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Cdh1, a co-activator of the Anaphase Promoting Complex (APC) has recently been
shown to be important in germinal vesicle stage arrest and in the prevention of
aneuploidy during the first meiotic division of mouse oocytes. However, this was
through antisense knockdown approaches done in-vitro. Therefore, here I generated
an oocyte-specific knockout of Cdh1 (∆/∆) to explore this further. In this way, Cdh1
protein was specifically deleted only in germinal vesicle (GV) stage oocytes from
growing follicles. Fewer cumulus enclosed oocytes were observed from ∆/∆ mice, of
which significant numbers had undergone GVB.

Furthermore, significantly more

meiotically advanced, fragmented or degenerate oocytes were observed in knockouts.
Denuded ∆/∆ GV oocytes also displayed a propensity for spontaneous GV breakdown
(GVB) which could be partially rescued by maintaining an intact cumulus mass. ∆/∆
oocytes also underwent accelerated GVB on release from arresting media. Western
Blots revealed a 5 fold increase in cyclin B1 levels following loss of Cdh1, whereas
other substrates of APCCdh1, securin and Cdc25B, remained unchanged.

In-vivo and in-vitro matured metaphase II (MII) oocytes were analysed for aneuploidy
rates. In-vivo matured knockout oocytes had higher, but not statistically significant,
rates of aneuploidy than controls. Denuded oocytes that underwent IVM also had a

Abstract

______________________________________________________________________
higher incidence of aneuploidy in knockouts and in this group this was highly
significant. In summary, data from the in-vivo knockout model supports those of the
in-vitro antisense approach and provide further evidence for the role of Cdh1 in both
GV arrest and the prevention of aneuploidy, at least in the situation where oocytes are
cultured in-vitro.
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Chapter 1
Introduction
_______________________________________________________________________

1.1 Aims

An extraordinary property of female meiosis is its protracted arrest at the diplotene
stage of prophase, which may last up to four decades in humans.

Key to the

maintenance of arrest and progression of the meiotic cell cycle is the degradation of
specific substrates at distinct times by the Anaphase Promoting Complex/Cyclosome,
APC/C (a ubiquitin ligase) and one of its co-activators Cdh1 (otherwise known as FZR1)
or Cdc20 (Jones, 2011; Pesin and Orr-Weaver, 2008). The overall aim of my work is to
ascertain the role of Cdh1 in the maintenance of prophase arrest in oocytes in-vivo.
This will be possible by the application of existing technology to generate in mice an
oocyte specific knockout of Cdh1 (Lewandoski et al., 1997). A transgenic in-vivo mouse
model will enable the assessment of Cdh1’s role in oocytes, in the context of the ovary,
by looking at the physiological effects of its absence.

The mitotic and meiotic cell cycles have similar key players. This review will initially
describe the regulation of the mitotic cell cycle and include the role that Cdh1 plays.
Evidence of how these central components behave in the meiotic cell cycle will then be
1
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presented, with particular focus on Cdh1 during the oocyte’s protracted prophase I
arrest, a characteristic phase of female meiosis.

This review will also include a

discussion of the oocyte’s meiotic progression, including Cdh1’s role beyond prophase.
Finally the latter part of this review will examine existing technology available to
obtain cell specific deletion of targeted genes, as this will be important for the
purposes of generating oocyte specific Cdh1 knockouts.

It is medically significant to understand what is going wrong with the intricate
mechanisms of the meiotic cell cycle and how this leads to chromosomes failing to
separately properly (known as non-disjunction events), resulting in aneuploidy and
ultimately to pregnancy loss or birth defects such as Down Syndrome (also known as
Trisomy 21) (Nicolaidis and Petersen, 1998). A transgenic in-vivo model will help
ascertain the physiological role of APC/CCdh1 and how its activity is important for the
generation of meiotically competent oocytes.

2
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1.2 The cell cycle – A highly co-ordinated and
controlled sequence of events

1.2.1 Entry into the Mitotic Phase of the Cell Cycle is based on the
activity of cyclin B-CDK1
Precise temporal control of the cell cycle is directly dependent on the activities of
heterodimeric protein complexes, consisting of a catalytic cyclin dependent kinase
(CDK) and a regulatory cyclin component. As such, each phase of the cell cycle is under
the control of a heterodimeric protein made up of different kinases and cyclins (Figure
1.1) and is responsible for the activation or inhibition of numerous proteins of the cell
cycle through phosphorylation. This review will focus on the activities of the
heterodimer, known as Maturation or M-Phase Promoting Factor (MPF) which is made
up of CDK1 (otherwise known as cdc2; p34cdc2) and cyclin B, since it is the
predominant serine/threonine specific protein kinase required for cells to progress
into the mitotic (M) phase.

Positive regulation of the activity of CDK1 is from

dephosphorylation of its phosphotyrosine and phosphothreonine residues by Cdc25B,
a dual specific phosphatase, in addition to the coupling of cyclin B1 and
phosphorylation of Threonine 161 by CDK-activating kinase (CAK) (Morgan, 1995;
Nurse, 1990). Premature CDK1 kinase activity and thus initiation of mitosis is inhibited
by the phosphorylation of tyrosine-15 by Wee1 kinase (Parker and Piwnica-Worms,
1992) or Myt1 kinase which also phosphorylates threonine-14 (Mueller et al., 1995).
This activation (on completion of DNA synthesis) due to the increase of Cdc25B
3
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Figure 1.1: The mitotic cell cycle.
Phases of the mitotic cell cycle and the associated cyclin and cyclin dependent
kinase heterodimers and the two E3 ubiquitin ligases, the Skp1-cullin—F-box
protein (SCF) and Anaphase Promoting Complex/Cyclosome APC/C (and coactivators Cdc20 & Cdh1) that control mitotic progression (Adapted from Table 17th

1, Molecular Biology of the Cell 4 ed.).

4
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phosphatase activity (Lindqvist et al., 2005) and decrease of Myt1 or Wee1
phosphorylation is essential for cell cycle progression and is therefore how MPF gets
its name.

1.2.2 The ubiquitin ligases SCF and APC/C ensure unidirectional
progression through mitosis
The irreversible and unidirectional control of the mitotic cell cycle is made possible
through degradation of key regulatory proteins by two multisubunit complexes, both
members of the E3 ubiquitin ligase family, the Skp1-cullin—F-box protein (SCF) and
Anaphase Promoting Complex/Cyclosome (APC/C) (Nakayama and Nakayama, 2006;
Skaar and Pagano, 2009). These ubiquitin ligases are responsible for earmarking
substrates for degradation by the 26S proteosome (Wilkinson et al., 1999). During the
metaphase to anaphase transition of mitosis, ubiquitination is by the APC/C, which
requires the actions of a ubiquitin-activating (E1) enzyme and a ubiquitin-conjugating
(E2) enzyme to poly-ubiquitinate substrates and target them for proteolysis by the 26S
proteasome (Figure 1.2) (Hershko and Ciechanover, 1992). The two key targets for
ubiquitination by the APC/C during the metaphase to anaphase transition are securin
(Nasmyth et al., 2000; Zou et al., 1999), the inhibitory partner of separase (Ciosk et al.,
1998; Nasmyth et al., 2000) and cyclin B, the positive regulator of CDK1 (Glotzer et al.,
1991; King et al., 1994).

The initiation of anaphase requires ubiquitination and

degradation of securin to release separase which cleaves the SCC1 cohesin complex to
enable sister chromatids to separate and migrate to opposite poles of the mitotic
5
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Figure 1.2: Ubiquitin-Proteasome Pathway.
Ubiquitination involves the actions of three enzymes acting in tandem.

The

process begins with an ATP dependent formation of a thioester bond between
ubiquitin (Ub) and E1 (Ub-Activating enzyme). The Ub is then transferred to a Ub
conjugating enzyme, E2 and in the presence of an E3 enzyme, it forms a peptide
bond to a lysine amino acid of the target protein.

The substrate is multi-

ubiquitinated with at least 4 Ubiquitins, before the Ub chain is recognised and the
substrate is degraded by the 26S Proteasome to give oligopeptides and the Ub
molecules are recycled (Adapted from The Cell Cycle, Morgan).
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spindle (Uhlmann et al., 1999). Both separase liberation and the inactivation of CDK1
are required for anaphase and mitotic exit (Peters, 2002).

APC/C also poly-

ubiquitinates cyclin B1, the regulatory partner of CDK1 and earmarks it for degradation
(Glotzer et al., 1991). The loss of cyclin B causes MPF to lose its kinase activity and the
cell to exit mitosis, returning it to a G1 state (King et al., 1994).

The APC/C is a complex multi-subunit molecule, having over 12 subunits (Herzog and
Peters, 2005). It is thought to consist of a catalytic core, which comprises a Cullin and
RING finger domain respectively denoted APC2 and APC11 (Herzog and Peters, 2005).
To function, APC/C requires the association of one of two Fizzy and Fizzy-related
coactivators, Cdc20 and Cdh1. The binding site of the coactivator Cdh1 has been
identified to be on the outside of the APC/C, in the vicinity of the catalytic Cullin
subunit, APC2 (Dube et al., 2005). It is at these sites that APC/C recruits ubiquitin
conjugating enzyme (E2) (Herzog and Peters, 2005) and is probably where ubiquitin
residues are transferred from E2 to substrates (Dube et al., 2005). The association of
one of these co-activators is thought to confer substrate specificity and is essential for
the function of this ubiquitin ligase. For example, Cdh1 recognizes and binds to
substrates containing Destruction (D) (Kraft et al., 2005) or KEN box (Pfleger and
Kirschner, 2000) motifs. Difference in the density of APC/C with and without Cdh1
suggests that the APC/C adopts a different conformation when Cdh1 is bound (Dube et
al., 2005).

7

Chapter 1
______________________________________________________________________

1.2.3 Targets of APC/CCdh1
The activators of APC/C are known to confer different substrate specificity (Visintin et
al., 1997). In-vitro, APC/Ccdc20 recognises substrates containing a destruction box (Dbox), whereas APC/Ccdh1 is known to target proteins with KEN, D-box (Pfleger and
Kirschner, 2000) or CRY Box (Reis et al., 2006b) motifs. Many mitotic substrates of the
APC/CCdh1 are known (Table 1.1). However, only a few of these have also been
identified as substrates of APC/CCdh1 in the meiotic cycle and include Cdc20, cyclin B1
and securin (Reis et al., 2006a; Reis et al., 2007).

1.2.4 The temporal activities of activators of APC/C in Mitotic Cell cycle
It is thought that Cdh1 and Cdc20 bind to the same location in the APC/C, and only one
co-activator is bound at any one time, because they have opposite phases of activity
which correlates to fluctuations in CDK1-Cyclin B1 (Kramer et al., 2000) and are of
similar size (Herzog and Peters, 2005). In mitosis, APC/C is initially activated by Cdc20
during the metaphase to anaphase transition in which it targets securin (Zur and
Brandeis, 2001) and then cyclin B1 for degradation (Skaar and Pagano, 2008; King et
al., 1994; King et al., 1995; Peters, 1999). It is not until late anaphase that APC/CCdh1 is
active, as a result of the drop in kinase activity caused by cyclin degradation (Kramer et
al., 2000). It seems that CDK1-cyclin B1 initiates a series of events that leads to the
activation of APC/C and results in the reduction of its own activity (King et al., 1994).
The degradation of securin is essential for the release of separase and the subsequent
destruction of cohesin complexes that hold sister chromatids together and hence
8
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Subtrates

Function

Cdc20; Securin; Sgo1; Rcs1
XKid; Tpx2; Ase1
Aurora A; Aurora B; Plk1; Anillin;

anaphase onset
Spindle Assembly
Mitotic Exit

CKAP2; Cyclin B1; Cyclin A
Cdc6; Geminin
FoxM1
SnoN
Ets2
Id2

DNA Synthesis
G1/G0
Tgf-β signaling
Ras Signaling
Transcription

Table 1.1 APC/C

cdh1

substrates in Mitosis (reproduced from Li and Zhang,

2009).
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initiate anaphase (Uhlmann et al., 1999). It is important that this occurs after all the
chromatids are properly aligned and attached to the mitotic spindle. Thus the cell has
measures in place to delay mitotic progression, in the event that the chromatids are
not biorientated on the metaphase plate and these measures known as the Spindle
Assembly Checkpoint are discussed below (Hagting et al., 2002). During late mitosis,
ubiquitination of the mitotic cyclins are relayed to APC/CCdh1 and Cdc20 is now also a
target of this ubiquitin ligase, along with other promoters of cell proliferation, for
example Cdc25B (a CDK1 activator) (Pesin and Orr-Weaver, 2008; Visintin et al., 1997).

The mitotic kinase, CDK1-cyclin B1 also regulates the activity of the co-activators, Cdh1
and Cdc20 in a converse manner. Phosphorylation of Cdh1 by CDK1-cyclin B1 inhibits
its binding to APC, whereas Cdc20 is activated on phosphorylation (Pesin and OrrWeaver, 2008).

Therefore, the association of unphosphorylated Cdh1 or

phosphorylated Cdc20 to APC/C is temporal and corresponds to fluctuations in CDK1cyclin B1 activity (Pesin and Orr-Weaver, 2008).

1.2.5 The Early Mitotic Inhibitor 1 (Emi1) acts as a pseudo substrate,
inhibiting the activities of APC/CCdc20 and APC/CCdh1 in the Mitotic Cell
cycle
The activities of APC/CCdh1 and APC/CCdc20 are inhibited by the Early mitotic inhibitor 1
(Emi1). Emi1 itself is a substrate of another E3 ubiquitin ligase, the SCFβ-TrCP in late
prophase of the mitotic cell cycle. Its ubiquitination and degradation is regulated by
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phosphorylation by Polo-like Kinase 1 (PlK1) and further enhanced by phosphorylation
by a second kinase, cyclin B1 dependent CDK1 (Hansen et al., 2004).
Entry into mitosis requires the inhibition of APC/C. This inhibition of APC/C by Emi1
allows the accumulation of cyclin B1- CDK1 complexes (Reimann et al., 2001; Miller et
al., 2006). Emi1 is a particularly effective inhibitor due to its ability to bind to both
APC/C and its activator as well as to APC/C independently (Miller et al., 2006). The
proficiency of this interaction between APC/C and Emi1 depends on three structural
motifs, an F-box protein-protein interaction domain, a C-terminal Zinc binding region
(ZBR) and a D-box and allows Emi1 to successfully compete with APC/C substrates
(Miller et al., 2006). The presence of the ZBR domain prevents Emi1 itself becoming a
substrate of APC/C (Miller et al., 2006).

1.2.6 The Activities of APC/C are inhibited by the Spindle Assembly
Checkpoint until all kinetochores are biorientated
The Spindle Assembly Checkpoint (SAC) is the cell’s surveillance system acting to
monitor the tension at the kinetochores, which attach sister chromatids to the spindle
microtubules and inhibits the actions of APC/CCdc20 (De Antoni et al., 2005; Musacchio
and Hardwick, 2002; Musacchio and Salmon, 2007). Hence it delays the onset of
anaphase until all sister chromatids have aligned and adopted a biorientated
configuration at the cell’s equator and are properly attached to opposite poles of the
spindle. There are multiple protein components of the SAC and these include Mad
(Mitotic Arrest Deficient), Bub (Budding Uninhibited by Benzomyl) proteins (Mad1-3,
Bub1, BubR1, Bub3). It is thought that these proteins form complexes that bind to and
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sequester Cdc20, preventing it from activating APC/C (De Antoni et al., 2005; Klebig et
al., 2009; Kulukian et al., 2009). Consequently this inhibits ubiquitination of cyclin B1
and securin and hence respectively the deactivation of CDK1, and the release of
separase (Musacchio and Salmon, 2007). This delays the onset of anaphase until
adequate attachment and tension between all the kinetochore and microtubules of
the bipolar spindle are established (Li and Nicklas, 1995; Rieder et al., 1995; Stern and
Murray, 2001).

This correlates to each sister chromatid being attached to a

microtubule extending from opposite poles and is said to adopt a biorientated
conformation, resulting in ‘silencing’ of the SAC and anaphase is permitted to proceed
(Musacchio and Salmon, 2007).

1.3 The Cell Biology of Oocytes
1.3.1 Overview of Meiosis
The first meiotic cycle is initiated in fetal life but this cycle is arrested at the diplotene
stage of prophase. Resumption of this cycle in oocytes of antral follicles takes place
following puberty and meiosis I culminates in a reductional division, with half of the
segregated homologous chromosomes being extruded in the first polar body (PBE1)
(Figure 1.3). After extrusion of the PBE1 the egg arrests at metaphase II stage. The
second meiotic cycle resumes after ovulation and following fertilisation.

This

equational division involves the separation of sister chromatids to opposite poles of
the spindle and extrusion of the second polar body.
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Figure 1.3: Overview of Meiosis I
(i) Phases of APC

Cdh1

and APC

Cdc20

activity in meiosis I (ii) Schematic

representation of the reductional division of a homologous pair of chromosomes in
an oocyte. The progression of an oocyte through the first meiotic division (iii)
Stages of meiosis I: prophase, prometaphase, metaphase I and anaphase I.
Characteristic milestones, germinal vesicle breakdown (GVB) and extrusion of the
first polar body (PBE1) are indicated. (iv) Major substrates (cyclin B1, Cdc20, and
securin) of the Anaphase Promoting Complex / cyclosome (APC/C) during meiosis
I. (v) Corresponding activity of CDK1 and separase (Adapted from The cell cycle:
principles of control, David O. Morgan).
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1.3.2 Oocyte is arrested at GV stage inside the ovary
Meiosis occurs specifically within the germ cells and differs from mitosis in many
aspects. It consists of two cell divisions with no intervening S phase. The most
distinguishing feature of female meiosis is a protracted arrest in prophase I, which can
last up to 4 to 5 decades in humans. During this time, the oocyte is said to be in the GV
stage of development as the nuclear membrane (or germinal vesicle in oocytes) is still
intact. All oocytes within the ovary are arrested at the GV stage but continue to grow
surrounded by increasing layers of granulosa cells, as the follicle in which the oocyte
resides develops (Eppig, 2001). Bidirectional communication between the oocyte and
its associated granulosa cells is important for their mutual development (Eppig, 1991;
Eppig, 2001; Eppig et al., 2002). Meiotic arrest is maintained by high cAMP generated
by the oocyte via a constitutively active G protein coupled receptor acting on
adenylate cyclase (Mehlmann, 2005b). In any one natural cycle, only a few pre-antral
follicles within the ovaries will respond to follicle-stimulating hormone (FSH) and
mature into antral (a.k.a Graafian) follicles that contain a crescent shape fluid filled
cavity defining the boundaries of the cumulus and outer granulosa cells (Figure 1.4).
The GV oocyte within these antral follicles will have grown to a maximum of 80 µm in
diameter in mouse, are meiotically competent and thereby able to progress to
metaphase II, a process known as meiotic maturation (Mehlmann, 2005b). However,
they will remain arrested at GV until meiotic maturation is initiated by a surge in
Luteinizing Hormone (LH), whereby the oocyte will complete meiosis I with the
extrusion of half of the set of homologous chromosomes with a small proportion of
cytoplasm, known as the first polar body extrusion (PBE) and will arrest again at
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Figure 1.4: Stages of Follicular Development
Representation of the stages of follicular development as it matures from
primordial to antral follicle within the ovary (Adapted from Human Reproductive
rd

Biology; 3 Ed.; Sylvia S. Mader).
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metaphase II stage before ovulation (Mehlmann, 2005b).

It has not been established exactly how LH initiates the oocyte to undergo meiotic
maturation since LH receptors are found on granulosa cells but not on oocytes or the
cumulus cells that immediately surrounds them (Eppig et al., 1997). It is possible that
the G-protein coupled Receptor 3 (GPR3) is turned off during meiotic resumption or
protein kinase A (PKA) activity could be adversely affected by the up regulation in
phosphodiesterases activity (Mehlmann et al., 2006; Norris et al., 2007). Nevertheless,
it is accepted that the LH surge, ultimately leads to a tandem drop in cAMP (Schultz et
al., 1983) and PKA within the oocyte which leads to the activation of CDK1 and meiotic
maturation (Doree and Hunt, 2002).

Meiotically competent oocytes also have more CDK1 (Kanatsu-Shinohara et al., 2000)
and centrally positioned GVs compared to incompetent ones (Brunet and Maro, 2007).
When competent oocytes are removed from the ovary they spontaneous undergo
meiotic maturation. Isolated oocytes may be kept arrested in-vitro with an analog of
cAMP, dibutryl cAMP or phosphodiesterase inhibitors such as milrinone (Eppig, 1989).

1.3.3 Follicular and oocyte development in-vivo in mouse ovary
Oocyte growth and folliculogenesis and the interactions between them are highly coordinated in the mammalian ovary (Eppig, 2001; Matzuk et al., 2002). Furthermore, it
has been demonstrated that the oocyte orchestrates the rate of follicular development
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(Eppig et al., 2002). The development of a single layer of somatic cells surrounding the
oocytes generated during gestation marks the formation of primordial follicles. The
number of primordial follicles present at this stage represents the number of germ
cells available for the reproductive lifespan of the female since this follicular reserve is
thought not to be replenished post-natally (Smitz and Cortvrindt, 2002). These follicles
contain oocytes of approximately 12 µm and belong to the non-growing or resting pool
(Dean 2002). Some primordial follicles intermittently advance beyond this resting
stage to become primary follicles. During this prolonged transition into the growing
pool, the somatic cells gradually appear cuboidal in shape. These somatic cells, known
as granulosa cells proliferate to form a second layer around the oocyte. The continued
growth of these secondary follicles requires stimulation from gonadotrophins without
which they are destined to become atretic and disappear from the ovary (Halpin et al.,
1986). After puberty, gonadotrophins stimulate further follicular proliferation which
result in six or seven additional layers of granulosa cells as well as a fluid filled cavity
within the follicle and is recognized as the antral stage. The development of the
oocyte is concurrent with follicular development and the oocyte relies on its somatic
cells for nutrients (Harris and Picton, 2007; Fair et al., 1997) and as such oocyte
diameter reaches 80 µm in antral follicles and oocyte volume has increased by 150 fold
compared to those of primordial follicles (Pan et al., 2005). Thus, the oocytes are fully
grown and are meiotically competent in antral follicles, but arrest at the diplotene
stage of prophase is still maintained (Edry et al., 2006).
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1.34 Maintenance of GV arrest –requires high levels of cAMP and the
temporal inhibition of CDK1
A protracted GV arrest in the mature oocyte is maintained by high levels of cyclic
adenosine monophosphate (cAMP), which leads to the inhibitory phosphorylation of
CDK1.

A constitutively active Gs receptor protein (GPR3) receptor coupled to

adenylate cyclase on the oolema (plasma membrane) of the oocyte is thought to be
the in-vivo molecular machinery providing cAMP for this arrest (DiLuigi et al., 2008;
Kalinowski et al., 2004; Mehlmann, 2005a; Mehlmann, 2005b; Mehlmann et al., 2004).
Similar to mitosis is that intracellular cAMP acts on PKA, which in turn phosphorylates
the Wee1B/Myt1 kinases, as well as the phosphatase, Cdc25B. This results in the
inactivation of CDK1 because it induces the Wee1B/Myt1 kinases to phosphorylate and
inhibit CDK1 activity (Doree and Hunt, 2002; Han et al., 2005; Han and Conti, 2006). At
the same time, PKA phosphorylation of Cdc25B, inactivates this phosphatase,
preventing it from activating cyclin B1 dependent CDK1 (Duckworth et al., 2002;
Lincoln et al., 2002). Thus under conditions of high cAMP, the oocyte remains in
prophase arrest with an associated intact GV (Figure 1.5A).

1.3.5 Maintenance of GV arrest is assisted by different sub-localization of
CDK1 regulators (Wee1B, Myt1 and Cdc25B)
The sub-localization of CDK1 regulators is an important spatial control for their
function during GV arrest. Wee1B resides within the nucleus of the GV oocyte, Myt1
appears to be uniformally dispersed throughout the oocyte, whereas the Cdc25B is
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Figure 1.5: Regulation of MPF (CDK1-cyclin B) during (A) Prophase I Arrest
and (B) Meiotic resumption requires subcellular compartmentalization of
Wee1B and Cdc25B (A) The GV oocyte maintains its state of arrest via a
constitutively active G protein coupled receptor (GPR3) which activates adenylate
cyclase to keep cAMP levels elevated and stimulate a PKA pathway whereby
CDK1 inhibitors, Wee1B and Myt1 are active. (B) Translocation of Cdc25B into the
nucleus, followed by the export of Wee1B out of the nucleus, removes the
inhibitory phosphorylation on CDK1, thus activating it, resulting in the onset of
GVB. * indicates component is active.
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located in the cytoplasm. Therefore compartmentalisation of inhibitory components
within the nucleus and activating components outside the nucleus is essential for the
maintenance of prophase I arrest. As such, the localization of these components
change prior to the onset of meiotic resumption and a reciprocated nuclear
translocation of the Wee1B kinase and Cdc25B phosphatase, accompanying their
reversal in activity is observed (Figure 1.5B). The translocation of Cdc25B from the
cytoplasm to the nucleus in response to the inactivation of PKA, enables activated
Cdc25B to dephosphorylate and activate nuclear CDK1. Once activated, MPF initiates
the nuclear export of Wee1B and thus removal of this inhibitory element away from
itself, further amplifies its activity, leading to GVB (Oh et al., 2010).

1.3.6 Maintenance of GV arrest requires regulation of cyclin B1, by
continual degradation and GV exclusion
Neither mitosis, meiosis I (for some species e.g. Xenopus and bovine) or meiosis II can
progress without de novo protein synthesis of cyclin B, to activate MPF (Evans et al.,
1983; Westendorf et al., 1989).

However, for mouse oocytes, ongoing protein

synthesis is not required for the onset of GVB (Clarke and Masui, 1983). This is
consistent with a repressed translation of cyclin B1 (Tay et al., 2000), in addition to a
seven fold pre-existing abundance of cyclin B compared to CDK1 found in mature GV
oocytes (Kanatsu-Shinohara et al., 2000). Even so, it is possible to overcome GV arrest
and induce GVB in-vitro by the overexpression of cyclin B1, the regulatory partner of
CDK1, even in the presence of high levels of cAMP (Ledan et al., 2001; Marangos and
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Carroll, 2004; Reis et al., 2006). It may be that the existing excess of cyclin B1 is
sequestered to the cytoplasm. Thus, cyclin B1 in GV arrested oocytes is kept at
residual levels by polyubiquitination via an E3 ubiquitin ligase, APC/C, for continual
degradation by the 26S proteasome. The association of cdh1, one of the key activators
to APC/C is crucial for this process and the maintenance of GV arrest in oocytes (Reis et
al., 2006).

Another synergic mechanism operates within the GV oocyte to regulate cyclin B1
levels. In both cell cycles, mitosis and meiosis, cyclin B1 is confined to the cytoplasm
but translocates to the nucleus in early M phase and prior to MI resumption (and GVB)
in oocytes (Marangos and Carroll, 2004). Although phosphorylation is important for
the biological activity of cyclin B1, it is not required for cyclin B1’s binding or activation
of CDK1.

A plausible explanation is that nuclear translocation is regulated by

phosphorylation of cyclin B’s cytoplasmic retention sequence (Li et al., 1997).

1.3.7 Maintenance of GV arrest requires the activity of APC/CCdh1 to keep
levels of cyclin B1 low
In contrast to mitosis, where APC/CCdh1 is not required until late anaphase, it has a
significant and much earlier role during prophase I arrest in meiosis. As discussed
earlier, inhibiting MPF activity keeps the oocyte at the GV stage and the oocyte does
this through the regulation of cyclin B1 and inhibitory phosphorylation of CDK1. In
meiosis, the early appearance of APC/CCdh1 is essential for the maintenance of GV
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arrest through additional repression of cyclin B1 (Reis et al., 2006) and thus ensures
the inactivity of MPF. The abundance of Cdh1 in mouse GV oocytes whose expression
rapidly drops by MII (Shoji et al., 2006) correlates well with the temporal mode of
activity of APC/CCdh1 with respect to the cell cycle. This large amount of Cdh1 at the GV
stage appears to have a physiological function since Reis et al. (2006), demonstrated
that APC/CCdh1 was essential for maintenance of meiotic prophase I (GV) arrest. Cdh1
expression in GV oocytes is reduced by 90% using a Cdh1 antisense morpholino.
Endogenous cyclin B degradation in these Cdh1 depleted, milrinone arrested oocytes,
was prevented using a proteosomal inhibitor, MG132 and resulted in ~10% GVB, thus
supporting a ubiquitin-proteosomal pathway. Increasing the availability of cyclin B1 in
these oocytes by microinjection of milrinone-arrested oocytes at the GV stage with
exogenous cyclin B1 cRNA, or a truncated version where the D-box is absent resulted
in further increases in GVB.

This showed that APC/CCdh1 was essential for the

degradation of cyclin B1 and thus the maintenance of arrest at GV stage (Reis et al.,
2006).

As cyclin B1 consists of a D box motif, it is the substrate of both APC/CCdh1 and
APC/CCdc20 and both are present in mouse oocytes (Chang et al., 2004). The possibility
of

APC/CCdc20 involvement at the GV stage is ruled out and that of APC/CCdh1 is

confirmed because GFP coupled D-box mutated securin (Dm-Securin) and Cdc20 are
both degraded in control oocytes whereas in Cdh1 depleted oocytes these substrates
remained stable. Furthermore, the degradation profiles are rescued with Cdh1 (Reis et
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al., 2006). These substrates are specific to APC/CCdh1 due to the presence of a KEN box
and therefore not degraded by APC/CCdc20 (Madgwick et al., 2004; Reis et al., 2006).

1.3.8 Maintenance of prophase I arrest and meiotic maturation in
porcine oocyte are similar to mouse
Further support for APC/CCdh1 activity during prophase I arrest is found in porcine
oocytes. Similar to mice, Cdh1 expression in GV oocytes of pigs is also prominent
(Yamamuro et al., 2008), indicating the possible establishment of a mammalian model
for Cdh1, if indeed the physiological role of APC/CCdh1 in pigs was equivalent to those
reported in mice. Thus these studies did substantiate the activity of APC/CCdh1 in the
maintenance of GV arrest because earlier initiation of GVB and an accelerated
accumulation of cyclin B was observed with the inhibition of porcine Cdh1.
Furthermore, the aforementioned phenotype could be rescued with the over
expression of Cdh1. Yamamuro et al. (2008) also found that porcine oocytes depleted
of Cdc20 were unable to progress past Met I and accumulated cyclin B1. This was
expected since in both mitosis and meiosis APC/CCdc20 is active at the metaphase to
anaphase transition, therefore oocytes depleted of Cdc20 are expected to arrest at
metaphase I. However when Cdc20 mRNA was injected into GV oocytes, an increased
speed of meiotic progression and accumulation of cyclin B1 was observed, in the
absence of an increase in Cdc20 protein levels. As such this result supports the finding
that Cdc20 degradation is prior to that of cyclin and securin in mammalian oocytes
resulting in earlier activation of MPF and subsequent maturation. Furthermore, their
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observations suggest that degradation of Cdc20 by APC/CCdh1 happens sooner in pigs,
during prophase I (Yamamuro et al., 2008), compared to mice where this interaction
occurs during prometaphase (Reis et al., 2007).

1.4 Meiotic Regulation of APC/CCdh1

1.41 Regulation of APC/CCdh1 during prophase I arrest by Emi1 or CDC14B
can modulate the timing of GVB
The finding that APC was active during prophase I arrest led to a model in which
APC/CCdh1 functions in maintaining GV arrest; and where a deficiency in Cdh1 leads to
premature GVB or an excess of Cdh1 keeps the oocyte at arrest, resulting in a nonresponsive oocyte to hormonal signals. This instigated other investigations related to
the regulation of APC/CCdh1. A probable candidate for regulation was Emi1, a known
mitotic inhibitor of both APC/CCdc20 (Reimann et al., 2001) and APC/CCdh1 (Hsu et al.,
2002), its activity being essential for the accumulation of mitotic cyclins during S, G2
and early M phases of mitosis. Emi1 was found to be expressed in mouse GV oocytes
and subsequently destroyed after GVB (Marangos et al., 2007), just as it is in
prometaphase of mitosis (Hansen et al., 2004), to similarly allow the activation of
APCCdc20 and thus the degradation of cyclin B1 and securin. Therefore it is possible that
Emi1 may also have a similar role in prophase I of meiosis.
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Marangos et.al. (2007) showed that the timing of GVB could be accelerated or delayed
on altering the availability of Emi1 in mouse GV oocytes. The depletion of Emi1 with
an antisense morpholino resulted in a delay in the onset of GVB whereas
microinjection of exogenous Emi1 had the opposite effect. The late onset of GVB is
consistent with the observed cyclin B1-GFP degradation due to the depletion of Emi1
and increased activity of APC/CCdh1 and hence this consequently leads to lower MPF
activity. Emi1 was found to only act through APC/CCdh1 since its antisense morpholino
had no effect in GV oocytes already knocked down for Cdh1 (Marangos et al., 2007).

CDC14B is a phosphatase which activates APC/CCdh1 and is therefore an antagonist of
CDK1 activity since it promotes the degradation of cyclin B1. It is thought that CDC14B
regulates APC/CCdh1 turnover of cyclin B1 and hence oocyte maturation.

Thus

depletion of CDC14B leads to premature meiotic resumption in mouse oocytes
whereas overexpression of CDC14B results in its delay (Schindler and Schultz, 2009).

1.4.2 Regulation of APC/CCdh1 during prophase I arrest by competitive
inhibition of cyclin B1 by securin can modulate the timing of GVB
The competitive mode in which Emi1 inhibits APC/CCdh1 prompted questions as to
whether endogenous substrates could act in the same way as Emi1 and compete with
cyclin B1 for degradation.

This would allow the accumulation of cyclin B1 and the

premature initiation of MPF activity and would consequently accelerate the timing of
GVB.

Securin is an ideal candidate as a substrate inhibitor, since in mitosis, its
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degradation preceeds that of cyclin B1 during the metaphase to anaphase transition,
although this was by APC/CCdc20 (Skaar and Pagano, 2008) and also because it was
found to be concomitantly degraded with cyclin B1 during prophase I by APC/CCdh1
(Reis et al., 2006). Marangos and Carroll’s (2008) work shows that modifying securin
levels does influence the activity of APC/CCdh1 and lends further support to the
importance of APC/CCdh1 involvement in maintenance of GV arrest in mouse. Indeed,
they were able to increase rates of GVB by introducing a 2.3 fold excess of exogenous
securin in mouse GV oocytes. Conversely, morpholino based knockdown of securin
resulted in delayed GVB, which was rescued by injection of securin cRNA. The timing
of GVB is unaltered in GV oocytes injected with a non-degradable version of securin,
which lacked APC/CCdh1 recognition motifs, the KEN and D boxes. GVB onset is also
unaffected in GV oocytes depleted in both Cdh1 and securin and thus provides further
support for securin’s competitive inhibition of APC/CCdh1. Meiotic resumption was also
unaffected by expression or depletion of separase and thereby discounted the
possibility that premature activation of separase, caused by the knockdown of securin
could be the cause of the delay (Marangos and Carroll, 2008).

1.4.3 APC/CCdh1 gets help from one of the SAC components, BubR1
BubR1 in addition to its role as a SAC protein, has recently been shown to stabilize
APC/CCdh1 activity during prophase I and prometaphase I. Homer et al. (2009) noted
that 25% of BubR1 depleted oocytes underwent GVB, when cultured in 3-isobutyl-1methylxanthine (IBMX), a drug that maintains prophase I arrest in almost 98% of
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controls. This decreased ability to maintain GV arrest coincided with a 60% decline in
Cdh1 protein levels and could be rescued with cRNA of hBubR1 or Cdh1. As in
prophase I, a drop in Cdh1 levels was mirrored in prometaphase I in oocytes injected
with BubR1 morpholino and few oocytes were able to extrude a polar body. The levels
of securin in BubR1-depleted prometaphase oocytes were found to be twice as high as
in controls due to the associated decrease in APC/CCdh1 activity. The opposite was true
for the overexpression of BubR1 and these oocytes progressed through MI at an
accelerated pace.

The dependency of Cdh1 on BubR1 levels was shown to be

reciprocated; such that depletion of Cdh1 resulted in diminished levels of BubR1
(Homer et al., 2009).

1.4.4 SAC in female meiosis I
The steady increase in activity of CDK1 allows formation and stabilisation of the bipolar
spindle reaching a plateau towards the end of MI with the activation of kinetochores
and migration of the spindle to the cortex of the oocyte prior to the onset of anaphase
(Choi et al., 1991; Verlhac et al., 1996). Despite the high levels of aneuploidy seen in
mammalian oocytes, there is much evidence to support the existence of a spindle
assembly checkpoint (SAC). Similar to mitosis, the SAC in mouse oocytes inhibits
APC/CCdc20 and delays the onset of anaphase I, until the correct tension on the
kinetochores is established and the chromosomes are aligned on the metaphase plate.
However, SAC in meiosis I, must behave differently to that in mitosis or meiosis II, since
in meiosis I, both kinetochores of the sister chromatids of the bivalent must attach to
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microtubules originating from the same pole, which in mitosis would activate the SAC.
Thus for the same reason, no tension is generated between the kinetochores and
microtubules but instead achieved from the chiasmata holding sister chromatids
together following recombination (Irniger, 2006).

The identification of an important difference between the cohesins that bind sister
chromatids together, Scc1 in mitosis and meiosis-specific Rec8 offered an explanation
for how bivalents and not sister chromatids are separated, as in mitosis (Lee et al.,
2003; Watanabe and Nurse, 1999). In both cell cycles, the activation of APC/CCdc20 at
the metaphase I to anaphase I transition leads to the proteolysis of securin and release
of separase. However, unlike mitosis, in the centromeric region, Rec8 is protected
from separase by Shugoshin (Sgo1) protein, leaving only cohesin on the chromosomes
arms vulnerable to cleavage by separase (Ishiguro et al., 2010)

Intriguingly, in female mice that have only a single X chromosome that is randomly
segregated in meiosis I, metaphase I arrest does not occur (LeMaire-Adkins et al.,
1997) suggesting that the SAC in meiosis I is inferior to its mitotic counterpart. Hence
this may account for the higher occurrence of missegregated oocytes as a
consequence of errors in female meiosis I. However, a meiotic SAC does exist and
found to consist of Budding uninhibited by benzimidazole (Bub) (Brunet et al., 2003;
McGuinness et al., 2009) and Mitotic arrest-deficient (Mad) (Niault et al., 2007)
kinetochore proteins.

As such, the reduction or over expression of Mad2 led

respectively to chromosome missegregation due to the accelerated progression
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through MI, or the incomplete inactivation of the SAC thereby only partially activating
separase (Niault et al., 2007).

1.4.5 APC/CCdh1 prevents aneuploidy by targeting Cdc20 during
prometaphase
Following the activation of MPF and consequent GVB, the resumption of meiosis from
a protracted (in-vivo) arrest, reaches the metaphase stage where recombined
homologous chromosomes align at the equator of the spindle before segregating
(Jones, 2004).

In this reductional division, each homologue retains both sister

chromatids and is therefore different from both mitosis and the second meiotic
division (Jones, 2004). As such, it appears that the biorientation and alignment of
homologous chromosome is more difficult than that of sister chromatids and is
thought to be the cause of many aneuploidies (Nicolaidis and Petersen, 1998; Pellestor
et al., 2003).

In mitosis, the SAC delays the separation of sister chromatids by

sequestering Cdc20, until all the kinetochores are properly attached and bi-oriented
(Musacchio and Hardwick, 2002; Yu, 2002). In meiosis I, degradation of securin and
cyclin B is also crucial for homologue disjunction in mouse oocytes (Herbert et al.,
2003) and is mediated by both APC/CCdh1 and APC/CCdc20 (Reis et al., 2007). The activity
of APC/CCdh1 in prometaphase I has an important role in the prevention of premature
separation of homologous chromosomes by preferentially targeting Cdc20 (Reis et al.,
2007). On release from a milrinone induced arrest, the progression of GV oocytes
through meiosis I was found to be 1.5 h faster than those treated with a mismatched
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morpholino control. This accelerated polar body extrusion (PBE) was attributed to the
loss of Cdh1 during MI as the normal timing of PBE was observed on rescue with cRNACdh1 after GVB. Asymmetric distribution of homologous chromosomes leading to
aneuploid oocytes was associated with the premature PBE. The determinant of the
faster MI exit, however, was the onset of degradation of APC/CCdc20 substrates cyclin
B1 and securin, during the metaphase I to anaphase I transition and not an increase in
their rates of degradation. Instead, Cdc20 was found to be a substrate of APC/CCdh1
during prometaphase I and its degradation took place before that of cyclin B1 and
securin. In untreated oocytes, levels of Cdc20 were depleted at 4h after GVB and
reaccumulated afterwards to enable the ubiquitative activity of the APC to changeover
to APC/CCdc20 during the metaphase I and anaphase I stages, to further deplete cyclin
B1 and securin levels, as it does in mitosis. This depletion of Cdc20 did not occur in
oocytes treated with Cdh1 morpholino, allowing a premature accumulation of Cdc20,
resulting in an earlier PBE (Reis et al., 2007).

1.5 Studies on Cdh1 knockout mice

1.5.1 Cdh1 degradation of cyclin B1 in the placenta prevents embryonic
lethality
All of the above observations suggest Cdh1 has an important role in regulating
progression of the oocyte cell cycle. However, confirmation of its role would be
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ascertained with function deletion genetics. The establishment of conventional Cdh1
knockout mice is not possible, since deletion of the Cdh1 gene causes embryonic
lethality by E12.5 (Garcia-Higuera et al., 2008). This lethality was predicted to be due
to a defect in trophoblast cell differentiation and resulted in underdeveloped cells that
lacked giant nuclei, indicating a problem with endoreduplication, a process of repeated
rounds of DNA replication without intervening mitosis leading to giant cells with large
nuclei. Garcia-Higuera (2008) crossed Fzr1lox/lox mice, where exons 2 and 3 of the Cdh1
gene is flanked by loxP (locus of crossover of bacteriophage P1) sites (otherwise known
as floxed mice) with transgenic mice expressing Cre recombinase under a Sox2
promoter, which is present in most cells except the placenta (Hayashi et al., 2002).
The activity of Cre recombinase remained dormant in the placenta since Sox2 is not
expressed in these cells. Thus Cdh1 was ablated from most cells apart from the
placenta during recombination when Cre is activated. As such, preserving placental
Cdh1 expression was found to be essential to embryonic survival (Garcia-Higuera et al.,
2008).

Only heterozygous mice were generated by Li et al. (2008) using gene-trap
methodology; where an allele of Cdh1 is made dysfunctional through the insertion of a
construct in intron 5. Although this defect was transmitted through the germline,
homozygous Cdh1 mutants did not survive past E9.5. Further investigation found Cdh1
was highly expressed throughout the placenta and had an essential role in
endoreplication (Sorensen et al., 2000). For endoreplication to take place, CDK1
activity has to be kept low to prevent mitotic division. Thus the presence of cyclin B1
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in the placenta of Cdh1 mutants implicated cyclin B1 as an important substrate of
APCCdh1, as none was detected in wildtype controls (Li et al., 2008).

1.5.2 APC/C Cdh1 is essential for genomic stability
The physiological role of Cdh1 was not assessed in Cdh1 null neonates since they died
within a few days after birth. However, analysis of mice embryonic fibroblasts (MEFs)
isolated from Cdh1 null embryos at E10.5 displayed some proliferation and
chromosomal defects, indicating that Cdh1 could have a role in the preservation of
genomic integrity.

This was also supported by the observation that aged mice,

heterozygous for Cdh1 expression were more susceptible to epithelial tumours than
wildtype (Garcia-Higuera et al., 2008). These tumours are an expected outcome of
Cdh1 depletion since APC/CCdh1 is essential for mitotic exit. Furthermore, substrates of
this ubiquitin ligase, for example, the mitotic cyclins, are overexpressed in human
cancers (Carter et al., 2006).

Cdh1 expression may also have an important role in the nervous system as its
expression is pronounced in the brain (Gieffers et al., 1999). APC/C Cdh1 is thought to
regulate neuronal growth and dendritic branching (Konishi et al., 2004) as depletion of
Cdh1 leads to enhanced axonal growth.

Although the nervous system of Cdh1

heterozygous mice is not particularly different from wildtype, reduced expression of
Cdh1 caused increased proliferation in the subventricular region of brain. This change
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in proliferation was associated with the reduced neuromuscular coordination and poor
recognition memory observed in these mice (Garcia-Higuera et al., 2008).

1.5.3 Generation of oocyte-specific knockouts of Cdh1 using Cre/lox P
technology
Oocyte specific inactivation of Cdh1 using the Cre/Lox P system would allow further
understanding of Cdh1 function in-vivo (Lewandoski and Martin 1997; Lewandoski,
Wassarman et al. 1997). Although generation of an oocyte specific knockout of Cdh1
would be novel, the technology to produce such a model has been known for over a
decade (Sauer, 1998). Lox P is a 34 bp sequence consisting of two 13 bp palindromic
sequences separated by an 8 bp directional spacer. These lox P sites are direct repeats
and therefore in the same orientation for excision of the gene sandwiched between
these two sites (Figure 1.6). Lox P in the opposing orientation would invert the DNA
between them during Cre assisted recombination or a chromosomal translocation may
occur between two lox P sites situated on different chromosomes (Sauer 1998; Sun,
Liu et al. 2008). The Cre-lox P system under the ZP3 promoter has been extensively
used to elucidate the function of other oocyte specific genes, for example, the germ
cell nuclear factor (GCNF) and the voltage-gated sodium channel, Scn8a gene (Levin
and Meisler, 2004).

Crossing the Fzr1lox/lox mice used by Garcia-Higuera (2008) with transgenic mice
expressing Cre recombinase (Lewandoski, Wassarman et al. 1997), under an oocyte
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Figure 1.6: Mechanism of Cdh1 knockout using Cre/lox P Technology
(A) Cre recognition of palindromic sequences of a lox P site.
(B) (i) Cdh1 gene is encoded by a 12 kbp sequence which spans across 14 exons.
(ii) Cdh1 gene where exons 2 and 3 are flanked by lox P sites (floxed Cdh1).
(iii) Product of a recombination event mediated by Cre between two lox P sites.
LoxP sites in the same orientation result in the deletion of of target sequence, i.e.
exon 2 and 3 and thus Cdh1 knockout. Arrows indicate FZR primers 32, 34 and 43
used for genotyping (Garcia-Higuera et al., 2008).
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specific promoter, the zona pellucida 3 (ZP3), would leave the Cdh1 gene intact in all
other cells.

Unfortunately female mice carrying the ZP3 associated Cre transgene

could not be used for breeding as this promoter is active in oocytes. Thus, Cre activity
in the oocyte could activate DNA recombination in the zygotes and hence result in
complete knockout of Cdh1, which is embryonically lethal (Sun et al., 2008). Breeding
with males carrying the ZP3-Cre expression overcomes this problem as ZP3 is oocyte
specific and not expressed in male germ cells. The Cre carrying heterozygous male
progeny from this pairing could then be mated with Cdh1 floxed females to give the
first oocyte specific Cdh1 knockout mice, since none have been reported in the
literature.

Although confirmation of Cdh1 loss in oocytes would have to be

ascertained from Western blot, the Cdh1 knockouts could be identified by PCR of
gDNA preparation of mouse tails against the FZR (32 + 43) primers used by GarciaHiguera (2008) and Cre primers. Thus, the tail tips of Cdh1 knockouts would be
positive for floxed Cdh1 as well as for Cre expression.

Other oocyte specific Cre lines have been successfully established using promoters
derived from Growth differentiation factor 9 (Gdf9), homeobox gene Msx2, and Vasa
(Noce, Okamoto-Ito et al. 2001; Lan, Xu et al. 2004). There are temporal differences in
the phase of oocyte development at which Cre recombinase activity is observed
depending on which promoter is used. For example, ZP3 and Msx2 promoters are
active during late primary follicle stage and secondary stages respectively (Philpott,
Ringuette et al. 1987; de Vries, Binns et al. 2000; Lan, Xu et al. 2004). Whereas the
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Gdf9 promoter is active in primordial follicles and in later developmental stages (Lan et
al., 2004). Vasa promoters are active at both male and
female germ cell stages (Noce et al., 2001). In the present study, the Cdh1 gene will be
knocked out using Cre expression driven by the ZP3 promoter, and so will occur during
the formation of the zona pellucida when the growing oocyte is encapsulated with a
primary follicle (early pre-antral). It remains to be seen whether Cdh1 deletion in
oocytes of primary follicles will have a significant effect on the oocyte’s development.

1.6 Aneuploidy in oocytes

1.61 Introduction
The vast majority of errors in chromosome segregation have been attributed to
maternal meiotic errors during oogenesis. These errors are responsible for failed
pregnancies and result in spontaneous abortions or still births. However aberrancy in
the segregation of certain chromosomes is known to bypass the oocyte’s surveillance
systems. However, these live births are associated with detrimental conditions such
as Down syndrome. Non-disjunction of chromosome 21 occurs in 90% of cases as a
result maternal meiotic errors (Antonarakis, 1991), with the majority of these errors
taking place during meiosis I (Antonarakis, 1991; Yoon et al., 1996). Thus, here I will
discuss malsegregation of chromosome during meiosis I. It is generally accepted that
the incidence of Down syndrome increases dramatically with maternal age (Hassold
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et al., 1984) and highlights the need to assess the chromosomal content of these
maturing oocytes since most modern women have postponed conception to a
mature age.

To address this interest, the last decade has brought about vast

improvements in methods of detection of aneuploidy in human oocytess and their
polar bodies.

These techniques include fluorescent in-situ hybridization (FISH)

labelling; comparative genomic hybridization (CGH); spectral karyotyping; primed in
situ labelling (PRINS) and peptide nucleic acid (PNA). These studies have revealed
that aneuploidy is caused mainly by premature chromatid separation (Pellestor et al.,
2005). Here we will review these methods and address the benefits and limitations
of these and alternative techniques.

1.6.2 Mechanism of aneuploidy in MII oocytes
There is a risk of aneuploidy every time the oocyte divides, so the chromosomal
constitution of the oocyte is subjected to errors throughout its development, even
prior to entering meiosis.

The oocyte, in the form of a primordial germ cell,

undergoes multiple mitotic divisions before commencing the two subsequent meiotic
divisions. Although malsegregation of chromosomes can occur during the second
meiotic division, it is known that the major occurrence of aneuploidy originates due
to chromosomal malsegregation in meiosis I (Hassold and Hunt, 2001; Nicolaidis and
Petersen, 1998). This error may be the result of homologues failing to segregate to
opposite poles of the spindle, a process known as nondisjunction.

This

nondisjunction may be a consequence of inadequate pairing of homologous
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chromosomes during the zygotene stage of prophase, resulting in the lagging behind
at anaphase and subsequent loss of a whole chromosome (Coonen et al., 2004;
Martin, 1984). In this case the chromosome number at the end of meiosis I would be
even. Predivision, the precocious segregationof one homologue of a paired bivalent,
another major mechanism of aneuploidy observed at meiosis I in human oocytes was
described by Angell (1991, 1995, 1997).

Additional unpaired single chromatids at

metaphase II stage were also observed in mouse oocytes as a result of predivision
(Hansmann and El-Nahass, 1979; Polani and Jagiello, 1976). Predivision would give
rise to an odd number of chromosomes in metaphase II oocytes; unless the
malsegregation resulted in a balanced chromatid separation and both separated
chromatids resided in the oocyte (Figure 1.7). However, there have been reports that
a balanced chromatid separation defect might be artefactual and a consequent of
prolonged in-vitro culture (Dailey et al., 1996; Kamiguchi et al., 1993). Oocytes
carrying errors through from meiosis I would predispose meiosis II to chromosomal
errors. In cases where there are discrepancies and extra chromosomes in metaphase
II oocytes are not accompanied with a corresponding lack of chromosomes in PBE1
provide evidence for gonadal mosaicism (Mahmood et al., 2000; Pujol et al., 2003).

1.63 Karyotyping studies of human oocytes
Early attempts of examining the chromosomes in oocytes were hampered by both
the availability of human oocytes and inadequate technology (Pellestor et al., 2005).
The earliest reported study of chromosomes in metaphase II oocytes was by Edwards
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(1965). The development of in-vitro fertilisation during the 1980’s revived interest in
this area, with the increased availability of oocytes for analysis. Thirty-five individual
studies of aneuploidy and chromosome abnormality using the Tarkowski fixation
technique on human oocytes were documented between 1984 and 1995 (Pellestor et
al., 2005). Aneuploidy data collected in these studies were mainly based on small
sample sizes of less than 100 oocytes and were not reliable because of the high
variability; for example, the incidence of aneuploidy ranged from 2% to 59.6%
(Pellestor et al., 2005). Moreover, the Tarkowski fixation method gave rise to three
foldmore hypohaploidies than hyperhaploidies; so plausible causes of chromosome
loss (Coonen et al., 2004; Ford and Lester, 1982; Martin, 1984; Williams and Fisher,
2003) as well as artificial loss were accounted for by doubling the observed
hyperhaploidies.

The reduction in artefactual chromosome loss and chromatid separation resulting
from the Tarkowski fixation method was achieved with the development of gradual
fixation techniques (Mikamo and Kamiguchi, 1983).

The improvement in

chromosome preparation led to new cytogenetic studies on large samples, ranging
from 44 to 1397 human oocytes (Pellestor et al., 2005). Scoring of chromosome
anomalies was also more reliable for oocytes fixed gradually because both whole
chromosomes and the presence of premature separated sister chromatids (Angell et
al., 1991) were taken into account.
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Figure 1.7: Reductional division of homologous chromosomes and abnormal
segregation
Mechanistic illustration of five different ways one pair of homologous chromosomes
can segregate. (i) normal segregation (ii) non-disjunction: homologous pairs fail to
segregate, resulting in hyperploidy; (iii) Predivision: Sister chromatids prematurely
segregate and results in aneuploidy with an odd number of chromosomes; (iv), (v)
Predivision, balanced chromatid segregation error, could promote further errors in
meiosis II (Pellestor et al., 2005).
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1.64 Techniques used for aneuploidy assessment of human oocytes
Fluorescence in situ hybridization (FISH) is a cytogenetic technique that is widely used
for the assessment of aneuploidy in oocytes. It involves the use of commercially
labelled DNA probes which are specific to certain chromosomes, especially
chromosomes 13, 16, 18, 21 and 22 that are commonly found to be malsegregated
and are important in preimplantation genetic diagnosis (Dailey et al., 1996; Dyban et
al., 1996). The procedure can be performed sequentially, so that the same oocyte
can undergo up to three rounds of multicolour FISH reactions with sets of two to nine
probes each time. Therefore artefactual errors can arise from inadequate washing
and re-probing in sequential rounds, which inevitably diminishes the hybridisation
capacity and reduces the morphological quality of the chromosome spreads (Harper
and Wells, 1999).

More artefactual errors can also come from miscoring of single

dots per chromatid resulting from centrometic or locus-specific labelled probes.
FISH assays may have overestimated chromosomal aberrancy in oocytes because the
procedure allows analysis of poor chromosome spreads that may have derived from
oocytes destined to become atretic and inherently display chromosomal aberrations
(Balakier and Casper, 1991).

Moreover, the FISH method is technically limited

because it does not fully karyotype the oocyte but instead targets specific loci of
specific chromosomes.

Spectral karyotyping or M-FISH is an improvement of FISH which utilises five
fluorochromes that can produce up to 24 colours (Schrock et al., 1996; Speicher et al.,
1996) and potentially label simultaneously, all the chromosomes of the oocyte.
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However, spectral karyotyping has been used in very few studies on human oocytes
(Clyde et al., 2001; Clyde et al., 2003; Marquez et al., 1998; Sandalinas et al., 2002)
because the procedure is expensive and time consuming. The technique is also highly
reliant on high quality chromosome spreads, which are difficult to obtain, so the
efficiency of this method is low (Pellestor et al., 2005).

The primed in-situ labelling of nucleic acid sequences (PRINS) (Pellestor et al., 2004
and 1996) are used as alternatives to FISH to assess aneuploidy in metaphase II stage
oocytes and their polar bodies in human oocytes.

PRINS utilises discriminating

repeated DNA sequences on chromosomes as cytogenetic markers. The technique
involves annealing of oligonucleotide primers to specific sequences on the
chromosome. These oligonucleotide probes then act as primers for chain elongation
by a DNA polymerase in the presence of labelled ddNTPs which allows the
chromosomes to be visualised indirectly. The PRINS method is more rapid compared
with FISH and results in higher sensitivity and lower unwanted background
hybridisations. Although not as widely used for aneuploidy assessment in oocytes as
FISH, PRINS does have its advantage where fast diagnosis of common fetal aneuploidy
takes precedence over a more comprehensive analysis (Velagelati et al., 1998).

The main limitation of the majority of cytogenetic techniques is that they rely on high
quality chromosome spreads.

However, this poses a significant problem since

inferior spreads composed of overlapping chromosomes and chromatids are all too
common. Comparative genomic hybridization (CGH) is a DNA-based technique and
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therefore has the advantage that it does not utilise chromosome spreads which are
difficult to perform adequately.

CGH has been reported to have a high detection

rate of 80% (n=30), as well as being a more sensitive method compared to FISH, as a
third of the abnormalities detected with CGH would have been missed using the FISH
procedure with currently nine chromosome-specific probes (Gutierrez-Mateo et al.,
2004). CGH is also the more efficient method and allows enumeration of all the
chromosomes, thus providing a complete karyotype. Furthermore CGH analysis can
be performed on the metaphase II oocyte and its constituent PBE1. However CGH
procedure is time consuming and the procedure cannot be directly applied to single
cells, thus the oocyte must undergo whole genome amplification prior to CGH
analysis (Voullaire et al., 1999; Wells et al., 1999). Another limitation is that it is not
possible to distinguish between the malsegregation of a whole chromosome or single
chromatid from the CGH profile in all cases (Oliver-Bonet et al., 2006).

1.6.5 Analysis of aneuploidy via kinetochore counts
Recently, Schindler et al. (2009) described a method to spread chromosomes inside
the mouse oocyte. This technique allows the determination of hypohaploidies as well
as hyperhaploidies because chromosomes are not lost because they remain inside the
oocyte as apposed to being spread on a slide (Chiang et al., 2010; Schindler and
Schultz, 2009). Monastrol, a kinesin-5 inhibitor, is used to collapse the bipolar spindle
(Mayer et al., 1999). The remaining monopolar spindle spreads its microtubules into a
rosette-like array, thus separating the attached chromosomes. Chromosomes and
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kinetochores were labelled with Sytox Green stain and CREST antibody respectively.
The number of kinetochores detected by confocal microscopy was used to assess
aneuploidy (Chiang et al., 2010; Schindler and Schultz, 2009).

1.7 Aims and Perspectives
The in-vitro evidence suggests Cdh1 activity is a regulator of the oocyte meiotic cell
cycle. The activity of Cdh1 appears to be crucial for the maintenance of GV arrest and
controlling the appropriate timing of prometaphase in mouse oocytes. The generation
of a Cdh1 knockout mouse model will be invaluable to ascertain a true picture of Cdh1
role in-vivo, since it is regarded as 100% depletion of the Cdh1 gene and therefore will
not present any effects from residual Cdh1 unlike in-vitro knockdown. Furthermore,
this mouse model will avoid non-specific effects from using morpholinos or siRNA that
prevent translation of the gene. If the in-vitro results are mirrored in the in-vivo
knockout mice, the oocyte will not stay arrested at the GV stage, which may lead to
apoptosis since normal regulatory processes are compromised. The Cdh1 knockout
oocyte is also expected to progress through the first meiotic division at a faster rate.
This acceleration in meiotic progression may not give the chromosomes sufficient time
to align properly on the metaphase plate, resulting in an increased number of oocytes
that are aneuploid. In this case, it may be possible to find oocytes that have undergone
GVB or PBE in the in antral follicles of the ovary or earlier. However, no difference may
indicate the existence of degenerate or compensatory mechanisms in the in-vivo
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oocyte, which are not observed in the in-vitro model. This compensation for Cdh1 loss
may come from the follicles of the ovary or the oocyte itself.

From the introduction, it is well established from in-vitro knockdown studies that Cdh1
is important for the maintenance of prophase I arrest. However, this conclusion
remains to be proven in an in-vivo model. Therefore, here I have used Cdh1 floxed
mice (Garcia-Higuera et al., 2008) to generate an oocyte-specific knockout of Cdh1.
The strategy used to breed the experiment cohort for this study is examined in Chapter
1, followed by an analysis of the phenotypical consequences of loss of Cdh1, especially
in respect to GV arrest in Chapter 2. In Chapter 3, I assess the effect of Cdh1 knockout
on aneuploidy.

45

Chapter 2
______________________________________________________________________

Chapter 2
Material and Methods
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2.1 Animal Ethics
All procedures in this project were approved by the Animal Care and Ethics Committee
(ACEC) of the University of Newcastle, NSW, Australia.
ACEC approval numbers are A-2010-144 for in-house strains
and A-2010-131 for transgenic mice.

2.2 Animals and Husbandry
B6CBF1 hybrids and C57Bl/6 mice bred at the Central Animal House (CAH), University
of Newcastle and all transgenic mice from Australian BioResources (ABR), Moss Vale
were held at Medical Sciences (MSB), University of Newcastle’s PC2 holding facility
prior to use. Food (Specialty Feeds) and water (added bleach 1 in 1000) was provided
ad libitum. All cages contained bedding of 1/8” size corn cob, (Shepherd’s cob™,
distributed by Tecniplast, Australia). All mice in MSB holding facilities were housed
under a 12 h light (07.00-19.00 h) and 12 h dark (19.00-07.00 h) cycle so that 1 am is
the midpoint of the dark cycle. Room temperature was maintained at 22 °C ± 2 ⁰C and
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humidity at 60% ±15%.

Mice were culled either by cervical dislocation or by

asphyxiation with CO2 immediately prior to use.

2.3 Mice Strains

2.3.1 B6CBF1 hybrids
B6CBF1 hybrid mice were bred at Central Animal House (CAH), University of
Newcastle. The B6CBF1 strain was created from crossing C57Bl/6 females with CBA/Ca
males from Animal Resources Centre (ARC), Perth. The F1 generation acquired from
this mating were designated B6CBF1.

Phenotypically, these B6CBF1 females were

abundant in mature follicles and therefore high numbers of cumulus enclosed oocytes
were obtained from them. Unless otherwise specified, B6CBF1 females were used for
all the studies.

2.3.2 C57Bl/6 strain
C57Bl/6 mice were bred at Australian BioResources (ABR), Moss Vale, New South
Wales. C57BL/6 mice were the first to have their genome sequenced. C57BL/6 mice
are good breeders and are the most widely used inbred strain (The Jackson Laboratory,
Maine, USA). Our transgenic mice (See Section 2.3.4) were on a mixed background
with 50% C57Bl/6, and later backcrossed onto a pure C57Bl/6 background (See Section
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2.3.7). Hence the C57Bl/6 strain is a very close model for the transgenic control
littermate and employed to circumvent differences in strains.

2.3.3 Transgenic strains
Transgenic mice included the loxFZR; loxFZRB6; 93knwZp; FZRZP3 and FZRZP3B6
colonies. All transgenic mice were bred at ABR and were identifiable by a numerical
system of ear clippings performed when mice were weaned (Figure 2.1). In this
earmarking scheme, tens were represented on the left ear and ones were denoted on
the right ear of each mouse. There is a maximum of four clippings on each ear which
differ in value depending on location. There is no representative mark for hundreds
since the first hundred mice were generally used before the next hundred were
marked.

The number assigned to the mouse is determined by summation and

numbers range from 0-99. The mouse illustrated in Figure 2.1 is number ninety-nine.

2.3.4 LoxFZR mice
A colony was established from breeding pairs gifted by Prof. Sergio Moreno, Cell
Division and Cancer Group, Centro Nacional de Investigaciones Oncologicas (CNIO),
Madrid, Spain (Garcia-Higuera et al., 2008). These mice have part of their Cdh1 gene
flanked by loxP sites, and are therefore known as floxed mice. Their genotype is
designated accordingly as fl/fl.
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Figure

2.1

Identification

of

the

transgenic

mouse

by

ear

marks.

Representative of the numerical system used to ear mark and identify all
transgenic mice bred at Australian BioResources (ABR), Moss Vale, New
South Wales. The numerical identity of the mouse illustrated is 99.
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2.3.5 93knwZp males
Zp3Cre [C57BL/6-Tg(Zp3-cre)93Knw] (93knwZp, Cre) males were gifted by Prof. Eileen
McLaughlin and the genotype of these homozygous males were assigned wt/wt,
Cre/Cre (where wt/wt refers to the Cdh1 gene). This strain was initially produced on a
pure C57Bl/6 background from a transgenic construct encoding both Cre recombinase
and mouse Zp3 promoter. In this way Cre expression is controlled by the mouse zona
pellucida 3 (Zp3) promoter, which is active only in growing oocytes. This strain is used
to delete a floxed sequence specifically in the female germ line.

2.3.6 The experiment cohort is generated in the FZRZP3 colony
The FZRZP3 colony is produced from crossing males carrying the ZP3-Cre transgene
(See Section 2.3.5) with floxed FZR1 female mice (See Section 2.3.4) for two
generations. The progeny arising from the initial cross is heterozygous with only one
possible genotype, fl/wt, Cre/+. Males produced from this mating were then mated
with female floxed mice to obtain the experiment cohort (Schwenk 1995) (Figure 2.2).

To increase the ratio of knockout female mice, males from the experiment cohort with
fl/fl, Cre/+ genotype, were mated with floxed females with fl/fl, +/+ genotype. The
crossing of these two genotypes increases the probability of getting a knockout female
by 2 fold, whilst still adhering to Mendelian ratios. This is because only two
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Figure 2.2: Generation of the experiment cohort.
Breeding strategy for the generation of oocyte-specific Cdh1 knockout mouse and
its littermates (*same mouse).
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genotypical outcomes are possible from this mating instead of four; knockout (fl/fl,
Cre/+) and control (fl/fl, +/+) (Figure 2.3).

Genotypes of the FZR1 oocyte specific knockout mouse (∆/∆), heterozygous (∆/wt) and
control (fl/fl; fl/wt) female littermates were determined from DNA collected from tail
tip clippings and amplified by polymerase chain reaction (PCR) against both Cre and
FZR32 and FZR43 primers (Garcia-Higuera et al., 2008) (See Material and Methods for
primer sequences).

2.3.7 Transference of loxFZR mice onto a pure Black 6 background
The floxed mice we were given had a mixed background of C57Bl/6 (50%), CD1 (25%)
and 129 Sv (25%) (Section 2.3.4). Floxed males were mated with C57Bl/6 females to
create offspring of 75% C57Bl/6. Male progeny from this cross were allowed to
mature to a minimum of 6 wk of age, before they were mated with C57Bl/6 females.
Heterozygous (fl/wt, +/+) males were bred with C57Bl/6 females for a further three
generations. Siblings were then mated to give homozygous floxed mice that were 97%
C57Bl/6 (Figure 2.4)
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Figure 2.3: Alternative Breeding strategy yielded ∆/∆ mice and fl/fl at a faster
rate.

Male mice with genotype fl/fl, Cre/+ generated in the original breeding

program were mated with floxed mice.

Breeding strategy generated oocyte-

specific Cdh1 knockout females and homozygous floxed controls. Here 1 in 4 pups
is a ∆/∆ female, if male progeny are taken into consideration (Figure 2.2).

53

Chapter 2
______________________________________________________________________

Figure 2.1: Percentage Black 6 inheritance for LoxFZR mice backcrossed
with pure C57Bl/6. The CD1 and 129 Sv strains were bred out of the LoxFZR
colony by mating floxed male mice with C57Bl/6 females over a further four
generations until a 97% Black 6 background was reached. The experiment cohort
generated from these mice was actually 98.5% C57Bl/6 because the 93knwZp
males used in the breeding program were also of a pure C57Bl/6 background.
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2.3.8 Generation of the experimental cohort on a pure Black 6
background and establishment of the FZRZP3B6 colony
LoxFZRB6 females created by backcrossing males which had at least one floxed Cdh1
gene with pure C57Bl/6 females for four generations (Section 2.3.7) were bred as
detailed in Section 2.3.6 to give experimental mice with an almost pure Black 6
background. This colony was designated FZRZP3B6 to distinguish it from FZRZP3 mouse
line which was on a mixed background.

2.4 Genotyping of the Experiment Cohort

2.4.1 Genomic DNA extraction
Mice tail tips were taken from mice weaned at 3 weeks of age by ABR. The product
protocol was followed for a kit (Promega Wizard®SV Genomic DNA Purification
System) used to extract DNA from a small number of samples. A phenol isoform
extraction was used to process large numbers of tail tips.

This step was later

outsourced to ABR due to the high volume of mice involved and time constraints. The
protocol described is for the DNA extraction of a single sample and requires scaling up
for the corresponding number of tail tips.

Extraction of genomic DNA was performed by adding Lysis buffer (0.5 mL) which
consisted of Tris (pH 8) (mwt 121.14, 1 M, 25 µL), Na2EDTA (pH 8) (mwt 372.24, 0.5 M,
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100 µL), SDS (mwt 288.38, 10%, 25 µL), as well as proteinase K (28.93 kDa, 20 mg/mL,
10 µL) and made up to 0.5 mL with Milli-Q H2O (350 µL), to a 1 mL eppendorf
containing the mouse’s tail tip. The sample was then incubated at 55 °C for 24 h, in a
heat block to fully digest the tissue. The tube was then inverted 4-5 times to mix the
contents. A commercially available mixture of phenol/chloroform/isoamyl alcohol in a
ratio of 25:24:1 (0.5 mL) was added to the tube inside a fume hood. The tube was
inverted 10-20 times and spun at full speed (13,200 rpm) for 5 min at room
temperature. Only the upper aqueous layer was transferred via micropipette with
plugged tip, into another eppendorf (∼400 µL). To this solution was added NaCl (5 M)
so as to make a 1:25 ratio of NaCl (5M, 16 µL): extracted solution (400 µL). Absolute
ethanol (0.8 mL) was also added to the mixture. The tube was gently inverted several
times until a white velvety solid (DNA) was observed precipitating out of the solution.
The tube was spun at 7000 rpm for 5 min at room temperature and the supernatant
was gently discarded leaving the DNA pellet behind. The pellet was washed with
ethanol (75%, 1 mL) and spun at 7000 rpm for a further 5 min at room temperature.
The liquid was decanted and discarded and after a further short spin (10 s), the
remaining alcohol was removed with a 200 µL pipette. The tube containing the pellet
was left open to air for 5-10 min before the addition of Milli-Q water (200 µL) and left
at room temperature for 10 min. The DNA was resuspended by gentle flicking and
stored at -20 ⁰C for future use.
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2.4.2 Genotyping of FZRZP3 progeny
DNA was extracted from tail tips taken at 3 weeks as detailed in Section 2.4.1 and
genotyped using Cdh1 primers, FZR32 and FZR43 (10 µM, Sigma) against DNA
sequences that flanked a loxP site as described in Garcia-Higuera et al. (2008) (See
Chapter 1, Figure 1.6). Mice DNA were also genotyped against Cre primers (Sigma) as
well as primers for mGAPDH, as a positive control and nuclease free water, as negative
control (Table 2.1). A single PCR reaction requires nuclease free water (10.9 µL), 5X Go
Taq Buffer (green reaction buffer) (4 µL), MgCl2 (2.8 µL), dNTPs (0.4 µL), Go Taq Flexi
(0.1 µL), Forward Primer (10 µM, 0.4 µL), Reverse Primer (10 µM, 0.4 µL) and Template
(DNA sample) (1 µL), giving a total volume of 20 µL. All the components required for
PCR were combined (except for the DNA Sample) and the mixture was prepared
according to the number of DNA samples plus one. The GoTaq® Flexi DNA polymerase
was added last. Aliquots of 19 µL of the mixture were then dispensed into 0.2 mL PCR
tubes and to these were then added DNA (1 µL) extracted from the test mouse. Care
was taken to avoid cross over contamination between samples. The tubes were spun
briefly in a mini centrifuge at 3000 rpm for 2 sec before they were then loaded into a
PX2 Thermal Cycler (Thermo). The programme was set as follows; stage 1: 95 ⁰C for 10
min; stage 2: 35x consecutive cycles of 95 ⁰C for 15 sec (strands separate); 58 ⁰C for 30
sec (templates anneal to DNA strands) and 72 ⁰C for 1 min (dNTPs add to primer and
extend complementary strand); Stage 3; 72 ⁰C for 10 min (ensures extension of strands
are completed) and stage 4: 4 ⁰C hold (Garcia-Higuera et al., 2008). The 5X Green
GoTaq® Flexi Buffer supplied, contained a compound that increases sample density
and therefore PCR reaction can be loaded directly onto the gel following amplification.
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Table 2.1: Primers used to genotype the experiment cohort.
Sequences of FZR32 and FZR43, respectively forward and reverse primers used in the
genotyping of floxed and wild-type Cdh1. The expected PCR product size for floxed Cdh1 is
300 bp and wild-type Cdh1 is 177 bp (Garcia-Higuera et al., 2008). A PCR product at 102 bp is
expected for Cre recombinase expression. mGAPDH was used as a PCR positive control. All
primers were used at a working concentration of 10 µM.
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The GoTaq® Flexi Buffer also contained blue and yellow dyes that separate during
electrophoresis, so the progress of DNA migration towards the anode can be
monitored. Electrophoresis of the PCR products against a 100 bp ladder (Promega),
premixed with loading dye (Bromophenol Blue) (1:6) was on 2% agarose gel containing
ethidium bromide (Sigma) or GelRed™ (0.5X) (Biotium) (5 µL in 100 mL TAE), a less
toxic alternative. The electrophoresis was conducted in Sub-Cell® GT Agarose Gel
Electrophoresis Systems following the manufacturer’s instructions and at 120 V, until
the lowest band was approximately an inch before the end of the gel. Both ethidium
bromide stained and GelRed™ stained fluorescent nucleic acid bands were detected
and imaged by UVDoc, UV Transilluminator equipped with a F590 filter (UVitec). The
lanes were annotated as shown in Chapter 3, Figure 3.1.

2.5 Preparation of Media

Unless otherwise specified all components were purchased from Sigma.
All media were prepared fortnightly, inside a Laminar Flow Work Station (CCL Pty Ltd.)
and in glassware free from detergents and with ultra pure water. All reagents have
been cell culture tested by the manufacturers.
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2.5.1 Source of ultra-pure water
Water is cycled through a Milli-Q® Advantage A10® System (Millipore), which deionises
and reduces contaminants to below trace levels. This UV irradiated and purified water
is filtered through a 0.22 µm membrane as it is dispensed. Water from this source is
denoted Milli-Q and is free from ionic, organic contaminants and bacteria and is
suitable for all biochemical applications or analytical use. Unless otherwise stated
Milli-Q is the source of all water.

2.5.2 Preparation of M2 media from stocks
M2 media is the standard medium for collection, manipulation and short-term
incubation (1-3 h) of CEO, denuded oocytes and MII eggs. The media is supplemented
with albumin from bovine serum (BSA, 4%). This is a modified Kreb’s Ringer solution,
in which some of the bicarbonate is substituted with N-[2-hydroxyethyl]piperazine-N’2]ethanesulphonic acid (HEPES) buffer (Fulton and Whittingham, 1978; Quinn et al.,
1982). M2 media is prepared fortnightly either from stock solutions, classified (A-E)
(Table 2.2) or by constitution from individual components (Table 2.3). All M2 media
constituents were allowed to dissolve in Milli-Q without agitation. The osmolarity of
M2 media was measured from 100 µL aliquots of the media using a calibrated Micro
Osmometer (Löser) prior to addition of BSA (4 mg/mL). The osmolarity was adjusted
to between 283-289 mOsM (inclusive) with 1-50 mL Milli-Q. The media was filter
sterilized through a 0.22 µm bottle top filter (Corning) and stored at 4 °C and warmed
to 37 °C prior to use.
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Stock B and C contain sodium bicarbonate and sodium pyruvate and have a shelf life of
only two weeks at 4 ⁰C. All other stock solutions (A, D, E) were filter sterilized through
a 0.22 µm membrane and can be stored at 4 °C for up to 3 months. The pH of Stock E
was measured with a pH meter (827 pHLab, Metrohm), precalibrated with pH 4 then
pH 7 buffers (Ajax Finechem) and adjusted dropwise with NaOH (0.2 M) to
physiological pH 7.4 (Table 2.2).

2.5.3 Preparation of M2 media from constituents
To ensure complete solubility of the salts, constituents must be added following the
order described below and in Table 2.3. To a one litre volumetric flask was added
NaCl (mwt 58.45, 94.66 mM, 5.533 g/L); KCl (mwt 74.557, 4.78 mM, 0.356 g/L); KH2PO4
(mwt 136.091, 1.19 mM, 0.162 g/L); MgSO4.7H2O (mwt 246.5, 1.19 mM, 0.293 g/L);
NaHCO3 (mwt 84.02, 4.15 mM, 0.349 g/L); sodium pyruvate (mwt 110, 0.33 mM, 0.036
g/L); glucose (mwt 179.86, 5.56 m, 1 g/L); Phenol Red (0.01 g/L) and Milli-Q (500 mL).
HEPES (mwt 238.3, 20.85 mM; 4.969 g/L) was dissolved in Milli-Q (50 mL) and the pH
was adjusted to pH 7.4 with 0.2 M sodium hydroxide (NaOH) and added to the
mixture. Penicillin G. K salt (0.06 g/L) and Streptomycin sulphate (0.05 g/L) and
CaCl2.2H2O were individually dissolved in Milli-Q (5 mL) prior to their addition to the
volumetric flask. Sodium lactate (43.49 g of 60% Syrup) was then washed into the 1 L
volumetric flask with Milli-Q. The volume was made up to between 0.95-1 L with MilliQ to give an osmolarity of between 283 mOsmol and 289 mOsmol (inclusive). BSA (4
mg/mL of media) was allowed to slowly dissolve before the media was filter sterilized
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Table 2.2: Composition of M2 stock solutions
Filter sterilized stock solutions of M2 media may be stored at 4 ⁰C for up to 3

months prior to use, apart from stock B and C which have to be prepared every
fortnight.
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Table 2.3: Composition of M2 Media
Preparation of M2 media directly from constituents. This method of M2 media
preparation required the addition of the components in a precise order.

63

Chapter 2
______________________________________________________________________
through a 0.22 µm bottle top filter (Corning) and stored at 4 °C. This media is
prewarmed to 37 °C prior to use (Table 2.3).

2.5.4 Preparation of Minimum Essential Medium
The standard medium for in vitro maturation (IVM) is Minimum Essential Medium
(MEM) and this is prepared fortnightly. This medium is supplemented with fetal calf
serum (FCS) (20%) (GIBCO®) and Penstrep (10,000 units/mL Penicillin, 10,000 µg/mL
Streptomycin) (GIBCO®) (1 in 200) and equilibrated under a 5% CO2, 37 °C humidified
atmosphere in a Hera cell 150 incubator (Thermo Scientific) overnight or 3 h (for <10
mL aliquots) prior to use.

Medium Powder with L-glutamine, ribonucleotides, deoxyribonucleoside without
NaHCO3 (Gibco™ Invitrogen) (1 L mix) was supplemented with NaHCO3 (mwt 84, 2.2 g).
Prior to the addition of the full volume (1 L) of Milli-Q required, the pH was checked for
a 7.1-7.2 range and adjusted, with NaOH (5 M) (dropwise). This is because the pH goes
up by 0.2-0.3 units after filtration and the physiological value required is pH 7.4. It was
then filter sterilized through a 0.22 µm, 150 mL bottle top filter (Corning) and stored at
4 °C in a sterile detergent-free bottle.
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2.5.5 Preparation of media containing hyaluronidase
To remove cumulus cells from matured, newly ovulated eggs, hyaluronidase, an
enzyme derived from bovine testes (type IV-S) is used. Hyaluronidase is reconstituted
and diluted with filter sterilized M2 media to give a working stock of 300 µg/mL. This
enzyme is stored in 2 mL aliquots at -20 °C and warmed to 37 °C prior to use.

2.5.6 Preparation of media containing milrinone
Milrinone is a phosphodiesterase type III inhibitor and is used to block the
spontaneous resumption of meiosis that occurs in vitro when fully grown, meiosiscompetent, GV stage oocytes are released from the ovary. Milrinone is cAMP-specific
and therefore the catalytic cleavage of 3', 5'-cAMP to 5'-AMP is prevented. Thus in the
presence of milrinone, cAMP levels within GV oocytes in vitro remain high and these
continue to be arrested at diplotene stage of development. Both M2 and MEM media
can be supplemented with milrinone, denoted respectively as M2+mil and MEM+mil
and 1 µM of milrinone is sufficient to keep the 96% of control oocytes arrested. A
higher concentration (10 µM) is added to the media to maintain arrest in a similar
proportion of GV oocytes of knockout animals. Milrinone (1 or 10 µM) is added to the
media immediately prior to use.
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2.6 Ovarian Priming and Superovulation

2.6.1 Preparation of PBS
Phosphate buffered saline (PBS) is a general use physiological (pH 7.4) buffer in
biological research because it is isotonic and not toxic to cells.

A PBS diluent was

made by dissolving one PBS tablet (Sigma) in Milli-Q (200 mL) and filter sterilized
through a 0.22 µm membrane (Nalgene syringe filters, company). This 200 mL solution
contains 0.01 M Phosphate buffer, 0.0027 M KCl, 0.137 M NaCl and is at pH 7.4 at 25
°C. The filter sterilized solution may be stored at 4 ⁰C and used at 37 ⁰C to wash eggs.
However, freshly prepared PBS is recommended for use in hormone preparation.

2.6.2 Preparation of Pregnant Mare Serum Gonadotrophin
Lyophilized Pregnant Mare serum gonadotrophin (PMSG) (Folligon®, Intervet) (1000
IU), stored at 4 °C was dissolved in PBS (20 mL) without agitation, to give a working
concentration of 5 IU/0.1 mL. The hormone was drawn into 1 mL syringes, capped
with a 25G x 5/8 inch hypodermic needle and stored at -80 °C. Syringes were warmed
to 37 °C prior to use.
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2.6.3 Human Chorionic Gonadotrophin
Lyophilized Human Chorionic gonadotrophin (hCG) (Chorulon®, Intervet) (1000 IU),
stored at 4 °C was dissolved in PBS (30 mL) without agitation, to give a working
concentration of 5 IU/0.1 mL. The hCG hormone was dispensed into 1 mL syringes in
0.5 mL aliquots (25 IU) and capped with a 25G x5/8 inch hypodermic needle. These
syringes were stored at -80 °C until required and warmed to 37 °C prior to use.

2.6.4 Hormonal priming of ovaries
PMSG mimicks the effect of endogenous follicle-stimulating hormone (FSH) on oocytes
and stimulates the recruitment and growth of immature ovarian follicles. PMSG is
used to increase the number of GV oocytes collected from antral stage follicles. Thus
juvenile female mice were injected intraperitoneally (i.p.) with PMSG (Folligon®,
Intervet) (10 IU; 5 IU/0.1 mL). Primed ovaries were extracted and GVs from antral
follicles were harvested 44-52 h post PMSG injection.

The number of cumulus

enclosed oocytes available is also strain dependent. For example, >30 CEO may be
collected from primed ovaries of B6CBF1 hybrid mice, but only ~20 CEO for the
C57Bl/6 strain.

2.6.5 Superovulation of female mice
Human Chorionic Gonadotrophin is used to mimic the ovulation induction of
luteinizing hormone (LH). To increase the number of ovulated in-vivo mature
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metaphase II (MII) stage eggs, female mice were injected with PMSG (Folligon®,
Intervet) (10 IU; 5 IU/0.1 mL)(Section 2.63) and hCG (Chorulon® Intervet) hormone (7.5
IU; 5 IU/0.1 mL). The administration of these two hormones is separated by a 44-52 h
time interval and a further 12 h is allowed after the hCG injection, before MII stage
eggs were removed from the oviduct.

2.7 Collection of oocytes and In Vitro Maturation

2.7.1 Collection and denudation of CEOs
Ovaries extracted from PMSG (10 IU, i.p.) primed mice were punctured continuously
for ~20 s using a 30 gauge needle to release cumulus enclosed oocytes (CEO) in
M2+mil (1 or 10 µM) at 37 ⁰C. Collected CEOs were either left intact or denuded by
drawing them in and out of a fine glass tube of similar diameter to the oocyte (~70
µm). The CEOs were then removed from the rest of the ovarian debri into M2+mil (3
mL) covered by mineral oil, using a fine glass pipette. Extraction and denudation of
CEOs should take no more than 20 min per mouse.

2.7.2 Collection of in-vivo matured oocytes
MII stage oocytes were collected from mice injected with PMSG and HCG 44-52 h apart
and harvested 12 h post HCG.

The oviducts was dissected from the mice and
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transferred directly into warm (37 °C) M2 (3 mL,) and then into warm
M2+hyaluronidase (~300 µg/mL. 2-3 mL). The swollen ampulla (the upper part of the
oviduct) is torn apart to release the cumulus mass containing the ovulated oocytes into
the hyaluronidase containing medium. The oviduct is discarded after the release of its
cumulus mass into the hyaluronidase solution. These oocytes shed their cumulus cells
in hyaluronidase within 1-2 min. MII stage oocytes that have dissociated from their
cumulus cells were washed by transfer through four droplets of M2 (200 µL) under
mineral oil at 37 ⁰C.

2.7.3 In Vitro Maturation (IVM)
The CEOs collected from primed mice in M2+mil were either left intact or stripped of
their cumulus cells (denuded) with a fine glass pipette of equivalent diameter. The
CEOs or denuded (DU) oocytes were transferred through six droplets of M2 (100 µL)
under mineral oil to wash out the milrinone, thereby releasing the block to the
spontaneous meiotic resumption that normally occurs when eggs were released from
the ovary. The CEOs or DU oocytes were then transferred to MEM (3 mL) and
incubated in a humidified chamber under a CO2 (5%) atmosphere at 37 °C and allowed
to undergo in vitro maturation (IVM). After 14 h, the majority of eggs will have
completed meiosis I and extruded the first polar body. For some experiments, the IVM
is delayed by 12 h (dIVM12) or 24 h (dIVM24). In these cases, GV oocytes were
incubated in MEM+mil (10 µM), under a CO2 (5%) atmosphere and at 37 °C for the
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stated times. IVM is allowed to proceed following the delayed arrest when oocytes
were washed free from milrinone and incubated for 18 h in MEM only.

2.8 Buffers and solutions for preparation of the
oocyte for analysis

2.8.1 Polyvinylpyrrolidone
Polyvinylpyrrolidone (PVP) is a water-soluble polymer which is normally added to PBS
(Section 2.61) used to wash oocytes. This is to aid manipulation because it prevents
the oocytes from sticking. Stocks of 200 µL aliquots of 25X PVP was prepared by
dissolving PVP (2.5 g) in PBS (10 mL). Each 200 µL aliquot is diluted with PBS (4.8 mL)
prior to use as a washing solution for oocytes.

2.8.2 PHEM Buffer
PHEM buffer is an alternative buffer to PBS (Section 2.61). Properties of PHEM buffer
include a high buffering capacity as it consists of two buffering components, PIPES and
HEPES.

It also consists of a chelator of divalent cations (EGTA) which inhibits

proteolytic enzymes. PHEM buffer is highly resistant to the effects of chemicals,
enzymes and temperature, maintaining physiological pH. A 2X concentration of PHEM
(100 mL) is made from the addition of PIPES (mwt 302.37; 3.63 g), HEPES (≥99.5%)
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(mwt 238.31; 1.3 g), EGTA (mwt 380.35; 0.76 g) and MgSO4 heptahydrate (mwt 246.48;
0.2 g) to Milli-Q (80 mL). Potassium hydroxide solution (10 M) was added dropwise to
the mixture until pH 7 was reached. The volume was made up to 100 mL with Milli-Q
and sterilized by filtration through 0.22 µm filter (Millex®) and stored at

-20 ⁰C or 4

⁰C.

2.8.3 Preparation of 4% paraformaldehyde in PHEM buffer
Paraformaldehyde (PFA) (1 g) was dissolved in PHEM buffer (25 mL) (Section 2.7.2) and
heated to 62-65 °C inside a fume hood. The solution was cooled to room temperature
and driven through a 0.45 µm syringe filter (Millex®, Millipore) to remove any
undissolved particles. PFA (4%) was stored at 4 °C and used at room temperature
within 2 weeks following preparation.

2.8.4 Preparation of fixing and permeabilisation solution
Fixing solution (5 mL) is prepared by adding a 200 µL aliquot of 25X PVP to 4%
paraformaldehyde in PHEM buffer (4.8 mL).
A Permeabilisation solution is obtained by the addition of Triton X 100 (40 µL) to Fixing
solution (2 mL).
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2.8.5 Preparation of Antibody Buffer
The buffer for the antibody and to wash the oocytes is made fresh and can be used
over 2 days when stored at 4 ⁰C. It is composed of 1% BSA and 0.1% TWEEN®20 in
PBS and 10 mL (BSA (100 mg); TWEEN®20 (10 µL); PBS (10 mL)) is usually sufficient as
oocytes can be treated and washed simultaneously.

2.8.6 Preparation of blocking solution
The blocking solution is prepared by adding goat serum (70 µL) to antibody buffer (930
µL) (Section 2.7.5).

2.8.7 Preparation of SDS protein sample buffer for Western blotting
This reagent solubilises protein samples for Western blot analysis. A 4X stock solution
was prepared containing glycerol (40%); Tris/HCl pH6.8 (240 mM); SDS (8%);
bromophenol blue (0.04%) and β-mercaptoethanol (5%). To make 5 mL of 4X SDS,
required the addition of 100% glycerol (2 mL); SDS (0.4 g); bromophenol blue (2 mg);
β-mercaptoethanol (0.25 mL) to H2O (1.55 mL). This mixture was stored at -20 ⁰C in
100 µL aliquots and diluted to a 1X solution by adding 3 parts H2O prior to use.
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2.9 Treatment of GV oocytes collected from mice
A number of experiments assessing the role of Cdh1 in meiotic arrest were conducted.
The number of CEOs collected from transgenic control, heterozygote and knockout
mice was recorded along with the number of oocytes that had undergone GVB within
these cumulus complexes.

Percentage GVB was determined for denuded CEOs

incubated in media containing milrinone (1 µM and 10 µM). The time taken for
oocytes to resume meiosis when washed-free from milrinone was also assessed. The
effect of an intact cumulus on percentage GVB for GVs incubated in milrinone
containing media was also examined (See Chapter 3). The levels of Cdh1, cyclin B1,
securin and Cdc25B were assessed using Western blot procedure.

2.9.1 Protocol for the Western Blot of GV oocytes
Freshly harvested and denuded CEOs (n=50) per genotype from the experiment cohort
were washed three times with PBS at 37 ⁰C and collected in SDS sample buffer (10 µL).
These samples were stored at -80 ⁰C and later used in Western blotting (Chapter 3).
Western blotting is a multi-step process which involves electrophoresis, protein
transfer and immunodetection of the specific protein in question.

Samples of solubilised oocytes (n=50) in SDS buffer (10 µL) were heated at 70 °C for 10
min directly prior to loading onto a NuPage 1.5mm x 10well; 4-12% Bis-TrisGel
(Invitrogen) following the product protocol. BenchMark® (Invitrogen) (7.5 uL) and
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SeeBlue Plus2®(Invitrogen) (5 uL) ladders accompanied each run and was loaded first,
followed by SDS samples containing 50 GV oocytes, A blank lane was left between the
ladder and sample lanes. To separate the proteins, gel electrophoresis was conducted
at a constant 200 V for approx. 50 min, or until the ladder approached 1 cm from the
bottom of the gel.

Protein transfer from gel to membrane, i.e. blotting was conducted using an XCell II
Blot Module (Invitrogen) at a constant 30 V for 1 h. Again following manufacturer’s
directions, the protein was transferred onto a polyvinylidene fluoride (PVDF)
membrane which was presoaked in methanol for 30 s prior to use.
A reversible dye, Ponceau S was applied to the PVDF membrane to check for a uniform
transfer of the protein. The membrane was rinsed with distilled water and the 20 and
50 kDa mark of the BenchMark® ladder was highlighted with e.g. a dot using a soft
(HB/2B) pencil. The membrane was washed free of the Ponceau S stain with running
distilled water for 2-3 min. and stored until required in PBS-Tween 0.1% in a 50 mL
Falcon tube.

As the antibody used to identify a specific protein is itself also a protein, none specific
binding of antibodies to the membrane was prevented by blocking (completely filling
membrane with protein) in a dilute protein solution, made from non-fat milk powder
(5%, 1 in 20) and Tween (0.1%, 2.5 g in 50 mL) dissolved in PBS solution. Blocking was
performed at 4 °C overnight prior to probing with primary antibody. All antibodies
used were diluted to the required concentration (Table 2.4) with antibody buffer
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Table 2.4: Antibodies used in the immunodetection step of Western Blot.
Details of primary antibodies for Cdh1, GAPDH, cyclin B1 and securin and
horseradish peroxidase (HRP) linked secondaries used in the immunodetection of
proteins in GV oocytes from control and knockout mice. All secondaries were
polyclonal and used at 1 in 1000.
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(Section 2.7.5). The PVDF membrane was then incubated in primary antibody solution
(3 mL) for 2 h at room temperature inside a 50 mL Falcon tube on a roller turn table
(Stuart® Scientific). Alternatively, the primary antibody can be incubated overnight at
4 ⁰C to increase the signal to noise ratio of weaker bands. After the allotted time, the
membrane was removed from the primary antibody solution (which was retained for
future use), rinsed and underwent three consecutive 15 min washes with PBS-tween
(0.1%) on a Gyro-Rocker® (Stuart® Scientific) to remove all unbound antibody. The
membrane was then exposed to a species-specific secondary IgG antibody (1:1000, 3
mL) linked to horseradish peroxidise (HRP) (DAKO), a reporter enzyme for 1 h. The
membrane was given a final rinse and immersed in PBS-tween (0.1%) for 15 min on a
Gyro-Rocker® (Stuart® Scientific). This wash was repeated a further two times.

An ECL Plus Western Blotting Detection Reagents (GE Healthcare) kit containing a
chemiluminescent agent was applied to the PVDF membrane surface. The luminescent
emitted from this reagent’s reaction with the HRP on the secondary antibody was
captured with LAS 4000 (Fujifilm Life Science), a CCD based digital imager and recorded
using Image Reader LAS 4000 software. Image J software was used to analyse the
intensity of the bands relative to mGAPDH. The PVDF membrane was rinsed with
distilled water then left on the turntable for 15 min in PBS-TWEEN®20 (0.1%) before
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being stored in PBS-Tween (0.1%) at 4 °C and was re-probed with different antibodies
for proteins of different sizes.

2.10 Post-IVM treatment of oocytes

2.10.1 Monastrol treatment of MII eggs
At the end of IVM, eggs have completed meiosis I and extruded the first polar body.
To enable the numerical quantification of kinetochores, eggs were transferred to an
IVF dish (a humidified dish) of MEM (500 µL) containing monastrol (200 µM) and
incubated for a further 2 h. Monastrol, a cell permeable molecule causes breakdown
of the meiotic spindle by inhibition of the mitotic kinesin Eg5, a motor protein
important for spindle bipolarity. Collapse of the bipolar spindle results in a radial
microtubule array with usually both sister kinetochores of chromosomes attached
(Mayer, 1999).

2.10.2 Fixation and permeabilisation of eggs for immuno-staining
Eggs were fixed with paraformaldehyde (PFA) (2% solution in PHEM buffer) which was
made every fortnight. To PFA solution (2%) in PHEM (5 mL) was added Triton X 100
(25 µL) and Taxol (10 mM, 0.5 µL) (Houliston 1987; Xiao 2006) and used within 2
weeks. Eggs were fixed at room temperature for exactly 20 min before they were
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washed three times in PBS/PVP and stored at 4 ⁰C. Triton X 100 was added to PFA
solution to permeabilise the egg and the addition of taxol stabilises the microtubules.

2.10.3 Immunocytochemical Labelling of kinetochores
Fixed and permeabilised PBE1 eggs in PBS/PVP were incubated in blocking solution
(Section 2.7.6) for 1 h at room temperature. The eggs were then transferred into a 96
well plate containing 200 µL of anti-human CREST primary antibody (1:400) (Fitzgerald)
in antibody buffer (Section 2.7.5) and stored in a humidified chamber at 4 °C
overnight. This antibody is kinetochore specific. The eggs were washed sequentially in
3x 200 µL aliquots of antibody buffer and left to incubate at room temperature in each
aliquot for, respectively, 1 min, 5 min and then 1 h. The eggs were then incubated in
the dark, in secondary antibody, goat anti-human Alexa 555 (1:1000 antibody buffer)
at room temperature for 1 h in a humidified chamber. This was followed by another
three sequential washes (1 min, 5 min and 1 h). Eggs were incubated for 15 min in the
dark at room temperature in Hoechst (1:1000 PBS/PVP) to stain the chromatin, before
they were mounted on 2 x 5 mm, 12 well slides in Citifluor (glycerol) mountant
(Citifluor Ltd). A cover glass (thickness #1) (Menzel-Gläser) with Vaseline®, a white
petroleum jelly spotted on each corner, was laid over the wells and the edges of the
cover slip were sealed with clear nail varnish. The slides were stored at 4 °C and in the
dark, ready for confocal imaging.
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2.10.4 Aneuploidy analysis via Kinetochore counts
An Olympus FV1000-confocal microscope, with FV10.ASW 2.0 viewer software
(Olympus), was used to generate a Z series of between 20-40 sections, 0.5 µm apart.
Images were taken of each CREST and Hoechst stained MII egg, that had been treated
with monastrol. The speed of acquistion was 10 µs/pixel, auto HV was selected and
512 x 512 setting was chosen. Zoom function was at 5 or 6 and Kalman was set to 2.
The confocal lasers’ wavelengths were 405 nm (5% power) and 559 nm (16% power).
These settings were adjusted for each individual egg for optimal resolution of the
kinetochores. Ploidy was established from kinetochore counts from these Z-series
(Phoebe Jennings conducted the majority of these counts).

2.10.5 Chromosome spread of MII eggs
Slides were pretreated with absolute ethanol and conc. HCl (1:1) overnight to aid
adhesion of chromosomes to glass slides. They were thoroughly rinsed with distilled
water and air dried prior to use.

The protocol used for the preparation of

chromosomes from mouse oocytes was previously described by Tarkowski (1966). A
single post-IVM oocyte was transfered through two droplets (300 µL) of trisodium
citrate (1%), before it was left to incubate in the hypotonic solution for 7-10 min. at
room temperature. The oocyte was then transferred to the centre of the slide with
minimal solution and a fixative consisting of methanol and glacial acetic acid (3:1, 10
µL) was expelled directly onto the oocyte from a calibrated pipette, held
approximately 2cm away. The fixative was allowed to disperse and evaporate by
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gentle breathing on the slide and the chromosome spreads were left to dry completely
overnight at 4 ⁰C (Tarkowski, 1966).

Prior to staining, slides with chromosome spreads were soaked in HCL (5 M) for 5 min.
at room temperature in a glass Coplin jar. The chromosomes were then stained,
conventionally, with Giemsa stain R88 (5 mL) diluted with Gurr phosphate buffer (pH
6.8) (45 mL) in a Coplin jar for 15 min at room temperature. The slides were then
transferred sequentially through two Coplin jars containing Gurr buffer, and then into
distilled water and then air dried. After placement of a coverslip with some mounting
medium, the chromosomes were imaged with a X100 objective.

2.11 Preparation of Ovaries for histology
Ovaries from pubescent knockout and control mice were extracted weighed and fixed
in Bouins solution overnight at 4 ⁰C. The fixative was removed with several washes of
ethanol (70%) until the solvent remained clear. The ovaries were stored in ethanol
(70%) and processed for paraffin embedment and 5 µm sections mounted, three to a
slide and stained with hematoxylin and eosin (H&E). This part of the work was
outsourced.
The 5 µm sections were photographed using an inverted microscope fitted with a CCD
camera microscope and a 4x objective lens. Follicle counts of secondary, early antral,
preovulatory and atretic secondary and atretic antrals were performed.
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2.12 One-pot PCR protocol for primers against
chromosomes 15-19
For the PCR protocol refer to section 2.4.2 (Genotyping of FZRZP3 progeny). However,
the quantity for components of a single PCR reaction is slightly different and requires
nuclease free water (8.3 µL); 5X Go Taq Buffer (green reaction buffer) (4 µL); MgCl2 (25
mM, 2.8 µL), (final concn. 3.5 mM); dNTPs (0.4 µL); Go Taq Flexi (0.1 µL), (added last);
Forward Primers of chromosomes 15, 16, 17, 18 and 19 (10 µM, 0.4 µL each) and their
respective Reverse Primers (10 µM, 0.4 µL each) (Table 2.5) and Template (DNA
sample) (1 µL), giving a total reaction volume of 20 µL. The DNA sample was extracted
from liver tissue. Settings for the PX2 Thermal Cycler (Thermo) programme was set as
follows, stage 1: 95 ⁰C for 3 min; stage 2: 33 consecutive cycles of 95 ⁰C for 30 s; at any
temperature between 56 ⁰C and 59 ⁰C for 30 s and 72 ⁰C for 45 s; Stage 3: 72 ⁰C for 10
min and stage 4: 4 ⁰C hold. Electrophoresis of this PCR reaction yielded five distinct
bands in one lane at 142, 175, 265, 291 and 364 bp. Although this reaction was
successful with liver gDNA sample, it was not successfully performed on oocytes, even
when the product of whole genome amplification of a single oocyte was used as a
template. It is difficult to ascertain the source of the problem, whether it is with the
preamplification or the sensitivity of the following PCR reaction.
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Table 2.5: DNA sequence of primers against Chromosomes 15 to 19
The appropriate volume of nuclease-free H2O was added to each product to make
100 µM stock solutions of primers for Chromosome 15-19 (Sigma). A 1 in 10
dilution of 10 µL of each stock solution was used to make a working concentration
of 10 µM required for PCR. (Primers were designed by Janet Holt).
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2.13 Statistical Analysis
Statistical analysis was performed using both Graphpad Prism and IBM SPSS Statistic
19 software. All ANOVA statistics was accompanied by a Tukey’s post-hoc analysis.
Student t-tests and ANOVA were performed with a 95% confidence level. Significance
is shown as ** for p<0.01 or *** for p<0.001 or * for p<0.05 or n.s for non-significance.
Chi Square analysis was also used.
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Chapter 3
Studies of Cdh1 using a ZP3-Cre
driven oocyte specific knockout
model
_______________________________________________________________________

3.1 Introduction
Precedence for this project came from in-vitro studies conducted by our group, where
antisense morpholinos were used in the knock-down of Cdh1, one of two activators of
the Anaphase Promoting Complex (APC) (Reis et al., 2006b). This work suggested an
important and novel role for Cdh1 in the maintenance of prophase I arrest, a
prolonged stage identified by an intact germinal vesicle. Until recently, however, all
observations of Cdh1’s role, conducted by our research group have been based on invitro studies (Reis et al., 2006b, 2007), as complete ablation of Cdh1 is embryonically
lethal (Garcia-Higuera et al., 2008; Li et al., 2008). Recently, Garcia-Higuera et al.
(2008) discovered that placental expression of Cdh1 can prevent this lethality and have
successfully produced a Cdh1 knockout model by generating mice with part of their
Cdh1 gene flanked by lox P sites (floxed mice). Using Cre lox-P technology, they mated
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these floxed females with male mice bearing a Cre-driven Sox2 promoter to knockout
Cdh1 in somatic cells where Sox2 is active. There is no embryonic lethality, given that
Sox2 is not active in the placenta and Cdh1 expression is retained in these cells. Here, I
have used similar technology to knock out Cdh1 using a Cre-driven ZP3 promoter,
which is only active in oocytes for the construction of the zona. This was achieved by
mating ZP3-Cre males with floxed female mice. Given ZP3 is only active in oocytes, the
strategy afforded in an oocyte-specific knockout model of Cdh1. This chapter intends
to present the phenotypical profile of these Cdh1 knockout oocytes and examine more
fully the role of Cdh1 in prophase (GV arrest).

3.2 Results
3.2.1 Establishment of oocyte-specific Cdh1 knockout mice
To generate an oocyte specific Cdh1 model, I bred female mice bearing loxP sites
flanking exons two and three of their Cdh1 gene (floxed mice, fl/fl) (Garcia-Higuera et
al., 2008) (See Figure 1.6 in general introduction) with transgenic male mice expressing
Cre recombinase (Lewandoski and Martin, 1997; Lewandoski et al., 1997), under an
oocyte specific promoter for zona pellucida 3 (ZP3) (Figure 2.2 in Material and
Methods). This breeding would be predicted to leave the Cdh1 gene intact in all other
cells, because in this system Cre recombinase expression only occurred downstream of
the expression of ZP3. However, the ZP3 promoter is only active after the oocytes
have entered the growing pool; and is therefore not expressed in oocytes contained
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within primordial follicles (de Vries et al., 2000; Lan et al., 2004). The heterozygous
male progeny produced from mating the floxed females and Cre bearing males have
fl/wt, Cre/+ genotype. Mating this Cre carrying heterozygous male with the floxed
females gave oocyte-specific Cdh1 knockout mice (∆/∆, Cre/+), as well as heterozygote
(∆/wt, Cre/+) and control (fl/fl, +/+ and fl/wt, +/+) littermates. Herein, these female
mice are depicted as ∆/∆; ∆/wt; fl/fl and fl/wt respectively. When the experiment
cohort consists of both fl/fl and fl/wt genotypes, they will be referred to as controls.
Unless otherwise stated only juvenile and young adult mice between 3-8 weeks old
were used for the experiment cohort. One in eight of the pups born were expected to
be female and of the genotype ∆/∆ (See Chapter 2; Figure 2.2 for breeding scheme).
These mice belonged to the FZRZP3 colony and have a mixed background, being half
C57Bl/6J, and a quarter each of CD1 and Sv strains. They appeared normal and
healthy. Statistical analysis conducted on the initial 180 pups, using the Chi Square
test for goodness of fit, showed the frequency of pups generated for each of the 4
possible genotypes were not significantly different from the expected Mendelian
frequencies (χ2 (3 df, n=180) =2.089, p=0.554, n.s.) (Table 3.1).

The male counterparts to female knockout mice have essentially the same genotype,
except that Cre expression in males is inactive due to the absence of an active ZP3
promoter. These male littermates with fl/fl, Cre/+ genotype were bred with floxed
females and used to enhance the number of ∆/∆ mice born. Considering that half the
offspring would be males, the chances of getting a female mouse with ∆/∆ genotype
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Table 3.1: The frequency of fl/fl, fl/wt, ∆/wt and ∆/∆ genotypes in the first 180
female pups. Contingency table of the number of female pups born with fl/fl, fl/wt,
∆/wt and ∆/∆ genotypes. The female progeny were all of mixed background and
belonged to the FZRZP3 colony. Offsprings were generated from matings detailed
in Chapter 2, Figure 2.2. There was no significant difference between the number
of pups with fl/fl, fl/wt, ∆/wt and ∆/∆ genotypes.

χ2 (3 d.f, n=180) =2.089,

p=0.554, n.s.). Breeding adheres to the Mendelian ratio.
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improved from a 1 in 8 to a 1 in 4 chance from this cross and hence produced
∆/∆ females for analysis at a higher rate. However, this strategy was at the expense of
losing the ∆/wt and fl/wt genotypes. This complementary breeding scheme was also
found to adhere to Mendelian ratios; since statistical analysis using Chi Square,
goodness of fit test demonstrated that the frequencies of the two genotypes, fl/fl and
∆/∆ were the same (See Chapter 2, Figure 2.3 for breeding scheme and Table 3.2
below). (χ2 (1 df, n=470) =1.668, p=0.197, n.s.).

The floxed mice originally gifted by Sergio Moreno (CSIC, Salamanca University, Spain)
were of a mixed background and made up of C57BL/6J (50%), CD1 (25%) and 129 Sv
(25%). Thus, in parallel with the establishment of the loxFZR colony that generated a
supply of female floxed mice (Section 2.3.4) and the FZRZP3 colony (Section 2.3.6) that
generated the experiment cohort, the mixed background was gradually bred out.
Gradual transference of mice onto a pure C57BL/6J background was achieved by
backcrossing floxed males with C57BL/6J females over a further four generations.
Heterozygous siblings from the fourth backcross were then mated to regenerate the
homozygous fl/fl genotype and incorporation of these mice into the breeding strategy
yielded future experimental cohorts with 98% C57BL/6J background (See Materials and
Methods, Figure 2.4). Herein I describe experiments conducted on mice of a mixed
background consisting of 75% C57BL/6J, since the ZP3-Cre males used to produce the
experiment cohort were of a pure C57BL/6J background. Backcrossing on to a C57
background was protocol and a means to ensure the observed phenotype of Cdh1
knockouts were not due to the mixed background heritage of the mice.
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Table 3.2: The number of female pups generated with fl/fl and ∆/∆ genotypes
from a total of 470 female mice.

This table compares the number of pups

generated from the breeding scheme depicted in Figure 2.3 (Chapter 2) with fl/fl
and ∆/∆ genotypes to the total number of 470 female progeny and against their
expected Mendelian ratio. Mice used for analysis were of a pure C57Bl/6J
background and were from the FZRZP3B6 colony. No significant difference in the
number of pups generated with fl/fl or ∆/∆ genotypes

was observed. χ2 (1 d.f,

n=470) =1.668, p=0.197, n.s.
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3.2.2 Confirmation of Cdh1 loss in oocytes of ∆/∆ mice
Mice of fl/fl, fl/wt, ∆/wt and ∆/∆ genotypes were identified by PCR from genomic DNA
(gDNA) extracted from their tailtips against both FZR (32 + 43) (Garcia-Higuera et al.,
2008) and Cre primers (See Material and Methods). A PCR product of 177 bp was
expected for wildtype Cdh1 and because the FZR32 and FZR43 primers were designed
to incorporate a loxP site, as well as a reporter gene; gDNA from a floxed mouse gave
a larger PCR product at 300 bp (Garcia-Higuera et al., 2008). So a single PCR product at
177 bp represented a mouse with wt/wt genotype, one at 300 bp represented fl/fl
genotype and PCR products at both 177 and 300 bp identified a genotype of fl/wt, with
respect to the Cdh1 gene (Figure 3.1A). This result, taken together with those where
the same gDNA was tested against Cre primers identified the genotype of the given
mouse (Figure 3.1B).

Hence, control mice displayed amplified PCR products for

wildtype Cdh1 and/or Cdh1 flanked by loxP sites, but have no corresponding PCR
product for Cre recombinase. PCR products amplified from heterozygotes displayed
floxed Cdh1, wildtype Cdh1 as well as Cre recombinase. Mice were classified as ∆/∆
and thus haboured Cdh1 deficient oocytes; when only a single PCR product at 300 bp,
representing the floxed Cdh1 was detected together with a PCR product for Cre
recombinase (Figure 3.1).

Confirmation of loss of Cdh1 from oocytes of ∆/∆ mice was ascertained from three
replicate Western blots of 50 GV oocytes pooled from antral follicles of hormonally
(PMSG) primed fl/fl, ∆/wt and ∆/∆ mice. As predicted, expression of Cdh1 was not
detected in oocytes collected from ∆/∆ mice on any of the Western blots (Figure 3.2A).
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Figure 3.1: An example of a PCR gel showing genotypes of experimental
mice. Agarose gel consisting of the four possible genotypes (fl/wt; fl/fl; ∆/wt and
∆/∆) produced from breeding program detailed in Figure 2.2. Mice 98-103 were
identified by a numerical earmarking system (Figure 2.1).

(A) PCR products

amplified from tailtip gDNA against FZR 32+43 primers (Table 2.1) (Garcia-Higuera
et al., 2008). (B) The same gDNA amplified against Cre primers (Table 2.1). Size
of PCR products were measured against a 100 bp ladder (Sigma). PCR positive
controls included wild-type gDNA from C57Bl/6J mice and mGAPDH primers.
Nuclease free water was used as a PCR negative control (Data not shown).
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The mean intensities of the bands corresponding to each genotype on the Western
blots were analysed using Image J software. The results were normalized so that the
mean intensity of Cdh1 in fl/fl oocytes was equal to an arbitrary unit of one.
Quantitative measurement of Cdh1 levels in ∆/wt and ∆/∆ oocytes were then
calculated relative to this value. Cdh1 expression levels were only reduced by 30% in
∆/wt oocytes compared with fl/fl controls. A one-way ANOVA was used in the
statistical analysis of the densitometric plot and a Tukey, post-hoc test found
significance between ∆/∆ oocytes and ∆/wt (p=0.009) as well as fl/fl mice (p=0.001)
(Figure 3.2B).

3.2.3 Ovaries of ∆/∆ mice appeared normal and healthy
Unprimed ovaries from ∆/∆ mice appeared healthy but smaller than control ovaries.
However, the reduction in size did not reach a level of significance. It was apparent
that ovary weight would be proportional to body weight, i.e a larger mouse would be
expected to have larger organs. So in order to compare ovary weights, all results were
standardized to an average mouse weight of the experiment cohort (14.45 g). For
example, for a mouse of weight 16.6 g and ovary weights of 1.4 g (left) and 1.9 g
(right), I corrected the ovary weights by dividing it by the actual weight of the mouse
and then multiplied this value by 14.45 g. So the corrected values of ovary weights in
this case was 1.22 g (left) and 1.65 g (right). Averages of the corrected weights were
calculated for left and right ovaries of control and ∆/∆ mice (Figure 3.3). Independent
t-tests conducted on both left and right ovaries found no significance differences in
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Figure 3.2: Western blot for Cdh1 in fl/fl, ∆/wt and ∆/∆ oocytes. (A)
Representative Western blot of Cdh1 expression from stripped CEOs collected
from antral follicles of fl/fl, ∆/wt and ∆/∆ mice; n=50 oocytes per lane, three
replicates.

(B) Mean densitometric analysis of Western blots.

Quantitative

measurement of Cdh1 levels in ∆/wt and ∆/∆ oocytes relative to that in controls,
using Image J software (N=3); Error bars are SEM (**, p≤0.01; ***, p≤0.001; Oneway ANOVA).
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Figure 3.3: Average ovary weights of unprimed control and ∆/∆ mice.
(A) Average weights of ovaries extracted from unprimed control and ∆/∆ mice.
Error bars are SEM.

The variability in mouse weight was accounted for and

normalised to the average weight of our sample (14.45 g). The ovary to weight ratio
was calculated and multiplied by the average mouse weight to normalise the ovary
weight results for a mouse of 14.45 g. Independent t-tests showed no significant
difference in the mean weights between ctrl (2.02 g) and ∆/∆ (1.73 g) for the right
ovaries (p=0.586) and between ctrl (1.85 g) and ∆/∆ (1.39 g) for the left ovaries
(p=0.152). (B) Representative images of right and left ovaries from unprimed mice.
Scale bar = 0.5 mm.
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mean weight between ctrl (2.02 g) and ∆/∆ (1.73 g) for the right ovaries and between
ctrl (1.85 g) and ∆/∆ (1.39 g) for the left ovaries. Data for left and right ovaries were
separately screened for normal distribution and equal variances using SPSS software
and Independent t-test statistics was used to analyse the data.

Histological sections of ∆/∆ ovaries, from unprimed mice stained with haematocyin
and eosin were compared against controls and appeared normal. They contained both
quiescent and growing follicles at different stages of development. Healthy follicles at
all stages of development were observed in control and ∆/∆ specimens, although only
secondary and antral follicles have been highlighted in the cross-section shown, Figure
3.4.

3.2.4 Fewer CEOs were collected from ∆/∆ ovaries
The number of CEOs collected from antral follicles of mice primed 48-52 h previously
with PMSG were assessed. The data showed that ∆/∆ mice (median=13, mean=14.82)
had fewer CEOs from antral follicles than their littermates (controls: median=21,
mean=22.15; ∆/wt: median=24, mean=24.29). A Box and Whisker plot depicts the
spread in CEO numbers collected from controls, ∆/wt and ∆/∆ mice (Figure 3.5). The
box area indicated less variability in oocyte numbers for ∆/∆ compared with ∆/wt or
controls. This variability can also be illustrated numerically by the interquartile range
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Figure 3.4: Ovarian sections from fl/fl and ∆/∆ mice. Haematocyin and Eosin stained
cross sections showing healthy ovaries of (A) fl/fl and (B) ∆/∆ mice, with follicles at
different stages of development. Scale bar=100 µm; White arrows=secondary follicles;
Black arrows=antral follicles.
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Figure 3.5: Box and Whisker plot of number of CEOs collected from primed
control, ∆/wt and ∆/∆ mice. The number of CEOs collected from antral follicles of
∆/∆ mice and their littermates. The area in the box constitutes 50% of the data with
the central line representing the median (ctrl=21; ∆/wt=24; ∆/∆=13). The whiskers
indicate the 10% and 90% ends. Data points beyond the whiskers represent the
outliers.

n = numbers of mice (ctrl=47; ∆/wt=31; ∆/∆=38).

(**, p<0.01; ***,

p<0.001; n.s, non significant (p=0.605); One-way ANOVA and Tukey HSD).
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(IQR), a measure of the spread on either side of the median and accounts for half of
the data. This range is essentially the length of the box. The IQR for controls, ∆/wt
and ∆/∆ mice were 15, 13 and 8.5 respectively. The data were also assessed for
normality using a Kolmogorov-Smirnov test with a Lilliefors significance level (df=31;
p=0.200 for controls, ∆/wt and ∆/∆) and the Shapiro-Wilk (df=31; controls: p=0.191;
∆/wt: p=0.265; ∆/∆: p=0.260) statistic because the sample size was less than one
hundred. Normality was assumed since these tests were non-significant (p>0.05). The
population variances for controls, ∆/wt and ∆/∆ were homogenous because Levene’s
statistic was also non-significant (p=0.289). The criterias of population normality and
homogeneity of ANOVA were met and a one-way ANOVA showed that there is a
significance difference in the numbers of oocytes collected across controls, ∆/wt and
∆/∆ groups (F(2,113)=9.608, p<0.05). Furthermore, post-hoc analysis using Tukey’s
HSD Test identified the significant difference was between controls and ∆/∆ (p=0.002)
and between ∆/wt and ∆/∆ (p<0.001).

The control and ∆/wt groups were not

significantly different (p=0.605) (Figure 3.5).

3.2.5 The number of secondary and antral follicles in ∆/∆ ovaries
assessed by counting on ovarian sections
I wanted to assess whether the reduced numbers of CEOs following loss of Cdh1 could
be observed by counting fewer follicle numbers in sections of ∆/∆ ovaries. There are
technical limitations in obtaining sections across the entire ovary, therefore average
follicle counts were performed on half of each ovary. The midway section was
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determined from calculating the maximum area using image J software. The number
of follicles at secondary, antral and preovulatory stages of development as well as
follicles that appeared atretic was assessed. The number of primordial follicles was
not determined because expression of the ZP3 activated Cre recombinase does not
occur at this follicular stage.

ZP3-Cre is expressed only in growing follicles and

primordial belonged to the non-growing pool (Lan et al., 2004). Hence the number of
primordial follicles in ∆/∆ ovaries was presumed to be similar to control ovaries.

Statistical analysis was performed using independent t-tests from a count of follicles in
six ovaries. I observed that the follicle counts in ∆/∆ ovaries were not significantly
different from controls. The larger antral follicles were assessed first and since these,
as well as secondary follicles were not different from controls; further counts were not
performed and therefore the number of primary follicles was not assessed (Figure 3.6).

3.2.6 Enhanced GVB following loss of Cdh1.
In a previous report, Cdh1 knock down resulted in precocious resumption of meiosis
(Reis et.al, 2007). Therefore, I wanted to assess CEOs collected from primed control,
∆/wt and ∆/∆ mice for GVB. In addition to fewer CEOs available in ∆/∆ mice, a small
but significantly higher percentage of GVB was observed in CEOs of ∆/∆ mice (8.4%)
compared with controls (3.3%) (p<0.001) and ∆/wt (1.8%) (p<0.0001). No difference in
percentage GVB was found between controls and ∆/wt CEOs (p=0.1138, χ2) (Figure
3.7).
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Figure 3.6: Counts of secondary, antral and atretic follicles in control and
∆/∆ ovaries.

(A) Representative images of follicles categorized as secondary,

early antral and antral/preovulatory and their corresponding atretic states.

(B)

Mean follicle count (+/- SEM) performed on six control and six ∆/∆ ovaries, three
mice per experimental group. Repective means for control and ∆/∆: secondary
(29.7, 26.5); early antral (12.5, 16.3); antral and preovulatory (10.5, 11.5); atretic
secondary (23.3, 21); and atretic antral (13.2, 10.2) follicles. Number of follicles for
control and ∆/∆ in each category was not significantly different, all p»0.1
(secondary, p=0.759; early antral, p=0.313; antral/preovulatory, p=0.698; atretic
secondary, p=0.687; atretic antral, p=0.416).
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Figure 3.7: Percentage of oocytes within CEOs from control, ∆/wt and
∆/∆ mice that have undergone GVB. (A) Representative image of CEO collected
for analysis from experiment cohort. The majority are at GV stage as illustrated.
Scale bar = 20 µm. (B) Representative image of CEO that has undergone GVB at
the time of collection. Scale bar = 20 µm. (C) Percentage of CEOs that have
undergone GVB at time of collection. Significantly more CEOs collected from ∆/∆
mice (n=406) had resumed meiosis compared with controls (n=722) and
heterozygotes

(n=566)

(****,

p<0.0001;

***,

p<0.001;

n.s

non-significant

(p=0.1138), χ ).
2
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From the observations of low CEOs and increased GVB, I thought it would be likely that
hormonally stimulated Cdh1 oocytes would be more susceptible to spontaneous invivo maturation.

This would result in a relative increase in oocytes that have

prematurely resumed meiosis and have undergone GVB, were degenerate or
fragmented. Follicle counts of unprimed mice were normal, so to explain the reduced
numbers of CEOs collected from knockouts compared with controls, the remaining
debris from the ovaries following collection of CEOs was analysed. As predicted, the
number of post GVB oocytes, degenerated and fragmented oocytes were more
prevalent in knockouts relative to controls. Statistical analysis revealed that post GVB,
fragmented and degenerate oocytes were significantly much higher in ∆/∆ (p<0.0001,
χ2) (Figure 3.8).

In contrast to the above, the percentage of naked GVs were significantly higher in
controls (p<0.0001, χ2) compared with ∆/∆ (Figure 3.8). These denuded GVs would
have likely come from growing follicles from previous cycles that have not yet become
atretic but have lost their cumulus cells. The higher numbers of naked GVs observed in
the ovarian debris from controls could be substantiated from observations of lower
denuded and more fragmented and degenerate oocytes in the ∆/∆ group. This could
be because denuded GVs are destined to undergo atresia and loss of Cdh1 may
accelerate this degradation.

.
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Figure 3.8:
mice.

Percentage of abnormal oocytes in ovaries of control and ∆/∆

(A) Representative image of abnormal oocytes: naked GVs (black arrows);

fragmented or degenerated (yellow arrow) oocytes as well as oocytes that have
prematurely resumed meiosis and are categorized as post-GVB eggs (white
arrows) in ovarian debris. Scale bar=40 µm. (B) Percentage of abnormal oocytes
depicted in (A) observed in the debris of ovaries following collection of CEOs from
primed control and ∆/∆ mice (****, p<0.0001; χ ). Number in parenthesis indicates
2

number of oocytes used.
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3.2.7 Increased susceptibility to meiotic resumption following loss of
Cdh1
It was plausible that ∆/∆ oocytes would display an increased tendency to resume
meiosis in certain in-vitro culture conditions, since GVB was higher in CEOs collected
from ∆/∆ mice. A phosphodiesterase 3 inhibitor, milrinone was used to prevent
spontaneous resumption of meiosis of oocytes in-vitro (Tsafriri et al., 1996). The
addition of 1 µM of milrinone to the culture media was sufficient to ensure the
continued arrest of the majority (96%; n=203) of denuded control oocytes for 12 h.
Under the same conditions, however, less than half the number of ∆/∆ oocytes
maintained arrest (47.7%, n=199), which is significantly less than controls (p<0.0001;
χ2). Both control and ∆/∆ oocytes were kept at GV arrest for 12 h, in culture media
containing a much higher concentration of 10 µM milrinone. Less than 3% of oocytes
in either control or knockout groups underwent GVB under these conditions (Figure
3.9).

Having established that ∆/∆ oocytes more readily resumed meiosis under standard in
vitro conditions (i.e. in media containing 1 µM milrinone) compared with controls, I
wanted to assess whether entry into the first meiotic division was also accelerated
when oocytes were released from the arresting media. Denuded oocytes harvested
from CEOs of control and ∆/∆ ovaries were incubated for 12 h in media containing a
high dose of milrinone (10 µM). This concentration of phosphodiesterase inhibitor was
sufficient to maintain arrest in all of the analysed oocytes. The number of oocytes that
underwent GVB when washed free of milrinone was recorded at periodic time
104

Chapter 3
______________________________________________________________________

Figure 3.9: Percentage GVB after 12 h incubation in MEM with arresting
agent, milrinone (1 µM or 10 µM). CEOs were collected from primed control and
∆/∆ mice.

Only GV stage CEOs were harvested, denuded and incubated in

arresting media for 12 h.

Number in parenthesis indicates number of oocytes

used. (****, p<0.0001; n.s, non significant, p=0.2345; χ )
2
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intervals, until nearly all the GV oocytes had resumed meiosis. Resumption of meiosis
happened sooner and was found to be accelerated for ∆/∆ oocytes (median 30 min;
IQR=4) compared with controls (median=50 min; IQR=12.5). This meant that nearly all
of ∆/∆ oocytes had undergone GVB by 40 min; before any GVB was observed in
controls (Figure 3.10). Student’s t-test could not be used to find difference between
means in this instance because variance is not equal (p<0.001 in Levene’s test for
homogenous variance).

The data is not normally distributed, since both the

Kolmogorov-Smirnov with a Lilliefors significance level and the Shapiro-Wilk test for
normality were significant (p<0.001) and p>0.05 is required for normality. Chi square
statistics found some significance between mean times of GVB for control and ∆/∆
(χ2(1, N=81)= 5.444, p=0.02).

All the evidence presented so far supports the idea that deletion of Cdh1 in oocytes
promotes GVB. In-vitro, this transition can be countered, either fully or partially,
depending on the concentration, of the phosphodiesterase inhibitor, milrinone (See
Figure 3.9). In-vivo, it is known that the ovarian environment is instrumental in the
maintenance of GV arrest because oocytes spontaneously undergo resumption of
meiosis on release.

Cumulus cells form part of this follicular environment and

immediately surround the oocyte. Therefore, I wanted to assess whether GVB rates in
intact CEOs were lower than denuded oocytes cultured for 12 h in media containing 1
µM milrinone. Maintaining an intact CEO resulted in reduced GVB in both control and
∆/∆ groups. The inhibition to meiotic resumption of CEOs was significant in ∆/∆
oocytes, and GVB was 20% less than that of denuded oocytes (p<0.001) (Figure 3.11).
106

Chapter 3
______________________________________________________________________

Figure 3.10: Time of GVB for control and ∆/∆ oocytes when released from 10
µM milrinone arrest. CEOs collected from hormonally primed mice were denuded
and incubated in media containing milrinone (10 µM) for 12 h.
remained arrested at GV stage.

All oocytes

After 12 h, all oocytes were washed free of

milrinone and the number of denuded oocytes that had undergone GVB was
periodically recorded. Results were plotted as a cumulative percentage of the total
number of oocytes. Arrows indicate the mean time for control (51.23 min) and ∆/∆
(29.86 min) oocytes to undergo GVB following release from arresting media, i.e.
the time taken for 50% of GV stage oocytes to resume meiosis following release
from arrest.

GVB were significantly faster in ∆/∆ than in ctrl (*, p<0.05, χ ).
2

Number in parentheses indicate total number of oocytes analysed.
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3.2.8 Cdh1 ∆/∆ oocytes have five fold higher cyclin B levels than controls
Cyclin B1 is an important substrate of the APCCdh1, especially during prophase 1 arrest.
Repression of cyclin B1 is essential in the prevention of GVB and the ensuing
resumption of meiosis since cyclin B1 is the regulatory partner of CDK1, and together
they constitute Maturation Promoting Factor (MPF). An increased level of cyclin B1 in
∆/∆ oocytes would explain the observed enhanced and accelerated progression of
these oocytes into the first meiotic division. Immunoblotting of cyclin B1 in control
and knockout oocytes demonstrated that loss of Cdh1 led to a five-fold increase in
cyclin B1 expression. However, no upregulation of cyclin B was evident in oocytes
from heterozygotes (Figure 3.12).

3.2.9 Cdh1 ∆/∆ and control oocytes have similar levels of expression for
securin and Cdc25B
Securin, a protein that binds separase rendering it inactive is prevalent up to the
metaphase to anaphase transition. At this point, it is degraded by the APC (Herbert et
al., 2003; Marangos and Carroll, 2008; Zur and Brandeis, 2001). Securin has been
reported to regulate the stability of cyclin B1 and hence modulate the time at which
oocytes enter meiosis by being a preferential substrate of APCCdh1 (Marangos and
Carroll, 2008). However, securin levels in Cdh1 ∆/∆ oocytes were not different to that
of heterozygotes or controls (Figure 3.13) and as such my results suggest that securin
levels are not critically regulated by APCcdh1 during prophase I arrest.
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Figure 3.11: Percentage GVB in CEOs and denuded oocytes (DO) after 12 h
incubation in milrinone containing media. CEOs from control and ∆/∆ mice
were either denuded or remained cumulus-intact and incubated in media
containing milrinone (1 µM) for 12 h. Percentage GVB in denuded and CEOs was
recorded for control and ∆/∆ oocytes.

GVB was significantly reduced in ∆/∆

oocytes that maintained an intact cumulus compared to ones that were denuded.
GVB observed in CEOs of control mice were not significantly different to denuded
oocytes. (***, p<0.001; n.s, non-significant (p=0.1930); χ ). Number in parenthesis
2

indicates number of oocytes.
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Figure 3.12: Levels of cyclin B1 following loss of Cdh1 in oocytes.
Representative Western blot of Cyclin B1 expression from stripped CEOs collected
from antral follicles of Control, Heterozygous and Knockout mice; n=30 oocytes per
lane, three replicates. Densitometric analysis of Western blots gave quantitative
measurement of Cyclin B1 levels in oocytes normalized to that in controls, using
2

Image J software (n=3); **, p<0.01;χ . [Immunodetection – last step of a multi-step
protocol was performed by J.Holt]
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Figure 3.13: Securin levels do not change following loss of Cdh1 in oocytes
Representative Western blot of securin expression from denuded CEOs collected
from antral follicles of control, ∆/wt and ∆/∆ mice; n=30 oocytes per lane, three
replicates. Densitometric analysis of Western blots gave quantitative measurement
of securin levels in oocytes normalized to that in controls, using Image J software
2

(n=3); n.s, non-significant;χ . [Immunodetection – last step of a multi-step protocol
was performed by J.Holt]
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Cdc25B activity is important for the activation of CDK1 (Lincoln et al., 2002) and is a
substrate of the APCcdh1 during GV arrest (Solc et al., 2010). Hence Cdc25B levels were
expected to be elevated following the loss of Cdh1. Two bands were observed using
the Cdc25B antibody used for control and Cdh1 ∆/∆ oocytes and both bands were
larger than the expected size of 60 kDa. Cdc25B was predicted to have several sites
available for phosphorylation by PKA (Baldin et al., 1997), so bands on the Western
blot would possibly represent different phosphorylation states of Cdc25B that exists
during meiotic arrest. It was expected that Cdc25B would mostly be phosphorylated to
a certain degree by PKA in GV oocytes. We found Cdc25B in GV oocytes to be
unaltered by the ablation of Cdh1 (Band 1, Figure 3.14). If Cdc25B expression had
been different between knockout and wildtype, one could test the idea that Cdc25B
protein was phosphorylated by using an antibody specifically of the phosphorylated
form.

3.3 Discussion
3.3.1 Generation of an oocyte specific knockout model of Cdh1
Cdh1 is ubiquitously expressed and its complete ablation is embryonically lethal
(Garcia-Higuera et al., 2008).

Preservation of Cdh1 expression in the placenta

prevented this lethality (Garcia-Higuera et al., 2008). Here, using similar methodology,
we have restricted deletion of Cdh1 specifically to growing and mature oocytes. In this
system, Cre recombinase expression follows that of a ZP3 promoter, which is activated
in oocytes from growing follicles. The phenotypical properties of ∆/∆ oocytes were
mainly compared to controls since heterozygous oocytes behaved like controls.
Similarities between heterozygous and control oocytes were accounted for by
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Figure 3.14: Levels of Cdc25B following loss of Cdh1 in oocytes
Representative Western blot of Cdc25B expression in oocytes from stripped CEOs
collected from antral follicles of control, heterozygous and knockout mice; n=50
oocytes per lane, four replicates.

Dual bands 1 and 2 were present in all 4

replicates. Densitometric analysis of Western blots gave quantitative measurement
of Cdc25B levels in oocytes normalized to that in controls, using Image J software
2

(n=4). ns, non significant;χ .

113

Chapter 3
______________________________________________________________________
densitometric analysis of Western blots for Cdh1, which revealed Cdh1 content in
heterozygous oocytes were at 70% of control levels. Expression of Cdh1 was absent in
GV oocytes collected from antral follicles of ∆/∆ mice (Figure 3.2). This provided the
means to study in detail, the role of Cdh1 in GV arrest.

3.3.2 Increased precocious in-vivo meiotic resumption following loss of
Cdh1
In normal healthy ovaries, 97% of oocytes within antral follicles of primed mice
remained arrested at the dictyate stage of prophase I (Figure 3.7). Loss of Cdh1
resulted in smaller ovaries, significantly fewer CEOs collected from antral follicles, and
8% of these CEOs had undergone GVB. The reduced numbers of CEOs in ∆/∆ ovaries
was thought to be connected with the observed increase in GVB. The importance of
the communication between the oocyte and its granulosa cells is paramount for their
mutual survival and changes in the meiotic status of the oocyte had probably altered
this interaction. Hence low oocyte numbers can be explained by precocious GVB,
which is thought to initiate follicular degeneration. An alternative explanation for low
CEO numbers could be that pro-atretic factors are substrates of Cdh1 during this
dicytate stage, consistent with the much higher rates of oocyte degeneration in the
knockout mice.

The mean size of the ovaries from knockout mice were smaller than controls,
consistent with a lower CEO number, however this did not reach a level of significance.
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Maybe if animals had been synchronised across their reproductive cycles, the large
differences in ovarian weights between animals of the same genotype and age would
have been reduced, and consequently this would have uncovered consistently smaller
ovarian weights in knockouts. Normally cycling animals would be expected to vary
their ovarian weights as blood supply to the numbers of large antral follicles waxes and
wanes with associated changes in vascularisation, especially during follicular
development and cyclic angiogenesis (Fraser, 2006; Reynolds et al., 1992; Suzuki et al.,
1998).

Having found that fewer CEOs were collected from primed ovaries, I wanted to
establish whether this observation was due to differences in follicle numbers. I was
also interested in atretic follicles as this could possibly be the reason for the
significantly different numbers of CEOs collected from antral follicles. The sections
from ovaries I examined were from unprimed fl/fl and ∆/∆ mice, of which similar
numbers of different stage follicles were observed (Figure 3.6). In retrospect, I could
have also sectioned ovaries from hormonally primed mice, since collection data (Figure
3.5) indicated significantly fewer CEOs were collected from ∆/∆ mice. It could be that
oocytes from unprimed ovaries are poised for meiotic maturation and it’s the
hormonal stimulation with PMSG that causes oocytes to undergo GVB and become
atretic.

Sample sizes were small in analysing follicle numbers in ovaries, making it difficult to
observe small reductions in follicle numbers following Cdh1 loss. Either this small size
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of sampling accounts for the inability to see a reduction in follicle number with Cdh1
loss or alternatively it may reflect differences in experimental design, since CEOs were
collected from primed mice, however, ovaries collected for the follicle counts were
unprimed. So there is also the possibility that hormonal stimulation with PMSG could
have initiated atresia and follicles could possibly be more susceptible to atresia
following the loss of Cdh1.

3.3.3 Maintenance of an intact cumulus partially rescues precocious invitro meiotic resumption following loss of Cdh1
Competent oocytes undergo spontaneous meiotic maturation when removed from the
ovary (Edwards, 1965; Pincus and Enzmann, 1935). Maturation is inhibited in oocytes
within the ovary because of high levels of the second messenger cAMP, generated
inside the oocyte (Eppig et al., 1983). These levels of cAMP are kept elevated by
ovarian factors that maintain a constantly active Gs protein (GPR3) located on the
oolemma, which in turn activate adenylate cyclase and cAMP is perpetually produced
from ATP (DiLuigi et al., 2008; Kalinowski et al., 2004; Mehlmann, 2005; Mehlmann et
al., 2004).

Here, 1 µM of the phosphodiesterase 3 (PDE3) inhibitor, milrinone,

sufficient to block resumption of meiosis in 97% of control oocytes during 12 h culture,
was inadequate in preventing almost half of Cdh1 ∆/∆ oocytes from entering the first
meiotic division. This susceptibility of Cdh1 ∆/∆ oocytes to undergo GVB confirmed the
increased escape from arrest observed in-vivo for these oocytes. A higher dose of
milrinone (10 µM) kept almost all of the oocytes from undergoing GVB in control and
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knockout oocytes for 12 h in-vitro.

This demonstrated the importance of the

maturation inhibitory environment of the ovary that kept the majority of Cdh1 ∆/∆
oocytes at GV arrest in-vivo. In addition to requiring higher doses of the PDE3 inhibitor
to maintain GV arrest, it was evident that Cdh1 ∆/∆ oocytes have an accelerated rate
of GVB compared to controls on release from arrest and underwent GVB, on average
20 min before controls. The occurrence of GVB dropped by 20% for Cdh1 ∆/∆ oocytes
that maintained an intact CEO. This additional protection of having attached cumulus
cells may come from cGMP, which passes through gap junctions connecting the oocyte
to its granulosa cells (Sela-Abramovich et al., 2008). cGMP is a potent PDE inhibitor,
keeping cAMP levels high (Norris et al., 2009).

3.3.4 Cyclin B increased 5 fold in Cdh1 ∆/∆ oocytes
Overexpression of cyclin B1 has also been documented to cause a similar increase in
GVB and accelerated entry into the first meiotic division (Holt et al., 2010; Ledan et al.,
2001; Marangos and Carroll, 2004) as that observed here for Cdh1 ablation.
I found that cyclin B1 was upregulated significantly by 5-fold in Cdh1 ∆/∆ oocytes
compared with controls. This suggested that during prophase I arrest, cyclin B1 was
the predominant target of the APCcdh1 and regulation of cyclin B1 levels was necessary
to prevent the premature GVB during dictyate arrest. Elevated levels of cyclin B1
following loss of Cdh1 are thought to drive the resumption of meiosis through
increased activation of CDK1 (Doree and Hunt, 2002; Holt et al., 2010). Cyclin B1 levels
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in heterozygotes were not significantly different from controls and explained by only a
partial (30%) knock down of Cdh1.

3.3.5 Lower cyclin B1 levels in Cdh1 deficient MEFs
Mouse embryonic fibroblasts (MEFs) derived from E9.5 embryos deficient in Cdh1 had
impeded growth and entered senescence prematurely (Garcia-Higuera et al., 2008; Li
et al., 2008). Levels of Cdc20, Aurora A, Aurora B, cyclin A and Skp2 were stabilised in
asynchronously growing Cdh1-null MEFs (Garcia-Higuera et al., 2008; Li et al., 2008).
However cyclin B1 levels had dropped following Cdh1 loss, which may appear
unexpected given cyclin B1 is a substrate of APCCdh1. This decrease in cyclin B1 is most
likely due to the upregulation in Cdc20, which like Cdh1, degrades cyclin B1 (GarciaHiguera et al., 2008; Li et al., 2008). Moreover, the slow growth of mutant MEFs could
be a knock-on effect from the lower levels of cyclin B1 and hence reduced activity of
Cdk1. This observation is in contrast to mine since loss of Cdh1 led to an accumulation
of cyclin B1 and an accelerated entry into meiosis. The differences observed between
Cdh1 knockout MEFs and oocytes are probably a reflection of the many functions of
Cdh1 and how their relative importance may vary between different cell types, so that
loss of Cdh1 can result in different outcomes in different cell types.
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3.3.6 Cdh1 in neurones is associated with memory and learning
The loss of Cdh1 has not been explored before in the oocyte, so I wanted to review the
literature for studies of Cdh1 in other cells. Furthermore the deletion of Cdh1 in these
mice is specific to oocytes and as such, expression of Cdh1 in all other cells should be
unaffected, hence our transgenic mice did not display the adverse effect from loss of
Cdh1 in the brain. It has been established that Cdh1 is expressed in postmitotic
neurones. In these cells high cyclin B1 ubiquitination activity is necessary to exit
mitosis (Almeida et al., 2005; Gieffers et al., 1999). The activity of APCCdh1 is essential
for both neuronal survival and axonal growth and patterning inside the mammalian
brain (Almeida et al., 2005; Konishi et al., 2004). In heterozygous mutants, although
expression of Cdh1 is reduced to 50%, the gross morphology of the the hippocampus,
an area of the brain associated with memory and learning, and other regions of the
brain appeared normal. This reduction was found to have significant effects on latelong term potentiation (L-LTP) and mice haploinsufficient in Cdh1 performed poorly in
behavioural tests designed to assess learning and memory (Li et al., 2008). This
observation was supported by findings that demonstrated the need for both
neoprotein synthesis and proteosomal degradation for the maintanence of LTP
(Fonseca et al., 2006). Taken together, these results implicate substrate ubiquitination
and degradation by the ubiquitin ligase APCCdh1-proteasome system as an important
mechanism for synaptic plasticity. Furthermore, GluR1, a receptor for the excitatory
neurotransmitter glutamate has been identified as a substrate of APCCdh1 in neurones.
Thus degradation and downregulation of GluR1 enables the reduction of synaptic input
during homeostatic plasticity (Fu et al., 2011).
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3.3.7 Cdc25B levels are unaffected by Cdh1 ablation in oocytes
To maintain GV arrest, high levels of cAMP generated by adenylate cyclase are
required to activate PKA, an important enzyme which acts in two ways. PKA restricts
the actions of CDK1 by activating Wee1B and also inhibiting Cdc25B (Oh et al., 2010;
Pirino et al., 2009). Activation of Wee1B leads to inhibitory phosphorylation of CDK1
and inhibition of the phosphatase Cdc25B, thus preventing the dephosphorylation and
activation of CDK1 (Cans et al., 1999; Lincoln et al., 2002). It seemed likely that Cdc25B
would be a substrate of the APCcdh1 during prophase I as it is in mitosis (Baldin et al.,
1997; Kieffer et al., 2007). Hence I expected to observe increased levels of Cdc25B
following Cdh1 knockout and this increase may have helped explain the precocious
GVB observed in Cdh1 ∆/∆ because increased levels of cdc25B would result in
increased levels of CDK1 activity and thus trigger premature resumption of meiosis
(Lincoln et al., 2002). However levels of Cdc25B in Cdh1 ∆/∆ oocytes were not
significantly different and demonstrated that Cdc25B was not a critical substrate of
APCcdh1 during GV arrest. Regulation of Cdc25B through phosphorylation is performed
by many protein kinases including cyclin-CDK1 and many phosphorylation sites have
been observed depending on which kinases are in play (Baldin et al., 1997; Lemaire et
al., 2006). Phosphorylation of Cdc25B is also important for its localisation in the
cytoplasm (Baldin et al., 2002; Baldin et al., 2003). Therefore, the dual bands for
Cdc25B detected for GV oocytes may represent different phosphorylation states of
Cdc25B. It is possible that Cdc25B is not critically regulated by APCCdh1 but its activity
and localisation is regulated by PKA (Zhang et al., 2008).
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3.3.8 Securin levels are unaffected by Cdh1 ablation in oocytes
Securins in mammals, Drosophila, and yeasts (S. cerevisiae or S. pombe) share little
sequence homology but they are all targeted for degradation via a D-box motif (Zur
and Brandeis, 2001). Securin and cyclin B1 have similar degradation patterns and are
degraded when either coactivators, Cdh1 or Cdc20 are attached to the APC (Zur and
Brandeis, 2001). Specific inhibition of CDK1 with roscovitine leads to APC activation by
Cdh1 and a precocious degradation of cyclin B1 in prometaphase (Listovsky et al.,
2000) as well as securin (Zur and Brandeis, 2001). Securin is also thought to play a role
in the stabilisation of cyclin B1. APCCdh1 has been reported to have preference for
securin over cyclin B1 for degradation in GV stage oocytes. Excess securin resulted in
stabilisation of cyclin B1 and premature resumption of meiosis and depletion of
securin resulted in degradation of cyclin B1 and delayed entry into meiosis I (Marangos
and Carroll, 2008). However, securin levels were not significantly different to that in
controls in Cdh1 ∆/∆ oocytes. A reason for why securin remained unchanged following
Cdh1 loss could be that its overall level of expression is dictated more by rates of
synthesis than rates of degradation.

My results have shown that Cdh1 does have a role in-vivo in the maintenance of GV
arrest by regulation of cyclin B1 and thus inhibiting the activity of CDK1. However,
many oocytes from Cdh1 ∆/∆ mice have not undergone spontaneously resumption of
meiosis but remain GV arrested within the ovarian maturation inhibitory environment.
Nevertheless, Cdh1 ∆/∆ oocytes have increased susceptibility to enter the first meiotic
division.
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3.3.10 Further work – Analysis of levels of other substrates of APCCdh1 in
∆/∆ oocytes
There are many other candidates reported to be substrates of APCCdh1 in mitosis (Floyd
et al., 2008; Pfleger and Kirschner, 2000; Pines, 2006; Sigl et al., 2009) that could be
investigated in our oocyte-specific knockout model.

For example, despite Cdc20

having two D-box motifs in budding yeast, no D-box is present in mammalian Cdc20.
Cdc20 is degraded through virtue of its KEN box (Pfleger and Kirschner, 2000). Given
that Cdh1 is ablated in our model system, I would expect Cdc20 levels to be higher. An
upregulation in any substrates examined would be indicative that these are critically
regulated by APCCdh1 at this time.
Further experiments to test what difference might be present between knockouts and
wildtype could consist of fertility trials to determine whether loss of Cdh1 adversely
affects fertility. The male studs used in these experiments would have to be tested
beforehand with C57Bl/6 females. It has been shown that the timing for GVB is
different for knockouts compared with wildtype, so this also be the case for timings of
different stages of meiosis, and since GVB is sped up in knockouts, does this mean that
the entire meiotic process is faster in knockouts as a result.
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Chapter 4
Loss of Cdh1 and delayed IVM lead
to increased aneuploidy
_______________________________________________________________________

4.1 Introduction
In-vitro studies using antisense morpholinos in order to knock down Cdh1 in mouse
oocytes have shown that this Anaphase-Promoting Complex activator is important for
(i) the maintenance of prophase I arrest (Reis et al., 2006), and (ii) the prevention of
aneuploidy resulting from an accelerated meiosis I (Reis et al., 2007). Since then, the
generation of transgenic mice whose Cdh1 gene is flanked by lox P sites (‘floxed’)
(Garcia-Higuera et al., 2008), has established a means to specifically knock out Cdh1 in
oocytes to confirm its roles in meiosis, and avert the embryonic lethality associated
with traditional knockout methods. Oocyte-specific knockout mice can be created by
breeding female transgenic mice, where both alleles of the target gene (Cdh1) are
floxed, with males bearing the Cre recombinase gene (See Material and Methods,
Figure 2.2) (Sun et al., 2008).

Here, we have used Cre expression under the control of the ZP3 promoter, which only
becomes active in GV oocytes within growing follicles (Lan et al., 2004). Therefore
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Cdh1 deletion is oocyte specific and occurs in the GV oocytes of all growing follicles in
knockout mice. Recently, using this knockout model, the role that Cdh1 plays in
prophase I arrest had been confirmed (Holt et al., 2011). Here I focus on the second
role of Cdh1, in the prevention of aneuploidy. In order to to assess the prevalence of
MII oocytes containing malsegregated chromosomes following the loss of Cdh1, a
protocol for aneuploidy analysis was required and a PCR-based technique was tested.
Mice used herein originated from both breeding schemes (See Figure 2.2 and 2.3;
Material and methods) and hence fl/fl mice represented the major constituent of
controls. The mice remained mostly on a mixed background composed of C57Bl/6
(50%), CD1 (25%) and 129 Sv (25%) for these experiments.

4.2 Results

4.2.1 Towards establishment of a protocol for aneuploidy analysis
The purpose here was to generate a PCR based protocol to enable the identification of
all twenty chromosomes in a mouse oocyte. Using this procedure, I would be able to
assess aneuploidy and also evaluate which chromosomes were responsible for this
phenotype. It was thought that each chromosome in a mouse’s oocyte could be
identified by PCR against specifically designed sets of primers. However, this method
would require 20 PCR reactions to deduce whether a single oocyte was aneuploid. It
would be better to work towards a ‘one-pot’ methodology where only a single PCR
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reaction would be necessary to detect the presence of all twenty chromosomes. This
strategy would minimise the processing time, since, for example 20-30 oocytes were
normally collected from each control mouse.

The identification of all twenty chromosomes by a ‘one-pot’ PCR experiment would
require each PCR product to be of a different size. For example, a euploid oocyte
would be expected to display twenty discrete bands after electrophoresis. Whereas
the product obtained from twenty individual PCR reactions, each consisting of a single
set of primers designed for a single chromosome, can be of any size. Here I have
performed individual PCR reactions for chromosomes 15-19 (See Table 2.5, Material
and Methods) against a gDNA template (liver). All PCR products appeared as discrete
bands at 364, 142, 265, 291 and 175 bp for chromosomes 15-19 respectively (Figure
4.1).

4.2.2 Towards a ‘one pot’ PCR using primers against certain genes in
Chromosome 15-19
Having tested the primer sets for chromosomes 15-19 individually, I then wanted to
combine them in a single PCR reaction and optimize the conditions. The variables used
for optimization were the temperature for which addition of dNTPs to primer ends
took place, referred to here as the extension temperature; ranged between 49.1 to
61.2 ⁰C and final MgCl2 concentrations of 3.5 mM and 4.5 mM. A twelve step
temperature gradient was generated for each concentration of MgCl2, so that all PCRs
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Figure 4.1 Agarose gel displaying discrete PCR products of different sizes for
each of the five chromosomes 15-19.

An agarose gel stained with ethidium

bromide, consisting of PCR products amplified from liver gDNA against highly
specific primers for chromosome 15, 16, 17, 18 and 19 (See Table 2.5, Material
and Methods). Size of PCR products were measured against a 100 bp ladder
(Sigma). mGAPDH primers were used as PCR positive control. Nuclease free
water was used as a PCR negative control (Data not shown).
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were performed in concert and the optimum conditions could be deduced. Five
prominent and discrete bands were observed at the expected sizes of 364, 142, 265,
291 and 175 bp in a single lane for temperatures 56.1, 57.6 and 58.9 ⁰C and with a final
concentration of MgCl2 of 3.5 mM (Figure 4.2). Similar bands of appropriate sizes but
lower intensity were also detected within the same temperature range for 4.5 mM
MgCl2 (data not shown).

4.2.3 gDNA content in oocyte is 105 fold less than in liver template
So far we have only performed PCRs with primers against gDNA of unknown
concentration, extracted from a sample of liver from a control mouse. A single oocyte
at MII stage is estimated to have 40 pg of DNA and this amount does not include the
first polar body. As it was not feasible to optimise the PCR conditions for a single
oocyte each time, the liver gDNA template was diluted serially through ten fold
dilutions (101 -105) to obtain a comparative concentration. The DNA content of the 105
dilution was beyond the scope of the biophotometer and could not be measured
directly, but estimated from measurement of the 102 sample. The concentration of
DNA in the 102 dilution was 67 ng/µL and the corrresponding absorbance values were
0.274; 0.134; 0.070; 0.003 at respectively, 230; 260; 280; 320 nm wavelengths. An
almost zero value for absorbance at 320 nm demonstrated that the DNA sample was
pure from contaminants. From the 102 dilution measurement, it followed that the 105
sample contained a thousand times less DNA (67 pg/µL of DNA), and so 1 µl of the 105
diluted sample had a similar amount of DNA to that in the oocyte. PCRs ran against
mGAPDH primers resulted only in products for up to 103 dilutions and were not
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Figure 4.2: Optimisation gel displaying discrete PCR products of different
sizes for each of the five chromosomes 15-19 in the same lane. An agarose
gel consisting of PCR products amplified from liver gDNA against highly specific
primers for chromosome 15, 16, 17, 18 and 19 (Table 2.5, Material and Methods)
per lane. Size of PCR products were measured against a 50 bp ladder (Promega).
All PCR reactions had final MgCl concentrations of 3.5 mM. Nuclease free water
was used as a PCR negative control at the minimum extension temperature of 49.1
⁰C (Lane 13). Lanes 1-12 were of an increasing extension temperature gradient
(49.1, 49.4, 50.1, 51.0, 52.4, 53.8, 56.1, 57.6, 58.9, 60.0, 60.9, 61.2 ⁰C).
Temperatures in bold type represent the optimum temperatures that resulted in 5
prominent and discrete bands in lanes 7-9 (boxed).

128

Chapter 4
______________________________________________________________________
adequately sensitive for 104 or 105 dilutions (Figure 4.3A). The PCR technique on its
own was not sensitive enough to detect the low amount of DNA material present in a
single oocyte, therefore to further optimise this technique, the gDNA content in the
original template (105 diluted sample) needed to be substantially increased prior to the
PCR. Thus this would increase the DNA template available for the primers to attach
and produce detectable PCR products.
Performance of a Primer Extension Pre-amplification (PEP) (Zhang et al., 1992) prior to
the PCR gave mGAPDH product for 104 and 105 dilutions of the liver gDNA sample
(Figure 4.3B). However, this protocol was unsuccessful with chromosome 15-19
primers (See Table 2.5, Material and Methods). The initial PEP step had a negative
effect on the sequential PCR that followed and yielded no products even with using the
original undiluted gDNA concentration. Neither did optimization of the initial PEP step,
using a modified Improved Primer Extension Preamplification (mIPEP) (Hanson and
Ballantyne, 2005) yield any products in the subsequent secondary PCR. The PCRs were
also repeated using a single GV oocyte as template without success.

The PEP/PCR protocol had worked for mGAPDH for the diluted sample, so if I had
proceeded with this strategy, it would have been necessary to re-establish whether
there were still discrete PCR products for chromosomes 15-19 with the inclusion of the
PEP step. PCRs would also need to be trialled individually again before optimization of
a ‘one-pot’ procedure. The optimized PEP/PCR procedure would have been attemped
on one if not initially multiple oocytes, in order to establish whether the problem lay
with the template. If this was the case, then the DNA within these oocytes would have
been made more accessible, for example by removal of the zona pellucida.
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4.2.4 Adoption of known protocols for chromosome counting
Chromosome Spreads and Monastrol treatment were two known techniques for
aneuploidy assessment that were trialled. A Chromosome Spread is a traditional
method of spreading the chromosome, and was described by Tarkowski (1966). The
process utilized the impact of a fixative dropped at height onto the oocyte which
scattered and simultaneously fixed the chromosomes. Following Giemsa staining,
chromosomes were viewed under an X100 objective and counted (Figure 4.4). The
practicality of this method gave rise to potential loss of material since there was no
control to the extent of scatter and in my hands, chromosomes from 59% (n=20) of
oocytes were detected.
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Figure 4.3: Gel of PCR product from 10 fold dilutions of liver gDNA sample
against mGAPDH primers. (A) Ethidium bromide stained agarose gel showing a
single PCR product at 151 bp for mGAPDH primers. Concentration of gDNA was
diluted from left to right by 10 fold. (B) Ethidium bromide stained agarose gel
showing a single PCR product at 151 bp for mGAPDH primers for higher dilution
factors. The gDNA had undergone a pre-amplification step prior to PCR. A 50 bp
ladder was used.
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Figure 4.4: Two examples of Chromosome spreads.
Chromosomes of MII stage oocytes were spread using the Tarkowski method and
Giemsa stained. They were imaged with a 100X objective. (A) An example of a
poor chromosome spread. This set of chromosomes was not spread well enough
to be counted. (B) An example of a good spread. The chromosomes are dispersed
and a full complement of twenty chromosomes can be counted.
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A detection system of greater than 90% efficiency was required for confident
aneuploidy analysis. Monastrol treatment had been used by Schindler et al. (2009) to
assess aneuploidy.

This technique disperses the chromosomes by collapsing the

spindle. The chromosomes and their associated kinetochores were then respectively
labeled with Hoechst and anti-Crest antibodies. Multiple sections, 0.5 µm apart were
scanned along the Z axis using confocal microscopy; to visualize the chromosomes and
kinetochores inside the oocyte, and in some instances, the polar body. It is the
number of kinetochores that were assessed for aneuploidy; since chromosomes were
not separated enough apart to be adequately resolved (Figure 4.5). The chromosomes
were quantified from the kinetochore numbers as each chromosome bears a pair of
sister chromatids each with an attached kinetochore. Where possible kinetochore
counts of the polar body was performed in order to verify the kinetochore numbers in
the oocyte. The total kinetochore count in a mouse oocyte including those in its polar
body is expected to add up to eighty. A euploid mouse oocyte with its normal
complement of twenty chromosomes is expected to have 40 kinetochores. Hence any
deviation from 40 kinetochores in a mouse oocyte at MII stage is considered
aneuploidy (Figure 4.5(B)).

4.2.5 ∆/∆ oocytes matured in-vivo are protected from chromosomal
anomalies
Monastrol treatment followed by Crest and Hoechst immunocytochemistry was the
adopted protocol for aneuploidy analysis in my experiments for fl/fl and ∆/∆ oocytes.
Oocytes with Cdh1 knocked down using morpholinos had displayed a propensity for an
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Figure 4.5: Technique used to count kinetochores. Representative maximum
projection of a Z-stack, 0.5 µm stepsize images of (A) a euploid oocyte with 40
kinetochores and (B) an aneuploid oocyte with 48 kinetochores. Treatment of MII
oocytes with monastrol caused the bipolar spindle to collapse onto a single pole,
spreading chromosomes, thus allowing identification and counting of discrete
kinetochores. DNA (Hoechst, blue) and kinetochores (CREST, red) (Scale bar, 2
µm).
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accelerated entry into MI which led to the observed increased aneuploidy (Reis et al.,
2007). Therefore, I had expected in-vivo matured oocytes of Cdh1 oocyte specific ∆/∆
mice to be highly aneuploid. However, my data suggested this was not the case as a
comparison of equivalent numbers of oocytes showed aneuploidy incidence was not
significantly different from controls (p=0.2084) (Figure 4.7A).

The increased aneuploidy reported in Cdh1 morpholino knocked down oocytes had
been shown in those that were matured in vitro (Reis et al., 2007). So to establish the
effect of in vitro maturation on aneuploidy rates, denuded CEOs from both fl/fl and
∆/∆ mice were incubated for 12 h to allow maturation to MII stage (IVMDU). All
oocytes which had extruded a polar body were treated with monastrol before they
were fixed and stained (Figure 4.6). My results showed that levels of aneuploidy for invitro matured oocytes were higher than in-vivo matured ones. However, Cdh1 ∆/∆
oocytes were more susceptible to in-vitro maturation conditions and became
significantly more aneuploid than fl/fl oocytes (p<0.05) (Figure 4.7A). Subsequently, I
wanted to establish whether through in-vitro maturation, this significance in
aneuploidy between fl/fl and ∆/∆ oocytes would be more pronounced had I arrested
the denuded CEOs and thus delayed maturation for 24 h (dIVM24) (Figure 4.6). This
protracted arrest resulted in substantially elevated aneuploidy in both groups and
although the incidence of aneuploidy had risen by four fold in fl/fl oocytes and almost
by two fold in ∆/∆ oocytes compared with those that had not undergone this arrest
(See Figure 4.7A), no significant difference (p=0.5227) was found between the fl/fl and
∆/∆ groups for dIVM24 conditions (Figure 4.7B).
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Figure 4.6: Schematic representation of in-vivo; in-vitro; 12 h and 24 h
delayed in-vitro maturation (dIVM12 and dIVM24) conditions. Following
maturation, all MII stage oocytes were treated with monastrol for 2 h as indicated;
to collapse the spindle and thus permit kinetochore counts. All oocytes were fixed
with PFA (4%) at the end time point and immunocytochemistry was performed with
CREST antibody and Hoechst stain. Confocal microscopy was used to analyse
oocytes for numeric anomalies in kinetochore numbers (See Figure 4.5).
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Figure 4.7: Increased percentage aneuploidy following Cdh1 loss. In-vivo or
in-vitro matured MII stage oocytes were analysed for aneuploidy. (A) Rate of
aneuploidy was greater in ∆/∆ mice that have been either in-vivo (p=0.2084) or invitro matured. It reached a level of significance (*, p<0.05) following IVM.
(B) Elevated aneuploidy rates were observed in both ∆/∆ and fl/fl oocytes when
denuded oocytes were held arrested at GV stage for 24 h (dIVM24) and then invitro matured. However, no significance difference was found in the rate of
aneuploidy between fl/fl and ∆/∆ mice (p=0.5227, χ2). (C) Aneuploidy rates in CEOs
following dIVM24. Much higher aneuploidy rates were observed in FZR1 ∆/∆
oocytes compared with fl/fl oocytes (**, p<0.01). Maintanence of an intact cumulus
coat gave some protection in terms of aneuploidy rate from the effect of a delayed
in-vitro maturation for control oocytes but not ∆/∆ oocytes (compare B and C) (**,
p<0.01).
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4.2.6 An intact cumulus afforded little benefit for ∆/∆ oocytes but
reduced the incidence of aneuploidy in fl/fl oocytes under dIVM24
conditions
As described in Chapter 3, during incubation in a relatively low concentration (1 µM) of
milrinone, an arresting agent, ∆/∆ oocytes bearing an intact cumulus were significantly
less likely to undergo GVB compared with those without (Figure 3.11). It was thought
that in addition to preventing the oocyte from premature resumption of meiosis, the
attached cumulus cells were possibly also protecting the oocyte’s chromosomes from
aberrant division brought about by in-vitro conditions. The cumulus cell could perhaps
act as a protective barrier for the enclosed oocyte, against the less ambient conditions
of IVM; which originally gave rise to the elevated aneuploidy observed in ∆/∆ oocytes
(Figure 4.7A). Since the occurrence of aneuploidy was much higher under the 24 h
delayed maturation (dIVM24) (Figure 4.7B), it was thought that the protective
property of having an intact cumulus would be more evident under these conditions.
My data showed that maintenance of a cumulus coat protected control oocytes from
exposure to prolonged in vitro conditions and resulted in reduction of the incidence of
aneuploidy to half that observed for denuded oocytes under the same conditions
(Figure 4.7B and 4.7C). Under a protracted arrest, ∆/∆ oocytes did not seem to benefit
from an intact cumulus as there was only a marginal decrease in the aneuploidy rate
compared with their denuded counterparts. Thus, this observation showed that there
was a highly significant difference (p<0.01) in the incidence of aneuploidy between fl/fl
and ∆/∆ oocytes bearing intact cumulus cells when IVM is delayed for an extended
amount of time (dIVM24) (Figure 4.7C).
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4.2.7 Numerical kinetochore anomalies were predominantly even
Further analysis of the aneuploidy data revealed no preference for hyperploidy or
hypoploidy in either fl/fl or ∆/∆ oocytes. To establish the mechanism by which the
aneuploidy occurred, the observed anomalies were categorized into even and odd
kinetochore numbers. The data demonstrated predominance for even numbers of
kinetochores. In fact all of the kinetochore counts for aneuploid fl/fl oocytes matured
in-vivo, in-vitro (IVMDU) and dIVM12 conditions were even, although a small
proportion of odd kinetochore numbers were present in conditions of extended arrest
(dIVM24). In-vitro matured ∆/∆ oocytes also displayed similar prevalence of even
numbers of kinetochores.

However, in-vivo matured ∆/∆ oocytes exhibited no

significant difference (p=0.48) between odd and even numbers of kinetochores (Figure
4.8).

4.3 Discussion
4.3.1 Towards establishment of a protocol for aneuploidy analysis
My aim was to ascertain whether loss of Cdh1 had predisposed ∆/∆ oocytes to the
detrimental effects of in-vitro culture and aneuploidy. To this end, preliminary efforts
were made to develop a PCR based protocol to analyse aneuploidy in MII oocytes.

Although the analysis of chromosome abnormalities is not usually investigated until
after meiosis I when chromosomes have undergone reductional division, GV stage
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Figure 4.8 Breakdown of aneuploidy results based on even and odd
kinetochore numbers.

Plot of the contribution of even (E) and odd (O)

kinetochore anomalies to percentage aneuploidy for fl/fl and ∆/∆ oocytes matured
under in-vivo and in-vitro conditions; 12h and 24h delayed IVM of denuded oocytes
(dIVM12(DU) and dIVM24(DU)) as well as 24h delayed IVM for cumulus intact
oocytes (dIVM24(CEO)). Statistical analysis has been conducted on even vs odd
groups where both groups have a numerical value greater than zero (n.s, non
significant (p=0.480); *, p<0.1; **, p<0.01; χ ).
2
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oocytes were initially used to test the PCR protocol since the DNA content would be
twice as much as in a MII stage oocyte. Therefore rationale dictated that if the
experiment had work then it could easily applied to oocytes at the MII stage where the
polar bodies and oocytes have been isolated. Furthermore oocytes at the GV stage
were more readily available since the attainment of MII oocytes would require
superovulation by hCG or IVM.

Preliminary application of the PCR protocol with the five primers was successful with
liver gDNA and this was demonstrated with the generation of five discrete bands of
appropriate size for chromosome 15-19.

This procedure was optimised by

synchronous PCRs to avoid the artefactual errors that can occur between PCR
conditions and formulations. However, the quantity of DNA within a single oocyte was
too small to be targeted with the designated primers under the experimental
conditions. Hence the magnitude of sensitivity required, for detection of a DNA
sample 105 fold less than the liver gDNA originally used to optimise PCR conditions was
beyond the scope of the experimental procedure.

Furthermore, no compatible

preamplification technique to complement the PCR was found and although the
preamplification step worked with mGAPDH, sequential ‘one-pot’ PCR with
chromosome 15-19 primers yielded no PCR products.
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4.3.2 Assessment of aneuploidy analysis methods used
The assessment of chromosomal anomalies at Metaphase II is technically difficult
because the contracted chromosomes converge and align on the metaphase plate.
Collapse of the bipolar spindle with monastrol, altered the configuration of the
attached kinetochores and chromosomes; causing them to move further apart which
then enabled the assessment of numerical anomalies after CREST staining and confocal
imaging. Monastrol treatment was favoured over the traditional Chromosome Spread
technique because it was the more reliable method with a higher detection rate.
Furthermore, all the oocytes could be monastrol treated and processed altogether
simultaneously, whereas oocytes subjected to Chromosome spreads were fixed and
spread individually.

A major shortfall concerning monastrol treatment and subsequent Crest staining was
that the method provided no means of identifying the chromosome(s) responsible for
any observed aneuploidy.

Therefore, the establishment of whether certain

chromosomes, in particular the smaller ones, were more susceptible to
malsegregation, as previous studies have indicated that anomalies between
chromosomes were not randomly distributed, was beyond the scope of the procedure.

4.3.3 Advantages of a PCR based protocol for aneuploidy analysis
If establishment of the PCR based protocol had worked it would have addressed these
shortfalls as establishment of the identity of missing or excess chromosome(s) could
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easily be determined directly from absence or presence respectively, of the
corresponding PCR product. A feasible ‘one pot’ PCR protocol where the presence of
all twenty chromosomes could be confirmed with a single PCR would have offered
several advantages over current methods. The potential processivity of this technique
would have made it a powerful tool in aneuploidy assessment. A PCR based procedure
would have also averted problems associated with fixation, commonly observed with
traditional methods such as artefactually low numbers of hyperploid oocytes due to
chromosome loss. Unfortunately, the major and important difficulty was dealing with
the oocyte, a single cell, as a whole entity. The proposed protocol could not be
realised because the amount of DNA inside an oocyte was too small to work. If this
problem was resolved, then the discarded polar body could also be utilised to evaluate
the status of the oocyte and provide information as to how the aneuploidy came
about.

4.3.4

Detrimental in-vitro conditions (dIVM24) were responsible for

high aneuploidy in denuded oocytes rather than loss of Cdh1
I wanted to evaluate aneuploidy in oocytes matured in-vivo because previous results
had indicated that it might be higher for ∆/∆ oocytes, since precocious resumption of
meiosis had occurred in a significant proportion of CEOs collected from ∆/∆ mice
(Figure 3.7). However, given that the data showed in-vivo matured Cdh1 deficient
oocytes were not significantly aneuploid compared to their littermate controls (Figure
4.7A); I wanted to assess whether the reported aneuploidy observed in oocytes with
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Cdh1 knocked down (Reis et al., 2007) was due to in vitro conditions. The incidence of
aneuploidy was higher in both fl/fl and ∆/∆ groups matured in vitro compared with
those matured in vivo. These observations could be explained from the inherent
advantages of being within the ovarian environment which must partially compensate
the oocyte for Cdh1 loss by other redundant mechanisms. However, ∆/∆ oocytes
showed a substantial rise in MII stage oocytes bearing anomalies in kinetochore
numbers and thus demonstrated a significant increased susceptibility to aneuploidy
with IVM (Figure 4.7A). In vitro conditions has been known to increase the risk of nondisjunction events in predisposed embryos (Bean et al., 2002; Ohno et al., 2001) and
this was probably the case for denuded Cdh1 deficient oocytes matured in vitro (Figure
4.7A). The incidence of aneuploidy went up dramatically for both fl/fl and ∆/∆ oocytes
and reached 32% and 44% respectively, when IVM was delayed by 24 h. However, no
significant difference between fl/fl and ∆/∆ groups demonstrated that aneuploidy was
a consequence for normal oocytes as much as for impaired oocytes subjected to a 24 h
arrest prior to IVM. Higher aneuploidy could also be the consequence of in-vitro
ageing.

4.3.5 An intact cumulus has little benefit following loss of Cdh1 in invitro conditions
The benefit of maintaining an intact cumulus around the oocyte was assessed with
dIVM24 conditions since ∆/∆ CEOs demonstrated significantly less of a propensity to
resume meiosis during GV arrest compared to their denuded counterpart (Figure 3.11).
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Correct ploidy was rescued by maintanence of the cumulus mass in fl/fl oocytes and a
decline in aneuploidy rate was observed compared to their denuded counterparts
(from 32% to 18%). However, aneuploidy remained high in ∆/∆ CEOs at 41% and
displayed similar levels as denuded ∆/∆ oocytes at 43%. The data demonstrated that
although correct ploidy could be rescued in fl/fl controls, the maintenance of an intact
cumulus had little benefit for ∆/∆ CEOs in dIVM24 conditions. Loss of Cdh1 caused
these oocytes to be more susceptible to aneuploidy particularly for in-vitro conditions
regardless of whether they were denuded or possessed a cumulus coat, whereas
unimpaired oocytes did benefit from an intact cumulus under similar conditions.
Hence, the results illustrated the importance of the ovarian environment as a
protector of genomic integrity for Cdh1 deficient oocytes and use of a component of
this ovarian environment by means of maintaining an intact cumulus was not sufficient
in a delayed in-vitro environment to prevent chromosomal malsegregation in oocytes
following loss of Cdh1.

4.3.6 Mechanism of aneuploidy is predominantly by non-disjunction
The majority of kinetochore counts were not substantiated with that of their polar
bodies because cytoplasmic division is unsymmetrical and hence the spread of
chromosomes is confined to a relatively small sphere.

Taken together with

degeneration of the polar body and its chromosomal content, all but a few kinetochore
counts of polar bodies were possible. With this in mind, pre-existing aneuploidy due to
errors derived from mitotic divisions during early oogenesis cannot be discounted and
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may also contribute in some part to the observed anomalies. Pre-existing mitotic
errors would have been substantiated from instances where the sum of kinetochores
within the oocyte and relative polar body did not add up to eighty. Nevertheless,
support for the two modes of chromosome malsegregation that occurred during
meiosis I; non-disjunction and predivision, thought to be responsible for aneuploidy
were confirmed by reciprocal chromosomal gains and losses observed in oocytes and
their associated first polar body (Delhanty, 2005; Pellestor et al., 2005).

Assessment of kinetochore numbers within the oocyte indicated whether the oocyte
was euploid or aneuploid. By further examining aneuploid oocytes for even and odd
kinetochore numbers, a mechanism of predivision or non-disjunction, for the observed
aneuploidy could be postulated. In general, odd kinetochore numbers suggested that
aneuploidy was a result of predivision with precocious separation of sister chromatids;
whereas even kinetochore numbers showed that a non-disjunction mechanism and
random segregation of whole chromosomes was responsible for the aberrancy in MII
stage oocytes. However, this generalisation is only strictly true for segregation errors
of a particular chromosome. A mouse oocyte consists of twenty chromosomes, so an
aneuploid oocyte with even numbers of kinetochores could have resulted from
predivisions and malsegregation of an even number of chromosomes. The current
method of detecting aneuploidy would have also failed to detect a balanced chromatid
separation which resulted in a malsegregated oocyte with numerically normal sum of
kinetochores. Here, I have reasoned in favour of a non-disjunction mechanism; since it
can be envisaged that displacement of homologous chromosomes was more probable
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and hence occurred more frequently than the separation of sister chromatids due to
the presence of cohesin between sister chromatids.
My data demonstrated predominance for even number of kinetochores (Figure 4.8) for
both fl/fl and ∆/∆ oocytes except where ∆/∆ oocytes had been matured in vivo. In fact
solely even numbers of kinetochores represented the observed aneuploidies in fl/fl
oocytes in in vivo, in vitro (IVMDU) and dIVM12 conditions and all in vitro matured ∆/∆
oocytes displayed a similar preference for an even kinetochore number in their
aneuploid oocytes. Whereas aneuploid ∆/∆ oocytes matured in vivo demonstrated an
equal preference for predivision and non-disjunction (n.s.; p=0.480).

The results

illustrate that in addition to exacerbating aneuploidy, delayed in vitro conditions gave
rise to increased whole chromosome non-disjunction errors and not a balance
chromatid error because the incidence of aneuploid oocytes bearing an odd number of
kinetochore, that could only have arised from predivision, remained low.

4.3.7 Comparison of aneuploidy results with studies on human oocytes
My control data for oocytes matured in-vivo showed the incidence of aneuploidy to be
4%, based on a sample size of 72. This is much lower than the estimated 20% of
chromosomal abnormalities thought to occur in human metaphase II oocytes
(Pellestor et al., 2005).

Variances in this value compared to those reported in

literature could be attributed to the fact that my control mice were transgenic. They
have fl/fl or fl/wt genotypes and therefore at least one allele of the cdh1 gene in these
mice contained lox P sites. Although these should be silent insertions and have been
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assumed to have no effect on the gene, their presence still must be considered.
However, there have been discrepancies and at times contradictory results between
reports of the incidence of aneuploidy in oocytes.

These variances may be a

consequence of the inadequacy of the techiniques for aneuploidy analysis, thus the
need for alternative strategies. Another reason for differences in results could be that
the oocytes analysed were derived from failed IVF programmes and therefore
originate from a selected population of women with reproductive issues. Hence this
estimate of aneuploidy was expected to be higher than in oocytes collected from a
reproductively healthy population (Pellestor et.al.2005).

4.4 Summary and Conclusion
I have shown (in the previous chapter) that GV oocytes had a disposition for premature
and accelerated resumption of meiosis with the loss of Cdh1. These results pointed to
the possibility of increased aneuploidy in these oocytes at MII stage.

However,

aneuploidy incidence was not significantly different in in-vivo matured ∆/∆ oocytes
compared with controls, but became significant with in-vitro maturation (p<0.05) and
the results showed a predisposition for aneuploidy with loss of Cdh1 under these
conditions.

Consequently, this characteristic became increasingly evident with

prolonged arrest and increased exposure to IVM conditions. However, it was evident
that the protracted in-vitro arrest of 24 h was almost equally detrimental to both
groups and having Cdh1 had no benefit under these conditions. Furthermore, the data
suggested that the observed increased in aneuploidy was a consequence of significant
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increases in non-disjunctional errors. High significant difference in aneuploidy was
observed between controls and ∆/∆ under dIVM24 conditions, where an intact
cumulus rescued correct ploidy in controls but had little benefit for ∆/∆ oocytes.
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