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Abstract
Bidirectional communication between mammalian oocytes and their
surrounding somatic cells is essential for oocyte maturation. Gap junctions promote
the transfer of essential metabolites, nucleotides, amino acids and ions from cumulus
cells to the oocyte that are crucial for oocyte growth and development. However, the
range of factors present in the microenvironment of the developing antral follicle,
which modulate gap junction activity of the cumulus-oocyte complexes (COCs), is
largely unknown.
The primary objective of this study was to determine the effects of various
steroids, growth factors and cAMP stimulators on the gap junction activity in rat
COCs. The gap junction activity was measured in presence or absence of different
treatments using a fluorescence dye and in the presence of milrinone, a
phosphodiesterase type 3 inhibitor.
The major findings of this study were that cAMP stimulators increased the rate
of dye transfer from cumulus cells to the oocyte. Under in vitro conditions it was
established that neither steroids nor IGF1 by themselves were able to modulate gap
junction activity in rat COCs. Furthermore, forskolin, a potent cAMP stimulator;
caused a relative increase in Cx37 gene expression levels following a four hours
incubation period.
The outcomes from the present study may help to provide new insights into
developing suitable in vitro conditions, for the in vitro maturation of mammalian
oocytes.
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INTRODUCTION

1.1 In Vitro Maturation
In-vitro maturation (IVM) is a process which involves retrieving immature
cumulus-oocyte cell complexes (COC) from ovarian antral follicles and subjecting
these to a maturation process before undergoing an in vitro fertilisation procedure
(IVF). For IVM, the COC are usually recovered under the guidance of an ultrasound
procedure from donors who are not subjected to a course of exogenous hormone
treatments that normally occurs with the IVF procedure. Thereafter, the COC are
matured in a defined culture medium for 24-48 hours (1). During this interval the
oocytes mature, resume meiosis and the cumulus cells lose their attachments with one
another and the oocyte. The resulting oocytes that have reached metaphase II after this
time are then fertilised by adding sperm to the culture wells or by a process known as
intracytoplasmic sperm injection (ICSI). Two to three days after fertilisation, selected
embryos are transferred to the donors. While IVM has a greater laboratory-based
commitment it is considered to have the potential to be more cost-effective, safer and
less time consuming than current IVF procedures.
In a standard IVF treatment, the women donors are subjected to two weeks of
hormone injections to stimulate maturation of multiple ovarian follicles. IVM avoids
the use of multiple hormone treatments, involves a reduced level of monitoring of
patients and is therefore less costly and demanding for the donor (1). It also has the
potential to utilise large numbers of immature oocytes from developing antral
follicles. As well as being time-consuming and expensive, a potentially serious sideeffect of hormone injections in IVF is a condition known as ovarian hyperstimulation
syndrome (OHSS) caused by to excessive ovarian response to exogenous hormones
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(1). Furthermore, IVM potentially offers a safer treatment for women with Polycystic
Ovary Syndrome (PCOS). Women with PCOS have a tendency to have a vigorous
response to ovarian stimulation and are at significant risk of OHSS. A milder
stimulation treatment as envisaged by IVM would be expected to reduce this risk (1).
Thus, IVM is considered to be the next important addition to the portfolio of artificial
reproductive technologies as it has the potential to utilise large numbers of immature
oocytes from developing antral follicles.
Pregnancy rates following IVM are reported to be variable (4-54%) and
generally lower than IVF (1, 2). Nevertheless, more than 300 children have been born
worldwide through IVM treatment (2, 3). With IVF, delivery rates (i.e. of live-born),
up to 59% have been achieved for fresh and frozen transfers following IVF (4)
whereas in IVM, significantly lower delivery rates of around 13% have been achieved
thus far (2).
To increase the efficacy of IVM technology, one great challenge is to
understand the role that the ovarian follicular microenvironment surrounding the
oocyte plays in its progress to become fully competent (5). IVM differs to natural in
vivo oocyte maturation in two ways: Firstly, COC are collected from antral follicles
that include oocytes that have not completed capacitation as oocytes only acquire
meiotic and developmental competence during the final stages of folliculogenesis (5).
Thus, premature recovery of COC from immature antral follicles hinders the
progression of oocytes to acquiring meiotic and developmental competence (5).
Secondly, removing COC from their follicular microenvironment results in loss of the
natural meiotic inhibiting factors which can result in spontaneous meiotic maturation
of the oocyte in vitro before competence has been acquired (5). The loss of these
meiotic inhibitory factors leads to premature breakdown of gap junctions in COC, in
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turn causing loss of beneficial cumulus cell metabolites, such as ions, amino acids and
nucleotides needed for oocytes in their progress to acquiring meiotic competence (6).
Thus a key challenge to enhance IVM efficacy involves improving oocyte
developmental competence by maintaining the integrity of the COC, delaying
spontaneous nuclear maturation and providing the appropriate in vitro culture
microenvironment to ensure that the oocyte is able to acquire meiotic competence
before attempting IVF (5). Theoretically, the objective of this approach is to increase
oocyte-cumulus gap-junctional communication in vitro to allow ooplasm development
since gap junction mediated transport of molecules initially taken up by the granulosa
cells is essential for metabolic processes crucial for oocyte growth and cytoplasmic
development. The question arises as to what are the key factors present in the
follicular microenvironment that are important for influencing gap- junction activity
in COC.

1.2 Follicular development
1.2(i) The Mammalian Ovary
The female reproductive system includes two ovaries and a reproductive tract
with uterine tubes, uterus and vagina. The ovaries are almond- sized organs in the
upper pelvic cavity, one on each side of the uterus. The ovary is covered normally by
a single layer of cells which constitutes the surface epithelium. The two main
morphological regions of the ovary are referred to as the cortex and medulla. The
cortical region encompasses most, if not all, of the growing and non-growing follicles
(Figure 1) and corpora lutea separated by stromal or interstitial cells and blood
capilliary vessels. The medulla incorporates all the innermost parts of the ovary and
the hilum by which the ovary is attached, and through which the blood, nerves and
lymphatic vessels enter (7).
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The ovary, follicles and oocytes

Figure 1.1:- The sheep ovary (upper left) with solid arrows indicating surface visible
follicles and open arrows indicating corpus luteum, primordial follicle (lower left)
showing a large oocyte and centrally-located nucleus with three darkly-stained
granulosa cells around the periphery of the oocyte, and section though the ovarian
cortex (right hand image) showing preantral follicles immediately below the ovarian
surface epithelium and a series of growing preantral and antral follicles with the
uppermost antral follicle displaying both mural granulosa cells and cumulus cells
immediately adjacent to the oocyte surrounded by follicular fluid. On the extreme
right hand side a large antral follicle is partly visible with the mural layer of granulosa
cells and a large fluid-filled cavity (Figure supplied by Professor Ken McNatty).
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1.2(ii) Development of the Oocyte: Oogenesis
In most mammals (e.g. primates, ruminants, rodents) oogenesis begins during
fetal development. At birth or shortly afterwards, females will contain all the germ
cells (oocytes) she will ever have during her lifetime. In human females, the number
oocytes (i.e. often referred to as eggs) have been estimated to be between 2-4 million
(8). Out of this vast population of eggs, only a few are destined to be ovulated with all
others undergoing degeneration at some point in their development. During early fetal
development (Figure 1.2), oogenesis begins with primordial germ cell formation and
involves a series of transformations, from primordial germ cells to oogonia and then
to oocytes (9).

Fetus

Primordial germ cells

Oogonia
Initiation of
meiosis
Leptotene
Primary oocyte
(Follicular formation)

Zygotene
Pachytene
Diplotene
Meiotic arrest

Secondary oocyte
(Follicular growth)

Figure 1.2:- Representation of oogenesis in mammals
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Oocytes originate from embryonic stem cells which differentiate into primordial germ
cells. During early fetal development in humans and ruminants, primordial germ cells
differentiate further to oogonia which exhibit a high frequency of mitotic division.
During this period oogonia recruit adjacent mesenchymal and surface epithelial cells
which are the precursor granulosa cells (10, 115). Around the end of the first
trimester, the oogonia enter meiosis, cease dividing and during preleptotene transform
into primary oocytes. This preleptotene interphase marks the initiation of first meiotic
prophase. At this time, the oocyte-pregranulosa cell complexes form a basement
membrane that isolate them from adjacent oocyte-pregranulosa cell complexes
enclosed within extensive numbers of ovigerous cords. These isolated oocytepregranulosa cell complexes are referred to as primordial follicles. These primary
oocytes in meiotic arrest will eventually progress through leptotene followed by
zygotene and pachytene stages of the first meiotic prophase (9). However, completion
of this first meiotic division does not occur until shortly before ovulation during adult
life. All human oocytes within ovarian follicles during the first stages of meiosis
contain 46 chromosomes (9). As follicles form in fetal life, ovarian follicles begin to
grow sequentially so that during the third trimester, the ovarian cortex contains
oogonia entering meiosis, oocyte-somatic cell complexes within ovigerous cords,
primordial follicle formation as well as follicular growth to the early stages of antral
growth (10). By contrast, in rodents the sequence of events is the same, except that
follicular formation and growth does not occur until the time of birth and in the first
few days of post-natal life. During follicular growth, the oocyte undergoes major
changes in organelle composition and function. Also, in mice for example, oocytes
undergo a 300 fold increase in volume, from a diameter of 12µm to about 80 µm (9,
11).
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1.2 (iii) Follicular growth
As mentioned previously, follicles form as structures known as primordial
follicles. These primordial follicles each consist of a primary oocyte surrounded by a
single layer of flattened cells known as granulosa cells and this entity is bounded by a
continuous basement membrane (see also Figure 1.1).

Figure 1.3:- Development of ovarian follicle in a rodent (Modified from 12).
In the rodent, the primary follicle is developmental stage 2; the preantral phases are
stages 2-6 and the antral phase‟s stages 7-9. The blue ring immediately outside the
granulosa cell layers represents the basement membrane (basement membrane
surrounding primordial follicle not shown). Growing follicles also include a cell layer
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immediately outside the basement membrane (not shown) and this cell-type is
referred to as theca interna cells.
The growth of primordial follicles into mature ovulatory follicles is a process
referred to as folliculogenesis. During folliculogenesis, ovarian follicles progress
through a series of defined developmental stages that are classified as the primary,
secondary (pre-antral) and tertiary (antral) growth stages (12; see Figure 1.1 and 1.3).
As follicular growth is initiated, the flattened granulosa cells become cuboidal (13)
and proliferate by mitosis to form multiple concentric layers around the oocyte. By
the secondary follicle stage, somatic cells immediately outside the basement
membrane of the follicle differentiate to form cells known as theca interna. As
increasing numbers of concentric layers of granulosa cells form, proteoglycans
secreted from these cells lead to pockets of fluid accumulation (Figure 1.3) (14). As a
result of these secretions, an enlarged fluid-filled space, called the antral fluid, forms
amongst the granulosa cells. As the antrum expands, the granulosa cell layers
immediately surrounding the egg differentiate into cumulus cells (CCs) and the cells
lining the follicle wall develop into the mural granulosa cell (MGC) phenotype. These
events lead to the formation of a tertiary or antral follicle.
In humans, the progression of primordial follicles to the preantral and early
antral stages occurs sequentially beginning in fetal life and continues throughout
childhood, the menstrual cycle and even pregnancy until the primordial pool of
follicles is depleted around the menopausal interval. Once follicles start to grow they
continue to grow until they die (atresia) or ovulate (15). Thus although most follicles
in the ovaries are present as primordial follicles, there are also numerous follicles
present in the primary, preantral and antral growth stages (9).
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1.2 (iv) Hormones and the regulation of ovarian follicular development
Follicular development from primordial to the secondary stage of growth is
essentially gonadotrophin-independent and involves enlargement of the oocyte,
granulosa and theca cell proliferation. During preantral development, granulosa and
theca cells acquire receptors for and develop a responsiveness to gonadotrophins but
the presence of gonadotrophins is not essential for follicular growth at this time.
However, from the secondary stage onwards the follicular growth becomes
increasingly dependent upon the gonadotrophins, follicle stimulating hormone (FSH)
and luteinising hormone (LH) (16, 17). FSH and LH are synthesized and secreted by
the anterior pituitary gland following stimulation by gonadotrophin-releasing
hormone (GnRH) which is, in turn, synthesised and secreted by the hypothalamus. LH
and FSH are relatively large glycoproteins composed of a common alpha but different
beta subunits. The alpha subunit contains 92 amino acid residues with five disulphide
bonds and two carbohydrate moieties. The FSH beta unit is composed of 111 amino
acids, 6 disulphide bonds and carbohydrate moieties which are N- linked at
asparagine residue (18). LH has a beta subunit of 121 amino acids. The unique beta
subunit of FSH and LH endows each hormone with the ability to bind its own
receptor.
The two distinct lineages of granulosa cells that arise during folliculogenesis,
namely the MGC and CC, exhibit increasingly divergent responses during antral
follicular growth and the preovulatory period. This is due to different functions
required by these cells. The CCs become subservient to the needs of the oocyte
whereas the MGC are more actively involved in steroidogenesis and endocrine
signalling (19, 20). Moreover, during preovulatory development, MGC develop more
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LH-receptors than the CC enabling the former to undergo luteinisation after ovulation
(11, 21). Importantly during the later preantral, antral and preovulatory growth phases
CC and MGCs acquire receptors and responsiveness to FSH (22).
There is always a number of developing preantral and early antral follicles in
the adult ovary. However, the development of the antral follicles to the preovulatory
stage is critically dependent on stimulation by FSH and LH. One key role for FSH is
to stimulate granulosa cells to stimulate aromatase (P450) enzyme synthesis. Another
key role is to stimulate proteoglycan synthesis to enhance fluid uptake and
enlargement of the antrum. LH and thecal cells play key roles in helping granulosa
cells produce the steroid oestradiol (see Figure 1.4). LH acts upon the theca cells,
stimulating them to synthesize androgens such as, androstenedione and to a lesser
extent testosterone. The androgens are secreted into the bloodstream but they also
diffuse across into the granulosa cells where they are converted by the aromatase
enzyme into oestrogen (23).
Ovarian follicle
LH

Theca cells
Synthesize androgens
i.e. androstenedione

FSH

Granulosa cells
Convert androgens to oestrogen

Figure 1.4:- Control of oestrogen secretion in the ovarian follicle
During the initial transition of a small antral follicle into a preovulatory
follicle, the level of oestradiol continues to increase concomitant with increasing
numbers of both granulosa and thecal cells and an increasing sensitivity of these cells
to FSH and LH. As a result, plasma FSH concentrations decline through the negative
feedback effects of oestradiol on FSH release. Consequently, with declining FSH only
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the largest and most responsive follicle(s) continue to be able to respond to FSH
whereas all the smaller antral follicles are unable to maintain their growth and
undergo atresia. Thus, the declining FSH concentrations results in only the largest
most gonadotrophin-sensitive (i.e. dominant) follicle(s) able to survive to continue
growth to ovulation.

Figure 1.5:- Changes in hormonal concentrations and impact on follicular
development in humans (Modified from 26)
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In addition, during this critical period, granulosa cells in the dominant follicle acquire
LH receptors in response to increasing responsiveness to FSH and aromatase activity.
Thus, granulosa cells now begin to be stimulated not only by FSH but also by LH
(24). In this way, FSH and LH have profound influences on the proportion of follicles
which can either undergo ovulation or atresia (25). Eventually, the dominant follicle
starts to secrete enough oestradiol to cause a significant rise in the plasma
concentration of this steroid. In turn, this increase in plasma oestradiol exerts a
positive-feedback effect on the pituitary release of both FSH and LH (see Figure 1.5).
The net result is that, as the rate of follicular oestradiol secretion reaches a critical
threshold during late follicular phase, it causes a major surge of release of LH (and
FSH). As a consequence of this gonadotrophin surge, the oocytes resumes and
completes its first meiotic division and also cytoplasmic maturation and an
irrevocable chain of events is initiated that lead to follicular rupture, release of the
matured oocyte and luteinisation of the MGC. This is followed by the formation of
the corpus luteum (CL) and in humans an increase in both the plasma concentrations
of progesterone and oestradiol. The CL-derived secretions of progesterone and
oestradiol cause a decrease in secretion of gonadotrophins by the pituitary gland
which in turn, prevents the growth of large antral follicles during the luteal phase
(Figure 1.5). However, if pregnancy doesn‟t occur, the corpus luteum degenerates
leading to a rise in gonadotrophin secretion and the stimulation of growth of follicles
beyond the small antral stages.
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1.3 Role of steroids in follicular development
As indicated in Figure 1.5 and in the previous section, ovarian follicles
synthesize and secrete several steroid hormones such as progestins, androgens and
oestrogens. The major precursor is cholesterol and a key intermediatory is
pregnenolone for the synthesis of these steroids. Progesterone is the major progestin
produced by the ovary and is synthesised mainly by the corpus luteum and also by the
follicular granulosa cells shortly before ovulation in some species. Androstenedione
and testosterone are the two major androgens present in ovary. Androstenedione is a
biologically weak androgen and a major precursor for the more potent testosterone or
for the synthesis of oestradiol. The follicle has the highest levels of androstenedione
and oestradiol-17β during its final stages of growth i.e. antral follicle due to the size
of its granulosa cell population and capacity for androgen aromatisation (Figure 1.5;
27).
In vitro culture of mouse pre-antral follicles in presence of testosterone
showed significant increase in follicular diameter due to more granulosa cell
proliferation (28). By contrast when follicles were cultured with an anti-androgen or
an androgen receptor antagonist they grew at a relatively slower rate (29, 28) whereas
the addition of androstenedione caused an accelerated rate of growth. Mice lacking an
androgen receptor had a reduced ovulation rate. Ovulatory genes such as HAS2 were
not induced and as a result the COC released at ovulation had a disorganized structure,
suggesting role of androgen receptor in ovulatory process (30). Overall, it seems
evident that androgens play a role in regulating follicular development.
Oestrogens act on target cells via the receptors, ERα and ERβ. Mice knockout
studies suggest that knockout of these receptors lead to infertility in mice. ERβ
receptor knock out mice show a partial loss of fertility due to fewer growing follicles
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arrested in the early antral stage and the ovaries being smaller in size (31, 32). ERα
knock out mice showed evidence of ovulation inhibition and increased proliferation of
granulosa cells (33). Thus as with androgens, there is compelling evidence to suggest
that oestrogen is important for normal follicular development.
The effect of steroids on mammalian oocyte maturation has also been studied.
It has been postulated that although the gonadotrophin-induced meiotic response of
the mammalian oocyte is not steroid-mediated (34), that some steroids may influence
oocyte

maturation (35).

Oestradiol-17β,

progesterone,

androstenedione

and

testosterone have all been shown to inhibit meiotic maturation in mice (35), and
oestradiol to inhibit spontaneous maturation of porcine oocytes (36). Progesterone has
been reported to inhibit mouse and rabbit (37) oocyte maturation, but not to affect
maturation of human (38) or porcine oocytes (36). It remains uncertain as to whether
the very high concentrations of steroids that may be present in follicular fluid are
influential in effecting the bi-directional communication systems including gap
junction functions between MGC and CC or between the CC and oocyte.

1.4 Gap Junctions
In the previous section, attention was focussed on the roles of gonadotrophin
and steroidogenesis during follicular development. This largely involved the MGC
and thecal cells. Here the focus is on the cell networks within the follicle including
that for the COC. Intercellular communication is an essential aspect of ovarian
folliculogenesis (39). The granulosa cells communicate with each other and also with
the oocyte via a network of gap junctions (13, 40). This network of gap junctions
unites the mural and cumulus granulosa cells with the oocyte which assists in
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coordinating the timing of oocyte development with that of somatic cell proliferation
and differentiation.
During the early stages of follicular growth, signalling between developing
oocytes and the surrounding granulosa cells is facilitated by transzonal projections
from the granulosa cells that contact the oocyte surface (41). These projections from
granulosa cells that traverse the zona pellucida and terminate on the oocyte cell
surface are reported to be most abundant in preantral follicles (41). In rat, rabbit and
sheep, the expression of gap junction genes and the presence of the proteins in
granulosa cells and oocytes are detectable from the primary stage of follicular growth
(McNatty & Bibby, unpublished data). It is likely that gap junctions become
extremely important as follicles begin to form an antrum and the appearance of a
cumulus cell phenotype becomes apparent (13). There is an increase in the size and
number of gap junctions concurrent with granulosa cell proliferation and oocyte
growth (42).
Gap junctions are specialized intercellular channels responsible for the transfer
of low molecular weight molecules between cells with intimate contact (43; see also
Figure 1.6). The gap junction channels possess unique structures as they span the
plasma membranes of adjacent cells. The basic unit of the gap junction is a hexameric
structure known as a connexon. Two connexons docking end-to-end within the extra
cellular space results in the formation of a gap junction channel (see Figure 1.6). Each
connexon is formed by the oligomerization of the structural protein subunits,
connexins (Cx).

24

Figure 1.6:- Assembly of connexins, connexons, intercellular channel and gap
junction (Adapted from 24)

Connexins comprise a family of homologous membrane proteins. All
connexins consist of four membrane-spanning domains, two extracellular loops, a
cytoplasmic loop, and cytoplasmic N and C termini (39). The connexins oligomerize
as a connexon, which is then transported to the plasma membrane. In turn, connexons
from adjacent cells then interact to form the gap junctions: these cell-to-cell channels
generally cluster in specialised regions on plasma membranes. Although there are
many connexin (Cx) subtypes expressed in ovarian follicles, it is evident that two of
these, Cx 43 and Cx37, are essential for ovarian follicular development (6, 45 and 46).
Cx43 is expressed in the granulosa cells throughout folliculogenesis (6, 47) whereas
Cx37 is found on the oocyte plama membrane within the zona pellucida (6, 39).
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1.5 Importance of Gap junctions in follicular development
Ovarian folliculogenesis and the production of fertilisable oocytes are
critically dependent upon gap junctions for intercellular communication. Gap
junctions facilitate the transfer of low MW materials (e.g. <1000mer) between cells.
Reagents such as amino acids, inorganic ions, second messengers, nucleotides and
glucose metabolites are amongst the materials transferred to the growing oocyte from
gap junctions (48). Gap junctions also mediate metabolic cooperativity (46).
Disruption of gap junctional communication can compromise the oocyte‟s ability to
produce energy from glucose metabolites since the granulosa/cumulus cells have a
high capacity to metabolise glucose to pyruvate and to supply the oocyte with this
essential metabolite (49). In addition, regulatory signals for protein phosphorylation
and dephosphorylation, and signals that control meiotic maturation are regulated by
granulosa/cumulus cells and these regulators rely upon gap junctional communication
for their specific targeted effects (50).
The importance of gap junctional intercellular communication has been
established in connexin knockout mice. Mice lacking Cx37 as a result of targeted
mutation in the Cx37 gene show arrested folliculogenesis and lack mature follicles
(45). Oocyte development arrests before meiotic competence is achieved and follicles
fail to ovulate (45). These results demonstrate that gap junctional communication
influences the acquisition of meiotic competence by the oocyte and provides evidence
that gap junctions play essential roles in folliculogenesis and oogenesis.
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1.6 Oocyte Maturation
In mammals, the first meiotic division is initiated during fetal life and
proceeds up to the diplotene stage of the first prophase (51, 52, and 53). Oocyte
growth occurs concomitantly with follicle growth, but the oocyte remains arrested at
prophase I until a preovulatory surge of LH from the pituitary stimulates meiotic
resumption. The fully grown immature oocyte then resumes meiosis, progressing
from prophase of the first meiotic division to metaphase of the second meiotic
division, where it becomes arrested again. The progression from prophase I to
metaphase II is termed oocyte maturation and is a process that includes nuclear as
well as cytoplasmic changes that allow the mature egg to be fertilized (53, 54). Only
oocytes that have been meiotically matured are capable of being fertilized and
undergo development normally (53).
The first structural change that is evident during the resumption of meiosis in
oocytes is germinal vesicle breakdown (GVBD) (11, 51). GVBD is followed by
chromosome condensation and spindle formation. Separation of homologous
chromosomes then occurs, together with asymmetric cleavage of oocyte cytoplasm.
Further progression of oocytes from metaphase II requires fertilization.
During follicular growth, oocytes remain in diplotene stage and are
incompetent to resume meiosis. The acquisition of meiotic competence occurs during
oocyte growth and during the transition from preantral to antral stage; oocytes become
increasingly competent (55; see Figure 1.7). In humans, ruminants and rodents,
oocytes acquire full meiotic competence and attain full size during the final phases of
the menstrual and oestrous cycles respectively.
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Figure 1.7:- Acquisition of meiotic competence during follicular growth (Modified
from 56)
It has been observed that when meiotically-arrested oocytes are removed from
the ovarian antral follicles they spontaneously resume meiosis, suggesting that the
follicular microenvironment maintains the oocyte in meiotic arrest (57). In vivo, it has
been well established that in preovulatory follicles, LH induces a sequence of events
leading to the resumption of oocyte maturation (11, 16, and 54). Since LH receptors
are located on the mural granulosa cells, but not cumulus cells or the oocyte, the
mechanism by which LH stimulates oocyte maturation is indirect (58). It has been
hypothesized that LH acts in either removing an inhibitory, maturation arresting
substance or it could provide a positive, maturation-promoting substance to the oocyte
(51, 52). Among the various explanations as to how LH triggers meiotic resumption,
one is that LH causes gap junction degradation which in turn results in reduction in
the transfer of meiosis-arresting substances from granulosa and cumulus cells to the
oocyte. Hypoxanthine has been shown to be a factor capable of inhibiting meiotic
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resumption and is present in follicular fluid of rodents at concentrations of ~2-4mM
(59). In the absence of hypoxanthine, meiotically competent oocytes underwent
spontaneous GVBD in vitro whereas in the presence of hypoxanthine 95% of
competent oocytes were maintained in meiotic arrest (59). Cyclic adenosine 3,5 monophosphate (cAMP) also functions as an inhibitory signal produced by granulosa
and cumulus cells that is transferred to the oocyte through gap junctions (60).
Another hypothesis is that LH doesn‟t induce sufficient degradation of gap
junctions per se but induces a positive signal from granulosa cells to the oocyte to
override the inhibitory effects of cAMP, to promote meiotic resumption (52). The
sterol, follicular fluid–meiosis-activating sterol (4,4-dimethyl-5a-cholesta 8,14,24trien-3b-ol; FF-MAS), is a candidate oocyte maturation-inducing substance (52, 61).
FF-MAS stimulate the resumption of meiosis in isolated oocytes of various
mammalian species including mouse, rat, and human (61). Calcium also plays a role
in providing a positive signal, since LH causes an increase in calcium in granulosa
cells and this increased level of calcium in oocytes may cause GVBD (62, 63).
Irrespective of the mechanisms involved it is clear that the loss of gap
junctional communication between granulosa and cumulus cells and the oocyte is
associated with the resumption of meiosis (64, 65). The loss of gap junctions between
the cumulus cells and the oocyte will inevitably lead to a reduction in the transfer of
meiotic inhibitory substances from follicle cells to oocyte. Just prior to ovulation,
there is a significant decrease in the number of gap junctions as well as a decrease in
the extent of ionic coupling (6, 65, 66). Ionic coupling and transfer of molecules are
maximal before the preovulatory surge and decreased afterwards (67). In this context,
LH has been shown to decrease gap junctional permeability between follicular cells,
before GVBD (68).
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1.7 Regulation of Oocyte maturation
When mammalian COC are recovered from antral follicles and cultured in
vitro, they spontaneously undergo meiotic maturation. As mentioned earlier, the
follicular microenvironment prevents this premature maturation. It is likely that the
recovery of COC from the follicular microenvironment disrupts the extent and
viability of gap junctions formerly present between MGC and CC but also between
the CC and between the CC and oocyte. This process of recovery of COC and
separation from MGC is likely to cause a loss of cAMP synthesis and thus a reduction
in delivery of this factor to oocytes.

1.7 (i) cAMP
The level of cAMP in tissues or biological fluids is regulated by two major
enzymes; adenylate cyclase (AC) and phosphodiesterase (PDE) that respectively
catalyze the synthesis and degradation of cAMP respectively. Adenylate cyclase
catalyzes the conversion of ATP to 3', 5'-cyclic AMP (cAMP) and pyrophosphate.
The resulting cAMP acts as a second messenger by interacting with and regulating
other proteins such as protein kinase A (PKA) and cyclic nucleotide-gated ion
channels. Cyclic AMP acts by activating the cellular type I and II PKA pathways and
in turn the timing of oocyte meiotic maturation (59).
Cyclic AMP can be generated within the oocyte and/or transferred to the
oocyte from the CC via gap junctions (67). The evidence suggests that the CC are the
major contributor to the total cAMP content of the oocyte and thus cAMP within the
oocyte is maintained at high levels through transfer from somatic cells. As mentioned
earlier, high levels of cAMP have shown to prevent meiotic resumption (70, 71). The
high levels of cAMP maintain PKA in an active state which causes phosphorylation

30

of protein substrates. These phosphorylations are inhibitory to oocyte maturation. A
fall in intracellular cAMP levels signals reentry of the oocytes into meiotic
progression and a decrease in cAMP levels of the oocyte occurs just before GVBD in
vivo and in vitro (72, 73). Under low cAMP conditions, the oocyte phosphoproteins
would be dephosphorylated and meiotic maturation would be initiated.
Therefore, it is likely that cAMP is continuously transferred to the oocytes to
maintain meiotic arrest. However, during the LH surge, the resulting high cAMP
levels in mural granulosa cells induces a major differentiative change in these cells
resulting in luteinization and a concomitant loss of gap junctions with cumulus cells
(74). In turn, the high intrafollicular gonadotrophin levels, probably of FSH, results in
high CC cAMP levels leading to CC expansion due to a change in proteoglycan
synthesis and an associated loss of gap junctions and therefore the uninterrupted flow
of cAMP to the oocyte is compromised (6, 71).

1.7 (ii) Phosphodiesterases
Phosphodiesterases (PDE) are enzymes that degrade cAMP. They act by
hydrolysing the bond between the phosphate and the 3-hydroxyl group of the ribose
sugar in cAMP. Different types of PDEs control cAMP levels in the granulosa cells
and oocyte and play essential roles in the control of meiosis. In mammals, PDE4 gene
expression is specific for the follicular cells such as mural granulosa and cumulus
cells, whereas the PDE3 gene is expressed primarily in the oocytes (75). Recently, the
use of PDE inhibitors has demonstrated the essential role of PDEs in regulating
meiotic arrest (75, 76). PDE inhibitors prevent cAMP degradation resulting in the
accumulation of cAMP, which in turn maintains meiotic arrest. Inhibitors selective for
PDE3 were most effective inhibitors of GVBD suggesting that PDE3 activity is
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necessary for resumption of meiosis or oocyte maturation both in vitro and in vivo
(75, 76).

1.8 Oocyte-Somatic cell interactions: role of GDF9 and BMP 15
Bi-directional communication between the oocyte and somatic cells plays an
important role during folliculogenesis (Figure 1.8). Granulosa and cumulus cells assist
oocyte growth and development by influencing nutrient and energy availability and
promoting meiotic arrest and maturation as outlined earlier.

Metabolism
Growth
Meiotic arrest
Maturation

Proliferation
Differentiation
Cumulus
expansion

Figure 1.8:- Bi directional communication between the oocyte and its granulosa cells
(adapted from 11). The Oocyte (O) secretes paracrine factors that influence adjacent
somatic cell proliferation and differentiation.

In turn, the growth and differentiation of follicular somatic cells is critically
dependent upon oocyte paracrine signalling. The oocyte promotes follicular growth
and somatic cell differentiation via the secretion of paracrine factors such as growth
differentiating factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) (78).
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GDF9 and BMP15 are members of the Transforming Growth factor β (TGF β) family
of proteins. The amino acid sequence of mouse GDF9 contains four N- linked
glycosylation sites, one of which is in mature region, whereas mouse BMP15 contains
five N- linked glycosylation sites, two of which are in the mature region (79, 80). The
GDF9 mature region is comparatively conserved as opposed to BMP15 mature
region, which diverges greatly among species. Within the ovary, the oocyte is the site
of GDF9 and BMP15 gene expression (81).
GDF9 and BMP15 have been found to play important roles in fertility;
however the relative importance of them differs among species. GDF9 knockout mice
showed cessation of follicular development and were infertile due to impaired
granulosa cell proliferation (82); however, BMP15 knockout mice did not have
arrested follicular growth suggesting that BMP15 doesn‟t play part in normal
follicular development in this species (83). Naturally occurring mutations of BMP15
or GDF9 in sheep resulted in infertility due to an inhibition of normal follicular
growth from the primary follicle stage (84). This suggested that BMP15 and GDF9
are both critical for follicular development and fertility in sheep. Also, it‟s worth
noting that naturally-occuring genetic mutations in BMP15 in women also results in
an absence of normal follicular development and primary ammenorhoea (85).
In addition to GDF9 being essential for follicular growth, it is also important
for the development of the cumulus cell phenotype (81, 82). Recombinant GDF9
enhances the growth of preantral follicles isolated from immature rats and also
promotes proliferation of granulosa cells (86) by increasing DNA synthesis. Also, as
the oocyte grows, the secretion of GDF9 stimulates granulosa cells to secrete the
growth factor kit-ligand. In turn, kit ligand interacts with the kit receptor on the
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oocyte to promote oocyte growth until it becomes mature, where GDF9 then
suppresses kit ligand expression on granulosa cells hence ceasing oocyte growth (87).
These oocyte secreted factors are mitogenic promoting both MGC and CC DNA
synthesis and they either indivually or collectively regulate ganulosa/cumulus cell
differentiation (78). CC differ from MGC as they have very low LHR expression,
high proliferation rate and can undergo expansion. GDF9 suppresses luteinizing
hormone receptor expression on CCs and regulates steroidogenesis in these cells by
inhibiting luteinisation (81, 86). Hence the oocyte maintains the distinct CC
phenotype via the secretion of GDF9, while the MGC some distance away from the
oocyte and thus exposed to a lower concentration of GDF9 are thought to be inhibited
sufficiently not to luteinise during follicular growth but not enough to inhibit the
expression of the LHR.
BMP15 can also inhibit progesterone synthesis by granulosa cells in vitro (88)
and as progesterone is an indicator of cellular luteinisation, it shows that BMP15 and
GDF9 can both act as luteinisation inhibitors during follicular development. While
there is strong evidence to indicate that GDF9 is synthesized and secreted to act in a
paracrine manner with the developing follicle, it remains uncertain, in rodents at least,
as to whether BMP15 protein is secreted in rodents before the preovulatory LH surge
(88).
After the preovulatory gonadotrophin surge, in rodents, GDF9 and BMP15
play vital roles in the preovulatory follicle by enabling CC expansion in part by up
regulating the genes encoding hyaluronan synthase 2 in CC (78). In sheep, these
factors have been shown to be critical for ovulation and the formation of normal
functioning corpora luteum (81). Hence BMP15 and GDF9 play dominant roles in
female fertility in a species dependent manner.
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1.9 Mimicking the follicular microenvironment: effect of Milrinone, Forskolin,
FSH and IGF1
The follicular microenvironment is crucial for the attainment of developmental
competence in oocytes, and it is an utmost requirement for the in vitro maturation of
oocytes to have similar follicular environment conditions. As discussed earlier, the
approach to delay spontaneous meiotic maturation in vitro allows complete
cytoplasmic maturation and attainment of development competence.
In rats, selective inhibition of PDE3 blocks meiotic resumption without
affecting ovulation (77). PDE inhibitors can be classified on the basis of specificity
for different PDE‟s that are compartmentalized either within somatic cells i.e. PDE4
or the oocyte i.e. PDE3. Milrinone inhibits the PDE3 enzyme in the oocyte, rolipram
inhibits PDE4 enzyme in granulosa cells and IBMX is a non-selective PDE inhibitor
(75, 76). It has been reported that inhibition of PDE3 enzyme by milrinone causes a
delay in oocyte meiotic maturation which was characterised by GVBD (75).
Milrinone prevents cAMP degradation by PDEs causing intracellular cAMP
accumulation in mammalian oocyte. On the other hand, rolipram is ineffective in
preventing GVBD, instead it promotes oocyte maturation (75). It has been suggested
that PDE4 is essential for normal ovulation and in PDE4 null mice, the follicles fail to
reach pre-ovulatory stage due to premature luteinization (89). The lack of PDE4
causes accumulation of cAMP in granulosa cells leading to premature luteinzation
and entrapment of oocytes in immature luteinized follicles (89). Also inhibition of
PDE4 in granulosa cells results in activation of protein kinase II (PKAII), whose
activation causes GVBD (90). These results emphasize that the selective inhibition of
oocyte PDE3 by milrinone can control oocyte maturation.
As mentioned earlier, high levels of cAMP in the oocyte is important with
respect to maintenance of meiotic arrest. Forskolin stimulates cAMP production by
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activating adenyl cyclase very rapidly and reversibly (91). It is a plant derivative and
has a diterpene structure as shown in Figure 1.9.

Figure 1.9:- Forskolin, a diterpene produced by Coleus forskohlii (Adapted from 91)

It has been demonstrated that forskolin inhibits spontaneous maturation of rat
oocytes in vitro (6, 92). The effect of FSH on the oocyte is mediated through the
surrounding somatic cells. It stimulates somatic cells to produce factors that are
important for the completion of oocyte growth and maturation, both in vitro and in
vivo. FSH is the major factor contributing towards antral follicle growth in vivo and is
essential to achieve developmentally competent oocytes in vitro (93). FSH triggers
granulosa cell proliferation, prevents atresia, induces synthesis of luteinizing hormone
receptors on mural granulosa cells and promotes steroid expression in vivo (93). FSH
causes cAMP synthesis as it activates membrane receptors and G proteins of
granulosa cells which inturn activate adenyl cyclase leading to cAMP production (56).
There is evidence that in defined conditions, FSH enhances the ability of the oocyte to
reach the blastocyst stage after fertilization in mice and has been shown to improve
embryonic development (94).
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Insulin-like growth factor-1 (IGF-1) is secreted from somatic cells in response
to gonadotrophins. IGF1 binds to the extracellular domain of a membrane- bound
receptor 1(IGFR1) which forms a tetramer structure composed of two α subunits and
two β subunits that are linked by interchain disulphide bonds (95). An important
action of IGF1 is to enhance the action of FSH or LH on ovarian follicular
development. IGF1 enhances FSH-induced granulosa cell proliferation and
differentiation by stimulating proteoglycan production which causes antrum
formation, in pre-antral rat follicles. It enhances FSH-induced aromatase activity
which in turn promotes androgen production in theca cells and also enhances LHR
expression (96, 97). Studies on pre-antral rat follicles cultured with IGF1 show an
increased number of gap junctions between oocytes and granulosa cells, suggesting
that IGF1 assists in follicular development by promoting gap junctions within the rat
pre-antral follicles (98). Furthermore, the addition of IGF-1 to the culture medium
increases the in vitro nuclear maturation rate in rabbits (99).

1.10 The rat oestrous cycle
The present study utilizes rats as the animal model therefore it is of value to
outline the physiological events that regulate the rat oestrous cycle. The oestrous
cycle of the rat is divided into four stages: pro-oestrus, oestrus, metoestrus and
dioestrus. In the pro-oestrus stage the ovarian follicles develop towards the
preovulatory stage and an increasing endometrial activity occurs at this stage. During
the oestrous stage, the preovulatory follicles secrete high levels of oestradiol leading
to ovulation and the development of the corpus luteum from the ovulated follicle
starts in metoestrus cycle and release of oestrogen from the ovary is inhibited.
Throughout the dioestrus phase, development of corpus luteum continues and
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progesterone is released. Follicle growth increases more than 8 fold as it reaches early
oestrous stage. Rats undergo regular oestrous cycles throughout the year and are polyoestrous.

1.11 Aim of study
The primary aim of this study was to investigate the effects of various steroids,
growth factors and cAMP stimulators on gap junction activity in oocyte-cumulus cell
complexes. It was hypothesized that factors present within the microenvironment of
the developing antral follicle such as steroids, growth factors or cAMP stimulators,
influence the rate of transfer of low molecular weight compounds from the cumulus
cells to the oocyte.
To address this aim, a gap junction assay was developed in which the cumulusoocyte complexes were recovered from their follicular environment and the transfer of

the fluorescent compound, Calcein-acetoxymethyl (Calcein-AM), from cumulus cells
into the oocyte was used as a measure of gap junction activity. Calcein AM is a nonfluorescent, hydrophobic compound that easily permeates through cumulus cells.
Endogenous esterases within cumulus cells cleave the acetoxy methyl (AM) group
producing the green fluorescent calcein, a hydrophilic strongly fluorescent compound
that is well-retained in the cell cytoplasm and is non toxic to cells. In this study, the
gap junction activity was assessed in COC recovered from rat antral follicle. The gap
junction activity was observed within COCs obtained from sexually immature 21-25
day old Sprague-Dawley rats without any hormonal treatments. The second aim of
this study was to use a PCR technique to measure Cx37 and Cx43 expression levels in
oocytes and cumulus cells respectively following exposure of COC to one of the test
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reagents that was shown to alter the transfer rate of Calcein from cumulus cells to the
oocyte.
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MATERIALS AND METHODS

2.1 Media composition:
2.1a Dissection medium
L-15 Lebowitz solution (Invitrogen; cat# 11415-114; for address of companies
refer to Appendix 1) containing phenol red and L-glutamine, supplemented with 0.1%
BSA (w/v: ICP Bio Ltd.), 100 IU Penstrep (Invitrogen) and 15mM Hepes buffer
(Sigma-Aldrich) was used as the dissection medium. Milrinone (100µM; SigmaAldrich) was added to the stock dissection medium before use.

2.1b Incubation media
Phenol red-free Medium199 (M199) (Invitrogen; cat# 11150-059) containing
L-glutamine, 2.2g/L Sodium bicarbonate and Earle‟s salts was supplemented with
0.3mg/ml Polyvinyl alcohol (PVA) and was used as incubation medium. Milrinone
(100µM) was added to the stock incubation medium before use.

2.1c Wash media
The wash medium consisted of Phenol red-free M199 supplemented with 100
IU Penstrep and 0.1% BSA. Milrinone (100µM) was added to the stock wash medium
before use.

2.2 Stock solutions
The phosphodiesterase inhibitor, Milrinone was dissolved in DMSO and made
up in phenol red-free M199 at a concentration of 1mM and stored at -20ºC. The
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fluorescent dye Calcein-AM (Invitrogen; cat# c1430), which was used to measure gap
junction activity, was stored in DMSO at a concentration of 1mM at -20ºC. The
cAMP stimulator, Forskolin (Sigma-Aldrich) was dissolved in absolute ethanol at a
concentration of 1mM and stored at -20ºC. Insulin like Growth Factor (IGF1)
(Novozymes) was made up in M199 at a concentration of 1ng/µl and stored at 4ºC.
Recombinant human-Follicle Stimulating Hormone (Rh-FSH) (Prospec) was prepared
at a concentration of 150mIU/µl in M199 containing 0.1% BSA, and stored at -20ºC.
Dibutryl cyclic AMP (dcAMP; Sigma-Aldrich) was dissolved in M199 at a
concentration of 100µM. Steroids such as oestradiol, testosterone, androstenedione
and progestrone (Sigma-Aldrich) were prepared and stored at 4ºC. Stock solutions of
oestradiol (100µg/ml in absolute ethanol), testosterone (100µg/ml in absolute
methanol), progesterone (100µg/ml in absolute ethanol) and androstenedione
(100µg/ml in absolute ethanol) were prepared and stored at 4ºC. The control solutions
of absolute ethanol and methanol were also stored at 4ºC.

2.3 Microscopy
For ovarian dissections and collection of COCs, a Ziess stereo-zoom
dissection microscope (475265, West Germany) was used. The intensity of
fluorescence within denuded oocytes was measured using a Leica inverted
fluorescence microscope (CTR4000; Albany 0751, New Zealand) fitted with a
CRAIC technology fluorescence detection system. The fluorescence recordings were
captured using the CRAIC technology software and saved on hard drive. The
fluorescent settings on the detection system were 50 millisecond recordings over the
wavelengths 300-700nm.
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2.4 Ovaries
The ovaries were obtained from 21-25 day old sexually immature SpragueDawley rats provided by the Department of Psychology, Victoria University of
Wellington. The ovaries were obtained on my behalf by Ms Norma Hudson (School
of Biological Sciences) from female rats that were being culled from the breeding
colony. Rats were housed in a temperature-controlled room with food and water
provided ad libitum. Animals were sacrificed using Carbon dioxide.

2.5 Storage of ovaries before dissections
Ovaries were removed and collected into 1ml of Dissection media containing
milrinone (100µM), and were stored in a 37ºC water bath until further use. COCs
were isolated from the ovarian follicles within 2 hours of ovary collection.

2.6 Isolation of cumulus-oocyte complexes
Ovaries submerged in dissection media were cleaned of their surrounding fat
layer using dissecting scissors and forceps under the dissecting microscope. To isolate
COCs, antral follicles (~0.5-1mm diameter) visible on the ovarian surface were
punctured using a 20 gauge needle to recover the COC. Approximately 60 COCs were
recovered from each pair of ovaries. All COCs collected were examined under the
microscope and those selected for further study were those with two or more intact
layers of cumulus cells surrounding the oocyte. Selected COCs were then transferred
to either a 48-well plate for performance of a gap junction assay or to a culture dish
for preparation for QPCR analysis.
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2.7(i) Gap Junction Assay: Effect of time
After isolation, a minimum of 10 COCs were transferred into each of six wells
(T0, 60, 120, 180, 240 and 360 minutes) containing of 200µl wash media
supplemented with milrinone (100µM) in a 48-well plate. Each well represented the
time interval after which gap junction activity was measured. Care was taken to
ensure that the amount of dissection media transferred with the COC was negligible,
since phenol red is known to interfere with the fluorescence readings of calcein. To
remove any excess phenol red media, this wash step was repeated twice by
transferring COCs into new wells containing fresh wash media (200µl) containing
milrinone (100µM). All COCs were then transferred into new wells containing 200µl
incubation media supplemented with milrinone and pulsed with calcein-AM dye
(1µM) for 10 minutes in a 37ºC CO2 (5%) incubator at 96% humidity. Thereafter,
COCs were transferred into new wells containing fresh incubation media (200µl)
supplemented with milrinone. After the respective incubation times (ie 0, 60, 120,
180, 240 and 360 minutes), COCs were washed twice in 200µl incubation media
containing milrinone and were transferred to an eppendorf tube. Oocytes were then
denuded of their surrounding cumulus cells by vigorous vortexing for 5 minutes. The
fluorescence intensities of the denuded oocytes were then measured using the CRAIC
fluorescence system.

2.7(ii) Gap Junction Assay: Effect of Treatments
The effect of different treatments on the amount of dye (Calcein) transfer from
the cumulus cells to the oocyte was also examined using the gap junction assay. The
various concentrations of treatments used are illustrated in Table 2.1. Appropriate
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controls were used in all experiments, i.e. if a solvent was used to prepare the
treatment stock solution; the solvent was added to the media in the control wells.
COCs were examined at time 0 (T0) to provide a zero time reference point and after
240 min (T240) of exposure to different treatments and also for the controls.
After isolation, a minimum of 10 COCs were transferred into each of four
wells (Control T0; Control T240; Treatment T0 and Treatment T240) containing
200µl of wash media supplemented with 100µM milrinone in a 48-well plate. Care
was taken to ensure that the amount of dissection media transferred with the COC was
minimal. This wash step was repeated twice. All COCs were then transferred into new
wells containing 200µl of incubation media supplemented with 100µM milrinone, and
pulsed with 1µM calcein-AM dye for 10 minutes by placing the plate in a 37ºC
incubator gassed with 5% CO2 and held at 96% humidity. Thereafter, COCs from all
wells were transferred into new wells containing either 200µl of incubation media
supplemented with milrinone and the appropriate solvent (only if it was used to
prepare treatment in question); or 200µl of incubation media supplemented with
milrinone and the appropriate treatment (refer to Table 2.1) and returned to a 37ºC
incubator gassed with 5% CO2 and held at 96% humidity. After the respective
incubation times (i.e. 0 and 240 minutes), COCs were washed twice in 200µl of
incubation media containing milrinone and transferred to an eppendorf tube. Oocytes
were denuded of their surrounding cumulus cells by vigorous vortexing for 5 minutes.
The fluorescence intensities of the denuded oocytes were measured using the CRAIC
fluorescence system.
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Treatment

Concentration

Oestradiol

1µg/ml

Testosterone

1µg/ml

Progesterone

1µg/ml

Androstenedione

1µg/ml

IGF1

10ng/ml

Forskolin

10-5M/ml

Rh-FSH

50mIU

dcAMP

1µM

Oestradiol+ Forskolin

1µg/ml + 10-5M/ml

Testosterone+ Forskolin

1µg/ml + 10-5M/ml

Androstenedione + Forskolin

1µg/ml + 10-5M/ml

Oestradiol+ Forskolin+ IGF1

1µg/ml + 10-5M/ml+10ng/ml

Testosterone+ Forskolin+ IGF1

1µg/ml + 10-5M/ml+10ng/ml

Table 2.1:- The different treatments and respective concentrations used in the gap
junction assay

2.8 Quantitative PCR (QPCR)
QPCR was employed to analyse changes in the gene expression of Cx37 and
Cx43 present in oocytes and cumulus cells, respectively after exposure to no
treatment or forskolin. The QPCR method was validated previously by Dr Janet
Crawford (School of Biological Sciences).

2.8(i) Collection of COC samples for QPCR
After isolation, approximately 30-35 COCs were selected and transferred into
a clean culture dish containing 2000µl of wash media supplemented with 100µM
milrinone. This wash step was repeated twice and the COCs were then transferred into
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respective culture dishes (with or without treatment), with a minimum of 7-8 COCs in
each dish. The culture dish with treatment contained 2000µl of incubation media
supplemented with 100µM milrinone and 10-5 M/ml Forskolin or vehicle (i.e ethanol).
The culture dishes were kept in the incubator gassed with 5% CO2 and held at 96%
humidity and after the respective incubation times (i.e. 0 and 240 minutes), each
individual COC was washed in phosphate buffered saline (PBS) supplemented with
milrinone, so that one COC was present in each well of a 96-well plate. Thereafter,
each individual COC in a volume of 5µl was transferred into a sterile eppendorf tube
on dry ice and then stored at -80ºC until QPCR analysis.

2.8(ii) ArrayPure Nano-scale RNA extraction
Total RNA (tRNA) was extracted from COCs using reagents provided in the
ArrayPure purification kit (Epicentre; cat# MPS04050) and following manufacturer‟s
instructions.
For logistical purposes, RNA was extracted from 10 samples at a time.
Samples were thawed, vortexed and briefly centrifuged. A pre-mix solution of 10µl of
Proteinase K solution (5µg/µl) in 300µl of Nano-scale Lysis solution was prepared on
ice. To each sample, 30µl of this premix solution was added and the samples were
mixed thoroughly by vortexing for 1 minute followed by incubation at 67ºC in a water
bath for 15 minutes. The lysed samples were then placed on ice for 5 minutes, after
which 18µl of MPC Protein Precipitation Reagent was added and samples were
vortexed briefly. The precipitate was pelleted by centrifugation for 7 minutes at 4ºC at
12000g and the supernatant was transferred to clean eppendorf tube. The tRNA was
precipitated by the addition of 50µl of absolute isopropanol (Sigma-Aldrich) and then
centrifugation for 5 minutes at 4ºC at 12000g. All of the residual isopropanol was
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removed using a pipette and the pellet was air-dried for 5 minutes. Meanwhile, a premix solution of 5µl of RNase-free DNase I in 200µl of 1 x DNase Buffer was
prepared on ice and 20µl was added to each tRNA pellet for resuspension. Samples
were then vortexed for 1 minute followed by incubation at 37 ºC in a water bath for
30 minutes to ensure all contaminating DNA is removed. After incubation, 20µl of 2x
Nano-scale lysis solution and 20µl MPC Protein Precipitation Reagent were added to
the samples and were mixed by vortexing briefly after the addition of each reagent.
The precipitate was pelleted by centrifugation for 5 minutes at 4ºC at 12000g. On ice,
the supernatant containing the tRNA was transferred into sterile eppendorf tubes. The
tRNA was precipitated by addition of 50µl isopropanol and centrifuged for 5 minutes
at 4ºC at 12000 x g. The isopropanol was aspirated and the pellet was washed by the
addition of 50µl of 70% ethanol and centrifuged at 12000 x g for 3 minutes. All the
residual ethanol was removed using a pipette and the pellet was air dried for 5
minutes. The purified tRNA was resuspended in 10µl Ultra-Pure distilled water. All
samples were then incubated at 56ºC for 2 minutes, vortexed for 1 minute and stored
at -80ºC.

2.8(iii) Reverse Transcription PCR
Complementary DNA (cDNA) was synthesised using the reagents provided in
the SuperScript VILO kit (Invitrogen cat # 11754-250) and following manufacturer‟s
instructions.
This kit consisted of a 10X SuperScript Enzyme mix and a 5X VILO Reaction
mix. The 10X SuperScript Enzyme mix comprised an RNaseOUT Recombinant
Ribonuclease inhibitor, a proprietary helper protein and SuperScript III RT enzyme,
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which had reduced RNase activity and an increased thermal stability. The 5X VILO
Reaction mix contained random primers, MgCl2 and dNTPs in a buffer.
For logistical purposes, Reverse Transcription PCR was performed for 20 tRNA
samples at a time. The tRNA samples were thawed, vortexed and briefly centrifuged.
A pre-mix solution of 4µl of 5X VILO Reaction mix, 2µl of 10X SuperScript enzyme
mix and 4µl of Ultra Pure distilled water were prepared for each set of samples. To
each Corbett 0.2ml PCR tube (Corbett Research) on ice, an aliquot of 10µl of this premix solution was added to 10µl of tRNA for a total volume of 20µl. Care was taken to
ensure that the RNA was well mixed with the premix reagents by vortexing all tubes
briefly. Samples were then placed in a Rotor-Gene 6000 Rotary Analyser (Corbett
Research; model# RG6000) under the following conditions: 25ºC for 10 minutes,
42ºC for 120 minutes and the reaction was terminated by 85ºC for 5 minutes. The
cDNA samples were stored at -20ºC until further analysis using QPCR.

2.8(iv) Quantitative PCR
QPCR reactions were carried out using Brilliant Multiplex QPCR Master mix
(Stratagene; cat # 600553) as it provided all the buffer components in a preoptimized
solution. It also contained SureStart Taq DNA polymerase with hot start capability
and 5mM of MgCl2.
Specific forward and reverse primers, and Taqman probes were designed for
each gene of interest (i.e. Cx37 and Cx43) and the housekeeping gene (RPL19) using
the computer package „Beacon Designer‟ (premier Biosoft International, Palo Alto,
CA, USA) by Dr Janet Crawford (School of Biological Sciences) (Refer to Table 2.2,
2.3).
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Gene

Primer sequence (5‟-3‟)

Molecular
%GC
Weight
(µg/µmole)

Cx37-Forward

GACGGTCGTCTTCGCATTCG

6423

60

Cx37-Reverse

ACGCCACTGGCCATAGAGG

6128.8

63

Cx43-Forward

AGACTGCGGATCTCCAAAATACG

7415.6

47

Cx43-Reverse

CTTGTTGTAATTGCGGCACGAG

7138.4

50

RPL19-Forward

GACCCCAATGAAACCAACGAAATC 7683.8

45

RPL19-Reverse

GGAATGGACAGTCACAGGCTTC

54

7141.4

Table2.2:- Sequences of forward and reverse primers specific for Cx37, Cx43 and
RPL19 genes

Probe sequence (5‟-3‟)

Gene

Cx37

[6FAM] CCTCCAGCACACTCTTACACAGCACACTG [BHQ1]

Cx43

[HEX] CCTCACCAACGGCTCCACTCTCGC [BHQ1]

RPL19

[Cy5] CCAATGCCAACTCTCGTCAACAGATCAGGAAG [BHQ3]

Table2.3:- Taqman probes contained a fluorophore located at the 5‟ end and a
quencher (Black Hole Quencher; BHQ) on the 3‟ end.

For logistical purposes, QPCR was performed for 30 samples at a time and
were repeated once to give two technical replicates. All samples were in duplicate,
and a positive control (rat calibrator) and negative control (no template control) were
included in each run.
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The cDNA samples were thawed, vortexed and centrifuged briefly. In a single
reaction, 12.5µl of 2x Brilliant Multiplex QPCR mastermix, primers and probes at the
appropriate concentrations (refer to Table 2.4); 1.5µl of cDNA and Ultra-Pure
distilled water to adjust the final volume to 25µl was added into Corbett 0.1mL strip
tubes (Corbett Research).

Primer/Probe

Final Concentration (nM)

Cx37-Forward

300

Cx37-Reverse

100

Cx37-Probe

50

Cx43-Forward

100

Cx43-Reverse

100

Cx43-Probe

50

RPL19-Forward

200

RPL19-Reverse

200

RPL19-Probe

50

Table2.4:- Concentration of primers and probes required for QPCR

The tubes were sealed with strip caps (Corbett Research) and subjected to the
following conditions: 95ºC for 10 minutes followed by 40 cycles of 95ºC for 15
seconds and 60ºC for 1 minute in a Rotor-gene 6000 rotary analyser (Corbett
Research; model# RG6000).
The PCR program generated amplification plots and provided CT values
representing gene expression due to different treatments. The CT value refers to the
first cycle at which it is possible to distinguish the amplification generated
fluorescence as being above the background signal. From the CT value, dCT; ddCT
and 2(-ddCT) values were calculated. The 2(-ddCT) values were subjected to statistical
analysis and results were analysed.
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2.9 Statistical Analyses
In the gap junction assay, the fluorescence intensity within each oocyte was measured
using a fluorescence spectrophotometer. The fluorescent readings of individual oocytes
measured for each treatment were averaged to calculate the mean fluorescent intensity.
One way analysis of variance (ANOVA) and the Dunnett test was performed using SPSS
16.0 on the data obtained for testing the effect of incubation time relative to time 0. The
unpaired student‟s t test on non-transformed data was performed using the statistics
program SPSS 16.0 when comparing the control versus treatment groups at times 0 and
after 240 mins for the COCs treated with E; T; IGF1; F; T+F; E+F; E+F+IGF1;
T+F+IGF1; P; A; A+F; dcAMP and FSH. For other treatment comparisons at 0 and 240
mins, the Levene‟s test for homogeneity of variances revealed that the data for forskolin;
dcAMP; FSH; T+F; E+F+IGF1 and A+F treatment groups had significantly different
variances. Consequently, the data obtained from these treatment groups were Ln
transformed to equalise the variances before undertaking the unpaired student‟s t tests.
For the comparisons of control, E, F, E+F and also control, T,F,T+F at times 0 and at
240 mins, ANOVA on non-transformed data followed by the Bonferroni post-hoc test
was performed. In this thesis, all the data are represented as bar graphs showing
arithmetic means and SEM to show the comparisons between the control and treatment
groups at time 0 and at 240 mins.
The CT values obtained from QPCR of samples (COC) treated with forskolin or

control (non forskolin treated), for each gene separately (i.e. Cx43 and Cx37) were
calculated. The Cx43 mRNA results were corrected using the housekeeping RPL19
gene values whereas the Cx37 gene results were not corrected by RPL19.The
justification for this is referred to elsewhere (i.e. in the Discussion). The relative level
of gene expression in individual COCs at 0 and 240 min of incubation for Cx37 and
Cx43 were each averaged to calculate the means for the forskolin treated and control
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groups. Thereafter, the unpaired student‟s t test was performed using SPSS 16.0 to
compare gene expression in the control versus forskolin treatment group at 0 and 240
mins and the data is represented as bar graphs.
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RESULTS
3.1 Quality of oocytes and cytoplasmic characteristics
The impact of oocyte cytoplasm characteristics on fluorescence intensity is shown in
Figure 3.1. The oocytes without any colour were first visualised under the inverted
microscope prior to activation of the fluorescence system. The fluorescence intensity
values were then assessed. Examples of these are shown in Fig 3.1 where the intensity
values are highlighted in red for each respective oocyte. All denuded oocytes were
from control group, without any treatments and fluorescence was measured at time 0.

Normal cytoplasm

232

683

167

Granular cytoplasm

18

46

27

Figure 3.1:- Impact of oocyte cytoplasm characteristics on fluorescence intensity
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3.2 Effect of time on calcein dye transfer through gap junctions in rat COC
The aim of this experiment with rat COC was to determine the effect of time of
incubation on the rate of calcein dye transfer from the cumulus cells to the oocyte.

900

**

Oocyte fluorescence intensity

800

**

700

**

600

**

*

500
400
300
200
100
0
0

60

120

180

240

360

Time(mins)

Figure 3.2:-Effect of incubation time on the relative fluorescence of calcein in
denuded oocytes after exposing COC to a 10 min pulse of calcein-AM prior to
incubation in calcein-free media. At each time point, the mean ± sem values were
generated from 7 replicate experiments with 6-10 oocytes used in each replicate
experiment. Means marked with asterisks are significantly different from 0 time
period (*p<0.05; **p<0.01).
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The relative mean fluorescence values in denuded oocytes at 60, 120, 180, 240
and 360 mins were significantly different from those at time 0 (p<0.01). The
maximum dye transfer was observed at 180 to 240 mins. Thereafter, at 360 mins the
relative level of fluorescence had declined by ~30% compared to that at 240 mins. For
all subsequent experiments where the effects of steroids, IGF1, forskolin, dibutyryl
cAMP and FSH were examined an incubation time of 240 mins for the COCs was
selected.

3.3 Effect of Steroids on gap junction activity
Steroids are present in high concentrations in follicular fluid and are also
important secretory products of the follicle. Since COC are exposed to high steroid
concentrations their effects on gap junction communication as assessed by calcein dye
transfer was examined. The major steroids known to be present in follicular fluid are
oestradiol, testosterone, androstendione and progesterone. The results of the effects of
these steroids when added individually to COC are summarised in Figures 3.3(i),
3.3(ii), 3.3(iii), 3.3(iv) respectively. The results show that the mean values after
240min of incubation for both control and treatment groups were significantly higher
than the corresponding values at time 0, and this effect was observed for all steroid
treatments (p<0.05). No significant difference was observed for the mean
fluorescence values between control and treatment groups at time 0 or after 240 min
incubation, and this was observed for all steroid treatments (p>0.05). These results
suggest that steroids do not affect gap junction activity in rat COCs.

55

700
b

Oocyte fluorescence intensity
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Oestradiol
Treatment

Figure 3.3(i):- Effect of oestradiol and no treatment on fluorescent intensity of
calcein in denuded oocytes at 0 and 240 min. For each treatment and time, the mean±
sem values were generated from 6 replicate experiments with 6-10 oocytes in each
replicate experiment. Means with different alphabetical superscripts are significantly
different (p<0.05).
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Figure 3.3(ii):- Effect of testosterone and no treatment on fluorescent intensity of
calcein in denuded oocytes at 0 and 240 min. For each treatment and time, the mean±
sem values were generated from 5 replicate experiments with 6-10 oocytes in each
replicate experiment. Means with different alphabetical superscripts are significantly
different (p<0.05).
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Figure 3.3(iii):- Androstenedione does not affect calcein transfer from cumulus cells
to the oocyte in vitro. For each treatment and time, the mean± sem values were
generated from 5 replicate experiments with 6-10 oocytes in each replicate
experiment. Means with different alphabetical superscripts are significantly different
(p<0.05).
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Figure 3.3(iv):- Progesterone does not affect calcein transfer from cumulus cells to
the oocyte in vitro. For each treatment and time, the mean± sem values were
generated from 5 replicate experiments with 6-10 oocytes in each replicate
experiment. Means with different alphabetical superscripts are significantly different
(p<0.05).

3.4 Effect of IGF 1 on gap junction activity in rat COCs
IGF1 plays an important role in follicular development by influencing the effects of
FSH on granulosa cells in mammals. The effects of IGF1 on gap junction activity are
not known and this was the basis for the present study. As shown in Figure 3.4,
treatment of COCs with IGF1 alone had no effect on calcein transfer from cumulus
cells to the oocyte as there was no significant difference in the mean fluorescence
values after four hours of incubation between control and IGF1 treated COCs
(p>0.05).
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Figure 3.4:- IGF1 has no effect on calcein transfer from cumulus cells to the oocyte
in vitro. For each treatment and time, the mean± sem values were generated from 5
replicate experiments with 6-10 oocytes in each replicate experiment. Means with
different alphabetical superscripts are significantly different (p<0.05). No difference
in mean fluorescence intensity was observed between the IGF1 and control treatments
at 0 or 240 min.

3.5 Effect of Forskolin on gap junction activity in rat COCs
High intracellular levels of cAMP in the oocyte are known to be important with
respect to maintenance of meiotic arrest in vivo. In this and other experiments, the
effect of stimulators of cAMP synthesis in COC was tested for their abilities to
enhance calcein dye transfer from cumulus cells to the oocyte.

In this set of

experiments the effect of forskolin on gap junction communication in vitro was
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investigated. The results (Figure 3.5) indicate that treatment of COCs with forskolin
increased gap junction activity since there was a significant difference in the mean
fluorescence values after four hours of incubation between control and forskolin
treated COCs (p<0.05). No significant difference was observed for the mean
fluorescence values at time 0 between control and forskolin (p>0.05).

800

c
Oocyte fluorescence intensity

700
600

b

500

At time 0
400
300

240 mins
a

a

200
100
0
Control

Forskolin
Treatment

Figure 3.5:- Forskolin causes an increase in fluorescence intensity in denuded oocytes
after 240 min incubation in vitro following a 10 min pulse of calcein followed by
incubation of the COC in calcein free media for 0 and 240 min. For each treatment
and time, the mean± sem values were generated from 7 replicate experiments with 610 oocytes in each replicate experiment. Means with different alphabetical
superscripts are significantly different (p<0.05).
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3.6 Effect of other cAMP stimulators
In addition to forskolin, other factors likely to increase intracellular cAMP
concentrations, such as dcAMP and FSH were tested for their abilities to enhance
calcein dye transfer from cumulus cells to oocytes. The results from these
experiments are summarised in Figures 3.6(i) and 3.6(ii).

700

c
Oocyte fluorescence intensity

600

500

b
400

At time0
240 mins

300

200

a

a

100

0
Control

dcAMP
Treatm ent

Figure 3.6(i):-Dibutyryl cAMP causes an increase in calcein transfer from cumulus
cells to the oocyte in vitro. For each treatment and time, the mean± sem values were
generated from 5 replicate experiments with 6-10 oocytes in each replicate
experiment. Means with different alphabetical superscripts are significantly different
(p<0.05).
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Figure 3.6(ii):- FSH causes an increase in calcein transfer from cumulus cells to the
oocyte in vitro. For each treatment and time, the mean± sem values were generated
from 5 replicate experiments with 6-10 oocytes in each replicate experiment. Means
with different alphabetical superscripts are significantly different (p<0.05).

Thus as with forskolin, both dibuyryl cAMP and FSH treatments to COCs
increased the level of fluorescent dye present in oocytes after 240 min in vitro.
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3.7 Effects of various treatment combinations
COCs within developing follicles are exposed to mixtures of steroid, IGF1 and cAMP
stimulators. In the following experiments, rat COCs were treated with different
combinations of steroids, IGF1 and forskolin to test their effects on gap junction
activity. In all the following experiments i.e. testosterone + forskolin; testosterone +
forskolin + IGF1; oestradiol + forskolin; oestradiol + forskolin+ IGF1, there were
significant difference between control and treatments after 240 min (Figures 3.7 i-iv;
all p<0.05) but no differences noted at time 0. The only exception to this was that no
difference was observed for androstenedione + forskolin compared to the untreated
controls after 240 min.
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Treatm ent

Figure 3.7(i):- Effect of testosterone + forskolin or no treatment on fluorescent
intensity in denuded oocytes at 0 or 240 min. For each treatment and time, the mean±
sem values were generated from 6 replicate experiments with 6-10 oocytes in each
replicate experiment. Means with different alphabetical superscripts are significantly
different (p<0.05).
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Figure 3.7(ii):- Effect of testosterone + forskolin+ IGF1 on fluorescence intensity in
denuded oocytes at 0 and 240 min. For each treatment and time, the mean± sem
values were generated from 6 replicate experiments with 6-10 oocytes in each
replicate experiment. Means with different alphabetical superscripts are significantly
different (p<0.05).
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Figure 3.7(iii):-Effect of oestradiol + forskolin or no treatment on fluorescence
intensity in denuded oocytes at 0 or 240 min. For each treatment and time, the mean±
sem values were generated from 6 replicate experiments with 6-10 oocytes in each
replicate experiment. Means with different alphabetical superscripts are significantly
different (p<0.05).
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Figure 3.7(iv):- Effect of oestradiol + Forskolin + IGF1 and no treatment on the
fluorescent intensity in denuded oocytes at 0 and 240 min. For each treatment and
time, the mean± sem values were generated from 5 replicate experiments with 6-10
oocytes in each replicate experiment. Means with different alphabetical superscripts
are significantly different (p<0.05).
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Figure 3.7(v):- Effect of androstenedione + forskolin and no treatment on the
fluorescent intensity in denuded oocytes at 0 and 240 min. For each treatment and
time, the mean± sem values were generated from 5 replicate experiments with 6-10
oocytes in each replicate experiment. Means with different alphabetical superscripts
are significantly different (p<0.05).

3.8 Effect of various combination of treatments on COCs in the same
experiments
In these set of experiments, the effect of treatments on gap junction activity of COCs
was compared by treating the COCs from the same rat with different combinations of
treatments earlier used. The aims were to test whether any of the combinations added
to or negated any of the effects observed with forskolin alone. The combinations
tested in the same experiments were: no treatment, testosterone, forskolin and,
testosterone + forskolin and; no treatment, oestradiol, forskolin and, oestradiol +
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forskolin. These results are summarised in Figures 3.8(i) and (ii). The results from the
testosterone and forskolin combinations show that the forskolin treatments enhanced
dye transfer relative to the controls and that testosterone did not enhance the effects of
forskolin when both were added to the incubation media. Testosterone alone did not
enhance fluorescence transfer relative to the untreated control (see Figure 3.7(i)).
Likewise, the results from the Oestradiol and forskolin combinations show that the
forskolin treatments enhanced dye transfer relative to the controls and that oestradiol
did not enhance significantly the effects of forskolin.
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Figure 3.8(i):- Effects of no treatment, testosterone, forskolin and testosterone +
forskolin (T + F) on the fluorescence intensities in denuded oocytes at 0 and 240 min.
Bars represent mean+sem fluorescence values for control and treated COCs at 0 time
period and after four hours of incubation. For each treatment and time, the mean± sem
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values were generated from 5 replicate experiments with 6-10 oocytes in each
replicate experiment. Means with different alphabetical superscripts are significantly
different (p<0.05).
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Figure 3.8(ii):- Effects of no treatment, oestradiol, forskolin and oestradiol +
forskolin (Oestradiol + F) on the fluorescence intensities in denuded oocytes at 0 and
240 min. Bars represent mean+sem fluorescence values for control and treated COCs
at 0 time period and after four hours of incubation. For each treatment and time, the
mean± sem values were generated from 5 replicate experiments with 6-10 oocytes in
each replicate experiment. Means with different alphabetical superscripts are
significantly different (p<0.05).
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3.9 QPCR results
The effects of forskolin on Cx37 and Cx42 gene expression levels in rat COC were
examined. For both Cx 37 and Cx43, no differences in relative levels of gene
expression were noted at time 0 between forskolin treated and control groups. As
shown in Figure 3.9(i), there was a significant difference in the relative gene
expression levels of Cx37 between control and forskolin treated groups after 240mins
(p<0.05). However, no significant differences were observed in the relative gene
expression levels of Cx43 between control and forskolin treated groups after 240mins
(Figure 3.9(ii); p>0.05).
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Figure 3.9(i):- Effect of no treatment and forskolin on the relative Cx37 gene
expression in COC at 0 and 240mins. The bar graphs represent the mean± sem values
for each treatment and means with different alphabetical superscripts are significantly
different (p<0.05).
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Figure 3.9(ii):- Effect of no treatment and forskolin on the relative Cx43 gene
expression in COC at 0 and 240mins. Values are corrected against RPL19.The bar
graphs represent the mean± sem values for each treatment and means with different
alphabetical superscripts are significantly different (p<0.05).
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DISCUSSION

The major aims in this thesis, investigating COCs recovered from antral
follicles, were: to 1) establish an optimal time in vitro for maximising the transfer of
calcein dye from the cumulus cells to the oocyte while maintaining the oocyte in
meiotic arrest and; 2) determine the effects of steroids, growth factors and cAMP
stimulators on the level of fluorescent dye in the oocyte as a measure of gap junction
activity in rat COC.
The application of the Calcein fluorescent dye transfer technique to measure
gap junction activity was first reported by Thomas et al, in bovine COC (6). This
report validated the finding that the water-soluble and cleaved form of Calcein was
unable to exit cells across the cell wall but could only move from one cell to another
via gap-junction. This technique has recently been validated for application in porcine
COC (100) but has not to our knowledge been investigated in other species.
To carry out the assay, only oocytes with at least two layers of intact cumulus
cells around the oocyte were selected. During this study it was noted that the visible
characteristics of the oocyte cytoplasm influences the level of fluorescence intensity
measured Fig 3.1. Some oocytes had comparatively lower fluorescence intensities
than oocytes with visibly normal cytoplasm. These oocytes with low fluorescence
readings had a characteristic “granular” cytoplasm. This trend was observed in all
oocytes characterised as granular, regardless of what treatment were they subjected to
and the time after which they were examined. The granular and normal (agranular)
cytoplasm‟s were variable over all the experiments. Despite differences in
fluorescence being noted based on granulosa characteristics, the fluorescence readings
of such oocytes were included in all further analyses. Furthermore, no significant
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difference between rats in COC readings was observed therefore the results were
pooled across the experiments.
Following the exposure of COC to a 10 min exposure of Calcein, followed by
incubation of the COC in Calcein-free media, it was evident that dye transfer from
cumulus cells to the oocyte increased over a 180-240 min interval (see Figure 3.2) in
the absence of any hormones or growth factors. This suggested that the initial
isolation of COC from its follicular environment caused a disruption of gap junction
activity. This may have been due to the stress imposed on the oocyte as a result of
removing the COC from its gap junction network with the mural granulosa cells. If
this notion is correct, then the evidence from this study showed that the COC gap
junction activity can recover over time in vitro. After 240 min, a decrease in the gap
junction activity was observed despite the presence of the PDE inhibitor milrinone.
Thus, even though the COC were placed into a nutrient rich culture media, this alone
was not sufficient to sustain the COC gap junction communication. An alternative
explanation might be that the optimal time for maintenance of Calcein dye at
maximum intensity in the oocyte is influenced by the exposure time and/or
concentration of Calcein. These parameters were not tested in the present study.
In antral fluid, follicular-derived steroids are present at variable but relatively
high concentrations during folliculogenesis. There is evidence that steroids influence
follicular growth including granulosa cell proliferation and differentiation (101, 102).
The hormonal microenvironment in vivo is often used as an indicator of the
maturation potential of an individual follicle to develop to ovulation (103). Within
this follicular microenvironment, COCs are exposed to relatively high concentrations
of androgens i.e. testosterone and androstenedione. These androgens are also the
major substrates for oestradiol synthesis by the granulosa cells. Our study suggests
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that steroids alone do not have any effect on COC gap junction activity in vitro. None
of the steroids tested i.e. oestradiol, testosterone, androstenedione and progesterone
(See Fig 3.3 i-iv) caused any change in gap junction activity of rat COCs. In previous
studies, it has been shown that the treatment of sexually immature rats with oestrogen
implants leads to an increase in Cx43 protein expression (104). Burghardt et al 1982
demonstrated that exogenous oestradiol promotes gap junction growth indirectly in rat
granulosa cells. They showed that the development of gap junctions occur at a basal
rate in the absence of steroids, however exogenous oestradiol prevented atresia and
promoted follicular growth during which an increase in gap junctions was observed.
Therefore, it seems that oestradiol didn‟t directly cause an increase in gap junction
activity in granulosa cells but as follicular growth was sustained the basal rate of gap
junction activity continued over a more extended period (105). The findings from that
study are not inconsistent with our results since we didn‟t observe any direct effect of
oestradiol on gap junction activity in rat COC under in vitro conditions. Moreover,
any indirect measures of the effects of steroids on sustaining follicular growth were
beyond the scope of the present study. Nevertheless, it is acknowledged that steroids
are indicative of the functional status of a follicle at any moment in time.
It is well known that the concentrations of pituitary and steroid hormones
change throughout the menstrual or ovarian cycle and that they change in a specific
sequence within the developing follicular environment which influences growth and
secretory activity of granulosa cells (101). In the present study we tested the effects of
steroids at a single concentration of 1 µg/ml. It has been found that the dominant
oestrogen-secreting follicle contains 1µg of oestradiol per millilitre of antral fluid in
many species and that the concentrations of androstenedione, testosterone and
progesterone can, at times approach these levels (102). However, steroids do vary
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significantly in their concentrations in follicular fluid. It is therefore possible that
steroidal effects might be observed at lower concentrations but this was not
investigated. Oestrogen is thought to be a key steroid and essential for cytoplasmic
maturation and in the absence of oestrogen, granulosa cells fail to proliferate (102;
106). However, our study suggests that these processes are unlikely to be influenced
directly by the effects of oestradiol on gap junction activity.
The present results demonstrate that IGF1 alone at a concentration of 10ng/ml
was unable to show any effect on gap junction activity in rat COC. Previous studies
have reported that more gap junctions both among granulosa cells or theca cells and
between granulosa cells and the oocyte were observed in follicles cultured in the
presence of IGF-I (98). In comparison to our findings, Zhao et al analysed the effect
of IGF1 on preantral follicles however their measures of gap junction formation were
qualitative rather than quantitative.
The role of forskolin, a cAMP stimulator, was examined in this study and an
increase in gap junction activity was observed when compared to COCs without
treatment (See Fig 3.5). In contrast with our results, studies with bovine COC showed
that treatment of COCs with forskolin prolonged the maintenance of gap junction
communication by preventing the loss of gap junctions (6). This study also
demonstrated that the effect of forskolin in delaying the loss of gap junctions was
enhanced by the presence of milrinone, a PDE3 inhibitor. While milrinone was also
present in all our studies, we did not test the effects of time on maintaining gap
junction activity nor was the effect of excluding milrinone tested. Previous studies
have shown that forskolin inhibits the spontaneous maturation of rat and bovine
oocytes in vitro and maintained them in meiotic arrest (6, 92). Moreover, the arresting
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action of forskolin was dependent upon the presence of surrounding cumulus cells, as
cumulus free oocytes underwent GVBD.
In the present study, although steroids or IGF1 alone didn‟t show any effect on
gap junction activity, the combined effect of various steroids or IGF1 and forskolin
(See Fig 3.7 i-v) caused an increase in dye transfer via gap junctions from cumulus
cells to the oocyte. The only exception to this was the results of the study with
androstenedione+ forskolin. In this study, the androstenedione+ forskolin values were
1.3 fold higher than the control but this did not reach statistical significance.
Nevertheless, from these results it was of interest to know if whether the increases in
gap junction activity were solely due to forskolin since it was the only factor that
earlier demonstrated an ability to increase dye transfer or whether due to the
cumulative effects of steroids or IGF1 and forskolin. The results from our studies
summarised in Fig 3.8 (i), (ii) suggests that the addition of steroids did not enhance
the effects of forskolin when both were added to the incubation media indicating that
forskolin alone was responsible for the increase in gap junction activity. While the
effects of forskolin+IGF1 were not compared to those of forskolin alone, it seems
likely that the significant effects of the former were due to forskolin alone.
Other cAMP stimulators or analogues such as FSH and dcAMP also caused
significant increases in the amount of dye transfer (See Fig 3.6(i); 3.6(ii)). It has been
well established that FSH drives antral follicle growth in vivo and that the presence of
this hormone is essential to obtain developmentally competent oocytes in vitro (93).
Previously, Burghardt et al 1982 reported that FSH causes gap junction amplification
directly in rat granulosa cells. FSH amplified both the number of junctions and the
amount of junctional membranes at all follicle sizes that were examined (105). In
contrast, studies on porcine COC using the Calcein dye technique published by Bagg
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et al 2009 were unable to demonstrate that exposure of COC to cAMP from either
small or medium to large follicles increased gap junction in vitro over the first 6 h
period. Significantly, at that time no significant difference was noted in the intraoocyte cAMP concentrations between the cAMP and non-cAMP treated groups (110).
In that study there was no evidence that a PDE inhibitor was used. Perhaps the lack of
effect on gap junction activity was the result of insufficient elevation of intra-COC
concentrations of cAMP.
Our results with FSH or dbcAMP are consistent with those of forskolin and
suggest that any agents that elevate cAMP intraoocyte levels are likely to cause an
increase in dye or reagent transfer from cumulus cells to the oocyte by increasing gap
junction activity (105, 107). Importantly, we only tested gap junction communication
in COCs after four hours of incubation and did not investigate any other effects of
cAMP modulating agents after this time period. With respect to exploring the
improved efficacies for IVM, it will be important to investigate the effects of longer
term exposure of COC to cAMP stimulators.
FSH stimulates cAMP by first binding to membrane receptors and activating
G proteins in cumulus cells, which in turn activates adenylate cyclase activity leading
to an increased synthesis of cAMP (108). Forskolin has also demonstrated its ability
to increase intraoocyte cAMP levels, since it very rapidly activates the catalytic
subunit of adenylate cyclase (91). It has been reported that an increase in intraoocyte
cAMP levels causes increased intercellular gap junction communication most likely
as a result of increased connexin RNA or protein levels (109). A previous study has
demonstrated that cAMP can also increase gap junctional permeability by increasing
assembly of Cx43 to plasma membrane gap junctional plaques (110).
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It is well known that cAMP plays a crucial role in mammalian oocyte
maturation. High levels of cAMP within the oocyte maintain oocyte meiotic arrest,
whereas a fall in cAMP enables resumption of meiosis. Both forskolin and dcAMP
display an inhibitory effect on oocyte maturation and this inhibitory effect is cAMP
mediated (92, 111). In our study, it is suggested that forskolin, FSH and dcAMP
stimulated cAMP production in the cumulus cells which is then transferred to the
oocyte. This is consistent with previous results showing that higher levels of cAMP
are present in oocytes derived from forskolin-stimulated COCs compared to similarly
stimulated cumulus-free oocytes (112). It has been suggested that in vivo GVBD
caused after the LH surge is cAMP mediated i.e. LH causes a rise in follicular cAMP
in mural granulosa cells that luteinise leading to a progressive breakdown of gap
junction communication across the ganulosa cell-cumulus cell syncytium (60). In the
present in vitro studies the intra-oocyte cAMP levels that were generated as a result of
forskolin, FSH and dcAMP treatments were unlikely during a 4 hour interval to have
been high enough to interfere with intercellular communication as compared with the
entire follicle in vivo where the cAMP produced by the whole follicle over a longer
time interval is much greater.
In order to explain how cAMP modulating agents lead to an increase in gap
junction activity, one possibility is that elevated cAMP levels restores or maintains
pre-existing gap junction connections in vitro. Another possibility could be that
elevated cAMP levels induce connexin gene expression and in turn this then leads to
an increase in gap junction protein.
In the present study, the relative mRNA levels of Cx37 and Cx43 in COC after
0 and 240 min of incubation were examined. From our QPCR results (refer to Fig
3.9(i); (ii)) it can be observed that in both control and treatment groups, the relative
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levels of Cx37 mRNA increased over 240min of incubation. Moreover, treatment of
COCs with forskolin caused a significant increase in Cx37 gene expression when
compared with COCs without any treatment (control) at 240 min. In contrast, the
relative Cx43 mRNA levels decreased after 240 min incubation and no difference was
observed in gene expression levels of Cx43 when compared with the control group.
Since Cx43 is present in cumulus cells and in order to prevent any variation caused by
the number of cumulus cells attached to each oocyte examined, the data for Cx43 was
corrected against the relative expression levels of the housekeeping gene (RPL19).
Furthermore, since Cx37 levels were analysed in one individual oocyte per
experiment, it isn‟t likely to have caused variation and in turn we didn't correct our
Cx37 results with RPL19.

A key issue to address here is the possibility that there

may be some variation introduced by the housekeeping gene itself since it is present
in both cumulus cells and the oocyte. However we selected for similar sized COCs
and treated them with the same treatment i.e. forskolin, thereby it is unlikely to
influence the results observed with Cx43.
It seems clear from these results that the elevated cAMP levels caused by
forskolin increase the levels of Cx37 gene expression. However, further studies with
respect to measures of Cx43 are required in order to examine changes when corrected
with more localised housekeeping genes i.e. genes only present in cumulus cells and
not within the oocyte.
Gap junction communication involves a sequence of events including
connexin synthesis (transcription and translation), trafficking to plasma membrane
and connexon assembly. It is likely that each event in this sequence is regulated by
phosphorylation steps involving the cAMP mediated cascades. Therefore we propose
that cAMP may lead to elevated or maintained connexin mRNA levels to thereby
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promote gap junctional permeability. It has previously been reported that the
upregulation of junctional communication can be induced by cAMP which facilitated
an increase in gap junctional plaques recognized by freeze fracture analysis (113).
With respect to IVM, the inclusion of a specific PDE3 inhibitor such as
milrinone and cAMP modulating agents in media are both likely to be important for
enhancing the developmental potential of oocytes collected as COC from antral
follicles not considered to have reached the preovulatory stage of maturation. We
propose that the use of milrinone with forskolin or FSH or dcAMP will elevate intraoocyte cAMP, inhibit the resumption of meiosis and importantly promote gap
junction communication thereby prolonging the opportunity for exchange of essential
metabolites from the cumulus cells to the oocyte to advance cytoplasmic maturation
in oocytes.
Important future directions include examining the effects of the oocytesecreted factors such as GDF9 and BMP15. As outlined earlier, both GDF9 and
BMP15 have essential regulatory roles in ovarian follicular development (78). Studies
have shown that when COCs are treated with exogenous GDF9 and BMP15, an
improved oocyte developmental potential is observed (114). Such treatments were
shown to cause a 50% increase in developmental competence as well as improved
embryo quality. It has also been demonstrated that the addition of GDF9 in IVM
media increases the embryo production efficiency in mice (114). Furthermore,
analysing the effects of cAMP stimulators at various concentrations for longer time
intervals together with further information on connexin 37 and 43 mRNA and protein
synthesis as well as other culture/incubation media supplements would provide new
insights into improving the applications of IVM in artificial reproductive
technologies.
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CONCLUSION
In this study, we determined the effects of various factors on the gap junction activity
in rat COCs. Isolation of rat COC from their follicular microenvironment appears to
impair gap junction activity within COCs as assessed by the measurement of dye
transfer however this activity was recovered over time in vitro. Under in vitro
conditions all cAMP stimulators i.e. forskolin, FSH, dcAMP together with milrinone
caused an increase in gap junction activity between cumulus cells and the oocyte.
Steroids and IGF1 alone didn‟t show any effect on gap junction activity. Furthermore,
forskolin caused an increase in the relative Cx37 gene expression levels after a four
hour incubation period.
Together the findings from this study suggest that cAMP stimulators are important in
terms of maintenance of gap junction permeability between cumulus cells and the
oocyte in rats and in order to develop an in vitro maturation culture medium, it is vital
to incorporate agents that elevate intraoocyte cAMP levels.

82

REFERENCES
1) Suikkari, AM., Anttila, VS. (2007). In vitro maturation of eggs: is it really
useful? Best Practice and Research of Clinical Obstetrics and Gynaecology,
21(1), 145-155.
2) Soderstrom- Anttila, V., Makinen, S., Tuuri, T. (2005). Favourable pregnancy
results with insemination of in vitro matured oocytes from unstimulated
patients. Human Reproduction, 20, 1534-1540.
3) Chian, RC., Buckett, WM., Tan, SL. (2004). In vitro maturation of human
oocytes. Reproduction and Biomedical online, 8, 148-166.
4) Martikainen, H., Tiitinean, A., Tomas E. (2001). One versus two embryo
transfer after IVF and ICSI: a randomized study. Human Reproduction,
16,1900-1903
5) Gilchrist, RB., Thomson, JG. (2007). Oocyte Maturation: emerging concepts
and technologies to improve developmental potential in vitro. Theriogenology,
67, 6-15.
6) Thomas, RE., Armstrong, DT., Gilchrist, RB. (2004). Bovine cumulus celloocyte gap junctional communication during in vitro maturation in response to
manipulation of cell specific cyclic adenosine 3‟5‟- monophosphate levels.
Biology of Reproduction, 70, 548-556.
7) Elaine, N., Marieb, KH. (2006). Human Anatomy and Physiology. BenjaminCummings Publishing Co.
8) Baker, TG. (1972). Oogenesis and ovarian development. In: Reproductive
Biology, Eds Balin, H., Glasser, Exerpta Medica, Amsterdam, pp398-437.

83

9) The physiology of reproduction. Eds Knobil E., Neill, JD., Raven press, vol 1,
pp150-172.
10) Sawyer, HR., Smith, P., Heath, DA., Juengel, JL., Wakefield, SJ., McNatty,
KP. (2002). Formation of ovarian follicles during fetal development in sheep.
Biology of Reproduction, 66, 1134-1150.
11) Eppig, JJ. (1991). Intercommunication between mammalian oocytes and
companion somatic cells. BioEssays, 13(11).
12) Lundy, T., Smith, P., O‟connell, A., Hudson, NL., McNatty, KP. (1999).
Populations of granulosa cells in small follicles of the sheep ovary. Journal of
Reproduction and Fertility, 115, 251-262.
13) Albertini, DF., Anderson, E. (1974). The appearance and structure of
intercellular connections during the ontengeny of the rabbit ovarian follicle
with particular reference to gap junctions. The Journal of Cell Biology,
63,234-250.
14) Gondos, B. (1970). Granulosa cells- germ cell relationship in the developing
rabbit ovary. Journal of embryo and experimental morphology, 23, 419-426.
15) Peters, H., Byskov, AG., Himelstein, BR, Faber, M. (1975). Follicular growth:
the basic event in the mouse and human ovary. Journal of Reproduction and
Fertility, 45, 559-566.
16) Baker, TG., Hunter, RHF. (1978). Interrelationships between the oocyte and
somatic cells within the graffian follicle of mammals. Annales.Biologie
animale.Biochimie.Biophysica, 18(2B), 419-426.
17) Schwartz, WB., Hoffman, JC. (1972). Ovulation: Basic aspects. Excerpta
Medica, Monograph on Reproductive Biology, 438-476.

84

18) Watkins P., Eddy R., Beck, AK. (1987). DNA sequence and regional
assignment of the human follicle stimulating hormone beta-subunit gene to the
short arm of the human chromosome 11. DNA, 6, 205-212.
19) McNatty, KP., Reeder, K., Smith, P., Heath, DA., Juengel, JL. (2006). Control
of ovarian follicular development to the gonadotrophin dependent phase: a
2006 perspective. Reproduction in domestic Ruminants. Nothingham
University Press, UK. 55-68.
20) Gilchrist RB., Lane, M., Thompson, JG. (2008). Oocyte secreted factors:
regulators of cumulus cell function and oocyte quality. Human Reproduction
Update, 14, 159-177.
21) Russell, DL., Robker, RL. (2007). Molecular mechanisms of ovulation:
coordination through the cumulus complex. Human Reproduction Update,
13(3), 289-312.
22) Robker, Rl., Richards, JS. (1998). Hormone-induced proliferation and
differentiation of granulosa cells: a coordinate balance of the cell cycle
regulation cyclein D2 and P27 Kip1. Molecular Endocrinology, 12,924-940.
23) Whitelaw, P., Smyth, CD., Howles, CM. (1992). Cell specific expression of
aromatase LH receptor mRNAs in rat ovary. Journal of Molecular
Endocrinology, 9, 309-312.
24) Richards, J., Jonasses, JA., Rolfes, AI., Kersey, K., Reichert, LE. (1979).
Adenosine 3‟ 5‟- monophosphate, LH receptor and progestrone during
granulosa cell differentiation: effects of oestradiol and FSH. Endocrinology,
104, 765-773.
25) Harman, SM., Louvet, JP., Ross, GT. (1975). Interaction of estrogen and
gonadotrophins on follicular atresia. Endocrinology, 96, 1145-11525.

85

26) Jones, RE. (1997). Human Reproductive biology (2 ed). Academic Press New
York, pp121-180.
27) McNatty, KP., Neal, P., Baker, TG. (1976). Effect of prolactin on the
production of progesterone by mouse ovaries in vitro. Journal of Reproduction
and Fertility.
28) Wang, H., Andah, K., Hagiware, H., Xiaowei, L., Kikuchi, N., Abe, Y.,
Yamada, K., Fatima, R., Mizunuma, H. (2001). Effect of adrenal and ovarian
androgens on type 4 follicles unresponsive to FSH in immature mice.
Endocrinology, 142, 4930-4936.
29) Murray, AA., Gosden, RG., Allison, V., Spears, N. (1998). Effect of
androgens on the development of mouse follicles growing in vitro. Journal of
Reproduction and Fertility, 113, 27-33.
30) Hu, YC., Wang, PH., Yeh, S. (2004). Subfertility and defective
folliculogenesis in female mice lacking androgen receptor. Proceedings of the
National Academy of Sciences USA, 101, 11209-11214.
31) Krege, J., Hodgin, JB., Couse, JF., Enmark, E., Warne, M., Mahler, JF., Sar,
M., Korach, KS., Gustafsson, Ja., Smithies, O. (1998). Generation and
reproductive phenotypes of mice lacking oestrogen receptor beta. Proceedings
of the National Academy of Sciences, 95, 15677-15682.
32) Couse, J., Yates, MM., Deroo, BJ., Korach, KS. (2005). Oestrogen receptor
beta is critical to granulosa cell differentiation and the ovulatory response to
gonadotrophins. Endocrinology, 146, 3247-3268.
33) Drummond, A., Findlay, JK. (1999). The role of oestrogen in folliculogenesis.
Molecular and Cellular Endocrinology, 151, 57-64.

86

34) Lieberman (1976). Oocyte meiosis in cultured rat follicles during inhibition of
steroidogenesis. Endocrinology, 83, 151-157.
35) Smith, DM., Tenny, DY. (1980). Effects of steroids on mouse oocyte
maturation in vitro. Journal of reproduction and fertility, 63, 331-338.
36) McGaughney, RW. (1977a). The culture of pig oocytes in minimal medium
and the influence of progesterone and oestradiol 17 beta on meiotic
maturation. Endocrinology, 100, 39-45.
37) Smith, DM., Tyler, JP., Erickson, GF. (1978). Effects of medium composition
and progesterone on maturation in vitro of rabbit oocytes from grafian follicles
of different sizes. Journal of Reproduction and Fertility, 54, 393-400.
38) Shae, BF., Baker, RD., Latour, JP. (1975). Human follicular oocytes and their
maturation in vitro. Fertility and Sterility, 26, 1075-1082.
39) Kidder. GM., Mhawi, AA. (2002). Gap junctions and ovarian folliculogenesis.
Reproduction, 123, 613-620.
40) Anderson, E., Albertini, DF. (1976). Gap junctions between the oocyte and the
companion follicle cells in the mammalian ovary. Journal of cell Biology, 71,
680-686.
41) Albertini, DF., Combelles, CMN., Benecchi, E., Carabatsos, MJ. (2001).
Cellular basis of paracrine regulation of ovarian follicle development.
Reproduction, 121, 647-653.
42) Burghardt, RC., Matheson, RL. (1982). Gap junction amplification in rat
ovarian granulosa cells. A direct response to follicle- stimulating hormone.
Developmental Biology, 94, 206-215.
43) Loewenstein, WR. (1981). Junctional intercellular communication: the cell to
cell membrane channel. Physiology Review, 61, 829-913.

87

44) Goodenough. DA., Paul, DL. (2003). Beyond the gap: functions of unpaired
connexon channels. Nature Reviews of Molecular Cell Biology, 4, 285-295.
45) Simon, AM., Goodenough, DA., Li, E., Paul, DL. (1997). Female infertility in
mice lacking connexin 37. Nature, 385, 525-529.
46) Bruzzone, R., White, TW., Goodenough, DA. (1996). The cellular internet:
online with connexins. Bioessays, 18(9), 709-718.
47) Juneja, SE., Barr, KJ., Enders, GC., Kidder, GM. (1999). Defects in the germ
line and gonads of mice lacking connexin 43. Biology of Reproduction, 60,
1263-1270.
48) Matzuk, MM., Burns, KH.., Vivveiros, MM., Eppig, J. (2002). Intercellular
communication in the mammalian ovary: oocytes carry the conversation.
Science, 296.
49) Biggers, JD., Whittingham, DG., Donahue, RP. (1967). The pattern of energy
metabolism in the mouse oocyte and zygote. Proceedings of the National
Academy of Sciences USA, 58, 560-567.
50) Downs, SM., Fagbohun, CF. (1991). Metabolic coupling and ligand stimulated
meiotic maturation in the mouse cumulus- oocyte complex. Biology of
Reproduction, 45, 851-859.
51) Eppig, JJ. (1993). Regulation of mammalian oocyte maturation. The Ovary,
eds Adashi, EY., LOeung, PCK. Raven press New York. pp185-208.
52) Conti, M., Anderson, CB., Richard F., Mehats, C., Chun, SY., Horner, K., Jin,
C., Tsafriri, A. (2002). Role of cyclic nucleotide signalling in oocyte
maturation. Molecular and Cellular Endocrinology, 187, 153-159.

88

53) Conti, M., Anderson, CB., Richard F., Shitsukawa, k., Tsafriri, A. (1998).
Role of cyclic nucleotide phosphodiestrases in resumption of meiosis.
Molecular and Cellular Endocrinology, 145, 9-14.
54) Tsafriri, A., Dekel, N. (1994). Molecular mechanisms in ovulation. In:
Molecular Biology of female reproductive systems, Eds Findlay, JK.,
Academic press, San Diego, pp207-258.
55) Sorenson, RA., Wasserman, PM. (1976). Relationship between growth and
meiotic maturation of the mouse oocyte. Developmental biology, 50, 531-536.
56) Mehlmann, LM. (2005). Stops and starts in mammalian oocytes: recent
advances in understanding the regulations of meiotic arrest and oocyte
maturation. Reproduction, 130, 791-799.
57) Pincus, G., Enzymann, EV. (1935). The comparative behaviour of mammalian
eggs in vivo and in vitro. Journal of Experimental Medicine, 62, 665-675.
58) Peng, ZR., Hsueh, AJ., Lapolt, PS., Bjersing, L., Ny, T. (1991). Localisation
of luteinising hormone receptor messenger ribonucleic acid expression in
ovarian cell types during follicle development and ovulation. Endocrinology,
129, 3200-3207.
59) Eppig, JJ., Downs, SM. (1987). The effect of hypoxanthine on mouse oocyte
growth and development in vitro: maintenance of meiotic arrest and
gonadotrophin induced oocyte maturation. Developmental Biology, 119 (2),
313-321.
60) Dekel, N. (1988). Regulation of oocyte maturation: The role of cAMP. In vitro
fertilisation and other assisted reproductive techniques. Academy of Science
New York, 211-216.

89

61) Byskov, AG., Anderson, CY., Nordholm, L., Thogersen, H., Guoliang, X.,
Wassmann, O., Andersen, JV., Guddal, E., Roed, T. (1995). Chemical
structure of steroids that affect oocyte meiosis. Nature, 374, 559-562.
62) Flores, JA., Velbhuis, JD., Leong, DA. (1990). Follicle stimulating hormone
evokes an increase in intracellular free calcium ion concentrations in single
ovarian cells. Endocrinology, 127, 3172-3179.
63) Powers, RD., Paleos, GA. (1982). Combined effects of calcium and dibutyryl
cAMP on germinal vesicle breakdown in the mouse oocyte. Journal of
Reproductive Fertilisation, 66, 1-8.
64) Larson, WJ., Wert, SE., Brunner, GD. (1986). A dramatic loss of cumuls cell
gap junctions correlated with germinal vesicle breakdown in rat oocytes.
Developmental Biology, 113, 517-521.
65) Gilula, NB., Epstein, ML., Beers, WH. (1978). Cell to cell communication and
ovulation. A study of the cumulus oocyte complex. Journal of Cellular
Biology, 78, 58-75.
66) Dekel, N., Kraicer, P., Phillips, D., Sanchez, R., Segel, S. (1978). Cellular
associations in the rat oocyte- cumulus cell complex: morphology and
ovulatory changes. Gamete Research, 1, 47-57.
67) Lindner, HR., Tsafriri, A., Lieberman, ME., Zor, U., Koch, Y., Bauminger, S.,
Barner, A. (1974). Gonadotrophin action on cultured grafian follicles
induction of maturation division of the mammalian oocyte and differentiation
of the luteal cell. Recent Progress in Hormonal Research, 30, 79-138.
68) Norris, RP., Freudzon, M., Mehlmann, LM., Conan, AE., Simon AM., Paul,
DL., Lampe, PD., Jaffe, LA. Luteinizing homone causes MAP Kinese
dependant phosphorylation and closure of connexis 43 gap junctions in mouse

90

ovarian follicle: one of the two paths to meiotic resumption. Developmental
Biology, 135, 3229-3238.
69) Crelrrstein, S., Shapira, H., Doscel, N., Yekvel, R., Oron, Y. (1988). Is a
decrease in cyclic AMP necessary and sufficient signal for maturation of
amphibian oocytes? Developmental Biology, 127, 25-32.
70) Dekel, N. (2005). Cellular, biochemical and molecular mechanisms regulating
oocyte maturation. Molecular and cellular endocrinology, 234, 19-25.
71) Sela-Abramovich, S., Edry, I., Galiani, D., Nevo, N., Dekel, N. (2006).
Disruption of gap junctional communication within the ovarian follicle
induces oocyte maturation. Endocrinology, 147(5),2280-2286.
72) Schultz, R., Montgomery, R., Belanoff, J. (1983). Regulation of mouse oocyte
meiotic maturation: implication of a decrease in oocyte cAMP and protein
dephoshorylation in commitment to resume meiosis. Developmental Biology,
97, 264-273.
73) Vivarelli, E., Conti, M., DeFelici, M., Siracusa, G. (1983). Meiotic resumption
and intracellular cAMP levels in mouse oocytes treated with compounds
which act on cAMP metabolism. Cell Differentiation, 12, 271-276.
74) Richards, JS. (1980). Maturationj of the ovarian follicles: actions and
interactions of pituitary and ovarian hormones on follicular cell differentiation.
Physiology, 60, 51-89.
75) Tsafriri, A., Chun, SY., Zhang, R., Hseueh, AJ., Conti, M. (1996). Oocyte
maturation involves compartmentalisation and opposing changes of cAMP
levels in follicular somatic and germ cells: studies using selective
phosphodiestrase inhibitors. Developmental Biology, 178, 393-402.

91

76) Thomas, RE., Thompson, JG., Armstrong, DT., Gilchrist, RB. (2004). Effect
of specific Phosphodiesterase isoenzyme inhibitors during in vitro maturation
of bovine oocytes on meiotic and developmental capacity. Biology of
Reproduction, 71, 4412-1149.
77) Wiersma, A., Hirsh, B., Tsafriri, A., Henssen, RJGM., Van de Kant, M.,
Kloosterboer, HJ., Conti, M., Hsueh, AJ. (1998). Suppression of oocyte
maturation and fertility by phosphodiesterase 3 inhibitors in rodents. XI
International workshop of Developmental Biology, pp30.
78) Gilchrist, RB., Ritter, LJ., Armstrong, DT. (2004). Oocyte- somatic cell
interactions during follicle development in mammals. Animal Reproductive
Science, 82-83, 431-446.
79) McPherron, AC., Lee, SJ. (1993). GDF3 and GDF9: two new members of the
transforming growth factor beta superfamily containing a novel pattern of
cysteins. Journal of Biological Chemistry, 268, 3444-3449.
80) Dube, JL., Wary, P., Elvin, J., Lyons, KM., Celeste, AJ., Matzuk, MM.
(1998). The bone morphogenetic protein 15 gene is X linked and expressed in
oocytes. Molecular Endocrinology, 12, 1809-1817.
81) Juengel, JL., Bodenstein, KJ., Heath, Da., Hudson, NL., Moeller, CL., Smith,
P., Galloway, SM., Davis, GH., Sawyer, HR., McNatty, KP. (2004).
Physiology of GDF9 and BMP15 signalling molecules. Animal Reproductive
Science. 82-83, 447-460.
82) Dong, J., Albertini, DF., Nishimori, K., Kumar, TR., Lu., N., Matzuk, MM.
(1996). Growth differentiation factor 9 is required during early ovarian
folliculogenesis. Nature, 383, 531-535.

92

83) Solloway, M., Dudley, AT., Bikoff, EK., Lyons, KM., Hogan, BL., Robertson,
EJ. (1998). Mice lacking BMP6 function. Developmental Genetics, 22, 321339.
84) Galloway, S., Mcnatty, KP., Cambridge, LM., Laitinen, MP., Juengel, JL.,
Jokiranta, TS., McLaren, RJ., Luiro, K., Dodds, KG., Montgomery, GW.
(2000). Mutations in an oocyte derived growth factor gene (BMP15) cause
increased ovulation rate and infertility in a dosage sensitive manner. Nature
Genetics, 25, 279-283.
85) Juengel, JL., McNatty, KP. (2005). The roles of proteins of the transforming
growth factor beta superfamily in the intraovarian regulation of follicular
development. Human Reproduction Update, 11, 143-160.
86) Vitt, VA., Hayashi, M., Klein, C., Hsueh, AJ., (2000). Growth differentiation
factor 9 stimulates proliferation but suppresses the follicle stimulating
hormone-induced differentiation of cultured granulosa cells from small antral
and pre Ovulatory rat follicles. Biology of Reproduction, 62, 370-377.
87) Eppig, J. (2001). Oocyte control of ovarian follicular development and
function in mammals. Reproduction, 122, 829-838.
88) Shimasaki, S., Moore, RK., Otsuka, F., Erickson, GF. (2004). The bone
morphogenetic protein system in mammalian reproduction. Endocrine
Reviews, 25, 72-101.
89) Park, JY., Richard, F., Chun, SY. (2003). Phosphodiestrases regulation is
critical for the differentiation and pattern of gene expression in granulosa cells
of the ovarian follicles. Molecular Endocrinology, 17, 1117-1130.

93

90) Downs, PM. (1995). Control of the resumption of meiotic maturation in
mammalian oocytes. Gametes-the oocyte, Cambridge University Press,
Cambridge UK, 150-192.
91) Seamon, KB., Padgett, W., Daly, JW. (1981). Forskolin: unique diterpene
activator of adenylate cyclises in membranes and in intact cells. Biochemistry,
78(6), 3363-3367.
92) Dekel, N., Aberdam, E., Sherizly, I. (1984). Spontaneous maturation in vitro
of cumulus enclosed rat oocytes is inhibited by forskolin. Biology of
Reproduction, 31, 244-250.
93) Adriaens, I., Cortvrindt, R., Smithz, J. (2004). Differential FSH exposure in
preantral follicle culture has marked effects on folliculogenesis and oocyte
developmental competence. Human Reproduction, 19, 398-408.
94) Eppig, JJ., Hosoe, M., o‟Brien, MJ., Pendola, FM., Requena, A., Watanebe, S.
(2000). Conditions that affect acquisition of developmental competence by
mouse oocytes in vitro: FSH, insulin, glucose and ascorbic acid. Molecular
and Cellular Endocrinology, 163, 109-116.
95) Ullrich, A., Gray, A., Tam, AW., Yang-Feng, T., Tsubokawa, M., Collins, C.,
Henzel, W., Lebon, T., Kathuria, S., Chen, E., Jacobs, S., Francke, U.,
Ramachandran, J., Fujita-Yamaguchi, Y. (1986). Insulin like growth factor1
receptor primary structure: comparisons with insulin receptor suggest
structural

determinants

that

define

functional

specificity.

Journal

Endocrinology and Molecular Biology, 5, 2503.
96) Adashi, E., Resnick, CE., Hernandez, ER., Hurwitz, A., Rosenfeld, RG.
(1990). Follicle stimulating hormone inhibits the constitutive release of insulin

94

like growth factor binding proteins by cultured rat ovarian granulosa cells.
Endocrinology, 126, 1305-1307.
97) Adashi, E., Resnick, CE., Brodie, AMH., Svoboda, ME., VanWyk, JJ. (1985).
Somatomedin-C mediated potentiation of follicle stimulating hormone
induced aromatiase activity of cultured rat granulosa cells. Endocrinology,
117, 2313-2320.
98) Zhao, J., taverne, MAM., Van der Weijden, GC., Bevers, MM., Van der Hurk,
R. (2001). IGF1 stimulates the development of cultured rat preantral follicles.
Molecular Reproduction and Development, 58, 287-296.
99) Yoshimura, Y., Ando, M., Nagamatsu, M. (1996). Effects of IGF1 on follicle
growth, oocyte maturation and ovarian steroidogenesis and plasminogen
activator activity in rabbit. Biology of Reproduction, 55, 152-160.
100) Bagg, MA., Nottle, MB., Armstrong, DT., Grupen, CG. (2009). Effect of
follicle size and dibutyryl cAMP on the cAMP content and gap junctional
communication of porcine prepubertal cumulus-oocyte complexes during IVM.
Reproduction, Fertility and Development, 21, 796-804.
101) McNatty, KP., Hunter, WM., MacNeilly, AS., Sawers, RS. (1975) Changes in
the concentration of pituitary and steroids hormones in the follicular fluid of
human grafian

follicles

throughout

the

menstrual cycle.

Journal of

Endocrinology, 64(3), 555-571.
102) McNatty, KP. (1978). Cyclic changes in antral fluid hormone concentration in
humans. Clinics in Endocrinology and Metabolism, 7(3).
103) McNatty, KP., Baird, DT. (1978). Relationship between follicle stimulating
hormone, androstenedione and oestrdial in human follicular fluid. Journal of
Endocrinology, 76, 527.

95

104) Wiesen, JF., Midgley, AR. (1994). Expression of connexin 43 gap junction
messenger ribonucleic acid and protein during follicular atresia. Biology of
Reproduction, 50, 336-348.
105) Burghardt, RC., Matheson, RL. (1982). Gap junction amplification in rat
ovarian granulosa cells. I. A direct response to follicle stimulating hormone.
Developmental Biology, 94, 206-215.
106) Moor, RM. (1978). Role of steroids in the maturation of ovine oocytes. Ann
Biol Anim Biochemistry Biophysics, 18(2B), 477-482.
107) Amsterdam, A., Knecht, M., Catt, KJ. (1981). Hormonal regulation of
cytodifferentiation and intercellular communication in cultured granulosa cells.
Proceedings of National Academy of Sciences USA, 78, 3000-3004.
108) Webb, RJ., Marshall, F., Swann, K., Carroll, J. (2002). Follicle stimulating
hormone induces gap junction dependent dynamic change in cAMP and protein
Kinase A in mammalian oocytes. Developmental Biology, 246, 441-454
109) Modina, S., Luciano, AM., Vassera, K., Baraldi Seesi, L., Lauria, A.,
Gandolfi, F. (2001). Oocyte developmental competence after in vitro maturation
depends on the persistence of cumulus oocyte communication which are linked
to the intracellular concentration of cAMP. Italian Journal of Anatomy and
Embryology, 106,241-248.
110) Burghardt, RC., Barhoumi, R., Sewall, TC., Bowen, JA. (1995). Cyclic AMP
induces rapid increases in gap junction permeability and changes in the cellular
distribution of connexin 43. Journal of Membrane Biology, 148, 243-253.
111) Cho, WK., Stern, S., Biggers, BD. Inhibitory effect of dibutyryl cAMP on
mouse oocyte maturation in vitro. Journal of Experimental Zoology, 187, 383386.

96

112) Dekel, N. (1987). Interaction between the oocyte and the granulosa cells in the
preovulatory follicle. Endocrinology and Physiology of Reproduction, 197-209.
113) Newton, JL., Dahl, G., Loewenstein, WR. (1981). Cell junction and cyclic
AMP: Upregulation of junctional membrane permeability and junctional
membrane particles by administration of cyclic nucleotide or phosphodiesterase
inhibitor. Journal of Membrane Biology, 63, 105-121.
114) Hussein, TS., Thompson, JG., Gilchrist, RB. (2006). Oocyte secreted factors
enhance oocyte developmental competence. Developmental Biology, 296, 514521.
115) Van Wagenen, G., Simpson, ME. (1965). Embryology of the ovary and testis
Homo sapiens and Macaca mulatta. Yale University Press, New Haven, pp 6-31.

97

APPENDICES
Appendix1:- Company addresses
Company

Address

Invitrogen

Penrose Auckland 1006, New Zealand

Sigma-Aldrich

Auckland 1030, New Zealand

Novozymes

Bagsvaerd 2880, Denmark

Prospec

Rehovot 76103, Israel

Epicentre

Madison, WI153713, USA

Corbett Research

Mortlake NSW 2137, Australia

Stratagene

La Jolla 92037, CA
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