the oviducts and uteri of non-human 

primates, hamsters, and rabbits, is 60% less than atmospheric oxygen, ranging from ~11–60 mmHg, 

which corresponds to as high as 8.7% in the rabbit, to as low as 1.5% in the primate uterus (38 

mmHg is approximately 5% oxygen concentration) (Fischer and Bavister 1993). Their findings were 

confirmed by observations of other researchers, providing strong evidence for the reproductive 

tract being a low oxygen environment, decreasing from the oviduct to uterus (Table 1.1). It is worth 

noting that these measurements were done over various gestation periods, accounting for some 

of the differences seen in oxygen tension between species, and changed depending on whether 

the animals were pregnant, pseudo-pregnant or non-pregnant. Furthermore, some of these 

studies were carried out more than 50 years ago, and the technical difficulty of measuring oxygen 

concentration in vivo adds some uncertainty to their accuracy. The fluctuations of oxygen tension 

were reported in most of the animal studies using polarographic oxygen electrodes (DW 1956; 

Mastroianni and Jones 1965; Mitchell and Yochim 1968; Maas et al. 1976; Garris and Mitchell 1979; 

Fischer and Bavister 1993). Ottosen et al. (2006) tackled this issue by using flexible fibre-optic 

microsensors, a more delicate piece of equipment compared to polar-graphic electrodes. They 

recorded an average of 2.7% intrauterine oxygen tension amongst 21 patients, supporting a 

previous study (2.14%) (Yedwab et al. 1976).
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Table 1.1 Summary of oxygen tension measurements in the oviducts and uteri of various 

animal models, combined from different studies. Measurements in mmHg were converted to 

percent oxygen, i.e. 38 mmHg = 5% oxygen. 

ANIMAL 
MODEL 

OXYGEN (%) 
GESTATION PERIOD REFERENCE 

OVIDUCT UTERUS 

Rabbit 

5 - 8 - - 
(Hammer et al. 
1981) 

8.6 - Before ovulation – 3 days after 
(Mastroianni 
and Jones 1965) 

3.3 2.6 Days 0 – 6 post-coitum 
(Fischer and 
Bavister 1993) 

Rhesus Monkey 
1.4 - Follicular 

(Maas et al. 
1976) 

7.6 6 Mid-follicular – mid-luteal 
(Fischer and 
Bavister 1993) 

Rat - 3.7 During estrous cycle 
(Mitchell and 
Yochim 1968) 

Guinea Pig - 2.9 - 6.3 Estrous - preimplantation 
(Garris and 
Mitchell 1979) 

Hamster 
- 4.6 – 5.4 Estrous 

(Kaufman and 
Mitchell 1994) 

6 5.4 Day 4 post-coitum 
(Fischer and 
Bavister 1993) 

Human 
- 2.7 Day 8 clomifen-stimulated cycle 

(Ottosen et al. 
2006) 

- 2.14 Ovulation 
(Yedwab et al. 
1976) 
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There is compelling evidence for providing a physiological oxygen environment during 

preimplantation embryo development in vitro. Culturing embryos at a low oxygen concentration 

(5%-7%) has been shown to improve embryo development to the blastocyst stage in many studies: 

mouse (Feil et al. 2006; Wale and Gardner 2010), hamster (McKiernan and Bavister 1990), rabbit 

(Li and Foote 1993), pig (Berthelot and Terqui 1996), sheep (Betterbed and Wright 1985), cow 

(Thompson et al. 1990) and goat (Batt et al. 1991). Culturing embryos at a low oxygen 

concentration prevents problems caused by excess oxygen exposure, namely increased production 

of ROS, and the subsequent damage to intracellular lipids, DNA, and proteins; ultimately 

compromising embryo development (Goto et al. 1993). Oxygen concentrations lower than 5% may 

be beneficial from the morula stage of development onwards as it is thought to better reflect the 

physiological oxygen concentration present in the reproductive tract (Morin 2017). In contrast, 

oocytes aspirated from highly hypoxic (<1% oxygen) follicles had increased developmental defects, 

possibly due to altered spindle fibre organisation and chromosome number, which would 

ultimately result in developmental failure during the preimplantation stages (Van Blerkom J 1997). 

Our understanding of the impact of oxygen concentration during IVM on subsequent development 

is limited. A previous study demonstrated that low oxygen during IVM led to an increase in 

trophectoderm number in resultant blastocyst embryos, but showed no effect on implantation or 

fetal outcomes (Banwell et al. 2007a). However, there may be changes occurring at the gene 

expression level due to low oxygen which inform on the quality of the developing COC. 

1.2.2 A correlation between HIF gene expression and non-erythroid haemoglobin 
expression 

A low oxygen environment (2 - 5% oxygen) is strongly correlated to the expression of hypoxia-

inducible factor (HIF) target genes, many of which have vital functions in oocyte growth. When 

cells are in this hypoxic environment, HIF target genes associated with various roles including 

angiogenesis, cell survival and glucose metabolism are activated via the HIF1 transcription factor 

pathway (Lee et al. 2004a). The study of hypoxia and HIF have brought about significant 

advancements in the field of medicine, and its involvement across multiple physiological processes, 

culminating in key researchers being awarded the 2019 Nobel Prize in Physiology/Medicine. Their 

research uncovered the activation of the human erythropoietin gene in response to hypoxia 
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(Semenza and Wang 1992), resulting in the development of anaemia treatment (Schodel and 

Ratcliffe 2019). Furthermore its application can be extended to cancers such as Von Hippel-Lindau 

syndrome (VHL) which are intrinsically linked to specific interactions with HIF (Kaelin and Ratcliffe 

2008) and may be a target for future therapy in the treatment of kidney cancers (Kaelin 2017). 

In relation to HIF function in the ovary, potential connections between Hb and HIF within the antral 

follicle have been drawn, with the possibility of Hb either increasing HIF signalling or enabling the 

transition to luteinisation (Thompson et al. 2015). In a high oxygen environment in vitro (20%) HIF-

regulated gene expression in COCs is low (Kind et al. 2013a) and Hb absent (Brown et al. 2015). 

This is contrasted in the low oxygen environment in vivo where expression of both HIF-regulated 

genes and Hb is high in cumulus cells. This oxygen-dependent gene expression may indicate that 

Hb is functioning to further deplete oxygen availability and increase HIF-regulated gene expression 

in a low oxygen environment. 

Similar to cells found in the antral follicle, other cell types also experience low levels of oxygen and 

express Hb (compiled in Table 1.2). Two studies effectively demonstrate that Hb is upregulated in 

a hypoxic environment: in alveolar type II epithelial cells (Grek et al. 2011) and glioblastoma 

multiforme cells (Emara et al. 2014b). Both tissues biologically experience fluctuations in oxygen 

tension. Culture in a hypoxic environment (1% oxygen) resulted in high levels of mRNA for Hb 

biosynthesis genes in an alveolar-like cell line and increased mRNA expression of erythropoietin 

and its receptor in glioblastoma cells (Yin et al. 2007). In addition, there was a dramatic increase in 

cellular levels of HIF-2 protein, paralleled with an increase in Hb gene and protein expression. In 

glioblastoma cells, increased erythropoietin in turn increased mouse neuronal expression of Hb  

and -globulin mRNA. However, this work contradicts another study in breast cancer cells, where 

despite detection of the Hb transcript, its expression was not regulated by hypoxia (Gorr et al. 

2011). Taken together, the studies in various non-erythroid tissues demonstrate the potential of 

Hb and HIF having a relationship which is regulated by the level of hypoxia. 
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Table 1.2 Summary of non-erythroid cell types studies demonstrating haemoglobin expression and potential roles suggested by the respective 

authors. Synthesised from a review by Saha et al (2014) and other referenced articles. 

FUNCTION CELL TYPE HB TYPE REFERENCES 

Response to hypoxic stress 
 

Macrophages Hb- minor (Liu et al. 1999) 

Alveolar epithelial cells Type I & 
II and Lung tissue 

Hb-,  (Bhaskaran et al. 2005; Newton et al. 2006; 
Ishikawa et al. 2010; Grek et al. 2011) 

Retinal pigment epithelial cells 
(Mouse and human) 

Mouse: Hba-a1, Hba-X, Hbb-
b1, Hbb-b2, and Hbb-Y 

Human: 1-, 2-, -, and γ-
globin 

(Wride et al. 2003) 
 
(Tezel et al. 2009) 
 

Hepatocytes Hb-,  (Liu et al. 2011) 

Neuronal/glial cells 
 

Hb-,  
 

(Biagioli et al. 2009; Richter et al. 2009; Russo 
et al. 2013) 

Cumulus-oocyte complexes 
(Mouse and human) 

Mouse: Hba-a1, Hbb 
Human: HBA1, HBB 

(Kind et al. 2013a) 
(Brown et al. 2015) 

Endometrial cells (Human) 
Epithelial & stromal 

Hb, , δ, γ and heme 
oxygenase (HO-1) 

(Dassen et al. 2008) 

Inflammation Vaginal Epithelial cells (Human) Hb-,  (Saha et al. 2017) 

NO scavenger 
 

Arterial endothelial cells Hb (Straub et al. 2012) 

Sequestering ROS 
 

Cancer cells 
- Cervical 
- Human breast 

Cervical: Hb-,  

Breast cancer: Hb- 

(Li et al. 2013) 
(Gorr et al. 2011; Emara et al. 2014b) 

Mesangial cells (rat and human) Hb-,  (Nishi et al. 2008) 

Sperm metabolism, motility 
and/or antioxidant 

Sperm (Quail, bull, rabbit) Quail: Hbaa, Hbad, Hbb 
Bull: HBB 
Rabbit: Hbb 

(Nixon et al. 2014) 
(Belleannee et al. 2011) 
(Reddy et al. 2012) 
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1.2.3 Role of haemoglobin and HIF-induced gene expression in cumulus and 
granulosa cell function and oocyte quality 

In the final stages of ovarian follicle development, the oocyte exists within the antral follicle, 

separated from blood vasculature and surrounded by layers of cumulus cells; creating a 

theoretically low oxygen environment (Redding et al. 2008). To survive, the oocyte must have 

mechanisms in place to produce energy for developmental processes, which generally occurs via 

oxidative phosphorylation. HIF activity is critical for the differentiation of the antral follicle and 

ovulation (Duncan et al. 2008; Kim et al. 2009), with high levels of HIF reporter activity in 

differentiating and ovulating antral follicles after the ovulatory signal (Tam et al. 2010).  

A series of crucial experiments led to the proposed concept that Hb plays a role in oxygen-mediated 

gene expression, inducing a HIF response in mouse COCs. An investigation of cumulus cell function, 

following maturation either in vitro or in vivo, yielded a surprising result: Hba-a1 (mRNA coding for 

Hb in mice) is highly expressed in vivo compared to IVM COCs (Kind et al. 2013a) and thus, 

potentially regulating oxygen or NO availability during the ovulatory period in vivo. There is 

increased expression of Hb subunits in isolated mouse granulosa and cumulus cells at 12 h post-

hCG, (Brown et al. 2015), providing new evidence that the Hb subunits are also hormonally-

regulated by induction of ovulation and oocyte maturation in vivo. This was accompanied by a 

downregulation of Bpgm, indicating decreased 2,3-BPG, and thus high oxygen affinity to Hb (Brown 

et al. 2015). When COCs were matured in vitro at 2% or 5% oxygen, a low oxygen environment, 

there was increased expression of HIF-responsive genes, HIF stabilization and HIF-mediated 

transcriptional activity (Kind et al. 2015). Some of the upregulated HIF-responsive genes within the 

COCs are those involved with glucose uptake, glycolysis and lipid metabolism, which could impact 

oocyte developmental competence. It was hypothesised that following the luteinising hormone 

(LH) surge, Hb levels and 2,3-BPG levels would decrease, allowing Hb to sequester oxygen, creating 

a low oxygen environment to activate HIF signalling. The increased HIF activity would drive 

luteinisation (Duncan et al. 2008; Kim et al. 2009; Tam et al. 2010)), bringing about downstream 

effects such as increased glucose uptake (Figure 1.1, reaction 10) (Brown et al. 2015). High levels 

of mRNA for Hb subunits in human granulosa and cumulus cell samples (Brown et al. 2015) also 

provide evidence for a potential role of Hb in human cumulus oocyte complexes. Most recently, 

the continuation of Hb expression throughout mouse preimplantation embryo development, from 
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the zygote to blastocyst, peaking at the 4-cell stage and coinciding with embryonic genome 

activation was reported (Lim et al. 2018). The same trend of increased HIF-regulated gene 

expression and decreased Bpgm expression was observed when comparing in vivo and in vitro-

derived embryos respectively leading to the similar hypothesis that Hb also acts as an oxygen 

regulator in the early embryo. Further validation of this hypothesis requires the demonstration of 

a clear association between HIF target gene expression and Hb expression, and if changes in oxygen 

concentration effect this. 

Importantly, there is an absence of Hb upon in vitro culture of both COCs and embryos (Brown et 

al. 2015; Lim et al. 2018). Exogenous addition of Hb during IVM at 20% oxygen concentration, 

resulted in an increase in the number of resultant embryos reaching the blastocyst stage (Brown 

et al. 2015). Other studies using different animal models have similarly explored the effects of Hb 

addition to embryo culture, demonstrating that the addition of exogenous Hb during in vitro 

culture improves blastocyst number and quality at “air” oxygen concentration (Lim and Hansel 

1998; Kim et al. 2006). However, these studies failed to verify if Hb was present when embryo 

development occurs in vivo or if it was lacking when development occurred in vitro. Thus, further 

supplementation with Hb when it may in fact, not be deficient, does not provide a clear explanation 

of its true biological function in the embryo for these species. Exogenous Hb addition to mouse 

embryo culture at 5% oxygen resulted in no improvement to blastocyst development (Lim et al. 

2018). Nevertheless, the beneficial effects of Hb supplementation during oocyte maturation in 

vitro adds to growing support for its potential clinical use in the future. 

 ROLE OF HAEMOGLOBIN AS AN ANTIOXIDANT 

Reactive oxygen species such as superoxide anion radical (O2●-), hydroxyl radical (OH●), and 

hydrogen peroxide (H2O2) can damage cell membranes, fragment DNA, and induce apoptosis 

(Halliwell and Aruoma 1991). Hb displays antioxidant abilities when it is oxidised to its ferric form, 

either by auto-oxidation or reacting with H2O2. In erythrocytes, MetHb reacts with peroxides to 

produce a ferryl radical, catalysing the oxidation of biological molecules such as membrane lipids 

(Figure 1.1, reaction 11) (Reeder and Wilson 2005; Vinogradov and Moens 2008). Several studies 

have shown that Hb might use this pathway to detoxify highly oxidising radicals and remove H2O2 
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(Masuoka et al. 2003; Nishi et al. 2008). Interestingly, Hb has a greater H2O2 quenching capacity 

than the glutathione peroxidase-glutathione reductase system, when enhanced by the presence 

of reduced pyridine nucleotides (Masuoka et al. 2003). Other globins such as neuroglobin and 

cytoglobin have also demonstrated ROS scavenging abilities in mice (Fordel et al. 2007; Li et al. 

2007).  

1.3.1 Haemoglobin as an antioxidant in non-erythroid cells 

Nishi et al (2008) over expressed Hb - and -globins in rat mesangial cells resulting in reduced 

H2O2-induced intracellular ROS and increased cell viability. They concluded that Hb has the 

potential to act as an endogenous antioxidant protein. Li et al. (2013) also found that Hb (HBA1 

and HBB) overexpression in cervical carcinoma cells attenuated H2O2-induced oxidative stress. 

Furthermore, when they generated a cell line expressing inactive Hb with a non-functional heme 

prosthetic group, this inhibited Hb’s antioxidant function. This suggests that for Hb to have full 

antioxidant capability, it must exist in its functional binding structure. Further, overexpression of 

Hb subunits results in a reduction of H2O2-induced oxidative stress in human vaginal epithelial cells 

(Saha et al. 2017). 

Excessive generation of ROS leading to oxidative stress negatively affects multiple processes in 

reproduction, including oocyte maturation, sperm maturation and motility, fertilisation and 

preimplantation embryo development, as well as being implicated in pathophysiological conditions 

such as pre-eclampsia and birth defects (Loeken 2004; Takagi et al. 2004; Agarwal et al. 2005). 

Future studies exploring the effect of exogenous Hb addition to reduce oxidative stress would add 

value to the cited work. What remains to be identified is the mechanism through which the globin 

protein does so, particularly if it functions similarly to erythroid cell Hb.  

1.3.2 Potential benefits of haemoglobin supplementation during in vitro culture of 
gametes and early embryos 

Reactive oxygen and nitrogen species have a strong relationship with cell metabolism and are 

associated with cellular aging (Liemburg-Apers et al. 2015). Mitochondrial activity within the 

oocyte generates ROS (Nasr-Esfahani and Johnson 1991; Johnson and Nasr-Esfahani 1994) and NO 
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through cGMP second messenger pathways (Denninger and Marletta 1999). Various antioxidant 

enzymes have been discovered to dampen the negative impact of ROS, such as superoxide 

dismutase, glutathione peroxidase and catalase, which are produced in mouse and bovine 

preimplantation embryos (Harvey et al. 1995). The presence of Hb in the COC and embryo brings 

the potential benefits of another antioxidant. The antioxidant potential of Hb may be of particular 

importance in oocytes and embryos with aged and damaged mitochondria, which may have 

increased ROS and ROS induced cell damage (Harman 1956; Shigenaga et al. 1994). Importantly, 

as the average age of women using IVF is currently 36 (2010 AIHW report release October 2012), 

more human oocytes and early embryos with degenerating mitochondria are being used in IVF. 

Aged mouse oocytes are more developmentally sensitive to mitochondrial damage, and metabolic 

dysfunction can result in a form of oxidative damage to cytoplasmic and nuclear structures through 

mitochondrial proton or electron leakage (Thouas et al. 2005). Aging also affects Hb levels, as heme 

is synthesised within mitochondria and is intrinsically linked to mitochondrial degradation (Atamna 

2004), suggesting a vital role for Hb outside of the erythrocyte. However, it is worth noting that 

free Hb released from red blood cells can disrupt oxidative balance of its surroundings, 

paradoxically becoming a pro-oxidant and causing heme-mediated toxicity and damage to the cell 

(Alayash 2000), indicating a need for optimisation of its beneficial range. Furthermore, the stability 

of exogenous Hb remains unknown. It is possible that it behaves similarly to oxygenated Hb which 

oxidizes at a rapid rate to generate superoxides and metHb (Everse and Hsia 1997), or is degraded 

upon binding to the plasma protein haptoglobin which acts to reduce free Hb oxidative damage 

(Lim et al. 2001). Therefore, rigorous study is required to investigate if it provides a possible 

therapeutic role for alleviating oxidative stress seen in aged oocytes and preimplantation embryos.  

 HAEMOGLOBIN AND NITRIC OXIDE (NO) 

1.4.1 Role of NO in oocyte maturation  

Nitric oxide (NO) acts as an intracellular messenger in many signalling pathways, and regulates 

several reproductive processes, including steroidogenesis, folliculogenesis, and oocyte and 

embryo development (Beckman and Koppenol 1996; Sengoku et al. 2001). It is synthesised from 

L-arginine by NO synthase (NOS), with all three isoforms of NOS: endothelial (eNOS), neuronal 

(nNOS) and inducible (iNOS) expressed in the reproductive system, and eNOS and iNOS specifically 
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in the mouse oocyte, embryo and uterus (Jablonka-Shariff et al. 1999b; Mitchell et al. 2004). During 

the periovulatory period, oocytes are arrested in prophase of meiosis I, maintained by high levels 

of cyclic adenosine monophosphate (cAMP), awaiting the LH surge (Cho et al. 1974a). When the 

COC is extracted from the follicle, cAMP levels decrease in the oocyte resulting in spontaneous 

meiotic resumption (Tornell et al. 1991). In order to maintain meiotic arrest, it is thought that cyclic 

guanosine monophosphate (cGMP) from somatic cells enters the oocyte via gap junctions to inhibit 

cAMP phosphodiesterase (Richard et al. 2001). The levels of cGMP are regulated by NO via 

activation of soluble guanylate cyclase 1 as studied in cardiovascular, muscle, intestinal and brain 

cells (Lohmann et al. 1997; Blaise et al. 2005).  

Through the utilisation of eNOS knockout and NOS inhibitors, studies have shown that NO can 

induce meiotic arrest observed at MI or MII stage (Jablonka-Shariff and Olson 2000; Chen et al. 

2001; Sengoku et al. 2001; Bilodeau-Goeseels 2007). However, aside from an immuno-localization 

study showing NOS localization in the oocyte and granulosa cells of porcine and rat (Zhang et al. 

2011; Ding et al. 2012), the mechanism by which NO affects meiosis is unknown. In bovine oocytes, 

low concentrations of exogenous NO increase meiotic maturation, however increased cGMP donor 

levels did not yield the same result (Bilodeau-Goeseels 2007), leading the authors to conclude the 

effects of NO on meiosis were cGMP-independent. This is contrasted in hamster and rat oocytes 

where cGMP derivatives inhibited nuclear maturation (Hubbard and Terranova 1982). Thus, in 

oocyte maturation, the function of cGMP is not as clear, rather cAMP is more established as a 

regulator of oocyte meiotic maturation (Hillensjo et al. 1978; Vaccari et al. 2008). For mice, cGMP 

is shown to be important in NO-regulated embryo development, as a cGMP donor was able to 

improve blastocyst rate despite high levels of NO donors in culture (Chen et al. 2001).  

1.4.2 Interaction of NO with haemoglobin 

Haemoglobin (Hb) is a known scavenger of NO, and this is well documented in flavohaemoglobins 

and globin variants myoglobin, neuroglobin and cytoglobin (Gardner et al. 2006). In erythrocytes, 

Hb is known to react readily with NO. Vinogradov et al details the various interactions of Hb with 

NO, whereby the different forms of Hb, such as deoxygenated Hb and metHb, have specific 

reactions (Figure 1.1, reactions 1-9) (Vinogradov and Moens 2008). The presence of Hb within non-
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erythroid cells that produce NO could indicate a potential role for Hb in NO regulation using the 

same reactions documented in erythrocytes. 

A novel mechanism for Hb regulation of NO synthase (NOS) signalling has been described in 

endothelial cells (Straub et al. 2012). There is high Hb protein at myoendothelial junctions (MEJ), 

and Hb forms a direct protein-protein interaction with endothelial NOS (eNOS). The regulation of 

Hb oxidation state might play a critical role in the regulation of eNOS, which in turn controls 

arterial vascular reactivity in MEJ. Given the expression of both Hb and NOS in a variety of other 

cell-types (alveolar epithelial cells (Newton et al. 2006), macrophages (Liu et al. 1999), neurons 

(Biagioli et al. 2009) and renal mesangial cells (Nishi et al. 2008)), it is plausible that this function is 

also performed in these cells. In addition, various NOS isoforms are expressed in buffalo ovarian 

follicles (Dubey et al. 2012), bovine oviduct (Özen et al. 2013) and mouse embryos (Tranguch et al. 

2003), where the addition of exogenous Hb also reduced NO levels. During bovine embryo culture, 

exogenous Hb was capable of acting as a NO scavenger resulting in more embryos reaching the 

blastocyst stage (Lim and Hansel 1998). The addition of Hb was able to rescue embryo 

development in the presence of NO releaser, sodium nitroprusside (SNP). They hypothesised that 

the continuous removal of NO from embryo culture was necessary to create the optimum 

environment for preimplantation embryo development. However, the lack of an accurate and 

stable NO assessment limited the study to measuring NO metabolites rather than NO itself. 

Collectively, these studies show that Hb acts as a NO scavenger and is beneficial during 

preimplantation embryo development in vitro, likely through the cGMP signalling pathway.
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Figure 1.1 Potential mechanisms of haemoglobin in the COC from known erythrocyte reactions. 

Yellow: Nitric oxide reactions with various haemoglobin (Hb) forms – (1) Deoxygenation, (2) 

Oxygenation, (3) NO deoxygenation, (4) Nitrite reduction, (5) Methaemoglobin (MetHb) reduction, 

(6) Nitrosylation, (7) Oxygen denitrosylation, (8) NO reduction, (9) NO diffusion. Green: ROS 

reaction – H2O2 interacts with oxygenated, forming MetHb. (11) MetHb reacts with peroxides to 

produce an unstable ferryl radical which oxidises membrane lipids forming lipid radicals LOOH and 

LOO●. This causes a lipid oxidation cascade as lipid radicals form more MetHb. Adapted from 

Vinogradov et al. 2008.Blue: HIF reactions – (10) Upon the LH surge, 2,3-BPG levels will decrease 

and OxyHb levels increase. In a low oxygen environment, HIF proteins translocate into the nucleus 

and initiate HIF-regulated gene expression. Adapted from Brown et al 2015.
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 SUMMARY, HYPOTHESES AND AIMS 

Decades of research have focused on providing an in vitro environment that best mimics the 

female reproductive tract and gives the embryo the best chance at optimal growth and 

development. Since the first “test-tube baby” was born in 1978, advancements in technology have 

allowed for increased success of in vitro fertilisation, one of the commonly used assisted 

reproductive techniques, providing a means to alleviate infertility for some. The numerous studies 

investigating the role of Hb in non-erythroid tissues and the preimplantation embryo show the 

potential for Hb to exert a variety of positive roles including oxygen-regulated gene expression and 

the scavenging of NO and ROS. While Hb supplementation during in vitro culture has shown some 

promise, its role during oocyte maturation has never been rigorously tested. Given the substantial 

evidence showing the growing importance of Hb in non-erythroid cell types, and the presence of 

Hb in the in vivo COC, further elucidation of its capabilities will answer important questions 

regarding its biological significance and facilitate potential improvements to IVM. 

 

I hypothesise that haemoglobin plays a role during oocyte maturation, by: 

1.  Regulating HIF target gene expression  

The COC is found in a low oxygen environment within the antral follicle in vivo, and this is not 

adequately controlled for during in vitro culture. In vivo, Hb and 2,3-BPG may play an important 

role in regulating oxygen supply within the COC, as observed in red blood cells, with potential 

downstream effects on HIF target gene expression. It is known that Hb expression is lost during 

IVM, however whether Bpgm is dysregulated is not known. This research will build on existing 

knowledge of the role of oxygen concentration during oocyte maturation and inform us of the 

effect of exogenous Hb supplementation and knockdown of Bpgm on oxygen-regulated gene 

expression in the COC.  

 

Aims to address this hypothesis: 

- Determine whether Hb and Bpgm are expressed in human cumulus cells and mouse COCs 

during in vivo maturation and whether dysregulation occurs during IVM 

- Evaluate the effect of oxygen on Bpgm mRNA and protein abundance during IVM  

- Determine whether exogenous Hb addition during IVM alters Bpgm expression 
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- Establish a model to knockdown BPGM during IVM and determine subsequent effects on 

oxygen-regulated gene expression 

 

2. Sequestering reactive oxygen species (ROS) 

Research into antioxidant supplementation during IVM is a growing field, and the ability of an 

endogenous protein such as Hb to regulate ROS levels within the in vivo COC brings exciting 

possibilities of adding it exogenously to improve IVM. Uncovering the role of Hb in early 

reproductive cell types will provide new insights and applications that improve cellular metabolic 

regulation and ROS remediation, particularly in the oocytes from women of advanced maternal 

age.  

 

Aims to address this hypothesis: 

- Evaluate the ability of menadione to induce ROS in a granulosa cell line 

- Establish a model for the induction of ROS in COCs during IVM 

- Determine if the addition of Hb can reduce ROS levels in COCs 

 

3. Sequestering nitric oxide 

Nitric oxide (NO) regulation is vital for the healthy development of the oocyte and to ensure 

downstream reproductive success. One mechanism of NO action is its activation of the cGMP 

pathway, which may be involved in the maintenance of high levels of cAMP resulting in meiotic 

arrest in the oocyte. While Hb has the capacity to scavenge NO in other cell types, its ability to 

affect NO levels in the COC is not known. Here I test the interaction between Hb and NO in the 

COC and its potential role in meiotic maturation. 

 

Aims to address this hypothesis: 

- Evaluate whether NO synthase (NOS) mRNA levels are dysregulated in COCs during IVM 

COCs compared to in vivo matured. 

- Determine if the addition of a NO releaser, SNP, or NO scavenger, Hb, affects NOS 

expression in the COC during meiotic maturation. 
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 MATERIALS  

2.1.1 Hormones 

Folligon equine chorionic gonadotrophin (eCG) was purchased from Pacific Vet Pty Ltd (Braeside, 

VIC, Australia) and Pregnyl human chorionic gonadotropin (hCG) from Merck (Kilsyth, VIC, 

Australia). Puregon recombinant human follicle-stimulating hormone (FSH) was purchased from 

Organon (Cat #45700, Oss, The Netherlands).  

2.1.2 Handling and culture media and supplements 

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

The base medium used for all mouse ovary collection, handling, and in vitro maturation (IVM) was 

alpha Minimal Essential Medium (MEM, Cat #ME120083P1, Gibco by Life Technologies, CA, USA). 

The company details and catalogue numbers for buffers and supplements can be found in Table 

2.1. Handling medium consisted of 10 mM HEPES-buffered MEM medium supplemented with 6 

mM NaHCO3, 50 mg/L gentamicin sulfate, 5.56 mM glucose and 2 mM glutamax. Before 

commencing mouse dissection, 4 mg/ml bovine serum albumin (BSA) and 1 mg/ml fetuin was 

added and the medium was filtered through a 0.22 M acrocap filter (Cat #SLGP033RS, Millex, 

Merck, NJ, USA). Handling medium was warmed in 14 ml Falcon round bottom polystyrene tubes 

(Cat #Fal352057, In Vitro Technologies, VIC, Australia) with snap caps closed for at least 15 min on 

a 37°C heating block before use. Mouse in vitro maturation (IVM) culture medium consisted of 26 

mM bicarb-buffered MEM supplemented with 50 mg/L gentamicin sulfate, 5.56 mM glucose and 

2 mM glutamax. To prepare culture dishes, 3 mg/ml BSA and 1 mg/ml fetuin was added and media 

filtered (as per handling media) before adding 50 mIU/ml FSH, now termed “IVM medium”. For 

experiments where haemoglobin was a treatment, 1 g/ml ferrous (Hb2+) or ferric (Hb3+) 

haemoglobin was added at this step.  

 METHODS 

2.2.1 Animals & ethics 

Female (CBA × C57BL/6) F1 mice (3-4 weeks old) were obtained from the University of Adelaide 

Laboratory Animal Services and maintained under 12L:12D conditions with rodent chow and water 
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Table 2.1 Media formulation for mouse cumulus-oocyte complex handling and in vitro 

maturation culture. 

MEM MEDIA CHEMICAL CAT # COMPANY 

Base -minimal essential medium 

(MEM) 

Sku No. 

ME120083P1 

Gibco by Life 

Technologies, CA, 

USA 

Hepes buffer Hepes Acid #H3375 Sigma-Aldrich 

Hepes Salt #H3784 Sigma-Aldrich 

Bicarb buffer NaHCO3 #S5761 Sigma-Aldrich 

General supplements Gentamicin sulfate #G1914 Sigma-Aldrich 

Glucose #G6152 Sigma-Aldrich 

Glutamax #35050-061 Gibco by Life 

Technologies, CA, 

USA 

IVM handling and 

culture supplements 

Bovine serum albumin (BSA; 

Bovine Albumin Low Free 

Fatty Acid) 

#0219989980 MP Biomedicals, 

AlbumiNZ, Auckland, 

NZ 

Fetuin #F3385 Sigma-Aldrich 

Puregon Recombinant 

Human Follicle Stimulating 

Hormone (rhFSH) 

#45700 Organon (Oss, The 

Netherlands) 

Haemoglobin A0, Ferrous 

Stabilized human 

#H0267 Sigma-Aldrich 

Hemoglobin human (Ferric) #H7379 Sigma-Aldrich 
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provided ad libitum. All experiments were approved by the University of Adelaide Animal Ethics 

Committee (M-2016-147) and conducted in accordance with the Australian Code of Practice for 

the Care and Use of Animals for Scientific Purposes. 

2.2.2 Mouse ovarian stimulation and COC isolation 

For isolation of all cell types, mice were first injected intraperitoneally (I.P.) with 5 IU eCG. 

Disinfected tools were used for ovary dissection and cell isolation. All cell handling procedures were 

performed on microscopes fitted with warming stages calibrated to maintain the media in dishes 

at 37°C. 

2.2.2.1  In vivo maturation of COCs  

Mice were injected 46 h post-eCG with 5 IU hCG (I.P.), culled by cervical dislocation and ovaries 

dissected at 0, 4, 8, 11.5 or 16 h post-hCG depending on which time point was required. For the 

time point “0h post-hCG”, this refers to ovaries collected at 46 h post-eCG without hCG 

administration. Dissected ovaries were collected in warmed handling medium for COC isolation. 

The COCs were isolated from ovaries by puncturing antral follicles in handling medium with a 29-

gauge x ½ inch insulin syringe with needle (Cat #SS*10M2913KA, Terumo Australia Pty Ltd, NSW, 

Australia). Post-ovulatory COCs (16 h post-hCG) were isolated by puncturing the ampulla of 

oviducts.  

2.2.2.2 In vitro maturation (IVM) of COCs 

For IVM, culture media drops were prepared in 60mm Falcon culture dishes (Cat #Fal351007, In 

Vitro Technologies, VIC, Australia) at a density of 10 COCs per 500 l of IVM culture medium under 

paraffin viscous oil (Cat #K50344660-906, Merck Group, Darmstadt, Germany). Dishes were pre-

equilibrated for at least 4 h in a 6% CO2 and balance of nitrogen humidified 37°C incubator (in air). 

Ovaries were collected 46 h post-eCG and COCs were isolated by puncturing antral follicles in 

handling medium, followed by incubation in prepared culture dishes. Collection of COCs occurred 

at 0, 4, 8, 12 and 16 h post-IVM depending on which time point was required. 
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2.2.2.3 Collection of COCs 

To conduct gene expression analysis, COCs were snap-frozen in 1.5 ml Eppendorf centrifuge tubes 

(Cat #MCT-175-C-S, Pacific Laboratory Products, VIC, Australia) in liquid nitrogen and stored at  

-80°C until RNA isolation. For image analysis, COCs were moved to Nunc 4-well dishes (Cat #179830, 

Thermofisher, MA, USA) and fixed in 200 l 4% paraformaldehyde (Cat #P6148) diluted in 

phosphate-buffered saline (PBS) (Cat #P4417) for 30 min in a 4 well-dish, followed by washing with 

200 l 0.3 mg/ml polyvinyl-alcohol (PVA) (Cat #P8136) in PBS (PVA/PBS). The COCs were stored in 

PVA/PBS in 4-well dishes with humidified inner wells at 4°C for a maximum of 2 weeks until 

immunostaining as described in the relevant chapters. For live-cell staining, COCs from either in 

vivo isolation or IVM were removed and immediately used according to live-cell staining protocol 

described in the relevant chapters. 

 GENERAL METHODS FOR GENE EXPRESSION ANALYSIS 

2.3.1 RNA extraction and cDNA synthesis 

RNA was extracted from 40 snap frozen COCs or granulosa cell samples using a Qiagen RNAeasy 

Mini Kit (Cat #74104, Qiagen, Chadstone Centre, VIC, Australia), as per the manufacturer’s 

instructions. Eluted RNA was reverse-transcribed to cDNA using random hexamer primers and 

SuperScript III reverse transcriptase (Cat #18080051, Invitrogen, Life Technologies, CA, USA) as per 

manufacturer’s instructions for First-Strand cDNA Synthesis. The cDNA was either stored at -20°C 

at this step or proceeded to gene expression analysis described in the relevant chapters. 

 GENERAL METHODS FOR IMAGE ANALYSIS 

Unless otherwise stated, all fluorescent imaging was performed on a Fluoview FV10i confocal 

microscope (Olympus Life Science, Tokyo, Japan), with the warming stage set to 37°C when 

required for live-cell imaging. Laser intensities and capture settings were kept consistent between 

experimental replicates. Image processing and analyses were performed using Fiji ImageJ software 

(National Institute of Health, Maryland, USA) with the plugin/macro option to remove the 

background and convert images to 8-bit. Macros for analysing image fluorescence intensity, and 

file processing and measurements were sourced from Sutton-McDowall (2015).
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 INTRODUCTION 

To maintain an optimal environment for oocyte maturation in vitro, it is vital to understand the 

natural state of the in vivo follicle and how to best mimic those conditions in vitro. In vivo, the 

cumulus-oocyte complex (COC) is largely thought to be in a low oxygen environment, located 

within the ovarian follicle and separated from the nearest vasculature by granulosa cells, a 

basement membrane and thecal cells. During folliculogenesis, the follicle increases in size, 

developing a fluid-filled antrum which further separates the COC from its nearest oxygen source. 

In humans, increasing follicle diameter is associated with a decrease in oxygen partial pressure of 

follicular fluid (Fischer et al. 1992). In fact, mathematical modelling estimates human ovarian 

follicular fluid to be between 1.5–6.7% of oxygen during follicular development (Redding et al. 

2008). Thus, the final stages of oocyte maturation in vivo occur in a low oxygen environment and 

in vitro maturation (IVM) of COCs in low oxygen might be more physiologically relevant. Low 

oxygen levels during IVM results in different metabolic pathways being utilised by the COC, and 

decreased generation of damaging reactive oxygen species (Hashimoto et al. 2000). Hence, a 

thorough understanding of oxygen regulation in vivo is vital if we are to replicate this during IVM. 

There are several factors that allow the COC to survive in low oxygen, notably the expression of 

oxygen-regulated genes under the control of the hypoxia-inducible factor (HIF) pathway. The HIF 

pathway consists of basic-Helix-Loop-Helix-PAS transcription factors that are activated in response 

to hypoxic stress, mediating downstream gene regulation (Semenza and Wang 1992). There is 

increasing evidence for HIFs playing a role in female reproduction. For example, HIFs have a role 

in regulating ovarian function, as the transcription factors HIF1 and HIF1 are upregulated in 

mouse ovary and granulosa cells following induction of ovulation (Kim et al. 2009). Other studies 

show that HIF1 is upregulated in hCG-stimulated luteinized human granulosa cells, with an 

associated increase in VEGF gene expression (van den Driesche et al. 2008): a known HIF-induced 

gene that is vital for angiogenesis. Angiogenesis is a key process in the formation of the corpus 

luteum, with HIF activity maintained following its development in the mouse (Tam et al. 2010). 

Interestingly, HIF1 protein is present in COCs matured at 2% and 5% oxygen in vitro, with lower 

amounts detectable following IVM at 20% oxygen (Kind et al. 2015). The same study showed an 

increase in classic oxygen-regulated genes at 2% and 5% oxygen in vitro compared to 20%, 
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indicating that lowering oxygen levels during IVM are intimately associated with HIF pathways. The 

investigation of gene expression differences between in vivo and in vitro matured mouse COCs led 

to the serendipitous discovery of the oxygen-binding protein haemoglobin (Hb) in high amounts in 

vivo which is drastically lower in vitro (Kind et al. 2013a; Brown et al. 2015). This raises the intriguing 

possibility of a more sensitive regulation of oxygen supply to the COC on a biochemical scale. To 

add further intrigue, bisphosphoglycerate mutase (Bpgm) decreases while Hb increases in COCs 

during in vivo maturation (Brown et al. 2015). Bpgm synthesizes 2,3-BPG (2,3-bisphosphoglycerate), 

the molecule that binds to Hb allosterically, allowing it to release oxygen (Benesch and Benesch 

1967). Given that Hb is found in low levels in vitro, an upregulation in Bpgm expression might occur 

in order to release more oxygen through the binding of 2,3-BPG to Hb.  

To date, there has been no research describing the combined role of Hb and 2,3-BPG in regulating 

oxygen supply during maturation of the COC. However, it is well-known in the reproductive field 

that fetal Hb has a higher affinity for 2,3-BPG compared to the maternal adult Hb, enabling 

increased transfer of oxygen to fetal Hb and thus to the developing fetus (Allen et al. 1953). 

Interestingly, high levels of Bpgm mRNA are present in human and mouse placenta with expression 

restricted to the syncytiotrophoblast layer of the placental villi (Pritlove et al. 2006). The authors 

of this study concluded that the presence of 2,3-BPG at the maternal blood interface would allow 

oxygen transfer from maternal Hb to fetal Hb, thereby demonstrating its relevance in the exchange 

of oxygen between two types of Hb molecules. Conversely, the influence of oxygen concentration 

itself is an important consideration when studying 2,3-BPG. In areas of high altitude increased 

levels of 2,3-BPG aid in the adaption of the body to low oxygen conditions (Lenfant et al. 1968; 

Winslow et al. 1989; Weber 2007). These studies describe the dynamic nature of 2,3-BPG, 

particularly in relation to increased demand for regulated oxygen supply. 

As covered in Chapter 1, there are many non-erythroid cells within low oxygen environments in 

vivo that express Hb (see Table 1.2). Of particular relevance to this chapter is its presence in breast 

and glioblastoma cancer, which offer insights into the role of Hb in hypoxic conditions commonly 

found in tumour cells (Muz et al. 2015). In breast cancer cells, three globin forms are present: 

myoglobin, haemoglobin and cytoglobin, with cytoglobin showing the closest correlation to 
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hypoxia markers including HIF1 (Gorr et al. 2011). In human glioblastoma cells, a variety of 

globins including fetal, embryonic and adult Hb were found (Emara et al. 2014a), which were 

upregulated in response to hypoxia (Emara et al. 2014b). Both these studies focused on Hb 

expression but did not consider the presence of Bpgm, despite its known interaction with Hb in 

red blood cells, and ability to influence oxygen affinity as earlier described. Its importance in 

reproductive cancer cells is not to be overlooked, with Bpgm expression 130-fold higher in 

granulosa tumour cells compared to ovarian tumour cells, thus suggesting its use as a phenotype 

marker (Owens et al. 2002). The role of Bpgm in relation to Hb has yet to be explored in cancer 

cells, although from the studies presented it is reasonable to contemplate how Bpgm expression, 

like Hb, might change in relation to hypoxia. 

The importance of regulated oxygen supply and HIF-responsive genes during IVM, coupled with 

the presence of Hb and Bpgm in the COC, point to the pressing question: do these proteins play a 

role in oxygen regulation and gene expression? In this chapter, I investigate the interactions 

between Hb and Bpgm in the COC in four sections; (1) Comparing Hb and Bpgm gene expression 

in human cumulus cells and mouse COCs following in vivo maturation; (2) Determining whether 

Bpgm is dysregulated during IVM of mouse COCs; (3) Evaluating the effect of low oxygen and 

exogenous Hb on Bpgm gene expression and protein abundance during IVM and (4) Developing a 

CRISPR-Cas9 mediated knockdown of Bpgm during IVM to determine the downstream effects on 

oxygen-regulated gene expression. 

 METHODS 

3.2.1 Human cumulus cell samples 

Human cumulus cells samples were isolated from oocytes that were matured in vivo for patients 

(age: 29-34 years) undergoing gonadotrophin-stimulated in vitro fertilisation (IVF; Fertility SA, 

Adelaide, Australia), following published stimulation regimes (Rose et al. 2020). Patients had given 

prior consent for their routinely discarded cumulus cells to be stored and used for research 

purposes (Fertility SA BioResource Human Research Ethics Committee Project No. 93). The cohort 

comprised a total of 40 patients, including participants regardless of male or female-factor 
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infertility. Ethics approval for the study was obtained from the Human Research Ethics Committee, 

University of Adelaide, Adelaide, Australia (approval number H-2018-205). Samples were stored at 

-80°C until RNA extraction, which was carried out as per Chapter 2, section 2.3.1. 

3.2.2 In vitro maturation of mouse cumulus-oocyte complexes at low oxygen 

Overall, in vitro maturation (IVM) experiments were carried out as per Chapter 2, section 2.2.2.2, 

with the exception of oxygen concentration. The COCs were matured for 16 h in 2, 5 or 20% oxygen 

(6% CO2 and balance of nitrogen). To maintain 2% oxygen during IVM, a separate gas cylinder 

containing 2% oxygen, 6% CO2 and balance of nitrogen was gassed into a humidified modular 

incubation chamber containing COCs in culture dishes (Billups-Rothenburg, Del Mar, CA, USA) and 

placed into a 37°C incubator (Banwell et al. 2007a). To maintain 5 and 20% oxygen levels, two 

separate incubators set at the respective oxygen levels were used. Haemoglobin addition to culture 

media was carried out as per Chapter 2, section 2.1.2.  

3.2.3 SYBR green real-time qPCR 

Gene expression analysis of COCs obtained from IVM at different oxygen concentrations were 

evaluated using SYBR Green Real-Time qPCR. After snap freezing COCs in liquid nitrogen, RNA 

extraction and cDNA synthesis were carried out as per Chapter 2, section 2.3.1. For each sample, 

1 l diluted cDNA (1:2 with RNase-free H2O), 0.1 l forward and reverse primers (25 M), 5 l SYBR 

Green Master Mix (Applied Biosystems, CA, USA) and RNAse-free water were added to a final 

volume of 10 l, then loaded into striptubes (Qiagen, Hilden, Germany). Reactions were performed 

in triplicate. Expression of haemoglobin alpha protein (Hba-a1), beta (Hbb), bisphosphoglycerate 

mutase (Bpgm), glucose transporter-1 (solute carrier family 2 (facilitated glucose transporter), 

member 1) (Slc2a1) and N-Myc downstream-regulated gene 1 (Ndrg1) were analysed. Primer 

sequences, found in Table 3.1, were designed using mRNA sequences from the National Center for 

Biotechnology Information PubMed database using Primer Express software (PE; Applied 

Biosystems, Foster City, CA) and synthesized by Geneworks (Thebarton, SA, Australia). Conditions 

for PCR followed a two-step with melt curve protocol: 95°C for 10 min, followed by 40 cycles of 95

°C for 10 sec, 60°C for 45 sec, and ending with a melt step at 72-90°C on a Rotor-Gene 6000 (Corbett 
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Life Science, NSW, Australia). Single-product amplification was confirmed by analysis of melt 

dissociation curves. Controls included omission of the cDNA template in otherwise complete 

reaction mixtures; each showed no evidence of product amplification or primer dimers. Gene 

expression was calculated relative to 60s ribosomal protein L19 (Rpl19) expression using the 2-(ΔCT) 

method (Livak and Schmittgen 2001). The amplification efficiency of primer pairs for housekeeper 

and genes of interest were tested and confirmed as comparable. 

Table 3.1 Primer sequences for SYBR Green qPCR analysis of gene expression in mouse COCs. 

GENE GENBANK ACCESSION NO. PRIMER SEQUENCE 

HBA-A1 NM_001083955.1 
Forward – AAGCCCTGGAAAGGATGTTT 
Reverse – GGCTCAGGAGCTTGAAGTTG 

HBB NM_008220.4 
Forward – GCTGGTTGTCTACCCTTGGA 
Reverse – ACGATCATATTGCCCAGGAG 

BPGM NM_007563.4 
Forward – ACCGGAGGTACAAAGTGTGC 
Reverse – CTCCAGCAGAATCGGAACTC 

NDRG1 BC015282 
Forward – AGTACTTTGTGCAGGGCATGG 
Reverse – AGGGATGTGACACTGGAGCC 

SLC2A1 M23384 
Forward – CCAGCTGGGAATCGTCGTT 
Reverse – CAAGTCTGCATTGCCCATGAT 

RPL19 NM_026490 
Forward – TTCCCGAGTACAGCACCTTTGAC 
Reverse – CACGGCTTTGGCTTCATTTTAAC 

 

3.2.4 BPGM immunofluorescence 

To investigate the protein abundance of BPGM following maturation in vivo or under standard IVM 

conditions, COCs were stored in polyvinyl-alcohol (PVA) diluted in PBS, as per Chapter 2, section 

2.2.2.3 then blocked with 10% goat serum (Cat # G9023, Sigma-Aldrich, MO ,USA) diluted in 

PBS/PVA for 30 min at room temperature. Blocking serum was also used to make up BPGM 

antibody (Cat #C-4 sc-373819, Santa Cruz Biotechnology, TX, USA) at a 1:200 dilution. A blocking 

peptide (Cat #sc-373819-P, Santa Cruz Biotechnology, TX, USA) at a five-fold (by weight) excess of 

blocking peptide to antibody was used to check for non-specific binding by the secondary antibody. 

Incubation with the primary antibody occurred overnight at room temperature. A negative control 

with omission of the primary antibody was also performed. Following overnight incubation, COCs 

were washed three times with PVA/PBS and incubated with secondary antibody AlexaFluor488 
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goat anti-mouse IgG (Cat #A11001, Thermo Fisher Scientific, MA, USA) at 1:500 dilution in 10% 

goat serum for 2 h at room temperature in the dark. Following incubation, COCs were washed 

three times with PVA/PBS and mounted onto glass slides using a secure-seal spacer (Cat #S24735, 

Life Technologies, CA, USA) using DAPI mounting medium (Cat #DUO82040, Sigma-Aldrich, MO, 

USA) and overlayed with a coverslip. Slides were either stored at -20°C or proceeded directly to 

imaging by confocal microscopy (as per Chapter 2, section 2.4). Images were captured at 60X 

magnification, using imaging channels DAPI (358/461 nm), Alexa Fluor 488 for BPGM (496/519 nm), 

and bright field. Image analysis was carried out as per Chapter 2, section 2.4. 

3.2.5 CRISPR-Cas9 knockdown of Bpgm in cell line 

All CRISPR-Cas9 reagents were purchased from Invitrogen (Thermo Fisher Scientific, MA, USA). 

3.2.5.1 TrueGuide synthetic gRNA synthesis   

Invitrogen TrueGuide Synthetic guide RNA (gRNA) for BPGM (Cat #A35509) was synthesised 

following the in-built “GeneArt CRISPR Search and Design” tool from Thermo Fisher 

(https://apps.thermofisher.com/apps/crispr/index.html#/search) (see Table 3.2 for sequences). 

TrueGuide Synthetic sgRNA ROSA26 (Mouse) (Cat #A35535) was purchased as a positive control. 

Following manufacturer’s instructions, a working stock of 240 ng gRNA was prepared for 

transfection into a prepared cell line, and concentration determined using a Nanodrop 2000 

Spectrophotometer (Thermo Fisher Scientific, MA, USA). Working stocks of gRNA were aliquoted 

and stored at -20°C until use.  

Table 3.2 TrueGuide Synthetic RNA (gRNA) sequences targeting BPGM for CRISPR-Cas9 knockdown 

in mouse 67NR cell line. 

DESCRIPTION gRNA SEQUENCE DIRECTION PAM BINDING SITES 

IVT-Bpgm-gRNA-T1 GAAACTTAACAACGACGGAC (+) TGG 1 

IVT-Bpgm-gRNA-T2 GTCCGTCGTTGTTAAGTTTC (-) TGG 2 

IVT-Bpgm-gRNA-T3 TAACAACGACGGACTGGAGG (+) AGG 3 

 

https://apps.thermofisher.com/apps/crispr/index.html#/search
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3.2.5.2 Tissue culture of 67NR cell line 

The mouse 67NR cell line was originally derived from a spontaneous breast tumour growing in a 

BALC/c mouse (Aslakson and Miller 1992). The cell line used for this study was kindly provided by 

Dr Sonja Frolich (University of Adelaide, Adelaide, Australia). Cells were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM), high glucose, GlutaMAX supplement (Cat #10566016, Gibco, 

Thermo Fisher Scientific, MA, USA) with 10% fetal calf serum (Cat #12003C, SAFC Biosciences, 

Sigma-Aldrich, MO, USA) with at least one passage (range: 15-20) before proceeding with CRISPR-

Cas9 transfection to minimise effects of passage number on dysregulated gene expression and 

development (Briske-Anderson et al. 1997; O'Driscoll et al. 2006). 

3.2.5.3 CRISPR-Cas9 transfection of 67NR cell line  

Twenty-four hours prior to transfection, 67NR cells were plated in a 24-well plate (Falcon, Corning 

Inc., NY, USA) at 0.6x105 cells/well in a 37°C humidified incubator in 6% CO2 and balance of air. On 

the following day, the Cas9 protein/gRNA/Cas9 plus reagent solution was prepared in a falcon tube 

(Tube 1) by mixing 25 l Opti-MEM I Medium (Cat #31985062, Gibco, Thermo Fisher Scientific, MA, 

USA), 1250 ng Invitrogen TrueCut Cas9 protein v2 (Cat #A36497), 240 ng sgRNA and Lipofectamine 

Cas9 Plus reagent (Cat #CMAX00001). In a separate falcon tube (Tube 2), Lipofectamine 

CRISPRMAX Transfection Reagent (Cat #CMAX00001) was diluted in Opti-MEM I Medium (Cat 

#31985062, Gibco, Thermo Fisher Scientific, MA, USA) and incubated for 1 min at room 

temperature. Tubes 1 and 2 was then mixed (i.e. transfection complex) and incubated for 15 min 

at room temperature. Cells were confirmed to be 30-70% confluent and the transfection complex 

added in a light drop-wise manner into the wells, followed by 2 days incubation at 37°C for 

transfection to occur. The detailed protocol used was the TrueGuide Synthetic Guide RNA user 

guide (Cat #A35509). 

3.2.5.4 Genomic Cleavage Detection  

Efficiency of genomic cleavage by CRISPR-Cas9 and synthesised gRNA was tested using the GeneArt 

Genomic Cleavage Detection (GCD) Kit (Cat #A24372). Cells were harvested 48 h post-transfection 

and mixed in 50 l Cell Lysis Buffer and Protein Degrader before undergoing PCR amplification. The 

PCR reaction comprised of 2 l cell lysate, 10 M forward and reverse primer mix, 25 l AmpliTaq 
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Gold 360 Master Mix and 22 l water. Primer design for GCD primers was performed using 

 the in-built “GeneArt CRISPR Search and Design” tool from Thermo Fisher 

(https://apps.thermofisher.com/apps/crispr/index.html#/search) (see  

Table 3.3 for sequences). The PCR parameters were 95°C for 10 min, 40 cycles of 95°C for 30 sec, 

55°C for 30 sec, 72°C for 30 sec, a final extension of 72°C for 10 min and hold at 4°C. The PCR 

products were verified by Gel Electrophoresis. 

Table 3.3 Primer sequences for Invitrogen GeneArt Cleavage Detection Assay to evaluate 

CRISPR-Cas9 knockdown of Bpgm gene and mouse ROSA 26 positive control. 

TrueGuide Synthetic 
GCD description 

Primers for the GeneArt Cleavage Detection (GCD) Assay 

Forward GCD Primer Reverse GCD Primer 

GCD-Set1-Bpgm-gRNA-
T1 

ACATGCTATCTAGCCATCAG GCCATTTTCTCCCTGTTG 

GCD-Set1-Bpgm-gRNA-
T2 

ACATGCTATCTAGCCATCAG GCCATTTTCTCCCTGTTG 

GCD-Set1-Bpgm-gRNA-
T3 

ACATGCTATCTAGCCATCAG GCCATTTTCTCCCTGTTG 

Mouse ROSA 26 AAGGAGCGAGGGCTCAGTTGG GGTGAGCATGTCTTTAATCTACCTCG 

 

3.2.5.5 Agarose Gel Electrophoresis  

The PCR products were separated by gel electrophoresis in a gel containing 2% (w/v) agarose (Cat 

#22700-025, Invitrogen, CA, USA)/0.5X TBE buffer (44.5 mM Tris, 44.5 mM Boric Acid, 1 mM EDTA 

pH 8.0) and GelRed (Cat #20846, Biotium, CA, USA). Electrophoresis was performed in 0.5X TBE 

buffer at 70V on a PowerPac Basic Power Supply (Bio-Rad Laboratories, CA, USA). To each sample, 

6X DNA loading dye (Cat #R0611, Thermo-Fisher Scientific, MA, USA) was added to a final 1X 

concentration. A 100 bp ladder (Cat #GWK-DMW-100L, GeneWorks, SA, Australia) was used to 

determine DNA fragment sizes. The gel was visualised after 40 min using a Gel Doc EZ Imager ((Bio-

Rad Laboratories, CA, USA). 

https://apps.thermofisher.com/apps/crispr/index.html#/search
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3.2.6 CRISPR-Cas9 knockdown of Bpgm using lentiviral transduction 

3.2.6.1 Lentivirus production 

Lentivirus containing Cas9, GFP and BPGM-specific gRNA (CMV-Cas9-2aGFP Bpgm sgRNA) was 

generated by the Gene Silencing and Expression Facility (GSEx, Robinson Research Institute, 

University of Adelaide, SA, Australia) to transduce COCs. A GFP-only lentivirus was also generated 

to evaluate COC transduction efficacy. The chosen target gRNA sequence to knockdown Bpgm was 

“IVT-Bpgm-gRNA-T1” (Table 3.2), which showed positive cleavage after GCD assay (Figure 3.6 A). 

The stock infectious titre was 1.7e8 infectious units/ml stored in aliquots of 5 l at -80°C until use. 

3.2.6.2 Lentiviral Transduction of COCs 

Lentiviral transduction was carried out on COCs isolated from mouse ovaries 44 h post-eCG in 

HEPES-buffered alpha MEM handling medium for lentiviral transduction (Table 3.4, see Chapter 2, 

Section 2.1.2 for alpha MEM media details). Cumulus oocyte complexes were cultured at a density 

of 10 COCs per well of a Falcon 96-well plate (Cat #353072, Corning Inc. NY, USA) with 50 l 

bicarbonate-buffered alpha MEM culture medium that maintains oocytes at the germinal vesicle 

stage (GV) termed GV “maintenance” medium (Table 3.5). Wells in the middle of the plate were 

utilised for treatment, with surrounding wells filled with milliQ water to limit evaporation. Plates 

were placed into a 37°C humidified incubator with 6% CO2 in air for 1 h to allow COCs to plate 

down. After which, 1e7 IU/ml of lentivirus was added to treatment wells and plates were incubated 

in a 37°C humidified incubator in 6% CO2 and balance of air. The COCs were cultured for 48 h to 

ensure viral transduction and sufficient time for the use of cell machinery to produce Cas9 protein 

to knockdown Bpgm before resuming IVM. 

Table 3.4 Media composition for handling media used for lentiviral transduction of COCs. 

REAGENT COMPANY CONCENTRATION 

HEPES a-MEM Gibco Life Technologies (Cat #ME120083P1) 1X 

Fetal Calf Serum SAFC Biosciences (Cat #12003C) 1% 

Pyruvate Sigma-Aldrich (Cat #P5280) 0.23 mM 

Estradiol Sigma-Aldrich (Cat #E2257) 1e-8 M 

Milrinone Sigma-Aldrich (Cat #M4659) 1M 
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Table 3.5 Media composition for GV maintenance media for lentiviral transduction of COCs. 

REAGENT COMPANY CONCENTRATION 

Bicarb A-MEM Gibco Life Technologies (Cat #ME120083P1) 1X 

Fetal Calf Serum SAFC Biosciences (Cat #12003C) 1% 

Pyruvate Sigma-Aldrich (Cat #P5280) 0.23 mM 

Estradiol Sigma-Aldrich (Cat #E2257) 1e-8 M 

Milrinone Sigma-Aldrich (Cat #M4659) 1 M 

Recombinant human FSH Organon (Cat #45700) 1 mIU/mL 

 

3.2.6.3 Resumption of IVM, imaging and COC collection 

Forty eight hours post transduction, GFP fluorescence was assessed using an EVOS fl epifluorescent 

microscope (Advanced Microscopy Group, WA, USA) to confirm successful viral transduction, and 

IVM was stimulated by the addition of 150 l of 1.5X concentrated IVM medium (Table 3.6, see 

Chapter 2, Section 2.1.2 for bicarbonate-buffered MEM media details) to all treatment wells. 

After 12 h of IVM, GFP fluorescence was evaluated in the same manner. Twenty COCs were snap-

frozen in 1.5 ml centrifuge tubes in liquid nitrogen and stored at -80°C until RNA isolation and cDNA 

synthesis, which was carried out as per Chapter 2, Section 2.3.1. 

Table 3.6 Media composition for 1.5X concentrated in vitro maturation (IVM) media used 

after lentiviral transduction of COCs to resume IVM. 

REAGENT COMPANY CONCENTRATION 

Bicarb a-MEM  Gibco Life Technologies (Cat #ME120083P1) 1X 

Fetal Calf Serum SAFC Biosciences (Cat #12003C) 1% 

Recombinant human FSH Organon (Cat #45700) 0.23 mM 

Epidermal growth factor R&D Systems (Cat #236-EG) 1e-8 M 
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3.2.7 TaqMan real-time qPCR 

TaqMan Real-Time qPCR (Applied Biosystems, CA, USA) was used to evaluate gene expression of 

mouse IVM COCs following lentiviral transduction and human cumulus cell samples from Section 

3.2.1. For each sample, 5 l of TaqMan Gene Expression Master Mix (Thermo Fisher, Cat # 

4369016), 0.5 l of TaqMan Gene Expression Assay (Thermo-Fisher Scientific, MA USA), see Table 

3.6 for all TaqMan gene expression assays IDs used), 2.5 l H2O and 2 l cDNA (2.5 ng/l) were 

added to each well of a 96-well plate. Once all samples were loaded, the plate was covered with a 

plastic film and centrifuged for a short pulse to reach 2000 rpm. The PCR was performed on a 

QuantStudio 12K Flex (Applied Biosystems, CA, USA) with a Fast 96-Well block on standard run and 

analysed using comparative CT with housekeepers: actin-beta (ActB) and Rpl19 for mouse samples 

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for human samples (Gebhardt et al. 

2011). The thermal profile was 50°C for 2 min, 95°C for 10 min and 40 cycles of 95°C for 15 sec and 

60°C for 1 min. Negative controls included omission of template and cDNA samples where reverse 

transcriptase was omitted, these showed no evidence of amplification. 

Table 3.7 TaqMan Gene Expression Assay ID for gene expression analysis. 

GENE DESCRIPTION ORIGIN TAQMAN GENE EXPRESSION ASSAY ID 

Bpgm Mouse Mm00500291_m1 

Ndrg1 Mouse Mm00440447_m1 

Slc2a1 Mouse Mm00441480_m1 

Actb Mouse Mm02619580_g1 

Rpl19 Mouse Mm02601633_g1 

HBA1/HBA2 Human Hs00361191_g1 

BPGM Human Hs00156139_m1 

GAPDH Human Hs02786624_g1 

 

  



Chapter 3 The Role of Haemoglobin in Oxygen-Regulated Gene Expression | Megan Lim 

 

37 
 

3.2.8 Statistical analysis  

Results are represented as mean ± SEM of three or more independent replicates. Statistical 

analyses were carried out on GraphPad Prism Version 8 for Windows (GraphPad Holdings LLC, CA, 

USA). Data were checked for normality and log-transformation was used for gene expression 

analysis. Statistical analyses were done using a one-way ANOVA or Student’s t-tests as indicated in 

figure legends, and statistical significance taken at P-value < 0.05. Post-hoc Tukey’s multiple 

comparisons test were carried out following one-way ANOVA as described in figure legends.   
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 RESULTS 

3.3.1 Contrasting haemoglobin and bisphosphoglycerate mutase (Bpgm) gene 
expression in mouse cumulus-oocyte complexes and human cumulus cells following 
in vivo maturation  

I first determined the in vivo level of Bpgm compared to known levels of Hb demonstrated in prior 

work (Brown et al. 2015). Haemoglobin mRNA transcript was abundant in mouse COCs and human 

cumulus cells following in vivo maturation (Figure 3.1 A, B), consistent with previously published 

literature (Brown et al. 2015). When compared to expression of the gene responsible for its partner 

enzyme 2,3-BPG (Bpgm), a contrasting pattern was observed, with significantly lower Bpgm 

expression compared to Hba-a1; 15-fold in mice (Figure 3.1 A) and 49-fold in human (Figure 3.1 B).  

3.3.2 BPGM mRNA and protein abundance in mouse cumulus oocyte complexes 
following in vivo and standard in vitro maturation 

As Bpgm expression was significantly lower than Hba-a1 in vivo, I wanted to examine the in vitro 

levels of Bpgm mRNA and protein in the COC. Gene expression of Bpgm was significantly higher 

(10.7-fold) in IVM COCs compared to in vivo-derived COCs (Figure 3.2 A). Protein abundance in the 

oocyte was assessed following immunohistochemistry (Figure 3.2 B-J), revealing a similar pattern 

of significantly higher abundance (1.9-fold) in IVM COCs relative to in vivo (Figure 3.2 B). 

Interestingly, protein abundance was higher in the oocyte vs cumulus cell compartment of the COC 

for both in vivo and IVM COCs, hence fluorescence intensity was measured in the oocyte rather 

than the whole COC (Figure 3.2 D and H). 

3.3.3 Effect of oxygen concentration and exogenous haemoglobin on Bpgm 
abundance  

In an attempt to normalise in vitro Bpgm to the levels observed in vivo, two separate experimental 

conditions were analysed: lowered oxygen concentration and the addition of exogenous Hb. When 

oxygen levels were altered, there was a 2.2-fold increase in Bpgm when COCs were cultured at 2% 

compared to 20% oxygen (Figure 3.3 A). Similar levels of expression were seen following 

maturation at 5% and 20% oxygen. To confirm that the culture conditions sufficiently induced 

hypoxia, the expression of known oxygen responsive genes Slc2a1 and Ndrg1 was assessed. 
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Figure 3.1 Contrasting haemoglobin alpha (Hba-a1/HBA) and bisphosphoglycerate mutase 

(Bpgm/BPGM) gene expression in in vivo matured mouse cumulus-oocyte complexes and human 

cumulus cells. 

The gene expression of Hba-a1 and Bpgm in mouse cumulus oocyte complexes (COCs) following 

16 h in vivo maturation is presented relative to ribosomal protein L19 (Rpl19) and analysed using 

2-ΔCT (n = 40 COCs per 5 experimental replicates) (A). The gene expression of HBA and BPGM in 

matured human cumulus cells harvested from oocytes following in vivo maturation and follicle 

aspiration are presented relative to the internal control, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and analysed using 2-ΔCT (n = 26 samples) (B). All data are presented as 

mean ± SEM and log-transformed data analysed using an unpaired Student’s t-test, **: P < 0.005, 

****:P < 0.00005.  
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Figure 3.2 Bisphosphoglycerate mutase (Bpgm) mRNA and protein are dysregulated in 

cumulus-oocyte complexes following in vitro-maturation. 

Gene expression (A) and protein abundance (B-J) of Bpgm were measured in mouse cumulus-

oocyte complexes (COCs) comparing (16h; C-F) in vivo maturation and (16 h; G-J) in vitro 

maturation (IVM) at 20% oxygen. The gene expression of Bpgm is presented relative to ribosomal 

protein L19 (Rpl19) and analysed using 2-ΔCT (n = 5 experimental replicates) (A). Fluorescence 

intensity of BPGM protein abundance in oocytes was calculated from confocal image data (n = 3 

experimental replicates) using ImageJ (Fiji) (B). Representative images of BPGM protein abundance 

determined using immunofluorescence following 16 h in vivo maturation (C-F) and IVM (G-J). 

Images were taken on a Fluoview FV10i confocal microscope (Olympus, Tokyo, Japan) using the 

channels DAPI (358/461 nm) (C, G), Alexa Fluor 488 for BPGM (496/519 nm) (D, H), merge of DAPI 

and BPGM (E, I) and bright field (F, J). Images were captured at 60X magnification (n = 3 

experimental replicates). Data are represented as mean ± SEM and analysed using an unpaired 

Student’s t-test, **: P <0.005, ****:P <0.00005. Scale bar represents 100 m.  
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Figure 3.3 Low oxygen during in vitro maturation increases bisphosphoglycerate mutase 

(Bpgm) gene expression and is comparable with classic oxygen-regulated gene response in mouse 

cumulus-oocyte complexes. 

The gene expression of three genes were measured in mouse cumulus oocyte complexes (COCs) 

following 16 h in vitro maturation at 2, 5 and 20% oxygen concentrations: Bpgm (A), glucose 

transporter-1 ((solute carrier family 2 (facilitated glucose transporter), member 1; Slc2a1) (B) and 

N-Myc downstream-regulated gene 1 (Ndrg1) (C). Gene expression is presented relative to 

ribosomal protein L19 (Rpl19) and analysed using 2-ΔCT (n = 3-5 experimental replicates). Data are 

represented as mean ± SEM and log-transformed data analysed using one-way ANOVA with post-

hoc Tukey’s multiple comparisons test. *:P <0.05, ***:P <0.0005, ****:P< 0.00005.
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Both Slc2a1 and Ndrg1 displayed similar patterns of increased expression upon exposure to 5% 

and 2% oxygen compared to 20% (Figure 3.3 B and C, respectively), consistent with previous 

observations (Kind et al. 2013a). 

As Bpgm was significantly increased at 2% oxygen concentration, I further explored whether its 

expression could be normalised by the addition of exogenous Hb during IVM at the same oxygen 

level. This was based on prior data indicating absence of Hb during IVM and high abundance in vivo 

(Brown et al. 2015). I expected the addition of Hb to IVM would replicate in vivo conditions and 

thus result in normalising of Bpgm to in vivo levels. There was a significant, 2.9-fold decrease in 

Bpgm expression in the presence of ferric Hb (Hb3+) compared to control (Figure 3.4 A). A similar 

reduction in Bpgm was seen in the presence of ferrous (Hb2+) (2.0-fold) but did not reach statistical 

significance (P = 0.0584, Figure 3.4 A). To investigate if the effect of exogenous Hb was specific to 

Bpgm and not related to changes in available oxygen, which may have been altered through 

addition of Hb, the expression of oxygen responsive genes Slc2a1 and Ndrg1 was evaluated. The 

addition of Hb2+ or Hb3+ did not alter the expression of oxygen-regulated genes Slc2a1 or Ndrg1 

(Figure 3.4 B, C) confirming that the decrease in Bpgm was due to exogenous Hb addition. 

In contrast to mRNA expression, the addition of exogenous Hb during IVM at 2% oxygen 

concentration resulted in a visible increase in BPGM protein within the oocyte compared to control 

(Figure 3.5 F and J vs. B respectively). Following quantification of fluorescence intensity within the 

oocyte, there was a small but significant 1.3-fold increase in BPGM fluorescence in oocytes 

cultured in the presence of Hb2+ compared to control but similar levels seen in the presence of 

Hb3+ (Figure 3.5 M). 
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Figure 3.4 Exogenous haemoglobin (Hb) reduced bisphosphoglycerate mutase (Bpgm) gene 

expression in mouse cumulus-oocyte complexes following in vitro maturation at 2% oxygen 

concentration.  

The gene expression of three genes were measured in mouse cumulus oocyte complexes following 

16 h in vitro maturation in the presence of ferrous (Hb2+) or ferric (Hb3+) haemoglobin: Bpgm (A), 

glucose transporter-1 ((solute carrier family 2 (facilitated glucose transporter), member 1; Slc2a1) 

(B) and N-Myc downstream-regulated gene 1 (Ndrg1) (C). Gene expression is presented relative to 

ribosomal protein L19 (Rpl19) and analysed using 2-ΔCT (n = 4-5 experimental replicates). Data are 

represented as mean ± SEM and log-transformed data analysed using one-way ANOVA with post-

hoc Tukey’s multiple comparisons test. *:P <0.05.  
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Figure 3.5 Exogenous haemoglobin addition increased bisphosphoglycerate mutase (BPGM) 

protein abundance in the oocyte of cumulus-oocyte complexes following in vitro maturation at 2% 

oxygen concentration. 

Protein abundance of BPGM was visualised using immunofluorescent antibody staining of cumulus 

oocyte complexes (COCs) following 16 h of in vitro maturation (IVM) with the addition of ferrous 

(Hb2+) (E-H) or ferric (Hb3+) haemoglobin (I-L). Images were taken on a Fluoview FV10i confocal 

microscope (Olympus, Tokyo, Japan) using the channels DAPI (358/461 nm) (A, E, I), Alexa Fluor 

488 for BPGM (496/519 nm) (B, F, J), merge of DAPI and BPGM (C, G, K) and bright field (D, H, L). 

Images were captured at 60X magnification (n = 3 experimental replicates). Fluorescence intensity 

of BPGM protein abundance in oocytes was calculated using ImageJ (Fiji) (n = 3 experimental 

replicates, 20 oocytes per replicate) (M). Data are represented as mean ± SEM and analysed using 

one-way ANOVA with post-hoc Tukey’s multiple comparisons test, different superscripts signify P 

<0.05. Scale bar represents 100 m.
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3.3.4 CRISPR-Cas9 knockdown of BPGM  

As low oxygen and addition of exogenous Hb during IVM were unable to normalise Bpgm to levels 

observed during in vivo maturation, a knockdown approach was taken. Through the ablation of 

Bpgm using a targeted approach, without altering oxygen levels or adding Hb, I would be able to 

evaluate any changes to the expression of known oxygen-regulated genes in the absence of Bpgm. 

To establish a CRISPR-Cas9 knockdown approach suitable for mouse COCs, I first synthesised a 

guide RNA (gRNA) specific for Bpgm and confirmed successful cleavage of Bpgm genomic DNA via 

CRISPR-Cas9 within the mouse cell line, 67NR (Figure 3.6 A, lane 3). In the 67NR cell line, a 

liposome-mediated transfer of CRISPR-Cas9 componentry together with the specific gRNA was 

utilised. This approach is suitable for rapidly dividing cells but inefficient for delivery to the non-

dividing cells of the COC (Lino et al. 2018). Thus, a lentiviral mediated approach was chosen to 

knockdown BPGM in mouse COCs during IVM.  

Sufficient time is required for lentiviral transduction of the COC and synthesis of CRISPR-Cas9 

componentry prior to induction of oocyte maturation in vitro. Thus, I first confirmed that lentiviral 

transduction and expression of an introduced protein, GFP, could be achieved during a period of 

meiotic arrest (termed maintenance period) followed by induction of IVM (Figure 3.6 B-G). Meiotic 

arrest during the 48 h maintenance period was confirmed by the presence of germinal vesicles (GV) 

within oocytes (Figure 3.6 D). Further, production of the lentiviral introduced protein, GFP was 

confirmed following the maintenance period (Figure 3.6 B-C). Following the maintenance period, 

oocyte maturation was induced with resultant cumulus expansion and meiotic resumption 

demonstrating successful IVM conditions (Figure 3.6 G). Following IVM, GFP fluorescence persisted, 

confirming that expression and translation of the lentiviral-introduced GFP continued during IVM 

(Figure 3.6 E, F). Collectively, these data validated that this approach was suitable for knockdown 

of BPGM during IVM.  

After validating lentiviral transduction of COCs and that the chosen gRNA sequence was successful 

in targeting Bpgm, lentiviral-mediated CRISPR-Cas9 knockdown of BPGM in the COC was 

conducted. A GFP tag was included down-stream of the CRISPR-Cas9 and gRNA sequences in the 
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Figure 3.6 Validation of CRISPR-Cas9 guide RNA sequence in 67NR cell line and successful 

lentiviral transduction of cumulus-oocyte complexes. 

Guide RNA (gRNA) specificity for the targeted knockdown of bisphosphoglycerate mutase (Bpgm) 

was evaluated in a 67NR mouse cell line for genomic cleavage. Gel electrophoresis image of 67NR 

cells following CRISPR-Cas9 transfection with Bpgm-specific gRNA (A). Lane 1: DNA ladder, lane 2: 

No cleavage enzyme, lane 3: Cleavage enzyme. Lentiviral transduction and GFP expression within 

mouse cumulus-oocyte complexes (COCs) were observed to confirm validity of a lentiviral CRISPR-

Cas9 approach to knockdown Bpgm (B-G). Images were captured on EVOS fl epifluorescent 

microscope (Advanced Microscopy Group, WA, USA) at the 10X magnification. Representative 

images of COCs following a 48 h maintenance period confirming meiotic arrest (GV; germinal 

vesicle) (B-D). Images of COCs following resumption of in vitro maturation for 16 h (IVM) (E-G). 

Fluorescence from expressed GFP following lentiviral transduction are shown in B-C and E-F. 

Channels used: GFP (B, E), merge of bright field and GFP (C, F) and bright field (D, G). Scale bars 

represents 400 m.
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lentiviral vector as a means of confirming transduction and expression in COCs.  

Following resumption of IVM, GFP fluorescence was observed within oocytes and cumulus cells 

indicating successful lentiviral transduction and expression of the CRISPR-Cas9 componentry in 

COCs (Figure 3.7 D-E). This fluorescence was absent in COCs where the virus was not added (Figure 

3.7 A, B). 

3.3.5 Effect of BPGM knockdown on oxygen-regulated gene expression 

To investigate the impact of CRISPR-Cas9 knockdown of BPGM on oxygen-regulated genes, 

expression of Ndrg1 and Slc2a1 were analysed in COCs collected following IVM resumption. I 

performed three replicate experiments; the first replicate showed successful knockdown with a 7-

fold decrease in Bpgm expression (Figure 3.8 A, virus vs no virus), resulting in a 3.4-fold and 1.6-

fold increase in Ndrg1 and Slc2a1 expression respectively (Figure 3.8 B and C, respectively). The 

second replicate also showed knockdown of Bpgm, albeit with a lower 1.6-fold decrease in 

expression (Figure 3.8 D), and a corresponding lower 1.4-fold and 1.1-fold increase in Ndrg1 and 

Slc2a1 expression respectively (Figure 3.8 E-F, respectively). The third replicate showed a similar 

level of knockdown as replicate 2 with Bpgm expression reduced by 1.8-fold (Figure 3.8 G). 

However, there was an opposite 1.4-fold decrease in Ndrg1 expression (Figure 3.8 H) and a small 

but consistent 1.1-fold increase in Slc2a1 expression (Figure 3.8 I).
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Figure 3.7 Successful transduction of CRISPR-Cas9-GFP lentivirus in mouse cumulus-oocyte 

complexes following in vitro maturation.  

Successful lentiviral transduction was confirmed by GFP fluorescence within mouse cumulus-

oocyte complexes (COCs) following in vitro maturation (IVM). Images were captured on EVOS fl 

epifluorescent microscope (Advanced Microscopy Group, WA, USA) at the 10X magnification. 

Representative images of COCs after resuming IVM to evaluate cumulus expansion and GFP 

fluorescence in the absence (A-C) and presence (D-F) of lentivirus. Channels used: GFP (A, D), 

merge of bright field and GFP (B, E) and bright field (C, F). Scale bars represent 400 m. 
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Figure 3.8 Effect of CRISPR-Cas9 lentiviral-mediated knockdown of bisphosphoglycerate 

mutase (Bpgm) during in vitro maturation on oxygen-regulated gene expression in cumulus oocyte 

complexes. 

Knockdown of bisphosphoglycerate mutase (Bpgm) during in vitro maturation (IVM) was 

attempted using a CRISPR-Cas9 lentiviral-mediated approach. Following IVM, in the absence of 

presence of lentivirus, gene expression was analysed for three genes: Bpgm (A, D, G), glucose 

transporter-1 ((solute carrier family 2 (facilitated glucose transporter), member 1) (Slc2a1) (B, E, H) 

and N-Myc downstream-regulated gene 1 (Ndrg1) (C, F, I). Gene expression is presented relative 

to the geometric mean of ribosomal protein L19 (Rpl19) and Actin-beta (ActB) and analysed using 

2-ΔCT. Data are presented as individual replicates: replicate 1 (A-C), 2 (D-F) and 3 (G-I).  
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 DISCUSSION 

The initial discovery of haemoglobin (Hb) in the in vivo matured COC (Kind et al. 2013a) inspired 

exciting possibilities of its role in oxygen regulation, and potential impact on important HIF 

regulatory pathways that are vital for healthy oocyte development. Previous work investigating the 

role of HIF in the COC demonstrated that lowering in vitro oxygen concentration results in an 

increase in HIF protein levels, and elicits a classic HIF response in oxygen-regulated genes (Kind et 

al. 2015). Connections between hypoxia and Hb have been made in cancer tissues, such as in 

human glioblastoma (Emara et al. 2014b) and breast cancer cells (Gorr et al. 2011). Despite the 

known interaction between Hb and 2,3-bisphosphoglycerate (2,3-BPG) in oxygen regulation, most 

studies have neglected investigating the role of 2,3-BPG together with Hb. In the maturing COC in 

vivo, bisphosphoglycerate mutase (Bpgm) displays opposing expression patterns to Hb during the 

pre-ovulatory period (Brown et al. 2015), and recent work found its expression was significantly 

higher comparing in vitro to in vivo-derived human and mouse embryos (Lim et al. 2018). In this 

chapter, a thorough investigation of Bpgm was conducted to compare gene expression and protein 

profiles in COCs and the impact on oxygen-regulated gene expression upon knocking-down BPGM. 

These findings expand on the relationship of Bpgm and Hb in the COC, and how both might be 

involved in oxygen-regulated gene expression.  

In vivo gene expression of Hb and Bpgm were directly compared, for the first time, in mouse COCs 

and human cumulus cells. Both models demonstrated unequivocally high levels of Hba-a1/HBA 

compared to Bpgm/BPGM in both mouse COCs (Figure 3.1 A) and human cumulus cells (Figure 3.1 

B). The characterisation of Bpgm was further explored by examining how standard IVM conditions 

at 20% oxygen affected mRNA and protein levels, which is known to result in a dramatic decrease 

in Hb expression (Brown et al. 2015). Interestingly, Bpgm expression (Figure 3.2 A) and protein 

abundance (Figure 3.2 B) were significantly higher in IVM COCs relative to in vivo matured COCs. 

This is the opposite of what was observed in Hb mRNA and protein from earlier studies (Kind et al. 

2013a; Brown et al. 2015). Furthermore, the protein localisation of BPGM was concentrated in the 

oocyte following IVM (Figure 3.2H), which is in stark contrast to HBA protein which is abundant in 

the cumulus cells and absent from the oocyte (Brown et al. 2015). This validates the observations 

of contrasting gene expression patterns between Hba-a1 and Bpgm from that study. Altered gene 
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expression is thought to be a major contributor to the reduced developmental competence of in 

vitro matured oocytes compared to their in vivo matured counterparts (Brown et al. 2017). This 

aberrant gene expression may also contribute to disrupted cell growth and signalling (Lee et al. 

2008). Therefore, I endeavoured to apply changes to IVM conditions that more closely resemble 

the in vivo environment where Bpgm is expressed at low levels. 

To mimic in vivo levels of Bpgm, modifications to standard IVM conditions were tested to normalise 

its expression. Firstly, COCs were cultured at lower oxygen concentrations (2% and 5%) compared 

to standard IVM (20%). Two classic HIF-regulated genes Slc2a1 and Ndrg1 were chosen to confirm 

culture conditions in low oxygen elicited predictive effects on gene expression. Both genes were 

highly expressed at 2% and 5% oxygen concentration (Figure 3.3 B, C), also validating previous work 

in cumulus cells (Kind et al. 2015). Unexpectedly, Bpgm expression increased comparing 20% and 

2% oxygen concentration (Figure 3.3 A). Taken together with the response of Slc2a1 and Ndrg1, 

there is a possibility of Bpgm being an oxygen-regulated gene as well, making this the first study to 

show an increase in expression in response to hypoxia. Further exploration could be done by 

reducing culture drop volume size to increase accessibility to oxygen, as previous work 

investigating the impact of oxygen concentration on embryo development used 100 l drops 

during IVM (Banwell et al. 2007b). 

The second method used to normalise Bpgm was the exogenous addition of ferrous (Hb2+) and 

ferric (Hb3+) Hb during IVM at 2% oxygen concentration. The addition of Hb3+ significantly 

decreased Bpgm expression compared to control (Figure 3.4 A). This was confirmed to be due to 

Hb addition and not any effect of Hb on oxygen level, as there were no changes to Slc2a1 and 

Ndrg1 expression (Figure 3.4 B, C). This pattern is reminiscent of the contrasting pattern of Hb and 

Bpgm observed in COCs matured in vivo which would have a lower oxygen environment close to 

the 2% oxygen concentration used in this experiment. This finding also suggests the presence of 

Hb protein was able to regulate Bpgm expression, and the COC might have an inherent sensing 

mechanism that signals to decrease Bpgm upon presence of Hb. However, BPGM protein analysis 

revealed the protein levels were not decreased by the addition of Hb, and instead there was an 

increase when Hb2+ was added (Figure 3.5 M). A possible reason for this seemingly contradictory 
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result is that Bpgm mRNA levels present at 16 h-post IVM might miss a peak of expression at earlier 

stages of IVM, resulting in high levels of BPGM protein that remained present at the end of 

maturation. A time-course analysis would confirm this by collecting COCs across the period of IVM. 

As Hb addition was unable to normalise BPGM protein to levels observed following in vivo 

maturation, the final method used to decrease BPGM in IVM COCs was a CRISPR-Cas9 lentiviral-

mediated approach. The capabilities of this approach were validated with two experiments. Firstly, 

the guide RNA (gRNA) chosen to target Bpgm was capable of cleaving genomic DNA in a 67NR 

mouse cell line (Figure 3.6 A). Secondly, a GFP-tagged lentivirus showed successful transduction in 

IVM COCs, with GFP fluorescence observed in IVM COCs following viral transduction (Figure 3.6 F). 

Meiotic arrest during 48 h maintenance period and viral transduction was confirmed by the 

presence of germinal vesicles (Figure 3.6 D), and cumulus expansion was observed following 

resumption of IVM (Figure 3.6 G). After the lentiviral CRISPR-Cas9 system was validated, 

knockdown of BPGM was initiated with the lentivirus containing the chosen gRNA. This experiment 

was carried out at 20% oxygen concentration, which would have low oxygen-regulated gene 

expression of Slc2a1 and Ndrg1, as observed in Figure 3.3 C, D. Without the confounding variable 

of low oxygen, any change to their gene expression could be attributed to the knockdown of BPGM. 

I was able to demonstrate successful transduction and expression of the CRISPR-Cas9 lentivirus 

containing Bpgm target gRNA confirmed by GFP fluorescence in IVM COCs following viral 

transduction (Figure 3.7 D).  

The knockdown of BPGM using a CRISPR-Cas9 lentiviral approach uncovered fascinating results, 

which are more evident upon examining each replicate individually. All replicates showed some 

knockdown resulting in an increase in Ndrg1 and Slc2a1 expression in all replicates except replicate 

3 (Figure 3.8 B-C, E-F). Although not statistically robust, these results provide the first instance of 

BPGM knockdown resulting in changes to oxygen-regulated gene expression under 20% oxygen. A 

lack of 2,3-BPG synthesized by BPGM would result in increased oxygen affinity to Hb, potentially 

creating an intracellular low oxygen environment within the COC sufficient to elicit the hypoxic 

response observed. The next logical step would be adding Hb to IVM with knocked-down BPGM to 

observe if this results in a further increase in oxygen-regulated gene expression. Another 
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conclusion that can be drawn from this experiment is the variability of knockdown using the 

lentiviral system. To date there is no published literature describing the process of lentiviral-

mediated CRISPR-Cas9 knockdown in COCs. Lentiviral transduction was recently used in 

conjunction with siRNA silencers in a human breast cancer cell line (Brown et al. 2018), whereas 

microinjection was used to deliver the CRISPR-Cas9 system in sheep oocytes in another study 

(Vilarino et al. 2017). Microinjection is generally the standard practice for creating knock-out mice 

models through the injection of Cas9 mRNA and gRNA into the pronucleus of zygotes (Wang et al. 

2013), replacing past practices of using a lentiviral siRNA approach (Tiscornia et al. 2003). For the 

purpose of the work described here, a Bpgm knock-out mice would not be feasible to create as it 

would likely be embryonic lethal. The processes of CRISPR-Cas9 microinjection are continually 

being optimised due to low efficiency (Jung et al. 2017) and undesired mosaicism (Tu et al. 2017). 

Focusing on the use of a lentiviral-mediated CRISPR-Cas9 method for gene knockdown, it appears 

largely limited to generating knock-out cell lines (Ryo et al. 2019). Compared to a COC, which is a 

complex 3-dimensional spherical structure, a cell line consists of a monolayer of cells. This would 

greatly affect the ability of a lentivirus to transduce all cells of the COC. As COCs mature in vitro, 

cumulus expansion results in peripheral cumulus cells plating down to form a monolayer around 

the mature COC. Thus, the cumulus cells might be more susceptible to viral transduction than the 

target oocyte, as I observed GFP fluorescence detected mostly in the cumulus cell layer (Figure 3.6 

B, E, Figure 3.7 D). As a result, the viral titre and delivery method might not have been optimal for 

transduction of COCs. The calculation of viral titre and use of flow cytometry to select transduced 

cells are key steps to the successful knockdown of target genes (Barde et al. 2010). Thus, future 

experiments might be better suited to using an siRNA approach to knockdown Bpgm rather than a 

lentiviral-mediated CRISPR-Cas9 approach. 

In summary, this chapter offers significant developments to the story surrounding the potential 

role of Hb in oxygen-regulated gene expression, through the introduction of Bpgm as a key player. 

The altered expression of Bpgm in response to standard IVM, hypoxic conditions and Hb addition 

clearly show its regulation is closely tied to oxygen availability. Lentiviral-mediated CRISPR-Cas9 

knockdown of BPGM in the COC, while not substantial, provide further evidence of its potential to 

regulate oxygen supply and oxygen-regulated gene expression. Future studies examining the role 
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of Bpgm will benefit from a targeted knockdown approach using siRNA in the whole COC or 

microinjection of Cas9/gRNA to the oocyte. Once this is achieved, the addition of Hb to Bpgm 

knockdown COCs would be the next step to determine the capabilities of Hb in influencing oxygen-

regulated gene expression. 
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 INTRODUCTION 

In the ovary, the oocyte is surrounded by somatic cells in a structure known as the ovarian follicle. 

At the final stages of follicle and oocyte development, the oocyte is surrounded by a layer of 

cumulus cells (known collectively as the cumulus oocyte complex, or COC), a fluid filled antrum and 

epithelial layer of granulosa cells. The luteinising hormone (LH) surge, which is released from the 

pituitary gland, initiates oocyte maturation and ovulation whereby a mature, fertilisable COC is 

released into the oviduct. Good quality COCs undergo fertilisation and develop into embryos which 

will implant in the uterus and form a viable foetus. During in vitro oocyte maturation (IVM), 

immature COCs are extracted from the follicle and cultured in the laboratory under conditions that 

attempt to replicate the in vivo environment. However, it is widely regarded that IVM COCs are of 

a poor quality compared to those matured in vivo, with decreased fertilisation capacity and 

reduced embryo development competency (Fadini et al. 2012). One proposed reason for the 

poorer developmental capacity of these oocytes is the elevated production of reactive oxygen 

species (ROS) during IVM. Generation of ROS during this vital stage of development can result in 

detrimental downstream effects on embryo development, or the subsequent development of pre-

eclampsia and birth defects in the offspring (Loeken 2004; Takagi et al. 2004; Agarwal et al. 2005).  

The production of ROS can be elevated by in vitro conditions such as high oxygen concentration 

and even visible light (Agarwal et al. 2005), both of which occur during basic oocyte handling in the 

laboratory. Further, the in vitro environment may lack or disrupt intracellular mechanisms to 

quench ROS that are normally active during maturation in vivo, resulting in the accumulation of 

ROS during IVM (Goto et al. 1993). For instance, oocyte maturation requires high amounts of ATP , 

which is primarily generated by oxidative phosphorylation (Biggers et al. 1967; Eppig 1976) and 

produces ROS as a by-product (Adam-Vizi and Chinopoulos 2006). Antioxidant enzymes such as 

superoxide dismutase, glutathione peroxidase and catalase, known to be present during 

maturation in vivo, interact with ROS, neutralising them to non-damaging compounds (Riley and 

Behrman 1991). As a result, various strategies have been implemented in IVM to quench ROS 

through the addition of exogenous antioxidants, including vitamins E and C, L-carnitine and 

glutathione, which are widely covered by the literature (Agarwal et al. 2014). The serendipitous 

discovery of high levels of haemoglobin (Hb) in oocytes and embryos collected from the in vivo 
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reproductive tract, compared to a decreased abundance or absence during in vitro culture (Kind et 

al. 2013a; Lim et al. 2018), raises the possibility of this protein being an important addition to the 

in vitro culture environment based on its known antioxidant capabilities in other cells. 

In red blood cells, the ferric form of Hb (iron in oxidation state +3) binds ROS such as hydrogen 

peroxide (H2O2) and other superoxides (Vinogradov and Moens 2008). It is also well-equipped to 

handle oxidative stress upon spontaneous dissociation of Hb3+ and superoxides releasing H2O2 

(Hsieh and Jaffe 1975), through antioxidant enzymes catalase and glutathione peroxidase (Johnson 

et al. 2010). Previously, the role of Hb, and its antioxidant capacity, was never considered in cell 

types other than red blood cells. However, Hb expression has been observed in a wide range of 

cells and tissues, and importantly, these experience high amounts of oxidative stress (Chapter 1, 

Section 1.2.2, Table 1.2). Literature demonstrating reduced oxidative stress in the presence of Hb 

are limited, with primary examples showing reduced oxidative stress upon Hb globin 

overexpression in vaginal epithelial cells (Saha et al. 2017), cervical cancer cells (Li et al. 2013), 

mesencephalic dopaminergic neuron and glial cells (Biagioli et al. 2009) and mesangial cells (Nishi 

et al. 2008). Overexpression of Hb in mesencephalic dopaminergic cell lines, affected the 

expression of genes associated with oxidative stress pathways. Interestingly, genes involved in 

oxidative phosphorylation were also increased, specifically those encoding mitochondrial complex 

I-V (Biagioli et al. 2009). As previously stated, the COC relies on both pathways during maturation, 

this provides potential for exogenous Hb in reducing oxidative stress during maturation in vitro. 

The balance of ROS during maturation is key in preventing downstream impacts on the formation 

of a viable embryo (Pierce et al. 1991). Interestingly, the addition of glutathione to in vitro culture 

medium is required for cumulus expansion in bovine (de Matos et al. 1997; Furnus et al. 1998), 

porcine (Mori et al. 2000) and hamster COCs (Zuelke et al. 2003). Glutathione also reduces H2O2 

levels during embryo development in vitro (Nasr-Esfahani and Johnson 1992). Thus, it is plausible 

that the known antioxidant capacity of Hb could act in a similar way if added to the in vitro culture 

environment. The literature exploring addition of Hb to culture are primarily during embryo culture. 

Exogenous Hb addition to porcine embryo culture resulted in a reduction in H2O2 levels (Kim et al. 

2006). Mouse embryo development from one-cell to 8-cell and morula to blastocyst were 
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increased in the presence of Hb alone, which was enhanced when added in combination with 

metallic ion chelator ethylenediaminetetraacetic acid (Park et al. 2000). The combined treatment 

of Hb and apoptosis inhibitor beta-mercaptoethanol also improved bovine embryo development 

to morula (Park et al. 2004). Whether Hb acts as an effective antioxidant during the in vitro 

maturation of COCs has yet to be determined.  

In this chapter, I investigate the antioxidant capability of Hb during oocyte maturation, using 

different models of oxidative stress. Menadione was used to induce ROS production within 

granulosa cells, which was detected using CellROX Deep Red. Once this was achieved, treatment 

of COCs with menadione during an IVM time-course was conducted to determine whether this 

compound could induce ROS production in the cumulus cells and the oocyte. Menadione-induced 

production of ROS in oocytes free from cumulus cells; denuded oocytes, was also tested. Finally, I 

created compromised IVM conditions to increase ROS within the oocyte, simulating a poor IVM 

environment. In all these models, I assessed whether the addition of exogenous Hb to the IVM 

culture medium could reduce ROS levels within the oocyte or COC. 

 METHODS 

All cell culture and IVM media equilibration occurred at 37°C in a humidified atmosphere of 6% 

CO2 in air (20% O2). Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). 

4.2.1 Media and reagents 

4.2.1.1 Granulosa cell, cumulus-oocyte complex and denuded oocyte culture medium 

Granulosa cell culture medium, termed “complete cell culture medium” hereafter, comprised of 

Dulbecco’s Modified Eagle’s Medium (DMEM), high glucose, GlutaMAX supplement (Cat 

#10566016, Gibco, Thermo Fisher Scientific, MA, USA) supplemented with 10% fetal calf serum 

(Cat #12003C, SAFC Biosciences, Sigma-Aldrich, MO, USA) and Gibco non-essential amino acids 

(100X) (Cat # 11140050). Cumulus-oocyte complexes (COCs) and denuded oocytes (DOs) were 

cultured in “IVM medium”, prepared as described in Chapter 2, Section 2.1.2.  
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4.2.1.2 Menadione and Antioxidants 

Menadione (Cat #M5625) was dissolved in DMSO, with working stocks diluted in complete cell 

culture medium or IVM medium where final DMSO concentration was <0.1%. N-acetyl-L-cysteine 

(NAC) (Cat #A9165) was dissolved in MilliQ water and added to complete cell culture or IVM 

medium at a final concentration of 250 M (Bromfield and Iacovides 2017). Haemoglobin was 

added as per Materials and Methods in Chapter 2, Section 2.1.2. 

4.2.2 Menadione-induced oxidative stress analysis 

4.2.2.1 Mouse granulosa cell  culture 

Mouse granulosa cells were obtained at 46 h post-eCG following COC extraction from ovaries as 

per Chapter 2, Section 2.2.2. Large tissue fragments were removed from the medium and the 

remaining cell suspension collected in 1.5 ml centrifuge tubes (Eppendorf; Cat #MCT-175-C-S, 

Pacific Laboratory Products, VIC, Australia) followed by centrifugation at 211 rcf for 10 min to pellet 

cells. The supernatant was discarded, and the cell pellet resuspended in complete cell culture 

medium. Cells were plated at 1.5 x 106 cell/ml in a 35 mm glass-bottom confocal dishes (Cat 

#81318-200, Ibidi, Planegg, Germany). Twenty-four hours post plating, the medium was removed 

and replaced with complete cell culture medium with or without 12.5 M menadione (Bromfield 

and Iacovides 2017). Treatments involved the absence or presence of either 1 g/ml ferrous 

haemoglobin (Brown et al. 2015) or 250 M NAC for 1 h. At the end of incubation, cells were 

analysed for oxidative stress as per section 4.2.4.  

4.2.2.2 In vitro maturation time-course of cumulus-oocyte complexes  

At 46 h post-eCG, COCs were collected and cultured in IVM medium as stated in Chapter 2, Section 

2.2.2. Time-course collections of COCs were done at 4, 8, 12 and 16 h post-IVM. Menadione 

treatment of COCs involved the addition of 100 M menadione to the IVM medium (following the 

concentration suggested from Thermofisher for testing CellROX Deep Red). Zero h COCs were 

analysed for oxidative stress directly after collection from the ovary, as per section 4.2.4.  
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4.2.2.3 Denuded oocyte (DO) isolation and in vitro maturation  

At 46 h post-eCG, COCs were collected as described in Chapter 2, Section 2.2.2 and denuded by 

vortexing for 5 min in 2 ml of IVM handling medium (Chapter 2, Section 2.1.2) in a 5 ml tube (Falcon; 

Cat #Fal352054, In Vitro Technologies, VIC, Australia). Denuded oocytes (DOs) were isolated by 

mouth pipetting from a 35 mm petri dish (Falcon; Cat #Fal353001, In Vitro Technologies, VIC, 

Australia). Directly after collection, 0 h DOs were analysed for oxidative stress. For IVM, 10 DOs 

were cultured per 500 l drop of IVM culture medium used for the intact COCs as per Chapter 2, 

Section 2.2.2.2. Menadione-treated DOs involved the addition of 100 M menadione to the IVM 

medium. Four hours after exposure, cells were analysed for oxidative stress as per section 4.2.4. 

4.2.3 Compromised culture environments to induce oxidative stress in the oocyte 

Changes to culture medium composition result in oxidative stress and damage to oocyte 

development (Martin-Romero et al. 2008). Thus, denuded oocytes (DOs) were cultured in IVM 

culture medium supplemented with only 0.3 mg/ml bovine serum albumin (Cat #0219989980, MP 

Biomedicals, AlbumiNZ, Auckland, NZ), removing follicle-stimulating hormone (FSH) and fetuin 

from standard IVM medium as per Chapter 2, Section 2.2.2.2, thus termed “compromised” IVM 

medium. A model of further comprised IVM was tested by culturing DOs in 100 l of compromised 

IVM medium (two DOs per well) in a 96-well plate (Falcon; Cat #353072, Corning Inc. NY, USA) 

without an oil overlay. The use of an oil overlay during in vitro culture maintains the osmolarity and 

pH of the media drops (Brinster 1965). When overlaying with oil, there was no significant effect on 

intracellular ROS detected by CellROX (data not shown). Thus, increased oxidative stress using this 

model was not a result of using a 96-well plate as opposed to the conventional culture dish, and 

wholly attributed to the lack of oil overlay. Remaining wells were filled with milliQ water to provide 

humidity and prevent evaporation. The oxidative stress impact of these models was compared 

between 0 h (untreated; DOs analysed directly following collection) and 4 h post-IVM. After 4 h, 

DOs were removed to undergo oxidative stress analysis as per section 4.2.4.  

4.2.4 Detection of oxidative stress using CellROX Deep Red 

To detect intracellular oxidative stress, cells were incubated with CellROX Deep Red (5 M; 

Thermofisher, C10422) for 30 min at 37°C, 6% CO2 in air (20% O2). For granulosa cell experiments, 
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CellROX was added to plated granulosa cells and imaged on the same day. For experiments 

involving COC and DOs, these were removed from culture drops and placed into 4-well dishes 

containing pre-equilibrated Art Lab Solutions Research Wash Medium (ART Lab Solutions, SA, 

Australia) to which CellROX was added. Once CellROX was added, the medium was removed after 

30 min, and cells washed three times with warm, equilibrated complete cell culture medium 

(granulosa cells) or ART Lab Solutions research wash medium (COCs and denuded oocytes). For 

COC and DO experiments, these were placed onto glass slides (Cat #471022100, Trajan Scientific 

and Medical Pty Ltd, VIC, Australia) with secure-seal spacer (Cat #S24735, Life Technologies, CA, 

USA) overlayed with a glass coverslip (Cat #HD LD2222 1.10P0, Grale HDS, VIC, Australia). As 

granulosa cells were plated onto glass-bottom confocal dishes, these were imaged directly. Image 

analysis was carried out as per Chapter 2, Section 2.4. Fluorescent images were captured on a 

Fluoview FV10i confocal microscope set at 37°C, at 120x magnification for granulosa cells and 

denuded oocytes, and 60x for COCs (FarRed – 644 nm excitation; 665 nm emission). For granulosa 

cell fluorescence analysis, a group of 10 visible granulosa cells in the field of view were selected 

using the ImageJ free-hand selection tool. For COCs, the entire intact COC including cumulus cells 

was selected using the ImageJ free-hand selection tool. For DOs, the oocyte was selected using the 

ImageJ circle selection tool. 

4.2.5 Statistical analysis 

Results are presented as mean ± SEM of three or more independent replicates. Statistical analyses 

for fluorescence intensity were carried out on GraphPad Prism Version 8 for Windows (GraphPad 

Holdings LLC, CA, USA) Data were checked for normality and transformed accordingly. Statistical 

analyses were done using an unpaired Student’s t-test, one-way ANOVA or two-way ANOVA as 

indicated in figure legends, and statistical significance taken at P-value < 0.05. Post-hoc analyses 

were carried out when appropriate as described in figure legends.  
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 RESULTS 

4.3.1 Haemoglobin quenches menadione-induced oxidative stress in granulosa cells  

I first tested the capacity of Hb to quench intracellular ROS in an ovarian cell type using primary 

mouse granulosa cells (Figure 4.1). Menadione treatment resulted in a visual increase in CellROX 

fluorescence compared to control indicating increased intracellular ROS (Figure 4.1 E vs F; Control 

vs MD). This is consistent with previous findings using cultured bovine granulosa cells (Bromfield 

and Iacovides 2017). The addition of NAC, a known potent antioxidant (Mayer and Noble 1994), in 

the presence of menadione showed similar levels of fluorescence compared to menadione alone 

(Figure 4.1 G vs F, respectively). Excitingly, the addition of Hb in the presence of menadione 

appeared to decrease fluorescence dramatically compared to menadione alone (Figure 4.1 H vs F, 

respectively). Quantification of fluorescence intensity showed menadione treatment resulted in a 

significant increase in intracellular ROS compared to control (Figure 4.1 I, MD vs Control). The 

addition of NAC was not different from menadione alone indicating no quenching of menadione-

induced ROS (Figure 4.1 I). Despite not being statistically different from menadione treatment 

alone (P=0.1193), the addition of Hb resulted in a decrease in fluorescence that neared, and was 

not statistically different from, control, indicating a quenching of menadione-induced ROS (Figure 

4.1 I, MD+Hb vs MD vs Control).  

4.3.2 Menadione-induced oxidative stress during in vitro maturation 

As Hb demonstrated capacity to quench menadione-induced ROS in primary granulosa cells, I next 

investigated whether Hb elicited the same biological effect on COCs during IVM. Prior to testing 

the effect of Hb, I first established whether menadione treatment resulted in an increase in ROS 

during IVM. Cumulus expansion was comparable between control and menadione-treated COCs 

during IVM (Figure 4.2 A-E, K-N). CellROX fluorescence was observed in untreated, control COCs, 

which were significantly lower at 8 -16 h post-IVM time points compared to 0 and 4 h (Figure 4.2 

S: one-way ANOVA, P < 0.05, data not shown). Whereas in menadione-treated COCs, CellROX 

fluorescence remained unchanged across the IVM period (Figure 4.2 O-R). Quantification of 

fluorescence revealed that at 4 h post-IVM there was significantly higher CellROX fluorescence in 

COCs treated with menadione compared to control (Figure 4.2 S). No differences were observed 

between control and menadione treatments at any other time points during IVM.
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Figure 4.1 Haemoglobin quenches menadione-induced oxidative stress in granulosa cells.  

Primary mouse granulosa cells were treated with 12.5 M menadione (MD) to induce ROS 

production. Capacity to quench menadione-induced ROS was assessed using a known antioxidant, 

250 M N-acetyl-L-cysteine (NAC) or 1 g/ml ferrous haemoglobin (Hb). CellROX Deep Red stain 

was used to detect intracellular ROS in granulosa cells and imaged by confocal microscopy. 

Representative images are shown in (A-H) (120x magnification). Mean intensity of fluorescence 

was analysed using ImageJ (I). Data in I presented as mean ± SEM, 3 independent replicates of at 

least 10 granulosa cells in the field of view. Data was analysed by one-way ANOVA with Tukey’s 

multiple comparisons test. Different superscripts denote P < 0.05. Scale bar represents 100 m. 
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Figure 4.2 Menadione induced oxidative stress in the cumulus-oocyte complex during in vitro 

maturation. 

Cumulus-oocyte complexes (COCs) were treated with menadione (MD) to induce ROS production 

during in vitro maturation (IVM). CellROX Deep Red stain was used to detect intracellular ROS in 

COCs and imaged by confocal microscopy. Representative images are shown over a 16 h period of 

IVM with control IVM medium (A-J), IVM medium with 100M MD added (K-R) at 120x 

magnification. Mean intensity of CellROX fluorescence was analysed using ImageJ, comparing 

control and 100 M menadione-treated COCs over the 16 h IVM time-course (S). Data in S is 

presented as mean ± SEM from 3 independent replicates, 20 COCs per replicate. Data was analysed 

by two-way ANOVA with Sidak’s multiple comparisons test. (**: P <0.05). Scale bar represents  

100 m.
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Interestingly, CellROX fluorescence was restricted to the cumulus cells in both control (Figure 4.2 

A-J) and menadione-treated COCs (Figure 4.2 K-R). To investigate if the cumulus cells were acting 

as a barrier, preventing either menadione or the CellROX stain from reaching and penetrating the 

oocyte, cumulus cells were removed and denuded oocytes (DOs) matured in vitro for 4 h in the 

absence or presence of menadione. CellROX fluorescence was observed within DOs at 0 and 4 h 

post IVM (Figure 4.3 D-E). Treatment with menadione however, did not alter the level of 

intracellular ROS within the oocyte compared to control at 4 h post-IVM (Figure 4.3 G; +MD vs -

MD at 4 h post IVM). When oocytes were cultured for more than 4 h in vitro, this resulted in oocyte 

degradation (data not shown) likely due to a toxic effect of menadione. Taken together with my 

data showing significantly increased ROS in menadione-treated COCs compared to control at the 

4 h time point, this time point was selected for subsequent oocyte experiments. 

4.3.3 Development of an experimental model with increased oxidative stress within 
the oocyte 

As menadione treatment of COCs or DOs did not alter the levels of ROS within the oocyte, I next 

explored alternative models to increase intracellular ROS in the oocyte and simulate poor IVM 

culture conditions. The first experimental model tested was the culturing of DOs in compromised 

IVM medium (section 4.2.3). Denuded oocytes cultured in compromised IVM medium for 4 h 

showed an increase in CellROX fluorescence (Figure 4.4 A), indicating the model was able to induce 

oxidative stress in DOs. To test the capacity of Hb to reduce intracellular ROS, DOs were treated 

with ferrous haemoglobin (Hb2+) or ferric haemoglobin (Hb3+) in compromised IVM medium. At 4 

h post-IVM, there was no change in intracellular ROS detected by CellROX in Hb2+-treated DOs 

compared to control (Figure 4.4 B; Control vs. Hb2+). Unexpectedly, treatment with Hb3+ resulted 

in a significant increase in CellROX fluorescence compared to control (Figure 4.4 B; Control vs. Hb3+).  

In an attempt to induce further oxidative stress, DOs were cultured in compromised IVM medium 

in a 96-well plate without an oil overlay, which would negatively affect osmolarity and pH pf the 

medium. These conditions resulted in an increase in intracellular ROS at 4 h post-IVM compared 

to 0 h DOs (Figure 4.5 A). Treatment with NAC resulted in a significant decrease in ROS compared 

to control, however treatment with either form of haemoglobin resulted in a similar level or ROS 

that was not significantly different from control (Figure 4.5 B).
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Figure 4.3 Effect of menadione on reactive oxygen species within the denuded oocyte during 

in vitro maturation. 

Denuded oocytes (DOs) were treated with menadione (MD) to induce ROS production. CellROX 

Deep Red stain was used to detect intracellular ROS in DOs and imaged by confocal microscopy. 

Representative images are shown at 0 h (A,D) and 4 h post-IVM (Control: B,E, menadione (MD) 

treatment: C,F). Mean intensity of CellROX fluorescence was analysed using ImageJ, comparing 

control and 100 M menadione-treated COCs at 4 h post-IVM (G). Data in G is presented as mean 

± SEM from 3 independent replicates. Data was analysed by one-way ANOVA with Tukey’s multiple 

comparisons test. Scale bar represents 50 m. 
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Figure 4.4 Effect of compromised culture medium during in vitro maturation on reactive 

oxygen species within the denuded oocyte. 

Denuded oocytes (DOs) were cultured in compromised in vitro maturation (IVM) medium to induce 

ROS production. CellROX Deep Red stain was used to detect intracellular ROS in DOs. Mean 

intensity of CellROX fluorescence was analysed using ImageJ, comparing DOs cultured in 

compromised IVM medium at 0h vs. 4 h post-IVM (A), and DOs cultured for 4 h in compromised 

IVM medium (Control) with either ferrous haemoglobin (Hb2+) or ferric haemoglobin (Hb3+) added 

(B). Data are presented in mean ± SEM and was analysed by unpaired Student’s t-test in A and one-

way ANOVA with Tukey’s multiple comparisons test in B compared to control (***:P< 0.001, 

****:P< 0.0001). 
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Figure 4.5 Effect of compromised culture medium during in vitro maturation in a 96-well plate 

on reactive oxygen species within the denuded oocyte. 

Denuded oocytes (DOs) were cultured in a 96-well plate containing compromised in vitro 

maturation (IVM) medium, without an oil overlay, to induce ROS production. CellROX Deep Red 

stain was used to detect intracellular ROS in DOs. Mean intensity of CellROX fluorescence was 

compared in DOs cultured in a 96-well plate containing compromised IVM medium at 0 h vs 4h 

post-IVM (A), and DOs cultured for 4 h in a 96-well plate containing compromised IVM medium 

(Control) compared to medium supplemented with N-acetyl-L-cysteine (NAC), ferrous 

haemoglobin (Hb2+)- or ferric haemoglobin (Hb3+) (B). Data are presented as mean ± SEM and was 

analysed by unpaired Student’s t-test in A and one-way ANOVA with Tukey’s multiple comparisons 

test in B compared to Control (*:P< 0.05, ****:P< 0.0001).
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 DISCUSSION 

In vitro maturation is a technique within the assisted reproductive technologies that is carried out 

in the clinic to generate mature COCs capable of undergoing in vitro fertilisation (IVF). Immature 

COCs can be collected with minimal or no hormonal stimulation, therefore this procedure aids 

patients for whom gonadotrophin stimulation is not advised, or where the financial burden of 

these costly injections requires avoidance. For instance, its first use was for patients with polycystic 

ovarian syndrome (Cha et al. 1991), who are at high risk of ovarian hyperstimulation syndrome, a 

potentially serious health condition (Aboulghar and Mansour 2003). However, exposure of COCs 

to the in vitro environment results in elevated production of reactive oxygen species (ROS), which 

have detrimental downstream effects resulting in poorer quality COCs (Combelles et al. 2009). 

Increased levels of ROS in the COC arise from a variety of factors including advanced maternal age, 

cell metabolism and the culture environment (Tarin 1996; Esfandiari et al. 2005; Dumollard et al. 

2007). Oxidative stress from elevated ROS disrupts important regulatory pathways during oocyte 

maturation such as spindle organisation (Tarin et al. 1996). Current IVM practices leave much room 

for improvement to produce high quality COCs capable of undergoing IVF, developing into an 

embryo and ultimately forming a viable foetus (Barnes et al. 1996). As such, there is a plethora of 

studies researching potential enzymatic or non-enzymatic antioxidants to balance oxidative stress 

pathways during oocyte maturation in vitro (Kala et al. 2017). This chapter assessed the antioxidant 

abilities of haemoglobin (Hb), which has a demonstrated capability to sequester ROS in red blood 

cells and is expressed in high amounts in the in vivo matured COC (Kind et al. 2013a). 

I first wanted to establish a model of increased ROS during oocyte maturation whereby the primary 

mode was adding menadione to culture medium. In the cellular environment, H2O2 is produced by 

mitochondria through the conversion of O2
●- to H2O2 in the electron transport chain (Loschen et al. 

1974). Compared to methods that add the oxidant H2O2 directly to culture medium, menadione 

induces oxidative stress through the process of redox cycling between quinone and semi-quinone 

states, producing O2
●- which may eventually be converted to H2O2 (Thor et al. 1982). The optimum 

stain to detect menadione-induced ROS is CellROX Deep Red due to its photostability over 

H2DCFDA and detection through oxidation by oxidative species rather than specifically probing for 

H2O2. Menadione-induced oxidative stress leads to increased redox-dependent gene expression in 
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breast cancer cells (Chuang et al. 2002), cell apoptosis (Criddle et al. 2006) and mitochondrial DNA 

damage (Grishko et al. 2001). Although not commonly used as an oxidant in reproductive biology, 

administration of menadione to mice was capable of inducing follicular atresia in neonatal ovaries 

cultured in vitro and causing lipid peroxidation in oocytes (Sobinoff et al. 2010). Menadione (5 M) 

addition to embryo culture also decreased bovine blastocyst rate and quality, which were reversed 

by antioxidants cysteine, cysteamine and catalase (Mingoti et al. 2014). As observed in bovine 

granulosa cells cultured in vitro (Bromfield and Iacovides 2017), my experimental treatment of 

mouse granulosa cells with menadione increased ROS levels compared to control (Figure 4.1 I; 

Control vs. MD). Encouragingly, although not statistically different to menadione treatment alone, 

Hb addition was able to reduce menadione-induced ROS in mouse granulosa cells to levels 

comparable to control (Figure 4.1 I; MD+Hb vs. Control). This demonstrated that exogenous Hb 

might be acting as an antioxidant in these cells, and have a beneficial effect on cell health as 

previously observed with other antioxidants during embryo culture (Mingoti et al. 2014). It is worth 

noting that Hb expression in vivo is present in both the COC and granulosa cells (Brown et al. 2015). 

To my knowledge, this study is the first to show that Hb addition reduced menadione-induced ROS 

in granulosa cells, and may be an important addition to the culture medium used for in vitro follicle 

growth: a clinically important technique in the oncofertility field (Jeruss and Woodruff 2009). 

Interestingly, N-acetyl-L-cysteine (NAC) was not able to quench ROS produced by menadione in 

this experiment (Figure 4.1 I; MD vs. MD+NAC), contrasting the findings of previous studies in 

mouse acinar pancreatic cells (Criddle et al. 2006) and bovine granulosa cell culture (Bromfield and 

Iacovides 2017).  

Having demonstrated that Hb reduced menadione-induced oxidative stress in mouse granulosa 

cells, the natural progression was to test its capacity during oocyte maturation. First, it was critical 

to understand the behaviour of naturally occurring ROS during the standard course of IVM. The 

CellROX stain detected ROS in control COCs (Figure 4.2 F-J), which is not unexpected due to some 

ROS being required for downstream oocyte activation (Nasr-Esfahani and Johnson 1991) and 

normal cell metabolism during IVM (Agarwal et al. 2005). I also observed that from 8 h post-IVM 

onwards, the amount of ROS decreased in the control group as oocyte maturation progressed 

(Figure 4.2 A-E, S). During in vivo oocyte maturation, an enzymatic antioxidant system is stimulated 
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as maturation progresses, these antioxidants include superoxide dismutase, glutathione 

peroxidase and catalase (Riley and Behrman 1991), which keeps the amount of ROS balanced to 

ensure it does not accumulate and result in oxidative stress. When comparing in vivo and IVM-

derived oocytes, the amount of antioxidant transcripts is significantly reduced during IVM 

(Lonergan et al. 2003). Furthermore, the in vitro environment lacks interactions present in the 

ovary, such as with granulosa cells and follicular fluid, which contain antioxidant enzymes (Shiotani 

et al. 1991). While I observed a decrease in ROS in COCs during IVM, in vivo levels of ROS are likely 

higher based on the literature discussed above, thus I proceeded with testing the ability of Hb to 

act as a novel antioxidant during IVM. 

To determine if menadione could induce ROS in cumulus cells and the oocyte, an IVM time-course 

was carried out in the presence of the compound. Comparing standard IVM COCs and menadione-

treated COCs, there was significantly higher CellROX fluorescence in menadione-treated COCs at 4 

h post-IVM compared to control (Figure 4.2 S). This indicated that menadione was a viable model 

to increase oxidative stress in the COC and for the evaluation of the antioxidant efficacy of Hb. 

Notably, CellROX fluorescence was restricted to the cumulus cells and not detectable in the oocyte 

both in control and menadione-treated COCs (Figure 4.2 F-J, O-R). There are two potential 

explanations for this: 1) the cumulus cells were acting as a protective barrier to the oocyte by 

absorbing menadione-induced oxidative stress, 2) the CellROX stain was not penetrating past the 

cumulus cells to detect ROS in the oocyte. These issues would likely be overcome by denuding the 

oocyte of its cumulus cells. In addition, endogenous Hb was observed to be predominately in the 

in vivo oocyte with some in the surrounding cumulus cells (Brown et al. 2015). Upon exogenous 

addition of Hb to in vitro culture, the protein was present in the oocyte. Therefore, to effectively 

test the capability of Hb to quench ROS in the oocyte, I proceeded to examining the induction of 

ROS and its quenching by Hb in oocytes free from cumulus cells: denuded oocytes (DOs).  

In the absence of cumulus cells, CellROX fluorescence was detected within the oocyte at 4 h post-

IVM (Figure 4.3 D-F). However, there was no increase in ROS upon menadione treatment (Figure 

4.3 H). Treating DOs with menadione past 4 h post-IVM induced toxicity which lead to oocyte death 

(data not shown). This led me to conclude that without cumulus cells, the oocytes were more 
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sensitive to oxidative stress induced by menadione. This supports the hypothesis that the cumulus 

cells were possibly acting as a protective barrier to absorb menadione and reduce ROS in the 

oocyte even in control conditions. As such, a different approach was taken to induce oxidative 

stress in DOs by altering the control IVM conditions to create a more compromised environment. 

This was done through the removal of follicle-stimulating hormone (FSH) and fetuin from standard 

IVM medium. Both FSH and fetuin supplement in vitro culture to better replicate the in vivo 

follicular environment. The addition of FSH is vital for catalase production by granulosa cells (Behl 

and Pandey 2002; Shen et al. 2016), mediating meiotic maturation in the oocyte (Farin et al. 2007) 

and promoting cumulus expansion through the activation of hyaluronic acid synthesis (Eppig 1979b) 

Fetuin is present in mouse follicular fluid (Høyer et al. 2001), prevents zona hardening during 

maturation (Schroeder et al. 1990) and supports follicle growth in the presence of FSH (Xu et al. 

2011). The effect of their removal on oocyte oxidative stress is currently not known. The removal 

of these vital supplements combined with culture in a 96-well plate without oil would further affect 

the osmolarity and pH of the compromised medium (Brinster 1965) and hypothetically provide a 

poor IVM environment to the maturing DOs. As expected, both models induced ROS (Figure 4.4 A, 

Figure 4.5 A) in the oocyte at 4 h post-IVM. The addition of the known antioxidant NAC, decreased 

ROS in the second model using a 96-well plate without oil (Figure 4.5 B), but in both models, Hb in 

both the ferrous and ferric form did not decrease ROS (Figure 4.4 B, Figure 4.5 B). Thus, despite 

other work suggesting Hb has a role in reducing oxidative stress (Nishi et al. 2008; Biagioli et al. 

2009; Li et al. 2013; Saha et al. 2017), in these experimental conditions, Hb was unable to reduce 

ROS within the oocyte. 

My work described in this chapter shows that exogenous Hb was able to quench menadione-

induced ROS in granulosa cells. Menadione treatment induced ROS during IVM of the COC, 

however CellROX Deep Red was only detected in cumulus cells. Upon denuding the oocytes of their 

cumulus cells, menadione treatment was toxic to DOs, and two alternative models of inducing 

oxidative stress in DOs were conceived. The models focused on alterations to the IVM culture 

conditions by removing important media components and culturing in a 96-well plate without oil. 

While both models successfully induced oxidative stress in DOs, this was not decreased by the 

addition of Hb. The future implications of this study are the need to address increased vulnerability 
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of DOs to oxidative stress generated by poor IVM conditions. Future experiments may consider 

testing the ability of cumulus cells to absorb oxidative stress and protect the oocyte. A more 

stringent or compromised IVM medium where most, if not all, components with antioxidant 

capability are removed, could be utilised to further test the capability of Hb or other potential 

antioxidants. However, if Hb offers no additional antioxidant capability over existing components 

then this may not be warranted, given that in these experimental conditions, Hb did not act as an 

antioxidant during in vitro oocyte maturation. Taking all these points into account, improvements 

to IVM by adding antioxidants must be done with the awareness of DOs sensitivity to ROS-inducing 

compounds such as menadione, and poor IVM culture conditions contributing to oxidative stress. 
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 INTRODUCTION 

Meiosis is the process of cell division that occurs in germ cells to ensure half the number of 

chromosomes from each parent (haploid oocyte and sperm) will combine during fertilisation to 

form a diploid, genetically distinct individual. In mammals, shortly before birth, the oocyte is 

arrested during the diplotene stage of the first meiotic prophase (MI). Meiotic arrest is maintained 

by high levels of cyclic AMP (cAMP) within the oocyte (Tornell et al. 1991; Conti et al. 2002; Vaccari 

et al. 2008). The diplotene oocyte, also known as the germinal vesicle (GV) stage oocyte, is 

surrounded by a flattened layer of granulosa cells, together these cells form the ovarian structure 

known as the primordial follicle. At the commencement of each menstrual or estrous cycle, a 

cohort of primordial follicles are activated initiating folliculogenesis. Ovarian follicles then 

transition through the primary, secondary, preantral, antral and preovulatory stages of follicle 

development. Concomitantly with folliculogenesis, the oocyte grows, and during the preantral-

antral follicle stage, the oocyte acquires the capacity to resume meiosis. In vivo, meiotic 

resumption occurs following the surge in luteinising hormone (LH) released from the pituitary, 

which leads to a decrease in intraoocyte levels of cAMP (Figure 5.1) (Conti et al. 2002; Mehlmann 

2005; Norris et al. 2008). This triggers the resumption of meiosis and dissolution of the oocytes 

nuclear envelope, a biological process termed “germinal vesicle breakdown” (GVBD). Next, the 

chromosomes condense and undergo the first round of metaphase, oocytes at this stage are 

termed “MI oocytes” (Masui and Clarke 1979). As the first round of meiotic division is completed, 

the polar body is extruded, and the oocyte enters the second round of meiosis. Meiosis II continues 

until metaphase II, where the oocyte arrests. At this stage the oocyte is referred to as an “MII 

oocyte”. The second meiotic division is completed only upon successful fertilisation by sperm with 

the resultant zygote being diploid (Figure 5.1). 

In circumstances where the oocyte is unable to mature in vivo, e.g. in patients with polycystic 

ovarian syndrome or undergoing chemotherapy, oocytes are harvested from the ovary to mature 

in vitro before proceeding to in vitro fertilisation. This process is done as hormonal stimulation is 

not ideal for these patients due to high risk of ovarian hyperstimulation syndrome  
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Figure 5.1 Meiotic maturation in the in vivo oocyte. 

The stages of meiotic maturation are regulated cyclic AMP (cAMP) and the luteinising hormone (LH) surge. The distinctive stages of 

maturation are germinal vesicle (GV), GV breakdown (GVBD), metaphase I (MI), metaphase II (MII), during which meiosis I and II occur. 

Meiosis II completes upon fertilisation with sperm, resulting in the formation of a pronuclear zygote.
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(Aboulghar and Mansour 2003). However, when oocytes are removed from preovulatory follicles, 

this results in spontaneous resumption of meiosis (Pincus and Enzmann 1935). The spontaneous 

meiotic resumption of oocytes might be a reason why only a fraction of IVM oocytes demonstrate 

developmental competence (Schroeder and Eppig 1984): capacity to undergo successful 

fertilisation and form a viable embryo (Kim et al. 2000). One strategy to enhance oocyte 

developmental potential and improve IVM success involves implementing culture conditions to 

inhibit spontaneous meiotic maturation for a period of time prior to inducing meiotic maturation 

(Gilchrist and Thompson 2007). As stated earlier, high levels of intraoocyte cAMP maintains meiotic 

arrest in vivo. Efforts to improve oocyte quality following IVM have utilised phosphodisesterase 

(PDE) inhibitors such as dibutyryl cAMP (Cho et al. 1974b), IBMX or milrinone (Tsafriri et al. 1996). 

These PDE inhibitors maintain high levels of cAMP within the oocyte and thus meiotic arrest, for a 

period of time prior to proceeding with IVM. 

Another regulator of meiosis is the second messenger, cyclic GMP (cGMP), which inhibits meiotic 

resumption when injected into rat oocytes (Tornell et al. 1990). Both cGMP and cAMP display 

signalling cross talk. Increased cGMP within the oocyte inhibits PDE activity (PDE3A), thereby 

maintaining high levels of cAMP and meiotic arrest (Downs et al. 1989; Norris et al. 2009). Nitric 

oxide (NO) functions as an intracellular messenger and is known to play important roles in the 

cardiovascular and nervous system, where it activates guanylate cyclases resulting in an increase 

in cGMP (Figure 5.2) (Denninger and Marletta 1999). Thus, NO is of interest due to its potential 

role in maintaining meiotic arrest in oocytes via increasing cGMP levels (Jablonka-Shariff and Olson 

2000). To date, the manipulation of NO levels during IVM has been performed using NO donors or 

inhibitors of NO synthase (NOS). This approach has demonstrated that NO plays a pivotal role in 

oocyte maturation and subsequent embryo development (Sengoku et al. 2001). Given the 

knowledge that haemoglobin (Hb) can act as a NO scavenger and is present in high amounts during 

in vivo maturation (Brown et al. 2015), makes Hb a promising candidate to establish NO balance 

during oocyte maturation. 
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Figure 5.2 Role of nitric oxide in maintaining oocyte meiotic arrest. 

The presence of nitric oxide (NO) activates guanylate cyclase which increases the synthesis of cyclic 

GMP (cGMP) from Guanosine-5'-triphosphate (GTP) (Denninger and Marletta 1999). This results 

in the inhibition of cyclic AMP phosphodiesterase (cAMP PDE3A) leading to increased levels of 

cAMP (Norris et al. 2009). High levels of cAMP are transported via gap junctions from cumulus cells 

into the oocyte to arrest meiotic maturation until the luteinising hormone surge (Sela-Abramovich 

et al. 2008). 
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Currently there are few studies investigating the interactions between Hb and NO. The addition of 

Hb during in vitro culture reverses the negative effects of the NO donor sodium nitroprusside (SNP), 

on buffalo follicle development (Dubey et al. 2012) and bovine embryo development (Lim and 

Hansel 1998). However, the underlying mechanism(s) are not fully understood. In other cells, Hb 

plays an important role in deoxygenating NO in red blood cells (Gardner et al. 2006) and regulating 

NO signalling in endothelial cells (Straub et al. 2012). In this chapter, I explore the possibility that 

Hb acts as a scavenger to decrease NO levels, which may correlate with meiotic progression. The 

possibility of regulating NO through the exogenous addition of Hb to IVM is exciting. In order to 

test this hypothesis, a time-course of NOS gene expression was carried out during in vivo and in 

vitro maturation to determine when levels of NO might be at their highest and whether synthesis 

of NO is dysregulated during IVM. After which, Hb was added during IVM to determine whether 

scavenging of NO by Hb resulted in an upregulation of NOS expression. This is the first work to 

investigate whether exogenous Hb alters NOS in mouse COCs and would inform future 

experiments to test its effect on oocyte meiotic maturation. 

 METHODS 

5.2.1 RNA Precipitation 

The collection of immature and in vivo matured COCs was carried out as per Chapter 2, section 

2.2.2, and RNA isolation as per section 2.3. Due to low nucleic acid concentration, RNA 

precipitation was carried out following isolation. First, 1/10 volume of 3 M sodium acetate (Cat 

#S2889, Sigma Aldrich) was added to RNA solution. This was followed by 1 l glycogen (Cat #R0551, 

Fisher Scientific, NH, USA) and 2.5 volumes of 96% ethanol (Chem-Supply Pty Ltd, SA, Australia), 

which was mixed by gentle pipetting. The mixture was incubated at -80°C overnight. The next day, 

the mixture was centrifuged for 15 min at 8161 rcf. The supernatant was discarded, and the pellet 

washed followed with cold 70% ethanol. Samples were centrifuged again for a short pulse to reach 

8161 rcf, and remaining ethanol removed before air-drying the pellet for approximately 5-10 min 

at room temperature. After which, RNA was reconstituted in DEPC-treated water (Invitrogen, CA, 

USA), and nucleic acid concentration analysed using a Nanodrop 2000 Spectrophotometer 

(Thermo Fisher). At this step, RNA was either stored at -80°C or proceeded directly to cDNA 

synthesis (Chapter 2, section 2.3). 
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5.2.2 Quantification of Nos2 by TaqMan real-time qPCR 

In the oocyte, the primary NOS subtypes are endothelial (eNOS) and inducible (iNOS) NOS (Van 

Voorhis et al. 1995). The gene Nos2, i.e. the iNOS subtype (Daff 2010), was chosen to be evaluated 

for this study due to its established presence in oocytes (Mitchell et al. 2004). For each sample, 5 

l of TaqMan Gene Expression Master Mix (Thermo Fisher, Cat # 4369016), 0.5 l of TaqMan Gene 

Expression Assay (Thermo Fisher, see Table 5.1 for all TaqMan gene expression assays IDs used), 

2.5 l H2O and 2 l cDNA (2.5 ng/l) were added to each well of a 96-well plate. Once all samples 

were loaded, the plate was covered with a plastic film and centrifuged for a short pulse to reach 

2000 rpm. Samples were analysed in triplicate. The plate was analysed using a QuantStudio 12K 

Flex (Applied Biosystems, CA, USA) with a Fast 96-Well block on standard run and analysed using 

comparative CT with two housekeepers: beta-actin (ActB) and ribosomal protein L19 (Rpl19). The 

thermal profile was 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 sec, and 60°C for 

1 min. Negative controls with no cDNA template were used and showed no evidence of 

amplification. Fold-change of Nos2 expression from 0 h IVM was calculated by dividing each IVM 

time point value, i.e. 4-16 h, (n = 3 independent replicates) by the mean of combined 0 h replicates 

(n = 6 independent replicates).  

Table 5.1 TaqMan Gene Expression Assay ID for gene expression analysis.  

GENE DESCRIPTION ORIGIN TAQMAN GENE EXPRESSION ASSAY ID 

Nos2 Mouse Mm00440502_m1 

Actb Mouse Mm02619580_g1 

Rpl19 Mouse Mm02601633_g1 

 

5.2.3 IVM in the presence of sodium nitroprusside and haemoglobin  

Sodium nitroprusside (SNP) was added to IVM culture as a NO donor to induce changes in Nos2 

gene expression addition (Dubey et al. 2012). A stock solution of 10 M SNP was made in filtered 

Milli-Q water before diluting to 10 M in IVM culture medium, refer to Chapter 2, Section 2.1.2 for 
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media components. Addition of ferrous Hb to IVM culture medium was carried out as per Chapter 

2, section 2.1.2 throughout the entirety of the IVM period. 

5.2.4 Statistical analysis 

Results are represented as mean ± SEM of three or more independent replicates. Statistical 

analyses were carried out on GraphPad Prism Version 8 for Windows (GraphPad Holdings LLC, CA, 

USA). Data were checked for normality and transformed accordingly. Statistical analyses were done 

using a one-way ANOVA or Student’s t-tests as indicated in figure legends, and statistical 

significance taken at P-value < 0.05. Post-hoc analyses were carried out when appropriate as 

described in figure legends.
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 RESULTS 

5.3.1 Nitric oxide synthase 2 gene expression pattern is similar during in vivo and in 
vitro maturation 

Before investigating the ability of Hb to reduce Nos2 gene expression in IVM COCs, its gene 

expression pattern across the period of in vivo and in vitro maturation was evaluated to establish 

if the in vitro culture environment would affect its expression. Interestingly, both in vivo and in vitro 

matured COCs showed a remarkably similar pattern of Nos2 gene expression (Figure 5.3 A, B). 

Gene expression was highest in immature COCs (0 h) followed by a significant 9.7- and 14.5-fold 

decrease at 4 h of in vivo and in vitro matured COCs, respectively. For both maturation conditions 

there was a significant increase at 12 h compared to levels at 4 and 8 h. At the completion of 

maturation (16 h) there was again a decrease in Nos2 that was 3.1- and 2.9-fold lower than 

immature COCs (0 h) for in vivo and in vitro matured COCs, respectively. This difference across IVM 

stage, however, did not reach statistical significance (Figure 5.3 A: p=0.0534, Figure 5.3 B: 

p=0.0512). 

5.3.2 Addition of SNP and Hb did not affect Nos2 gene expression during IVM 

As Nos2 expression was not dysregulated during in vitro maturation, I proceeded to focus on 

alterations that could be made during in vitro culture to affect its expression. I first evaluated the 

capability of the NO donor SNP to affect Nos2 expression during IVM. Overall, SNP did not affect 

Nos2 expression at any of the time points analysed during IVM (Figure 5.4 A). Next, the ability of 

Hb to affect Nos2 gene expression was evaluated. As the gene product of Nos2 synthesises NO, 

and Hb is known to sequester NO, I hypothesised that Hb would downregulate Nos2 expression. 

This was carried out at 12 h post-IVM, as this was the highest point of gene expression observed 

during IVM (Figure 5.3 B) and may provide the most observable change in Nos2 upon Hb addition. 

I observed that the addition of Hb had no effect on Nos2 gene expression (Figure 5.4 B).
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Figure 5.3 Nitric Oxide Synthase 2 (Nos2) expression is significantly downregulated during in 

vivo and in vitro oocyte maturation. 

Gene expression of Nos2 was analysed relative to geometric mean of two housekeepers: actin beta 

(ActB) and ribosomal protein L19 (Rpl19) using 2-ΔCT. In vivo maturation at 4, 8, 12, 16 h post-

injection with human chorionic gonadotropin (hCG) (A), and in vitro maturation (IVM) of cumulus-

oocyte complexes (COCs) at corresponding time points mentioned above (B). All data are 

expressed as fold-change from the 0 h time point and presented as mean ± SEM (n = 6 independent 

replicates for 0 h and n = 3 replicates for 4-16 h timepoints). Data were analysed using one-way 

ANOVA on log-transformed data using Tukey’s multiple comparisons test due to data not being 

normally distributed.  
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Figure 5.4 Nitric Oxide Synthase 2 (Nos2) expression was not affected by addition of sodium 

nitroprusside (SNP) or haemoglobin during in vitro maturation of cumulus-oocyte complexes. 

Gene expression of Nos2 was analysed relative to ribosomal protein L19 (Rpl19) using 2-ΔCT. In vitro 

maturation (IVM) of cumulus-oocyte complexes (COCs) was carried out in the absence or presence 

of SNP (A). Samples were collected at 4, 8, 12, 16 h post-IVM. Data is expressed as fold-change 

from the 0 h time point and represented as mean ± SEM and analysed using two-way ANOVA with 

Sidak’s multiple comparisons test on log-transformed data (n=3 independent replicates) due to 

data not being normally distributed. In vitro maturation (IVM) of COCs was carried out in the 

absence or presence of ferrous haemoglobin (Hb) (B). Samples were collected at 12 h post-IVM. 

Data is represented as mean ± SEM and analysed using unpaired Student’s t-test on log-

transformed data (n = 3 independent replicates).
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 DISCUSSION 

The regulation of hormones and signalling molecules is vital to ensure the processes of oocyte 

meiotic arrest and resumption are initiated at appropriate time points, allowing for downstream 

developmental success. Spontaneous meiotic resumption occurs when oocytes are removed from 

the ovarian follicle (Pincus and Enzmann 1935). The spontaneous resumption of meiosis is thought 

to contribute to the lower developmental competence of oocytes that undergo maturation in vitro 

(Gilchrist and Thompson 2007). Thus, much research has been focused on strategies that control 

inhibition and induction of meiosis during IVM. The cGMP pathway is activated by the presence of 

NO, and this may contribute to the maintenance of high levels of cAMP within the oocyte that 

maintains meiotic arrest (Norris et al. 2009). In this chapter, I investigated the expression of Nos2, 

whose gene product synthesises NO, during both in vivo and in vitro maturation. I went on to test 

whether SNP, a NO donor (Friederich and Butterworth 1995), and Hb, known to scavenge NO 

(Gardner et al. 2006), would affect Nos2 expression during IVM. My work is the first to investigate 

the interaction of Hb and NO during IVM of mouse COCs.  

Analysis of Nos2 showed surprisingly similar patterns in both in vivo and IVM COCs (Figure 5.3 A, 

B), despite it being widely accepted that COC gene expression is drastically altered in the in vitro 

environment (Dunning et al. 2007; Tesfaye et al. 2009). Both in vivo and IVM COCs undergo meiotic 

resumption as the COC matures, although meiosis is induced by gonadotrophins in vivo, whereas 

it occurs spontaneously in vitro. It was unsurprising that I observed a significant decrease in Nos2 

at 4 h of in vivo maturation (Figure 5.3 A) as this would lead to lower levels of NO, decreased 

inhibition of PDE3A and thus, meiotic resumption (Figure 5.2). Decreased synthesis of NO could be 

one reason for spontaneous meiotic resumption in vitro due to resulting low levels of cGMP 

(Tornell et al. 1991). However, I observed a similar, significant decrease in Nos2 at 4 h post-IVM 

(Figure 5.3 B). What is not clear, is whether Nos2 levels decrease at a faster rate during IVM 

compared to in vivo within the 0 to 4 h maturation period and could be investigated in future 

studies.  

To my knowledge this is the first evidence that Nos2 expression during IVM correlates with meiotic 

arrest and resumption. Direct measurement of NO during IVM is difficult due to its half-life of <5 s 
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(Nathan 1992), hence studies have traditionally utilised NO donors or inhibitors to investigate 

impacts of NO. A common NOS inhibitor is N-omega-nitro-L-arginine methyl ester (L-NAME) which 

blocks the synthesis of NO from L-arginine by NOS. The addition of L-NAME resulted in a dose-

dependent decrease in the number of mouse oocytes at the MII stage of meiosis and a 

corresponding increase in oocytes at MI, indicating that inhibition of NOS maintained meiotic 

arrest (Sengoku et al. 2001). This is consistent with other work showing a decrease in MII stage 

oocytes in the presence of L-NAME in the rat (Jablonka-Shariff et al. 1999a). However, these studies 

are at odds with the hypothesis that decreased NOS leads to decreased cGMP resulting in meiotic 

resumption (Norris et al. 2009). In this chapter I have shown that Nos2 expression across the 16h 

period of oocyte maturation correlates with meiotic resumption and arrest time points. As meiosis 

is a dynamic process during IVM, more insights could be gleaned from a better understanding of 

NOS regulation rather than an inhibition of NOS using L-NAME or knock-outs. However, the current 

and previous studies show that decreased NOS leads to alterations in meiotic maturation. This 

might contribute to poorer quality oocytes following IVM and warrants further exploration of the 

role of NOS during meiotic maturation.  

The NO donor SNP was chosen due to its well-established action as a vasodilator in 

pharmacological and arterial studies (Friederich and Butterworth 1995) with comparable effects 

to endogenous NO (Miller et al. 2004). I observed that the presence of SNP had no effect on Nos2 

expression during IVM (Figure 5.4 A). While other studies did not evaluate Nos2 expression, the 

same concentration of SNP (10 M) during IVM resulted in meiotic resumption in mouse oocytes 

(Sengoku et al. 2001). Interestingly, when SNP concentration was increased, the percentage of MI 

and MII oocytes were not different from control. Another study showed that similarly, 10 M SNP 

stimulated meiotic resumption, and 1 mM SNP significantly delayed GVBD, demonstrating that SNP 

has opposing effects on meiotic resumption depending on concentration (Bu et al. 2004). This 

suggests the concentration of SNP that initiates meiotic progression occurs only within a narrow 

spectrum and requires tight regulation. Hence, future experiments could test the effect of a higher 

concentration of SNP (1 mM) on Nos2 expression during IVM. Another NO donor that could be 

considered is S-nitroso-L-acetyl penicillamine (SNAP), which in rat oocytes resulted in inhibition of 

ovulation through blocking LH-induced oocyte maturation. However, the method of SNAP 
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administration was by injection into ovarian bursa (Sela-Abramovich et al. 2008) or added to 

ovarian follicle culture incubation medium (Nakamura et al. 2002) and needs to be optimised for 

IVM culture medium.  

The primary focus of my study was to test whether exogenous Hb affected Nos2 expression during 

IVM. Considering the null effect of SNP addition on Nos2 expression, Hb was added to IVM without 

SNP (Figure 5.3 B). To date, studies utilising in vitro follicle culture have demonstrated the ability 

of Hb to reverse NO-induced damage (Dubey et al. 2012) and override NO-induced meiotic arrest 

(Nakamura et al. 2002). There might be important interplay between different NOS subtypes 

known to be present in differing compartments of the follicle which are absent during IVM of the 

COC alone (Basini and Grasselli 2015; Nath and Maitra 2019). In this chapter I show that Hb did not 

affect Nos2 expression during IVM (Figure 5.4 B). Taken together with the body of evidence 

surrounding the interaction of Hb and NO during ovarian follicle culture, it can be concluded that 

a follicle experimental model might be more suitable for future investigation.  

Here I have demonstrated that changes in Nos2 expression correspond with time points associated 

with meiotic resumption and arrest of both in vivo and in vitro COCs. The addition of SNP and Hb 

did not affect Nos2 expression during IVM of COCs, however this interaction might be better 

evaluated in a follicle culture model as discussed above. There is an immense body of work 

supporting the influence of NO on meiotic maturation, thus further investigation of the role Hb on 

NO signalling during in vitro follicle culture is warranted. 
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 INTRODUCTION 

The process of in vitro maturation (IVM) of mammalian oocytes was first conducted in the 1930s 

with immature rabbit oocytes (Pincus and Enzmann 1935) before progressing to human oocytes 

(Pincus and Saunders 1939). Consequently, major findings in the field led to the birth of the first 

IVF baby (Edwards et al. 1969; Edwards and Steptoe 1978) and have built the foundation on which 

routine human in vitro fertilisation (IVF) practices are carried out today. The IVM procedure offers 

the opportunity for women to preserve the fertility of their oocytes, for example in cases of 

chemotherapy (Das et al. 2012). It also provides clinicians with a resource to treat prospective IVF 

patients hindered by various issues, such as age or hormonal conditions like polycystic ovarian 

syndrome and allow them the best chance to conceive a child (Schroeder and Eppig 1989). Despite 

exponential growth in the field of reproductive biology over the decades, and the increasing 

adoption of clinical practices in modern society, the overall procedure of IVM remains largely the 

same as it was 50 years ago. The challenges of IVM remain relevant to current research, as its 

success rate of less than 30% live birth rates per cycle leaves more to be desired (Child et al. 2001). 

Of chief concern is this: oocytes derived from IVM are of poorer quality compared to those 

matured in the in vivo ovary. The experiments carried out in the preceding chapters cover three 

aspects of oocyte maturation that are known to be compromised during IVM: marked differences 

in oxygen-regulated gene expression (Kind et al. 2013b), exposure to reactive oxygen species (ROS) 

(Kala et al. 2017) and aberrant meiotic maturation (Eppig 1982). The gas-binding protein 

haemoglobin (Hb) has the biological capability to function in all these aspects and has a remarkably 

high expression in the in vivo matured oocyte (Kind et al. 2013a; Brown et al. 2015). My work 

significantly extends the hypotheses raised in prior work regarding the role of Hb in the developing 

cumulus-oocyte complex (COC) and introduces new avenues to explore, allowing for future 

applications in the field of human IVM.  
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 THE ROLE OF HAEMOGLOBIN AND 2,3-BPG IN OXYGEN-REGULATED 
GENE EXPRESSION 

The expression of haemoglobin (Hb) was significantly higher than Bpgm in both human cumulus 

cells and mouse COCs derived in vivo. After IVM, levels of Bpgm mRNA and protein were 

significantly increased in mouse COCs, indicating that the IVM environment resulted in increased 

production of 2,3-BPG. Its expression was further elevated when cultured at the 2% oxygen 

concentration, which was intended to replicate the low oxygen levels of the follicle (Thompson et 

al. 2015). This response is reminiscent of the hypoxic conditions at high altitudes resulting in 

increased levels of 2,3-BPG in the blood due to increased demand for oxygen transport (Lenfant et 

al. 1968; Winslow et al. 1989). However, this is not consistent with what occurs during COC 

maturation in vivo. Under a low oxygen environment, high levels of Hb together with low Bpgm is 

likely to maintain a low oxygen environment by binding available oxygen molecules. This indicates 

that the in vivo COC has a low requirement for oxygen and thus 2,3-BPG. This is reflected in the 

data comparing Hb and Bpgm expression in human cumulus cells and mouse COCs derived in vivo.  

Hence, the addition of Hb in combination with low oxygen was utilised in an attempt to normalise 

Bpgm expression during IVM to in vivo levels. This resulted in a decrease in Bpgm expression, but 

only in the presence of the ferric form of Hb, which does not bind to oxygen. Contrastingly, high 

levels of Bpgm protein were present when ferrous Hb was added, indicating that at some point of 

IVM, there might be high levels of Bpgm mRNA expressed, producing the protein. This introduces 

an interesting question of whether the exogenously added forms of Hb and Bpgm behave 

differently from that found in vivo. Currently, we know that Hb and Bpgm are both hormonally 

regulated in the in vivo COC (Brown et al. 2015). A time-course investigating their expression during 

IVM, in the presence and absence of exogenous Hb, would provide a clearer explanation of how 

these two mRNA transcripts are regulated in vitro. Future investigations should also consider the 

choice of buffers utilised in IVM medium which may alter the pH. Low pH results in decreased 

oxygen affinity of haemoglobin due to higher levels of 2,3-BPG (Weber 2007). The data described 

here demonstrates that low oxygen and the presence of exogenous Hb were insufficient to 

replicate an optimal IVM environment for the study of Bpgm. This body of work has further 
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implications, serving as a means for how to study dysregulated gene expression compared to in 

vivo, which will ultimately lead to improved IVM. 

The altered IVM conditions of low oxygen and exogenous addition of Hb to simulate an in vivo 

environment were unable to normalise Bpgm protein levels. Hence, a targeted knockdown 

approach using CRISPR-Cas9 was pursued. The knockdown of Bpgm via CRISPR-Cas9 lentiviral 

transfection demonstrated that a successful knockdown resulted in an increase in classic hypoxia 

inducible factor (HIF)-regulated genes. The limitations of the CRISPR-Cas9 lentiviral approach were 

likely due to the viral titre and delivery method not being ideal for viral knockdown in COCs. Future 

experiments can utilise an siRNA approach to knockdown Bpgm in the COC to provide a more 

definitive answer to whether it affects oxygen-regulated gene expression. Once this is established, 

the next step would be to add Hb to see if it is able to further drive up oxygen-regulated gene 

expression. The impact of Bpgm knockdown on glycolytic pathways is also worth considering, as 

Bpgm synthesises 2,3-BPG from 1,3-BPG, which is a glycolytic intermediate (Rose 1968) that plays 

an important role in serine biosynthesis (Oslund et al. 2017).  

There also remains the question of Bpgm localisation in vitro, as it was observed predominantly 

within the oocyte, contrasting with Hb which is located in the cumulus cells (Brown et al. 2015). 

Fluorescent studies on denuded oocytes would aid in understanding Bpgm and exogenous Hb 

transport into the oocyte. Another missing piece of information is demonstrating Hb protein 

binding to 2,3-BPG. The protein structure of Hb in the COC has yet to be classified. While both the 

alpha and beta subunits were discovered, the quaternary structure of Hb needs to be formed to 

carry out its gas-binding effects. This is made difficult by the low amount of Hb present in COCs 

derived from IVM. Removal of the COC from the ovary will result in immediate changes to gene 

expression, likely affecting Hb as well. While Hb localisation can be observed in ovary sections 

(Brown et al. 2015), the antibody was not specific enough to indicate the protein present was in 

its active, functional form. This might be solved using a western blot to measure protein size. 

However, the process might be hindered by the high numbers of oocytes required. 
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Taken together with its sensitivity to oxygen concentration and presence of Hb, there is a strong 

likelihood that Bpgm is involved in oxygen regulation and downstream gene expression in the COC. 

This work describes a novel combined role for Hb and 2,3-BPG which has not been explored in 

many non-erythroid cell types despite many studies discovering high levels of Hb protein, as listed 

in Chapter 1, Table 1.2. It will be of particular interest to study 2,3-BPG in non-erythroid tissues 

expressing Hb which are known to be oxygen-sensitive, such as certain cancer cells (Shaw et al. 

2009; Emara et al. 2014b), retinal cells (Tezel et al. 2009) and alveolar epithelial cells (Newton et 

al. 2006; Grek et al. 2011). 

 HAEMOGLOBIN AS AN ANTIOXIDANT IN THE OOCYTE 

The addition of Hb was capable of sequestering reactive oxygen species (ROS) induced by the 

compound menadione in mouse granulosa cell culture. This is the first work demonstrating that 

Hb might function as an antioxidant in these cells. Due to the absence of Hb in IVM-derived COCs, 

I evaluated whether its addition to IVM would result in a decrease in ROS. During standard IVM, 

ROS was detected in the cumulus cells of the intact COC, which increased at 4 h post-IVM in the 

presence of menadione. Upon denuding the COC of its cumulus cells, ROS was detected within the 

denuded oocyte (DO), however with no increase in ROS upon menadione treatment. Menadione 

treatment past 4 h of IVM resulted in oocyte death, indicating that when denuded, the oocyte was 

more sensitive to oxidative stress induced by menadione. This led me to hypothesise that the 

cumulus cells were acting as a protective barrier to the oocyte by potentially absorbing menadione 

or preventing it from entering the oocyte. As menadione treatment did not increase ROS within 

DOs, a different approach to induce ROS was developed in the form of compromising IVM 

conditions by removing vital culture medium components and culture within a 96-well plate 

without an oil overlay. Both models increased ROS in DOs, however unlike what was observed in 

granulosa cells, Hb was not able to rescue DOs from oxidative stress. Nevertheless, my study points 

to the impact of poor IVM conditions on inducing oxidative stress in DOs, warranting further 

investigation on its impact on embryo development and fetal outcomes, which will better inform 

the use of IVM in clinical practice.  
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An interesting turning point in my study testing Hb as an antioxidant was the observation that 

cumulus cell expansion during IVM provided the COC with enough protection from menadione-

induced ROS after 4 h post-IVM. Once the COC was denuded, DOs struggled to combat oxidative 

insults from menadione and compromised IVM conditions. This could also explain why Hb was 

unable to rescue DOs, and N-acetyl-L-cysteine was only able to slightly reduce the ROS levels. 

Whereas in the granulosa cell culture, the cultured cell layer consists mostly of mural granulosa 

cells which has similar gap junction communication mechanisms as cumulus cells (Eppig 1979a). 

This quality could have allowed Hb to enter the granulosa cells and sequester ROS induced by 

menadione. Cumulus cells provide the oocyte with metabolites via gap junctions which are vital 

for folliculogenesis and oocyte maturation both in vivo and in vitro (Eppig 1979a; Kidder and Mhawi 

2002). DOs were unable to initiate nuclear maturation compared to COCs in both rabbit (Lorenzo 

et al. 1996) and mouse studies (Zhou et al. 2016) due to the loss of the gap junction connections 

with the cumulus cells. Denuding cumulus cells prematurely might affect the structure of 

transzonal projections which change dynamically across maturation in porcine COCs (Suzuki et al. 

2000). The exposure of denuded bovine oocytes to hydrogen peroxide resulted in cell death, 

whereas COCs were able to survive, indicating cumulus cells play a potential protective mechanism 

against oxidative stress (Fatehi et al. 2005). Therefore, it is probable that without cumulus cells and 

transport through the corresponding gap junctions, exogenous Hb could not enter DOs to remove 

the increased levels of ROS accumulating within the oocyte. A simple experiment would be to add 

exogenous Hb to the culture of DOs and assess the capacity of Hb to enter the oocyte using 

immunofluorescence. Given that gap junctions disappear upon exposure to ovulatory signals and 

during cumulus expansion (Larsen et al. 1981; Chen et al. 1990), future investigation can explore 

the localisation of Hb during a time-course to confirm its transport via gap junctions.  

A finding not to be ignored is that exogenous Hb was able to sequester ROS in granulosa cells. Prior 

work shows Hb is also hormonally regulated in granulosa cells, with expression being highest at 12 

h post-hCG (Brown et al. 2015), close to the time of ovulation. At this point, granulosa cells would 

be differentiating to form into the corpus luteum. Granulosa cells play an important role of 

providing maturation factors to the oocyte and also protecting the oocyte from oxidative insult 

through the production of its own antioxidants (Adeldust et al. 2015) and is itself sensitive to ROS 
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(Devine et al. 2012). As these cells are not commonly cultured with COCs during IVM, the loss of 

its defensive role might be a reason for deficient capacity to combat oxidative stress. To address 

this hypothesis, it is important to first determine endogenous Hb expression during granulosa cell 

culture. Continued investigation could be carried out in COCs co-cultured with granulosa cells or 

utilising an ovarian follicle culture model. More ambitious experiments could utilise CRISPR-Cas9 

knockdown experiments to selectively knockdown Hb in granulosa cell culture. Following the 

observations from Chapter 3, the lentiviral approach might be achievable in granulosa cells which 

form a monolayer when cultured. 

 THE INTERACTION OF HAEMOGLOBIN AND NITRIC OXIDE DURING 
OOCYTE MATURATION 

The time-course analysis of Nos2 mRNA in both in vivo and in vitro-derived COCs revealed that 

there was a sharp decrease in expression after 4 h of maturation. A decrease in Nos2 would lead 

to lower levels of nitric oxide (NO), hypothetically resulting in a decreased inhibition of cyclic AMP 

(cAMP) phosphodiesterase and thus meiotic resumption. In both in vivo and IVM COCs, there was 

a significant increase in Nos2 at the 12 h time point. With more NO being synthesized by increased 

Nos2, following the previous hypothesis, this might correspond with meiotic arrest. Currently, this 

point remains speculative and the contribution of Nos2 to the meiotic maturation requires rigorous 

study. A good starting point would be further pinpointing the time point of Nos2 decrease following 

extraction from the ovary by comparing the rate of decrease between the 0 – 4 h period of both 

in vivo and in vitro maturation. A side-by-side analysis of the number of MI and MII oocytes should 

also be carried out to verify if the IVM time points correspond to periods of meiotic arrest and 

resumption. Measurements of cyclic GMP, cAMP phosphodiesterase or cAMP and NOS2 protein 

quantification should also be considered before it can be confidently concluded that Nos2 

expression is involved in this pathway. 

The addition of NO donor sodium nitroprusside (SNP) was unable to affect Nos2 during 16 h of IVM, 

indicating that its effect on inducing meiotic resumption in mouse oocytes (Sengoku et al. 2001) 

did not involve Nos2 mRNA. The evaluation of Hb as a NO scavenger revealed that despite its ability 

to reverse NO-induced damage in buffalo follicles (Dubey et al. 2012) and override NO-induced 
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meiotic arrest in rat oocytes (Nakamura et al. 2002), it was unable to decrease Nos2 at 12 h post-

IVM in mouse COCs. However, the studies which demonstrated Hb association with NO were 

conducted in a follicle culture model, rather than the COC culture model presented here. Therefore, 

for the purposes of studying the interaction of Hb and NO in the oocyte, future studies should 

focus on utilising a follicle culture experimental model. Furthermore, there are different forms of 

NOS within the follicle that demonstrate interplay absent within the COC (Basini and Grasselli 2015). 

For instance, eNOS expression in the thecal layer increases blood flow to the preovulatory follicle, 

and iNOS expression in the granulosa cell and oocyte might play a role in oocyte meiotic maturation 

(Yamagata et al. 2002; Mitchell et al. 2004). Future experiments elucidating the relationship 

between NOS and meiotic maturation, could utilise a specific inhibitor: aminoguanidine (AG) that 

selectively inhibits iNOS (Corbett et al. 1992), compared to the commonly used inhibitor L-NAME 

which is not known to inhibit a specific NOS subtype. These important interactions between Hb 

and NO, produced by different forms of NOS, might not be captured during IVM of COCs, thus the 

study of the role of Hb in sequestering NO would be more suitable in a follicle culture model. 

 FUTURE DIRECTIONS AND CONCLUSION 

Here, the capability of Hb to regulate oxygen, ROS and NO in the COC were evaluated during IVM. 

The alteration of various aspects of IVM demonstrated the oocytes sensitivity to changes in oxygen 

level and conditions inducing oxidative stress. The data presented here is the first to demonstrate 

a role for Bpgm in oxygen-regulated gene expression in the COC. Similar experiments can further 

test the effect of a more effective knockdown of Bpgm in order to deepen our understanding of its 

interaction with Hb. When exposed to poor IVM conditions, denuded oocytes were susceptible to 

oxidative insult, strengthening the known importance of optimal IVM conditions for successful 

oocyte development. There is a potential correlation between Nos2 and meiotic maturation, of 

which Hb could play a role, however this needs to be investigated in a follicle culture model. Overall, 

my work has meaningfully extended the understanding of the functional role of Hb in the COC. 

Future implications of my work in the field of human IVM are far-reaching and valuable by 

providing potential improvements to IVM culture conditions and efficacy. 
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