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Abstract

Understanding mechanisms responsible for meiotic resumption in mammalian oocytes is critical for
the identification of strategies to enhance developmental competence of in vitro matured oocytes.
Improvement of in vitro oocyte maturation systems is dependent on a better understanding of
mechanisms that regulate oocyte maturation both in vivo and in vitro as well as on the identification
of methods to manipulate the meiotic progression of oocytes matured in vitro in a physiological
manner. The purpose of this review is two-fold: first, to examine the mechanisms that underlie the
acquisition of oocyte developmental competence and regulation of oocyte maturation in vivo and in
vitro; and second, to present data examining the role of transcription in mediating the ability of EGF
and FSH to induce oocyte maturation in vitro. Results presented support the conclusions that (1)
EGF-induced oocyte maturation does not require nascent gene transcription in both mice and
domestic cats; (2) FSH requires gene transcription to induce oocyte maturation in both species; (3)
EGF must be present in the maturation medium to optimize the effectiveness of FSH to promote
oocyte maturation; and (4) the mechanism used by FSH to induce oocyte maturation in vitro appears
to predominate over that used by EGF when both EGF and FSH are present in maturation medium
used for either murine or feline cumulus oocyte complexes.
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1. Introduction

1.1. Developmental competence of oocytes

Developmental competence is used to connote the ability of an oocyte to achieve successful
fertilization and development throughout at least the preimplantation period (Hyttel et al.,
1997; Gandolfi and Gandolfi, 2001; Sirard, 2001). Differences exist in the developmental
competence of oocytes matured in vivo compared to those matured in vitro. For example in
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cattle, approximately 60 to 80% of oocytes obtained from follicles matured in vivo are
competent to develop to the blastocyst stage (Bordignon et al., 1997; Blondin et al., 2002;
Dieleman et al., 2002; Rizos et al., 2002) compared to only 25 to 40% of oocytes matured in
vitro (van de Leemput et al., 1999; Rizos et al., 2002; Ward et al., 2002). Similarly, in humans
the efficiency of embryo development following in vitro oocyte maturation procedures is less
compared to development following recovery of in vivo matured oocytes (Child et al., 2001;
Trounson et al., 2001; Yoon et al., 2001; Picton, 2002). Furthermore, oocytes that have been
exposed to a gonadotropin stimulus either in vivo or during in vitro culture are more competent
to support embryonic development following fertilization (Izadyar et al., 1998; Child et al.,
2001; Trounson et al., 2001). Although in practice we can recognize differences that illustrate
the concept of oocyte developmental competence, a precise definition of developmental
competence in specific physiological terms is still lacking (Duranthon and Renard, 2001).

Understanding mechanisms responsible for meiotic resumption in mammalian oocytes is
critical for the identification of strategies to enhance developmental competence of in vitro
matured oocytes, thereby improving the effectiveness of assisted reproduction techniques used
for domestic livestock, wildlife species and human clinical applications. Improvement of in
vitro oocyte maturation systems is dependent on a better understanding of mechanisms that
regulate oocyte maturation both in vivo and in vitro as well as on the identification of methods
to manipulate the meiotic progression of oocytes matured in vitro in a physiological manner.
The purpose of this review is two-fold: first, to examine the mechanisms that underlie the
acquisition of oocyte developmental competence and the regulation of oocyte maturation in
vivo and in vitro; and second, to present data specifically examining the role of transcription
in mediating the ability of EGF and FSH to induce oocyte maturation in vitro.

1.2 Acquisition of oocyte developmental competence in vivo

Following their migration from the yolk sac, primordial germ cells undergo mitotic divisions
as they colonize the genital ridge. As the population of primordial germ cells differentiate into
00gonia, their population continues to expand by mitotic divisions until they enter meiosis. To
date, the mechanisms that signal this critical cell cycle juncture have yet to be elucidated. As
the individual oocytes enter into prophase | of meiosis, they quickly become associated with
pregranulosa cells (McLaren, 1988) and form primordial follicles. These pregranulosa cells
are likely responsible for generating the signal that results in the arrest of the primary oocytes
at the diplotene stage of prophase I since oocytes not surrounded by pregranulosa cells continue
to progress through meiosis, eventually leading to their demise (McLaren, 1988). Formation
of the primordial follicle is also associated with a decondensation of the oocyte chromatin and
formation of the diffuse diplotene or dictyate stage of meiosis. Folliculogenesis proceeds as
the primordial follicle is activated to become a primary follicle. Primordial follicle activation
is not well understood, however, several candidate signaling molecules have been implicated
in this process including kit ligand (Parrott and Skinner, 1999), anti-mullerian hormone
(Durlinger et al., 2002) and H1IFOO (Tanaka et al., 2005).

Throughout oocyte growth and development, the intimate association formed between the
oocyte and its surrounding granulosa/cumulus granulosa cells is a critical requirement for
normal follicular growth and acquisition of oocyte developmental competence (Carabatsos et
al., 2000; Eppig et al., 2002; Matzuk et al., 2002). Initially, this association was recognized as
critical for oocyte growth, with cumulus granulosa cells known to provide metabolic precursors
such as sugars, amino acids and nucleotides to the oocyte (Brower and Schultz, 1982;
Wassarman and Albertini, 1994). In addition, unidirectional communication from the cumulus
cells to the oocyte mediated by gap junctional communication has been recognized as critical
for the initiation of oocyte maturation in response to gonadotropin treatment in both laboratory
and domestic species (Fagbohun and Downs, 1991; Carabatsos et al., 2000; Vozzi et al.,
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2001). Since the decade starting in 1990, it has been recognized that communication between
the oocyte and its surrounding cumulus granulosa cells is not just unidirectional but
bidirectional (Buccione et al., 1990; Vanderhyden and Armstrong, 1990; Vanderhyden et al.,
1990; Vanderhyden et al., 1992; Simon et al., 1997; Eppig et al., 2002; Matzuk et al., 2002).
For example, oocyte-secreted factors facilitate cumulus expansion (Vanderhyden and
Armstrong, 1990; Vanderhyden et al., 1990), proliferation of granulosa cells (Vanderhyden et
al., 1992), suppression of LH receptors in cumulus cells (Eppig et al., 1997) and influence
ovulation (Matzuk et al., 2002). Thus, throughout oocyte growth and maturation, association
of the oocyte with its surrounding cumulus granulosa cells is essential not only for normal
function of the oocyte but also for function of the follicle within which the cumulus-oocyte
complex (COC) resides.

In mice, as ovarian follicles progress through the primary and secondary stage of follicular
development, oocytes increase in diameter approximately three-fold, reaching about 80 pm in
diameter prior to formation of the follicular antrum (Wassarman and Albertini, 1994).
Associated with this period of oocyte growth is the acquisition of meiotic and developmental
competence. Meiotic competence is acquired in a progressive manner as the murine oocyte
first becomes capable to undergo germinal vesicle breakdown (GVBD), then to progress to
metaphase | and, finally, to reach metaphase Il. After acquisition of meiotic competence, the
oocyte gains developmental competence and is capable of undergoing fertilization and then
post-fertilization development (Sorensen and Wassarman, 1976; Eppig et al., 1994). Thus,
acquisition of meiotic competence is followed by acquisition of developmental competence in
a sequential manner and both are components of a single continuous process, rather than two
discrete processes. In cattle, a similar progression is observed with the exception that full
meiotic competence is not acquired until after formation of the follicular antrum. At a diameter
of <100 um, bovine oocytes remain incapable of undergoing germinal vesicle breakdown or
GVBD (Fair et al., 1995). Competence to reach metaphase | (MI) is acquired when the bovine
oocyte reaches a diameter of approximately 100 um (Fair et al., 1995; Hyttel et al., 1997).
When the oocyte is resident within a tertiary follicle of approximately 1 mm diameter, full
meiotic competence is present and the bovine oocyte diameter is about 110 um (Pavlok et al.,
1992; Fairetal., 1995; Hyttel etal., 1997). Developmental competence is reached progressively
as the bovine oocyte increases in diameter from 110 to 120 um while it resides within a follicle
whose diameter increases from 6 mm to greater than 10 mm (Lonergan et al., 1994; Hyttel et
al., 1997; Kruip et al., 2000; Rodriguez and Farin, 2004).

Studies of oocyte ultrastructure and [3H]-uridine incorporation have revealed progressive
changes in the development of oocytes during folliculogenesis. In cattle, evidence of oocyte
transcriptional activity begins at about the secondary follicle stage, continues to increase
through the early tertiary follicle stage (~3 mm diameter) and decreases thereafter (Hyttel et
al., 1997; Tomek et al., 2002). In mice, transcriptional activity of oocytes appears to be
regulated in part by the granulosa cells associated with the oocyte and can be influenced by
exposure to gonadotropins (De La Fuente and Eppig, 2001). Oocyte transcriptional activity
results in the accumulation of maternal preformed mRNAS, which are critical for directing
development of the zygote during the preimplantation period (Vassali and Stutz, 1995; Brevini-
Gandolfi et al., 1999). Although incorporation of radiolabeled substrates into the oocyte
nucleus and cytoplasm decreases with advanced follicular development and increased oocyte
diameter, the localization of organelles continues to change within the oocyte cytoplasm as
meiotic maturation progresses. Mitochondria alter their localization from the oocyte periphery
to more central portions of the ooplasm during the meiotic progression (Van Blerkom and
Runner, 1984; Krisher and Bavister, 1998; Stojkovic et al., 2001). At the time of GVBD, lipid
droplets within the oocyte cytoplasm are increased in number and size whereas the size of golgi
apparatuses are decreased (Hyttel et al., 1997). As the oocyte progresses through meiosis to
metaphase | (MI) and then proceeds to metaphase Il (MIl), lipid droplets continue to increase,
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golgi size decreases further and mitochondria become more closely associated with lipid
droplets within the ooplasm (Hyttel et al., 1997; Stojkovic et al., 2001). In addition,
microtubules reorganize and cortical granules are redistributed to become evenly spaced and
located beneath the oolemma (Hyttel et al., 1997; Stojkovic et al., 2001).

1.3. LH and FSH in ovulation and oocyte maturation in vivo

The processes of ovulation, luteinization and the resumption of oocyte maturation are initiated
as a result of the preovulatory surge of gonadotropins. Although intrafollicular mechanisms
regulating ovulation have been well studied, precise mechanisms regulating the resumption of
meiosis in vivo remain unclear. In mammals, the gonadotropin surge consists of coincident
rises in both LH and FSH. In cattle, peak concentrations of circulating LH increase
approximately 8-fold above basal levels and FSH increase about 3-fold above baseline during
the normal gonadotropin surge (Haughian et al., 2004). Although it has been assumed that LH
is the primary driver for ovulation and the resumption of meiosis (Tsafriri and Dekel, 1994),
this hypothesis has been questioned in the past since purified preparations of FSH can also
induce both ovulation and oocyte maturation (Greep et al., 1942; Goldman and Mahesh,
1969; Harrington and Elton, 1969; Jones and Nalbandov, 1972; Lipner etal., 1974; Nuti et al.,
1974; Tsafriri etal., 1976; Greenwald and Papkoff, 1980; Taya and Greenwald, 1980; Galway
et al., 1990). For example, intrafollicular injections of low doses of purified preparations of
either LH or FSH induced ovulation of individual follicles in rabbits (Jones and Nalbandov,
1972) and sheep (Murdoch et al., 1981). These intrafollicular injections induced ovulations in
individual follicles without affecting adjacent preovulatory follicles on the same ovary.
Contamination of FSH preparations by LH in either study did not appear to be the explanation
for these observations (Jones and Nalbandov, 1972; Murdoch et al., 1981). Furthermore,
additive effects were demonstrated when subovulatory doses of LH and FSH were jointly
administered into the same follicle (Jones and Nalbandov, 1972), leading to the suggestion that
both LH and FSH were necessary for ovulation and luteinization. Similarly, administration of
either hCG or recombinant human (rh)FSH to hypophysectomized, FSH-primed mice
successfully induced ovulation and luteinization (Wang and Greenwald, 1993). Interestingly,
approximately 22% of 1-cell embryos obtained from hCG-treated mice reached the blastocyst
stage in vitro whereas none of the 1-cell embryos obtained from rhFSH-treated mice developed
beyond the six-cell stage (Wang and Greenwald, 1993), suggesting that developmental
competence of zygotes from oocytes matured under the influence of hCG was improved
compared to those matured in the presence of FSH alone. Unfortunately, the effect of
simultaneous administration of hCG and rhFSH on preimplantation embryo development was
not tested in their study. Using a LH receptor knockout (LURKO) mouse model to evaluate the
effects of rhFSH administration on ovulation, Pakarainen et al. (2005) demonstrated that
ovulation could not be induced by administration of either hCG or rhFSH in PMSG-primed
immature mice when LH receptors were absent. As expected, administration of either hCG or
rhFSH induced ovulation in PMSG-primed wild-type controls. These observations suggest that
activation of the LH receptor itself is permissive for either hCG or rhFSH to induce ovulation
(Pakarainen et al., 2005). However, the mechanism remains unclear by which activation of LH
receptors occur and facilitate ovulation when highly purified FSH is used to induce ovulation
in individual follicles (Murdoch et al., 1981) or when treatment with rhFSH is used to induce
ovulation in hypophysectomized females (Wang and Greenwald, 1993). In each case, one
would have to assume less LH activity or LH-receptor activation is present even in
hypophysectomized animals and that this functions in a synergistic manner with FSH to induce
terminal follicular maturation and ovulation. Taken together, these observations suggest that
LH is important in inducing ovulation in follicles that have been primed by FSH exposure but
it remains unclear whether in vivo LH functions alone to facilitate oocyte maturation. It is
reasonable to suggest that, in vivo, FSH and LH work in concert to provide an optimal
environment not only for follicular development but also for oocyte maturation.
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A synergistic role for FSH and LH on oocyte maturation is consistent with data on the
distribution of FSH and LH receptors found in the mural granulosa cells of the follicle and
cumulus cells surrounding the oocyte. In mural granulosa cells, FSH functions through its
receptor in concert with estradiol to induce granulosa LH receptors, promoting continued
steroidogenesis and the development of the preovulatory follicle (Richards, 1980). In contrast,
FSH receptors are the only gonadotropin receptors present on cumulus cells throughout
development of preovulatory follicles (Eppig et al., 1997). Secreted factors from GV-stage
murine oocytes completely blocked the production of LH receptor mRNA in granulosa cells
by FSH (Eppig etal., 1997; Eppig et al., 1998). Although less effective than GV-stage oocytes,
metaphase Il oocytes also suppressed the induction of granulosa cell LH receptor mMRNA by
approximately 85% compared to controls (Eppig et al., 1997). In cattle, LH receptor mRNA
could not be found in cumulus cells or cumulus oocyte complexes either before or after the
initiation of oocyte maturation in vitro or in vivo (Nuttinck et al., 2004). In this study, FSH
receptor mMRNA was present in relatively large amounts in cumulus cells at the initiation of
oocyte maturation. In vivo, FSH receptor mRNA decreased following the gonadotropin surge
(Nuttinck et al., 2004). In vitro this decrease occurred after 24 h of maturation when COCs
were matured in a complete maturation medium containing TCM-199, fetal calf serum,
estradiol, LH and FSH. Interestingly, if COCs were matured in TCM-199 alone, inclusion of
EGF in the medium also resulted in significant decrease in FSH receptor mRNA after 24 h of
culture (Nuttinck et al., 2004).

To reconcile discrepancies in the long-perceived role of LH in inducing oocyte maturation in
vivo with the lack of LH receptor presence on COCs before and during ooycte maturation both
in vivo or in vitro, it has been suggested that LH binding to mural granulosa cells leads to the
production of EGF-like growth factors including amphiregulin, epiregulin and betacellulin
(Park et al., 2004). These growth factors can act as paracrine mediators and stimulate
maturation of follicle-enclosed rodent oocytes (Park et al., 2004; Ashkenazi et al., 2005) and
isolated COCs (Park et al., 2004). The observation that any of a number of ligands, including
LH, FSH, EGF and EGF-like growth factors, when administered to individual follicle-enclosed
oocytes or to cultured COCs, can stimulate ovulation and the induction of oocyte maturation
suggests that substantial redundancy exists in the mechanisms regulating these critical
physiological events. These redundancies may be important in contributing to the production
of an oocyte that exhibits full developmental competence. Conversely, it is possible that
activation of only one or a subset of these mechanisms governing ovulation and meiotic
resumption may result in production of a compromised ovum in which morphological
maturation appears normal but developmental competence is limited.

1.4. Mechanisms of gonadotropin-induced oocyte maturation in vitro

In cattle, COCs from follicles ranging from 2 to 8 mm are commonly used for studies of in
vitro oocyte maturation. COCs from follicles of this size range do not contain receptors for LH
(Nuttinck et al., 2004) and, thus, media used for studies of the mechanisms that underlie
gonadotropin-induced oocyte maturation frequently contain FSH, but not LH. In mice, COCs
used for studies of in vitro maturation are typically obtained from PMSG-treated prepubertal
mice and are held in dictyate arrest during culture using phosphodiesterase inhibitors such as
hypoxanthine (Downs et al., 1988). In both cattle and mice, the addition of FSH during in
vitro maturation provides a positive stimulus that results in the induction of maturation (Eppig
and Downs, 1987; Downs et al., 1988; Farin and Yang, 1994; Rodriguez et al., 2002; Rodriguez
and Farin, 2004). However, in both cattle and mice, this induction of maturation by FSH occurs
only after an initial period of maturation inhibition (Eppig et al., 1983; Schultz et al., 1983;
Farin and Yang, 1994). In cattle, this initial inhibitory period lasts approximately 6 h (Farin
and Yang, 1994; Rodriguez and Farin, 2004). In both cattle and mice, FSH induces oocyte
maturation by binding to its receptors on the cumulus cells, elevating cumulus cell ;CAMP and
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activating both Type | and Type |1 protein kinase (PK) A. Activation of Type | PKA maintains
oocytes in dictyate arrest (Downs and Hunzicker-Dunn, 1995; Rodriguez et al., 2002) whereas
activation of Type Il PKA stimulates a downstream transcriptional event that results in the
induction of germinal vesicle breakdown (Rodriguez et al., 2002; Rodriguez and Farin,
2004). The role of gap junctions within the cumulus-oocyte complex is critical in
communicating signals regulating not only the resumption of meiosis (Fagbohun and Downs,
1991; Downs, 2001) but also the acquisition of oocyte developmental competence (Nagai et
al., 1993; Atef et al., 2005). Interestingly, the developmental competence of bovine oocytes
matured in vitro was significantly increased when COCs were treated with FSH for only the
first 6 h of culture compared to those treated with FSH throughout the entire 24 h period of
maturation (Atef et al., 2005). Gap junctional communication was required for this effect (Atef
et al., 2005). Thus, the initial period of FSH-mediated arrest of oocyte maturation that is
associated with activation of cumulus cell Type | PKA may play an important role in allowing
a period of delay needed for communication of other factors or activation of additional
intracellular pathways important to optimize the developmental competence of in vitro-
matured oocytes.

Downstream of cAMP-PKA isoform activation in cumulus cells, the stimulation of mitogen-
activated protein kinase (MAPK) is a requirement for FSH-mediated induction of oocyte
maturation in both cattle (Fissore et al., 1996) and mice (Su et al., 2002). MAPK activation
appears to require the permissive effect of the oocyte itself through either the action of GDF-9
or other paracrine factors secreted by the oocyte (Su et al., 2003). Activation of the cumulus
cell MAPK pathway also appears to be necessary for LH-mediated resumption of meiosis in
follicle-enclosed oocytes (Su et al., 2003), suggesting that the mechanisms of LH-induced
oocyte maturation in follicle-enclosed oocytes and FSH-induced meiotic resumption in
cultured COCs may either directly overlap or utilize redundant pathways. It has not been
determined if activation of the MAPK pathway in cultured COCs requires transcription to
stimulate meiotic resumption or whether activation of MAPK occurs downstream of the
transcriptional event that is required for FSH-mediated Type Il PKA activation to stimulate
the resumption of meiosis in cultured COCs.

In addition to FSH, EGF has been shown to induce oocyte maturation and cumulus cell
expansion as well as improve oocyte developmental competence in cattle (Harper and Brackett,
1993; Lonerganetal., 1996; Rieger etal., 1998) and mice (De La Fuente et al., 1999). Similarly,
treatment with the EGF-like growth factors amphiregulin, epiregulin and betacellulin also
induced oocyte maturation in cultured murine COCs (Park et al., 2004) and in follicle-enclosed
rat oocytes (Ashkenazi et al., 2005), demonstrating a potential role for these EGF-like growth
factors as intermediates for LH-mediated induction of oocyte maturation (Conti et al., 2006).
The relationship between the intracellular mechanisms promoting oocyte maturation in vitro
used by FSH compared with that used by EGF or EGF-like growth factors is unclear. For
example, both FSH and EGF activate MAPK pathways downstream of receptor binding (Su
et al., 2002; Conti et al., 2006) but whether these pathways are duplicative or parallel has not
been determined. It has been demonstrated that epiregulin mRNA expression is rapidly induced
in cultured rat granulosa cells by FSH and in granulosa cells of preantral follicles exposed to
PMSG (Sekiguchi et al., 2002). It remains unclear whether treatment with recombinant FSH
can induce synthesis of amphiregulin, epiregulin and betacellulin by mural granulosa cells of
preovulatory follicles in vivo or by cumulus cells in vitro, thus mimicking the intrafollicular
actions of LH on oocyte maturation. It also remains unclear if EGF or EGF-like growth factors
utilize a transcriptional component in their mechanism of action. If so, this would mimic the
mechanism of FSH when inducing maturation of cultured COCs. To address some of these
questions, we examined the effect of transcriptional inhibition on the ability of EGF, in the
presence or absence of FSH, to stimulate oocyte maturation in both murine and feline cumulus
oocyte complexes.
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2. Materials and methods

2.1. Reagents and media

The transcriptional inhibitor, 5,6-dicholoro-1-B-D-ribofuranosylbenimidazole (DRB), as well
as all hormonal preparations including equine pituitary FSH and murine EGF, were purchased
from Sigma Chemical Co. (St. Louis. MO). Unless otherwise noted, all chemicals for
preparation of media were from Sigma Chemical Co. and were of tissue culture grade. Murine
oocyte cultures were conducted in Waymouth medium supplemented with 5% fetal bovine
serum, 0.23 mM pyruvate, 7 mM taurine, 50 mg/L streptomyocin sulfate and 75 mg/L penicillin
G. The medium used for handling feline oocytes was HEPES-buffered (pH=7.35) feline
optimized culture medium (FOCM) containing 3.0 mM glucose and 0.4% (w/v) BSA (Swanson
etal., 2004; Herrick et al., 2005). Feline oocytes were matured in bicarbonate-buffered FOCM
containing 6.0 mM glucose, 5 ug/ml insulin, 5 pg/ml transferrin, 5 ng/ml selenium, 0.1 mM
cysteamine, 0.6 mM cysteine, 0.5x MEM EAA, 1.0x MEM vitamins and 0.4% (w/v) BSA
(Herrick et al., 2005; J. Herrick, unpublished). For all experiments, DRB was used at a
concentration of 120 uM, a dose that maintains both murine and bovine oocytes in meiotic
arrest (Farin and Yang, 1994; Martus and Farin, 1994; Wolf and Farin, 1996; Rodriguez et al.,
2002).

2.2. Murine oocyte recovery and culture

All procedures involving animals were carried out in accordance with NIH guidelines for the
care and use of laboratory animals under the approval of the National Institutes of
Environmental Health Science Institutional Animal Care and Use Committee. Prepubertal
CD-1 mice (21 days old) were maintained on a 12L:12D light cycle with access to food and
water ad libitum. A minimum of 5 mice were used in each replicate and were given an
intraperitoneal injection of 5 IU PMSG and killed by CO, asphyxiation 48 h later. Ovaries
were recovered and oocytes distributed to treatments according to previously published
procedures (Rodriguez et al., 2002). The hormone and inhibitor concentrations used in this
study (FSH, 0.2 U/ml; EGF, 10 ng/ml; DRB, 120 uM) were based on previously published
doses (Downs, 1989; Rodriguez et al., 2002). Cultures were conducted for 3.5 hat 37°C inan
atmosphere of 5% CO, in air with 100% humidity (Rodriguez et al., 2002). At the termination
of culture, fully grown oocytes were denuded of their cumulus cells by manual pipetting and
visually assessed for the resumption of meiosis at a magnification of 60X using a
stereomicroscope. Oocytes not demonstrating an intact GV were classified as having
undergone GVBD.

2.3. Feline oocyte recovery and culture

Feline ovaries were obtained from a local veterinary clinic during either the breeding season
(February—May) or early in the non-breeding season (June-July). Ovaries were maintained at
room temperature in saline and transported to the laboratory within 4 h of recovery. Fully grown
cumulus oocyte complexes (COC) were released from antral follicles into handling medium,
collected and washed three times before being randomly distributed to treatment groups in
FOCM. When included in the maturation medium, EGF was used at a concentration of 50ng/
ml, FSH at 0.2 U per ml and DRB at 120 uM. All cultures were conducted at 38.5° C in an
atmosphere of 90%N,:5%0,:5% CO, with 100% humidity with a 50% volume of fresh
treatment medium replaced at 4 h intervals throughout culture. After 20 h of maturation, oocytes
were denuded of their cumulus cells by gentle vortexing, fixed in acidified ethanol, stained
with aceto-orcein and assessed for stage of meiosis (Farin and Yang, 1994).
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2.4, Statistical analysis

All percentage data were arcsin transformed and analyzed by analysis of variance using General
Linear Models procedures (SAS, 1999). The statistical models used to analyze the effect of
hormone treatment and transcriptional inhibitor on stages of murine oocyte meiosis (Figure 1)
included the main effects of EGF, FSH and DRB and all appropriate interactions. The statistical
model used to assess the effect of treatment and season on stages of meiosis in feline COCs
cultured in the presence of EGF (Figure 2) included the main effects of FSH, DRB, season of
collection and the interactions of FSH by DRB and FSH by DRB by season. The statistical
model used to analyze feline stages of meiosis cultured in the absence of EGF during the
breeding season (Figure 3) included the main effects of FSH, DRB and the interactions of FSH
by DRB. The statistical model used to analyze feline stages of meiosis cultured in the presence
or absence of EGF during the breeding season (Figure 4) included the main effects of hormone
(EGF, FSH, Control), inhibitor (DRB, Control) and the interactions of hormone by inhibitor.
In all cases, when a significant F-statistic was identified, means were separated using Duncan’s
Multiple Range Test (SAS, 1999). All data are reported as least squares means + standard error.

3. Results and discussion

3.1. Effect of transcriptional inhibition on EGF- and FSH-mediated murine oocyte maturation

After 3.5 h of culture in the presence of either FSH, EGF or their combination, greater than
80% of oocytes underwent GVBD (Figure 1). These observations are consistent with reports
in the literature (De La Fuente et al., 1999). Also consistent with earlier reports (Rodriguez et
al., 2002), maturation of murine oocytes in the presence of FSH was blocked when the
transcriptional inhibitor, DRB, was included in the medium. Thus, nascent gene transcription
is required to mediate the action of FSH to induce GVBD. When DRB was added to EGF-
containing maturation medium, however, no effect of the transcriptional inhibitor was
demonstrated. This suggests that new gene transcription is not required for the mechanism used
by EGF to stimulate GVBD. In maturation medium containing both EGF and FSH, treatment
with DRB blocked about 95% of oocytes from maturing (Figure 1). Thus, when both FSH and
EGF are present, the FSH pathway that requires gene transcription appears to over-ride any
effect of the transcriptionally independent mechanism used by EGF to stimulate GVBD in
murine oocytes.

3.2. Effect of transcriptional inhibition on EGF- and FSH-mediated feline oocyte maturation

There was no effect of season of oocyte harvest on the maturation of feline COCs cultured in
the presence of EGF nor were there any significant interactions of season with the FSH or
inhibitor treatments, therefore the data for the effects of hormone and DRB treatments were
combined across season and are presented in Figure 2.

When cultured for 20 h in the presence of EGF alone, few (19 + 5%) oocytes remained at the
GV stage with approximately equal proportions of oocytes reaching the metaphase | (Ml, 46
+6%) or metaphase Il (MIl, 35 + 6%) stages of maturation (Figure 2). When the transcriptional
inhibitor DRB was added to medium containing EGF the majority of oocytes (62 + 6%; P<0.05)
progressed to MII. This was associated with a significant reduction in the proportion of oocytes
remaining at M| after 20 h of maturation (Figure 2). These observations suggest that exposure
to EGF alone may stimulate gene transcription in some COCs and that this action can maintain
these oocytes in MI of meiosis. Inhibition of EGF-associated transcriptional activity by
exposure to DRB permits these oocytes to resume meiosis, resulting in significantly more
oocytes completing meiotic maturation. An inhibitory effect of EGF on the production of
inhibin by granulosa cells in the rat has been reported (Zhang et al., 1987); thus, it is not
inconsistent to suggest that EGF could also exhibit an inhibitory effect on the meiotic
progression of cultured oocytes.
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When FSH was included in the maturation medium in the presence of EGF, a majority of
oocytes (66 + 5%) reached MII after 20 h of culture (Figure 2). However, when DRB was
added to medium containing both FSH and EGF, only 20% (P<0.05) of oocytes reached Mi|
with most oocytes (56 + 5%, P<0.05) arrested at the GV stage. These data are consistent with
observations in other mammalian species that oocyte maturation in the presence of FSH
requires gene transcription (Osborn and Moor, 1983;Hunter and Moor, 1987;Kastrop et al.,
1991;Farin and Yang, 1994;Rodriguez et al., 2002). Furthermore, these data, like those for
cultured murine COCs, demonstrate that when both EGF and FSH are present, the FSH
pathway requiring gene transcription over-rides any effect EGF may have in stimulating
oocytes to resume meiosis.

Interestingly, feline oocytes cultured in semi-defined medium in the absence of any hormones
remained arrested at the GV stage (Figure 3). Thus, cats may provide a natural GV-arrest model
useful for the study of mechanisms underlying mammalian oocyte maturation. In contrast to
the effectiveness of FSH to stimulate oocyte maturation in the presence of EGF (Figure 2),
FSH was only marginally effective in promoting the maturation of oocytes when EGF was
absent from the culture medium (Figure 3). This observation suggests that a background of
EGF in maturation medium may be required to optimize the effectiveness of FSH to promote
meiosis in feline oocytes in vitro. This is particularly intriguing in that these observations
suggest the possibility of linkage between the roles of LH, EGF and FSH to promote oocyte
maturation in vivo and in vitro. The observation that FSH in the absence of added EGF resulted
in the maturation of cultured murine oocytes (Figure 1) can be explained by the potential
presence of EGF or EGF-like growth factors in the serum that was used as a medium
supplement in these experiments.

Inclusion of DRB in the absence of EGF promoted the progression of meiosis to the MI stage
(Figure 3). This observation supports the suggestion that nascent gene transcription within
feline COCs may be responsible for holding at least some oocytes in GV arrest. This effect of
DRB is reminiscent of the effect of EGF alone on oocyte maturation (Figure 2). A comparison
of the effects of EGF on the ability of FSH and DRB to influence the complete in vitro
maturation of feline oocytes harvested during the breeding season is presented in Figure 4.
These data demonstrate that EGF alone can promote progression to M1l and that EGF is
required for FSH-induced maturation to the MII stage. The pathway used for progression of
maturation in the combined presence of FSH and EGF, however, requires nascent gene
transcription since treatment with DRB prevented oocytes from progressing to MlI.

The pathway utilized by EGF to mediate meiotic resumption involves binding to one or more
of the EGF receptor subfamily members with subsequent tyrosine kinase activation and
downstream activation of MAPK (Conti et al., 2006). In addition, activation of the MAPK
pathway is required for FSH-mediated resumption of meiosis in both cattle and mice (Fissore
etal., 1996; Su et al., 2002). The pathway used by FSH to stimulate GVBD appears to involve
cAMP-mediated activation of PKA that, in turn, leads to activation of MAPK (Su et al.,
2002). Because activation of both Type Il PKA and MAPK can each stimulate transcription
as a downstream effect (Rodriguez et al., 2002; Conti et al., 2006), it would be likely that these
activation events precede the transcriptional step required in the mechanism used by FSH to
mediate meiotic resumption.

Although it is clear that both EGF and FSH utilize MAPK activation in their pathways leading
to meiotic resumption, it appears that these two pathways must not be directly linked within
cumulus cells because FSH-induced meiotic resumption can be inhibited by DRB whereas
EGF-stimulated meiotic resumption cannot. The possibility that these two pathways overlap
downstream of the transcriptional event required for FSH-induced oocyte maturation is also
not supported by the current observations in either feline or murine oocytes. If this were the
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case, EGF would be expected to promote oocyte maturation despite the presence of FSH and
DRB in the maturation medium. Thus, although both FSH and EGF may each rely on MAPK
activation in the pathways they utilize to stimulate meiotic resumption, these pathways do not
appear to be overlapping or interconnected. Furthermore, when both hormones are present in
the medium, the FSH-mediated pathway appears to take precedence over the pathway utilized
by EGF to stimulate meiotic maturation.

Although it appears that for regulation of GVBD the FSH-mediated pathway takes precedence,
this does not discount the importance of the effects of EGF on oocyte maturation. On the
contrary, data presented here demonstrate that EGF is a necessary prerequisite for FSH to
induce feline oocyte maturation under these semi-defined culture conditions. Furthermore,
based on data in cattle, mice and cats, inclusion of EGF in maturation medium improves oocyte
developmental competence over that of FSH alone (Harper and Brackett, 1993; Lonergan et
al., 1996; Rieger et al., 1998; De La Fuente et al., 1999; Merlo et al., 2005). Thus, it is likely
that FSH and EGF work in concert to regulate oocyte maturation and optimize oocyte
developmental competence in vitro. It is tempting to speculate that an analogous mechanism
could exist in vivo with LH mediating the induction of EGF-like growth factors by granulosa
cells that, in turn, could facilitate the action of FSH on cumulus cells to promote oocyte
maturation and oocyte developmental competence. Evaluation of this proposed hypothesis
awaits further investigation.
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Fig. 1.

Effect of treatment with the transcriptional inhibitor, DRB, on FSH- and EGF-induced oocyte
maturation in the mouse. Data represent least squares (Is) means + SEM based on n=4
experimental replicates with 20 to 52 COCs per treatment per replicate; 2°P<0.05
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Fig. 2.

Effect of transcriptional inhibition on EGF- and FSH-induced oocyte maturation in domestic
cats. Data represent Ismeans + SEM based on n=8-10 replicate observations with 20 to 35
COCs per treatment per replicate; **P<0.05 between treatments within either GV or Ml
stage; ABP<0.05 between treatments within MII stage
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BEGV BMI

Effect of transcriptional inhibition on FSH-induced oocyte maturation in domestic cats during

the breeding season; Data represent Ismeans = SEM based on n = 3 or 4 replicate observations

with 20 to 35 COCs per treatment per replicate; ~BP=0.01 for GV stage; 2PP=0.06 for MI

stage

Anim Reprod Sci. Author manuscript; available in PMC 2007 September 1.

O MII

R



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Farin et al.

)
-

Percent of MII Oocytes
N P
- -

Page 19

led

EGF - + . - -+ -+
FSH - - - - +  + +  +
DRB - - 5 = T |

n . 5 B 5 3 5 4 9
Fig. 4.

Effect of transcriptional inhibition on the effectiveness of EGF and FSH to stimulate
progression of feline oocytes to the MII stage during the breeding season; Data represent
Ismeans + SEM based on n =3 to 5 replicate observations with 20 to 35 COCs per treatment
per replicate; 8°¢dp<0.05

Anim Reprod Sci. Author manuscript; available in PMC 2007 September 1.



