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Summary

At fertilisation in mammals a series of Ca2+ oscillations are initiated that 
activate development. These Ca2+ oscillations cause  the reduction of 
mitochondrial NAD+ and flavoproteins, suggesting that they might also 
stimulate changes in cytosolic ATP levels. Many events at fertilisation are 
triggered that require ATP; however, the changes in ATP during 
fertilisation are poorly defined. In this thesis intracellular C a2+ and ATP 
levels in individual m ouse eggs were m easured by monitoring the 
fluorescence of a C a 2+ dye (Oregon green bapta dextran) and 
lum inescence of firefly luciferase. During fertilisation of m ouse eggs it 
w as found that there are two phases of increase in ATP in both the 
cytosol and the mitochondria, during the series of sperm-induced Ca2+ 
oscillations. The increase in ATP is Ca2+ dependent since it did not occur 
when Ca2+ oscillations were prevented by BAPTA injection and, were 
abrogated by extracellular Ca2+ chelation. Additionally, it w as not seen  
when eggs were activated by cycloheximide, which does not cause a 
Ca2+ increase. The ATP increase is likely to be caused  by oxidative 
phosphorylation by the mitochondria since the ATP levels in substrate 
free media are recovered by the addition of pyruvate. This recovery is 
blocked by the pyruvate uptake inhibitor ar-Cyano-4-hydroxycinnamic 
acid. T hese data suggest that mammalian fertilisation is associated with a 
sudden but transient increase in cytosolic ATP via oxidative 
phosphorylation, and that Ca2+ oscillations are both necessary  and 
sufficient to cause  this increase in ATP.

Work in this thesis has also investigated the functionality of the 
sperm factor PLC?. Using luciferase tagged PLC constructs, the Ca2+ 
oscillation inducing ability of a series of PLC? truncated constructs, PLC5 
and PLCy have been established. Results show that PLC? activation of 
m ouse eggs cannot be reproduced by other PLCs and that the C2, EF1 
and catalytic site on the X domain are all essential for causing Ca2+ 
oscillations.
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Chapter 1: Introduction

1.1 Introduction - Fertilisation

Fertilisation is the process where two sex cells (gam etes) come together 

to produce a new individual cell that has a genom e derived from both 

parents. When a sperm  fertilises an egg, reactions in the egg cytoplasm 

are initiated that begin development of the embryo. During mammalian 

fertilisation a series of intracellular calcium [(Ca2+)i)] oscillations are 

initiated that last for several hours. Recently, it w as discovered that the 

“sperm  factor” Phospholipase C zeta (PLC£) produces [(Ca2+)i)] similar to 

those produced at fertilisation. Part of this thesis investigates the role and 

function of the PLC£ domains at fertilisation. The downstream effects on 

metabolism of [(Ca2+)i] oscillations in the egg, has yet to be fully defined. 

In this thesis, experiments have been designed to look directly at ATP 

and [(Ca2+)i] levels simultaneously in order to characterise the 

relationship that exists between the two.

This introduction shall act a s  a general review of a reas that are 

directly relevant to my area  of study. I shall begin with an overview of 

gam etogenesis, which is the process that explains the creation of both 

the male and fem ale gam etes. Males and fem ales have different forms of 

gam etogenesis: oogenesis (females) and sperm atogenesis (males). This 

section shall be followed by an overview and discussion of both [(Ca2+)i] 

oscillations that occur in an egg at fertilisation and PLC£. Mitochondria 

and metabolism, within an egg, shall then be discussed followed by an 

overview of the firefly luciferase-luciferin system that is used throughout 

this thesis to study intracellular ATP levels.
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Chapter 1: Introduction

1.2 Oocyte and Sperm Maturation

1.2.1 Oogenesis

The female gam ete forms, grows and m atures during a mechanism 

known a s  oogenesis. Before birth, primordial germ cells (PMGCs) 

develop in the genital ridge of the foetus, and in the m ouse ovary (Hogan 

et al., 1986). T hese PMGCs are known as  oogonia and undergo ~4 

mitotic cycles before entering meiosis between days 14 and 16 of a 20 

day gestation period (Monk and McLaren, 1981). More than half of these 

cells, now referred to a s  primary oocytes (Fig. 1.1), are present in the 

m ouse at birth and will degenerate before the m ouse reaches 3-5 weeks 

of age. The m ouse will reach sexual maturity at around 6 w eeks (Hogan 

et al., 1986). Ovarian oocytes are immature and rest in primordial follicles 

that reside in the ovarian cortex. They m easure approximately 12 pm and 

30 pm in diameter, in mice and humans, respectively (Grudzinskas and 

Yovich., 1995).

Each primary oocyte is contained within a primordial follicle 

surrounded by layers of follicle cells (Fig. 1.1). The follicle cells are 

essential for growth and differentiation of the oocyte. The primordial 

follicles undergo a stage of growth and during this time the primary 

oocytes are able to undergo remarkable enlargem ent a s  their growth is 

not interrupted by mitosis and cleavage of the cytoplasm (Fig. 1.1) 

(Grudzinskas and Yovivh. 1995). Growing oocytes develop a zona 

pellucida (ZP), which is 7 pm thick in the m ouse oocyte (Fig. 1.1). Oocyte 

growth is also characterised by the development of a large nucleus called

3



Chapter 1: Introduction

the germinal vesicle (GV). During this growth stage, oocytes will increase 

to a diam eter of 80 pm and 120 pm, in mice and humans, respectively 

(Grudzinskas and Yovich., 1995).

Primary oocytes are  diploid cells that must undergo meiosis. 

Meiosis is the process that allows a diploid cell to divide twice to produce 

haploid cells (gam etes) that contain one complete se t of chrom osomes. 

GV oocytes are  arrested at prophase I (PI arrest) of meiosis I which 

m eans that the chrom osom es within the oocytes have condensed ready 

for the 1st meiotic division. PI arrest is regulated by 3, 5 cyclic adenosine 

m onophosphate (cAMP) levels within the oocyte (Conti et al., 2002). 

cAMP is either produced locally within the oocyte, or transferred into the 

oocyte from granulosa cells through gap junctions (Dekel, 1988). cAMP 

holds the oocytes at PI arrest by inactivating maturation promoting factor 

(MPF -  discussed in section 1.4.5) (Duckworth et al., 2002). 

M easurem ents of cAMP levels have shown that a  drop in oocyte cAMP is 

associated with germinal vesicle breakdown (GVB), hence progression 

through meiosis I. Preventing cAMP levels from falling has been shown to 

block oocyte maturation (Schultz et al., 1983a; Schultz e t al., 1983b; 

Vivarelli et al., 1983). This stage of arrest may also be accomplished by 

the action of hypoxanthine, which is produced by follicular cells (Eppig et 

al., 1985).

High cAMP levels that hold the oocyte in meiotic arrest is produced 

in the oocyte via a pathway that requires the activity of the heterotrimeric 

G protein Gs (Kalinowski et al., 2004; Mehlmann et al., 2002). It has 

recently been suggested  that the G protein receptor 3 (GPR3) is a

4



Chanter 1: Introduction

constitutive activator of the Gs G protein (Freudzon et al., 2005). GPR3- 

Gs seem s to be responsible for the activation of adenylyl cyclase (AC) 

that maintains elevated cAMP in the oocyte.
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Chapter 1: Introduction

Fig. 1 .1  Maturation o f primary o o cy te  to a GV o o cy te

Primordial Follicle

l
Growing Follicle

Primary oocyte (-85  urn in 
diameter)
-6000  follicle 
cells

Antrum, filled with secretions 
derived from follicle cells

-50 ,000  follicle cells

Primary oocyte (<20 urn in 
^diameter)

Follicle cells

Fig 1.1 Diagram illustrating the growth stages of the ovarian follicle from a 
primordial follicle to a graafian follicle containing an immature oocyte at the 
germainal vesicle (GV) stage.

Oocyte

Follicle Cells

Graafian Follicle

Pellucida
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Chapter 1: Introduction

1.2.2 Ovulation

Oocytes arrested at PI will increase in size and when exposed to the 

correct hormonal stimulation, they will acquire the com petence to enter 

the final stages of meiosis. Physiological changes that occur due to 

reproductive horm ones are referred to a s  the estrous cycle in most 

mammals and the menstrual cycle in hum ans and apes. In the mature 

m ouse (~6 w eeks old) each ovary contains approximately 104 oocytes 

and the estrous cycle occurs spontaneously every 4 days under optimal 

laboratory conditions (Hogan et al., 1986). This cycle length can be 

influenced by many factors and is strain dependent. In a  natural estrous 

cycle, about 6-15 follicles respond to follicle stimulating hormone (FSH) 

that is secreted by the pituitary gland (W assarm an et al., 1976). Any 

maturing follicles that have reached an optimal stage of growth will 

respond to FSH and continue further growth and cellular proliferation.

As the follicle increases in size it also accum ulates fluid and 

swells. The fluid filled follicles, now referred to a s  graafian follicles (Fig. 

1.1), migrate towards the periphery of the ovary ready for final maturation 

and release of the oocyte (Grudzinskas and Yovich. 1995). Ovulation 

occurs in response to a surge in the levels of luteinizing hormone (LH) 

from the pituitary gland. Following the LH surge, the oocytes undergo 

nuclear maturation. The nucleus, (GV), will lose its m em brane and the 

chrom osom es will assem ble on the spindle and move towards the 

periphery of the cell. It is at this point that the oocyte will undergo the first 

meiotic division. One set of homologous chrom osom es are retained 

within the oocyte while the other se t will becom e surrounded by a small

7



Chapter 1: Introduction

amount of the oocytes cytoplasm and be extruded a s  the first polar body 

(PB) (Donahue, 1968; W assarm an et al., 1976). Meiosis is complete with 

the secondary oocyte containing a full set of complement chromosomes: 

the cell now arrests at m etaphase II (Mil) of the second meiotic division 

(Fig. 1.2) (Donahue, 1968). The egg is arrested at m etaphase II with the 

1st PB present in most species. The exceptions to this are  the dog and 

fox, whose eggs are ovulated a s  primary oocytes and are, therefore, 

arrested at the GV, or, 1st meiotic division (Holst and Phemister, 1971). 

The estrous cycle can be influenced by environmental factors and can be 

induced artificially by hormone injections (see Chapter 2: section 2.5.2). 

During natural ovulation, 8-12 eggs are released, depending upon the 

strain of the mouse. After hormonal injections, to stimulate ovulation, 

around 20-30 eggs can be collected per mouse.
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Chapter 1: Introduction

Fig. 1. 2 Maturation and fertilisation o f an Mil eg g

Mature oocyte 

(PI arrest)

Meiosis 1 

(GVBD)

Release of 1s* PB 

(Metaphase II arrest)

Fertilisation 

(2nd PB release)

Sperm

1st PB2 sets of 
chromosomes

GVZP 1st PB
separated by 
spindle

Fig. 1.2 Primary oocytes arrested at PI undergoing meiosis I to contain one 
complete set of chromsomes and extrude a 1st PB. At sperm entry, an egg is 
activated and meiosis II is complete with the egg now containing male (red) and 
female (black) genetic information (diploid cell). The 2nd PB will be released and 
the 1st PB degenerates. The egg will form pro nuclei (PN) around 5-6 hours post 
activation.
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1.2.3 Metabolism in eggs

An egg is reliant upon energy production via oxidative metabolism from 

the mitochondria. Glycolysis is not highly active in an egg until later 

development. There is a clear switch in energy preference in the m ouse 

embryo development from tricarboxylic acid cycle (TCA cycle also known 

as the krebs cycle) dependence in early development, to glycolysis at the 

post-compaction stage (Gardner and Leese, 1986; Gardner and Leese, 

1988; Leese and Barton, 1984). Indeed the presence of glucose during 

the 2 to 4 cell transition stage causes cleavage arrest in m ouse embryos 

(Brown and Whittingham, 1991; Brown and Whittingham, 1992; Chatot et 

al., 1989; Sakkas et al., 1993). This inhibitory effect of glucose has been 

demonstrated in m ouse (Barbehenn et al., 1974), ham ster (Schini and 

Bavister, 1988), cattle (Takahashi and First, 1992) and hum ans 

(Conaghan et al., 1993). The eggs preferentially use pyruvate instead of 

glucose due to a block at the 6-phosphofructokinase level (see  Fig. 1.9 

page 49) (Barbehenn et al., 1974). Oxidative phosphorylation is, 

therefore, presum ed to be the mechanism responsible for adenosine 5- 

trisphosphate (ATP) production in unfertilised and fertilised eggs in early 

development.

Cumulus cells play an important role in oocyte growth and this was 

first dem onstrated when oocyte maturation failed to occur in glucose 

containing media, unless the cumulus cells or, pyruvate were also 

present (Biggers et al., 1967). This was further supported when cumulus 

cells were shown to produce pyruvate from glucose or, lactate (Donahue 

and Stern, 1968; Leese and Barton, 1985). Cumulus cells play an
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acids (Colonna and Mangia, 1983; Haghighat and Van Winkle, 1990). 

The transport of substrates from cumulus cells to the oocyte occurs via 

passive transport and gap junctions (Sugiura et al., 2005). The oocyte 

utilises these  substrates via the TCA cycle and hence, produce ATP. 

Fully grown follicles are mainly active glycolytically a s  they have been 

shown to produce steady state levels of mRNAs that encode enzym es 

involved in glycolysis (Sugiura et al., 2005). It seem s that the oocyte 

regulates the activity of the cumulus cells via secretion of paracrine 

factors that are  secreted by the oocyte (Sugiura et al., 2005). The 

pentose phosphate pathway (PPP) has also been shown to occur in 

cumulus cells and has been shown to be required for GV breakdown 

(Colton e ta l., 2003; Downs, 1998).
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1.2.4 Spermatogenesis and Sperm Characteristics

Sperm atogenesis is the production of sperm from PMGCs. Sperm atozoa 

was first described about 300 years ago by Leeuwenhoek in sem en and 

in the testis (Ruestow, 1983). In 1830 sperm atozoa were identified a s  the 

component of sem en required for fertility. The sperm atozoa of different 

species differ in size; those of human and other dom estic mammals, such 

as the dog and cat (Austin and Short. 1982) are about 50 pm long while 

rodent sperm atozoa are much longer, measuring 150-250 pm (Austin and 

Short. 1982). Sperm atogenesis is initiated during puberty and in the 

m ouse is thought to be regulated by the synthesis of bone morphogenetic 

protein 8b (BMP8b; Zhoa et al., 1996). Mice lacking BMP8b are unable to 

initiate sperm atogenesis at puberty and there is a marked increase in 

male germ cell apoptosis in the adult male m ouse (Zhao et al., 1996).

Sperm cells, like oocytes, are derived from PMGCs. W hen the 

PMGCs reach the gonad (testicle), they divide 4 times to produce 

intermediate spermatogonium. Intermediate spermatogonium undergo 2 

mitotic divisions to produce primary sperm atocytes. Finally, primary 

sperm atocytes undergo meiosis to form sperm atids (Dym, 1994). This 

transition from sperm atogonia to sperm atocytes appears to be mediated 

by glial cell line derived neurotrophic factor (GDNF), which is secreted by 

sertoli cells (Meng et al., 2000).

In hum ans the progression from spermatogonial stem  cells to 

mature sperm atozoa takes 65 days (Dym, 1994). In human testicles 100 

million sperm are m ade per day and each ejaculation releases 200 million 

sperm  (Reijo et al., 1995). Unused sperm are either resorbed or passed
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out of the body a s  urine (Reijo et al., 1995). In the mouse, development 

from stem cells to sperm atozoa takes 34.5 days (Reijo e t al., 1995).

The sperm  head is characteristic of the species; hook shaped in 

mice and rodents but flattened and rounded in man and dom esticated 

animals such a s  the cat and the dog. The head of human sperm  are 

about 5 pm long, 2.5 pm wide and 1.5 pm thick (Austin and Short. 1982). 

In all mammals the sperm  head contains a highly condensed m ass of 

DNA-protein called chromatin combined with protamines (Austin and 

Short. 1982). The sperm tail, or flagellum, is usually divided into a mid­

piece and an end piece (Fig. 1.3). The mid-piece extends from the head 

to a s  far a s  the end of the mitochondrial helix (Fig. 1.3; Austin and Short. 

1982). At the centre of the tail is the axonem e complex which is mainly 

responsible for the sperm  motility (Fig. 1.3).
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Fig. 1. 3 Sch em atic  diagram  of a sperm

N ucleus

A crosom e A xonem eCentriole

Mitochondria

End-pieceHead Neck M id-piece

Fig. 1.3 Schematic diagram of a sperm cell (see  text for details).
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1.2.5 Sperm Metabolism

In sperm there are 50-75 mature mitochondria that are located in the 

sperm mid-piece (Ankel-Simons and Cummins, 1996). Like other cell 

types, mitochondria in the sperm produce ATP via oxidative 

phosphorylation which is required for sperm motility. Since the 

mitochondria are located in the mid-piece the problem exists a s  to how 

ATP generated at the mid-piece reaches the farther end of the sperm s 

tail. It has been suggested that ATP would be unable to diffuse this 

distance in sufficient time to meet the energy dem ands of the tail (Turner, 

2006). Also, in the m ouse it has been demonstrated that if mitochondrial 

oxidative phosphorylation is defective, fertilisation can still occur 

(Narisawa et al., 2002). This finding suggests that oxidative 

phosphorylation is not the only and main source of ATP in the sperm.

Several glycolytic enzymes, including hexokinase, lactate 

dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase 

(GAPD-S), have been identified in the tail of mammalian sperm  cells e.g. 

the fox, boar and m ouse sperm (Bradley et al., 1996; Bunch et al., 1998; 

Mori et al., 1998; Travis et al., 1998; Westhoff and Kamp, 1997). ATP 

production from glycolysis is required for hyperactivated sperm  motility 

and fertilisation w hereas inhibition of oxidative phosphorylation does not 

block fertilisation in the m ouse (Fraser and Quinn, 1981). However, this 

area is very complex since different species have different abilities and 

requirements for carrying out glycolysis and oxidative phosphorylation. 

While m ouse sperm  require glucose for capacitation, bull sperm
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capacitation is inhibited by glucose. Therefore, the role of glucose on 

sperm metabolism in different species is unknown.

1.2.6 Sperm Capacitation

Mammalian sperm atozoa are unable to fertilise the oocyte immediately 

after ejaculation. Ejaculated sperm require a period of incubation in the 

female reproductive tract where they undergo a series of biochemical 

modifications in order to acquire the ability to fertilise, a process defined 

a s  capacitation. In vitro capacitation is achieved by leaving the collected 

sperm in optimal media for two hours in a humidified incubator se t at the 

appropriate tem perature (37°C) and 5% C 0 2 levels. During capacitation 

several intracellular changes occur, such a s  increases in intracellular 

Ca2+ and cAMP concentrations (Breitbart et al., 1985). Other changes 

include; cholesterol efflux, protein phosphorylation, increases in 

mem brane fluidity and changes in swimming patterns and chemostatic 

motility (Breitbart, 2002). Tyrosine phosphorylation of several sperm 

proteins play an important role in capacitation (Visconti and Kopf, 1998). 

For example, inhibition of protein kinase A (PKA) can inhibit the 

capacitation of sperm atozoa (Visconti et al., 1995). In hum ans reactive 

oxygen species (ROS) have been suggested to play an important role in 

capacitation-related phosphorylation of several proteins (Aitken, 1989). In 

addition, epidermal growth factor (EGF) may play a role since its receptor 

tyrosine kinase, EGFR, has been identified in the head of bovine sperm 

(Lax et al., 1994). Activation of EGFR leads to two essential p rocesses 

for the progress of capacitation, tyrosine phosphorylation and activation 

of PLCy (Spungin et al., 1995).
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1.3 Fertilisation and Development

1.3.1 Fertilisation

In the m ouse approximately 5.8x107 sperm are released into the female 

reproductive tract per ejaculation (Hogan et al., 1986). Som e sperm will 

reach the ampulla in approx 5 minutes (Hogan et al., 1986) but, a s  

discussed above, they are not competent to initiate fertilisation until 

capacitation has occurred. In order to reach the surface of the egg, the 

sperm must penetrate both the cumulus m asses and the ZP, respectively. 

During m ouse in vitro fertilisation (IVF) protocols this process is aided by 

a hyaluronidase digestion of the cumulus cells surrounding the egg, 

which allows easier access  for the sperm to the egg. A guidance 

mechanism exists to ensure capacitated sperm successfully reach and 

fertilise the egg. Chemotaxis and thermotaxis are two m echanism s of 

sperm guidance that have been demonstrated in mammals (Eisenbach 

and Giojalas, 2006). Chemotaxis is the movement of cells up a 

concentration gradient and was originally dem onstrated in the mid 1960s 

in marine species (Eisenbach and Giojalas, 2006). In the last 12 years 

chemotaxis has now been shown to occur in hum ans (Ralt et al., 1994), 

frogs (al-Anzi and Chandler, 1998), mice (Giojalas and Rovasio, 1998; 

Oliveira et al., 1999) and rabbits (Fabro et al., 2002). Thermotaxis is the 

movement of cells along a tem perature gradient and to date has only 

been dem onstrated in two species; humans and rabbits (Bahat et al., 

2003).
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Fertilisation triggers the second meiotic division and extrusion of 

the 2nd PB. The paternal DNA is required for normal embryonic 

development and must be remodelled at fertilisation since the DNA of the 

mature sperm  is compacted and transcriptionally inactive (McLay and 

Clarke, 2003). Mammalian sperm DNA differs from somatic cell DNA. It is 

not associated with histones or, arranged in nucleosom es. Protamines 

are the major basic protein found in the nuclei of mature sperm  cells and 

are deposited onto the DNA at the end of sperm atogenesis (Wouters- 

Tyrou et al., 1998). At fertilisation, the compacted DNA must be 

remodelled and the protamines replaced with histones (McLay and 

Clarke, 2003). Nuclear mem branes, including nuclear lamin proteins, 

form around the maternal and paternal chromosomes, and the haploid 

female and male pro nuclei (PN) move toward the centre of the egg. 

During this migration event, DNA replication takes place.

The process by which an egg is activated without any contribution 

from the male genom e is called parthenogenetic activation. Such 

activation can be caused  by treatment with ethanol (Presicce and Yang, 

1994), the Ca2+ ionophore A23187 (Kline and Kline, 1992b) and 

cycloheximide (Moses and Kline, 1995). In the m ouse parthenogentically 

activated eggs will die on day 9-10 once the blastocyst stage  has been 

reached. No normal development will occur from parthenogenetically 

activated embryos. The reason for this seem s to be the requirement of 

the embryo for the paternal chromosomes. Parthenogenetic m ouse 

embryos that do implant are severely growth retarded at day 9.5 due to a 

defect in extraembryonic tissue formation and most embryos die prior to
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birth (McGrath and Solter, 1984; Surani et al., 1984). The embryo seem s 

to require one se t of chrom osomes that have undergone the imprinting 

stage in both the male and female germ lines. Despite these  results, one 

live birth from over 400 parthengenetically activated m ouse embryos has 

been reported a s  a  result of manipulating the expression of appropriate 

imprinted genes (Kono et al., 2004), which em phasises the importance of 

maternal and paternal imprinted genes.

Imprinted genes are genes where expression is determined by the 

parent that contributed them. Imprinted genes violate the usual rule of 

inheritance in that both alleles in a heterozygote are equally expressed. 

Imprinting begins in the gam etes where the allele that is destined to 

becom e inactive in the new embryo (either mother or father allele) is 

marked. The marker has been demonstrated to be methylation of the 

DNA in the promoter(s) of the gene (Kaneda et al., 2004). The 

methylation of the promoter site prevents the binding of transcription 

factors to the promoter and hence shuts down gene expression. Either 

the maternal allele is exclusively expressed because the fathers is 

imprinted, or, vice versa. Gene imprinting therefore, m eans that both 

parents do not contribute methylated genes and hence explains why 

parthenogenetic activation of eggs fails to produce a viable embryo.

1.3.2 Zona Pellucida Structure

The ZP is a translucent, extracellular, glycoprotein matrix that surrounds 

the oocyte (Florman and W assarm an, 1985). This structure is secreted 

during folliculogenesis and persists throughout the pre-implantation stage 

of pregnancy. During fertilisation the ZP is the site where sperm  egg
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recognition occurs and where sperm atozoa becom e activated. During 

fertilisation the penetrating sperm will undergo the acrosom e reaction 

when it com es in contact with the ZP (Bleil and W assarm an, 1983) (Fig.

1.4). The acrosom e is a secretory vacuole like structure that is present in 

the sperm head, and it is this structure that fuses with the plasma 

mem brane (PM) of the sperm head. The acrosom e reaction causes the 

release of various hydrolytic enzym es that are essential for the sperm to 

fertilise an egg (W assarm an and Mortillo, 1991). Loss of the acrosom e 

and its visible contents occur prior to the sperm head making its way 

through the ZP. The ZP plays a vital role in preventing more than one 

sperm penetrating an egg (polyspermy). The ZP also provides protection 

for the fertilised egg during its passage through the uterine cavity.
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F ig . 1. 4  D ia g r a m  o f  t h e  a c r o s o m e  r e a c t io n

SPERM
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INNER AM 
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Fig. 1 .4  This d iagram  is showing a mouse sperm undergoing the 
acrosom e reaction. (Drawing by R. Yanagim achi taken from  W assarm an 
et al., 2005)
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The mammalian ZP has 3 or 4 major glycoproteins (ZP1-4) and 

they are named in order of decreasing molecular weight. The major 

glycoprotein structure of the ZP that is recognised by the sperm  has been 

identified a s  ZP3 (MW 83kDa in the mouse) (W assarm an, 1988). The 

glycoprotein structure of ZP3 is highly conserved in evolutionary terms. It 

exhibits a  homology of around 60% between amino acid sequences of 

species a s  diverse a s  the m ouse and human. However, the sperm egg 

recognition process is still species specific and this is thought to be 

controlled by the carbohydrate side chains of the ZP3 protein, and in 

particular, a class of O-linked oligosaccharides (Florman and 

W assarm an, 1985).

Hardening of the ZP, which results in sperm no longer being able 

to bind or penetrate the egg, normally occurs 2-3 hours following sperm 

activation. The proteolytic cleavage of ZP2 (MW 120 kDa in the mouse) is 

thought to account for ZP hardening (Moller and W assarm an, 1989). 

Modification of the oligosaccarides side chains of ZP3, by glycosides in 

the cortical granules, results in loss of ZP3 activity and, hence its ability to 

induce the acrosom e reaction (W assarman, 1991). The sperm  that 

successfully penetrates the egg becom es immotile a s  it is incorporated 

into the egg. All of the sperm, including the tail, are drawn into the eggs 

cytoplasm. The mid-piece of the sperm contributes paternal centrioles 

and mitochondria to the zygote; however, the sperm ’s mitochondria will 

be destroyed by the oocyte, as discussed later (section 1.6.5).
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1.3.3 Embryo Development

The development of a fertilised early embryo proceeds via a series of 

mitotic divisions. The cytoplasm of the fertilised egg will be divided into 

numerous smaller, nucleated undifferentiated cells, called blastom eres. 

During the cleavage divisions, the cytoplasmic volume of the embryo 

does not increase; father, the cytoplasmic volume is divided increasingly 

into smaller cells. In the m ouse the 1st embryonic cell division begins 

about 17-20 hours after fertilisation. The zygote is divided in half (2-cell), 

then quarters (4-cell), then eighths (8-cell) and so on (Hogan et al., 1986).

Up to the mid two cell stage (~27 hours after fertilisation) the 

embryo appears to rely largely upon protein and RNA synthesised during 

oogenesis. By the mid-two cell stage many embryonic genes are 

switched on. In vivo, the 2nd cleavage begins 46-54 hours post 

fertilisation and typically, the embryo will reach the 8-cell stage by 60 

hours. Formation of the compacted morula occurs by 60-75 hours and 

then blastocyst formation will occur 84-96 hours post fertilisation (Hogan 

et al., 1986). In mice transcription by RNA polymerase II is observed in 

the late 1 cell embryo, initially from the male PN (Aoki et al., 1997;

Bouniol et al., 1995).

1.4 Calcium (Ca2+)

1.4.1 A universal intracellular messenger

Ca2+ plays an important role in a vast array of cellular p rocesses such as 

gene transcription, muscle contraction and cellular proliferation. When 

Ca2+ levels are elevated in the cytosolic compartment it can diffuse into
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the nucleus (Bootman et al., 2000), or be sequestered into the 

mitochondria (Montero et al., 2000). The Ca2+ concentration within a cell 

is controlled by channels located on the PM that regulates the supply of 

extracellular C a2+ as  well a s  channels located on the endoplasm ic 

reticulum (ER) and sacroplasmic reticulum (SR) (Berridge et al., 2000). 

Ca2+ is removed from the cytosol by Ca2+A TPases on the PM, ER/SR and 

the Na+/Ca2+ exchanger. Mitochondria also play an important role in 

regulating cytosolic Ca2+ levels. Resting Ca2+ levels in a cellular 

environment are typically ~100 nM (Bootman et al., 2001). When cells are 

stimulated by a Ca2+ ionophore or, depolarisation cytosolic Ca2+ levels 

can increase to more than 1 pM (Bootman et al., 2001).

Many different types of Ca2+ influx channels exist and are grouped 

according to their activation mechanism. Voltage operated Ca2+ channels 

(VOCCs) are largely present in excitable cells (e.g. muscle and neuronal 

cells). Such channels are activated via depolarisation of the PM.

Receptor operated Ca2+ channels (ROCCs) are activated by an agonist 

binding to the extracellular domain of the channel and are particularly 

present on secretory cells at nerve terminals. Store operated Ca2+ 

channels (SOCCs) are activated in response to a decrease  in intracellular 

Ca2+ stores.

Ca2+ release from intracellular stores is mediated by many distinct 

types of m essenger-activated channels. When hormones and/or growth 

factors bind to specific receptors on the PM, a PLC becom es activated 

which leads to the hydrolysis of phosphatidylinositol 4,5 bisphosphate 

(PIP2 ) to produce inositol 1,4,5 trisphosphate (InsPa) and diacylglycerol
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(DAG). lnsP 3 diffuses freely in the cytoplasm and acts on lnsP 3 receptors 

(InsPsRs) that are present on the ER and SR to induce a conformational 

change of these  receptors to release Ca2+ into the cytosol. lnsP3Rs have 

a total molecular m ass of ~1200 kDa; these large structures are m ade 

from 4 subunits (Bootman et al., 2001). InsPsR activation is also 

regulated by the Ca2+ concentration at their cytosolic surface (Bootman 

and Lipp, 1999). A Ca2+ level of 0.5-1 pM will enhance the receptors 

function, w hereas Ca2+ concentrations higher than 1 pM will inhibit their 

opening. InsPsRs are almost ubiquitously expressed in mammalian 

tissues.

Ryanodine receptors (RyRs) are structurally and functionally 

similar to InsPsRs and are named due to their high affinity for the plant 

alkaloid ryanodine. However, RyRs have about twice the conductance 

and molecular m ass of the InsPsRs (Franzini-Armstrong and Protasi,

1997). Like InsPsRs, RyRs are highly sensitive to cytosolic Ca2+ 

concentrations, however, they generally require higher Ca2+ 

concentrations to be activated (1-10 pM) and inhibited (>10 pM)

(Bootman et al., 2001). RyRs are mostly present in excitable tissues such 

as muscle and neurons (Bennett et al., 1996).

Mitochondria can also be considered as  a Ca2+ store. Mitochondria 

have a large capacity for Ca2+ uptake and can also significantly buffer 

cytosolic Ca2+ rises (Montero et al., 2000). Mitochondria sequester Ca2+ 

by a low affinity, high speed uniporter that is driven by the m em brane 

potential of the mitochondria and by high Ca2+ levels. Mitochondria are 

proposed to be located in close proximity to the ER. This has led to the
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suggestion that lnsP 3 induced release of Ca2+ exposes the mitochondrial 

Ca2+ uniporter to around 20 fold higher Ca2+ concentrations than those 

Ca2+ concentrations in the bulk of the cytosol (Csordas et al., 1999). 

Increasing Ca2+ within the mitochondria activates the enzym es that are 

involved in the TCA cycle which leads to an enhanced production of ATP 

synthesis (Hajnoczky et al., 1995). The Ca2+ accumulated by the 

mitochondria is released via the Na+ dependent exchanger which 

performs at a significantly slower rate than the uniporter.

1.4.2 Intracellular Ca2+ releasing agents

lnsP 3 is produced via the action of hydrolysis of PIP2  by a PLC. Although 

produced at the PM, lnsP 3 is a highly diffusible molecule that can rapidly 

pass through the cytoplasm of cells (Allbritton et al., 1992). Once 

produced, lnsP 3 has a  lifetime of seconds inside the cell before it is 

metabolised by enzym es that add or remove a phosphate group to 

terminate the Ca2+ releasing ability of lnsP 3 (Berridge et al., 2000). The 

addition of a phosphate group to lnsP3 produces inositol 1,3,4,5 

tetrakisphosphate (lnsP4) that has been shown to bind a  small GTPase 

activating protein of the RAS family that modulates Ca2+ release (Cullen, 

1998).

Cyclic adenosine disphosphate ribose (cADPR) activates RyRs 

and therefore, releases Ca2+. The Ca2+ releasing effect of cADPR w as 

first identified in se a  urchin eggs (Bootman et al., 2001). This Ca2+ 

releasing agent has been shown not to be effective in m ouse eggs (Kline 

and Kline, 1994). Nicotinic acid adenine dinucleotide phosphate (NAADP) 

emerged a s  another candidate for an intracellular m essenger (Genazzani
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and Galione, 1997). Its Ca2+ releasing properties have been 

demonstrated in se a  urchin, starfish and ascidian oocytes (Albrieux et al., 

1998; Chini et al., 1995; Lee et al., 1989; Santella et al., 2000), plants 

(Navazio et al., 2000), human heart cells (Bak et al., 2001) and kidney 

cells (Cheng et al., 2001). NAADP response is sensitive to the L-type 

channel antagonist verapamil and insensitive to the Ca2+ATPase inhibitor 

thapsigargin (Albrieux et al., 1998). Such demonstrations were performed 

in ascidian oocytes but the NAADP response appears to be inactive in 

causing Ca2+ release in mammalian oocytes (Swann K; Galione A, 

unpublished).

1.4.3 Ca2+ change at fertilisation

One of the most important cellular processes that Ca2+ is responsible for 

is the stimulation of egg activation at fertilisation. An intracellular rise in 

Ca2+ at fertilisation, is a crucial event in activation in plants, animals and 

non-mammalian species respectively (Digonnet et al., 1997; Jaffe, 1983; 

Zucker et al., 1978). In many eggs, this increase in Ca2+ is initiated as 

soon as  the sperm  penetrates the egg. This Ca2+ signal then propagates 

through the entire egg (Strieker, 1999). In mammals, the Ca2+ wave 

crosses the egg in ~2 sec. In echinoderm eggs (diameter ~0.1 mm) and 

frog eggs (diameter ~1 mm), the Ca2+ wave crosses the egg in -2 0  sec 

and several min, respectively (Whitaker, 2006). In sea  urchin eggs the 

Ca2+ wave at fertilisation occurs in Ca2+ free media demonstrating that the 

Ca2+ increase com es from the eggs internal stores (Crossley et al., 1988; 

Schmidt et al., 1982). This has also been demonstrated in m ouse eggs,
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where the first C a2+ transient still occurs when extracellular Ca2+ levels 

are reduced (Jones e t al., 1998b).

The idea of C a2+ being responsible for egg activation arose  in the 

early 1930s from experim ents inducing artificial activation. Later 

experiments showed that the Ca2+ ionophore A23187 could activate sea  

urchin, starfish, toad*and ham ster eggs (Steinhardt et al., 1974). A large 

Ca2+ increase w as recorded at fertilisation in m edaka fish and se a  urchin 

eggs using the C a2+ binding luminescence protein aequorin (Whitaker, 

2006). Subsequently aequorin w as also used to detect a  Ca2+ wave at 

fertilisation in the se a  urchin, starfish, ascidian and zebrafish egg 

(Whitaker, 2006). Aequorin w as also used to dem onstrate changes in 

Ca2+ in m ouse eggs (Cuthbertson and Cobbold, 1985; Cuthbertson et al., 

1981). Also, a series of hyperpolarisations were dem onstrated at 

fertilisation in ham ster eggs suggesting a series of Ca2+ oscillations occur 

in mammals at fertilisation (Miyazaki and Igusa, 1981) because  each 

hyperpolarisation represented an increase in Ca2+-activated potassium 

(K+) conductance.

However, som e eggs, like those of the marine worm, Urechis 

caupo (Echiura), do not exhibit Ca2+ waves. Instead, they exhibit Ca2+ 

rises simultaneously around the egg cortex and peaks slightly larger in 

the nucleoplasm (Stephano and Gould, 1997). In most non-mammalians 

like frogs and se a  urchins, the Ca2+ signal at fertilisation occurs in the 

form of a monotonic intracellular Ca2+ rise. During fertilisation in som e 

species, it is not the sperm  that causes the Ca2+ increase. For example, 

in the zebrafish and brine shrimp the Ca2+ rise is induced by ovulation or
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contact with pond, or, s e a  water respectively (Lee et al., 1992; Lindsay 

and Clark, 1992; Lindsay et al., 1992).

1.4.4 Ca2+ Oscillations at Fertilisation

In many eggs such a s  those from the nem ertean worm Cerabratulus 

lacteus (Strieker, 1996), the polychaete worm Chaetopterus (Eckberg and 

Miller, 1995), ascidians (Speksnijder et al., 1989; Yoshida et al., 1998) 

and mammals (Cuthbertson et al., 1981; Miyazaki e t al., 1986). The Ca2+ 

spikes occur separately with an interval in betw een them. In asicidans, 

Ca2+ oscillations have been shown to follow MPF activity (McDougall and 

Levasseur, 1998). C a2+ oscillations in ascidian oocytes occur when MPF 

activity in elevated and pause  when MPF is low (McDougall and 

Levasseur, 1998). In mammalian eggs the long lasting series of Ca2+ 

oscillations persist until PN formation (Fig. 1.5) (Kline and Kline, 1992a; 

Marangos et al., 2003; Miyazaki et al., 1993). The first spike is 

distinctively longer in duration and larger in amplitude. The following 

spikes are  lower in amplitude and shorter in duration occurring every 10 

minutes (Swann and Ozil, 1994).
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Fig. 1 .5 Ca2+ oscillations in a mouse egg

1 Hour

Fig 1.5 This figure shows the long lasting series of Ca2+ oscillations that are 
initiated in a mouse egg by sperm. These oscillations persist until PN 
formation.
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The Ca2+ release at fertilisation is from internal stores within the 

egg and not from the sperm, as shown in the m ouse (Jones et al.,

1998b). Ca2+ oscillations caused by the sperm at fertilisation are both 

necessary and sufficient to stimulate the many events of egg activation 

that lead to embryo development (Kline and Kline, 1992a). These 

activation events indude cortical granule exocytosis, changes in the 

pattern of protein synthesis, and meiotic resumption (Ozil et al., 2005). 

Inhibition of oscillations by the action of the Ca2+ chelator BAPTA-AM 

blocks egg activation (Kline and Kline, 1992a). Additionally, premature 

blockage of these  oscillations have been shown to inhibit PN formation 

and, therefore, further development (Lawrence et al., 1998).

Repetitive Ca2+ spikes at fertilisation are required to degrade MPF 

(see next section for full explanation) successfully (Ducibella et al., 2002). 

If the number of Ca2+ spikes are insufficient to cause MPF degradation, 

eggs remain arrested at m etaphase III after formation of the 2nd polar 

body and fail to form PN (Ducibella et al., 2002). A sufficient number of 

Ca2+ spikes causes the reduction of mitogen activated protein kinase 

(MAPK) activity and thereby leads to PN formation (Ducibella et al.,

2002 ).

1.4.5 Maturation Promoting Factor (MPF) activity

MPF is responsible for the entry from interphase into meiosis/mitosis 

(Nurse, 1990) and was first described in amphibians by its ability to 

trigger oocyte maturation (Masui and Marked, 1971; Smith and Ecker, 

1971). MPF is a complex that consists of both a regulatory protein cyclin 

B1 (in mammals) and a catalytic subunit CDK1 (cdkl/cyclinB). MPF
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levels have been shown to remain high until fertilisation, then MPF levels 

decline and are maintained at a minimal level during cell cleavage (Doree 

and Hunt, 2002; Jones, 2004).

Cytostatic factor (CSF) is responsible for the stabilisation of MPF 

(Masui, 2000; Masui and Marked, 1971). CSF was first identified when 

the cytoplasms of eggs at the later stages of maturation were found to 

cause m etaphase arrest in the blastomeres of zygotes (Masui and 

Marked, 1971). The identity of CSF remains unresolved and most 

characterisation has been done in the frog. CSF activity includes a 

signalling pathway that also involves MAPK and Rsk proteins (Masui, 

2000; Murray et al., 1989; Tunquist and Mailer, 2003). The c-mos gene is 

pad of CSF activity (Masui, 1991; Sagata, 1997) since eggs from c-mos 

null mice are unable to remain arrested at Mil and cannot be 

padhenogenetically activated (Colledge et al., 1994; Hashimoto et al., 

1994). The c-mos pathway seem s to contribute to CFS activity but is not 

solely responsible for it. CSF activity is likely to be an anaphase  

promoting complex/cyclosome (APC/C) inhibitor since CSF inhibits the 

action of the APC/C to hold the eggs at Mil phase.

At fedilisation, MPF activity is inactivated by polyubiquitination of 

its cyclin B component, which targets it for destruction by the proteasom e 

(Murray et al., 1989). Cyclin B is polyubiquitinated by the ubiquitin ligase 

activity of the APC/C which is a large 1.5 MDa multimeric protein complex 

(Peters, 2006). Without APC/C, cells are unable to separa te  their sister 

chromatids at anaphase  which m eans the cell will not exit from mitosis 

and produce 2 daughter cells. The initiation of cyclin B proteolysis is
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dependent upon APC/C associating with its coactivator Cdc20 

(APC/CCdc20), this association is possible since the phosphoylation of 

APC/C promotes Cdc20 binding. Proteolysis of cyclin B then occurs via 

action of the 26S proteasom e (Fig. 1.6). The activity of APC/C is kept in 

check by several m echanisms, the most important of these  being the 

spindle assem bly check point (SAC), which inhibits the action of 

APC/CCdc20 to initiate anaphase until all of the chrom osom es are correctly 

orientated. Several proteins required for functional SAC activity have 

been identified a s  m em bers of the mitotic arrest deficient (Mad) and 

budding uninhibited by benzimidazole (Bud) family a s  well a s  Mpsl kinase 

(Shah and Cleveland, 2000).

A novel APC/C inhibitor Early Mitotic Inhibitor I (Emil) was 

identified in frogs and suggested to prevent premature APC/C activity 

(Reimann et al., 2001a; Reimann et al., 2001b). However, due to its 

absence during m etaphase II arrest, it is unlikely that Emil is the correct 

candidate (Ohsumi et al., 2004; Rauh et al., 2005). A protein related to 

Emil, known a s  Emil related protein 1 (Erp1), or Emi2 is stable at 

meiosis II until fertilisation and is required to maintain CSF arrest 

(Schmidt et al., 2005; Shoji et al., 2006; Tung et al., 2005). Emi2 is 

targeted for degradation by a polo-like kinase (Plk) once it has been 

phosphorylated by calmodulin dependent kinase II (CaMKII) (Hansen et 

al., 2006; Rauh et al., 2005). Although this has only been demonstrated in 

frog eggs (Hansen et al., 2006; Liu and Mailer, 2005; Rauh et al., 2005; 

Tung et al., 2005), Emi2 does appear to be significant in mammals since 

preventing protein synthesis of Emi2 in m ouse Mil eggs results in
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parthenogenetic activation (Shoji et al., 2006). Additionally, it has also 

been shown in the m ouse that Emi2 synthesis inhibition during oocyte 

maturation results in oocytes failing to arrest (Madgwick et al., 2006). 

CaMKII becom es activated by a transient increase in [(Ca2+)i] that occurs 

at fertilisation. This then allows Emi2 degradation to occur, followed by 

the subsequent activation of APC/CCdc20 and hence degradation of cyclin 

B (Madgwick et al., 2006).
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Fig .  1. 6  M PF r e g u la t io n  in a n  u n f e r t i l i s e d  a n d  f e r t i l i s e d  e g g

Active MPF Inactive MPF

Cyclin P ro teo ly s is

CDK1

Cyclin B
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APC

&
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Fig. 1.6 Schematic diagram of active MPF at Mil arrest and inactive MPF 
during fertilisation. Sperm produces an increase in Ca2+ that activates both 
CaMKII and Plk1 that both phosphorylate Emi2. Degradation of Emi2 activates 
APC activity and hence drives the break down of MPF.
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Cyclin B
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1.4.6 Ca2+ Oscillations and the lnsP3 pathway

On the ER there are 2 types of Ca2+ release channels: RyRs and 

lnsP3Rs. The sea  urchin has both types of channels and inhibition of both 

channels prevents Ca2+ release (Galione et al., 1993). RyRs also 

contribute in fish and echinoderm eggs at fertilisation (Whitaker, 2006). 

Ca2+ oscillations that occur in mammals are caused by lnsP3 induced 

calcium release (NCR) via the activation of lnsP3 receptors on the ER 

(Carroll, 2001; Miyazaki et al., 1993). During fertilisation hydrolysis of 

PIP2 is catalysed by a PLC, which results in the production of two 

products, lnsP3 and DAG. Raised levels of lnsP3 cause  lnsP3Rs on the 

ER to release Ca2+. It remains unclear exactly how the sperm  initiates 

lnsP3 production in eggs and this shall be discussed in the following 

section (section 1.5).

The m ouse egg requires lnsP3Rs at fertilisation for the Ca2+ rise 

suggesting that the phosphoinositide (PI) turnover is essential at 

fertilisation (Miyazaki e t al., 1993; Miyazaki et al., 1992). The increase in 

Ca2+ at fertilisation can be inhibited by microinjection of antibodies that 

inhibit the lnsP3Rs (Miyazaki et al., 1993; Miyazaki et al., 1992). 

Downregulation of lnsP3Rs has been demonstrated to inhibit Ca2+ release 

in m ouse eggs (Brind et al., 2000; Jellerette et al., 2000), therefore, it has 

been proposed to partly explain the cessation of Ca2+ oscillations 3-4 

hours after fertilisation.
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1.5 Sperm Factor

1.5.1 How does a sperm fertilise an egg?

lnsP3 is produced by the hydrolysis of PIP2 via the action of a PLC: the 

phosphatidylinositol pathway. There have been 3 main models to explain 

Ca2+ release via the, action of the sperm (Fig. 1.7). The receptor theory 

(Fig. 1.7a) suggests that Ca2+ oscillations are initiated via a signal 

transduction pathway that involves the interaction of a  sperm ligand to a 

receptor that is situated on the PM of an egg (Foltz and Shilling, 1993; 

Schultz and Kopf, 1995). Although there are surface proteins that mediate 

sperm-egg binding there is no direct evidence to suggest they are linked 

to intracellular signalling (Runft et al., 2002). In sea  urchins there is an 

increase in lnsP3 turnover during fertilisation (Ciapa and Whitaker, 1986) 

and a receptor w as thought to cause the activation of an egg PLC that, in 

turn, caused PIP2 hydrolysis and lnsP3 induced Ca2+ oscillations. The egg 

receptor w as thought to be coupled to a tyrosine kinase of a G protein 

signalling pathway which triggers the Ca2+ release inside the egg. 

Antibodies to the Gq family of G proteins have been unable to prevent the 

sperm induce Ca2+ release at fertilisation (Williams et al., 1998). The most 

convincing evidence to challenge the receptor theory cam e from intra- 

cytoplasmic sperm  injection (ICSI). This process bypasses the interaction 

of the sperm and egg, but still results in successful egg activation and 

development (Kimura and Yanagimachi, 1995).

The Ca2+ conduit hypothesis (Fig. 1.7b) describes a mechanism by 

which sperm acts a s  a channel (or pipe) allowing a flow of extracellular
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Ca2+ into the egg via pores in the sperm membrane (Jaffe, 1991). The 

Ca2+conduit hypothesis in an example of Ca2+ induced Ca2+ release 

(CICR). This is supported by reports where egg fusion occurred before 

the Ca2+ oscillations began (Lawrence et al., 1997; McCulloh and 

Chambers, 1992). Further, Ca2+ injected into fish and frog eggs produced 

a Ca2+ transient (Nuccitelli, 1991). However, in mammals injection of Ca2+ 

did not produce Ca2+ oscillations, only a single transient (Swann and Ozil, 

1994).

The sperm  factor theory describes a mechanism by which a sperm 

factor is responsible for fertilisation induced Ca2+ oscillations (Swann, 

1990; Swann and Ozil, 1994). At fertilisation the PM of the sperm head 

and the egg fuse together, suggesting a soluble factor from the sperm 

could be released into the egg to induce activation. Injection of hamster 

sperm extracts into eggs caused Ca2+ oscillations similar to those seen  at 

fertilisation (Swann, 1990; Swann and Ozil, 1994). This data led to the 

proposal of the sperm  factor theory in which a soluble cytosolic factor in 

the sperm is introduced into the egg cytoplasm and initiates Ca2+ 

oscillations (Fig. 1.7c). The sperm factor hypothesis explains many of the 

observations that could not be explained by the Ca2+ receptor and conduit 

theory. Injection of sea  urchin extracts into unfertilised sea  urchin eggs 

produced signs that a Ca2+ increase had occurred (Dale et al., 1985).

This result never been repeated in the sea  urchin, but it does suggest that 

fertilisation could occur successfully without any sperm -egg surface 

interaction.
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The sperm  factor theory appears to be consistent across species. 

Pig sperm extracts have been shown to cause Ca2+ oscillations in cow 

and m ouse eggs (Wu et al., 1997). Also, ham ster and cow sperm  extracts 

can both induce oscillations in the hamster egg (Swann, 1990). Further 

evidence includes the ability of non-mammalian sperm extracts, taken 

from xenopus or, chicken to induce Ca2+ oscillations in the m ouse, or, 

cow (Dong et al., 2000). Furthermore, sperm extracts taken form the fish 

are also able to induce Ca2+ oscillations in m ouse eggs (Coward et al.,

2003). Mammalian (pig) sperm extracts can also induce Ca2+ oscillations 

in non-mammalian eggs (nemertean worm) (Strieker e t al., 2000). 

Interestingly, how ever, worm extracts do not induce Ca2+ oscillations in 

mammals (Strieker et al., 2000).
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F ig .  1. 7  T h r e e  h y p o t h e s e s  fo r  a  C a lc iu m  i n c r e a s e  a t  f e r t i l i s a t io n

A) R e c e p t o r  T h e o r y

DAG
p ip :

Receptor

InsPR

Sperm

B) C a 2+ C o n d u i t  T h e o r y

channel

ER'
Sperm

C) S p e r m  F a c t o r  T h e o r y

InsPR

Sperm

F ig .  1 .7  S che m a tic  d iag ram  show ing  the  th ree  m ain h ypo theses  fo r how  
sperm  in itia tes  C a2+ tra ns ien ts  in eggs  at fe rtilisa tion .
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1.5.2 Search for the Sperm Factor

A potential candidate for the sperm factor was oscillin, which is a  33 kDa 

glucosamine-6-phosphate isom erase (Parrington et al., 1996). Oscillin 

was purified from ham ster sperm extracts (Parrington et al., 1996). When 

this purified extract w as injected into mouse eggs, the Ca2+ release 

correlated with a fertilisation like response. However, injection of 

recombinant oscillin failed to cause Ca2+ oscillations (Wolosker et al., 

1998), suggesting oscillin may not be the correct sperm  factor.

Other candidates include a truncated form of the c-kit receptor 

called tr-kit and also nitric oxide (NO). Firstly, injection of recombinant tr- 

kit, or its complementary RNA (cRNA) into m ouse eggs w as reported to 

be able to successfully activate an egg and 30% of activated eggs 

successfully reached the 2-cell stage of development (Sette et al., 1997). 

There was, however, no evidence to suggest that tr-kit could mimic Ca2+ 

oscillations like those caused by the sperm (Sette et al., 1997). Also, tr-kit 

was present in the sperm mid-piece, not the head. This does not correlate 

with the sperm factor characteristics since it is the head piece that causes 

activation of an egg during ICSI. NO was also reported to produce Ca2+ 

oscillations and egg activation in sea  urchin eggs (Kuo et al., 2000). 

Although the NO scavenger oxyhaemoglobin prevented egg activation in 

the sea  urchin, it fails to meet other criteria a s  a potential candidate for 

the sperm factor since m ouse and ascidian eggs did not show that Ca2+ 

oscillations were associated with NO (Hyslop et al., 2001).

The identification of the sperm factor has been investigated by 

isolation and purification of sperm extracts. Since the PI pathway appears
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to be responsible for Ca2+ release at fertilisation, PLCs are obvious 

candidates for the sperm factor and several are known to be expressed in 

mammalian sperm, including PLC beta 0 )1 , gamma (y)1, y2, delta (5)1 

and 64 (Dupont e t al., 1996; Lee and Rhee, 1996; Mehlmann et al.,

1998). Evidence for a sperm derived PLC has been shown in 

experiments where depletion of PIP2 with a bacterial PLC in sea  urchin 

egg hom ogenates prevents sperm, but not lnsP 3 , from producing Ca2+ 

release. The sperm response is recovered with the hom ogenate receiving 

exogenous PIP2 (Jones et al., 1998a). Additionally, pre-incubation of 

mouse eggs in U73122, a PIP2-PLC inhibitor, blocks sperm  induced Ca2+ 

oscillations (Dupont et al., 1996). However, recombinant forms of PLCpi, 

y1, y2, and 51 all failed to mimic the pattern of Ca2+ oscillations seen  at 

fertilisation that are caused by sperm and sperm extracts (Jones et al., 

2000).

Recently, a novel PLC, PLC?, was identified that is specifically 

expressed in sperm (Saunders et al., 2002). Microinjection of cRNA, 

encoding this novel PLC, into mouse eggs produced fertilisation like Ca2+ 

transients. Additionally, the Ca2+ oscillation inducing activity of sperm 

extracts is lost when PLC? activity is immonudepleted (Saunders et al., 

2002; Swann et al., 2004). The amount of PLC? required to initiate Ca2+ 

oscillations correlated with the approximate content of PLC? in one sperm 

(20 -50 fg) (Saunders et al., 2002). Microinjection of PLC? caused 

activation and development to blastocysts with success rates similar to 

IVF rates. Human and monkey (simian) PLC? can also stimulate 

activation and development of mouse eggs to the blastocyst stage (Cox
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et al., 2002). PLC? is also present in non-mammalian vertebrates, e.g. the 

domestic chicken (gallus gallus) suggesting that PLC? could be 

conserved in other non mammalian vertebrates (Coward et al., 2005).

The recombinant form of chicken PLC? cRNA is able to cause  Ca2+ 

oscillations when it is microinjected into m ouse eggs (Coward et al.,

2005). Fig 1.8 com pares the structure of all known PLCs to highlight the 

difference between PLC? and other PLCs.
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F ig .  1. 8  D ia g r a m  s h o w i n g  t h e  s t r u c t u r e  o f  P L C s

A) PLC e ta  (n) PH X Y C2

B) PLC z e t a  (?) E F E F X Y C2

C) PLC d e lta  (6) PH - E F E F X Y C2

D) PLC b e ta  (P) PH E F E F X Y C2

E) PLC e p s i l o n  (z)

REM Y C D C 2 5 PH R A Y  RA

F) PLC g a m m a  (y)

PH SH2 SH2 SH3 I PH - C2

Fig. 1.8 Schem atic  d iagram  and com parison o f the d iffe rent dom ains in all 
known PLCs. The plecktrin hom ology (PH) dom ain targets the PLC to 
m em brane bound proteins. The X and Y are the cata lytic  dom ains. The C 
term ina l dom ain (C2) is a lipid binding dom ain, while  the EF hands bind 
Ca2+. S cr hom ology (SH) dom ains bind to phoshorylated tyrosine residues in 
target proteins. Cell d ivision cycle 25 (CDC25) and ras exchanger m otif 
(REM ) dom ains catalyse guanosine d iphosphate (G DP) to guanosine 
d iphosphate (G TP) and the ir activ ity is regulated by Ras associating (RA) 
dom ains. See text fo r details.
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1.5.3 PLC?

PLC? is the smallest of the PLC family identified to date, with a molecular 

weight of 70 kDa (Saunders et al., 2002). PLC? has 4 EF-hand domains 

in the N-terminus, X and Y catalytic domains, and a C2 domain in the C- 

terminus (Fig. 1.8). However, unique to PLC? is the absence  of the 

pleckstrin homology (PH) domain, which all other PLCs have; except 

those from the plant (Coursol et al., 2002). The PH domain in PLC61 is 

responsible for translocation to the PM to cause hydrolysis of PIP2 . The 

PH domain in PLCp, y and £ binds to specific PM proteins. There is 

evidence that isoforms of PLCP and PLCy require their PH domain to 

interact with G-protein subunits (Wang et al., 2000; W ang et al., 1999).

When PLC? is expressed in mouse eggs, fertilisation like Ca2+ 

oscillations begins 30-40 minutes after injection. The estim ated protein 

content of PLC? in a single mouse sperm was estim ated to be about 20- 

50 fg (Saunders et al., 2002). PLC? is similar to PLC61, it shares 38% 

identity and 49% homology in 647 residues of PLC?, despite the absence 

of the PH domain (Miyazaki and Ito, 2006). Other types of PLC? that do 

not to contain the PH domain include; human, monkey, chicken and rat 

(Coward et al., 2005; Cox et al., 2002).

The m echanism of action of PLC? remains unknown since, unlike 

other PLCs, it lacks a regulatory domain such as  the G protein binding 

site of PLCp, or, the SH domain of PLCy for phosphorylation by protein 

tyrosine kinase (PTK). PLC? has Ca2+ activity at levels a s  low as  10 nM 

and 70% maximal activity at 100 nM Ca2+ (Kouchi et al., 2004). The EC50 

for PLC? and PLCS 1 are 52 nM and 5.7 pM, respectively.
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1.6 Metabolism and Fertilisation

1.6.1 Metabolism

ATP contains high energy phosphate bonds and is used to transport 

energy to cells for processes that include muscle contraction and 

enzymatic metabolism. ATP produces energy when it is hydrolysed into 

adenosine disphosphate (ADP). Aerobic oxidation occurs in nearly all 

cells and is the process that drives the production of ATP. In aerobic 

oxidation, fatty acids and sugars, principally glucose, are  metabolised to 

carbon dioxide (CO2 ) and water (H20). The energy released from this 

reaction is converted to the chemical energy of phosphoanhydride bonds 

in ATP. The oxidation of glucose is called glycolysis and the initial steps 

of this process, which do not require oxygen, occur in the cytosol. The 

latter stages of aerobic oxidation, which do require oxygen, occur in the 

mitochondria and these  stages are referred to a s  the oxidative 

phosphorylation process. Glycolysis produces a small amount of ATP (4 

molecules) and the 3-carbon compound pyruvate (2 molecules). Pyruvate 

is then transported into the mitochondria where it is generated into CO2 , 

in the process producing a large amount of ATP (~30molecules).

Pyruvate is transported into the mitochondria of a cell and it is 

converted into acetyl CoA, this conversion results in the oxidation of 

nicotinamide adenine dinucleotide (NAD+) to NADH. Fatty acids are also 

transported into the mitochondria where they are also converted to acetyl 

CoA, producing NADH and oxidising flavin adenine dinucleotide (FAD++) 

to FADH2 (discussed in next section).
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1.6.2 Mitochondria

Mitochondrial organelles were first described in 1881 (Ernster and 

Schatz, 1981) and have a very distinctive structure (Figure 1.9). 

Mitochondria contain their own DNA and are able to replicate 

independently from the nuclear cell cycle. The cytoplasm is bound by two 

m em branes term edthe  inner and outer mitochondrial m em branes. The 

inner m em brane is the more impermeant of the two m em branes and 

therefore, is the main barrier.

The TCA cycle and the respiratory transport chain are  the most 

important enzymatic components of the mitochondria and are responsible 

for breaking down the carbon substrates acetyl CoA to produce CO2 

(Duchen, 2004; Dumollard et al., 2007). This process also results in the 

reduction of NAD+ and FAD++ to NADH and FADH2, respectively. NADH 

and FADH2 are intermediates that provide reducing equivalents to the 

respiratory chain. The respiratory chain consists of a series of enzyme 

system s that are referred to as complexes I through to IV. These 

intermediates produce a transfer of energy from a reduced to an oxidised 

state. From NADH, an electron is donated to complex I and from FADH2,

2 electrons are donated to complex II. Both complexes then each transfer 

electrons to the ubiquinol cytochrome c reductase complex (complex III) 

(Duchen, 2004; Dumollard et al., 2007). The cytochrome c reductase 

complex is then responsible for shuttling electrons to complex IV, the 

cytochrome c oxidase complex (Arnold and Kadenbach, 1997; Follmann 

et al., 1998).

47



Chapter 1: Introduction

The chemiosmotic theory was first hypothesised in 1961 (Mitchell, 

1961) and proposed that ATP synthesis cam e from the electrochemical 

gradient that w as established across the inner m em branes of 

mitochondria by using the energy of NADH and FADH2 . Transfer of 

protons from the matrix into the inner membrane space are associated 

with reactions of complexes I, III and IV. This transfer of protons 

establishes an electrochemical proton gradient which results in the 

m embrane potential of mitochondria to be 150-180 mV, negative to that 

of the cytosol (Duchen, 2000). The mitochondrial m em brane potential is 

very important for the normal function of cells a s  it allows the production 

of ATP and movement of Ca2+ into the mitochondria down its 

electrochemical gradient (Duchen, 2000; Rizzuto et al., 2000). The proton 

channel F1F0-ATP synthase (complex V) allows the influx of protons into 

the mitochondria. This proton influx results in depolarisation of the 

mitochondrial m em brane and drives the enzyme to phosphorylate ADP to 

produce ATP (Stock et al., 1999). The newly generated ATP molecule is 

then transported out of the mitochondria via the adenine nucleotide 

translocase (ANT) (Stock et al., 1999).
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Fig. 1. 9 Diagram illustrating the function of m itochondria

NADH

TCA CYCLE
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p > - G l y c o l y s i s

NADPH

Fig. 1.9 Diagram showing the structure and processes that occur in 
mitochondria. Complex I is NADH dehydrogenase; complex II is 
succinate dehydrogenase; complex III is cytochrome c reductase and 
complex IV is cytochrome c oxidase. Complex V  is the F ^ q ATPase 
that allows an influx o f protons to produce ATP from ADP (see text). 
G lycolysis produces pyruvate which feed into the TCA cycle, however in 
eggs glycolysis is switched o ff due to a block at the 
phosphofructokinase level.
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1.6.3 Mitochondria and Ca2+

Mitochondria both sequester and release Ca2+ during physiological Ca2+ 

changes (Duchen, 2000; Hajnoczky et al., 1999; Hajnoczky et al., 1995; 

Rizzuto et al., 1992). When Ca2+ levels in the cytosol increase, Ca2+ 

moves into the mitochondrial matrix via a uniporter. The characteristics of 

this uniporter are a s  yet undefined although collective evidence suggests 

that it is an ion channel (Gunter et al., 2000). The CICR channel identified 

in cardiac m uscles cells, the RyR, may also be expressed in mitochondria 

and therefore, provide another pathway for Ca2+ entry into the 

mitochondria (Beutner et al., 2001). The RyR present in mitochondria was 

identified a s  the RyR1 isoform (Beuter et al., 2001). This cannot be the 

uniporter a s  the expression of RyR1 is restricted to excitable tissues, the 

heart and brain, and the uniporter is ubiquitously expressed (Duchen, 

2004; Gunter et al., 2000).

Resting levels of Ca2+ in the mitochondria are kept low by the 

action of the xNa+/Ca2+exchanger. This exchanger w as first identified 

about 20 years ago. Originally the stoichiometry of the exchanger was 

identified a s  2Na+/Ca2+(Brand, 1985), however, recent studies have 

shown that the exchanger can operate against a Ca2+ gradient whose 

energy is twice that of the Na+ gradient (Jung et al., 1995). Thus, recently 

a stoichiometry of 3Na+/ Ca2+ has been defined (Jung et al., 1995).

1.6.4 Mitochondrial distribution in eggs

In somatic cells mitochondria commonly take the form of elongated 

double-walled sacs with cristae, which are formed by the infolding of the

50



Chapter 1: Introduction

inner membrane. However, in mouse (Dumollard et al., 2004) and 

human (Motta et al., 2000) eggs mitochondria are more spherical in 

shape and contain few cristae, which are more flattened against the wall 

of the mitochondria (Shepard et al., 2000; Trimarchi et al., 2000).

Estimates of mtDNA copy number in eggs is between 150000- 

300000 and 150000-800000, for sea  urchin (Soukhomlinova et al., 2001) 

and mammals (Cummins, 2004; Poulton and Marchington, 2002), 

respectively. Mitochondrial replication begins at oogenesis and halts at 

the end of maturation. The oocyte has an increase in mitochondria from 

about 10 mitochondria per human PMGC, to several hundred thousand in 

a mature oocyte (Poulton and Marchington, 2002). Before it is fertilised, 

the mitochondria in the egg are capable of supporting the egg through 

fertilisation until blastocyst stage. The egg can still be successfully 

fertilised and develop to blastocyst stage during inhibition of mtDNA 

replication or translation (Huo and Scarpulla, 2001; Piko and Chase, 

1973).

Before maturation, mitochondria in the m ouse and human oocyte 

are located in the large nucleus known as the GV where they concentrate 

in one or several clusters (Jansen, 2000). In the m ouse oocyte, 

mitochondria accumulated around the GV move away from the nuclear 

region towards the animal pole, this occurs during formation and 

migration of the first meiotic spindle (Nishi et al., 2003). In the mature 

m ouse egg arrested at m etaphase II, mitochondria are situated in the 

centre of the egg and around the meiotic spindle (Calarco, 1995). Early 

during maturation, mitochondria are found in clusters in close proximity to
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the ER (Roegiers et al., 1999). This close positioning of these  two 

structures supports the hypothesis that functional interactions exists 

between these  two organelles (Roegiers et al., 1999).

1.6.5 Mitochondria and Fertilisation

Ca2+ oscillations at fertilisation stimulate the mitochondria (Dumollard et 

al., 2003; Schom er and Epel, 1998). Recordings dem onstrated an 

increase in oxygen (O2 ) consumption that reached a peak during sperm 

induced Ca2+ release in the sea urchin, starfish and ascidian eggs 

(Dumollard et al., 2003; Schomer and Epel, 1998). It has been 

demonstrated that the sperm s mitochondria are destroyed by the egg at 

fertilisation (Sutovsky et al., 2000) and the reason for this is still unclear. 

However, in som e rare cases, patients inherit mitochondrial defects from 

the paternal mitochondria (Schwartz and Vissing, 2002). Despite the 

immature appearance of mitochondria in the egg, the mammalian oocyte 

is still strongly dependent on these structures to maintain ATP turnover 

and minimise oxidative stress (Dumollard et al., 2003; Igarashi et al., 

2005).

As the fertilised embryo proceeds through development, the 

mitochondria develop more cristae and become more like those seen in 

the somatic cell. Mitochondria at fertilisation influence the buffering of 

cytosolic Ca2+ levels and also the production of ATP (Dumollard et al., 

2003; Dumollard et al., 2004; Liu et al., 2001). In mouse, human and pig 

eggs the presence of poorly polarized, displaced or dam aged, 

mitochondria is associated with poor embryo development and apoptosis 

(Van Blerkom et al., 1995). Mitochondria are also thought to play an
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important role in regulating the production of reactive oxygen species 

(ROS) during fertilisation. Aged m ouse eggs and m ouse eggs exposed to 

hydrogen peroxide have lower developmental potential and a higher rate 

of embryo fragmentation (Liu and Keefe, 2000; Liu et al., 2000;

Takahashi et al., 2003).

Ca2+ increases at fertilisation in ascidian and m ouse eggs leads to 

an increase in Ca2+ in the mitochondrial matrix (Liu et al., 2001). In 

ascidian and m ouse eggs the Ca2+ oscillations are associated with 

oscillations in autofluorescence of NADH and flavoproteins (Dumollard et 

al., 2003; Dumollard et al., 2004). These data suggest that Ca2+ 

oscillations might stimulate an increase in ATP production in the 

mitochondria. An increase in ATP could be expected since a Ca2+ 

increase in som e somatic cells leads to increases in cytosolic ATP levels 

(Jouaville et al., 1999; Kennedy et al., 1999). However, som e somatic 

cells show a decrease  in ATP during a Ca2+ transient (Allen et al., 2002; 

Jouaville et al., 1999). Moreover, m easurem ents of total ATP levels in 

sea  urchin and fish eggs suggest a substantial decrease  in ATP during 

egg activation (Epel, 1969; Monroy, 1965; Wendling et al., 2004). 

Monitoring of cytosolic and mitochondrial ATP directly in living eggs can 

be achieved by recording luminescence emission from the natural ATP 

indicator firefly luciferase (Dumollard et al., 2004; Kennedy et al., 1999; 

Manfredi et al., 2002).
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1. 7 Bioluminescence

1.7.1 Firefly Luciferase

Bioluminescence is a naturally occurring process in which living 

organisms convert chemical energy into visible light. The luciferase- 

luciferin system  has long been used as  an indicator for monitoring ATP. 

Most bioluminescent insects are beetles and belong to the families of 

Elateridae (e.g. click beetles), Phengodidae (the railroad worm) and 

Lampyridae (the fireflies) (Wilson and Hastings, 1998). The firefly (also 

called lightning bug) is a beetle and belongs to the family, Lampyridae. 

During nocturnal courting rituals the tails of these  fireflies emit flashes of 

light which allow the flying m ales to locate the non-flying fem ales. The 

flashes are the result of an oxygen-dependent bioluminescent reaction 

that occurs between the luciferase enzyme and its substrate, luciferin 

(Fig. 1.10). Each species of firefly has a distinctive pattern of flashes in 

order to provide distinction from other species in the area. Fireflies emit 

light in a range of colours from green to yellow in the wavelength range 

from 550-580 nm. Studies using immunochemical labelling have shown 

that peroxisomes are the organelles in the photocytes of the North 

American firefly Photinus pyralis that contain luciferase (Wilson and 

Hastings, 1998).
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Fig. 1 .10 The firefly luciferase-luciferin reaction

Fig. 1.10 P ic tu re  o f the  fire fly  bee tle  and sch em a tic  d iag ram  o f the  fire fly  
lu c ife rase -luc ife rin  reaction.
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Many factors have been shown to influence the luciferase-luciferin 

signal such as  tem perature (Seliger and Me, 1960), ionic strength 

(Denburg and McElroy, 1970), pH (Bowers et al., 1993; Seliger and Me, 

1960), high protein concentration (Allue et al., 1996) and chloride 

concentration (Ugarova et al., 1981). Additionally, high concentrations of 

the substrate luciferin has been shown to depress, not enhance, the 

luminescence signal and this is proposed to be an inhibitory effect of 

oxyluciferin (Gandelman et al., 1994). It has been proposed that 100 pM 

is the optimal concentration of luciferin in media for luminescent 

recordings (Gandelman et al., 1994).

In the luciferase-luciferin system ATP is important, but is not 

required a s  an energy source (Campbell, 1988). ATP converts the 

luciferin into a form capable of being catalytically oxidised by the 

luciferase protein (Campbell, 1988). Numerous previous studies have 

used firefly luciferase to report relative changes in ATP levels in 

mammalian somatic cells (Allen et al., 2002; Allue et al., 1996; Bowers et 

al., 1993; Dumollard et al., 2004; Jouaville et al., 1999; Kennedy et al., 

1999). The Km value for the luciferase-luciferin reaction in vitro is in the 

pM range in solution. However, the Km for this reactions shifts to the mM 

(2mM) range when in the cytoplasm of cells due to the presence of 

intracellular proteins (Allue et al., 1996).

During this study the luciferase chemistry used w as developed 

from a North American firefly called the Photinus Pyralis. In the Photinus 

Pyralis the light organs are situated on the ventral (under-belly) surface of 

the sixth and seventh abdominal segm ents. Firefly luciferase is a 100 kDa
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euglobulin, protein dimer with a binding site for 1 Mg2+ATP4‘ molecule. 

The reaction of the luciferin occurs in 2 stages; first adenosine 

m onophosphate (AMP)-luciferin is formed, followed by its oxidation by O2 

to the excited state oxyluciferin. Cellular ATP content can be m easured 

by direct lysis of the cell with a detergent, in the presence of the 

luciferase-luciferin cpcktail, in front of a luminometer.

1.7.2 Firefly Luciferase in cells

The firefly luciferase-luciferin reaction is the most sensitive method 

available detecting [ATP] a s  low as 0.01 fmol. When injected or 

expressed in the cytoplasm of mammalian cells or bacteria, the 

luminescence from firefly luciferase can be used to m easure the 

dynamics of ATP changes during physiological stimulation, growth, or 

stress (Allen et al., 2002; Dumollard et al., 2004; Schneider and Gourse, 

2004).

Firefly luciferase has been used to monitor both cytosolic and 

mitochondrial ATP levels in both HeLa cells and primary cultures of 

skeletal myotubes (Jouaville et al., 1999). When HeLa cells were 

perfused with glycolytic substrates and then exposed to a Ca2+ increase, 

the luciferase luminescence signal decreased indicating a decrease  in 

both cytosolic and mitochondrial ATP levels. On perfusion with oxidative 

substrates and exposure to a Ca2+ rise, the ATP in both the mitochondria 

and cytosol increased. The increase in ATP was dependent upon a Ca2+ 

increase within the cells, because the ATP rise w as abolished when cells 

were loaded with the Ca2+ buffer BAPTA-AM. Mitochondrial Ca2+
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accumulation triggers an activation of the cells mitochondria which results 

in ATP production.

Firefly luciferase has also been used in MIN-6 and primary p cells 

(Kennedy et al., 1999). Cytosolic, PM and mitochondrial targeted 

luciferase constructs were used to m easure ATP at these three sites 

(Kennedy et al., 1999). The cells responded to extracellular glucose with 

a sustained increase in mitochondrial and PM ATP levels. Also, cytosolic 

ATP levels responded with a large increase that peaked before returning 

to basal levels (Kennedy et al., 1999). This glucose induced increase in 

ATP was more significant when Ca2+ was present, and therefore, shows 

that Ca2+ plays an important role in stimulating an ATP response in cells.

Previously, ATP was monitored during fertilisation in m ouse eggs 

by measuring the luminescence of intracellularly injected firefly luciferase 

(Dumollard et al., 2004). A small increase in ATP during fertilisation was 

recorded, but this was only seen in 9/25 eggs (Dumollard et al., 2004). 

Since ([Ca2+]i) w as not monitored simultaneously, it w as not possible to 

establish any relationship between ATP and Ca2+ oscillations. Other 

studies have used Mg2+ sensitive fluorescent dyes to monitor ATP in an 

indirect m anner (Igarashi et al., 2005). This suggested a transient 

decrease followed by a sustained increase in ATP during Ca2+ oscillations 

at fertilisation, but only in freshly ovulated eggs. Aged eggs showed a 

decrease in ATP during fertilisation (Igarashi et al., 2005). Therefore, the 

relationship between Ca2+ and ATP in eggs at fertilisation, and indeed 

how ATP levels change at fertilisation, are still largely undefined.
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1.8 Aims

From this study, my overall objective is to monitor the dynamics of 

cytosolic Ca2+ and ATP levels in the sam e set of m ouse eggs during 

fertilisation. In Chapter 3 , 1 shall investigate the relationship between Ca2+ 

and ATP during sperm induced activation until PN formation. Chapter 4 

shall involve exploring the dependence of the ATP change upon 

intracellular Ca2+ levels. In Chapter 5 the metabolic status and substrate 

utilisation in eggs during fertilisation shall be surveyed, whilst Chapter 6 

will investigate the changes in ATP that occur during fertilisation more 

thoroughly. The final results chapter, Chapter 7, will look at the domains 

of PLC£ that are required for successful PLC£ activation of m ouse eggs. 

Chapter 8 will sum m arise the overall results from Chapters 3 to 7 and 

provide a detailed discussion of all the findings in this thesis.
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2.1 Laboratory reagents and animals

All chemicals and reagents were obtained from Sigma or Calbiochem, 

unless otherwise stated. Female MF1 mice were obtained from Harlan 

and male mice (CBAxC57) were obtained from colony (Dr S. Paynter). 

cRNA constructs were supplied by Chris Saunders, Michail Nomikos and 

Jose Gonzalez Garcia.

2.1.1 Media and hormone preparation

Hepes buffered potassium simplex optimized media (HKSOM) (no BSA) 

was prepared a s  described previously (Summers and Biggers, 2003) and 

was required for imaging purposes to ensure the eggs remained in place 

during an experiment. The osmolarity of the media was confirmed prior to 

experiments (280 mOsm/kg) and the pH was adjusted to pH to 7.3. For 

experimental purposes, glass cover slips were coated with Poly-D- lysine 

hydrobromide MW 70,000-150000 (cell culture tested) to ensure eggs 

stayed in place during imaging. Poly-D-lysine promotes cell adhesion and 

was prepared in clinical grade water to a working concentration of 1 

mg/ml.

Cumulus cells that surround eggs following retrieval from the 

ampullas must be removed prior to experiments and hyaluronidase is an 

enzyme used to remove these cells. A working concentration of 300 pg/pl 

of hyaluronidase was used throughout experiments. Female MF1 mice 

(-6  weeks old) underwent hormonal treatment to induce ovulation (see 

section 2.5.2). The hormones that were used to stimulate ovulation were 

pregnant mare serum gonadotrophin (PMSG) and human chorionic 

gonadotrophin (hCG). PMSG mimics the action of FSH and stimulates
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Hepes buffered potassium simplex optimised media (HKSOM) and Tvrodes 6 
(16)

Chemical HKSOM (1 Ox stock in 
500 ml o f sterile water)

T6 media ( lx  stock in 
1000 ml o f sterile water)

Sodium Chloride 27.75 g
Potassium Chloride 0.925 g
Monopotassium
Phosphate

0.238 g —

Sodium Pyruvate 0.11 g 0.055 g
L-Glutamine 0.73 g
Streptomycin sulphate 0.25 g 0.05 g
Benzylpenicillin 0.315 g 0.06 g
EDTA 0.019 g
Magnesium sulphate 0.2465 g
Sodium Lactate (syrup) 7.37 ml 3.5 ml
Sodium Bicarbonate 1.68 g 2.106 g
Phenol red 0.05 g 0.005 g
Hepes 23.8 g
Tyrodes Salt 1 Vial

HKSOM stocks can be stored at -20°C while T6 should be stored at 4°C for a 
maximum of 6 weeks.

Prepare a working stock o f HKSOM on day o f experiment by diluting 1ml o f the 
prepared lOx stock in 9 ml o f clinical grade water. To this add 10 pi o f 0.2 M 
glucose, 10 pi o f 1.71 M calcium chloride and 20 pi o f sodium hydroxide. Filter 
before use.

T6 should be prepared the day before required by dissolving 16 mg/ml of BSA 
into 10 ml o f T6 media and equilibrated in the incubator overnight.
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the growth and development of ovarian follicles. The resulting 

concentration of PMSG injected into mice was 5 IU. hCG mimics the 

action of LH and promotes ovulation in the mature follicles. The final 

concentration of this hormone that was used for experimental procedures 

was 10 IU.

Tyrodes 6 (T6) is a solution that is mainly used for the capacitation 

of sperm in the incubator (38°C, 5% CO2 in air). For capacitation of 

sperm T6 was prepared with bovine serum albumin (BSA) (16 mg/ml). 

Potassium chloride (KCL) Hepes buffer was used for preparing reagents 

that were being injected into eggs. This buffer was prepared to pH 7.5 

and chelex 100 beads were used to remove any ions that were present.

2.2 Chemical Reagents preparation

2.2.1 Reagents injected into eggs

Oregon green bapta dextran (potassium salt) (OGBD) is a visible 

wavelength Ca2+ indicator that is excited at 488 nm. When OGBD binds 

to Ca2+, an increase in fluorescence emission occurs, therefore, allowing 

changes in intracellular Ca2+ to be measured. OGBD was prepared in 

clinical grade water to a stock concentration of 2 mM (Molecular Probes 

06798, MW 10,000) and for most experiments was injected at a pipette 

concentration of 0.5 mM.

The aim of this thesis is to determine the behaviour of ATP levels 

in mouse eggs during various conditions, therefore, it w as essential that a 

reliable indicator of ATP was used. Firefly luciferase is derived from the 

firefly beetle and is the enzyme responsible for the reaction that converts 

luciferin to oxyluciferin which results in the production of emitted light
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(550-580 nm). This reaction can be used a s  a m easure of ATP and stock 

concentrations of 10 mg/ml were prepared in clinical grade water. The 

pipette concentration that was typically injected was 7.5 mg/ml. D- 

Luciferin (sodium salt) is the substrate for firefly luciferase, and must be 

present in the extracellular media surrounding the eggs. The firefly 

luciferase-luciferin reaction can then be m easured via luminescence 

levels. Luciferin w as prepared in clinical grade water a s  a 100 mM stock 

and used as  a working concentration of 100 pM.

If Ca2+ oscillations within an egg could be artificially initiated and 

controlled, then the response of ATP levels during various oscillation 

patterns can be explored in a controlled manner. Caged lnsP 3 allows this 

possibility to be explored and has previously been used for this purpose 

(Jones and Nixon, 2000). Caged lnsP3 is a photolabile derivative of 

lns(1, 4, 5)P3 which is neither active nor metabolized by endogenous 

phosphatases. Caged lnsP3 has extra chemical groups present on either 

the 4 or 5 position and can be selectively released by irradiation with a 

pulses of UV light of about 360 nm to produce a concentration jump in 

intracellular levels of lnsP3. Caged lnsP3 was obtained from Calbiochem 

(cat no. 407135) and a stock of 2 mM was prepared in KCL Hepes, the 

injecting concentration in the pipette was 0.4 mM.

2.2.2 Chemicals that manipulate cellular metabolism  

Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) is an 

uncoupler of oxidative phosphorylation in the mitochondria. A stock 

concentration of 1 mM was prepared in dimethyl sulfoxide (DMSO) and 

for experiments; a final concentration of 1 pM was used. Eggs are
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thought to rely on oxidative phosphorylation for ATP production 

(Dumollard et al., 2003; Dumollard et al., 2004) and, therefore, require 

pyruvate in their media. To explore this more pyruvate uptake into the 

mitochondria was inhibited. The chemical, a-Cyano-4-hydroxycinnamic 

acid (Cinnamate -  see  figure 2.1), blocks pyruvate transport into the 

mitochondria (Barnard et al., 1993; Williams et al., 1996). A fresh stock 

(0.25 M) of cinnamate was produced every week in ethanol. To dissolve 

the powder the mixture was heated to 60°C and vortexed every 20 

minutes. The powder dissolved typically after 1 hour. The final 

concentration of cinnamate used on eggs was 0.5 mM.

Mitochondria sequester Ca2+ during fertilisation induced Ca2+ 

oscillations (Dumollard et al., 2004). To investigate how reliant the eggs 

are upon their mitochondria buffering cytosolic Ca2+, the uptake of Ca2+ 

by the mitochondria must be inhibited. Ca2+ is taken up via a 

mitochondrial uniporter whose exact identity is still undefined. SB202190 

is a MAP Kinase inhibitor that has been suggested to inhibit the Ca2+ 

uniporter on the mitochondria (Montero et al., 2000). A stock 

concentration of 100 mM was prepared in DMSO and during 

experiments; a working concentration of 10 pM was used.

Although glycolysis activity has been demonstrated to be low in 

eggs (Barbehenn et al., 1974) it is possible that glycolysis may be 

switched on when the eggs ATP levels are compromised, lodoacetate 

has an inhibitory effect on glycolysis (Downs, 1995) and a stock of 10 

mM stock was prepared in DMSO with the final concentration of 10 pM 

being used during experiments.
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Fig. 2.1 Cinnamate structure

A) Cinnamate

0 ^ 0  H

r ^ C N

B) Pyruvic acid

o
H,C OH

o

C) Sodium lactate
OH O 

I  I I  
CH C H -C -O N a

Fig. 2.1 Chemical structure of A) the pyruvate uptake inhibitor 
cinnamate (a-cyano-4hydroxycinnamic acid), B) pyruvic acid and C) 
sodium lactate.
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2.2.3 Cell cycle inhibitors

The progression of a cell through the cell cycle can be manipulated by 

the presence of different chemicals depending upon the stage that is 

being explored. The following agents were used to establish if a 

relationship existed between ATP levels and cell cycle progression. 

Nocodazole is an antimitotic agent that disrupts microtubules by binding 

to (3-tubulin and preventing formation of one of the two interchain disulfide 

linkages, thus inhibiting microtubule dynamics, disruption of mitotic 

spindle function, and fragmentation of the Golgi complex. Nocodazole 

arrests the cell cycle at metaphase, therefore, preventing formation of PN 

and 2nd PB emission. A 10 mM stock in DMSO was prepared for 

experiments; a final concentration of 10 pM was used. Z-Leu-Leu-Leu- 

al (MG 132) is a potent, membrane-permeable proteasom e inhibitor. 50 

mM of MG132 was prepared in DMSO and during experiments, a final 

concentration of 50 pM MG132 was used.

Second PB emission is an event that occurs during the first hour of 

fertilisation. This event can be prevented by the presence of cytochalasin 

B or, D (CB or, CD). CB is a permeable toxin which induces the 

disruption of contractile microfilaments by inhibiting actin polymerization. 

Therefore, DNA fragmentation is induced which will inhibit cell division, 

and also cause the disruption of many cell processes. A stock of 5 mg/ml 

was prepared in DMSO and the working concentration required was 5 

pg/ml. CD, like CB, is also a cell permeable toxin that inhibits actin 

polymerization. Actin microfilaments are disrupted and the p53- 

dependent pathways are activated causing arrest of the cell cycle at the
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G1-S transition. A 2 mM stock was prepared in DMSO and the working 

concentration required was 2 pM.

2.2.4 Chemicals that affect Ca2+ levels and/or parthenogenetic 

activation

Sperm is the physiological stimulus that induces Ca2+ transients in an 

egg; however, non-physiological stimuli can be used to attain further 

knowledge of the cellular mechanisms that occur within the egg. 

lonomycin is a Ca2+ ionophore of which a 10 mM stock was prepared in 

DMSO and a final concentration of 10 pM was used for experimental 

purposes. Thapsigargin is a potent, cell-permeable, lnsP3-independent 

intracellular Ca2+ releaser. Thapsigargin inhibits sacro/endoplasmic 

reticulum Ca2+ ATPase (SERCA) and allows an influx of Ca2+ into the 

cytosol. A stock concentration of 10 mM was prepared in DMSO and a 

final working concentration of 5 pM was used throughout experiments. 

The lnsP3 pathway is the natural mechanism by which an egg produces 

Ca2+ transients, carbamoylcholine chloride (carbachol) is a muscarinic 

agonist that releases Ca2+ via the lnsP3 pathway. Eggs were treated with 

10 pM carbachol during experiments from a 10 mM stock that was 

prepared in DMSO.

To investigate the Ca2+ and ATP relationship during fertilisation, 

Ca2+ was chelated by the presence of 1,2-Bis(2-aminophenoxy)ethane- 

N,N,N',N'-tetraacetic acid tetrapotassium salt (BAPTA). BAPTA is a Ca2+ 

buffer and chelator. A 100 mM stock of BAPTA was prepared in clinical 

grade water and a final concentration of 2 mM was used in the media 

surrounding eggs during experiments. Alternatively, for experiments
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when BAPTA was injected into the eggs, the stock of 100 mM was 

dissolved 1:5 so that the pipette concentration before injections was 20 

mM.

Parthenogenesis is the activation of an unfertilised egg without 

mating or, fertilisation. Parthenogenetic activation can occur via exposure 

of unfertilised eggs to cycloheximide. Cycloheximide can 

parthenogenetically activate eggs without an increase in Ca2+ levels. 

Cycloheximide blocks 90% of protein synthesis and has been shown to 

cause parthenogenetic egg activation in a Ca2+ independent manner 

(Moses and Kline, 1995). A stock of 20 mg/ml was prepared in DMSO 

and the final concentration used was 20 pg/ml.

2.3 cRNA constructs

2.3.1 Preparation of cRNA

PLC£ and PLC5 constructs were prepared by Michail Nomikos, Chris 

Saunders, or, Jo se  Gonzalez Garcia. Diagrammatic structural details of 

the cRNA constructs are provided in Chapter 7. Briefly, a two-step 

cloning strategy w as used to create the PLC^-luciferase (LUC), PLC 51- 

LUC and PLCy1-LUC constructs. The appropriate DNA was amplified 

using appropriate primers to incorporate a 5’-EcoRI site and a 3’-Notl 

site, for cloning into pCR3 vector. The luciferase was amplified by PCR 

reaction and then cloned at the 3’-end of each PLC construct using the 

Notl restriction enzyme. The PLC construct and LUC were tagged 

together via either a 3, or, 4 amino acid linker sequence (AAA, YAAA or, 

CAAA).
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The DNA (PLC-LUC) was amplified using Qiagen’s Plasmid Maxi 

Kit according to the manufacturing instructions. The circular plasmid DNA 

then had to be linearised to prevent the production of extremely long 

cRNA molecules. The restriction enzyme Ndel was used to linearise the 

plasmid as it does not cut the plasmid between the promoter site and the 

gene of interest. The linearised DNA is cleaned by phenol/chloroform 

extraction before it is precipitated. Precipitation is carried out by 

incubation in isopropanol and sodium acetate (pH 5.2) for an hour. This 

mixture is then pelleted by microcentrifugation at 1400 g for 20 minutes. 

The supernatant is removed and the pellet is washed and then dried.

The DNA pellet is then resuspended in nuclease free water and a 

transcription reaction is assem bled at room tem perature with 2xNTP/CAP 

mix, reaction buffer and the appropriate enzyme (2 hours). After the 2 

hour incubation a poly-A tail is added to the construct to enhance cRNA 

longevity; this is achieved by incubating for a further 2 hours at 37°C in 

the presence of high (10 mM) ATP and the enzyme E-polyadenylate 

polymerase (E-PAP). The polyadenylated cRNA is then precipitated by 

the addition of lithium chloride precipitate solution and incubated at -80°C 

for more than 1 hour. The pellet is washed (supernatant discarded) with 

80% ethanol and then centrifuged for 15 minutes before being allowed to 

dry. The cRNA is then resuspended in nuclease free water and 

SUPERase-ln-RNAase inhibitor.

The absorbance of the cRNA at 260 nm is m easured in order to 

quantify the concentration of the cRNA. The amount of RNA can then be 

calculated using the appropriate equation (cRNA cone (pg/pl) = 40 x A260
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x 500) and the cRNA can then stored at -80°C. When the cRNA is 

injected, it will be diluted with OGBD.

2.3.2 Mitochondrial targeted firefly luciferase cRNA

Mitochondrial luciferase was prepared by Remi Dumollard and the 

mitochondrial targeting sequence from coxVIII was obtained from Rosario 

Rizzuto. Briefly, the coxVIII targeting sequence was cloned at the N- 

terminus site of luciferase into the EcoRI/Notl sites of pRN3. From this 

construct, polyadenylated capped cRNA was produced using mM essage 

mMachine kits and poly(A) tailing kits from Ambion. Eggs were injected 

with 0.675 pg/pl mitochondrial luciferase with 0.5 mM OGBD.

2.4 Immunohistochemistry

bisBenzimide H 33342 trihydrochloride (Hoechst 33342) stains DNA, 

chromosomes and nuclei. A stock of 10 mg/ml was prepared in DMSO 

and 1 pg/ml is the concentration that eggs were exposed to for an 

incubation time of 30 minutes.

The immunohistoochemistry method used to verify mitochondrial 

targeted luciferase was a s  follows. Eggs injected with 0.675 pg/pl 

mitochondrial luciferase were washed with PBS (+1 mg/ml poly(vinyl 

alcohol) (PVA)) and fixed with 4% formaldehyde for 30 minutes, at room 

temperature (RT). After washing 3 times with PBS, eggs were then 

incubated for 15 minutes in 50 mM NH4CI (in PBS + PVA). The eggs 

were washed again 3 times with PBS and then permeabilised with 0.25% 

Triton X-100 (in PBS + PVA) for 5 minutes, at RT. After washing once 

with PBS, the eggs were then blocked for 30 minutes with image-iT™ FX 

signal enhancer (Invitrogen, I36933) before a further blocking step for 30
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minutes with 10% normal goats serum in PBS. Following another wash 

with PBS, cells were incubated with 10 pg/pl rabbit anti luciferase 

antibody (Sigma L0159) for 30 minutes at RT. Eggs were then washed 

with PBS six times for 30 minutes at RT and then incubated with 20 pg/pl 

of the secondary antibody goat anti-rabbit (Alexa fluor 488 nm obtained 

from Invitrogen A11008) for 30 minutes at RT. Following incubation with 

the secondary antibody, the eggs were then washed 3 times for 60 

minutes (total time) and finally mounted on glass slides using 

FluoroGuard antifade reagent. All washing steps were carried out at RT 

in PBS (+ 1 mg/ml PVA). Stained eggs were imaged using SP5 confocal 

microscope. GV eggs were also imaged and underwent the sam e 

protocol a s  described for Mil eggs.

Mil and GV eggs were also stained with the mitochondrial probe 

Mitotracker orange (M7510 Invitrogen). A stock concentration of 5 mM 

Mitotracker orange was prepared in DMSO and eggs were incubated in 

0.5 pM for 30 minutes. It is important to note that along side the above 

experiment, controls were performed by omitting the incubation with the 

primary antibody. This ensured that the fluorescence seen  did not result 

from non-specific binding of the secondary antibody.
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2.5 Mouse Egg Experiments

Eggs were collected from female MF1 mice that were approximately 6 

weeks old. For IVF experiments, sperm were collected from male F1 

hybrid mice (CBA x C57) that were approximately 12-24 weeks old.

2.5.1 Fire pulled glass pipettes

Fine bore glass pipettes were prepared prior to every experiment and 

were used to transfer eggs from one solution to another by attaching a 

mouth pipette to the large end of the glass pipette. The pipettes were 

prepared by holding the narrowing end of a disposable glass pipette over 

a small flame, on a Bunsen burner. The pipette was rotated whilst it was 

in the flame to ensure the pipette was evenly heated and when the glass 

began to melt the pipette was pulled apart in one fast motion. The pipette 

was then broken approximately 5cm away from the original point that was 

melted in the flame. The resulting diameter of the opening of the pipette 

was slightly larger than that of the diameter of the eggs, to allow the eggs 

to be easily picked up (>80pm).

2.5.2 Stimulation of Ovulation and Collection of Oocytes

M etaphase II (Mil) eggs were collected from female MF1 mice (~6 weeks 

old) that had been administered 5 IU of PMSG (Folligon) via intra- 

peritoneal (I.P.) injection using a syringe, at 4-6pm on day 1. The sam e 

mice were then given a second injection of 10 IU of human hCG 

(Folligon) at 6pm of day 3 (i.e. 50 hours after initial PMSG injection).

At 8am on day 4, (therefore, 14 hours post hCG), the 

superovulated female mice were sacrificed via cervical dislocation. The 

ampullas were collected as shown in Fig. 2.2 and then placed into M2
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media. The cumulus m asses were retrieved from within the ampullas and 

released into a dish containing 300 pg/ml of the enzyme hyaluronidase, 

which was prewarmed to 38°C. The eggs remained in the hyaluronidase 

for no longer than 5 minutes. Fig. 2.3 shows eggs before and after 

hyaluronidase treatment. Following hyaluronidase treatment, eggs were 

washed at least 3 times in M2 media and left to recover for at least 10 

minutes before any experimental procedure was carried out on them.

GV eggs were imaged for mitochondrial localisation. Briefly, 

immature oocytes were collected from unprimed MF1 female mice. 

Cumulus cells surrounding the oocytes were mechanically removed using 

a fine pipette. GV oocytes were then maintained at the GV stage by 

incubation in M2 media containing 250 pM cAMP. GV eggs were either 

incubated in 0.5 pM Mitotracker orange or, injected with mitochondrial 

firefly luciferase before being fixed and stained a s  described in section 

2.4.
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Fig. 2. 2 Retrieval of am pullas from the m ouse
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Figure 2.2 D iagram  show ing the dissection and rem oval o f fem ale mouse ovary. 
(Hogan et al., 1986)
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Fig. 2. 3 Mil eg g s  before and after hyaluronidase trea tm ent

A

B

Fig 2.3 Mouse eggs before (A) and after (B) treatment with hyaluronidase enzyme.
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2.5.3 Microinjection of mouse eggs

Mouse eggs were w ashed in M2 and microinjected (Fig. 2.4) with 0.5 mM 

OGBD and 7.5 mg/ml firefly luciferase for most experiments. Injections of 

other agents are described in more detail in the appropriate results 

section. Borosilicate glass capillaries (Harvard Apparatus Ltd. 1.5 mm 

outer diam eter and 0.86 mm inner diameter) with an internal filament 

were pulled on a vertical pipette puller (Model P-30; Sutter Instruments). 

The volume of solution injected was estimated by the diameter of 

cytoplasmic displacem ent caused by the injection; which was 

approximately 3-5%.

Injection needles are backfilled with <1 pi of the injection solution 

using sterile micropipettes (Ependorff). The filled injection needles are 

then clamped in a holder with a silver wire and side port (World precision 

instruments www.wpi-europe.com). The holder is connected to a 

preamplifier that is electrically connected to an intracellular amplifier 

(Cyto 721; WPI). The egg is held in place by a holding pipette (Cook) 

using suction. The eggs are then individually microinjected using 

pressure pulses applied to the back of micropipettes inserted into eggs, 

using overcompensation of the negative capacitance of a serially 

connected electrical amplifier. Both the preamplifier, needle holder and 

the holding pipette are mounted on hydraulic manipulators (Narashige) 

that are fixed to an inverted microscope (TE2000, Nikon).
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Fig. 2. 4 M icroinjection of Mil m ouse egg

A

Fig. 2.4 Sequence (A to C) o f images show ing a sing le  m ouse egg being 
m icro in jected.
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For PLC? experiments, eggs were injected with (pipette 

concentration) 1 mM OGBD and the desired concentration of cRNA PLC- 

LUC which will be stated in Chapter 7 when the PLCs are discussed 

further. For BAPTA experiments, eggs were injected with 20 mM BAPTA, 

0.4 mM OGBD and 6 mg/ml firefly luciferase (pipette concentrations). For 

Caged compound experiments, eggs were injected with an appropriate 

concentration of the caged compound, 0.4 mM OGBD and 6 mg/ml firefly 

luciferase (pipette concentrations).

2.6 IVF Procedure

One 12-week old male m ouse (CBA x C57) was sacrificed and the cauda 

epididymis, vas deferens and testis were excised from each side. 

Spermatozoa were extracted from the tissue using fine needles and 

released into the surrounding media and left for a few minutes before 

being transferred into a 5 ml tube containing capacitated T6 media (16 

mg/ml of BSA, pH 7.6). This tube containing the sperm w as then 

incubated at 38°C in a humidified atm osphere (38°C, 5% C 0 2 in air) for 2 

hours to allow capacitation to occur.

ZPs were removed from microinjected eggs via brief treatment 

with acidic tyrodes solution before being placed onto a poly lysine coated 

1 ml cham ber containing HKSOM (no BSA) + 100 pM luciferin, covered 

with mineral oil. The luminescence signal was left to equilibrate for 

approximately 1 hour before 10 pi of capacitated sperm were added to 

the chamber.

In som e IVF experiments, 10 pM of nocodazole, 50 pM MG132, 10 

pM SB202190, or, 0.5 mM cinnamate were present in the HKSOM (no
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BSA) media. For other IVF experiments, 2 mM (final concentration) of 

BAPTA-AM was added to the chamber 1-2 hours after sperm addition to 

stop Ca2+ oscillations. At the end of all IVF experiments, eggs were 

checked for PN formation and 2nd PB emission. For IVF experiments 

where BAPTA had been injected, eggs were stained with 1 pg/ml of 

Hoechst 33342 for 30 minutes before being viewed in the blue spectra to 

verify sperm penetration.
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2.7 Imaging and Ca2+ and ATP

2.7.1 Imaging of microinjected mouse eggs

Fluorescence (OGBD) and luminescence (firefly luciferase) were both 

imaged in the sam e sets of eggs using a Nikon TE2000 microscope 

equipped with a 20x 0.65NA Fluor objective lens that was encased within 

a purpose built dark box (see Fig. 2.5A, 2.6A and 2.6B for system 

diagram and photographs). The light (100%) was directed via a sideport 

to a cooled intensified charged coupled device (ICCD) cam era (Fig. 2.5B) 

equipped with an intensifier with a S20 type photocathode that was 

cooled to 0°C. The ICCD camera, a peltier cooler and software for control 

and analysis were supplied by Photek Ltd (www.photek.co.uk).

The system could be used in two different ways by manipulating 

the opening and closing of the shutters present on the system (Fig. 2.6A). 

Firstly, either fluorescence or luminescence could be m easured 

individually for an indefinite period of time. Continuous m easurem ent of 

fluorescence could be achieved for a specified time by programming S1 

to stay open and S2 to stay closed (for fluorescence measurements). 

When S1 was open, the fluorescent excitation light (465-495 nm) from a 

halogen lamp passed  through a fluorescence filter block and was used 

with a 505 nm dichroic mirror and 500 nm longpass (LP) filter. Similarly, 

continuous m easurem ent of luminescence could be achieved by 

programming S1 and S2 to stay closed. Secondly, alternative 

m easurem ents of both fluorescence and luminescence, in the sam e 

experiment, could be achieved by programming S1 to open and close
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systematically. The timing of S1 opening/closing could be changed to 

tailor the needs of various experiments.
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Fig. 2. 5 Photek imaging system

B

Fig. 2.5 A) Technical drawing showing the microscope and camera assembled 
together (Photek.com) and B) diagram of ICCD camera (from Photek.com). Light is 
collected onto the front of the camera before it is intensified and imaged.

High vtrftag* 
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Fig. 2. 6 Schem atic and photograph of Photek system
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Fig. 2.6 A) Schematic diagram and B) photograph of the Photek imaging system
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During switching experiments throughout work in this thesis the 

fluorescence and luminescence were measured in a repeated cycle of 10 

seconds and the image files were stored in separate but linked data files 

(Fig. 2.7). The luminescence image was collected for 10 seconds with the 

ICCD at maximum sensitivity and with all illumination sources closed. The 

fluorescence image is collected for 10 seconds with the ICCD at reduced 

sensitivity (10%) and a shutter (S1) opened to illuminate the eggs with 

excitation light. By switching back and forth between these two modes of 

imaging we could collect luminescence and fluorescence signals from the 

luciferase and OGBD loaded eggs.

The sensitivity of the ICCD camera could be changed from 100% 

to 10% during each cycle of data collection. At reduced sensitivity, the 

camera is still collecting 100% of the photons but the computer only 

images 10% of these  emitted photons. In most cases the fluorescence 

was recorded with the cam era sensitivity on 10% and the fluorescence 

was 10-100 times greater than luminescence. When fluorescence and 

luminescence were recorded on both 100% sensitivity, the mean of the 

luminescence signal just before and after each fluorescence 

measurem ent w as subtracted from the value obtained from the intensity 

obtained during fluorescence excitation to obtain the real fluorescence 

value from each egg. The luminescence values in experiments represent 

the absolute number of measured photon counts per second (cps). In 

contrast the intensity of fluorescence is displayed in arbitrary units (AU) 

and the offset of traces in the y-axis was adjusted for the sake of 

presentation. For UV excitation of caged lnsP3 another shutter (S2), was
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opened that allowed light from a mercury lamp to be directed onto the 

eggs via a fibre optic cable. UV light was directed onto the eggs using a 

UG11 filter (270-380 nm BP) obtained from Cairn (www.Cairnweb.com). 

The voltage on the intensifier of the ICCD cam era was switched off for 

the duration of the UV excitation light pulse.

Autofluorescence was measured using the Photek system 

described above, with all illuminations sources closed and using a 450 

nm BP filter. Autofluorescence was also m easured using a Nikon Diaphot 

upright microscope that was equipped with Photometries (in vivo) 

software (www.photomet.co.uk). The 450 BP filter was arranged with a 

510 dichroic mirror and 520 LP filter and excitation was supplied from a 

metal halide lamp. The eggs were kept at 37°C with a Biotech delta T4 

culturedish tem perature controller and were imaged using a Coolsnap 

HQ camera. Autofluorescence was measured every 10s with an 

exposure time of 400 ms.
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Fig. 2. 7 Diagram dem onstrating switching m echanism
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Fig. 2.7 Data collection via switching mechanism. In this diagram, switching 
is occurring every 5 seconds, however, for most experiments in this thesis, 
switching occurred every 10 seconds.
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2.7.2 Measurement of luminescence using a luminometer

To m easure absolute ATP content in single eggs and also to establish 

the amount of cRNA expression in PLC-LUC injected eggs, a custom 

made luminometer was used (Fig. 2.8). Luminometers are used to detect 

and m easure light. Light is detected by a photomultiplier tube (PMT) 

which is an extremely sensitive detector of light in the ultraviolet, visible 

and near infrared spectra. The luminometer used for experiments in this 

thesis was equipped* with an S20 PMT that was cooled to -20°C via a 

peltier cooler. PMTs can multiply the signal produced by incident light by 

as much as  108. The S20 PMT contains a multialkali (Na-K-Sb-Cs) 

photocathode that has a high, wide spectral response in the ultraviolet 

and near infrared region. Electrons are produced via the photoelectric 

effect when incident photons strike the photocathode material, which is 

present as a thin deposit on the entry window of the device. These 

electrons are directed via a focusing electrode towards the electron 

multiplier. The electron multiplier is responsible for multiplying electrons 

by the process of secondary emission.
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Fig. 2. 8 Luminometer used in lysis assays
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Fig. 2.8 Schematic diagram of a custom made luminometer. The sample is 
placed into a 5 ml tube and all shutters are closed. The lysis buffer is then 
injected into the tube and the light emitted from the sample is collected and 
amplified via the photocathode (PC) and dynodes within the PMT. The amplified 
signal is collected by the anode and finally arrives at the computer in the form of 
photons per second.
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2.7.3 Measurement of ATP levels in eggs

A calibration curve was obtained by using a luciferase assay  kit from 

Sigma (product code FLAA). Detailed explanation of calibration curve 

and concentration of ATP can be found in results (Chapter 3). Briefly, 

stock concentrations of ATP were prepared in an assay  buffer. The 

luminescence cps was obtained in the luminometer for each ATP 

standard concentration and a calibration curve was produced. Groups of 

5 eggs were placed into a test tube containing an assay  mix that 

contained firefly luciferase and luciferin. The tube was held in the 

luminometer described in section 2.7.2. The eggs were then lysed with a 

lysis buffer that consisted of an intracellular buffer (20 mM Hepes, 140 

mM KCI and 5 mM NaCI), plus 20 pM digitonin, 1 pM FCCP and 10 pM 

iodoacetate (see results Chapter 3 for details).

2.7.4 Microinjection of luciferase tagged PLC £, 5 and p domain 

constructs

For experiments with luciferase-tagged PLC cRNA, eggs were 

microinjected with the appropriate cRNA mixed with an equal volume of 1 

mM OGBD. Eggs were then maintained in H-KSOM with 100 pM luciferin 

and imaged. Fluorescence was monitored in these eggs for 4 hours after 

injection by measuring the OGBD fluorescence with low-level excitation 

light from a halogen lamp. Fluorescence and luminescence 

m easurem ents were carried out separately. At the end of the 

fluorescence m easurem ents, the sam e set of eggs were then monitored 

for luminescence by integrating light emission (in the absence of 

fluorescence excitation) for 30 minutes using the sam e cooled ICCD
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camera, with all illumination sources closed. The fluorescence signals 

were typically 10-100 times greater than the luminescence signals. Ca2+ 

m easurem ents for an egg were considered valid only if the sam e egg 

was also luminescent. Groups of eggs verified as being luminous, were 

then collected and placed in a test tube containing PBS with 1 mM MgCh, 

1 mM ATP and 100 pM luciferin that was held in a  custom-made 

luminometer equipped with a cooled S20 photomultiplier tube (see 

section 2.7.2 for details). The eggs were then lysed with 0.5% Triton X- 

100 and the steady state light was compared to that emitted from 

calibrated amounts of recombinant firefly luciferase (Sigma). The amount 

of luciferase activity m easured for each group of eggs was then divided 

by the number of luminous eggs to obtain the mean value for protein 

expression of each type of PLC-LUC (see Chapter 7 for more details).

2.9 Statistical Analysis

All values stated throughout this thesis are the mean + s.e.m, also all 

comparisons were done using the student’s unpaired t-test (unless 

otherwise stated) and were stated as significant when a P value of less 

that 5% was obtained.
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Chapter 3: Ca2+ and ATP at fertilisation

3.1 Introduction

At fertilisation in mammals the sperm Initiates a long lasting series of Ca2* 

oscillations that persist until PN formation (Kline and Kline, 1992a; 

Marangos et al., 2003; Miyazaki et al., 1993). The Ca2+ signal in eggs of 

som e species is associated with the activation of metabolism. In ascidian 

and m ouse eggs Ca2+ oscillations have been shown to be associated with 

oscillations in autofluorescence of NADH and flavoproteins (Dumollard et 

al., 2003; DumollarcFet al., 2004) suggesting that Ca2+ oscillations might 

stimulate an increase in ATP production in the mitochondria. In a 

previous study ATP was monitored during fertilisation in m ouse eggs by 

measuring the luminescence of intracellularly injected firefly luciferase 

(Dumollard et al., 2004). This study reported a small increase in ATP 

during fertilisation in 36% of all mouse eggs imaged (Dumollard et al., 

2004). Since it w as not possible to m easure Ca2+ at the sam e time when 

monitoring ATP, the relationship between ATP and Ca2+ could not be 

defined.

The main aim of this Chapter is to establish the relationship that 

exists between Ca2+ oscillations and ATP levels at fertilisation. 

Luminescence (ATP) and fluorescence (Ca2+) shall be measured 

simultaneously from the sam e group of mouse eggs during fertilisation. 

This will enable a relationship between Ca2+ and ATP at fertilisation to be 

defined.
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3.2 Results

3.2.1 Monitoring ATP luminescence in mouse eggs

Fig. 3.1a shows the luminescence from a single m ouse egg injected with 

a pipette concentration of 7.5 mg/ml firefly luciferase and incubated in 

100 pM luciferin for 24 hours. As reported previously in eggs and other 

cells, there w as an initial decline in the luminescence signal that occurred 

whilst the luciferase and luciferin reached equilibrium (Dumollard et al., 

2004; Gandelman et al., 1994). This initial run-in phase typically lasted 

around 30-40 minutes and was always complete within the first hour of 

recording (Dumollard et al., 2004). For this reason, the eggs were always 

allowed a run in period of 1 hour before any experimental procedure was 

carried out. This phase w as then followed by a relatively stable period of 

light emission that lasted for many hours (8 hours; Fig. 3.1b). In many 

eggs there was then a slight increase in luminescence signal of 129% + 

1.7 (n=15), however, this typically occurred over 6 hours of recording. In 

prolonged recordings the luminescence was found to eventually decline 

to half the starting value in about 16 hours. This shows that the luciferase 

from single eggs is relatively stable for several hours. In subsequent 

traces the initial decline in luminescence is not shown since the 

luminescence w as allowed to stabilise before the start of experiments.
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Fig. 3.1 Lum inescence signal in an unfertilised egg
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Fig. 3.1 a) Shows the typical luminescence signal (y-axis represents cps = counts 
per second) from a mouse egg injected with luciferase over the initial 24 hours of 
recording (n=15). b) The luminescence recorded from a single egg injected with 
firefly luciferase over the first 6 hours.
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Fig. 3.2 shows the trace obtained when eggs were fertilised and 

luminescence was recorded for several hours. It can be seen  that there 

was a two-phase increase in the luminescence signal that occurred in all 

eggs (n=6), with each phase of increase taking place over a 30 minute 

time frame. All such eggs went on to form PN and second PBs. These 

data suggest that fertilisation is associated with a rise in ATP levels. The 

first change in luminescence was to 124 + 3.9% (n=6) and the second 

change was to 148 + 6.3% (n=6) of the prefertilisation level. These 

changes are showing a change in ATP levels and are not due to the drift 

in signal, since these  changes are taking place over 30 minutes and the 

drift occurred over 6 hours in unfertilised eggs. However, it could not be 

determined when changes occurred with respect to the Ca2+ oscillations 

and consequently I sought to m easure both Ca2+ and ATP in the sam e 

fertilising eggs.
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Fig. 3. 2 Lum inescence signal in a fertilised egg
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Fig. 3.2 Lum inescent signal from a single egg injected with 7.5 mg/m l (pipette 
concentration) o f fire fly luciferase. The eggs were fertilised with sperm (as 
indicated with arrow) and after 6 hours, eggs were checked for signs of activation 
(i.e. 2nd PB and 2 PN) n=6.
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3.2.2 Ca2+ and ATP in a mouse egg

The image in Fig. 3.3a shows a group of eggs that were both luminescent 

and fluorescent. Both could be measured due to the fact that we had co­

injected eggs with firefly luciferase, to m easure ATP, and OGBD, to 

m easure Ca2+. In order to verify that both the luciferase and OGBD could 

respond to ATP and Ca2+ changes respectively, the mitochondrial 

uncoupler FCCP was added. In previous studies, using separate imaging 

systems, the addition of FCCP to mouse eggs has been shown to cause 

a large decrease  in ATP and a rapid increase in intracellular Ca2+ 

(Dumollard et al., 2004; Liu et al., 2001)

Fig. 3.3b shows the changes recorded when 1 pM FCCP was 

added to m ouse eggs injected with luciferase and OGBD. There was a 

rapid decrease in luciferase luminescence. The Ca2+ levels indicated by 

OGBD fluorescence showed an initial rapid increase followed by a slower 

and sustained rise. The patterns of change for both probes are similar to 

those seen in previous studies carried out on different se ts of eggs 

(Dumollard et al., 2004). This data supports the idea that mouse eggs are 

dependent on mitochondria for ATP production and that continuous ATP 

production is required to maintain resting Ca2+ levels. In addition, these 

results suggest that we can monitor the dynamic changes in intracellular 

ATP and Ca2+ over the sam e time period in the sam e sets of eggs.
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Fig. 3. 3 Lum inescence and fluorescence in the sam e eggs

Luminescence Fluorescence

200 seconds

Fig. 3.3. a) The fluorescence and lum inescence images are shown o f a group of 
eggs that had been injected with both firefly luciferase and OGBD. The left side of 
the image is the lum inescent signal; the right side of the image is the same group 
o f eggs showing the ir fluorescent signal, b) Shows a trace of the changes in 
luciferase lum inescence (red) and OGBD fluorescence (blue) when an egg was 
exposed to 1pM FCCP (typical o f 15 eggs).
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3.2.3 Ca2+ oscillations at fertilisation are correlated with an ATP 

increase

Eggs that had been injected with OGBD and luciferase were imaged as 

above and inseminated with capacitated sperm. Fig.3.4a and b show the 

familiar characteristic pattern of Ca2+ oscillations in fertilising mouse eggs, 

as well a s  the changes in ATP as indicated by luciferase luminescence. It 

can be seen  there is an increase in luciferase luminescence as soon as 

the Ca2+ oscillations,start at fertilisation. Fig. 3.5 shows that the start of 

the luminescence increase could be seen to occur during the first Ca2+ 

transient at fertilisation and this was typical of all 38 eggs imaged. 

Although luminescence was elevated during the period of Ca2+ 

oscillations in all eggs, there was eventually a return to pre-fertilisation 

levels. Often the slow return started as the Ca2+ oscillations frequency 

slowed down (Fig. 3.4b). The eggs appeared to be normally fertilised 

since all eggs that showed Ca2+ oscillations formed 2 PN at the end of the 

experiment.

Fig. 3.4a and b also show that there was a secondary increase in 

luciferase luminescence. This secondary rise in luciferase signal occurred 

in 34/38 eggs and occurred 60 + 23.1 minutes after the onset of Ca2+ 

oscillations that corresponds to the 9th Ca2+ oscillation (+ 0.9, n=34).
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Fig. 3. 4 ATP and Ca2+ in a fertilised egg
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Fig. 3.4. a) S how s a trace  o f both the lum inescence  and fluorescence signal 
from  a s ing le  egg. The  graph show s an initia l and secondary change in 
lum inescence  occurring  during sperm  induced C a2+ oscilla tions. In b) a s im ila r 
experim en t is show n to  a) but the record ing d isp lay is extended to show  the 
full ex ten t o f the lum inescence  change during and a fte r C a2+ oscilla tions at 
fertilisa tion .
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Fig. 3. 5 Initial increase  in ATP at fertilisation
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Fig. 3 .5  The response of a single egg during fertilisation is shown with a shorter 
time resolution in order to illustrate that the lum inescence increase occurs during 
the 1st Ca2+ increase at fertilisation.
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Only 4 of the observed eggs showed no substantial 2nd increase in 

luminescence (Fig. 3.6a). It was not clear why som e eggs did not show 

the secondary luciferase increase but, we noted that the frequency of 

Ca2+ oscillations w as significantly higher and the initial luminescence 

increase w as lower in the eggs where the second change did not occur 

(Table 3.1). Additionally, we also noted that the size of the first Ca2+ 

spike was significantly (P<0.005) lower in eggs without the secondary 

increase in luminescence (Table 3.1).

The increase in luciferase luminescence was a highly consistent 

result throughout all experiments. It occurred in all the above eggs that 

were collected and fertilised within 18 hours after hCG injection. When 

eggs were inseminated that had been aged in vitro and fertilised 20-22 

hours after hCG injection, few eggs underwent Ca2+ oscillations. In cases 

where Ca2+ oscillations were seen, the oscillations were of a significantly 

higher frequency compared to fertilised fresh eggs. However, an increase 

in luciferase luminescence was still observed (Fig. 3.6b and Table 3.1) 

despite the age of the eggs and high frequency Ca2+ oscillations.
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3 .6 ATP and Calcium during fertilisation
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Fig. 3.6. In a) a record ing is shown from  an egg tha t underwent the initial change 
in lum inescence at fertilisa tion but failed to show  the secondary increase (n=4). In 
b) the lum inescence change is shown for an egg tha t w as fertilised 22 hours after 
hCG in jection (n=4).
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Table 3.1 -  Ca2* and luciferase luminescence response in eggs at 
fertilisation

Initial

Luminescence 

(%) + s.e.m  

(1st change)

Secondary 

Luminescence 

Change (%) + 

s.e.m

Size 1st

Ca2+

spike

(%) ± 

s.e.m

Frequency/hour 

of C a2+ 

oscillations 

+ s.e.m

Unfertilised

eggs

(n=15)

102 + 0.3 

(30minutes)

104 + 0.2 

(60minutes)

Fertilised

eggs

(n=34)

131+2.3* 161 +4* 211 + 

8.3

8 .7+  0.6

Fertilised 

Old eggs 

(n=4)

125 + 11* 150 + 6.6* 183 + 

1.7**

15 + 3.8***

Fertilised 

eggs (no 

2nd change) 

(n=4)

109 + 2.7* 188 + 

7.8**

13 + 1.3***

Table 3.1 Eggs were exposed to different conditions and both the 
luminescence and Ca2+ response were measured for approximately 6 
hours. The percentage change is expressed in relation to the initial 
luminescence value before the Ca2+ stimulus was applied. All values are 
the mean from the stated total number of eggs + the s.e.m. The 
luminescence response from fertilised were each compared to 
luminescence values from unfertilised eggs using student’s unpaired t- 
test (*P<0.005). The size of the 1st Ca2+ transient at fertilisation was 
compared to the size of the 1st Ca2+ transient at fertilisation in aged eggs
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and fertilised eggs that showed no 2nd change in luminescence 
(**p<0 .005). The frequency of Ca2+ oscillations at fertilisation was 
compared to the eggs fertilised with sperm that had both the first and 
second change in luminescence (***P<0.005).
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In aged eggs the second change in luminescence was detected at the 

15th spike (+ 4.0, n=4), but still typically around 60 + 6 minutes (n=4) after 

the 1st spike occurred. The overall increase of luminescence in aged eggs 

was significantly lower than that of fresh eggs (P<0.005). These data 

suggest that Ca2+ oscillations at fertilisation are associated with a sudden 

elevation of ATP levels in eggs, regardless of post-ovulatory age.

Furthermore, the increase in ATP lasts throughout most of the 

period that Ca2+ oscillations occur. Since high frequency oscillations in 

aged eggs still led to an increase in luciferase luminescence, we fertilised 

fresh eggs in high Ca2+ (10 mM) to test if ATP levels still increased when 

abnormally high Ca2+ oscillations were induced (Fig. 3.7). Indeed, a very 

high frequency of Ca2+ oscillations were obtained, however, the 

luminescence signal still consistently increased with the first Ca2+ 

transient, suggesting that at fertilisation ATP will always increase despite 

the frequency of oscillations the egg undergoes.
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Fig. 3. 7 Fertilisation in high Ca2+
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Fig. 3.7 Eggs w ere  fertilised in the presence o f high Ca2+ (10 mM) and displayed 
an increase in lum inescence w ith a very high frequency o f C a2+ oscilla tions (n=8).
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3.2.4 ATP content in a single mouse egg

The luminescence of luciferase being measured is only a relative 

m easure of ATP levels. However, it is possible to estimate the absolute 

change in ATP from m easurem ents of total ATP in the eggs and 

extrapolation from the relationship between luminescence and ATP. To 

establish an estim ate for ATP content in mouse eggs for this thesis, an 

ATP assay  kit w as obtained (Sigma) and a calibration curve with a range 

of 10'5 to 10'9 M ATP, was established each day using known 

concentrations of ATP in 100 pi of buffer (Fig. 3.8 shows a typical 

calibration curve). A linear regression analysis was performed (Sigma 

Plot) on the curve to obtain the linear regression equation (Fig. 3.8). For 

this equation the unknown ATP concentration from the sam ple is x and 

the luminescence cps obtained from the sample is y. Once the ATP 

concentration from the sample has been calculated (M), the number of 

moles of ATP present in the sample can be obtained by multiplying by 

1x1 O'4 since the sam ple was 100 pi. Finally, the ATP concentration in a 

single egg can be established by dividing the number of moles of ATP by 

the volume of an egg.
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Fig. 3. 8 Calibration curve for firefly luciferase 
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Fig. 3.8 Calibration curve obtained by using known concentrations of ATP in 100 |jl. 
The equation was obtained by linear regression analysis of the data and was used to 
establish the ATP content when eggs were lysed.
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The first approach was to lyse 5 eggs with 40 pM digitonin (Fig. 

3.9a, n=10, 2 runs) where a value of over 1000 cps w as obtained. Using 

the equation (example shown in Fig. 3.8), it was estimated that each egg 

had an ATP protein content of 4 pmoles. Assuming a volume of 200 pi for 

a single egg and using the estimate of 4 pmoles, a value of 20 mM ATP 

was obtained for a single egg. This value is far from expected and there 

was concern the ATP stocks may be contaminated. However, when fresh 

ATP was used high ATP values were still obtained (16.5 mM, data not 

shown).

Digitonin lysis produced a continual increase in the luminescence 

signal suggesting ATP turnover was still occurring due to the non-specific 

action of digitonin. Oxidative phosphorylation and glycolysis could still be 

producing ATP after the digitonin addition, giving the impression of 

abnormally high ATP values for our absolute m easure. Therefore, 

oxidative phosphorylation and glycolytic pathways were targeted directly 

using specific poisons to ensure ATP turnover was stopped completely 

during the lysis. When 40 pM digitonin was added with 1 pM FCCP (to 

uncouple the mitochondria -  Fig. 3.9b, n=15, 3 runs) the overall cps were 

lower than digitonin alone and after the appropriate calculations an ATP 

content of 8 mM w as established per egg. However, a secondary late, 

and unexpected, increase in luminescence was detected during the lysis 

that occurred in all 3 runs. This result suggested that there was still ATP 

turnover via another pathway, which was thought to be glycolysis. 

Although glycolysis has low activity in eggs (Barbehenn et al., 1974), it is 

possible that a small turnover of ATP via this pathway is encouraged
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during abnormal and stressful conditions. Bearing this in mind, the next 

approach w as to lyse 5 eggs using 40 pM digitonin and 10 pM 

iodoacetate (to block glycolysis -  Fig. 3.9c, n=15, 3 runs). The ATP 

content per egg w as estimated to be around 10 mM but, it was difficult to 

determine an absolute value since the luminescence level was continually 

increasing. The continual increase in luminescence suggests that ATP 

production is still continuing (via oxidative phosphorylation, since FCCP 

was not present).

The final approach was to use all three agents (40pM digitonin, 10 

pM iodoacetate and 1 pM FCCP -  Fig. 3.9d) in the lysis mixture. This 

resulted in a relatively steady level of luminescence and when calculated, 

over 5 runs lysing 5 eggs at a time, an average ATP content in a single 

mouse egg was found to be 1.88 mM. From the relationship between 

ATP and luciferase luminescence that was established using the sam e 

conditions a s  described previously (Allue et al., 1996), I can estimate that 

the peak luminescence increase to 160% we found in our typical 

fertilisation experiments, corresponds to an ATP increase to 3.02mM.
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Fig. 3. 9 Lysis m ethod to determ ine ATP conten t
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Fig. 3.9 Groups of 5 eggs were lysed in a luminometer using a) 40 qM digitonin 
(n=10, 2 runs) b) 40 qM digitonin and 1 qM FCCP (n=15, 3 runs) c) 40 qM digitonin 
and 10 qM iodoacetate (n=15, 3 runs) d) 40 qM digitonin, 1 qM FCCP and 10 qM 
iodoacetate (n=25, 5 runs) Time bar applies to all graphs.
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3.3 Discussion

Here, I have been able to monitor luciferase luminescence and Ca2+ 

oscillations in the sam e eggs during the sam e time period. To my 

knowledge, this is the first time luciferase luminescence and Ca2+ have 

been monitored in the sam e cells during a physiological change in any 

cell type. The data presented suggests that Ca2+ oscillations at 

fertilisation in m ouse eggs are associated with a definite increase in ATP 

levels. T hese findings correlate with previous findings suggesting a hint of 

an increase in cytosolic ATP levels at fertilisation (Dumollard et al., 2004). 

In the study by Dumollard et al., (2004), firefly luciferase w as also used to 

monitor ATP levels; however, the luminescent signal from a single egg 

was around 40 cps. In the results presented in this chapter, the typical 

luminescence signal from individual eggs w as consistently more than 10 

times greater than previously published (Dumollard et al., 2004), which is 

probably why the results presented show a more definitive change in 

luminescence levels during fertilisation.

Fluorescence m easurem ents in m ouse eggs with an Mg2+ 

sensitive dye has shown that Ca2+ oscillations at fertilisation are 

associated with a transient increase and then a prolonged decrease  in 

intracellular free Mg2+ concentrations. These changes were interpreted as 

being due to an initial decrease  followed by an increase in ATP at 

fertilisation in fresh m ouse eggs (Igarashi e t al., 2005). The secondary 

increase in ATP is consistent with my current data using firefly luciferase 

as indicator of ATP levels, and supports the idea that ATP increases at 

fertilisation in the m ouse. However, unlike Igarashi et al. (2005), I did not
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find any evidence for a transient decrease  in ATP during each Ca2+ 

transient. In addition the ATP increase also occurred in aged eggs 20-22 

hours after hCG injection, despite recent indirect evidence for a decrease 

in ATP levels in aged eggs 18.5 hours post hCG injection (Igarashi et al., 

2005). The Mg2+-Green dye method is an indirect method for monitoring 

ATP, compared with firefly luciferase, since Mg2+-Green can also be used 

as a Ca2+ indicator (Chen and Regehr, 1999; Regehr and Atluri, 1995; 

Regehr and Tank, 1991), so it is possible that som e of the apparent 

changes in ATP are due to the confounding effects of changes in other 

factors at fertilisation such a s  Ca2+ and Mg2+. Since firefly luciferase is a 

specific indicator of ATP, the luciferase luminescence increase that we 

see  at fertilisation is highly likely to reflect an increase in ATP 

concentration.

A main factor that should be considered for firefly luciferase is that 

its luminescence depends upon intracellular pH (Koop and Cobbold, 

1993). However, there are no changes in intracellular pH in m ouse eggs 

during either fertilisation, or, parthenogenetic activation (Kline and 

Zagray, 1995; Phillips and Baltz, 1996). This appears to be due to the 

lack of an active Na+/H+ antiporter in the PM of m ouse eggs (Kline and 

Zagray, 1995; Phillips and Baltz, 1996).

Resting ATP levels in individual m ouse eggs w as found to 

correspond to a cytoplasmic concentration of about 1.88mM. This is in 

the middle of the range (0.8-5mM) of the resting ATP concentrations in 

mouse eggs, which have been reported by various groups (Albertini et al., 

2003; Igarashi et al., 2005; Van Blerkom et al., 1995). Previous studies
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used rapid freeze/thaw lysis m ethods to establish ATP content in single 

mouse eggs and use undefined lysis media. It is likely that these 

techniques produce inconsistent values since the eggs are being 

stressed prior to the lysis and the oxidative phorphorylation and glycolytic 

pathways are not being targeted. Taking our value of 1.88mM we can 

estimate that at the peak ATP concentration at fertilisation, ATP levels 

have increased to around 3.02mM. This is consistent with the evidence 

that m ouse eggs predominantly rely on mitochondrial oxidative 

phosphorylation (Dumollard e ta l., 2004). Unfortunately, it w as not 

possible to exam ine the effects of Ca2+ on mitochondria more directly with 

ruthenium red derivatives, because they appear to be ineffective in 

blocking Ca2+ uptake into mitochondria in m ouse eggs (unpublished 

observations Campbell and Swann. 2005; Dumollard et al., 2006).

This chapter has identified that cytosolic ATP levels undergo a 

significant increase at fertilisation. The increase in ATP appears to occur 

at fertilisation despite post ovulatory age of the eggs and frequency of 

Ca2+ oscillations, suggesting that a rise in ATP is essential for successful 

activation. W hether Ca2+ oscillations control the rise in ATP is undefined 

and shall be further investigated in the next chapter. In addition, this 

chapter has also discovered a 2nd increase in ATP levels that was an 

unexpected result. This nature of this secondary ATP rise will be looked 

at in greater detail at a later point in this thesis (Chapter 6).
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Chapter 4: Relationship between Ca2+ and ATP

4.1 Introduction

In chapter 3 it w as established that during IVF a rise in ATP levels occurs 

during Ca2+ oscillations. The tight correlation between Ca2+ oscillations 

and the luciferase luminescence increase suggests that Ca2+ oscillations 

cause the rise in ATP levels.

Mitochondria are the main regulators of intracellular Ca2+ 

hom eostasis (Duchen, 2004; Rizzuto et al., 2000). The mitochondria of 

sea  urchin (Eisen and Reynolds, 1985) and ascidian eggs (Dumollard et 

al., 2003) have been dem onstrated to sequester Ca2+ during sperm 

induced Ca2+ oscillations. Mitochondrial accumulation of Ca2+ triggers the 

activation of mitochondrial metabolic processes, which increases the 

synthesis of ATP in the mitochondria and hence, ATP levels in the cytosol 

increase. It has been dem onstrated in other cell types (HeLa, pancreatic 

p and MIN6 cells) that cytosolic ATP levels increase when Ca2+ levels in 

the cytosol increase (Jouaville et al., 1999; Kennedy et al., 1999). When 

the mitochondrial Ca2+ uptake is reduced in the mitochondria of skeletal 

myotube cells, the ATP response is significantly reduced. Also, in HeLa 

cells the presence of the Ca2+ buffer BAPTA prevents both a Ca2+ and 

ATP response when the cells were challenged with histamine.

This would suggest that the ATP response in m ouse eggs is finely 

regulated by the different patterns of cytosolic Ca2+ levels in response to 

different Ca2+ stimuli. This shall be further investigated in the following 

chapter by looking at the Ca2+ and ATP relationship that exists in 

response to different Ca2+ releasing agents.
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4.2 Results

4.2.1 The increase in ATP is Ca2+ dependent

To test if Ca2+ oscillations are necessary for the ATP change, eggs were 

injected with firefly luciferase, OGBD, and the Ca2+ chelator BAPTA (~1 

mM final concentration). When sperm were added to these  eggs there 

was no change in Ca2+ levels or, luciferase luminescence (Fig. 4.1a). In 9 

such eggs we verified that sperm entry had occurred at the end of the 6- 

hour recording period by staining the eggs with Hoechst dye (Fig. 4.1b) 

(Raz et al., 1998). In som e cases  polyspermy occurred due to the 

absence of the ZP. Since the eggs were activated without a change in 

Ca2+ or, ATP this suggests that a Ca2+ increase is necessary  for an ATP 

increase at fertilisation.

The next approach w as to investigate if the continuous presence of 

Ca2+ is required to maintain the apparent increase in ATP. To explore 

this, eggs were fertilised and BAPTA was added to the medium around 

the eggs (final concentration 2 mM) after Ca2+ oscillations were observed 

to have began. The presence of BAPTA in the extracellular media 

chelates the extracellular Ca2+. As reported previously, this procedure to 

chelate extracellular Ca2+ stops, or reduces the frequency of, 

Ca2+oscillations. Figure 4.2 shows that when Ca2+ oscillations stopped 

after the addition of BAPTA, the luminescence signal started to decline. 

This suggests that Ca2+ transients are not only required to initiate a rise in 

ATP levels, but that Ca2+ oscillations are necessary to maintain 

continuous increases in ATP levels.
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Fig. 4. 1 BAPTA injected eg g s during fertilisation

a 8 0 0  ] Sperm (BAPTA injected egg)
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300 '  1 H o u r

b.

Fig. 4.1 a) eg g s  were injected with 20 mM BAPTA (pipette 
concentration) before being fertilised (n=9) b) fertilised eg g s  injected 
with BAPTA were stained with H oechst 33342 to confirm sperm entry 
as shown by yellow circles in e g g s  2, 5, 6, 7, 8 and 9 (eggs were 
numbered in ascending order starting from the top of the image)
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F ig .  4 .  2 B A P T A  a d d i t i o n  d u r in g  f e r t i l i s a t io n
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F ig . 4 . 2  A n  egg  w a s  fe rtilise d  w ith  sperm  and a fte r C a2+ osc illa tio ns  w e re  
seen to  have  s ta rted , B A P T A  (2 m M  fin a l co n ce n tra tio n ) w a s  added to  the  
m ed ia  to  s top  the  C a 2+ o sc illa tio n s  (n=10).
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4.2.2 Parthenogenetic activation without a Ca2+ change is 

insufficient to increase ATP levels

In the previous section it w as established that activation by sperm 

produces a Ca2+ dependent increase in ATP levels. The next avenue to 

be explored w as the Ca2+ and ATP relationship during parthenogenetic 

activation using cycloheximide. Most parthenogenetic stimuli in mammals 

cause a Ca2+ increase in eggs, but the protein synthesis inhibitor 

cycloheximide can trigger meiotic resumption and PN formation without 

causing any Ca2+ increase (Bos-Mikich et al., 1995). W hen eggs were 

treated with 20 pg/ml cycloheximide no change in Ca2+ w as seen  and 

only a slight increase in luminescence w as recorded (Fig. 4.3). All eggs 

activated with cycloheximide were checked for PN and 2nd PB formation 

to confirm successful activation. The slight drift up in luciferase 

luminescence to 115% (+ 5.0, s.e.m, n=16) w as recorded over 4 hours, 

but this is not significantly different from the drift up in signal over 4 hours 

that is shown in Fig. 3.1b (116 + 1.2, n=15). This suggests the meiotic 

resumption or cell cycle resumption as such, is the not the cause of the 

increase in ATP during fertilisation of m ouse eggs. From the data 

presented in this section it seem s most likely that changes in cytosolic 

Ca2+ levels is the cause  of changes in ATP levels in the cytosol.
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Fig. 4. 3 Cyclohexim ide activation of m ouse eggs
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Fig. 4.3 E ggs w e re  p a th e n o g e n e tica lly  a c tiva te d  w ith  cyc lo h e x im id e  
(n=16)
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4.2.3 Ca2+ and ATP changes can be induced by uncaging lnsP3

Now it has been established that the ATP change is dependent upon 

Ca2+, it shall now be explored if a relationship exists between the 

frequency of the transients and the change in ATP. To test the effect of 

lnsP3 increases more directly the photorelease of caged lnsP3 can be 

used to cause a series of Ca2+ increases in m ouse eggs (Jones and 

Nixon, 2000). The frequency of oscillations was manipulated by uncaging 

lnsP3 that had been injected into eggs via exposure to UV light for 10 

seconds at controlled intervals. Fig. 4.4 a-c shows that Ca2+ transients 

could be generated. The transients were not always constant and the 

amplitude of the Ca2+ increase w as not a s  large a s  those seen  at 

fertilisation (see Table 4.1).

Although an increase in luminescence occurred when lnsP3 was 

uncaged every 10 and 5 minutes, the increase did not occur with the 1st 

Ca2+ oscillation, a s  shown in fertilising eggs in Chapter 3. This suggests 

that lnsP3 alone is unable to recreate the physiological response 

produced by sperm  activation. When lnsP3 w as uncaged every 10minutes 

(Fig. 4.4a), the luminescence increased to 114 + 3.2% (n=6), typically 

after spike 2, 10 minutes after the 1st spike occurred. W hen the frequency 

was increased to every 5 minutes (Fig. 4.4b), the luminescence signal 

increased after 15 minutes at spike 3 and to 119 + 2.9% (n=10).

However, at a frequency of 1 pulse every 2.5minutes (Fig. 4.4c), the 

luminescence decreased  by 14.5 + 2.4% (n=8) with the 1st Ca2+ spike and 

only recovered when no more lnsP3 could be uncaged. This result 

suggests that when too much lnsP3 is released into the egg, the ATP
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supply and dem and becom es unbalanced leading to a decrease  in 

cytosolic ATP levels. Referring back to Chapter 3, when eggs were 

fertilised in high (10 mM) Ca2+, despite a very high frequency of Ca2+ 

oscillations the ATP still increased. Together, these  results would further 

imply that the physiological relationship of Ca2+ and ATP at fertilisation is 

difficult to reproduce artificially, but reinforces the suggestion that Ca2+ 

and ATP exist within cells in close harmony.

All changes in lum inescence recorded with uncaging of lnsP 3 in all 

explored conditions (i.e. 10, 5 or, 2.5 minutes) were significantly different 

to the control drift in lum inescence observed in non-fertilised eggs over 

30 minutes (P<0.005) (see  Chapter 3 Table 3.1). T hese data suggest that 

repetitive Ca2+ increases generated by the uncaging of lnsP 3 can cause 

changes in cytosolic ATP levels.

Briefly, caged Ca2+ and ATP were also explored, but it w as difficult 

to uncage a sufficient am ount of each of these  com pounds to mimic the 

changes at fertilisation (unpublished observations).
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Fig. 4. 4 Uncaging lnsP3 in m ouse eggs 
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Fig. 4.4 C a 2+ o sc illa tio ns  w ere  trigge red  in eggs w hen  caged ln sP 3 w as 
in jected  and eggs  w e re  exposed  to  UV  ligh t fo r 10 seconds  at contro lled  
in terva ls. C a 2+ tra ns ien ts  w e re  trigge red  e ve ry  a) 10m ins (n=6), b)
5m ins (n=10) and c) 2 .5m ins  (n=8)
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Table 4.1 Uncaging data

Initial

Luminescence 

change (%)

2nd

Luminescence 

Change (%)

Size 1st 

Ca2+

spike (%)

Frequency 

of Ca2+ 

oscillations 

(spikes/hr)

Uncaging 

(10mins) (n=6)

114 + 3.3 N/A 203 + 6.9 6

Uncaging 

(5mins) (n=10)

119'+ 2.9 N/A 183 + 7.1 12

Uncaging

(2.5mins)(n=8)

85.5 + 2.4 N/A 150 + 5 24

Table 4.1 Eggs injected with caged lnsP 3 and the frequency of 
oscillations were controlled to occur every 10, 5 and 2.5 minutes. The 
size of the 1st lum inescence increase at fertilisation w as shown to be 131 
+ 3.1 (n=38, se e  chapter 3, Table 3.1). This increase recorded during 
sperm induced egg activation is significantly higher than those detailed in 
the table above for uncaging lnsP 3 every 10, 5 or, 2.5 minues (P<0.005). 
All values are the m ean from the stated total number of eggs + the s.e.m. 
N/A = not applicable
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4.2.4 Ca2+ releasing agents that act via the lnsP3 pathway 

produce an increase in ATP

Since it has been established that ATP changes are dependent upon 

Ca2+ levels, the next approach was to investigate if the source of the Ca2+ 

release produced different ATP responses. At fertilisation, Ca2+ increases 

occur via the lnsP3 pathway and so to mimic this source of Ca2+ 

production, carbachol and PLC£ were used since they both act via this 

pathway.

The addition of extracellular carbachol, or, injection of (0.02 mg/ml) 

PLC£ cRNA both caused oscillations in unfertilised m ouse eggs. Fig. 4.5 

a and b show that both of the stimuli caused Ca2+ oscillations in mouse 

eggs, which w as associated with a gradual increase in luciferase 

luminescence (see  also Table 4.2). The increase in luminescence was 

markedly slower with carbachol and since the oscillations do not persist 

the increase in luminescence tended to occur after Ca2+ oscillations had 

ceased. With injection of PLC£ cRNA, the rise in luminescence occurred 

in most eggs about 10 minutes after the first transient (Fig. 4.5b), which is 

significantly later than the increase in luminescence that occurs during 

fertilisation. The frequency of Ca2+ oscillations were significantly lower in 

eggs injected with PLC£ compared to normally fertilised eggs (8.7 + 0.6 

spikes/hour: se e  Chapter 3, Table 3.1). The size of the luminescence 

response is also significantly different to control changes in luminescence 

observed in unfertilised eggs over 30 minutes (102 + 0.3: see  Chapter 3, 

Table 3.1).
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Fig. 4. 5 Ca2+ releasing agen ts via lnsP3
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Fig. 4.1.5 a) Eggs were exposed to carbachol to produce a Ca2+ rise (n=10) 
and b) Eggs were activated by injecting cRNA PLCcJ (0.02 mg/ml-pipette 
concentration) (n=12)
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Table 4.2 Ca2+ and luciferase luminescence response in eggs 
exposed to Ca2* releasing agents

Initial

Luminescence 

change (%)

2nd

Luminescence 

Change (%)

Size 1st 

Ca2+

spike (%)

Frequency of 

Ca2+

oscillations

(spikes/hr)

Carbachol

(n=9)

117 + 3.3 N/A 189.7 + 

9.6

N/A

Ionomycin

(n=16)

80 + 1.6 112 + 2.2 226 + 9.5 N/A

Thapsigargin

(n=16)

86.9 + 0.93 114 + 2.3 193 + 5.1 N/A

PLCC

(n=12)

125 + 2.7 133 + 2 195 + 12 4 + 0.5

Table 4.2 Eggs were exposed to carbachol, ionomycin, thapsigargin, or, 
PLC? to initiate an increase in Ca2+. Both the Ca2+ and luminescence 
response were m easured for several hours after the stimulus was applied 
or injected. The percentage change is expressed in relation to the initial 
luminescence value before the Ca2+ stimulus was applied. All values are 
the mean from the stated total number of eggs + the s.e.m.
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4.2.5 Non-physiological Ca2+ releasing agents produce an 

initial decrease in ATP levels

Section 4.2.4 confirmed that Ca2+ releasing agents that act via the lnsP3 

pathway are able to produce a rise in ATP levels. Ca2+ releasing agents 

that are non-physiological shall now be examined.

A number of agents can cause a rise in Ca2+ in m ouse eggs.

Figure 4.6a and b shows that the addition of the Ca2+ ionophore 

ionomycin, or, the Ca2+ ATPase inhibitor thapsigargin both cause an 

increase in Ca2+ in m ouse eggs (Kline and Kline, 1992b). They both also 

lead to a transient decrease  in luciferase luminescence. Thapsigargin 

stimulated eggs showed an increase in luminescence after the initial 

decrease that w as significantly different (P<0.005) to the drift in 

luminescence signal recorded over 30 minutes (Table 4.2 and see  

Chapter 3,Table 3.1). For ionomycin stimulated eggs, 10/16 eggs also 

showed an increase (after the initial decrease) that was significantly 

different (P<0.005) to the control drift over 30 minutes. The remaining 6 

eggs showed a recovery of luminescence to values similar to those seen 

before stimulation. Both these  stimuli cause a single increase in Ca2+ and 

an initial transient ATP decrease.

These data confirm that the pathway used during fertilisation 

induced Ca2+ oscillations produce a distinct rise in ATP that is unique to 

the lnsP3 pathway. Although other Ca2+ stimuli produce an increase, this 

increase fails to be a s  substantial and only occurs after an initial decrease 

in ATP. However, this data still confirms that Ca2+ and ATP exist within 

eggs in a closely related manner.
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Fig. 4. 6 Ionomycin and thapsigargin  induced Ca2+ rise
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Fig. 4.6 Eggs were exposed  to agents that produce a rise in Ca2+ a) 10 i(M 
ionomycin (n=16) and b) 5 i|M thapsigargin (n=22)
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500 s e c o n d s
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4.3 Discussion

The results presented in this chapter suggest that an ATP increase in 

mouse eggs is causally linked to an increase in Ca2+, since preventing the 

Ca2+ increase prevents any significant increase in luciferase 

luminescence. Also, other stimuli that cause Ca2+ oscillations can cause 

an increase in luciferase luminescence. These data, therefore, support 

the idea that each Ca2+ increase in the egg cytoplasm leads to an 

increase in mitochondrial Ca2+, that stimulates ATP generation, that leads 

to a net gain in cytosolic ATP concentrations (Dumollard et al., 2004; Liu 

et al., 2001). In the presence of extracellular BAPTA, the free Ca2+ is 

reduced from a normal concentration of 1.7 mM to around 700 nM 

(calculated using WINMAXC 2.10 software). This new Ca2+ concentration 

in the presence of 2 mM BAPTA appears to be sufficiently low to prevent 

Ca2+ oscillations. Additionally, during BAPTA experiments, it was 

determined that more than one sperm were occasionally penetrating a 

single egg due to absence  of the ZP. Polyspermy cannot explain the 2nd 

change in ATP seen  during IVF since the timing of the 2nd change would 

be variable. From the results in Chapter 3 it was established that the 2nd 

change was occurring in eggs at a specific time point (60 minutes after 

fertilisation).

In contrast the Ca2+ changes at fertilisation via the lnsP3 pathway 

were mimicked by the addition of carbachol, injection of PLC£, or 

repetitive pulses of lnsP3 delivered by photolysis of its caged derivative.

All three of these  stimuli could lead to an increase in ATP levels. This 

suggests that the induction of lnsP3 mediated Ca2+ release in eggs

132



Chapter 4: Relationship between Ca2+ and ATP

provides a more effective way of stimulating mitochondria to generate 

ATP without causing excessive ATP consumption. This may be facilitated 

by close contact between mitochondria and lnsP3 receptors in the 

endoplasmic reticulum (Duchen, 2000; Dumollard et al., 2004; Hajnoczky 

et al., 1995).

Both PLC£ and caged lnsP3 were used to investigate the effects of 

a prolonged series of repetitive Ca2+ rises in eggs. Both of these stimuli 

caused an ATP increase that progressed a s  Ca2+ increases continued. It 

was, however, noteworthy that the rate of rise in ATP was slower with 

these stimuli than with fertilisation. This may have been partly due to the 

fact that either the amplitude or duration of the Ca2+ rise generated by 

these agents w as not identical to that seen at fertilisation. Only one 

concentration of PLC£ w as reported in this section and the Ca2+ 

oscillations induced by PLC? were of a lower frequency than those seen 

at fertilisation. This w as due to a technical feature of the way the 

experiments were carried out. Injecting higher concentrations of PLC£ 

cRNA can cause higher frequency Ca2+ oscillations (Saunders et al.,

2002), but when greater amounts of PLC? were injected into eggs, the 

Ca2+ oscillations invariably started within 30 minutes, that was before the 

‘run in’ period for the luciferase signal.

Repetitive photolysis of caged lnsP3 was another m eans of 

artificially inducing Ca2+ oscillations in eggs. Again, it was not possible to 

entirely mimic fertilisation and maintain a precise pattern of lnsP3-induced 

Ca2+ transients with this technique and we found that obtaining responses 

with caged lnsP 3 w as critically dependent upon the time between injection
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and the start of photolysis (Campbell and Swann, unpublished 

observations). However, a series of Ca2+ rises could be induced in eggs 

and this lead to an increase in ATP when the frequency of transients was 

6 or 12 transients per hour, but a decrease in ATP w as seen  when 24 

transients per hour occurred. This again suggests that there is a balance 

between the ATP production and consumption and that over stimulation 

of Ca2+ release can lead to more ATP consumption than can be supplied 

by the mitochondria. It w as notable that this decrease  in ATP was not 

evident in any fertilising eggs, even when the extracellular Ca2+ was 

increased to drive high frequency Ca2+ oscillations (see Chapter 3 

results).

Other agents that can cause a Ca2+ increase of som e type also 

lead to changes in ATP levels as m easured by luciferase luminescence. 

Both ionomycin and thapsigargin cause a single Ca2+ increase in mouse 

eggs (Kline and Kline, 1992a; Kline and Kline, 1992b), and they initially 

produced a d ecrease  in ATP levels followed by a recovery to, or slightly 

above pre-treatment levels. The initial decrease  in ATP is similar to that 

reported in som e somatic cells that are exposed to stimuli that cause a 

large rise in cytosolic free Ca2+ which can cause excessive ATP 

consumption by C a2+ recovery mechanism s outweighing any stimulation 

of ATP production (Jouaville et al., 1999). Both ionomycin and 

thapsigargin probably cause  a non-physiological amount of Ca2+ to be 

released.

This chapter has confirmed that the ATP change recorded at 

fertilisation in m ouse eggs is dependent upon changes in cytosolic Ca2+
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levels that arise via the lnsP 3 pathway. The ATP response seem s to be 

unique to sperm induced oscillations that cannot be reproduced by other 

Ca2+ producing agents. The source of ATP synthesis that is activated via 

this Ca2+ signal shall be explored in the next chapter.
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Chapter 5: Metabolism in M il and fertilised eggs

5.1 Introduction

In Chapter 3, Ca2+ oscillations at fertilisation produced a two-fold rise in 

cytosolic ATP levels. In Chapter 4, it was then demonstrated that the ATP 

response seen  at fertilisation was dependent upon cytosolic Ca2+ 

changes. The predominant source of ATP production is an area within the 

field that is still ill-defined and shall be looked at in detail in this chapter.

In mammalian Mil eggs and fertilised eggs, several lines of 

evidence exist that suggest ATP is mainly supplied by mitochondrial 

oxidative phosphorylation while glycolysis contributes poorly (Barbehenn 

et al., 1974; Dumollard et al., 2007b; Urner and Sakkas, 2005). 

Mitochondrial poisons (FCCP and oligomycin) have been shown to inhibit 

the completion of meiosis triggered by fertilisation (Dumollard et al., 2004; 

Liu et al., 2001). Furthermore, in m ouse eggs, inactivating the 

mitochondrial enzyme that feeds the TCA (pyruvate dehydrogenase) at 

the beginning of follioular growth impairs development beyond the one 

cell stage (Johnson et al., 2007). In addition, cytosolic Ca2+ oscillations 

have been shown to stimulate repetitive oxidation and reduction in the 

mitochondria (Dumollard et al., 2004).

From the above evidence it was thus hypothesised that up- 

regulation of energetic metabolism during fertilisation is due to stimulation 

of mitochondrial oxidative phosphorylation by sperm induced Ca2+ 

oscillations. (Dumollard et al., 2007a; Dumollard et al., 2006). However, 

no direct m easure of mitochondrial ATP production has ever been 

measured to support such a hypothesis. In this chapter, cytosolic and
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mitochondrial ATP levels shall be m easured during sperm  induced Ca2+ 

oscillations.

When eggs are starved of substrates at fertilisation, Ca2+ 

oscillations are impaired and this can be recovered by the addition of 

extracellular pyruvate (Dumollard et al., 2004). Pyruvate is not the only 

substrate available to eggs and developing embryos. Glucose, glutamine 

and lactate are also available in follicular fluid and all egg/embryo culture 

media. Even though it is known that glycolysis is repressed in m ouse 

eggs, it has been shown that glucose uptake increases at fertilisation and 

is subsequently m etabolised by glycolysis and the pentose phosphate 

pathway (PPP). However, the actual contribution of these  metabolites 

during egg activation rem ains undefined. This chapter shall a s se ss  the 

contribution of exogenous pyruvate, glucose, glutamine and lactate 

during preimplantation development.
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5.2 Results

5.2.1 Mitochondrial Luciferase

A luciferase probe that has a mitochondrial targeting sequence  was 

prepared by collaborator Dr Remi Dumollard (see  m ethods for construct 

details). To ensure  this construct w as being targeted to the mitochondria, 

anti-luciferase immunohistochemistry w as performed on eggs that had 

been injected with thjs construct. First, to confirm that the antibodies and 

staining protocol were working efficiently, uninjected eggs were stained to 

confirm the absence  of background staining (Fig. 5.1a and b). To confirm 

that the protocol w as sufficient to m easure luciferase expression, eggs 

were injected with cytosolic luciferase protein and stained (Fig. 5.1c and 

d). All images in Fig 5.1 were taken on a conventional epifluorescence 

microscope equipped with a  CCD cam era.

To view the mitochondria in eggs, a confocal (SP5) microscope 

was used. Firstly, cytosolic luciferase w as imaged (Fig 5.2a and b). Next, 

eggs injected with mitochondrially targeted luciferase were imaged (Fig. 

5.2c, d, e, and f) to confirm mitochondrial localisation.
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Fig. 5. 1 Anti-Luciferase im m unohistochem istry

C ytosolic L uciferase C ytosolic Luciferase

Fig. 5.1 B rig h t f ie ld  im a g e  o f u n in je c te d  e g g s  (A ) th a t w e re  s ta ined  
to  d e tec t the  p re s e n c e  o f b a ckg ro u n d  s ta in in g  (B ). C ) and  D) sh ow  
tw o  e xa m p le s  o f e g g s  th a t w e re  in je c ted  w ith  c y to s o lic  lu c ife rase  
and w e re  s ta ine d  to  d e te c t the  p re s e n c e  o f lu c ife ra se  in th e  cy toso l. 
Im ages (A -D ) w e re  ta ke n  on a c o n v e n tio n a l e p iflu o re s c e n c e  
m ic roscope  e q u ip p e d  w ith  a C C D  ca m e ra .
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Fig. 5. 2 Cytosolic and m itochondrial targeted  luciferase  p robes

M itochondrial L uciferase I  M itochondrial Luciferase

Fig. 5.2 A ) and  B) T w o  e x a m p le s  o f e g g s  in je c ted  w ith  cy to so lic  
luc ife rase  and  s ta in e d  to  c o n firm  th e  p re se n ce  o f lu c ife ra se  in the  
cytoso l. C), D), E) and  F) S h o w  fo u r  e x a m p le s  o f e g g s  in je c ted  w ith  
m ito chond ria l lu c ife ra s e  th a t w e re  s ta in e d  and  im aged , m s = m e io tic  
sp ind le . Im a ge s  A -F  w e re  ta k e n  on  a S P 5  co n fo ca l m ic rosco p e .
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The next step  w as to use a mitochondrial probe (mitotracker 

orange) and com pare th ese  results to the mitochondrial luciferase (Fig. 

5.3a and b). Mitotracker orange w as used since its fluorescence emission 

spectrum (576 nm) does not overlap with signal from the 2nd antibody 

(488 nm). The mitochondria imaged from the antibody protocol versus the 

mitotracker highlighted (Fig. 5.3b) concerns regarding the efficiency of the 

mitotracker probe. A reas within the egg were being stained that appeared 

too large to be mitochondria suggesting unspecific staining (Fig. 5.3b and

c). When im ages from mitotracker and mitoluciferase w ere overlapped 

(Fig. 5.3c) it w as clear that the mitotracker w as labelling other organelles 

in addition to the mitochondria.

To further confirm that the mitochondrial luciferase probe was 

being targeted to the mitochondria, GV eggs w ere investigated. 

Mitochondria have been shown to accum ulate around the oocytes 

nucleus via m easuring FAD++ autofluorescence (Fig. 5.4a -  image 

supplied by Remi Dumollard), hence providing a clear indication of where 

the mitochondria are  distributed. W hen GV eggs injected with 

mitochondrial luciferase w ere fixed and stained, similar im ages were 

obtained to those seen  using FAD++ autofluorescence (Fig. 5.4b, c and

d). GV eggs were also stained using mitotracker orange (Fig. 5.4e and f) 

and again the im ages w ere inconsistent with those using both FAD++ 

autofluorescence and mitochondrial luciferase protocol (Fig. 5.4a, b, c 

and d). The staining pattern did not show the obvious accumulation of 

mitochondria around the nucleus further suggesting that the mitotracker 

probe may be staining more organelles than just the mitochondria
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Fig. 5. 3 M itotracker o range and m itochondrial luciferase

Mitotracker Orange

M itochondrial Luciferase
p  ' pm 25

Fig. 5.3 A ) m ito tra cke r loca lisa tion , B) M itochondria l luc ife rase  and 
m ito tracker s ta in ing , C ) an overlap  o f both m itochondria l luc ife rase  
and m ito tra cke r and D) an en la rgem en t o f C (ye llow  arrow s 
ind icates unspec ific  ta rge ting  o f m ito tracke r probe)
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Fig. 5. 4 M itochondrial localisation in GV oocy tes

M itochondrial Luciferase

M itotracker O range

M itochondrial L uciferase

E

GV

M itotracker O range

Fig. 5.4 A ) F A D ++ a u to flu o re s c e n c e  in G V  egg s  (su p p lied  by R em i 
D um o lla rd ) B), C ) and  D) T h re e  e x a m p le s  o f m ito ch o n d ria l 
luc ife rase  lo ca lisa tio n  in G V  eggs . E) and  F) T w o  e xa m p le s  o f 
m ito tra cke r o ra n g e  lo ca lisa tio n  in G V  eggs . (Im a g e s  take n  on an 
SP5 con foca l).
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5.2.2 Oxidative phosphorylation is required by Mil eggs

To test the response of the mitochondrial luciferase probe in unfertilised 

mouse Mil eggs, the mitochondrial FiFo ATPase inhibitor oligomycin was 

added to eggs that had been injected with either cytosolic or 

mitochondrial luciferase (Fig. 5.5a, n=6 and b, n=9). Since the result 

indicated that cytosolic and mitochondrial responses were different this 

further indicates that the luciferase probe w as in fact being targeted to the 

mitochondria. ATP dem ands in the cytosol are higher, and therefore, the 

decrease in the cytosol is more noticeable than that of the mitochondria. 

Mitochondrial luciferase injected eggs were fertilised with sperm  (Fig.

5.6a and b n=22) and the changes in ATP recorded were similar 

(identical) to those seen  in the cytosol (see Chapter 3). The initial 

increase in ATP occurred with the 1st Ca2+ spike and the 2nd change was 

recorded typically after 1 hour of Ca2+ oscillations with the 10th spike.
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Fig. 5. 5 Oligomycin effect on cy tosolic  and m itochondrial ATP 
levels

a . 250

60 14M oligomycin
200

150
Q.

100

50

10  minutes

b. 1 2 0 0

60 i[M oligomycin
1000

800

600

400

200

10  minutes

Fig. 5.5 a) Cytosolic (n=6) and b) m itochondrial luciferase (n=9) 
injected eggs were exposed to oligom ycin. [A T P ]^  represents 
cytosolic luciferase and [ATP]mit0 represents m itochondrial luciferase
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Fig. 5. 6 M itochondrial ATP levels during fertilisation
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1 H O U ,
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b. 160 Sperm

140

(/)Q.o
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Fig. 5 .6  a) and b) Show two examples of eggs injected with 
mitochondrial luciferase and fertilised with sperm (n=22, 4 runs).
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Glycolysis activity is low in eggs, due to high citrate levels having an 

inhibitory effect on the phosphofructokinase enzyme that is essential 

during glycolysis (Barbehenn et al., 1974). This m eans that ATP 

increases are m ost likely a result of increased mitochondrial activity. 

When unfertilised eggs that had been injected with cytosolic luciferase 

where incubated in substrate free media for greater than 2 hours, the 

addition of 2 mM pyruvate (final concentration) produced an increase in 

ATP levels (Fig. 5.7a, n=18).

a-Cyano-4-hydroxycinnamic acid (cinnamate) is a compound that 

has been shown to block pyruvate entry into mitochondria (Dumollard et 

al., 2007b), hence blocking ATP production. When the experiment in Fig. 

5.7a was repeated with the addition of cinnamate before pyruvate, the 

increased ATP response w as blocked (Fig. 5.7b, n= 4) indicating that 

cinnamate is effectively blocking pyruvate transport into the mitochondria. 

Cinnamate w as added to unfertilised eggs that had been injected with 

cytosolic (Fig. 5.8a n=18) and mitochondrial (Fig. 5.8b n=11) luciferase. 

The effect of cinnam ate w as clear a s  in both conditions the ATP levels 

dropped below resting ATP levels.
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Fig. 5. 7 The effect of c innam ate  on unfertilised eggs

a .  7 0 0 ]

1 i(M FCCPi600 2 mM pyruvate

500

40 0

300

200

1 Hour
100

0.5 mM 
Cinnamate

2 mM 
Pyruvate

1 i[M 
FCCP600-

0)
CL
O

40 0 -

200 -

1 Hour

[ATP]

Fig. 5.7 a) eggs were injected with cytosolic luciferase and incubated in substrate free 
media before pyruvate was added (n=18) and b) cytosolic luciferase injected eggs were 
starved before the addition of cinnamate followed by pyruvate (n=4).
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Fig. 5. 8 The effect of c innam ate  on cytosolic and m itochondrial ATP 
levels

800

0.5 mM Cinnamate 1 qM FCCP

600
Q.

400

200
1 Hour

b.
500

0.5 mM Cinnamate 1 i[M FCCP
400

</) 300
Q.
O

200

100

1 Hour

Fig. 5.8 a) cytosolic (n=18) and b) mitochondrial (n=11) luciferase injected eg g s  exposed to 
cinnamate followed by FCCP.
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5.2.3 Fertilisation ATP responses to cinnamate addition

When eggs injected with cytosolic (Fig. 5.9a) and mitochondrial (Fig.

5.9b) luciferase w ere incubated in cinnamate prior to fertilisation the 

responses were very different. While ATP levels in the cytosol failed to 

increase with the first Ca2+ spike, ATP levels in the mitochondria still 

showed an increase with the 1st Ca2+ spike like that seen  under IVF 

control conditions. Neither group showed the secondary change in 

luminescence seen  during control IVF and both groups of eggs were 

unable to maintain normal Ca2+ oscillations. Both groups of eggs 

eventually showed sustained high Ca2+ and low ATP levels resulting in 

cell death. It is important to note that the frequency of Ca2+ oscillations in 

both cytosolic and mitochondrial luciferase eggs were significantly 

increased in the presence  of cinnam ate when com pared to that of control 

IVF results (P>0.005).
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F ig .  5 . 9 C y t o s o l i c  a n d  m i t o c h o n d r i a l  A T P  l e v e l s  d u r in g  f e r t i l i s a t io n  
in t h e  p r e s e n c e  o f  c i n n a m a t e

a .  600

Sperm (cinnamate incubated eggs)

500

eft 4 0 0  
Q.

300

200

1 Hour

b.

100

80

(ftQ.
O

60

40

20

Sperm (cinnamate incubated eggs)

Fig. 5.9 a) cytosolic (n=18) and b) mitochondrial (n=10) luciferase injected eggs were 
incubated in 0.5 mM cinnamate before sperm addition.
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5.2.4 Pyruvate recovers ATP levels in starved eggs

When eggs that were injected with cytosolic luciferase were incubated in 

substrate free media for >2 hours prior to sperm  addition, ATP levels 

decreased. This decrease  w as recovered by the addition of pyruvate (Fig. 

5.10a and b). Also, pyruvate w as able to restore Ca2+ oscillations back to 

a normal frequency, implying that mitochondria are essential during 

fertilisation to maintain C a2+ hom eostasis. All eggs imaged in this group 

formed 2PN and 2nd PBs. This result suggests that mammalian eggs are 

reliant upon their mitochondria for the production of ATP both at rest and 

during physiological stimuli.

To further show the requirement of oxidative phosphorylation at 

fertilisation, eggs were starved and then fertilised in the presence of 

cinnamate before sperm  and pyruvate addition (Fig. 5.11a and b). Unlike 

the results detailed above, the ATP and Ca2+ response could not be 

recovered by pyruvate in the presence of cinnamate. All eggs in the 

cinnamate treated group dem onstrated abnormally high Ca2+ and low 

ATP levels which resulted cell death.
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Fig. 5 .10 Pyruvate can recover ATP and C a2+ levels in starved  eggs
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Sperm (egg incubated in substrate free media)
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2 mM pyruvate
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c/>Q_
O

Fig. 5.10 a) and b) Show two examples of eggs that were injected with cytosolic 
luciferase and fertilised in substrate free media before the addition of pyruvate 
(n=21). Time bar applies to both graphs.

Sperm (egg incubated in substrate free media)

[ATP]cyto

Ca2+

f
2 mMpyruvate
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Fig. 5 . 11 C i n n a m a t e  p r e v e n t s  t h e  r e c o v e r y  a c t i o n  o f  p y r u v a t e  in  
s t a r v e d  e g g s  d u r in g  f e r t i l i s a t i o n

a. 200

0.5 mM cinnamate

150 Sperm

Q.
100

[ATP]50-

2 mM pyruvate

1 Hour

b .  4001

0.5 mM Cinnamate

300
Sperm

o.

200

100

2 mM pyruvate

Fig. 5.11 a) and b) shows the response of two eggs injected with cytosolic luciferase 
and fertilised in substrate free media. Cinnamate was present before the addition of 
sperm that was followed by pyruvate addition (n=8). Time bar applies to both graphs.
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5.2.5 Neither glucose, lactate, or, glutamine can support ATP 

production in a fertilised egg

The previous section established that pyruvate plays an essential role in 

the up-regulation of ATP production at fertilisation. Now, the potential 

roles for glucose, lactate and glutamine shall be investigated. Firstly, the 

role of these 3 substra tes w as investigated in starved, unfertilised eggs 

(Fig. 5.12a, b and c). Neither substrate w as able to restore ATP and Ca2+ 

levels and all eggs underwent cell death.

Glucose uptake and metabolism has been shown to increase at 

fertilisation (Urner and Sakkas, 2005), therefore, the metabolic usage of 

different substra tes may change during fertilisation. A potential role for 

glucose metabolism during fertilisation w as a sse sse d  using the sam e 

protocol a s  for pyruvate (section 5.2.4). Cytosolic ATP and Ca2+ levels 

were m easured in starved fertilised eggs during the addition of 10 mM 

glucose (Fig. 5.13a). Fig. 5.13a shows that glucose w as unable to restore 

ATP or, Ca2+ levels suggesting that glucose metabolism does not 

contribute to ATP generation in a fertilised egg even when no other 

metabolic route can operate  (i.e. in a starved egg).

Previously, it has been reported that lactate is oxidised to pyruvate 

in the cytosol of m ouse eggs (Dumollard et al., 2007b). The next 

experiment sought to establish if pyruvate derived from lactate can 

support ATP production in a fertilised egg. Therefore, a s  above, eggs 

were starved and fertilised before 20 mM lactate w as added (Fig. 5.13b). 

Lactate could not rescue ATP or, Ca2+ levels suggesting lactate derived 

pyruvate cannot supply mitochondrial ATP production in starved eggs.
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Finally, 10 mM glutamine w as added to starved fertilised eggs. 

Glutamine can be oxidised to a-ketoglutarate and feed into the TCA 

cycle. Also, glutamine has been shown to promote developm ent of 

preimplantation em bryos (Biggers et al., 2000; Sum m ers and Biggers,

2003). Fig. 5.13c show s that glutamine addition, like glucose and lactate, 

is unable to restore ATP and Ca2+ back to normal levels.
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Fig. 5 .12 G lucose, lactate  and glutam ine addition to unfertilised 
starved eggs

10 mM G lucosea. 350

300 ( Ca2+

250

200

150

1 Hour1 0 0

b . 450 
400 
350 

300 
250 
200 

150 
100 
50

20 mM Lactate

c. 300

250

200

150

100

50

10 mM G lutam ine

1 Hour

Ca2+

[ATP] cyto

Fig. 5.12 Eggs w ere  in jected  w ith  cy toso lic  luc ife rase  and incubated in 
substrate free  m edia be fo re  a) 10 m M  g lucose  (n=10), b) 20 m M  lactate (n=8) 
or, c) 10 mM g lu tam ine  (n=15) w as  added to the m edia.
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Fig. 5 .13  G lucose, lactate and glutam ine addition to  starved  
fertilised eggs
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Fig. 5 .12 Eggs were injected with cytosolic luciferase and fertilised in substrate 
free media before a) 10 mM glucose (n=10), b) 20 mM lactate (n=8) or, c) 10 mM 
glutamine (n=15) was added to the media.

159



----------------------------------------------------------- --------Chapter 5: Metabolism in M il and fertilised eggs

5.3 Discussion

In Chapter 3 it w as shown that ATP levels in an egg have a 2-phase 

increase when Ca2+ oscillations begin at fertilisation. C hapter 4 then 

confirmed Ca2+ is both necessary  and sufficient to produce the rise in 

ATP levels. It has now been dem onstrated here that the ATP increase 

appears to be derived via the oxidative phosphorylation pathway. This 

conclusion is drawn since the ATP response at fertilisation is unable to 

mirror that of control IVF eggs when pyruvate transport into the 

mitochondria is blocked by the pyruvate transport inhibitor cinnamate. 

This correlates with previous studies that suggests mitochondrial activity 

increases at fertilisation (Dumollard et al., 2004).

Different responses were recorded in cytosolic and mitochondrial 

luciferase injected eggs at fertilisation in the p resence  of cinnamate. ATP 

levels in the cytosol show ed an initial d ecrease  while the levels in the 

mitochondria increased. This is most likely due to high ATP consumption 

rates in the cytosol. Both groups of eggs were unable to survive greater 

than 3 hours after fertilisation in the presence of cinnam ate which 

highlights the importance of the eggs mitochondria on survival.

When unfertilised and fertilised eggs were starved of substrates, 

the addition of pyruvate produced an increase in ATP levels. C a2+ 

oscillations were also restored back to a normal frequency in the fertilised 

egg. The recovery by pyruvate addition w as consistent and resulted in 

normal egg activation with all eggs forming PN and 2nd PB.

Glucose and glutamine were unable to stimulate ATP production in 

starved unfertilised or, fertilised eggs. This suggests that although these

160



Chapter 5: Metabolism in M il and fertilised eggs

substra tes may m ake minor contributions to Mil eggs, they are unable to 

make a major contribution in the absence  of pyruvate. Lactate is 

converted to pyruvate, but the addition of lactate to starved eggs failed to 

restore the eggs metabolic status. This result further implies that pyruvate 

derived from lactate is not taken up by mitochondria a s  previously 

suggested (Dumollard et al., 2007b). It has been proposed that pyruvate 

derived from lactate stays in the cytosol where it is converted to alanine 

(see  main discussion; (Dumollard et al., 2007b).
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Chapter 6: Second change in ATP during fertilisation

6.1 Introduction

In Chapter 3 it w as discovered that an initial rise in ATP levels occurred 

when Ca2+ transients began at fertilisation. This first change w as followed 

by a secondary change in ATP levels that w as recorded around 60 

minutes post fertilisation with typically the 9th Ca2+ spike. The reason for 

this secondary increase in ATP levels is unexplained and shall be the 

focus of this chapter.

Studies that have looked at autofluorescence changes in the 

mitochondria during fertilisation have not reported a secondary change 

(Dumollard e t al., 2004). This is surprising considering the change in ATP 

recorded after 1 hour in Chapter 3 w as so pronounced. Perhaps the 

change in mitochondrial reduction of NADH and flavoproteins are minor, 

or, are accumulative over the 1st hour that leads to a dramatic increase in 

ATP. Additionally, C a2+ oscillations within the eggs mitochondria have 

been m easured sim ultaneously with cytosolic C a2+ (Rhod2-AM) 

oscillations using a mito-pericam probe (Fig. 6.1). Mito-pericam (Nagai et 

al., 2001) w as produced by Remi Dumollard and has one mitochondrial 

targeting sequence  that w as cloned into pRN3 vector from which cRNA 

was produced using a T3 promoter kit. In vitro matured eggs expressing 

mito-pericam were imaged and ratiometric m easurem ents of Ca2+ within 

the mitochondria are  shown in Fig. 6.1. This data (from Remi Dumollard) 

does not suggest an increase in mitochondrial C a2+ uptake around the 1- 

hour mark but this data is not clear enough to draw any conclusions from.
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When an egg becom es fertilised, the m etaphase  II arrest is lifted 

and the egg is free to continue the cell cycle. This m eans that many 

events and changes occur in the fertilised egg, all of which require ATP to 

drive them. Cortical granule exocytosis, 2nd PB em ission and PN 

formation are som e of the many events that could require increased ATP 

levels (Dumollard e t al., 2007; Kline and Kline, 1992). It w as established 

in Chapter 4 that C a2+ and ATP exist in a close relationship which could 

suggest that Ca2+ entry into the mitochondria is driving a  change within 

the mitochondrial matrix a s  many kinase signalling pathw ays can be 

stimulated (PKA, PKB, PKC and p38 are just a  few) (Horbinski and Chu, 

2005). The ATP levels during fertilisation represent a  balance so  whether 

the fertilised eggs requirem ent for ATP d ecrea ses  or, an event occurs 

that triggers ex cess  ATP production shall be explored.
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Chapter 6: Second  change in A T P  during fertilisation

Fig. 6. 1 M itochondrial and cytosolic  C a2+ osc illa tions during 
fertilisation

240
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1 4 0 ^
1201
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60 

0

2.5

1 Hour

Rhod 2 Mito-pericam

Fig. 6.1 S im ultaneous m easurem ents o f cy toso lic  C a2+ (using Rhod2) and 
m itochondria l C a2+ osc illa tions (using m ito -pericam ) (n=15 oocytes - data 
from Remi Dum ollard). Rhod 2 AM  w as excited at 543 nm and em ission 
was co llected at 580 nm through a 580 nm LP filter. M ito-pericam  had a 
duel excitation a t 408  and 488 nm (em ission 505-550 nm). Confocal 
imaging w as carried out on Z iess LSM 510 m eta confocal m icroscope.
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6.2 Results

6.2.1 Second PB emission could be responsible for the 2nd 

change in ATP

The 2nd change in ATP levels (Fig. 6.2) occurred around 60 minutes after 

fertilisation which is typically the 9th Ca2+ oscillation. It w as seen  in 90% of 

all eggs imaged (Chapter 3). The mean inter-spike interval of the two 

Ca2+ oscillations before (730 + 19.8 seconds), and after (721 + 18.9 

seconds) the 2nd rise in ATP levels was evaluated in all 34 eggs to 

establish if a change in Ca2+ frequency was related to the 2nd change.

The inter-spike interval w as not significantly different before and after the 

2nd rise in ATP levels (P<0.005, student’s paired t-test).

Since 2nd PB emission occurs approximately 60 minutes after 

fertilisation, this seem ed to be the most obvious starting point for 

investigating the nature of the 2nd ATP change. Cytochalasin D (CD) 

prevents the release of the 2nd PB and so fertilisation w as carried out in 

the presence of this substance (Fig 6.3a). The frequency of Ca2+ 

oscillations in the presence of CD (52 + 0.8 spike/hour) were severely 

and significantly increased when compared to the frequency (8.7 + 0.6 

spikes/hour) of control IVF experiments from Chapter 3 (P<0.005). This 

prevented the 2nd change in ATP from being investigated thoroughly 

since the environment within the egg was different to that of the control. It 

is important to note that low fertilisation rates were obtained during CD 

experiments. Only 5/12 eggs (over 2 runs) were successfully activated by
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sperm. The fertilised 5 eggs had 4 or, 5 PN indicating a high incidence of 

polyspermy.

In an attem pt to overcom e the problem of abnormally high 

frequency C a2+ oscillations using CD, the next approach w as to use an 

alternative inhibitor to prevent 2nd PB emission. Cytochalasin B (CB) also 

prevents release from Mil arrest like CD and so this w as tried in order to 

try and keep the frequency of C a2+ oscillations the sam e a s  in control IVF 

experiments. Fig. 6.3b show s that the frequency of C a2+ oscillations (3 + 

0.3 spikes/hour) in CB eggs were significantly reduced when compared to 

control IVF experim ents (8.7 + 0.6 spikes/ hour) (P<0.005). The 2nd 

change in lum inescence still seem ed to occur but it w as not a s  

pronounced a s  that seen  in control experiments so it is difficult to draw a 

conclusion from these  results. Fertilisation rates for CB eggs were also 

reduced like eggs treated with CD. Only 5/15 eggs (over 2 runs) were 

successfully activated and all 5 eggs had 3 PN, indicating no polyspermy.
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Fig. 6. 2 A two p h ase  increase  in ATP levels during fertilisation
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Fig.6.2 A n egg  fe rtilis e d  w ith  sp e rm  (see  C h a p te r 3, n = 3 4 ).T h e  
se con d a ry  in c re a se  in A T P  w a s  e v id e n t in 3 4 /3 8  e g g s  im aged .
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Fig. 6. 3 Inhibiting 2nd PB em ission  during fertilisation
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Fig. 6.3 a) A single egg fertilised with sperm in the presence of 2 ng/ml CD 
(n=5/12 fertilised). All eggs fertilised in CD formed 4 or, 5 PN. b) A  single egg 
fertilised with sperm in the presence of 5 ng/ml CB (n=5/15 fertilised). All eggs 
fertilised in CB formed 3 PN.
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6.2.2 Cell cycle inhibition inhibits the 2nd increase in ATP levels

2nd PB emission is just one candidate for producing the 2nd change in 

ATP levels. Other changes in the cell cycle could be causing it. 

Nocodazole blocks meiotic resumption and hence, PN formation. When 

eggs were fertilised in the presence of nocodazole the 2nd change was 

inhibited 83% of the time (Fig. 6.4a). The 2 eggs fertilised in nocodazole 

that showed the 2nd change still formed 3 PN, which suggests that 2nd PB 

emission does not produce the 2nd change since no 2nd PB emission 

occurred in these  2 eggs. The Ca2+ oscillation frequency in nocodazole 

treated eggs (9.5 + 0.2 spikes/hour) w as com parable to control IVF 

experiments (P>0.005). 10/12 eggs imaged in nocodazole failed to form 

PN or 2nd polar bodies and remained arrested at m etaphase II.

MG132 also prevents meiotic resumption and it too prevented the 

secondary change in lum inescence levels (Fig. 6.4b). The Ca2+ oscillation 

frequency produced in the presence of MG132 (5 + 0.5 spikes/hour) was 

significantly reduced (P<0.005) when compared to control IVF results. 

Notably, the C a2+ oscillations failed to persist in the egg for longer than 2- 

3 hours. However, this result coupled with the nocodazole data suggests 

that cell cycle changes are responsible for the 2nd change in ATP. These 

results suggest that som e part of the cell cycle could explain the increase 

in ATP. All eggs fertilised in MG132 remained arrested at m etaphase II.
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Fig. 6. 4 Nocodazole and MG132 fertilised eg g s
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Fig. 6.4 Eggs w ere  fe rtilised  in the p resence  o f a) 10 qM nocodazo le  (n=10/12 
showed no 2 nd change  in A T P ) or, b) 50 qM M G 132 (n=8). C a2+ osc illa tions and 
the initial increase in A T P  w ere  still recorded how ever, the  secondary rise in ATP 
levels w as not ev iden t.
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6.2.3 Mitochondrial activity could increase due to an increase 

in mitochondrial Ca2+ uptake

As shown in chapter 5, the 2nd change in ATP also occurred in the 

mitochondria a s  well a s  the cytosol (Fig. 6.5). This suggests  that ATP 

demand in the cytosol does not decrease , but rather an event is triggered 

that requires additional ATP levels. The mitochondrial C a2+ uptake could 

be primed during the 1st hour and then following this, suddenly the uptake 

of Ca2+ into the mitochondrial matrix is more efficient, therefore, 

producing more ATP.4 If this w ere true, an increase in autofluorescence 

around the 1-hour mark would be expected. This w as not reported 

previously (Dumollard et al., 2004), but the change in autofluorescence 

maybe subtle and perhaps have been overlooked.

Fig. 6.6a show s flavoprotein autofluorescence in an unfertilised 

egg. Fig. 6.6b and c show s the reduction and oxidation of flavoproteins 

during the first few hours of fertilisation using different imaging techniques 

(see Chapter 2: Methods). Different m easuring techniques w ere explored 

to ensure a second change in autofluorescence w as not being overlooked 

due to sampling technique or, background noise. In both traces there 

appears to be no distinct secondary change in the rate of 

reduction/oxidation of flavoproteins occurring.
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Fig. 6. 5 Mitochondrial ATP during fertilisation 
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Fig. 6.5 E ggs w ere injected with 0.675qg/i|J cRNA (pipette concentration) of 
firefly luciferase with a mitochondrial targeting se q u e n c e  ( s e e  Chapter 2: 
Methods). After exp ression  of lucfierase (4 hours) e g g s  w ere then fertilised. The 
increase in mitochondrial ATP a lso  occu rs in two p h a se s  during the C a2+ 
oscillations like that s e e n  with cytoso lic  luciferase.
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Fig. 6. 6 Flavoprotein autofluorescence during fertilisation
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Fig. 6.6 a) FAD++ autofluorescence was measured in unfertilised eggs for 4 hours and 
FCCP was added to confirm FAD++ was being measured (n=10) using photometric 
software, b) and c) Eggs were fertilised with sperm and Flavoprotein reduction and 
oxidation was measured for 4 hours. All eggs were confirmed to have formed PN and 2nd 
PB. FAD++ autofluorescence was measured b) continuously on a Photek imaging system 
(n=7) or, c) every 10s using photometric software (n=5) (see Chapter 2: Methods for 
details).
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Ideally, autofluorescence would have been m easured with lum inescence 

during fertilisation, a s  this would give a clear indication of when the 2nd 

change in ATP increase w as occurring. However, FAD++ fluorescence 

emission is collected through a 520 nm LP filter and is excited through a 

450 nm BP filter (10 nm width). Luciferin is fluorescent and the excitation 

and emission values for FAD++ autofluorescent are within the range of 

luciferin excitation and emission values (Fig. 6.7) and hence FAD++ 

autofluorescence w as undetectable with luciferin present. Although FAD++ 

excitation is towards the end of the spectrum for excitation of luciferin, 

enough luciferin is becoming fluorescent to prevent detection of FAD++ 

autofluorescence.
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F ig . 6 .  7  E x c i t a t io n  a n d  e m i s s i o n  p r o f i l e s  o f  lu c i f e r in  a n d  F A D H
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Fig. 6.7 Luciferin fluorescence a) excitation and c) em ission profiles obtained using 
a fluorimeter. FAD++ fluorescence b) excitation and d) em ission profiles, (b and d 
spectral im ages taken from Kunz. 1986). I NT = fluorescence intensity
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6.2.4 Inhibiting mitochondrial Ca2+ uptake into the 

mitochondria

If Ca2+ uptake into the mitochondria increases, it is likely to occur through 

the uniporter. The C a2+ uniporter in the mitochondria has proposed to be 

regulated via p38 MAP kinase activity (Montero et al., 2002). SB202190 

is a highly specific inhibitor of the p38 MAP kinase (Montero et al., 2002). 

SB202190 inhibits p38 MAP kinase phosphorylation and, therefore, 

causes opening of the uniporter. Therefore, fertilisation in the presence of 

SB202190 would not be expected to produce a 2nd rise in ATP since the 

uniporter is already allowing the maximum flow of C a2+ into the 

mitochondria. W hen eggs were fertilised in the p resence  of this agent, the 

2nd change w as not inhibited (Fig. 6.8). This could suggest that Ca2+ influx 

into the mitochondria does not change during fertilisation. Or, it could 

suggest that the uniporter in m ouse eggs is not sensitive to this protein 

kinase inhibitor, implying that it is regulated via another mechanism.
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Fig. 6.8 Eggs were fertilised in the presence of the p38 MAP kinase 
inhibitor SB202190 (20 4M) (n = 4).
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6.3 Discussion

The lum inescence increase  we observed in fertilising m ouse eggs was 

distinctive in that there  w ere two abrupt increases. An initial increase in 

ATP is consistent with C a2+ stimulation of mitochondrial metabolism 

(Dumollard et al., 2004). The second increase in ATP occurred about an 

hour later, which corresponds to around the time of the 9th C a2+ increase. 

2nd PB could not be fully investigated due to the problem s that occurred 

with CD and CB agents. CD and CB both bind to the  fast growing ends of 

microfilaments, blocking the addition of monmeric actin to microfilaments, 

and therefore, reducing actin polymerisation (Cooper, 1987; McAvey et 

al., 2002) and hence  2nd PB release. CD has been shown to be more 

effective than CB, a s  CB has an additional effect in that it inhibits glucose 

transport (Cooper, 1987). It h as been  dem onstrated that CD treatm ent 

increases polyspermy (McAvey et al., 2002) which correlates with the 

data presented in this chapter. CD treatm ent increased polyspermy 

(>3PN) and hence high C a2+ oscillation frequencies w ere observed. CB 

treated eggs show ed a low C a2+ oscillation frequency which could be 

related to glucose transport in the sperm  being affected by CB. Both 

agents produced low fertilisation rates.

The microtubule inhibitor nocodazole has been shown to prevent 

meiotic resumption and to block all changes in cell cycle proteins in 

xenopus and m ouse eggs respectively, (Gerhart e t al., 1984; Kubiak et 

al., 1993). Figure 6 .4a show s that when sperm  w ere added to eggs that 

were incubated in nocodazole there w as a familiar series of Ca 

oscillations and an increase in luciferase lum inescence similar to that
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seen in control fertilised eggs. Most eggs (10/12) fertilised in nocodazole 

failed to show the secondary  increase in lum inescence that w as seen  in 

the majority of eggs fertilised in normal media. The frequency and size of 

the first Ca2+ spike during fertilisation with nocodazole w as com parable to 

normally fertilised eggs. Despite the ab sen ce  of the secondary  change 

the data does suggest that the first and major rise in ATP levels at 

fertilisation only requires the generation of C a2+ oscillations. Cell cycle 

inhibition would prevent many even ts from taking place, so  although this 

data suggests cell cycle involvement in the 2 nd change it does not allow 

any major conclusions to be drawn. O ther agen ts investigated were the 

MAPK inhibitor U 0126, the cyclin B inhibitor roscovitine and the protein 

kinase inhibitor 6 DMAP. All th ese  agen ts w ere unsuccessful a s  they 

altered the sperm  induced C a2+ oscillations (data not shown). This 

correlates with other groups that proposed U 0126 alters sperm  induced 

Ca2+ oscillations (Matson and Ducibella, 2007) and roscovitine 

suppresses sperm  induced C a2+ oscillations (Deng and Shen, 2000).

M easurem ents of mitochondrial flavoproteins and NADH, or, 

mitochondrial C a2+ changes at fertilisation show oscillatory changes in 

synchrony with C a2+ oscillations (Dumollard e t al., 2004). T hese 

m easurem ents have not shown any sign of a tw o-phase change so it is 

not clear why there  should be such a marked secondary  increase in ATP 

(Dumollard e t al., 2004). O ne possibility may be that the secondary 

change in ATP reflects a  balance betw een the stimulation of 

mitochondrial ATP production and ATP consumption. This idea would 

imply a d ecrease  in ATP consum ption about one hour into fertilisation
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which may be related to a cell cycle event. However, since the 2nd change 

in ATP is seen  in the mitochondria this implies that ATP consumption in 

the cytosol does not decrease , rather ATP production is increasing. Ca2+ 

activates the dehydrogenases of the Krebs cycle (McCormack et al,

1990) and the electron transport chain (Gunter et al., 1994). Ca2+ also 

has a direct effect on the F0-Fi ATP synthase (Territo et al., 2000). 

Therefore, this would suggest that Ca2+ influx into the mitochondria 

undergoes an increase which translates into an increase in ATP 

production. Ideally C a2+ oscillations in the mitochondria should be 

m easured simultaneously with cytosolic Ca2+ oscillations. This experiment 

would confirm if C a2+ oscillations in the mitochondria are  responsible for 

the 2nd change in ATP levels. Mitochondrial aequorin would be suitable 

for this experiment however; this probe w as unavailable for further 

investigations to take place.

C hanges in ATP in the mitochondria are very similar (identical) to 

the changes observed with cytosolic luciferase. This result is surprising 

as it m eans that the transfer of ATP from the mitochondria to the cytosol 

is very fast. Also, it m eans that ATP can diffuse into the cytoplasm which 

is not so unexpected because  of results previously published (Campbell 

and Swann, 2006; Dumollard et al., 2004). As mentioned above, 

increased C a2+ entry into the mitochondria could explain the 2nd change. 

The p38 MAP kinase inhibitor SB202190, that has been shown to block 

the Ca2+ uniporter in HeLa cells (Montero et al., 2002), failed to inhibit the 

2nd change in fertilising m ouse eggs. This result would suggest that Ca2+ 

entry into the mitochondria is not changing around 1 hour post
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fertilisation. Another possibility is that p38 MAP kinase is not responsible 

for regulating the C a2+ uniporter channel in eggs. Since the activity of this 

kinase has not yet been investigated in m ouse eggs, it is difficult to 

interpret this result. If increased Ca2+ entry into the mitochondria is 

responsible for the 2nd change this could also involve a change in ER 

positioning. It has been shown that ER reorganisation occurs during 

fertilisation (FitzHarris e t al., 2003). This would m ean the mitochondria 

are in closer proximity and hence, exposed to higher Ca2+ levels leading 

to an increased efficiency of Ca2+ transport into the mitochondria resulting 

in increased ATP production (refer to Chapter 8: Main discussion).

However, C a2+ influx into the mitochondria is just one of many 

possibilities that could explain the phenomenon of the 2nd change in ATP 

levels at fertilisation since C a2+ entry into the mitochondria produces 

many effects. Ca2+ cau ses the phosphorylation of 45 proteins and also 

the dephosphorylation of PDH and m anganese superoxide dismutase 

(MnSOD) (Hopper et al., 2006). Therefore, many avenues have to be 

explored in this complex process to define the second change in ATP 

levels during fertilisation. Also, a chain of events, rather that one specific 

event, could be responsible for the second increase in ATP.
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Chapter 7: The mechansim o f  action o f PLCC

7.1 Introduction

PLC£ w as recently identified a s  the protein present in sperm  that can 

produce fertilisation-like C a2+ oscillations (Saunders e t al., 2002). PLC? is 

unlike other mammalian PLCs in that it has no PH domain. The PH 

domain of PLCS is well characterised a s  being responsible for targeting to 

PIP2 that resides in the PM (Yamamoto et al., 1999). Therefore, how 

PLC£ initiates a C a2+ response  via the lnsP3 pathway is still undefined.

Before PLC£ w as proposed to be the sperm  factor other PLCs 

were thought to be responsible for egg activation. PLCS and PLCy are 

two such families that been  looked at in detail. Two mammalian PLCy 

isoforms have been  identified; P L C yl, and PLCy2. PLCy is distinguished 

from other PLCs by the  p resence  of three Src homology dom ains (two 

SH2 domains followed by a SH3 domain) that a re  present in the XY linker 

region. Egg derived PLCyl has been suggested  to play a  role in sea  

urchin, starfish and ascidian eggs a t fertilisation (Jaffe et al., 2001) but its 

role in mammalian fertilisation continues to be discussed. Four distinct 

PLCS isoforms have been  identified in m am m als and PLC51 is the most 

abundant and widely expressed .

This chapter shall focus on the dom ains of PLC? that are  essential 

for successful egg activation. Also, the Ca2+ oscillation inducing activity of 

both human (h) and monkey (simian (s)) PLC£ shall be discussed. 

Additionally, the ability of both PLC61 and PLCyl to induce Ca2+ in 

oscillations in m ouse eggs shall be investigated in this chapter.
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7.2 Results

7.2.1 Quantification of protein expression

Studies have looked at the ability of PLC constructs to induce Ca2+ 

oscillations in m ouse eggs, however, the protein expressed  in these  eggs 

has never been  confirmed (Cox et al., 2002; Kouchi e t al., 2004; Kuroda 

et al., 2006; Mehlmann e t al., 2001; S aunders et al., 2002). In this chapter 

PLC constructs tagged with luciferase (LUC) w ere used  and protein 

expression w as verified and quantified a s  previously described 

(Campbell. 1988). To establish the am ount of PLC-LUC protein that was 

being expressed  in eg g s following cRNA injections, a  calibration w as 

performed. Briefly, eg g s w ere injected with known am ounts of firefly 

luciferase protein (1 ng, 100 pg, 10 pg and 1 pg). Single eggs, from each 

group of known luciferase concentrations, w ere then lysed with 1% Triton 

X100 in a PBS buffer containing 1 mM MgCfe, 1 mM ATP and 100 pM 

luciferin. The lysis took place in a custom m ade luminometer (see  

Chapter 2: Materials and Methods) and the average signal (cps) was 

taken over 60 seconds. A log-log plot w as established (Fig. 7.1) using the 

4 known protein concentrations and the counts recorded over the 60 

second period. Following linear regression, an equation w as obtained 

(Fig. 7.1) that w as used throughout the rest of this chapter to calculate 

the unknown protein content in eggs that had been injected with a 

luciferase tagged PLC construct.
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Fig. 7.1 Calibration for quantification of protein expression

10°J

Luciferase protein (pg)
Fig. 7.1 Calibration curve to calculate the amount of PLC-LUC protein being 
expressed. Following linear regression analysis the equation and unknowns 
were determined where f, is the cps obtained from lysing eggs in the 
luminometer and x is the unknown protein content value.

186



Chapter 7: The mechansim o f  action o f PLC^

7.2.2 Preparation of W T mPLC^-Luciferase and deletion  

constructs

The constructs used throughout this chapter w ere prepared and 

expression w as confirmed by either Michail Nomikos, Chris Saunders, or, 

Jose  Gonzalez Garcia. For all constructs, expression w as confirmed with 

either western blots using an anti-luciferase antibody, or, using a TNT 

reaction. Fig. 7.2A-D show s an illustration of the cloning strategy used to 

prepare the series of 4 constructs. M ouse (m) PLC^-luciferase (LUC), 

£AEF1-LUC, £AC2-LUC and £AD210-LUC w ere amplified by PCR and 

cloned into the pCR3 vector. Luciferase w as then amplified via PCR 

before being inserted into the pCR3 vector that already contained the 

appropriate PLC£ construct. Expression of PLC^-LUC, £AEF1-LUC, 

£AC2-LUC and LUC control, w as confirmed by w estern blot analysis 

(Figure 7.2E).

7.2.3 Expression o f PLC?-LUC, ?AEF1-LUC, £AC2-LUC and 

£D210R constructs in mouse eggs

cRNAs corresponding to LUC constructs were prepared (as described in 

Chapter 2: Section 2.3.1) and microinjected (as described in Chapter 2: 

Section 2.5.3) into m ouse eggs. A concentration of 0.02 pg/pl WT mPLC? 

was injected a s  this has previously been shown to be effective at 

producing a series of C a2+ oscillations similar to fertilisation (Saunders et 

al., 2002). In Fig. 7.3A the graph dem onstrates that eggs injected with 

cRNA encoding PLC^-LUC produced a series of C a2+oscillations in the 

eggs that lasted several hours. This show s that the luciferase tagged at
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the C-terminus of PLC< did not prevent PLC? from generating Ca2+ 

oscillations, a s  has previously been shown for N-terminal tags (Saunders 

et al., 2002). The C a2 signal within the injected eggs were m easured for 

4 hours. At the end of this 4 hour interval, lum inescence w as then 

m easured from the sam e  se t of eggs (in the ab sen ce  of fluorescence 

excitation) to confirm luciferase expression (Figure 7.3A right image). All 

eggs injected with PLC^-LUC cRNA that show ed clear luciferase 

expression after 4 hours (n=23), had also exhibited Ca2+ oscillations at a 

frequency of 6 spikes/hour (see  Table 7.1). A further 2 concentrations of 

PLC£ were investigated (1 pg/pl and 0.1 pg/pl) to establish a relationship 

between expression of PLC£ and the frequency of C a2+ oscillations that 

were induced (Table 7.1). T hese  results show that increasing the 

concentrations d oes not necessarily increase the frequency of 

oscillations. Additionally, the  highest (1 mQ/mO concentration induced 

premature stoppage of the  oscillations after around 2 hours.

When eggs w ere injected with £AEF1-LUC cRNA, all 26 eggs 

showed no change in intracellular C a2+ levels (Fig. 7.3B). However, these 

eggs did p o sse ss  luciferase activity that w as confirmed by the intense 

luminescence signal detected  at the end of the experim ent (Figure 7.3B). 

Similarly, after injection of ?AC2-LUC cRNA, all 26 eggs failed to show 

any Ca2+increase (Fig. 7.3C) despite strong luciferase lum inescence 

(Fig. 7.3C). In addition, when £D210R-LUC w as injected into eggs no 

Ca2+ oscillations w ere recorded even though the p resence  of luciferase 

expression w as detected  (Fig. 7.3D)
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The exact level of lum inescence in cells can depend upon the 

amount of luciferase protein, the intracellular pH and the ATP 

concentration (Allue et a l.t 1996). Consequently, the relative level of 

luciferase expression w as quantified by lysing the group of luminescent 

eggs in a buffer with a  fixed concentration of ATP (1 mM). Upon lysing 

the eggs in a luminometer, the level of protein expressed  could be 

determined at the end of the experim ent (4.5 hours post injection). Table

7.1 lists the level of protein expression that w as determ ined for each 

construct. A m ean value of 0 .19pg of WT mPLC^-LUC (0.02 pg/pl) protein 

was expressed per egg (n=23). For £AEF1-LUC, £AC2-LUC and £D210R- 

LUC a m ean value of 0.98 pg (n=26), 2.7pg (n=26) and 2.1 pg (n=30) of 

protein w as expressed  per egg respectively. All th ree deletion constructs 

were expressed in eggs a t levels that were 5 to 15 fold higher than that of 

PLC£-LUC suggesting that the ab sen ce  of Ca2+ oscillations is due to the 

constructs and not poor expression levels. It has been  published that the 

threshold for PLC£ to cau se  C a2+ oscillations in an egg is around 50 fg 

(Saunders e t al., 2002). This m eans that the three domain-deletion 

constructs w ere exp ressed  at levels that are  20-50 tim es the amount 

required to cau se  C a2+ oscillations with the full-length PLC£.
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Fig. 7. 2 Preparation  of PLC?-LUC and ?-LUC deletion c o n stru c ts

A.
PLC?

CAAA
I LUC

B. CAAA
?AEF1 + LUC

EcoRI Notl Notl Notl H

c.

pCR3

CAAA
£AC2 LUC

EcoRI Notl Notl

E

pCR3

EcoRI Notl Notl Notl

D.

Notl

pCR3

YAAA

?(D210R) LUC

EcoRI Notl Notl Notl

kDa PLC^-LUC CAEF1-LUC

pCR3

LUC

199

129

82 -

40 -

Fig. 7.2 Diagrams show ing the cloning strategy used for mPLC^-LUC (A), £AEF1-LUC 
(B), £AC2-LUC (C) and PLC£ with the aspartate residue at position 210 mutated to an 
arginine residue (£D210R-LUC) (D). E) W estern blots were performed to confirm 
luciferase was correctly tagged onto the PLC£ dom ain constructs, using an anti- 
luciferase antibody -  red arrow  indicates protein band of the appropriate molecular 
weight (MW  of PLC£ is 74 kD and M W  of luciferase is 60 kDa). Control luciferase 
cRNA was prepared to confirm  the correct size o f the luciferase protein.
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Fig. 7. 3 M icroinjection of PLC?-LUC and  ?-LUC deletion  c o n stru c ts

A.

+
CM
CSo LsmJ

PLCC- LUC

B.

+
CM
(0

o
CAEF1-LUC

c.

+
CM

O

CAC2- LUC

D.

C(D210R)- LUC
CM

Fig. 7.3 Eggs w ere  in jected w ith  O G B D  and a PLC ^-LU C  constructs. The left 
graph show s the changes in in trace llu la r C a2+ leve ls tha t w ere  m easured 
continuously fo r 4 hours. The  right panel show s an in tegrated im age over 30 
m inutes o f the luc ife rase -lum inescence  signal from  the sam e eggs from  which 
Ca2+ m easurem ents w ere  taken.
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Table 7.1 -  WT mPLCg-LUC and deietion constructs

Construct and 
concentration 

injected

C a2+ Oscillation 
frequency 

(spikes/hour)

Protein level 
expressed 
(pg/egg)

Luminescence
expression
(cps/egg)

Mouse PLC£ 
(1 Mg/pi)

5 3.59 700 (n=15)

Mouse PLC? 
(0.1 pg/pl)

10 1.02 70 (n=16)

Mouse PLC£ 
(0.02 pg/pl)

6 0.18 10 (n=23)

Mouse PLC?
AEF1 

(1.5 Mg/|Jl)
0 0.98 55 (n=26)

Mouse PLC£ 
AC2 

(1.35 pg/pl)

0 2.68 148.5 (n=26)

Mouse PLC£ 
D210R (3 pg/pl)

0 2.1 120 (n=30)

Table 7.1 Table showing the concentrations of each PLC£ construct that 
was injected into m ouse eggs. The details of each construct can be found 
in the accompanying text. The frequency of Ca2+ oscillations, level of 
protein expression and luciferase-luminescence expression are all 
detailed. The lum inescence expression is the average cps/egg obtained 
by luminescence imaging on the Photek system.
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7.2.4 Cloning of PLC61-LUC, 61APH-LUC, £-51 PH and PLCyl

For the preparation of PLC61-LUC and 61APH-LUC constructs the sam e 

cloning strategy w as used for those constructs in section 7.2.2 (Fig. 7.4A- 

B). For PLC61-LUC and 51APH-LUC expression w as confirmed as 

described in section 7.2.2 (Fig. 7.4E). The sam e cloning protocol was 

also used for both PLCyl and PLC£-51PH-LUC (Fig. 7.4C and D) and 

expression for th ese  two constructs were confirmed using TNT reactions 

(Fig. 7.4F).

7.2.5 Expression of PLC51-LUC 51-LUC chimeras and PLCyl

cRNAs corresponding to PLC61-LUC and PLCyl-LUC constructs were 

prepared and microinjected into m ouse eggs. The graph in Fig. 7.5A 

shows that eggs injected with the cRNA encoding PLC51-LUC caused a 

series of Ca2+ oscillations in all 24 eggs that were injected. The frequency 

of Ca2+ oscillations produced by PLC51-LUC w as 2 spikes/hr (see table 

7.2), which w as significantly lower than the 6 spikes/hour triggered by 

PLC^-LUC (P<0.005). Following 4 hours of monitoring the changes in 

Ca2+, the lum inescence level from the sam e se t of eggs (in the absence 

of fluorescence excitation) w as m easured (Fig. 7.5A). The m ean level of 

protein expressed  w as 3.3pg of PLC51-LUC protein per egg (n=24). 

PLCyl-LUC failed to induce Ca2+ oscillations (Fig. 7.5B) despite high 

expression levels (1.76 pg/egg (n=16) se e  Table 7.2. Both PLCy1-LUC 

and PLC61-LUC were expressed  at levels that were 10-17-fold higher 

than that of mPLC£-LUC yet they still could not mimic the action of 

mPLC£
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When eggs w ere microinjected with PLC61APH-LUC cRNA, all 

eggs failed to undergo any changes in intracellular Ca2+ levels (n=20), 

(Figure 7.5C). However, these  eggs were clearly expressing luciferase 

since an intense lum inescence signal w as detected at the end of the 

experiment (Figure 7.5C). The protein level expressed  per egg in this 

experiment w as 7.6pg of 51APH-LUC protein (n=20) (Table 7.2).

PLC£ is unique in that it has no PH domain. Since it produces 

increased Ca2+ via the lnsP3 pathway it is surprising that it has no 

targeting sequence  to the PM where PIP2 stores are  known to reside. The 

PH domain from 61 when tagged onto PLC? produced C a2+ oscillations of 

a similar frequency and duration to that of WT mPLC£ (Fig. 7.4D). 

However, the size of the 1st Ca2+ spike (134 + 2.7 % C a2+ increase) 

produced by PLC?-61PH w as significantly sm aller than the 1st Ca2+ spike 

(208 + 8.3 % Ca2+ increase) produced by WT PLC£ (P<0.005). The 

amount of PLC£-51PH-LUC tagged protein expressed, per egg, was 

around 0.65 pg (n=11) (Table 7.2).
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Fig. 7. 4 P reparation  of PLC61-LUC, 61 ch im eras and  PLCyl-LUC 

A. YAAA

PLC 81 + LUC
B. YAAA

51A PH  + LUC

C.

■ ■ ■ ■ ■ ■ ■ - r  i - r
EcoRV Ntl Notl Notl EcoRV Notl Notl Notl

p C R 3  J p C R 3

AAA
D. AAAi

PLCy 1 LUC 6PH PLC£ LUC

P m el N otl N otl N otl P m el N otl Notl Notl

pCR3

E
k D a PLC51-LUC §1APH-LUC

F.
PLCv-luc

199- 1 9 9 -

PLC£-5PH-luc

205
130

Fig. 7 .4  Diagram s show ing the  cloning stra tegy fo r rat PLC51-LUC (A) and 61 APH- 
LUC (B). W estern blots o f A  and B using the anti-luciferase antibody are shown in 
E. Preparation o f bovine PLC y-LU C  (C) and m PLC£-51PH-LUC (D) 35S methionine 
labelled TN T reactions fo r C and D are shown in F. Red arrows indicate protein 
band of appropriate MW . M W  o f PLC6 is 85 kDa and PLCy is 148 kDa.
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Fig. 7. 5 M icroinjection of PLC61-LUC, 61-LUC ch im eras and yl-LUC 

A.

+
CM
03

o

P L C 6 1 -L U C

B.

+
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0 3
o

P L C y -LU C

c.

+
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0 3
o

51 APH -LUC

D.

+
CM

0 3
o ĝssss"

F i g .  7 . 5  Left g raphs show  C a2+ oscilla tions m easured in a single egg over a 4  
hour period. The right im age show s an 30 m inute integrated luciferase- 
lum inescence im age o f the  sam e eggs from  which Ca2+ m easurem ents were 
taken from.
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Table 7.2 PLC51-LUC. 51 chimeras and PLCvl

Construct and 
concentration 

injected

Ca*+ Oscillation 
frequency 

(spikes/hour)

Protein level 
expressed  
(pg/egg)

Luminescence
expression
(cps/egg)

Rat PLC61 
(3.1 pg/pl)

2 3.3 500 (n=24)

Bovine PLCyl 
(2.3 pg/pl)

0 1.76 110 (n=16)

PLC51 APH 
(4 pg/pl)

0 7.6 1000 (n=20)

Mouse PLC£ 
6PH 

(1 Mg/gi)

8 0.55 20 (n=22)

Table 7.2 Table showing the concentrations of each  construct that was 
injected into m ouse eggs. The details of each  construct can be found in 
the accompanying text. The frequency of Ca2+ oscillations, level of protein 
expression and luciferase-lum inescence expression are  all detailed. The 
luminescence expression is the average cps/egg obtained by 
luminescence imaging on the Photek system .
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7.2.6 hPLC£ and sPLC^-LUC constructs and chimeras

Monkey (s) and hum an (h) PLC^-LUC constructs w ere prepared and the 

cloning strategy used is illustrated in Fig. 7.6. High concentrations (1 

pg/pl and 0.5 pg/pl) of sPLC?-LUC and hPLC^-LUC w as injected to 

ensure luciferase expression w as detectable, since previous observations 

(Dr Yuansong Yu, unpublished) have shown low sPLC< and hPLC? 

concentrations a re  able to produce high frequency C a2+ oscillations at 

undetectable expression levels. Both sPLC? and hPLC? constructs 

produced Ca2+ oscillations (Fig. 7.7A and B) and sPLC^-LUC produced 

two phases of C a2+ oscillations in all 27 injected eggs (Fig. 7.7A). The first 

burst of oscillations w ere of a  significantly lower frequency than those of 

the secondary group of oscillations (see  Table 7.3, P<0.005, students T- 

test). The am ount of sPLC^-LUC protein expressed  per egg w as 0.15 pg 

(Table 7.3).

hPLC^-LUC produced one long series of C a2+ oscillations that 

typically persisted for 2 hours of the 4-hour recording (Fig. 7.7B). The 

premature stoppage of th ese  oscillations could be due to the high 

concentration that w as injected since Table 7.1 show s that increasing the 

concentration of mPLC£ increased luciferase expression but decreased 

oscillation duration. A protein concentration of 1.08 pg w as expressed, 

per egg, for the WT hPLC^-LUC (Table 7.3). A concentration of 0.02 pg/Ml 

mPLC£ w as dem onstrated in Fig. 7.3 to cause  oscillations similar to 

fertilisation. W hen the sam e  concentration of hPLC£ (0.02 pg/MO was 

injected into m ouse eggs, a  series of oscillations w ere obtained that
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lasted for the duration of the recording (Fig. 7.8). However, expression 

was not detected indicating high potency of the hPLC?-LUC construct.

The XY linker from hPLC£ w as cloned into sPLC £ sPLC?-hXY- 

LUC. This construct produced high frequency C a2+ oscillations that were 

significantly higher (P<0.005) than those recorded using the WT hPLC£ 

despite similar expression levels (Fig. 1 .10  and Table 7.3). Also, the 

secondary oscillations recorded using WT sPLC^ w ere absen t when this 

chimera w as used. A protein content of 1.4 pg of sPLC?-h£XY-LUC was 

expressed per egg which is com parable to WT hPLC£-LUC.

To further investigate the role of the XY domain, the sXY domain 

was cloned into hPLC£, hPLC^-sXY-LUC. This construct produced 3 

bursts of Ca2+ oscillations in all 10 eggs investigated (Fig. 7.7D). All eggs 

experienced sustained high C a2+ levels in the 3rd series of oscillations. 

Both the 1st and 2nd series of Ca2+ oscillations w ere of a  frequency that 

was com parable to WT sPLC^-LUC (Table 7.3). The am ount of protein 

expression per egg w as 0.7 pg for this construct. It should be noted that 

both chim eras failed to produce uniform expression levels that can be 

seen in both im ages (Fig. 1 .10  and D). The lack of uniform expression 

did not affect the pattern of C a2+ oscillations recorded with each  chimera.
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Fig. 7. 6 P reparation  of sPLC^-LUC and hPLC?-LUC WTs and 
chim eras

A- AAA
sPLC£ |  LUC

B. AAA
hPLC£ I  LUC

BamHI Notl Notl Notl

pCR3

BamHI Notl Notl Notl

pCR3

C - AAA
sPLC£ (h X Y ) | LUC

D.
AAA

hPLC£ (s X Y )| LUC

Pmel Notl Notl Notl Pmel

pCR3

Notl Notl Notl

pCR3

Fig. 7.6 Diagram s show ing the cloning strategy used to prepare sPLC^-LUC and 
hPLC^-LUC (A, B). C him eras were also prepared to investigate the role of the XY 
linker: sPLC^-hXY-LUC (C) and hPLC^-sXY-LUC (D).
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Fig. 7. 7 M icroinjection of sPLC?-LUC and hPLC?-LUC and chim eras
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Fig. 7.7 Left g ra p h s sh o w  C a 2+ o sc illa tion s m ea su red  in a sin g le  e g g  over a 4 
hour period. T h e right im a g e  s h o w s  an 3 0  m inute integrated luciferase- 
lu m in e sc e n c e  im a g e  o f th e  s a m e  e g g s  from w hich C a2+ m ea su rem en ts  w ere  
taken from.
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Fig. 7. 8 hPLC? can induce oscillations at low expression levels

(0o
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0.02 qg/ql hPLCC-LUC

Fig. 7.8 C a2+ oscillations m easured in a single egg over a 4 hour 
period. The frequency of C a2+ oscillations w as 6.5 spikes/hour and 
expression w as below detection level (n=13)
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Table 7.3 hPLC^-LUC, sPLC^-LUC and chim eras

Construct and 
concentration 

injected

C a2+ Oscillation 
frequency 

(spikes/hour)

Protein level 
expressed  

(pg/egg)

Luminescence
expression
(cps/egg)

Human PLC? 
(0.5 pg/pl)

20 1.08 60.5 (n=11)

Monkey PLC£ 
(1 pg/pi)

1st = 9 
2nd = 17

0.15 8 (n=27)

Monkey PLC£ 
human XY 
(2 pg/pl)

28 1.4 67 (n=11)

Human PLC£ 
monkey XY 
(2.93 pg/pl)

1st = 5 
2 nd = 20 0.7 27 (n=10)

Table 7.3 Table showing the concentrations of each  construct that was 
injected into m ouse eggs. The details of each  construct can be found in 
the accompanying text. The frequency of C a2+ oscillations, level of protein 
expression and luciferase-lum inescence expression are  all detailed. The 
luminescence expression is the average cps/egg obtained by 
luminescence imaging on the Photek system .
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7.3 Discussion

In order to a s s e s s  the relevance of EF hand and C2 dom ains in the 

production of C a2+ oscillations by PLC£ a series of truncated constructs 

were prepared. The cRNA corresponding to each  domain-deletion 

construct w as microinjected into m ouse eggs. Although deletion 

constructs PLC£AEF1, £AC2 and £D210R showed high expression levels 

they all failed to produce C a2+ oscillations (Fig. 7.3). The WT mPLC£ 

which triggered a  series of Ca2+ oscillations, w as expressed  at levels 

much lower than that of the PLC£ domain-deletion constructs, indicating 

that the absence  of oscillations is due to the ab sen ce  of the domain and 

not low expression.

Injection of WT PLC£-LUC cRNA produced Ca2+ oscillations and 

was expressed a t a  level determ ined to be around 190 fg/egg. Assuming 

a linear increase in PLC^-LUC protein expression during the 4 hours of 

recording, it can be estim ated that the am ount of PLC£-LUC required to 

initiate Ca2+ oscillations is around 50 fg. This value is com parable to 

previous estim ations that 20-50 fg of PLC^ is required to initiate Ca2+ 

oscillations in eggs (Saunders et al., 2002). It is also similar to the 

estimate that 10-40 fg of venus tagged GFP-PLC^ is required to initiate a 

Ca2+ release (Yoda et al., 2004). This data, therefore, suggests that 

PLC^-LUC has a  similar ability to generate  Ca2+ oscillations via the lnsP3 

pathway like other N-terminally tagged PLC£ fusion proteins.

The X and Y dom ains of mPLC£ contain the sam e active residues 

178His (Histidine), 210Asp (Aspartate) and 223His (Histidine) that have
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been shown to be involved in catalysis (Ellis et al., 1993; Ellis et al.,

1998). T hese residues are  conserved across all PLC families (Katan, 

1998). A spartate at residue 210 in PLC£ w as m utated to an arginine 

residue and this construct, PLC£ D210R has previously been  injected into 

mouse eggs at high (2 pg/pl) concentrations and failed to produce Ca2+ 

oscillations (Saunders e t al., 2002). However, protein expression w as not 

confirmed. The construct used in this chapter also failed to induce Ca2+ 

oscillations. It w as tagged with luciferase and expression w as confirmed 

when a high (3 pg/pl) concentration w as injected. T hese  results suggest 

that 210Asp is essential for PLC£ enzym e activity.

Microinjection of recom binant PLC51 has been shown to produce 

Ca2+ oscillations in m ouse eggs at high concentrations (Kouchi et al., 

2004). However, injection of cRNA of PLC51 w as reported not to produce 

Ca2+ oscillations in m ouse eggs (Saunders e t al., 2002), but protein 

expression w as not confirmed. In this chapter, injection of cRNA PLC61 

produced low frequency C a2+ oscillations and expression w as verified by 

luciferase lum inescence. The am ount of protein expressed  for PLC51 

was more than 18 tim es greater than that of PLC£ suggesting that PLC51 

is unable to mimic the action of fertilisation even at high concentrations.

Like PLC51, microinjection of recom binant PLCyl has been 

reported to produce C a2+ oscillations in m ouse eggs (Mehlmann et al.,

2001). However, the am ount of PLCyl protein required to induce 

oscillations w as m ore than 500 tim es greater than the PLC activity that is 

contained a single sperm  (Mehlmann et al., 2001). In this chapter, PLCyl 

failed to produce any oscillations even at high protein concentrations. It is
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possible that previous observations using recom binant PLCyl were 

contaminated with lnsP3 which resulted in Ca2+ oscillations. This is a 

possible explanation since lnsP3 alone has been shown to induce Ca2+ 

oscillations (Jones and Nixon, 2000). Such contamination would not 

occur with cRNA preparations and this could explain the difference in 

observations. However, in the previous study (Mehlmann et al., 2001), 3 

times more protein w as expressed  in eggs than described in this chapter 

suggesting that extremely high concentrations of PLCyl can induce 

oscillations.

The PH domain of PLC61 is primarily concerned with targeting the 

enzyme to PIP2 in the PM (Dowler e t al., 2000; Lemmon et al., 1995; 

Varnai and Balia, 1998). Microinjection and expression of cRNA, 

corresponding to PLC61APH w as incapable of generating C a2+ 

oscillations, even though PLC61APH sh a res  a  considerable predicted 

domain homology with PLC?. Since PLC51-LUC requires the PH domain 

to induce any oscillations in C a2+ it seem s that PLC? is producing lnsP3 

from a different pool of PIP2 stores. W hen PLC?-51PH-LUC w as injected, 

this construct produced a similar frequency of Ca2+ oscillations to mPLC? 

and showed similar expression levels. This result should be further 

explored a s  it d oes not explain why PLC? is void of a  PH domain, or, 

explain how PLC? is targeted to PIP2 stores to induce oscillations.

Microinjection of untagged hPLC? into m ouse eggs has previously 

been shown to be more potent than both mPLC? and sPLC? (Cox et al.,

2002). Using luciferase tagged constructs this chapter has confirmed that 

hPLC? is more potent than the m ouse. It has also been established that
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sPLC? is also m ore potent than mPLC?. Both hPLC? and sPLC? can 

induce oscillations at extremely low expression levels. The minimal 

detectable expression level on the Photek imaging system  used 

throughout this thesis is around 1cps per egg, which would correlate to a 

protein level of 10 fg. Therefore, when hPLC? expression was 

undetectable (Fig. 7.8) the protein expression w as less than 10 fg.

sPLC? produced two bursts of oscillations which w as not recorded 

when hPLC? w as injected. This w as explored further by using XY linker 

chimeras. The XY linker of PLC? is the m ost positively charged region of 

the protein (Nomikos et al., 2007). The XY linker of hPLC? is shorter than 

that of sPLC? which m akes it more positively charged (Cox et al., 2002). 

The bursts of oscillations w ere abolished when the XY linker from sPLC? 

was replaced with the  XY linker from hPLC?. This could suggest that the 

XY linker of the monkey is involved with the 2nd series of oscillations. This 

proposal is further supported by the addition of the sXY linker into hPLC?. 

hPLC?-sXY-LUC produced a series of 3 bursts of C a2+ oscillations with 

the 3rd burst of oscillations inducing sustained high levels of Ca2+. 

However, the role of the XY linker is just speculation since the data 

presented in this chapter is not clear enough to draw any main 

conclusions from. The data  is further complicated by the high frequency 

Ca2+ oscillations that are  induced with these  constructs. Chapter 5 

demonstrated that high C a2+ correlates with low ATP levels. If the ATP is 

low in eggs injected with PLC? chim eras then this would suggest low 

protein expression when the eggs may in fact just be entering cell death.
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This chap ter h as  dem onstrated the need for both EF1 and C2 

dom ains for PLC£ activity. The requirem ent of PLC£ for the  catalytic 

210Asp site on the  X dom ain has also been confirmed. It h as also been 

shown that PLC61 is unable to induce oscillations at a  similar frequency 

to PLC£; while PLCyl is unable to induce any C a2+ oscillations. The 

difference in activity of both sPLC£ and hPLC£ have, in part, been 

dem onstrated and this work has provided a starting point for future 

investigations with th e se  constructs.
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8.1 Firefly luciferase luminescence to measure ATP

The work p resen ted  in this thesis h as dem onstrated  the  usefu lness and 

limitations of using firefly luciferase to m easu re  ATP levels in living cells 

during physiological and non-physiological stimuli. The luciferase 

lum inescence signal is stab le  for several hours following stability of the 

signal. Originally, the  initial ‘run in’ p h ase  w as interpreted a s  protein 

breakdown due  to a  rapid decline in flash kinetics (DeLuca and McElroy, 

1984). It is for this reason  that firefly luciferase w as originally and 

extensively used  in a s sa y s  a s  a reporter g ene  (de W et e t al., 1987; 

Hooper et al., 1990; Pazzagli e t al., 1992). In chap ter 7, firefly luciferase 

w as used in this m anner and proved to be an effective and reliable 

m easure of protein expression .

After the  initial ‘run in’ p h ase  that occurs due  to the initial luciferin 

gradient a c ro ss  the  PM, the  lum inescence signal stabilises within 1 hour 

(Dumollard e t al., 2004; G andelm an e t al., 1994). Firefly luciferase has 

been used a s  an  indicator of ATP levels over the  course  of several 

minutes to one hour, in cardiom yocytes and hepatocy tes respectively 

(Bowers et al., 1992; Bowers e t al., 1993; Koop and Cobbold, 1993). 

Throughout chap ters  3 -  6 in this thesis, it has been  dem onstrated that 

firefly luciferase can be used  to m easu re  ATP over several hours.

8.2 ATP levels during fertilisation

The egg to em bryo transition that is activated by fertilisation requires 

many p ro cesses  to be stim ulated that require ATP. P ro c esse s  that would 

require ATP include; translation of m aternal RNAs, protein degradation,
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ionic hom eostasis and phosphorylation (Dumollard e t al., 2007a). 

Therefore, it w as hypothesised som etim e ago that fertilisation induces an 

overwhelming increase  in ATP dem and which m ust be accom panied by 

the stimulation of energy production. ATP levels in ascidian eggs have 

not been m easured  directly, but an increase in mitochondrial O 2  

consumption and mitochondrial NADH concentrations indicates that 

metabolic activity increases at fertilisation in ascidians (Dumollard et al.,

2003). Mitochondrial activity has also been shown to oscillate during 

fertilisation in m ouse eggs by m easuring NADH and flavoprotein 

autofluorescence (Dumollard et al., 2004). A slight increase  in ATP, 

m easured using firefly luciferase, in m ouse eggs a t fertilisation has been 

shown in a  minority of eggs (Dumollard e t al., 2004). This inconclusive 

result has been  confirmed by data in the thesis which has been published 

a s  the first article to m easu re  C a2+ and ATP sim ultaneously in any cell 

type (Campbell and Sw ann, 2006).

The increase  in ATP, and the change in lum inescence recorded 

during fertilisation, is very similar to that reported during C a2+ increases in 

subdom ains of living pancreatic p-cells (Kennedy e t al., 1999). An 

increase in ATP during a  C a2+ increase has also been  reported in HeLa 

and primary skeletal m yotubes (Jouaville et al., 1999). However, the 

increase in ATP w as dependen t upon the oxidative substra tes that were 

available to the cells. A transient d ecrease  in ATP w as recorded when the 

cells w ere supplied with glucose, a s  opposed to pyruvate and lactate 

(Jouaville e t al., 1999). The use of metabolic substra tes shall be 

discussed  in section 8.7. Other som atic cells (m uscle fibres) also show a
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decrease  in ATP during a C a2+ transient (Allen e t al., 2002; Jouaville et 

al., 1999). Moreover, m easurem ents of total ATP levels in se a  urchin and 

fish eggs suggest a  substantial d ecrease  in ATP during egg activation 

(Epel, 1969; W endling e t al., 2004).

A tw o-phase increase in ATP levels w as recorded during 

fertilisation that w as estim ated to correspond to a  change in ATP levels 

from 1.88 mM to 3.02 mM. Interestingly, we recorded both increases in 

ATP levels in the mitochondria and the cytosol. A recent study (Bell et al., 

2006) also looked at the changes in cytosolic and mitochondrial ATP 

levels using luciferase probes in rat myocytes. During stimulation, these 

cells showed higher changes in the mitochondria than the cytosol (Bell et 

al., 2006). This su g g ests  that other cell types have an energy dem and in 

the cytosol that is rapidly m atched by the mitochondria that responds to 

increased dem and resulting in ATP being rapidly consum ed in the 

cytosol. However, in eggs, it seem s that developing em bryos prefer to 

have more ATP than required since cytosolic and mitochondrial ATP 

levels show a net increase.

8.3 The Second rise in ATP at fertilisation

The second change in ATP levels recorded during fertilisation is an 

interesting but a s  yet, unexplainable event that w as recorded during 

fertilisation. It is difficult to investigate the second change in ATP since 

eggs do not fertilise normally in the presence of cell cycle inhibitors that 

may not be specific (Chapter 6 discussion). However, the fact that the 

second change w as inhibited with the cell cycle inhibitors MG132 and
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nocodazole suggests  that it is som ehow  linked with cell cycle 

progression. MPF and MAP kinase levels change once  an egg becom es 

fertilised. In m ouse eggs, kinase a ssay s  performed a t specific time points 

post fertilisation (Moos et al., 1995) dem onstrated that MFP levels decline 

rapidly within the first hour after fertilisation while MAP kinase levels do 

not show a substantial decline until 7 hours post fertilisation. In fertilising 

mouse eggs it has been  shown, using cyclin B-GFP fusion proteins, that 

there is an immediate increase in cyclin B destruction that occurs with the 

first Ca2+ spike that continues until m eiosis is com plete (M arangos and 

Carroll, 2004; Nixon e t al., 2002). This tem poral correlation suggests that 

a change in MPF rather than MAP kinase levels could be responsible for 

the second change in ATP levels. Additionally, m any mitochondrial 

proteins are  activated by C a2+, such a s  the F ^ o  A T Pase (Horbinski and 

Chu, 2005), but it is difficult to predict what is causing the  extra 

production in ATP levels.

A change in cell cycle progression would also involve ER re­

organisation which could induce the secondary rise in ATP levels. It has 

been shown in HEK-293 cells that the m ovem ent of mitochondria and the 

ER are closely linked (Brough et al., 2005). Their study dem onstrated 

similar kinetics profiles of m ovem ent for the mitochondria and ER 

suggesting a  comm on m echanism  of regulation. The ER and 

mitochondria appear to move tow ards each  other to facilitate efficient 

transfer of Ca2+ from the ER to the mitochondria and back. Additionally, it 

was also shown that sustained  high C a2+ levels prevent this movem ent 

(Brough et al., 2005). This could explain why C a2+ oscillates in an egg,
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since such m ovem ent described above is prevented by extended periods 

of high Ca2+. The shuttling of C a2+ back and forth from the ER to the 

mitochondria has also been  dem onstrated in HeLa cells (Ishii e t al.,

2006). One possibility is that the mitochondria and ER could be moving 

closer together at the second change in ATP se en  during fertilisation. 

Such m ovem ent would allow a greater co-ordination of C a2+ transport 

between th ese  two organelles and increase the ATP production.

It has been  shown in m ouse eggs that the ER reorganises during 

the first few hours of fertilisation (FitzHarris e t al., 2003). This event is cell 

cycle dependent, since it requires a  d ecrea se  in cyclin B levels. Before 

fertilisation the ER are  p resen t in clusters of around 1-2 jum in diameter. 

These clusters begin to d isperse  around the sam e  time of 2nd PB 

emission from the zygote (FitzHarris e t al., 2003). T hese  ER clusters also 

disappear in X enopus and nem ertean eggs during fertilisation (FitzHarris 

et al., 2003; Strieker e t al., 1998; Terasaki et al., 2001). The re­

organisation of the ER could begin around the time of the 2nd change in 

ATP. Fitzharris e t al (2003) looked at the ER organisation after 

fertilisation and then 3 hours later, but it is possible this p rocess could 

begin around 1 hour and requires additional ATP levels. To investigate 

this in detail a  probe to m easu re  mitochondrial C a2+ would be needed. As 

shown in C hapter 6, current recordings of mitochondrial C a2+ during 

fertilisation are  insufficient to draw any conclusions from.

One study has shown a direct link betw een C a2+ oscillation 

frequency and metabolic NAD(P)H oscillatory activity in hepatocytes 

activated using vasopressin  (Hajnoczky et al., 1995). Increased Ca
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frequency increased the  oscillatory NAD(P)H activity and indeed, very 

high Ca2 oscillations caused  the NAD(P)H response  to run together 

superimposing on each  rather than the individual spike responses seen  at 

low frequencies. This is similar to the responses recorded throughout this 

thesis, since a  single C a2+ spike produces an individual response  in ATP, 

but Ca2+ oscillations produce an accumulative response. This again 

suggests Ca2+ oscillations in the mitochondria m ay get an extra boost 

after 1 hour, producing the secondary increase. Currently, attem pts to 

m easure a  change in NADH or flavoprotein autofluorescence during 

fertilisation have not dem onstrated a second change (Dumollard et al.,

2004), this could be due to a  poor autofluorescence signal. Or, it could be 

that autofluorescence d o esn ’t have a secondary increase  and that Ca2+ is 

inducing the rise in ATP levels.

8.4 Ca2+ release and ATP response

At fertilisation, a  C a2+ increase  in the egg is the universal trigger for the 

activation of em bryo developm ent. C a2+ oscillations stim ulate many 

energy consum ing p ro cesses  which results in an increase in production 

of ATP (as dem onstrated  in C hapters 3 -  6). It would be useful to 

compare the ATP response  with the size of the first and subsequent Ca2+ 

transients. Throughout this thesis, the changes in intracellular C a2+ were 

shown in arbitrary units of relative fluorescence changes however, the 

mean amplitude of the first and subsequen t C a2+ transients are  shown in 

table 8.1. The C a2+ signal w as estim ated using the equation; Ca2+ = KD 

(F-Fmin)/ (Fmax-F). The values for the KD (170 nM) and Fmin/Fmax ratio
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(14) of OGBD w ere obtained from molecular p robes (www. 

probes.invitrogen.com). A resting C a2+ level in the  egg w as assum ed  to 

be 100 nM (Thom as e t al., 2000) and the resting ATP levels w ere taken 

to be 1.88 mM a s  calculated from the calibration in C hapter 3. Table 8.1 

shows that the amplitude of the C a2+ rise does not significantly differ 

between sperm , ionomycin and thapsigargin despite  the latter two agents 

producing an initial decline in ATP levels before a  subsequen t increase. 

Since similar changes in ATP during fertilisation a re  not recorded when 

various Ca2+ stimuli a re  used it seem s that lnsP3 independent C a2+ 

increases could cau se  the activation of ATP requiring p ro cesses  in the 

cytosol (e.g. ion pum ps and proteins). Such activation produces an initial 

decrease  or, delayed increase in ATP levels until the C a2+ activates 

mitochondrial oxidative phosphorylation (Bell e t al., 2006). This 

mechanism has been  dem onstrated in rat m yocytes w hen increased 

workload w as induced using isoprotenol. The mitochondrial ATP and 

cytosolic ATP levels decreased  before increasing (Bell e t al., 2006) which 

correlates with the data  p resented  in C hapter 4.

W hen a physiological C a2+ response  w as produced via carbachol, 

despite similar C a2+ amplitude of the 1st transient, a  delayed ATP 

increase w as recorded. C aged lnsP3 has been shown to mimic the 

pattern of C a2+ oscillations induced by sperm  (Jones and Nixon, 2000) 

and therefore, would be expected to mimic the ATP response  seen  at 

fertilisation. However, uncaging lnsP3 produced a delayed ATP increase 

and at high frequencies induced a d ecrease  in ATP. The amplitude of the 

first and subsequen t transien ts obtained during uncaging of lnsP3 were
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significantly lower to that of sperm  induced oscillations, indicating that the 

sperm is delivering a specific IICR that produces a  high ATP response 

not recorded with other lnsP3 releasing agents. In addition, when the 

sperm factor PLC£ w as used to initiate oscillations, the ATP response 

was significantly lower com pared to fertilisation despite  similar C a2+ 

release. This result further dem onstrates that the exact response  elicited 

by the sperm  is difficult to reproduce. It could be that the  PLC< expression 

levels are not high enough at the 1st C a2+ transient that results in the ATP 

response being lower. This problem may be overcom e by injecting 

recombinant PLC£ protein a s  opposed to PLC? cRNA.

The pattern of C a2+ re lease  seem s to be essen tia l to induce the 

correct ATP response. Table 8.1 show s that the amplitude of Ca2+ 

oscillations w as significantly lower in aged  eggs, w hen com pared to fresh 

eggs. It is not clear why older eggs have a sm aller C a2+ increase. It has 

been reported that aging eggs have a  decreased  C a2+ response  (Jones 

and Whittingham, 1996) when exposed to lnsP3. It h as also been 

suggested that the C a2+ signal in aged eggs can trigger apoptosis a s  

opposed to developm ent (Gordo et al., 2002). Despite the tw o-phase ATP 

increase occurring in aged eggs, the overall ATP increase  w as 

significantly lower w hen com pared to control IVF (Table 8.1) and this 

could partly be due to insufficient C a2+ signalling in the egg.
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Table 8.1 Changes in Ca2+ concentrations during physiological and 
non-phvsioloqical stimuli

Stimuli Amplitude of 1st 
C a transient 
(nM)
+ s.e .m

Amplitude of 
subsequen t C a2+ 
transients (nM)
+ s.e .m

Initial change in 
ATP levels 
(mM)

Control IVF 
(n=34)

820 + 12 800 +9.3 +0 .62

IVF (no 2 nd 
change)(n= 4)

600 + 8.3* 800 + 4.4 + 0 .17

PLC<
(n=12)

800 + 9.1 750 + 2.2 0

Ionomycin
(n=16)

896 + 5.6 N/A -0 .38

Thapsigargin
(n=16)

750 + 2.3 N/A -0 .38

Carbachol
(n=9)

800 + 4 .6 500 + 18** 0

Old eggs 
(n=4)

700 + 1.2* 600 + 12** + 0 .5

Uncage (10 
mins)
(n=6)

675 +0.78* 600 + 6** 0

U ncage (5 mins) 
(n=10)

700 + 0.55* 600 + 10** 0

U ncage (2.5 
mins)
(n=8)

550 + 0.21* 400 + 15** -0 .68

Table 8.1 A resting C a2+ level of 100 nM w as assum ed  and the amplitude 
of the first and su b seq u en t C a2+ transien ts w as calculated. The initial 
change in ATP w as s ta ted  assum ing, from the calibration in C hapter 3 
that resting ATP w as 1.88 mM. Only sperm  produced an immediate 
increase in ATP levels. Carbachol, PLC£ and uncaging every 10 and 5 
m inutes show ed no im m ediate increase  in ATP whilst ionomycin, 
thapsigargin and  uncaging every 2.5 m inutes produced an initial decline 
in ATP. (*P<0.005 w hen com pared to the 1st C a2+ transien t during control 
IVF and **P<0.005 w hen com pared to subsequen t oscillations during 
control IVF).
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8.5 ATP and aged eggs

As mentioned above, a similar pattern of ATP ch an g es w ere recorded 

during fertilisation in aged  eggs, but the overall increase  in ATP levels 

w as significantly lower. The first change in ATP w as com parable to 

control conditions but the  second  change w as significantly lower (see  

Chapter 3). As m entioned in the previous section (section 8.3) MPF levels 

are maintained at high levels until fertilisation (Brunet and Maro, 2005; 

M arangos and Carroll, 2004; Moos e t al., 1995; Verlhac e t al., 1994). In 

the m ouse it h as  been  show n that Mil eggs from aged  mice (48-52 w eeks 

old) are  unable to m aintain high MPF levels in culture. MPF begins to 

decrease  within the  first 3 hours of culture w hereas, Mil eggs removed 

from young mice (4-6 w eeks old) do not show a substantial decline in 

MFP until 9 hours in culture (Tatone e t al., 2006). This would suggest that 

in vitro aged  eg g s  would also  have decreased  MFP levels which could 

explain why th e se  eg g s  failed to show  the change in ATP during 

fertilisation like that of fresh eggs. If MPF is already low, fertilisation would 

not initiate a rapid d e c re a se  in MPF and hence be unable to induce such 

a marked 2 nd change  in ATP.

Mitochondrial m em brane potential associated  with oocyte age 

could also explain why ATP in aged  eggs is not a s  high a s  fresh eggs 

Oocytes from mice with advanced  m aternal age  (AMA, >30 w eeks) are 

more sensitive to mitochondrial dam age  via photosensitive treatm ent than 

oocytes taken from pubertal mice (4-6 w eeks) (Thouas et al., 2005). 

Additionally, the m em brane potential, and ATP content of aging eggs is
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lower than that of younger eggs (Thouas e t al., 2005). Lower m em brane 

potential in aging e g g s  h as also been  dem onstrated in hum an eggs 

(Wilding e t al., 2003). Aging associated  d e c rea se s  in mitochondrial 

m em brane potential could affect that ability of the mitochondria to induce 

a large second  change. This would also suggest that the  second change 

and overall ATP increase  is an important event for the  developing embryo 

since it has been  show n aging oocytes have a  lower developm ental 

capacity (Thouas e t al., 2005; Wilding et al., 2003).

Aged related deficiencies in mitochondria have also  been  show in 

som atic cells (G enova e t al., 2004). Such cells show  an increase in the 

generation of reactive oxygen species (ROS) due to the inefficient 

decomposition of oxygen (Genova e t al., 2004). Additionally, aging 

oocytes have a  d e c rea se d  capacity to accum ulate and seq u es te r Ca2+ 

which results in high cytoplasm ic C a2+ levels and increased risk of Ca2+ 

overload in the  m itochondria (Nicholls, 2002). Such problem s with aged 

mitochondria could contribute to the explanation a s  to why patient with 

advanced m aternal ag e  (AMA) have lower su c ce ss  with IVF and ICSI 

(Janny and M enezo, 1996; Sandalinas e t al., 2001; Shahine and Cedars,

2006).

8.6 Why does ATP levels matter?

The exact function of the rise in ATP during fertilisation in m ouse eggs is 

unknown. A cellular transducer that can directly respond to a 

physiological increase  in ATP is the closure of the Katp channels 

(Campbell e t al., 2003), but there is no evidence that this channel exists
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in eggs. ATP levels a lso  control the activity of m am m alian T arget of 

Rapamycin (mTOR), which has Km for ATP of around 1mM (Dennis et 

al., 2001). S ince ATP levels a re  crucial param eters of cells hom eostasis 

one possibility is that, the  ATP increase  is a  reflection of the  egg having a 

bias tow ards making m ore ATP than required a s  a  fail safe. A recent 

study (Izyumov e t al., 2004) dem onstrated  that a  3-fold reduction in ATP 

levels in HeLa cells initiated cell suicide even though the  d ecreased  ATP 

levels w ere still above the  Km for the majority of A T P-dependent 

enzym es; including th o se  enzym es required for apoptosis. A denosine 5'- 

m onophosphate-activated protein kinase (AMP kinase) a re  activated 

when ATP levels drop (Kahn e t al., 2005) and could becom e activated in 

eggs during transien t d e c re a se s  in ATP levels. Izyumov e t al (2004) also 

dem onstrated that recoveries in ATP w ere insufficient to save  the  cells 

(Izyumov e t al., 2004). This su g g ests  that the  ATP resp o n se  recorded in 

eggs is particularly high to overcom pensate  since a suicide signal could 

be triggered w hen the  ATP levels drop. Additionally, Izyumov et al (2004) 

showed that increasing tem perature  results in a d e c re a se  in ATP levels 

and induces apop tosis even  when the tem perature is returned to normal. 

This has also  been  se e n  in eggs (unpublished observations Campbell 

and Swann). S ince the activation of an egg is the start of a  developing 

embryo that could eventually becom e a newborn, it se em s the cell would 

prefer to die than  continue developing in an abnorm al m anner.

M ammalian eg g s  contain -100 ,000  mitochondria which appear to 

be a critical factor in egg and embryo quality (Ankel-Simons and 

Cummins, 1996; Duchen, 2004; Van Blerkom, 2004). In m ouse, hum an
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and pigs eg g s the  p re sen c e  of poorly polarized, d isplaced or dam aged, 

mitochondria is a sso c ia ted  with poor em bryo developm ent and apoptosis 

(Van Blerkom e t al., 1995). As suggested  above, if the  egg w as to fall 

behind in ATP generation  this could lead to a  d e c re a se  in ATP levels that 

may be detrim ental to em bryo developm ent. Like the  study detailed 

above (Izyumov e t al., 2004), it h as been  shown that transien t exposure 

of m ouse oocytes to mitochondrial uncouplers leads to a transient 

d ecrease  in ATP levels (Van Blerkom e t al., 1995). Such exposed  

oocytes can  go on to m ature, fertilise and develop, but the  developm ental 

rate is much reduced com pared  to control em bryos (Van Blerkom et al., 

1995).

Poor em bryo m orphology and failure to develop in vitro h as  been 

shown to correlate with cellular abnorm alities (Sathanan than  e t al., 1990; 

Van Blerkom, 1989), and  chrom osom e abnorm alities (Angell e t al., 1988; 

Angell e t al., 1991; M unne e t al., 1993). However, it is difficult to explain 

developm ent failure w hen the  em bryo ap p ea rs  normal. The increase  in 

ATP we describe  m ay be an important indicator of the quality of the egg. 

One particular study estab lished  the relationship betw een ATP content 

and the clinical outcom e in hum an eggs (Van Blerkom e t al., 1995). This 

study evaluated  the  ATP content of eggs that w ere not implanted from a 

cohort of patien ts and related th e se  results to the  clinical outcom e of the 

eggs that w ere implanted. It w as proposed that eggs with low ATP 

content would fail to achieve a clinical pregnancy desp ite  the  ability of 

those eggs to develop to normal looking 4-8 cell em bryos. The eggs with 

high ATP levels had higher implantation su c ce ss  but did not develop
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faster or show  better morphology com pared to those  eg g s  with low ATP. 

This su g g ests  tha t simply a sse ss in g  the  rate of developm ent and 

morphology m ay not be  a  reliable m ethod for selecting the  “b est” embryo 

for transfer into a  patient.

O ther stud ies have also  show n that the ATP content of eggs or 

em bryos is correlated with the  su c c e ss  rates in em bryo developm ent in 

mice and hum ans (G insberg and Hillman, 1973; Quinn and W ales, 1973; 

Van Blerkom e t al., 1995). Collectively, the  work in this thesis  and 

previous publications su g g est that ATP levels are  critical for embryo 

developm ent and  that the  ATP content of an  em bryo during pre­

implantation could directly influence or, determ ine the  clinical outcom e.

R eports in cow eg g s  show  that eg g s with a higher ATP content are 

the eggs m ost likely to have normal morphology and the  b est fertilisation 

potential (Kolle e t al., 2004; Stojkovic e t al., 2001). This report, unlike 

work described above in hum an eggs (Van Blerkom e t al., 1995), showed 

a direct correlation betw een morphology and quality with developm ental 

outcome. They a lso  noted a  correlation betw een ATP content and total 

cell num ber in blastocytsts. It se em s that mitochondrial distribution and 

re-organisation during m aturation plays an important role in cow eggs. 

Successful re-organisation during maturation resulted in high ATP and 

good quality em bryos, whilst failure of mitochondrial re-organisation 

resulted in poor ATP levels and poor developm ent. Such re-organisation 

could also determ ine the  ATP content in m ouse and hum an eggs.

It should be noted that other studies have not found a  strong 

correlation betw een resting ATP levels and the developm ental capacity of
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eggs of different types (Brevini e t al., 2005; Com belles and Albertini, 

2003). In pig e g g s  it w as suggested  that no correlation exists betw een 

high ATP levels and  developm ental capacity (Brevini e t al., 2005).

Instead, in the  pig egg, it se e m s that the m ost important factor that effects 

developm ent a re  the  ch an g es in mitochondrial distribution during 

maturation, like that described  above in the cow (Stojkovic e t al., 2001).

In the pig, it w as show n that successful relocation of the mitochondria 

from the periphery of the  egg to the inner region of the cell correlated with 

good developm ent (Brevini e t al., 2005).

O ne study investigated the effect of repeated  ovarian stimulation 

on the ATP content and developm ental capacity of m ouse eggs 

(Combelles and Albertini, 2003). This study show ed that ATP decreased  

with repeated  ovarian stimulation, but d ecreased  ATP levels did not effect 

development. However, it is important to note that this particular study did 

not report oocyte morphology or, quality (Com belles and Albertini, 2003).

It is possible that mitochondrial ATP generation m aybe faulty despite 

normal resting levels. For exam ple, it has been  shown that primary 

fibroblasts containing specific mitochondrial point m utations do not 

dem onstrate a  ch an g e  in mitochondrial function (from control cells) until 

they undergo stressful conditions (Jam es e t al., 1996).

8.7 Metabolism during fertilisation

A relative increase  in ATP has also been  reported after receptor 

stimulation of C a2+ re lease  in HeLa cells (Jouaville e t al., 1999). The ATP 

increase in HeLa cells is se en  when cells are m etabolising pyruvate via
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oxidative phosphorylation, but when cells a re  only supplied with glucose, 

and hence  relied upon glycolytic metabolism, the C a2+ release  leads to a 

d ecrease  in ATP (Jouaville et al., 1999). This su g g ests  that cells that 

primarily u se  oxidative phosphorylation for ATP production can respond 

to C a2+ in creases by showing a m arked increase in ATP. This m echanism  

could also exist in eg g s  during fertilisation since it has been  proposed that 

mitochondrial activity oscillates a t fertilisation (Dumollard e t al., 2003; 

Dumollard e t al., 2004).

In oviductal fluid and culture m edia there a re  4 main substra tes 

present that a re  pyruvate (<0.5 mM), lactate (10-25 mM), glucose (0.5-5 

mM) and glutam ine (1 mM) (Sum m ers and Biggers, 2003). Pyruvate is 

long known to be the  only metabolic substra te  required for egg activation 

in the m ouse a s  glycolysis m akes a  minor contribution during the first 

s tag es of em bryonic developm ent (Barbehenn e t al., 1974; Dumollard et 

al., 2006; Dumollard e t al., 2007b). Despite this, g lucose is required in the 

fertilised m ouse egg to support developm ent to the blastocyst stage  

(Brown and W hittingham, 1991). In one study (Brown and Whittingham, 

1991) m ouse em bryos could reach the morula s tage  with only lactate and 

pyruvate, but a rrested  before blastocyst unless glucose w as present at 

fertilisation, highlighting the  requirem ent of fertilising eggs for glucose.

To investigate the role of mitochondrial ATP production during 

fertilisation, cinnam ate w as used (Chapter 6). C innam ate w as used 

throughout C hapter 5 since it is known to be a specific inhibitor of 

pyruvate uptake into the  mitochondria. Its action is specific since it does 

not affect pyruvate uptake into the cell via the H+ monocarboxylate
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cotransporter proteins (MCT1 and MCT3 in m ouse em bryos) (Dumollard 

e t al., 2007b; Ja n se n  et al., 2006). Additionally, cinnam ate d oes not affect 

pyruvate m etabolism  such  a s  pyruvate dehydrogenase  or, carboxylase 

(Williams e t al., 1996). C innam ate h as been  effectively used  on striatal 

neurons (Williams e t al., 1996), the protozoon parasite  African 

trypanosom es (Barnard e t al., 1993) and m ore recently m ouse eggs 

(Dumollard e t al., 2007b). The mitochondrial C a2+ uptake inhibitor 

ruthenium red is unspecific (unpublished observations and (Dumollard et 

al., 2007a) and mitochondrial poisons such a s  FCCP, oligomycin and 

cyanide induce an instant change in cell hom eostasis that results in cell 

death. Therefore, blocking pyruvate uptake into the mitochondria using 

cinnam ate w as u sed  a s  a  m ore subtle attem pt to alter mitochondrial 

activity.

The work in C hap ter 5 confirms that mitochondrial metabolism of 

pyruvate is essen tia l for maintaining cytosolic ATP levels in the 

unfertilised egg a s  well a s  for the  up-regulation of energy production at 

fertilisation. Indeed, inhibiting the  mitochondrial import of pyruvate using 

cinnam ate c au se d  ATP levels in the cytosol to d e c rea se  in the unfertilised 

egg. C innam ate a lso  abolished the up-regulation of ATP production by 

sperm -triggered C a2+ oscillations. However, cytosolic ATP levels could 

still be m aintained (albeit to a  lower level) after inhibition of mitochondrial 

pyruvate import in the  unfertilised oocyte. Furthermore, in the p resence of 

cinnam ate, cytosolic ATP levels seem ed  to be transiently maintained 

during C a2+ oscillations before disruption of C a2+ hom eostasis and
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com plete ATP depletion. T h ese  results suggest that other metabolic 

substra tes might fuel the  mitochondrial Kreb’s cycle.

To investigate the  contribution of other substra tes a t fertilisation, 

eggs w ere fertilised that had been  pre incubated in substra te  free media 

for 2 hours to sta rve  the  eg g s from energy producing substra tes. As 

dem onstrated in C hap ter 5, the activation of energy deprived eggs 

showed high frequency C a2+ oscillations that occurred with low ATP 

levels. T h ese  observations a re  the first direct evidence of an  increase in 

ATP dem and a t fertilisation, which substan tia tes the hypothesis that 

activation of developm ent is accom panied by activation of energy 

dem and and m atching energy  production. Addition of pyruvate to starved 

eggs undergoing C a2+ oscillations could restore both ATP levels and low 

frequency C a2+ oscillations provided that pyruvate import into the 

mitochondria w as not inhibited. Figure 8.1 show s exogenously added 

pyruvate feeding the  TCA cycle and driving oxidative phosphorylation. 

This show s tha t the  so le mitochondrial metabolism  of pyruvate is able to 

supply all the  required energy  production.

In contrast, g lucose could not restore ATP levels, or, Ca2+ 

oscillations even  though in th e se  starved eggs, glycolysis should be more 

active than  in e g g s  cultured in control medium since ATP and citrate 

levels would be  d e c rea se d  in a  starved egg (Barbehenn e t al., 1974).

This observation indicates that, even though glucose transport might be 

stimulated after fertilisation in the cow and the m ouse egg (Comizzoli et 

al., 2003; Urner and Sakkas, 2005); glucose metabolism is poorly active 

in the  m ouse  zygote. However, it h as been shown, in the m ouse, that
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glucose is required at fertilisation to feed the pen tose  phosphate  pathway 

(PPP). T he P P P  converts glucose-6-phosphate to ribose-5-phosphate 

which results in the  production of 2NADPH. NADPH is required by the 

thiol tripeptide glutathione (GSH) reductase/peroxidise system  to protect 

against excessive  reactive oxygen species (ROS). Oxidative s tre ss  by 

ROS results in an  im balance of redox potential tow ards an oxidised state  

(Balaban e t al., 2005). Such oxidative s tre ss  has been  show n to be 

associated  with impaired developm ent and fragm entation of em bryos 

(Johnson and N asr-Esfahani, 1994; Yang and Park, 2003). It can also 

induce apoptosis (Liu and Keefe, 2000; Liu et al., 2000).

Additionally, the  p resen ce  of glucose se em s to be  required for the 

future fate of that embryo. Exposure, rather than utilisation of glucose is 

required for the  expression  of the glucose transporter protein (GLUT 1 and 

GLUT3 in m ouse pre-im plantation em bryos) (Pantaleon e t al., 2001) 

which is essen tia l for b lastocyst formation (Pantaleon et al., 2001). Also, 

the p resence  of g lucose h as been  shown to be required for the  

expression of MCT1 which is essential for pyruvate uptake into the 

embryo (Jan sen  e t al., 2006). Therefore, the need for g lucose during 

fertilisation should not be  underestim ated.

Both lactate and glutam ine can fuel mitochondrial ATP production 

since lactate is oxidised to pyruvate in the eggs cytosol by lactate 

dehydrogenase  (W ales and Whittingham, 1973) and glutam ine is 

oxidised to a-ketoglu tarate  (Dumollard et al., 2007b; Lane and Gardner,

2005). Lactate w as unable to restore ATP levels or C a2+ oscillations in 

starved eg g s undergoing C a2+ oscillations. The lack of effect of lactate on
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mitochondrial ATP production w as surprising a s  lactate is by far the most 

abundant m etabolic su b stra te  in oviductal fluid and in embryo culture 

media. Lactate-derived pyruvate appears  to be diverted from 

mitochondrial oxidation while exogenous pyruvate is rapidly oxidised by 

mitochondria. It a lso  se e m s  that glutamine cannot feed the  TCA quickly 

or, efficiently enough  to recover an energy substra te  deprived egg. Figure 

8.1 show s how both exogenous glutam ine and glucose could feed into 

the TCA.

The inability for exogenous lactate to fuel mitochondrial production 

is rather intriguing even  though it is consistent with the facts that lactate 

cannot support developm ent from fertilisation (Lane e t al., 2006). A recent 

study by Lane and  G ardner (2006) suggested  lactate cannot fuel 

mitochondrial ATP production due to poor transfer of cytosolic NADH 

(generated during oxidation of lactate to pyruvate, (Stryer, 1971)) into the 

mitochondria. This w as reported since restoration of NADH shuttling 

betw een cytosol and  mitochondria allowed lactate to support 

developm ent from fertilisation (Lane e t al., 2006).

However, lactate-driven NADH production also produces pyruvate 

that should be  oxidised in the mitochondria. By imaging the  mitochondrial 

redox s ta te  in m ouse  eg g s  it w as shown pyruvate derived from lactate 

cannot reduce the  mitochondrial redox sta te  a s  opposed to exogenous 

pyruvate (Dumollard e t al., 2007b). Since in chapter 5 it w as shown that 

lactate-derived pyruvate d o es not supply mitochondrial ATP production 

even in the  a b se n c e  of exogenous pyruvate it strongly suggest that two 

intracellular pools of pyruvate exist. It seem s that one pool of pyruvate
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(derived from lactate) is diverted from mitochondrial oxidation (Fig. 8.1). 

Such com partm entation of pyruvate has been observed in astrocysts 

(Zwingmann et al., 2001) and cortical neurons (Cruz et al., 2001) where 

glycolytic pyruvate is preferentially oxidised by mitochondria while 

exogenous pyruvate is channelled tow ards reduction into lactate. Alanine 

has been  show n to be  produced in cow em bryos (Cetica e t al., 2003; 

Gopichandran and L eese, 2003) and alanine am inotransferase, which 

converts pyruvate to alanine, is p resent in cow (Cetica e t al., 2003; 

Gopichandran and L eese, 2003), hum an (Yazigi e t al., 1993) and m ouse 

(Dumollard e t al., 2007b) eggs. This leads to the hypothesis that lactate- 

derived pyruvate is m etabolised to alanine in the cytosol of m ouse 

zygotes (Dumollard e t al., 2007b), a  possibility that should be investigated 

in the future. It is a lso  possible that glucose could also  undergo metabolic 

channelling and this is ano ther route for future investigations.
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Fig. 8. 1 P athw ays taken  by exogenously  added  m etabolic 
su b s tra te s

glutamine —► a -k e to g lu ta ra te

o x a lo a c e ta te

NADH

150mV

g ly co ly sis

t
glucose

1
PPP —

pyruvate

NADH
NADH

NAD
NAD

lactate

Pyruvate

I
Alanine

NADPH

c itra te

Fig. 8.1 Schem atic diagram showing possible pathways taken by exogenously added 
pyruvate, lactate, g lucose and glutamine. See text for details.
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8.8 PLC?

The sperm  factor hypothesis w as proposed a s  an alternative to receptor 

m ediated activation of the  lnsP 3  pathway (Swann, 1990). Microinjection of 

sperm  extracts, or whole sperm  in eggs triggered C a2+ oscillations similar 

to fertilisation in a  range of different species (Kyozuka et al., 1998;

Swann, 1990; Tang e t al., 2000; Wu et al., 1997). The ability of a soluble, 

mammalian sperm  extract to cau se  C a2+ oscillations could be explained 

by the p resen ce  of a  sperm -specific PLC activity (Jones e t al., 1998; 

Jo n es and Nixon; 2000; Parrington e t al., 2002).

T here a re  a  variety of known mammalian PLCs: PLC 6, y, p, e and 

r| all of which have sub types (Katan, 1998; Kelley e t al., 2001). When 

sperm  extracts w ere sc reen ed  using a variety of antibodies, no PLC 

isoform w as found in the  extracts at high concentrations (Parrington et al., 

2002). The only PLC that h a sn ’t been screened  for is PLCe, but this is 

unlikely to be  the  sperm  factor since its MW is >200 kDa (Kelley et al.,

2001) and the  sperm  factor has a  MW of betw een 30 -  70 kDa 

(Parrington e t al., 2002; Wu et al., 1998). PLCy has been  shown to be 

present in both m am m alian eggs and sperm  (Dupont e t al., 1996).

Despite the  fact that PLCy can induce C a2+ oscillations at high 

concentrations (m ore than 500 tim es greater than the PLC activity in a 

single sperm ) (M ehlmann et al., 2001) it is unlikely to be the sperm  factor 

since it w as dem onstra ted  in C hapter 7 that it is unable to induce 

oscillations in m ouse  eggs, even at high expression.

PLC51 h a s  previously been reported to induce oscillations in 

m ouse eg g s  a t high concentrations (Kouchi et al., 2004). The MW of the
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sperm  factor a lone would suggest that a PLC6 is likely to be  the cause. 

However, PLCSs a re  not p resen t in active sperm  extracts (Parrington et 

al., 2002). PLC64 is p resen t in whole sperm , however, the m ouse 

knockout of PLC64 failed to inhibit the production of C a2+ oscillations, 

during fertilisation or, ICSI (Fukami et al., 2001). Additionally, PLC61 is 

unlikely to be  the  sperm  factor since protein levels of PLC61 higher than 

the PLC activity in a  single sperm , are required to induce C a2+ oscillations 

The oscillations produced could be the result of protein over expression in 

m ouse eggs. This result is in overall agreem ent with the observations of 

another recen t study, in which recom binant PLC51 triggered Ca2+ 

oscillations w hen microinjected at a concentration 20-fold higher than 

recom binant PLC£ (Kouchi et al., 2004). Even when the PH domain from 

PLC61 w as deleted  to m ake it structurally similar to PLC£ it failed to 

trigger C a2+ c h an g e s  w hen microinjected into m ouse eggs.

Microinjection of cRNA encoding the m ouse (Saunders et al., 

2002), hum an, and simian PLC£ (Cox et al., 2002) into m ouse eggs, 

triggered C a2+ oscillations similar to those observed at fertilisation. 

Furthermore, C a2+ oscillations were abolished when PLC£ w as 

im m unodepleted from native sperm  extracts (Saunders et al., 2002). The 

p resence  of PLC£ h as  been  also been dem onstrated in boar and ham ster 

sperm  (S aunders e t al., 2002). Microinjecting recom binant PLC£ that was 

synthesised  using a  baculovirus expression system  w as able triggered 

C a2+ oscillations in m ouse eggs (Kouchi et al., 2004). An important 

feature of PLC£ is that it is able to produce Ca2+ oscillations in eggs at 

very low concentrations (e.g. 10 fg/egg), (Fujimoto et al., 2004; Kouchi et
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al., 2004; S au n d e rs  e t al., 2002). In contrast, other studies have shown 

that PLC isoform s of PLCp, y or 5 are  either ineffective, or much less 

effective than  PLC£ a t causing C a2+ release, when microinjected into 

eggs a t low concentrations (Kouchi et al., 2004; Runft e t al., 2002). PLC£ 

could exist a s  the  sperm  factor across m am m als and non-mammalian 

species since it w as recently defined in the dom estic chicken (gallus 

gallus). T he chicken PLC£ is 639a.a  long and like its m ammalian forms 

lacks a PH dom ain. Injection of chicken PLC£ cRNA w as able to induce 

Ca2+ oscillations in m ouse  eggs at similar potency levels to that of hPLC£ 

(Coward e t al., 2005). From this result, it could be predicted that PLC£ is 

also the sperm  factor in frog and fish since sperm  extracts from the fish 

(Coward e t al., 2003) and frog (Dong et al., 2000) can induce oscillations 

in m ouse eggs.

Sperm  extract from ascidians, injected into ascidian oocytes can 

induce C a2+ sp ikes and activation (Kyozuka et al., 1998), while in the sea  

urchin there  is currently no evidence to suggest a  sperm  factor exists. It 

se em s that PLCy p resen t in the  egg cytoplasm, plays a  role in se a  urchin 

activation (Carroll e t al., 1999; Giusti et al., 2003). A role for egg derived 

PLCy at fertilisation h as also been  suggested  to exist in ascidians (Runft 

and Jaffe, 2000). It se e m s the newt (cynops pyrrhogaster) may also have 

a different m echanism  for activation. A 45 kDa protein that is homologous 

to xenopus citrate syn thase , and not a PLC, has been  reported to activate 

newt eg g s (H arada e t al., 2007). This is an interesting report that ties in 

with o ther s tud ies that sug g est mitochondria play a crucial role during 

fertilisation, since  citrate syn thase  is the first committed step  in the TCA
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cycle. Therefore, it is likely that mitochondria play an essential role in all 

species during fertilisation, independent of the precise activation 

procedure, be it a  PLC or, an enzym e. However, the newt egg undergoes 

a single C a2+ transien t a t fertilisation which can be mimicked by other 

Ca stimuli; therefore, it is difficult to interpret if citrate syn thase  is a  real 

factor a t fertilisation. Recently a 32 kDa protein nam ed, gostacrosom al 

sheath  WW dom ain-binding protein (PAWP), w as reported to activate 

mammalian e g g s  w hen the  recom binant form of PAWP w as injected (Wu 

et al., 2007). However, the  ability of the protein to induce C a2+ oscillations 

like that of sperm  w as not investigated making this data  inconclusive.

As m entioned previously, it is very difficult to mimic the exact 

pattern of C a2+ oscillations induced by sperm . Oscillations in lnsP 3  levels 

have been  show n to underlie C a2+ oscillations in kidney cells (Hirose et 

al., 1999) and  such  a  m echanism  could also exist in eggs during 

fertilisation. This could indicate regenerative lnsP 3  production during 

fertilisation which would explain why hydrolysable lnsP 3 cannot sustain 

Ca2+ oscillations in ham ste r eggs (Galione e t al., 1994). The mechanism  

of action of PLC? is still unclear. However, the results in this thesis have 

helped to understand  which dom ains are  required for successful PLC? 

action. T he d a ta  p resen ted  in C hapter 7 show s that PLC? w as unable to 

stimulate a C a2+ re lease  in eggs when it lacked one of its EF hand 

dom ains. This result is consisten t with previous observations that a  short 

form of PLC? lacking the  first 110 amino acids at the N-terminus is unable 

to induce oscillations (Kouchi e t al., 2004).
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PLC£ accum ulates in the PN which is thought to explain why C a2+ 

oscillations stop  a t PN formation (Kuroda e t al., 2006). The aspartate  

residue a t 210 is an  important residue on the catalytic X domain of PLC£ 

W hen this residue  is m utated PLC£ is unable to produce oscillations 

(C hapter 7; (Kuroda e t al., 2006; S aunders e t al., 2002). W hen this 

residue a t position 210 is m utated, nuclear localisation still occurs but at 

significantly slow er rate  suggesting that the catalytic dom ain may have 

som e function in nuclear localisation (Kuroda e t al., 2006). PN formation 

is an important s tep  in em bryo developm ent since a positive correlation 

has been  found betw een  rate of PN formation and pregnancy rates (Nagy 

et al., 1994). H um an eg g s  w ere fertilised via ICSI and studied for 

morphological nuclear ch an g es  and it w as determ ined that eggs forming 

PN within 8 hours post ICSI, w ere more likely to result in a successful 

pregnancy (Nagy e t al., 1994).

The requirem ent of the C2 domain in PLC£ to induce Ca2+ 

oscillations is consisten t with other reports (Kuroda et al., 2006). The C2 

domain h as  b een  well characterised  a s  a  m em brane associating and 

intermolecular binding dom ain in a wide range of proteins (Frazier et al., 

2002; G erber e t al., 2001; Medkova and Cho, 1999). The C2 domain 

could play an im portant role in targeting PLC£ to the correct sub-cellular 

source of P td lnsP 2  in the  eggs. It is possible that association of PLC£ with 

the PM m ay be  m ediated by the interaction of the C2 domain with another 

m em brane-targeting protein, a s  has been previously dem onstrated for the 

C2 dom ain of PLA2a  and its associations with vimentin (Nakatani e t al., 

2000). Vimentin is an  interm ediate filament com ponent that acts a s  a
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perinuclear ad ap te r for PLA2 a  through its associations with the C2 

domain of PLA2 0 C in a  C a2+-sensitive m anner (Nakatani e t al., 2000).

W hen PLC? (0.02 pg/pl) is prepared with the PH domain from 

PLC5, a  similar pattern  of C a2+ oscillations are produced when compared 

to WT PLC?. T he only difference w as the amplitude of the  first Ca2+ spike 

(Table 8.2). This could sug g est that zeta  is in fact producing lnsP 3 via the 

PM but it is being targeting there  by a PH independent m echanism . The 

XY linker region of PLC? contains a cluster of basic residues. This 

positively charged  cluster within the XY linker has been  suggested  to 

anchor PLC? to the  PM to hydrolyse PIP 2  (Nomikos e t al., 2007). This PM 

targeting role of positively charged regions has previously been  reported 

in G T P ases that a lso  have clusters of basic residues that appear to target 

them to the PM (McLaughlin, 2006). In addition, this positively charged 

region in the XY linker of PLC? has also been shown to enhance  local 

concentrations of PIP2 ad jacen t to the  catalytic domain (Nomikos et al.,

2007).
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Table 8.2 Changes in Ca2+ concentrations following injections of 
either PLCg or. PLC5

PLC construct Amplitude of initial 
C a2+ transient (nM) + 
s.e.m

Amplitude of 
subsequen t Ca2+ 
transien ts (nM) + s.e.m

PLC£ 800 + 9.1 750 + 2.2
(n=23)

PLC61 750 + 2.3 750 + 3.7
(n=24)

PLC?-6PH 600 + 5.3* 800 + 7.1
(n=22)

Table 8.2 A ssum ing resting C a2+ of 100 nM the relative amplitude of the 
Ca2+ transien ts w ere calculated, ‘significantly different when compared to 
PLC£ (*P<0.005)
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A com parison betw een m ouse, human and monkey PLC£ was 

investigated previously (Cox et al., 2002). Cox et al (2002) reported that 

monkey and  hum an shared  90% sequence  similarity, but only a 70% 

similarity w as sh a red  betw een th ese  two species against the mouse. Of 

the 3 constructs, hum an PLC£ is the shortest (608 aa) when compared to 

the m ouse (647 aa) and the  monkey (641 aa). Human PLC£ has a shorter 

XY linker region that results in it having less basic residues meaning it 

has a higher positive charge. This reason w as proposed to explain why 

human PLC£ w as m ore potent than the m ouse and monkey (Cox et al.,

2002). However, in contrast, the results in this thesis suggest that both 

human and m onkey a re  m ore potent than the m ouse. This result m akes 

the m ore positive charge  on hum an PLC? more complicated and 

undefined. S ince hum an and monkey appear to be equally a s  potent it 

seem s XY linker ch im eras betw een hum an and m ouse PLC£ m ust be 

explored. The XY linker is the sequence  that links together the two 

dom ains forming the  p /a  catalytic barrel. The role of the XY linker is still 

unclear since it is the  only seq u en ce  in the protein structure of PLC81 that 

has not been  resolved by X-ray crystallography (Saunders e t al., 2002).

Independent of the mam m alian species, PLC£ appears  to be a 

crucial factor in fertilisation. It has been shown that 90% of failed human 

ICSI c a s e s  w ere successfully  activated by exposure to a  calcium 

ionophore (Tesarik and S ousa, 1995). Low concentrations of PLC£ fail to 

activate eg g s  which could explain why 40% of ICSI treatm ents that fail 

a re  due  to incom plete egg activation (Rawe et al., 2000). In contrast, high 

PLC? concentrations result in cell arrest (Cox et al., 2002) which could
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explain why hum an em bryos with normal morphology and developm ent 

suddenly arrest. Com bined, more investigations into both egg metabolism 

and PLC£ activity h as  the  potential to pioneer a new approach to assisted 

reproductive m edicine.
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