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Oocyte maturation and ovulation are two major events that occur in fish prior to
spawning. While earlier studies have shown that 17α, 20β-dihydroxy-4-pregnen-3-one
(17,20β-P) and the insulin-like growth factor (IGF) system are regulators of oocyte
maturation in the zebrafish (Danio rerio), it is not known whether these hormones play a
role in regulating prostaglandin synthesis which is thought to mediate ovulation. I
determined if 17,20β-P and human IGF-1 affect the expression of genes involved in
prostaglandin biosynthesis including phospholipase A2 (cpla2) and cyclooxygenase-1/2
(ptgs1/ptgs2), or prostaglandin F2α (PGF2α) levels. 17,20β-P and IGF-1 stimulated oocyte
maturation in mid-vitellogenic (MV) and full grown (FG) follicles. In FG follicles,
17,20β-P increased cpla2 expression, whereas IGF-1 increased cpla2 and ptgs2
expression. Both 17,20β-P and IGF-1 increased PGF2α production. The
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK)
signalling pathways were shown to mediate IGF-1- and 17,20β-P-induced oocyte
maturation and cpla2 and ptgs2 expression. Collectively, these results demonstrate that
17,20β-P and IGFs are important regulators of oocyte maturation and prostaglandin
synthesis in zebrafish.
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CHAPTER 1
GENERAL INTRODUCTION

Oocyte maturation and ovulation are key events that prepare the oocyte for
fertilization. In teleost fish there has been considerable progress in defining the
hormones involved in mediating oocyte maturation, yet far less is known of the hormones
that control ovulation. More specifically, factors controlling the synthesis of
prostaglandins, which are known to play a role in the ovulatory process (Stacey and
Pandey, 1975; Stacey, 1976; Lister and Van Der Kraak, 2008), are not well understood.
Given the sequential timing of oocyte maturation and ovulation it seems likely that these
events are closely integrated and may be regulated by the same suite of hormones
(Clelland and Peng, 2009; Patino et al., 2003a). Studies in fish have shown that
gonadotropins, progestins and several insulin-like growth factor (IGF) proteins regulate
oocyte maturation (Selman et al., 1994; Nelson and Van Der Kraak, 2010b; Li et al.
2011). Other studies in mammals and amphibians have identified that gonadotropins,
progestins and IGFs may also regulate specific components within the prostaglandin
biosynthetic cascade (Bridges et al., 2006; Cao, et al., 2007; Sena and Lui, 2008).
Consequently, my research has investigated the roles of the teleost maturation inducing
steroid 17α, 20β-dihydroxy-4-pregnen-3-one (17,20β-P) and human recombinant insulinlike growth factor-1 (IGF-1) in the regulation of prostaglandin biosynthesis in the
zebrafish. Furthermore, the intracellular signal transduction pathways that mediate the
actions of 17,20β-P and IGF-1 were investigated to determine if these hormones use
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similar signalling mechanisms to regulate oocyte maturation, gene expression, and
prostaglandin synthesis.
This chapter provides relevant background information to support the objectives
of this thesis. The regulation of oocyte maturation and ovulation will be described and
the roles of gonadotropins, progestins, peptide hormones, and prostaglandins will be
discussed. The steps involved in prostaglandin biosynthesis will be outlined followed by
the regulation of this process. The receptors and subsequent signal transduction
pathways that mediate 17,20β-P and IGF actions will then be discussed. Finally, the
specific objectives of this thesis will be presented.

Oocyte maturation and ovulation
The final stages of ovarian development that lead to a fertilizable egg are oocyte
maturation and ovulation (Selman et al. 1993). Maturation involves germinal vesicle
breakdown (GVBD) and the resumption of meiosis, in which the oocyte proceeds from
prophase I to metaphase II (Nagahama and Yamashita, 2008). Mature oocytes are then
ovulated or released from the follicular layer and are ready to be spawned and fertilized.
Both oocyte maturation and ovulation are ultimately regulated by luteinizing hormone
(LH). In the first stage of oocyte maturation, a surge in LH release from the pituitary
provides follicle cells with the ability to produce 17,20β-P. During this time the oocyte
also acquires the ability to respond to 17,20β-P, an event termed maturational
competence (Patino et al. 2001). The second stage of oocyte maturation involves the
production of 17,20β-P by follicular cells, which initiates intracellular signalling events
that lead to the activation of the maturation promoting factor (MPF), in turn causing the
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resumption of meiosis (Sagata et al. 1989; Weber and Sullivan, 2000; Schmitt and
Nebreda, 2002; Voronina and Wessel, 2004).
LH induced oocyte maturation is mediated by many locally produced peptide
growth factors. For example, activin, epidermal growth factor (EGF), transforming
growth factor-α (TGF-α), and pituitary adenylate cyclase-activating polypeptide
(PACAP) have been shown to stimulate oocyte maturation, whereas follistatin and TGFβ1 have been shown to suppress oocyte maturation (Ge, 2005). Other peptide growth
factors of particular interest include the IGF system, which was also shown to play an
important role in regulating oocyte maturation in zebrafish (Nelson and Van Der Kraak,
2010b). In mammals, the IGF system consists of two ligands (IGF-1 and IGF-2), two
receptors (IGF-1R and IGF-2R), and six binding proteins that regulate a variety of
processes in many different tissues. The components of the IGF system differ in fish
since it consists of four ligands (IGF-1, IGF-2a, IGF-2b, and IGF-3), three receptors
(IGF-1Ra, IGF-1Rb and IGF-2R), and five binding proteins. The additional IGF-3 ligand
has only recently been discovered in fish and it was found to be gonad-specific (Wang et
al., 2008). Since IGF-3 is produced exclusively in the gonad, it is thought to have
specialized reproductive functions. Previous studies have shown that human chorionic
gonadotropin (hCG), which mimics LH, stimulates an increase in IGF-3 expression
(Nelson and Van Der Kraak, 2010a). It was later shown that recombinant IGF-3 has the
ability to induce the in vitro maturation of zebrafish ovarian follicles (Li et al., 2011).
Additionally, IGFs affect other reproductive processes such as follicular growth and
development (Srivastava and Van Der Kraak, 1994; Srivastava and Van Der Kraak,
1995) and steroidogenesis (Maestro et al., 1997; Weber and Sullivan, 2000; Wood et al.,
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2005; Nelson and Van Der Kraak, 2010b). Therefore, it seems possible that IGFs may
have numerous other reproductive functions that have not yet been explored.
Ovulation follows oocyte maturation and involves the degradation of the follicular
layer to release the mature ovum (Patino and Sullivan, 2002). It is widely accepted that
prostaglandins mediate ovulation (Stacey and Pandey, 1975; Algire et al., 1992; Pall et
al., 2000; Lister and Van Der Kraak, 2008). More specifically, prostaglandin E2 (PGE2)
and prostaglandin F2α (PGF2α) have been found to play the most important roles in
ovulation in mammals (Duffy and Stouffer, 2001). In teleosts, ovarian PGE2 levels are
usually higher than PGF2α, but it has been found that the relative increase in PGF2α was
greater than the relative increase in PGE2 at times leading up to ovulation (Stacey, 1976;
Lister and Van Der Kraak, 2008). Despite the importance of prostaglandins in the
ovulatory process, there is a lack of information regarding how their synthesis is
regulated.

Synthesis of prostaglandins
Two key steps in the biosynthesis of prostaglandins are catalyzed by
phospholipase A2 (PLA2; Diouf et al., 2006) and cyclooxygenase 1 and 2 (COX-1 and 2;
Arosh et al., 2002; Figure 1). PLA2 cleaves membrane phospholipids to release
arachidonic acid and COX-1 and 2 convert arachidonic acid into the prostaglandin
precursor PGH2 (Arosh et al., 2002). Further modification of these precursors by
prostaglandin synthases produces the functional prostaglandins. In mammals, PGE
synthase (PGES) and PGF synthase (PGFS) convert PGH2 into PGE2 and PGF2α,
respectively (Arosh et al., 2002). However, only a PGE synthase-2 (ptgsl) gene has been
4

identified in fish, whereas a PGF synthase gene has not. Therefore, there is a gap in our
knowledge regarding the synthesis of PGF2α in fish, which poses a challenge when
investigating the regulation of PGF2α production.
Several PLA2 isoforms have been identified and classified into three main groups:
cytosolic PLA2 (cPLA2), secretory PLA2 (sPLA2) and intracellular PLA2 (iPLA2;
Chakraborti, 2003). The main differences in the isoforms are their substrate specificity
and requirement for Ca2+. Furthermore, there are differences in the cellular localization
and regulation of these isoforms but these are not well understood. The cPLA2 gene has
been identified in zebrafish ovarian follicles and was suggested to play a role in
prostaglandin production (Lister and Van Der Kraak, 2008). In spawning zebrafish the
ovarian expression of the cPLA2 gene increased during the time leading up to ovulation,
whereas cPLA2 expression decreased over the same time period in non-spawning fish
(Lister and Van Der Kraak, 2009). This suggests that cPLA2 plays an important role
during the ovulatory process in zebrafish.
Teleost-specific gene duplications and losses have caused fish to possess three
COX genes (Havird et al., 2008). In contrast to mammals which have a single COX-1
and COX-2 gene, zebrafish have one COX-1 gene (COX-1b), but duplicate COX-2 genes
(COX-2a and COX-2b; Ishikawa et al., 2007). Since a recent study has shown the COX1b and COX-2a genes to play a role in prostaglandin production in zebrafish (Lister and
Van Der Kraak, 2008), this thesis will examine the same genes and they will be referred
to as COX-1 and COX-2. It was further suggested that COX-2 plays an important role in
the ovulatory process since COX-2 expression increased during the time leading up to
ovulation in spawning zebrafish (Lister and Van Der Kraak, 2009). In the current study I
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expected to see greater changes in COX-2 expression since it is known to be the
inducible form, whereas COX-1 is constitutively expressed.

Regulation of prostaglandin synthesis
Previous mammalian studies have shown LH to be an important regulator of
prostaglandin synthesis since treatment of primate follicles with this hormone increased
follicular prostaglandin levels (Stouffer et al., 2007). LH seems to play a similar role in
teleosts since a recent study on zebrafish showed that in vivo injections of hCG caused an
increase in PGF2α production (Lister and Van Der Kraak, 2009). However, it has been
suggested that steroid hormones such as progesterone mediate the actions of LH. This is
supported by studies on birds and fish showing that progesterone plays a role in
gonadotropin induced ovulation since inhibitors of steroidogenesis prevented
progesterone production and blocked gonadotropin induced ovulation (Tojo and Huston,
1981; Pinter and Thomas, 1999). Other studies on yellow perch follicles showed that
progesterone caused an increase in prostaglandin production in vitro (Goetz et al., 1989;
Goetz and Garczynski, 1997), but the specific mode of progesterone action is not well
understood.
It is possible that progesterone may regulate specific components within the
prostaglandin biosynthetic pathway, specifically cPLA2 and COX-2. This is supported by
studies on amphibians and mammals, where progesterone was shown to play a role in
COX-2 regulation. For example, progesterone stimulated COX-2 expression in Xenopus
laevis follicles, but treatment with a COX-2 inhibitor blocked progesterone induced
prostaglandin production (Sena and Liu, 2008). Another study on Xenopus ovarian tissue
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showed that treatment with a progesterone receptor antagonist inhibits COX-2 expression
and PGF2α synthesis (Dhillon et al., 2010). Furthermore, progesterone inhibitors were
used in cows to show that progesterone mediates gonadotropin induced COX-2
expression and prostaglandin production (Bridges et al., 2006). Despite never being
shown in fish, evidence suggests that progesterone may play a role in regulating genes
within the prostaglandin biosynthetic pathway. It has been shown that the ovarian
expression of the cPLA2 (cpla2) and COX-2 (ptgs2) genes increase prior to ovulation in
zebrafish (Lister and Van Der Kraak, 2009). This is preceded by an increase in 17,20β-P
production around the time oocyte maturation is expected to be occurring (Lister and Van
Der Kraak, 2009), which suggests that 17,20β-P may play a role in regulating cpla2 and
ptgs2 expression. Lister and Van Der Kraak (2009) used hCG to mimic LH and showed
that hCG stimulates cpla2 and ptgs2 expression in zebrafish in vivo. However, in vitro
studies in our lab showed that hCG does not have a direct effect on cpla2 and ptgs2.
Therefore it seems plausible that hCG stimulates the production of another hormone such
as 17,20β-P, which then acts to stimulate gene expression.
Similar to the temporal profile of 17,20β-P production, in vivo expression levels
of IGF-3 were shown to be highest around the time oocyte maturation was expected to
occur (Nelson and Van Der Kraak, 2010a). Nelson and Van Der Kraak (2010b) showed
that human recombinant IGF-1 stimulates oocyte maturation and 17,20β-P production in
zebrafish ovarian tissue in vitro. Li et al. (2011) later confirmed that recombinant
zebrafish IGF-3 has a similar stimulatory effect on oocyte maturation. This gives rise to
the notion that IGF-3 may also play a role in prostaglandin production by affecting the
expression of cpla2 and ptgs2. This is supported by previous studies showing that IGF-1
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stimulates sPLA2 and COX-2 gene expression and PGE2 synthesis in mammalian ovaries
(Kol et al., 1997; Cao et al., 2007).

Intracellular signalling pathways involved in IGF and 17,20β-P actions
It is well accepted that oocyte maturation is regulated by intracellular signalling
pathways that are initiated by gonadotropin and result in the activation of the MPF
(Sagata et al. 1989). However, the specific pathways mediating IGF and 17,20β-Pinduced oocyte maturation have not been studied in zebrafish. Phosphatidylinositol 3kinase (PI3K) and mitogen-activated protein kinase (MAPK) are two important pathways
known to mediate IGF actions. The ovarian PI3K pathway involves the binding of IGF-1
to the IGF-1 receptor (IGF-1R; Figure 2). Upon binding, the IGF-1 receptor substrate-1
(IRS-1) becomes activated and leads to the activation of PI3K (Paul et al., 2009). In
addition, the binding of IGF-1 to the IGF-1R activates the MAPK kinase (MEK) leading
to the activation of MAPK (Paul et al., 2009; Figure 2). Previous studies have shown the
PI3K pathway to mediate IGF-1-induced oocyte maturation in amphibians (Liu et al.
1995) and fish (Weber and Sullivan, 2001). The MAPK pathway was also shown to play
a role in IGF-1-induced oocyte maturation in fish (Paul et al., 2009).
It has been suggested that the actions of progesterone are mediated by the
membrane and nuclear progesterone receptors (mPR, nPR). The early signalling events
that occur after the binding of progesterone are not well understood, but they are thought
to lead to the activation of the PI3K and MAPK pathways. This is supported by studies
on amphibians and fish which showed that progesterone-induced oocyte maturation was
blocked by PI3K inhibition (Ju et al. 2002; Pace and Thomas, 2005). In contrast, the
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involvement of MAPK in progesterone-induced oocyte maturation is uncertain since
previous studies have yielded contradictory results. While some studies have suggested a
role for MAPK in progesterone-induced oocyte maturation in amphibians (Segata et al.,
1989) and mammals (Su et al., 2003), others have suggested that MAPK activation is not
essential for oocyte maturation to occur in amphibians (Fabian et al., 1993) and fish
(Kajiura-Kobayashi et al. 2000). Instead, it has been proposed that the MAPK pathway
assists in the maturation process by performing various other regulatory functions (Sadler
and Ruderman, 1998; Nebreda and Ferby, 2000). However, the involvement of the
MAPK signalling pathway in oocyte maturation has never been studied in zebrafish.
The roles of the PI3K and MAPK pathways in mediating progesterone- or IGFinduced ovarian prostaglandin synthesis have never been shown in teleosts. However,
recent studies suggest that prostaglandin synthesis may be regulated by these pathways in
mammals. It has been shown that the PI3K and MAPK pathways are involved in IGF-1induced COX-2 expression in human ovaries since inhibition of these pathways
decreased IGF-1-induced COX-2 transcription (Cao et al., 2007). Studies in humans and
mice have also suggested a role for the MAPK pathway in mediating progesteroneinduced COX-2 expression. Tsai et al. (2008) used the progesterone inhibitor RU486 to
block hCG induced MAPK activation and COX-2 expression in human granulosa luteal
cells. It has also been shown that MAPK inhibition blocks gonadotropin-induced ptgs2
expression in mice, suggesting that MAPK may also mediate progesterone induced ptgs2
expression (Su et al., 2003). Furthermore, various studies on humans have suggested that
PGE2 production is regulated by the PI3K and MAPK signalling pathways. For example,
Gao et al. (2009) showed that leptin-induced PGE2 production in human endometrial
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cells was blocked by the inhibition of PI3K and MAPK. It was also shown that the
activation of MAPK by gonadotropin leads to an increase in PGE2 synthesis in human
endometrial cells (Banerjee et al., 2009).

Thesis objectives and outline
The purpose of my thesis was to gain a better understanding of the regulation of
prostaglandin synthesis in zebrafish ovarian follicles. Specifically, the roles of 17,20β-P
and IGF-1 in prostaglandin synthesis were investigated. Human recombinant IGF-1 was
used since a zebrafish IGF-3 protein was not available when these studies were
conducted. The first objective (Chapter 2) was to determine whether 17,20β-P and IGF-1
affect cPLA2 (cpla2), COX-1 (ptgs1), and COX-2 (ptgs2) gene expression and PGF2α and
PGE2 synthesis in both mid-vitellogenic (MV) and full grown (FG) follicles in vitro. The
cpla2 and ptgs1/ptgs2 genes were examined since they play critical roles during
prostaglandin synthesis, which are to cleave membrane phospholipids to release
arachidonic acid and convert arachidonic acid into prostaglandin precursors, respectively
(Figure 1). The thesis also set out to confirm the role of 17,20β-P and IGF-1 in oocyte
maturation.
The second objective (Chapter 3) was to determine the intracellular signalling
pathways involved in the regulation of oocyte maturation and prostaglandin production in
FG zebrafish follicles. The thesis focussed on examining the role of PI3K and MAPK in
mediating IGF-1 and 17,20β-P actions. Therefore, PI3K and MAPK inhibitors were used
to determine if these signalling pathways mediate IGF-1- and 17,20β-P-induced oocyte
maturation, cpla2 and ptgs2 expression, and PGF2α production.
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Chapter 4 is a general discussion integrating the main findings of the thesis. The
important contributions to the field are discussed with suggestions for further research.
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Figure 1. Schematic diagram of the prostaglandin biosynthetic pathway.
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Figure 2. Simplified diagram of the PI3K and MAPK signal transduction pathways.
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CHAPTER 2

Regulation of prostaglandin synthesis in the zebrafish ovary:
actions of 17,20β-P and IGF-1

ABSTRACT
Oocyte maturation and ovulation are sequential events leading to the release of an
oocyte that is ready to be fertilized. While earlier studies have shown that 17α, 20βdihydroxy-4-pregnen-3-one (17,20β-P) and the insulin-like growth factor (IGF) system
are regulators of oocyte maturation in the zebrafish (Danio rerio; Nelson and Van Der
Kraak, 2010b), it is not known whether these hormones play a role in the regulation of
prostaglandin synthesis which is thought to mediate ovulation. The goal of this study was
to determine in mid-vitellogenic (MV) and full grown (FG) zebrafish ovarian follicles
whether 17,20β-P and human recombinant IGF-1 affect the expression of genes involved
in prostaglandin biosynthesis including phospholipase A2 (cpla2), cyclooxygenase 1
(ptgs1) and cyclooxygenase 2 (ptgs2), or the levels of prostaglandin E2 (PGE2) and
prostaglandin F2α (PGF2α). Both 17,20β-P and IGF-1 stimulated oocyte maturation in
both size classes of follicles. In FG follicles, addition of 17,20β-P caused an increase in
cpla2 expression, whereas IGF-1 increased ptgs2 expression and at high concentrations
stimulated cpla2. There was an additive increase in cpla2 expression when both
hormones were combined. Measurement of prostaglandin levels from the incubation
medium revealed that both 17,20β-P and IGF-1 increased PGF2α production, and IGF-1
also induced PGE2 synthesis. Interestingly, 17,20β-P had no effect on cpla2 and ptgs2
expression and PGF2α production in MV follicles, whereas IGF-1 stimulated the
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expression of both cpla2 and ptgs2 and production of PGF2α in these follicles.
Collectively, these results suggest that the regulation of prostaglandin biosynthesis in fish
ovarian follicles may involve the coordinated actions of 17,20β-P and IGFs. Furthermore
there are developmental differences in the responsiveness of MV and FG follicles to
these regulators.
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INTRODUCTION
Prostaglandins, notably prostaglandin E2 (PGE2) and prostaglandin F2α (PGF2α),
are known to play a role in the ovulation of vertebrates, including mammals (Algire et al.,
1992; Duffy and Stouffer, 2001), amphibians (Sena and Lui, 2008), birds (Hudelson and
Hudelson, 1996), and fish (Stacey and Pandey, 1975; Stacey, 1976; Goetz and
Nagahama, 1985; Lister and Van Der Kraak, 2008; Fujimori et al., 2011). Prostaglandin
levels have been shown to be increased in the ovaries of fish during ovulation and
ovulation may be blocked through the actions of indomethacin, which non-selectively
inhibits the prostaglandin synthesis enzyme, cyclooxygenase (COX) (Cetta and Goetz,
1982; Patino et al., 2003b; Lister and Van Der Kraak, 2008; Fujimori et al., 2011).
Despite the importance of prostaglandins during the ovulatory process, little is known
about the regulatory factors controlling their biosynthesis in fish. Lister and Van Der
Kraak (2009) showed that in vivo injections of human chorionic gonadotropin (hCG), to
mimic the effects of luteinizing hormone (LH), led to an increase in PGF2α levels in
zebrafish ovaries. However, subsequent in vitro studies by this lab failed to show a direct
effect of hCG on prostaglandin synthesis in fish ovarian follicles, suggesting that the
stimulatory action of the gonadotropin on ovarian prostaglandin synthesis may be
mediated by other hormones. In fish, there is a paucity of information regarding the
regulation, as well as the roles of specific prostaglandins in the ovaries of fish in terms of
their involvement in maturation and/or ovulation
A current belief is that LH-dependent oocyte maturation and ovulation in teleosts
is mediated by a maturation-inducing steroid, which is the progestin 17α, 20β-dihydroxy4-pregnen-3-one (17,20β-P) in many fish (Patino and Sullivan, 2002). This dependency
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on 17,20β-P is supported in the zebrafish through studies using in vitro cultures of fullgrown follicles, which demonstrated that hCG stimulates 17,20β-P production and
17,20β-P stimulates oocyte maturation of the follicles; yet, hCG has no effect on the rate
of germinal vesicle breakdown (maturation) (Nelson and Van Der Kraak, 2010b). There
is evidence in mammals that the coordinated actions of gonadotropin and progestins
culminate in increased synthesis of prostaglandins, which is necessary for ovulation to
occur (Tojo and Huston, 1981; Pinter and Thomas, 1999; Bridges and Fortune, 2007).
For example, in mammals LH has been shown to 1) increase the expression of cytosolic
phospholipase A2 (cPLA2), which cleaves membrane phospholipids to release
arachidonic acid (Diouf et al., 2006), 2) induce the expression of COX-1 and COX-2,
which converts arachidonic acid into prostaglandin precursors (Arosh et al., 2002), and 3)
increase prostaglandin production in ovarian follicles (Stouffer et al., 2007). In fish it has
also been suggested that progesterone regulates prostaglandin synthesis (Goetz et al.,
1989; Goetz and Garczynski, 1997), but the specific mode of action has not yet been
explored.
There is evidence that locally derived protein hormones and growth factors may
also play a role in stimulating prostaglandin synthesis. For example, it has been shown
that insulin-like growth factor-1 (IGF-1) induces phospholipase gene expression in rat
ovaries (Kol et al., 1997), and COX-2 gene expression and PGE2 synthesis in human
ovaries (Cao et al., 2007). Although this has never been demonstrated in teleosts, IGF-1
has been shown to play a role in other reproductive functions such as follicular growth
and development (Srivastava and Van Der Kraak, 1994; Srivastava and Van Der Kraak,
1995), oocyte maturation (Weber and Sullivan, 2001; Chourasia and Joy, 2008; Paul et
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al., 2009; Nelson and Van Der Kraak, 2010b) and steroidogenesis (Maestro et al., 1997;
Weber and Sullivan, 2000; Nelson and Van Der Kraak, 2010b). Recently, it was found
that zebrafish contain a unique form of IGF, named IGF-3 (Wang et al., 2008) that is
predominantly expressed in the ovary and has also been shown to stimulate oocyte
maturation (Li et al., 2011). Furthermore, it has been demonstrated that hCG stimulates
IGF-3 expression in zebrafish follicles (Nelson and Van Der Kraak, 2010a; Li et al.,
2011), giving rise to the notion that hCG-induced maturation may be mediated via the
actions of IGF-3 in fish.
The purpose of this study was to investigate the effects of 17,20β-P and human
IGF-1 on the regulation of the prostaglandin biosynthetic pathway in zebrafish ovarian
follicles. Mid-vitellogenic (MV) and full-gown (FG) follicles were used in this study in
order to investigate whether the actions of the compounds were dependent on the stage of
growth of the follicles. Human recombinant IGF-1 was used since zebrafish IGF-3 was
not available when these studies were conducted. Recent studies have shown that human
IGF-1and recombinant zebrafish IGF-3 have similar effects on the induction of oocyte
maturation in the zebrafish (Nelson and Van Der Kraak, 2010b; Li et al., 2011). In the
current study, quantitative PCR (qPCR) was used to determine whether 17,20β-P and
IGF-1 induce changes in cPLA2 (cpla2), COX-1 (ptgs1), and COX-2 (ptgs2) gene
expression in both MV and FG zebrafish ovarian follicles in vitro. Enzyme
immunoassays (EIA) were used to determine the effects of 17,20β-P and IGF-1 on PGE2
and PGF2α production by MV and FG follicles. Additionally, effects of 17,20β-P and
IGF-1 on the induction of oocyte maturation were determined.
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MATERIALS AND METHODS
Animals
Adult zebrafish (Danio rerio) were obtained from AQUAlity Tropical Fish
Wholesale (Mississauga, ON, Canada) and held in an A-Hab containment unit (Aquatic
Habitats, Apopka, FL) at the Hagen Aqualab (University of Guelph). Actively breeding
fish were maintained in re-circulating well water at 28°C with a 12 hour light: 12 hour
dark photoperiod. They were fed commercial salmon fry pellets (Martin Mills, Elmira,
ON, Canada) twice daily to satiety and supplemented occasionally with bloodworms
(Oregon Desert Brine Shrimp Co., Lakeview, OR). All experiments followed protocols
approved by the University of Guelph Animal Care Committee.
Experiments
All experiments were conducted using mid-vitellogenic (MV; 0.45-0.56 mm) or
full grown (FG; 0.57-0.65 mm) ovarian follicles, with different stages identified based on
the criteria described by Selman et al. (1993). Sexually mature zebrafish were euthanized
by an overdose of tricaine methanesulfonate (MS-222; 1 g/l) (Syndel Laboratories Inc.,
Vancouver, BC, Canada) followed by cervical transection. Ovarian follicles from 10-20
fish were sorted based on size using forceps, then pooled and randomly distributed into a
24-well polystyrene tissue culture plate (Corning Inc., Corning, NY) containing 1 ml of
60% Leibovitz’s L-15 medium with phenol red (Invitrogen, Carlsbad, CA), 200 µg/ml
streptomycin and 200 U/ml penicillin (Invitrogen). Approximately 40 follicles were
distributed into each well. Treatments were added to the wells and then follicles were
incubated at 28°C for either 6 or 18 hr. Maturation of the follicles was assessed at the
end of the incubation period by counting the proportion that underwent germinal vesicle

19

breakdown (GVBD), which changes the appearance of the follicle as it goes from opaque
to translucent (Lessman, 2009). The follicles were then separated from the media and
both follicles and media were frozen on dry ice and stored at -80°C. The gene expression
of cpla2, ptgs1, and ptgs2 were measured in follicles using qPCR and the levels of PGE2
and PGF2α in the media were measured by enzyme immunoassay (EIA).
Test compounds included human recombinant IGF-1 (Sigma–Aldrich, St. Louis,
MO) which was dissolved in 60% L-15 medium and 17,20β-P (Sigma–Aldrich) which
was dissolved in ethanol. The final concentration of ethanol in the 17,20β-P treated wells
was 0.1% ethanol and control wells received an equal amount of ethanol. All
experiments were conducted at least three times using different pools of ovarian follicles
and each treatment was done in quadruplicate.
RNA extraction and quantification
Total RNA was extracted from ovarian follicles using TRIzol reagent according
to the manufacturer’s protocol (Invitrogen). Following the extraction, total RNA was
pelleted by centrifugation, rinsed with 75% ethanol, then reconstituted in 10µl RNasefree water (Invitrogen) and incubated at 60ºC for 10 minutes to fully dissolve the RNA
pellet. RNA was diluted 50-fold in RNase-free water and quantified at an absorbance of
260 nm using a NanoDrop 8000 spectrophotometer (Thermo Scientific, Waltham, MA).
All samples had an A260/280 ratio between 1.8 and 2.2.
Reverse transcription
RNA was diluted in RNase-free water to a concentration of 1µg/µl and 2 µg was
used in the reaction. Each sample was treated with 1 µl DNase 1 (AMP-D1, SigmaAldrich) according to the manufacturer’s protocol. Random primers (0.01 ng, Promega,
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Madison, WI) were added to each sample then incubated for 5 min at 70°C. A cocktail
consisting of 5X RT buffer (50 mM Tris–HCl, 75 mM KCl, 3 mM MgCl2, Invitrogen),
RNase-free water, RNasin (40 IU, Promega), dNTPs (0.5 mM, Roche Molecular
Biochemicals, Laval, QC, Canada), DTT (10 mM, Invitrogen) and M-MLV reverse
transcriptase (200 U, Invitrogen) was added to each sample to obtain a final volume of 25
µl. The reverse transcription reactions were completed in an Eppendorf Mastercycler
Gradient thermocycler (Eppendorf, Hamburg, Germany) for 1 hr at 37ºC followed by 5
min at 90ºC, then diluted 5-fold and stored at -20ºC until qPCR amplification.
Quantitative PCR
Primers appropriate for qPCR were designed to span exon-exon boundaries using
Primer Express software v. 2.0 (Applied Biosystems, Forster City, CA). Primer
sequences and accession numbers for elongation factor-1a (ef1α), cpla2, ptgs1, and ptgs2
were reported in Lister and Van Der Kraak (2009). cDNA was amplified using the
SYBR method and StepOnePlus Real-Time PCR System (Applied Biosystems). The
reaction contained 3.75 µl of cDNA template, 7.5 µl PerfeCTa SYBR Green FastMix
(Quanta Biosciences, Gaithersburg, MD), and 1.875 µl of forward and reverse primers
(1.6 µM, Sigma-Aldrich). The cycle consisted of 5 min at 95°C, then 40 cycles of 1 sec
at 95°C, followed by 30 sec at 60°C. The expression levels of ef1α remained unchanged
across treatments and were used as an endogenous control gene to normalize the genes of
interest. A four point standard curve was run for each gene in order to quantify gene
expression. The average R2 value obtained for each standard curve was as follows:
ef1α=0.98, cpla2=0.97, ptgs1=0.99, ptgs2=0.97. Amplification efficiency was calculated
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using the equation %E = (10 (-1/slope) -1) x 100. The average efficiency obtained for each
primer pair was as follows: ef1α=108, cpla2=103, ptgs1=107, ptgs2=91.
Enzyme immunoassay
PGF2α and PGE2 levels were measured directly from the medium using an EIA kit
(Cayman Chemical, Ann Arbor, MI) according to the manufacturer’s protocol. The assay
was run in duplicate with detectable prostaglandin levels measured from 50 µl of culture
media. Absorbance was measured at a wavelength of 405 nm using a Spectramax 190
spectrophotometer (Molecular Devices, Sunnyvale, CA).
Statistical analysis
Statistical values and graphs represent data pooled from replicate experiments.
Comparisons in oocyte maturation, gene expression, and prostaglandin levels were made
between treatment groups using the statistics program SPSS (v. 17). Data were initially
tested for homogeneity of variance with a Levene’s test, and when necessary, data was
log transformed to satisfy the Levene’s test. Statistical significance was determined
using a univariate ANOVA to test for main effects, followed by a Tukey’s posthoc test
for multiple comparisons. Significance was denoted by p<0.05. Outliers were tested for
using a z-score and discarded if they fell outside the ±2.5 range. Statistical tests for
oocyte maturation, gene expression, and prostaglandin levels were performed on percent
GVBD, normalized gene expression values, and measured hormone concentrations,
respectively, but graphed as the mean fold change.
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RESULTS
Treatment of FG follicles with 17,20β-P at 1, 10 and 100 ng/ml induced a
significant increase in the proportion of follicles undergoing oocyte maturation after 6 hr
of incubation (Fig. 1). In the same incubations, 17,20β-P at 10 and 100 ng/ml
significantly induced the expression of cpla2 but had no effect on ptgs1 and ptgs2
expression (Fig. 2). A modest, but significant decrease in PGF2α production was
observed in FG follicles incubated for 6 hr with 100 ng/ml 17,20β-P (Fig. 3). FG
follicles incubated longer (18 hr) with 10 ng/ml of 17,20β-P showed increased expression
of cpla2 (2.6 fold; Fig. 4). Expression of ptgs2 also increased in response to 17,20β-P,
but this was not statistically significant (Fig. 4). Incubation media from the same
experiment showed increased levels of PGF2α (Fig. 4 insert) and maturation was
increased significantly by 17,20β-P treatment (data not shown).
Similar to the FG follicle experiments, MV follicles treated with 17,20β-P (10
ng/ml) showed a significant increase in oocyte maturation after both 6 hr (control=1%,
17,20β-P=39%) and 18 hr (control=1%, 17,20β-P=43%) of incubation, but there was no
effect on the expression of cpla2, ptgs1 and ptgs2, or the production of PGF2α (data not
shown).
FG follicles treated with increasing concentrations of IGF-1 (25, 50, 100, and 200
nM) for 6 hr were induced to undergo oocyte maturation (Fig. 5) and showed
significantly increased levels of ptgs2 expression (Fig. 6) and levels of PGF2α in the
incubation media (Fig. 7) at all doses tested. As well, cpla2 expression (Fig. 6) and PGE2
levels (Fig. 7) were increased but this effect was only significant at the highest dose of
IGF-1 tested (200 nM).
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In tests with MV follicles, IGF-1 (100 nM) stimulated a 10-fold increase in oocyte
maturation (Fig. 8) and significantly increased the expression levels of both cpla2 and
ptgs2, whereas the expression of ptgs1 did not change (Fig. 9). Furthermore, the
incubation media from the IGF-1 treatments showed a 3-fold increase in PGF2α levels
compared with the controls (Fig. 10).
In other studies, FG follicles were incubated with 17,20β-P (10 ng/ml) or IGF-1
(100 nM) alone, or a combined treatment of these hormones for 6 hr to investigate
potential interactive effects of treatment. As expected, the proportion of mature follicles
was increased by treatment with both 17,20β-P and IGF-1, but maturation did not change
with the combined treatment (Fig. 11). Follicles treated with 17,20β-P plus IGF-1
displayed an additive increase in cpla2 expression since it was significantly higher than
the expression levels in follicles treated with 17,20β-P or IGF-1 alone. The increased
ptgs2 expression observed by treatment with IGF-1 and the combination of the hormones
was similar, but was significantly different than the control or 17,20β-P treatment (Fig.
12). Again, IGF-1 and the combined treatment of IGF-1 and 17,20β-P similarly
increased PGF2α levels in the incubation media (Fig. 13).

DISCUSSION
The important contribution of this study is the demonstration that 17,20β-P and
IGF-1 play a role in the regulation of prostaglandin biosynthesis. Interestingly, these
hormones act differently since 17,20β-P only induces cpla2 expression in FG follicles
whereas IGF-1 induces the expression of both cpla2 and ptgs2 under the same
experimental conditions. The current study also confirms the results of earlier work
24

showing that 17,20β-P and IGF-1 stimulate oocyte maturation (Selman et al., 1994;
Nelson and Van Der Kraak, 2010b) and prostaglandin production (Goetz et al., 1989;
Goetz and Garczynski, 1997; Cao et al., 2007) in ovarian follicles.
Our study is the first to show that the addition of 17,20β-P to FG follicles in vitro
causes a significant increase in cpla2 expression. However, the current study did not
show a significant change in ptgs2 expression in response to 17,20β-P. Several studies
have shown that progestins play a role in the regulation of prostaglandin biosynthesis
during the periovulatory period, and do so by affecting COX-2 gene expression. For
example, Sena and Liu (2008) demonstrated an up-regulation of COX-2 mRNA
expression in Xenopus laevis ovarian follicles after treatment with progesterone (P4) in
vitro. It was further shown that the COX-2 inhibitor, NS398, caused a decrease in
progesterone-induced prostaglandin production. A recent study on bovine revealed that
the progesterone receptor antagonist, mifepristone, inhibited LH-induced COX-2 gene
expression and prostaglandin production, suggesting that gonadotropin-induced
progesterone production mediates the increase in COX-2 gene expression and
prostaglandin production (Bridges et al., 2006). This is in sharp contrast to our studies
with zebrafish follicles where 17,20β-P had no effect on ptsg2 in 6 hr incubations and
only a modest but not significant effect after 18 hr of incubation. So while our work has
shown a progestin to affect the prostaglandin biosynthetic pathway by increasing cpla2
expression, it is interesting that it differs from what is reported in amphibians and
mammals where progestins were shown to affect COX-2 gene expression. The
differences in progestin actions between these species may have resulted from
evolutionary modifications to its functionality. In fish, 17,20β-P seems to have only

25

retained the ability to regulate cpla2 expression, while losing the ability to stimulate
ptgs2. However, the evolution of IGF-3 seems to have filled this role since this study
demonstrated its involvement in the regulation of ptgs2 expression in zebrafish.
The current study shows that IGF-1 stimulates both cpla2 and ptgs2 expression in
FG and MV zebrafish follicles; however, it has a greater effect on ptgs2 since the change
in expression is more robust and occurs at a lower concentration of IGF-1 treatment.
Although this is the first study to show the effects of IGF-1 on cpla2 expression in
teleosts, a previous study on rat ovaries has shown IGF-1 to increase the expression of the
secretory form of PLA2, (Kol et al., 1997). It has also been demonstrated that IGF-1
increases COX-2 gene expression in human ovaries (Cao et al., 2007).
Both 17, 20β-P and IGF-1 are able to increase PGF2α levels in FG zebrafish
follicles in vitro, but 17, 20β-P needs a longer incubation time of 18 hr, whereas IGF-1
causes changes to PGF2α after only 6 hr. Since 17, 20β-P increases cpla2 expression after
6 hr and only causes a modest increase in ptgs2 after 18 hr, it shows that 17, 20β-P only
exerts its effects early within the prostaglandin biosynthetic pathway, therefore causing
PGF2α production to occur at a slower rate. In contrast, IGF-1 increases both cpla2 and
ptgs2 expression after 6 hr, showing that IGF-1 exerts its effects both early and
downstream within the prostaglandin biosynthetic pathway, therefore increasing the rate
of PGF2α production.
Although 17, 20β-P and IGF-1 were found to differentially regulate the
prostaglandin biosynthetic pathway, it seems likely that there is an interaction between
these hormones during prostaglandin synthesis. This was demonstrated in the current
study since a combination of 17, 20β-P plus IGF-1 caused an additive increase in cpla2
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expression. Very few studies have examined the interactions between 17, 20β-P and
IGFs on reproductive functions; however, two recent in vitro studies on zebrafish support
the concept of an interaction between these hormones. Nelson and Van Der Kraak
(2010a) showed that 17, 20β-P caused a decrease in IGF-3 gene expression in FG
follicles. Another study by Nelson and Van Der Kraak (2010b) showed that IGF-1
caused an increase in 17, 20β-P production by zebrafish ovarian tissue. The ability for
both hormones to regulate each other suggests that their actions may be closely
integrated. This is further supported since the in vivo levels of 17, 20β-P and IGF-3 gene
expression increase at approximately the same time during the ovulatory period when
oocyte maturation is expected to be occurring (Lister and Van Der Kraak, 2009; Nelson
and Van Der Kraak, 2010a). At this point it seems likely that 17, 20β-P and IGF-3
initiate cpla2 and ptgs2 expression, followed by an increase in PGF2α levels around the
time of spawning (Lister and Van Der Kraak, 2008). Therefore, it seems that both 17,
20β-P and IGF-3 perform specific roles that are important in the regulation of oocyte
maturation, gene transcription and prostaglandin synthesis.
The current study revealed developmental differences in the regulation of
prostaglandin synthesis in that 17, 20β-P only induces prostaglandin synthesis in FG
follicles, whereas IGF-1 has the same effect on both MV and FG follicles. Treatment of
MV follicles with 17,20β-P stimulated a significant increase in oocyte maturation, but
had no affect on cpla2, ptgs1, and ptgs2 expression and PGF2α production. Despite the
maturational ability of both follicles classes in response to 17,20β-P, it seems that factors
present in FG follicles that allow cpla2 and ptgs2 to respond to 17,20β-P are not present
in MV follicles. This may be a mechanism to prevent less developed MV follicles from
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initiating the ovulatory process before they are FG. It is possible that the differences in
responsiveness between MV and FG follicles may be partly attributed to a variation in
membrane and nuclear progesterone receptor (mPR, nPR) expression during ovarian
development. It is believed that 17,20β-P acts through the mPR to stimulate oocyte
maturation and through the nPR to cause genomic changes related to ovarian
development and ovulation (Patino and Sullivan, 2002). Hanna and Zhu (2009) found
that mPR gene expression and protein levels increased from early to later stage follicles
in zebrafish, which may explain why both MV and FG follicles were able to mature in
response to 17,20β-P. However, in another study on zebrafish it was found that the nPR
transcript and protein were both highly expressed in all follicle stages (Hanna et al.,
2010), therefore other downstream factors that play a role in promoting prostaglandin
synthesis may be present in FG follicles but not MV follicles.
The current study found that IGF-1 causes an increase in both PGF2α and PGE2
production in FG follicles after a 6 hr incubation. One important difference to note is that
IGF-1 induced higher levels of PGF2α production than PGE2 production, which indicates
that IGF-1 may play an additional role in regulating specific prostaglandin synthases.
Based on these results it suggests that IGF-1 may be involved in regulating PGF
synthases, but has less involvement in regulating PGE synthases. A recent in vivo study
has shown that ovarian gene expression of prostaglandin E synthase-2 remains
unchanged throughout the ovulatory cycle in zebrafish (Lister and Van Der Kraak, 2009);
however, in vitro studies may be useful to determine what factors are involved in
regulating prostaglandin E-synthase-2. To date, a prostaglandin F synthase gene has not
been identified in fish, so little is known about the final steps of PGF2α synthesis. The
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higher levels of PGF2α measured in this study may also indicate that it plays a more
important role in the ovulatory process than PGE2, but further studies are needed to gain a
better understanding of the relative importance of PGF2α and PGE2 in the ovulatory cycle.
In the current study, oocytes did not mature in a dose dependent manner after
treatment with increasing concentrations of 17,20β-P or IGF-1, but instead they displayed
an all or nothing response. This suggests that the lowest dose used in these experiments
may have been high enough to saturate all receptors to induce a maximal effect.
Alternatively, it is possible that the saturation of receptors is not necessary to initiate
oocyte maturation, but instead only a small number of molecules are required to elicit a
response. This high sensitivity to hormones may be an evolutionary strategy to increase
reproductive success in the natural environment by ensuring oocyte maturation still
occurs during times of low hormone production. However, further studies with lower
doses may be necessary to test this.
In conclusion, this study showed that 17,20β-P and IGF-1 play critical roles in the
regulation of prostaglandin biosynthesis. It was shown that 17,20β-P stimulates cpla2
expression, whereas IGF-1 stimulates both cpla2 and ptgs2. This study lays the
foundation to examine the signal transduction pathways that mediate 17,20β-P- and IGF1-induced prostaglandin production. Additional research on other local factors that may
play a role regulating cpla2 and ptgs2 would be useful to gain a more thorough
understanding of the regulation of prostaglandin synthesis.
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FIGURES

Figure 1. Maturation of full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with 0.1% ethanol (control) and increasing concentrations of 17,20β-P.
Percent germinal vesicle breakdown (GVBD) was used as an indicator of oocyte
maturation. Values represent mean ± S.E.M. of three experiments consisting of 4-5
replicates each. Letters indicate statistical differences between treatments (p<0.05;
ANOVA, Tukey’s).
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Figure 2. Expression of phospholipase A2 (cpla2), cyclooxygenase-1 (ptgs1), and
cyclooxygenase-2 (ptgs2) in full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with 0.1% ethanol (control) and increasing concentrations of 17,20β-P. The
expression levels were normalized to that of elongation factor-1α (ef1α) and expressed as
the fold change relative to the levels of the control. Values represent mean ± S.E.M. of
three experiments consisting of 4-5 replicates each. Letters indicate statistical differences
between treatments (p<0.05; ANOVA, Tukey’s).
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Figure 3. Levels of prostaglandin F2α (PGF2α) in the media following a 6 hour
incubation of full grown zebrafish (Danio rerio) follicles in the presence of 0.1% ethanol
(control) and increasing concentrations of 17,20β-P. Prostaglandin levels were expressed
as the fold change relative to the levels of the control. Values represent mean ± S.E.M. of
three experiments consisting of 4-5 replicates each. Letters indicate statistical differences
between treatments (p<0.05; ANOVA, Tukey’s).
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Figure 4. Expression of phospholipase A2 (cpla2), cyclooxygenase-1 (ptgs1), and
cyclooxygenase-2 (ptgs2) in full grown zebrafish (Danio rerio) follicles after an 18 hour
incubation with 0.1% ethanol (control) and 17,20β-P (10 ng/ml). The expression levels
were normalized to that of elongation factor-1α (ef1α) and expressed as the fold change
relative to the levels of the control. The insert graph shows corresponding levels of
prostaglandin F2α (PGF2α) in the media from the same follicle incubations and were
expressed as the fold change relative to the levels of the control. Values represent mean
± S.E.M. of four experiments consisting of 4-5 replicates each. Letters indicate statistical
differences between treatments (p<0.05; ANOVA).
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Figure 5. Maturation of full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with increasing concentrations of IGF-1. Percent germinal vesicle breakdown
(GVBD) was used as an indicator of oocyte maturation. Values represent mean ± S.E.M.
of three experiments consisting of 4-5 replicates each. Letters indicate statistical
differences between treatments (p<0.05; ANOVA, Tukey’s).
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Figure 6. Expression of phospholipase A2 (cpla2), cyclooxygenase-1 (ptgs1), and
cyclooxygenase-2 (ptgs2) in full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with increasing concentrations of IGF-1. The expression levels were
normalized to that of elongation factor-1α (ef1α) and expressed as the fold change
relative to the levels of the control. Values represent mean ± S.E.M. of three experiments
consisting of 4-5 replicates each. Letters indicate statistical differences between
treatments (p<0.05; ANOVA, Tukey’s).
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Figure 7. Levels of prostaglandin E2 (PGE2) and prostaglandin F2α (PGF2α) in the media
following a 6 hour incubation of full grown zebrafish (Danio rerio) follicles in the
presence of increasing concentrations of IGF-1. Prostaglandin levels were expressed as
the fold change relative to the levels of the control. Control PG levels measured from the
medium were 4.27 pg/follicle PGE2 and 0.34 pg/follicle PGF2α. Values represent mean ±
S.E.M. of three experiments consisting of 4-5 replicates each. Letters indicate statistical
differences between treatments (p<0.05; ANOVA, Tukey’s).
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Figure 8. Maturation of mid-vitellogenic zebrafish (Danio rerio) follicles after a 6 hour
incubation with IGF-1 (100 nM). Percent germinal vesicle breakdown (GVBD) was used
as an indicator of oocyte maturation. Values represent mean ± S.E.M. of three
experiments consisting of 4 replicates each. Letters indicate statistical differences
between treatments (p<0.05; ANOVA).
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Figure 9. Expression of phospholipase A2 (cpla2), cyclooxygenase-1 (ptgs1), and
cyclooxygenase-2 (ptgs2) in mid-vitellogenic zebrafish (Danio rerio) follicles after a 6
hour incubation with IGF-1 (100 nM). The expression levels were normalized to that of
elongation factor-1α (ef1α) and expressed as the fold change relative to the levels of the
control. Values represent mean ± S.E.M. of three experiments consisting of 4 replicates
each. Letters indicate statistical differences between treatments (p<0.05; ANOVA).
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Figure 10. Levels of prostaglandin F2α (PGF2α) in the media following a 6 hour
incubation of mid-vitellogenic zebrafish (Danio rerio) follicles in the presence of IGF-1
(100 nM). Prostaglandin levels were expressed as the fold change relative to the levels of
the control. Values represent mean ± S.E.M. of three experiments consisting of 4
replicates each. Letters indicate statistical differences between treatments (p<0.05;
ANOVA).
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Figure 11. Maturation of full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with 0.1% ethanol (control), 17,20β-P (10 ng/ml), IGF-1 (100 nM) and
17,20β-P + IGF-1. Percent germinal vesicle breakdown (GVBD) was used as an indicator
of oocyte maturation. Values represent mean ± S.E.M. of three experiments consisting of
4-5 replicates each. Letters indicate statistical differences between treatments (p<0.05;
ANOVA, Tukey’s).
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Figure 12. Expression of phospholipase A2 (cpla2), cyclooxygenase-1 (ptgs1), and
cyclooxygenase-2 (ptgs2) in full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with 0.1% ethanol (control), 17,20β-P (10 ng/ml), IGF-1 (100 nM) and
17,20β-P + IGF-1. The expression levels were normalized to that of elongation factor-1α
(ef1α) and expressed as the fold change relative to the levels of the control. Values
represent mean ± S.E.M. of three experiments consisting of 4-5 replicates each. Letters
indicate statistical differences between treatments (p<0.05; ANOVA, Tukey’s).
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Figure 13. Levels of prostaglandin F2α (PGF2α) in the media following a 6 hour
incubation of full grown zebrafish (Danio rerio) follicles in the presence of 0.1% ethanol
(control), 17,20β-P (10 ng/ml), IGF-1 (100 nM) and 17,20β-P + IGF-1. Prostaglandin
levels were expressed as the fold change relative to the levels of the control. Values
represent mean ± S.E.M. of three experiments consisting of 4-5 replicates each. Letters
indicate statistical differences between treatments (p<0.05; ANOVA, Tukey’s).
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CHAPTER 3

The role of the PI3K and MAPK signalling pathways in IGF-1 and
17,20β-P induced oocyte maturation and prostaglandin synthesis in
zebrafish

ABSTRACT
It has recently been shown that IGFs and the maturation inducing steroid 17α, 20βdihydroxy-4-pregnen-3-one (17,20β-P) stimulate oocyte maturation and prostaglandin
synthesis in zebrafish ovarian follicles. More specifically, they play a role in the
production of PGF2α by stimulating the expression of cPLA2 (cpla2) and COX-2 (ptgs2),
which are important enzymes involved in prostaglandin biosynthesis. However, the
intracellular signalling pathways that mediate IGF and 17,20β-P induced oocyte
maturation and prostaglandin synthesis in the zebrafish have not been examined. As IGF
signalling is known to occur via the PI3K and MAPK pathways, the goal of this study
was to determine if these pathways mediate IGF and 17,20β-P-induced oocyte
maturation, cpla2 and ptgs2 expression, and PGF2α production in full grown zebrafish
ovarian follicles. Studies with the PI3K inhibitor wortmannin and the MAPK kinase
(MEK) inhibitor U0126 showed that both pathways mediate the effects of human
recombinant IGF-1 and 17,20β-P on the induction of oocyte maturation. Both inhibitors
also prevented IGF-1-induced cpla2 and ptgs2 expression. Furthermore, inhibition of
PI3K and MAPK decreased 17,20β-P-induced cpla2 expression and reduced basal levels
of 17,20β-P-induced ptgs2 expression. Finally, under short term follicle incubations (6
hr) PI3K and MAPK inhibition seemed to have no effect on IGF-1- and 17,20β-Pinduced PGF2α production. Collectively, these results suggest that the PI3K and MAPK
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signalling pathways are important mediators of IGF- and 17,20β-P-induced oocyte
maturation and cpla2 and ptgs2 expression in zebrafish ovarian follicles.
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INTRODUCTION
Recent studies have shown that ovarian derived insulin-like growth factors,
particularly IGF-3 and the maturation inducing steroid 17α, 20β-dihydroxy-4-pregnen-3one (17,20β-P), have overlapping actions in preovulatory ovarian follicles in fish. Both
hormones can independently stimulate oocyte maturation (Kagawa et al., 1994; Selman et
al., 1994; Negatu et al., 1998; Mukherjee et al., 2006; Chourasia and Joy, 2008; Nelson
and Van Der Kraak, 2010b; Li et al., 2011; Melnyk et al., 2011). It is believed that the
intracellular signalling pathways involved in oocyte maturation are initiated by LH and
ultimately lead to the activation of the maturation promoting factor (MPF), which induces
the resumption of meiosis (Sagata et al. 1989; Weber and Sullivan, 2000; Schmitt and
Nebreda, 2002; Voronina and Wessel, 2004; Nagahama and Yamashita, 2008).
Numerous studies have shown that gonadotropins stimulate the production of 17,20β-P
and more recently it has become evident that gonadotropins stimulate the expression of
IGF-3 (Nelson and Van Der Kraak, 2010a; Li et al., 2011). However, the pathways that
mediate IGF-3 and 17,20β-P induced oocyte maturation are not well understood.
Other studies have shown that 17,20β-P and human recombinant IGF-1, which is
known to mimic the effects of fish IGF-3 (Nelson and Van Der Kraak, 2010b; Li et al.,
2011), induce prostaglandin F2α and E2 (PGF2α, PGE2) synthesis in fish ovarian follicles
in vitro (Berndtson et al., 1989; Goetz et al. 1989; Goetz and Garczynski, 1997; Melnyk
et. al., 2011). Prostaglandin production is regulated by cytosolic phosholipase A2
(cPLA2; Diouf et al., 2006) and cyclooxygenase 2 (COX-2; Arosh et al., 2002), which
cleaves membrane phospholipids to release arachidonic acid and converts arachidonic
acid into prostaglandin precursors, respectively (see Chapter 1, Figure 1). It has recently
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been shown that IGF-1 affects the expression of cPLA2 (cpla2) and COX-2 (ptgs2)
whereas 17,20β-P stimulates cpla2 expression (Melnyk et al., 2011). However, the
signalling pathways that mediate IGF-1- and 17,20β-P- induced cpla2 and ptgs2
expression have not been determined in teleosts.
The overlapping reproductive effects of IGF-1 and 17,20β-P raise the question of
whether their actions are mediated by the same intracellular signalling pathways. The
ovarian IGF-1 signalling cascade begins with the binding of IGF-1 to the IGF-1 receptor
(IGF-1R), which activates phosphatidylinositol 3-kinase (PI3K) via the IGF-1 receptor
substrate-1 (IRS-1; Paul et al., 2009). IGF-1 binding also activates the mitogen-activated
protein kinase (MAPK) pathway via the MAPK kinase (MEK; Paul et al., 2009).
Previous studies have shown that the actions of IGFs on oocyte maturation involve the
PI3K and MAPK signal transduction pathways in fish (Paul et al., 2009) and amphibians
(Liu et al. 1995). For example, Weber and Sullivan (2001) showed that the PI3K
inhibitors wortmannin and LY294002 blocked IGF-1-induced oocyte maturation in
striped bass (Morone saxatilis). Other studies in carp (Cyprinus carpio) showed that
IGF-1 also signals through the MAPK pathway since the inhibition of MEK blocked
IGF-1-induced oocyte maturation (Paul et al., 2009). The actions of 17,20β-P occur
through the membrane and nuclear progesterone receptors (mPR, nPR), which are
believed to stimulate oocyte maturation and cause genomic changes related to ovulation,
respectively (Patino and Sullivan, 2002). It has been suggested that the PI3K pathway
must be activated in order for 17,20β-P induced oocyte maturation to occur. This was
shown in striped bass (Weber and Sullivan, 2001) and Atlantic croaker (Micropogonias
undulates; Pace and Thomas, 2005) where the inhibition of PI3K by wortmannin and
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LY294002 blocked oocyte maturation stimulated by the maturation inducing steroid
17,20β,21-trihydroxy-4-pregnen-3-one (20β-S). Inhibitors of PI3K were also shown to
block progesterone-induced oocyte maturation in Rana dybowskii (Ju et al. 2002). In
contrast, it seems MAPK activation may not be necessary for progesterone-induced
oocyte maturation since it was not affected by the MEK inhibitors PD98059 and U0126
in Atlantic croaker (Pace and Thomas, 2005). Kajiura-Kobayashi et al. (2000) also found
that MAPK activation is not necessary for 17,20β-P-induced oocyte maturation in
goldfish (Carassius auratus). Therefore, it seems that there is considerable species
variation with respect to the signalling pathways involved in progestin-induced oocyte
maturation.
A recent study suggests that ovarian prostaglandin synthesis may be regulated by
the PI3K and MAPK pathways in mammals. For example, studies with human ovaries
showed that inhibition of PI3K caused a decrease in IGF-1-induced COX-2 gene
expression (Cao et al., 2007). Furthermore, the same study showed that activation of the
MAPK pathway by IGF-1 increased COX-2 transcription. However, it has never been
determined if the PI3K and MAPK pathways mediate IGF- and 17,20β-P-induced
prostaglandin synthesis in teleosts.
The purpose of this study was to investigate the signal transduction pathways used
by human IGF-1 and 17,20β-P to induce oocyte maturation and prostaglandin production
in full grown zebrafish follicles in vitro. Specifically, drugs that inhibit PI3K and MAPK
were used to determine the signalling pathways mediating the actions of human IGF-1
and 17,20β-P on oocyte maturation, cpla2 and ptgs2 expression, and PGF2α production.
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Human recombinant IGF-1 was used since zebrafish IGF-3 was not available when these
studies were conducted.

MATERIALS AND METHODS
Animals
Adult zebrafish (Danio rerio) were obtained from AQUAlity Tropical Fish
Wholesale (Mississauga, ON, Canada) and held in an A-Hab containment unit (Aquatic
Habitats, Apopka, FL) at the Hagen Aqualab (University of Guelph). Actively breeding
fish were maintained in re-circulating well water at 28°C with a 12 hour light: 12 hour
dark photoperiod. They were fed commercial salmon fry pellets (Martin Mills, Elmira,
ON, Canada) twice daily to satiety and supplemented occasionally with bloodworms
(Oregon Desert Brine Shrimp Co., Lakeview, OR). All experiments followed protocols
approved by the University of Guelph Animal Care Committee.
Experiments
All experiments were conducted using full grown (FG; 0.57-0.65 mm) ovarian
follicles, which were identified based on the criteria described by Selman et al. (1993).
Sexually mature zebrafish were euthanized by an overdose of tricaine methanesulfonate
(MS-222; 1 g/l) (Syndel Laboratories Inc., Vancouver, BC, Canada) followed by cervical
transection. Ovarian follicles from 10-20 fish were sorted based on size using forceps,
then pooled and randomly distributed into a 24-well polystyrene tissue culture plate
(Corning Inc., Corning, NY) containing 1 ml of 60% Leibovitz L-15 medium with
phenol red (Invitrogen, Carlsbad, CA), 200 µg/ml streptomycin and 200 U/ml penicillin
(Invitrogen). Approximately 40 follicles were distributed into each well. Follicles were
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pre-incubated with inhibitors for 75 min at 28°C, then treatments were added to the wells
and follicles were incubated for an additional 6 hr. The proportion of follicles
undergoing oocyte maturation was determined by counting the number of follicles that
turned from opaque to translucent (Lessman, 2009). The follicles were then separated
from the media and both were snap frozen using dry ice and stored at -80°C. The gene
expression of cpla2 and ptgs2 were measured in follicles using qPCR and the levels of
PGF2α in the media were measured by enzyme immunoassay (EIA).
Inhibitors tested included the PI3K inhibitor wortmannin and the MEK inhibitor
U0126 (both from Cayman Chemical, Ann Arbor, MI). Both wortmannin and U0126
were dissolved in DMSO and added to the incubations to give a final well volume of
0.2% DMSO. Test compounds included human recombinant IGF-1 (Sigma–Aldrich, St.
Louis, MO) dissolved in 60% L-15 medium and 17,20β-P (Sigma–Aldrich), which was
dissolved in ethanol. 17,20β-P was added to the incubations to give a final well volume
of 0.1% ethanol. Control wells received an equal amount of DMSO and ethanol. All
experiments were conducted three times using different pools of ovarian follicles and
each treatment was done in quadruplicate.
RNA extraction and quantification
Total RNA was extracted from ovarian follicles using TRIzol reagent according
to the manufacturer’s protocol (Invitrogen). Following the extraction, total RNA was
pelleted by centrifugation, rinsed with 75% ethanol, then reconstituted in 10µl RNasefree, molecular grade water (Invitrogen) and incubated at 60ºC for 10 min to fully
dissolve the RNA pellet. RNA was diluted 50-fold in RNase-free water and quantified at
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an absorbance of 260 nm using a NanoDrop 8000 spectrophotometer (Thermo Scientific,
Waltham, MA). All samples had an A260/280 ratio between 1.8 and 2.2.
Reverse transcription
RNA was diluted in RNase-free water to a concentration of 1µg/µl and 2 µg was
used in the reaction. Each sample was treated with 1 µl DNase 1 (AMP-D1, SigmaAldrich) according to the manufacturer’s protocol. Random primers (0.01 ng, Promega,
Madison, WI) were added to each sample then incubated for 5 min at 70°C. A cocktail
consisting of 5X RT buffer (50 mM Tris–HCl, 75 mM KCl, 3 mM MgCl2, Invitrogen),
RNase-free water (Invitrogen), RNasin (40 IU, Promega), dNTPs (0.5 mM, Roche
Molecular Biochemicals, Laval, QC, Canada), DTT (10 mM, Invitrogen) and M-MLV
reverse transcriptase (200 U, Invitrogen) was added to each sample to obtain a final
volume of 25 µl. The reverse transcription reactions were completed in an Eppendorf
Mastercycler Gradient thermocycler (Eppendorf, Hamburg, Germany) for 1 hr at 37ºC
followed by 5 min at 90ºC, then diluted 5-fold and stored at -20ºC until real-time PCR
amplification.
Quantitative PCR
Primers appropriate for qPCR were designed to span exon-exon boundaries using
Primer Express software v. 2.0 (Applied Biosystems, Forster City, CA). Primer
sequences and accession numbers for elongation factor-1a (ef1α), cpla2, and ptgs2 were
reported in Lister and Van Der Kraak (2009). cDNA was amplified using the SYBR
method and StepOnePlus Real-Time PCR System (Applied Biosystems). The reaction
contained 3.75 µl of cDNA template, 7.5 µl PerfeCTa SYBR Green FastMix (Quanta
Biosciences, Gaithersburg, MD), and 1.875 µl of forward and reverse primers (1.6 µM,
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Sigma-Aldrich). The cycle consisted of 5 min at 95°C, then 40 cycles of 1 sec at 95°C,
followed by 30 sec at 60°C. The expression levels of ef1α remained unchanged across
treatments and were used as an endogenous control gene to normalize the genes of
interest. A four point standard curve was run for each gene in order to quantify gene
expression. The average R2 value obtained for each standard curve was as follows:
ef1α=0.98, cpla2=0.97, ptgs2=0.98. Amplification efficiency was calculated using the
equation %E = (10 (-1/slope) -1) x 100. The average efficiency obtained for each primer
pair was as follows: ef1α=97, cpla2=99, ptgs2=96.
Enzyme immunoassay
PGF2α levels were measured directly from the medium using an EIA kit (Cayman
Chemical) according to the manufacturer’s protocol. The assay was run in duplicate with
detectable prostaglandin levels measured from 50 µl of culture media. Absorbance was
measured at a wavelength of 405 nm using a Spectramax 190 spectrophotometer
(Molecular Devices, Sunnyvale, CA).
Statistical analysis
Statistical values and graphs represent data pooled from replicate experiments.
Comparisons in oocyte maturation, gene expression, and prostaglandin levels were made
between treatment groups using the statistics program SPSS (v. 17). Data were initially
tested for homogeneity of variance with a Levene test, and when necessary, data were log
transformed to satisfy the Levene test. Statistical significance was determined using a
univariate ANOVA to test for main effects, followed by a Tukey posthoc test for multiple
comparisons. Significance was denoted by p<0.05. Outliers were tested for using a zscore and discarded if they fell outside the ±2.5 range. Statistical tests for oocyte
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maturation, gene expression, and prostaglandin levels were performed on percent
germinal vesicle breakdown (GVBD), normalized gene expression values, and measured
hormone concentrations, respectively, but graphed as the mean fold change.

RESULTS
Addition of IGF-1 to FG follicles stimulated a significant increase in oocyte
maturation and a significant increase in cpla2 and ptgs2 expression (Fig. 1 and 2).
Addition of wortmannin at 0.1 and 1 µM attenuated the stimulatory effect of IGF-1 on
oocyte maturation (Fig. 1). Addition of 1 µM wortmannin inhibited the stimulatory
effect of IGF-1 on cpla2 expression, and 0.01 and 1 µM wortmannin blocked the
stimulatory effect of IGF-1 on ptgs2 expression (Fig. 2). Addition of wortmannin, IGF-1,
and a combination of wortmannin plus IGF-1 did not cause changes in PGF2α levels,
except for a modest, but significant increase in follicles treated with 1 µM wortmannin
plus IGF-1 (Fig. 3).
Oocyte maturation in FG follicles was significantly increased by the addition of
17,20β-P (Fig. 4). Addition of wortmannin at 0.1 and 1 µM attenuated the stimulatory
effect of 17,20β-P on oocyte maturation (Fig. 4). Follicles treated with 17,20β-P had
increased expression levels of cpla2 (Fig. 5). Addition of 0.01 and 0.1 µM wortmannin
caused a decrease in 17,20β-P-induced cpla2 expression, whereas 1 µM wortmannin had
no effect on 17,20β-P-induced cpla2 expression (Fig. 5). Addition of 17,20β-P did not
cause a change in ptgs2 expression in FG follicles, whereas 0.1 and 1 µM wortmannin
plus 17,20β-P caused a significant decrease in ptgs2 expression (Fig. 5). PGF2α levels did
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not change after addition of wortmannin, 17,20β-P, or a combination of wortmannin plus
17,20β-P (Fig. 6).
The MEK inhibitor U0126 at 0.5 and 5 µM attenuated the stimulatory effect of
IGF-1 on oocyte maturation (Fig. 7). Addition of U0126 at 5 µM also inhibited the
stimulatory effect of IGF-1 on cpla2 and ptgs2 expression (Fig. 8). U0126 had no effect
on IGF-1-induced PGF2α levels (Fig. 9).
Only high concentrations of U0126 (5 µM) reduced the stimulatory effect of
17,20β-P on oocyte maturation (Fig.10). U0126 at 0.05, 0.5, and 5 µM caused a
reduction in 17,20β-P-induced cpla2 expression (Fig. 11). Although addition of 17,20β-P
did not affect ptgs2 expression in FG follicles, addition of 0.05, 0.5 and 5 µM U0126 plus
17,20β-P caused a significant decrease in ptgs2 expression (Fig. 11). PGF2α levels did
not change after addition of U0126, 17,20β-P, or a combination of U0126 plus 17,20β-P
(Fig. 12).

DISCUSSION
The current study used selected pharmacological inhibitors of the PI3K and
MAPK signalling pathways to evaluate their role in IGF-1- and 17,20β-P-induced oocyte
maturation in zebrafish. The demonstration that the PI3K inhibitor wortmannin blocked
both IGF-1- and 17,20β-P-induced oocyte maturation in zebrafish was consistent with
many other studies showing the involvement of PI3K signalling in mediating the actions
of these hormones on oocyte maturation in fish (Weber and Sullivan, 2001; Pace and
Thomas; 2005; Mukherjee et al., 2006; Paul et al., 2009). Similarly, the actions of the
MEK inhibitor U0126 demonstrated that the MAPK pathway plays an important role in
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IGF-1- and 17,20β-P-induced oocyte maturation in zebrafish. This finding was
consistent with a recent study on carp, which showed that treatment of follicles with a
different MEK inhibitor, PD98059, blocked IGF-1-induced MAPK activation and oocyte
maturation (Paul et al., 2009). However, the involvement of the MAPK pathway in
progesterone-induced oocyte maturation remains uncertain because several studies have
obtained contradictory results. For example, it has been suggested that progesterone
activates MAPK during oocyte maturation in Xenopus, but MAPK activation is not
essential for maturation to occur (Fabian et al., 1993). Moreover, the inhibition of
MAPK did not prevent progesterone-induced oocyte maturation in Atlantic croaker (Pace
and Thomas, 2005) and goldfish (Kajiura-Kobayashi et al. 2000). Yamashita (1998)
proposed that MAPK is activated by progesterone simultaneously with MPF, and
therefore MAPK is not involved in the induction of MPF activation and oocyte
maturation. Instead, it has been suggested that MAPK contributes to the prevention of
DNA replication between meiosis I and II (Sadler and Ruderman, 1998; Nebreda and
Ferby, 2000). Despite this evidence, the current study shows that the MAPK pathway
plays a role in IGF-1- and 17,20β-P-induced oocyte maturation in zebrafish. Therefore, it
seems likely that there are species specific differences in the requirement for MAPK
signalling during oocyte maturation. In zebrafish it seems plausible that the PI3K and
MAPK pathways are dependent on each other for IGF-1-induced oocyte maturation to
occur successfully since blocking the activation of one pathway ultimately prevents
maturation. This may be a strategy to prevent oocyte maturation from proceeding if one
of these critical pathways fails. For example, the MAPK pathway plays many other
important roles in the maintenance of oocyte maturation (Sadler and Ruderman, 1998;
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Nebreda and Ferby, 2000), so the PI3K pathway may be prevented from initiating oocyte
maturation during a MAPK failure since maturation may not be completed successfully.
Therefore the inhibition of maturation in the absence of MAPK may prevent from
wasting energy and contribute to energy conservation. However, further studies are
needed to determine what other roles MAPK plays during the maturation process in
zebrafish.
The current study showed that IGF-1-induced cpla2 and ptgs2 expression are
mediated by both the PI3K and MAPK pathways in zebrafish. This is consistent with a
study on human ovaries, which showed that the inhibition of PI3K and MAPK blocks
IGF-1-induced COX-2 gene expression (Cao et al., 2007). COX-2 stimulation by other
protein hormones, such as leptin, was also found to be mediated by the PI3K and MAPK
pathways in human endometrial cells (Gao et al., 2009). The current study showed that
the PI3K and MAPK pathways are involved in 17,20β-P-induced cpla2 expression in
zebrafish since inhibition of these pathways reduced the stimulatory effect of 17,20β-P on
cpla2. Furthermore, PI3K and MAPK seem to play a role in maintaining basal levels of
ptgs2 expression, since treatment with PI3K and MAPK inhibitors caused a decrease in
ptgs2 expression relative to the control and 17,20β-P-treated follicles. Previous studies
have also shown the involvement of the MAPK pathway in progesterone-induced COX-2
expression. For example, the progesterone inhibitor RU486 was shown to block ERK1/2
(MAPK) activation and decrease COX-2 expression in human granulosa luteal cells (Tsai
et al., 2008). It was also shown that the inhibition of MAPK attenuated gonadotropininduced ptgs2 expression in cumulus cells of mice, suggesting a possible role for MAPK
in progesterone-induced ptgs2 expression (Su et al., 2003).
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In the current study the PI3K and MAPK pathways did not appear to play a role in
mediating IGF-1- and 17,20β-P-induced PGF2α production in zebrafish. This was
unexpected given the results of other studies. Gao et al. (2009) showed that inhibition of
PI3K and MAPK blocked leptin-induced PGE2 production in human endometrial cells.
Another study on human endometrial cells showed that MAPK mediates gonadotropininduced PGE2 synthase expression and PGE2 production (Banerjee et al., 2009). Tsai et
al. (2008) also showed the MAPK pathway to be involved in progesterone-induced PGE2
production in human granulosa luteal cells. The contradictory results between the current
study and the above mentioned studies may be due to the examination of different
prostaglandin types. The current study measured PGF2α levels, whereas the above
mentioned studies examined PGE2. Therefore it may be possible that there are variations
in the signalling pathways that control the production of each prostaglandin type. In
order to determine the validity of this concept, further studies are needed to examine what
pathways mediate PGE2 production in zebrafish. The contradictory results may also be
due to species and tissue specific differences in the behaviour of PI3K and MAPK.
Another explanation may be that the length of follicle incubation in the current study was
too short to detect a stimulation of prostaglandin production above basal levels. Previous
studies in our lab showed that 17,20β-P stimulated PGF2α synthesis when follicles were
incubated for 18 hr (Melnyk et al., 2011). Therefore experiments must be conducted with
longer incubation periods in order to determine if PI3K and MAPK play a role in 17,20βP-induced PGF2α synthesis in zebrafish. In the current study I also encountered an issue
with the measurement of PGF2α levels in the IGF-1/wortmannin experiment (Fig. 3). The
lack of PGF2α stimulation by IGF-1 was unexpected since our previous study showed
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IGF-1 to induce PGF2α production in FG zebrafish follicles (Melnyk et al., 2011). In
contrast, treatment with 1 µM wortmannin plus IGF-1 caused a significant increase in
PGF2α levels, leading me to conclude that the PI3K pathway has no involvement in IGF1-induced PGF2α production. However, this result is put into question due to the lack of
PGF2α stimulation by the positive control (IGF-1). Therefore further studies are needed
to reach a definitive conclusion regarding the involvement of the PI3K pathway in IGF-1induced PGF2α production.
The current study demonstrated the importance of the PI3K and MAPK pathways
in mediating IGF- and 17,20β-P-induced oocyte maturation in zebrafish ovarian follicles.
Additionally, these signalling pathways were shown to mediate IGF- and 17,20β-Pinduced cpla2 and ptgs2 expression, but did not seem to play a role in the production of
PGF2α. Therefore further studies are needed to determine whether or not the PI3K and
MAPK pathways are involved in IGF-1- and 17,20β-P-induced prostaglandin synthesis.
Additional in vivo studies may also be necessary to further demonstrate the importance of
the PI3K and MAPK signalling pathways during the zebrafish ovulatory cycle.

57

FIGURES

45
C
40

C

35
A
30

AB
B

% GVBD

25

AB

20
15
10
5
0

Figure 1. Maturation of full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with wortmannin (1 µM), IGF-1 (100 nM), and increasing concentrations of
wortmannin (wort) plus IGF-1. Percent germinal vesicle breakdown (GVBD) was used
as an indicator of oocyte maturation. Values represent mean ± S.E.M. of three
experiments consisting of 3-4 replicates each. Letters indicate statistical differences
between treatments (p<0.05; ANOVA, Tukey).
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Figure 2. Expression of phospholipase A2 (cpla2) and cyclooxygenase-2 (ptgs2) in full
grown zebrafish (Danio rerio) follicles after a 6 hour incubation with wortmannin (1
µM), IGF-1 (100 nM), and increasing concentrations of wortmannin (wort) plus IGF-1.
The expression levels were normalized to that of elongation factor-1α (ef1α) and
expressed as the fold change relative to the levels of the control. Values represent mean ±
S.E.M. of three experiments consisting of 3-4 replicates each. Letters indicatestatistical
differences between treatments (p<0.05; ANOVA, Tukey).
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Figure 3. Levels of prostaglandin F2α (PGF2α) in the media following a 6 hour
incubation of full grown zebrafish (Danio rerio) follicles in the presence of wortmannin
(1 µM), IGF-1 (100 nM), and increasing concentrations of wortmannin (wort) plus IGF1. Prostaglandin levels were expressed as the fold change relative to the levels of the
control. Values represent mean ± S.E.M. of three experiments consisting of 3-4 replicates
each. Letters indicate statistical differences between treatments (p<0.05; ANOVA,
Tukey).
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Figure 4. Maturation of full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with wortmannin (1 µM), 17,20β-P (10 ng/ml), and increasing concentrations
of wortmannin (wort) plus 17,20β-P. Percent germinal vesicle breakdown (GVBD) was
used as an indicator of oocyte maturation. Values represent mean ± S.E.M. of three
experiments consisting of 3-4 replicates each. Letters indicate statistical differences
between treatments (p<0.05; ANOVA, Tukey).
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Figure 5. Expression of phospholipase A2 (cpla2) and cyclooxygenase-2 (ptgs2) in full
grown zebrafish (Danio rerio) follicles after a 6 hour incubation with wortmannin (1
µM), 17,20β-P (10 ng/ml), and increasing concentrations of wortmannin (wort) plus
17,20β-P. The expression levels were normalized to that of elongation factor-1α (ef1α)
and expressed as the fold change relative to the levels of the control. Values represent
mean ± S.E.M. of three experiments consisting of 3-4 replicates each. Letters indicate
statistical differences between treatments (p<0.05; ANOVA, Tukey).
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Figure 6. Levels of prostaglandin F2α (PGF2α) in the media following a 6 hour
incubation of full grown zebrafish (Danio rerio) follicles in the presence of wortmannin
(1 µM), 17,20β-P (10 ng/ml), and increasing concentrations of wortmannin (wort) plus
17,20β-P. Prostaglandin levels were expressed as the fold change relative to the levels of
the control. Values represent mean ± S.E.M. of three experiments consisting of 3-4
replicates each.
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Figure 7. Maturation of full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with U0126 (5 µM), IGF-1 (100 nM), and increasing concentrations of U0126
plus IGF-1. Percent germinal vesicle breakdown (GVBD) was used as an indicator of
oocyte maturation. Values represent mean ± S.E.M. of three experiments consisting of 34 replicates each. Letters indicate statistical differences between treatments (p<0.05;
ANOVA, Tukey).
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Figure 8. Expression of phospholipase A2 (cpla2) and cyclooxygenase-2 (ptgs2) in full
grown zebrafish (Danio rerio) follicles after a 6 hour incubation with U0126 (5 µM),
IGF-1 (100 nM), and increasing concentrations of U0126 plus IGF-1. The expression
levels were normalized to that of elongation factor-1α (ef1α) and expressed as the fold
change relative to the levels of the control. Values represent mean ± S.E.M. of three
experiments consisting of 3-4 replicates each. Letters indicate statistical differences
between treatments (p<0.05; ANOVA, Tukey).
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Figure 9. Levels of prostaglandin F2α (PGF2α) in the media following a 6 hour
incubation of full grown zebrafish (Danio rerio) follicles in the presence of U0126 (5
µM), IGF-1 (100 nM), and increasing concentrations of U0126 plus IGF-1.
Prostaglandin levels were expressed as the fold change relative to the levels of the
control. Values represent mean ± S.E.M. of three experiments consisting of 3-4 replicates
each. Letters indicate statistical differences between treatments (p<0.05; ANOVA,
Tukey).
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Figure 10. Maturation of full grown zebrafish (Danio rerio) follicles after a 6 hour
incubation with U0126 (5 µM), 17,20β-P (10 ng/ml), and increasing concentrations of
U0126 plus 17,20β-P . Percent germinal vesicle breakdown (GVBD) was used as an
indicator of oocyte maturation. Values represent mean ± S.E.M. of three experiments
consisting of 3-4 replicates each. Letters indicate statistical differences between
treatments (p<0.05; ANOVA, Tukey).
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Figure 11. Expression of phospholipase A2 (cpla2) and cyclooxygenase-2 (ptgs2) in full
grown zebrafish (Danio rerio) follicles after a 6 hour incubation with U0126 (5 µM),
17,20β-P (10 ng/ml), and increasing concentrations of U0126 plus 17,20β-P. The
expression levels were normalized to that of elongation factor-1α (ef1α) and expressed as
the fold change relative to the levels of the control. Values represent mean ± S.E.M. of
three experiments consisting of 3-4 replicates each. Letters indicate statistical differences
between treatments (p<0.05; ANOVA, Tukey).
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Figure 12. Levels of prostaglandin F2α (PGF2α) in the media following a 6 hour
incubation of full grown zebrafish (Danio rerio) follicles in the presence of U0126 (5
µM), 17,20β-P (10 ng/ml), and increasing concentrations of U0126 plus 17,20β-P.
Prostaglandin levels were expressed as the fold change relative to the levels of the
control. Values represent mean ± S.E.M. of three experiments consisting of 3-4 replicates
each. Letters indicate statistical differences between treatments (p<0.05; ANOVA,
Tukey).
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CHAPTER 4
GENERAL DISCUSSION

While earlier studies have shown that prostaglandins are important regulators of
ovulation (Stacey and Pandey, 1975; Lister and Van Der Kraak, 2008), little was known
of the endocrine factors that control their biosynthesis. This thesis provided evidence that
17,20β-P, a hormone known to stimulate oocyte maturation in zebrafish, also plays a role
in regulating prostaglandin synthesis. More specifically, 17,20β-P stimulates cpla2
expression and PGF2α production. Human recombinant IGF-1, which likely mimics the
actions of zebrafish IGF-3, was shown to play a role in regulating prostaglandin synthesis
since it stimulated both cpla2 and ptgs2 expression and PGF2α production. Collectively,
these results suggest that 17,20β-P and IGFs have similar reproductive roles and may
work cooperatively to ensure oocyte maturation, prostaglandin synthesis, and ultimately
ovulation occur successfully.
Although 17,20β-P was shown to regulate prostaglandin synthesis in zebrafish, it
still remains uncertain how the actions of 17,20β-P are mediated. Patino and Sullivan
(2002) suggested that 17,20β-P binds to the membrane progesterone receptor (mPR) to
induce oocyte maturation, and the nuclear progesterone receptor (nPR) to cause genomic
changes related to ovulation. A recent study has shown the existence of two mPR
subtypes in the zebrafish ovary, which are the mPRα and mPRβ (Hanna and Zhu, 2009).
Both the mPRα and mPRβ proteins were located at the membrane of oocytes that were
maturationally competent, consistent with their involvement in mediating 17,20β-P-
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induced oocyte maturation. A study later found that nPR expression is localized to
ovarian follicular cells in zebrafish, but had very low expression levels in maturationally
competent oocytes (Hanna et al., 2010). Therefore it seems likely that the nPR is
involved in mediating other reproductive processes, while having no involvement in
oocyte maturation. Further studies on progesterone receptors would be beneficial in
gaining a more thorough understanding of the intracellular signalling pathways involved
in 17,20β-P-induced oocyte maturation and gene expression. These studies could
possibly use antagonists that selectively block the mPR and nPR to determine the specific
role of each receptor in mediating oocyte maturation and gene expression. Furthermore,
examination of the temporal expression patterns of the mPR and nPR may provide clues
about their reproductive roles during the ovulatory cycle.
This thesis revealed that mid-vitellogenic (MV) follicles respond differently to
17,20β-P and IGF-1 than full grown (FG) follicles. IGF-1 stimulated oocyte maturation,
cpla2 and ptgs2 expression, and PGF2α production in both MV and FG follicles, whereas
17,20β-P stimulated oocyte maturation in MV follicles, but not cpla2 expression and
PGF2α production as in FG follicles. These differences in response to hormones may be
partly attributed to a variation in receptor expression during ovarian development. Since
both MV and FG follicles respond similarly to IGF-1, it may suggest that the IGF-1
receptor (IGF-1R) is similarly expressed in both follicle stages. However, since the two
follicle stages respond differently to 17,20β-P, it seems likely that the progesterone
receptors are differentially expressed in MV and FG follicles. More specifically, the
mPR seems to be expressed at lower levels in MV follicles and higher levels in FG
follicles based on the higher maturational ability of FG follicles. In contrast, I would
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predict that the nPR is only expressed in FG follicles since 17,20β-P-induced cpla2
expression and PGF2α production only occurs in this follicle stage. However, further
studies are needed to determine the relative expression levels of receptors in MV and FG
follicles.
It has only recently been discovered that ovarian IGFs are present in zebrafish.
Since their discovery IGFs have been shown to play many important roles. For example,
they are known to be involved in regulating maturational competence, oocyte maturation,
and steroidogenesis (Nelson and Van Der Kraak, 2010b; Li et al., 2011). This thesis has
now shown an additional role for IGFs in regulating prostaglandin synthesis. However,
an area of uncertainty regarding these studies is that a human recombinant IGF-1 protein
was used rather than zebrafish IGF-3. Although Li et al. (2011) demonstrated that
zebrafish IGF-3 has similar effects on oocyte maturation as human recombinant IGF-1, it
will be important to confirm this for prostaglandin synthesis. Therefore future studies
may want to consider using a recombinant zebrafish IGF-3 protein when determining the
effects of IGFs on reproductive processes. Furthermore, it would be beneficial to
determine the specific roles and relative importance of each IGF protein (IGF-1, IGF-2,
and IGF-3) in the regulation of oocyte maturation and prostaglandin synthesis.
Since 17,20β-P and IGFs were shown to have overlapping effects on oocyte
maturation and prostaglandin production, this raises the question of whether their actions
are mediated by the same intracellular signalling pathways. This thesis showed that the
PI3K and MAPK pathways mediate 17,20β-P- and IGF-1-induced oocyte maturation and
cpla2 and ptgs2 expression. The use of different hormones to activate the same pathways
and stimulate similar endpoints may have evolved as a reproductive strategy to ensure
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that prostaglandin synthesis is still initiated if one hormone fails. In turn this may
contribute to reproductive success in the natural environment by maintaining the rate of
ovulation and spawning.
While the current studies demonstrate a role for 17,20β-P and IGFs in
prostaglandin synthesis in vitro, further studies are needed to better understand the
regulation of prostaglandin synthesis in vivo. This may be accomplished by conducting
in vivo knockdown experiments to determine how prostaglandin synthesis is affected by
the absence of each IGF protein. Knockdown studies can also be conducted to determine
the involvement of each progesterone receptor in mediating specific actions of 17,20β-P.
Similar knockdown experiments may be conducted in vitro through microinjection of
morpholinos into ovarian follicles. Additional in vitro time course experiments may be
necessary to better understand the temporal changes in cpla2 and ptgs2 expression and
PGF2α production in response to 17,20β-P and IGF-1. These experiments could involve
longer incubations with more frequent sampling times. A recent study on zebrafish
showed that both oocyte maturation and ovulation can be induced by 17,20β-P in vivo
(Tokumoto et al., 2011). It was shown that exposure to 17,20β-P leads to oocyte
maturation within one hour and ovulation within two hours. Therefore, similar
experiments may be useful to determine the timing of cpla2 and ptgs2 expression and
PGF2α production in relation to oocyte maturation and ovulation in vivo. Additional
experiments are also needed to examine whether the PI3K and MAPK pathways mediate
prostaglandin production in zebrafish since no changes in PGF2α levels were observed
after treatment with PI3K and MAPK inhibitors. Therefore it may be necessary to
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conduct experiments with longer incubations to better assess if these pathways are
involved in mediating 17,20β-P-induced prostaglandin production.
Although this thesis examined the regulation of prostaglandin synthesis by
17,20β-P and IGF-1, there may be a multitude of other factors involved in their regulation
that have not yet been identified. Lister and Van Der Kraak (2009) showed that 17βestradiol (E2) functioned as a negative regulator of prostaglandin synthesis in zebrafish.
They reported a reduction in cpla2 and ptgs1 expression after exposure to E2 for 96 hr in
vivo. It has been further shown that E2 inhibits progestin-induced oocyte maturation in
both Atlantic croaker and zebrafish in vitro (Pang et al., 2008). This may suggest that
17,20β-P and E2 possibly play opposing regulatory roles in the control of oocyte
maturation and prostaglandin synthesis. However, this remains as an important area for
future study.
PLA2 and COX-2 have been identified as two important enzymes involved in the
synthesis of prostaglandins, but many other enzymes contribute to prostaglandin
biosynthesis and may also be potential points of regulation. For example, prostaglandin
synthases are involved in the conversion of prostaglandin precursors (PGH2) into
functional prostaglandins (PGF2α, PGE2; Arosh et al., 2002). Previous in vivo studies
have shown the PGE synthase-2 (ptgsl) gene to remain constant throughout the ovulatory
cycle in spawning zebrafish, but treatment with exogenous hCG and 17,20β-P caused a
significant reduction in ptgsl expression (Lister and Van Der Kraak; 2009). This suggests
that hCG and 17,20β-P play a role in down regulating ptgsl transcription, possibly by
suppressing ptgsl during the earlier stages of prostaglandin synthesis. Therefore other
factors may be involved in up regulating ptgsl transcription to induce the conversion of
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PGH2 into functional prostaglandins at a time closer to ovulation. However, in vitro
studies are needed to further examine which factors regulate ptgsl expression. At this
time a PGF synthase gene has not been discovered in teleosts, which in part explains our
limited understanding of the specific regulatory factors controlling the final stages of
PGF2α synthesis. The characterization of a PGF synthase gene would benefit in
determining if this is a key point of regulation within the prostaglandin biosynthetic
pathway.
The specific roles of PGF2α and PGE2 during the ovulatory process are also not
well understood in zebrafish. Consistent with previous studies, the studies in this thesis
detected higher basal levels of PGE2 than PGF2α in ovarian follicles, but the increase in
PGF2α in response to IGF-1 was more robust than PGE2. However, this does not clarify
the relative importance of each prostaglandin. Studies on prostaglandin receptors may be
useful in determining the roles of PGF2α and PGE2. For example, the temporal
expression patterns of each receptor could be measured during the ovulatory cycle in
vivo. The differences in receptor expression may provide clues about the specific actions
of each prostaglandin. Prostaglandin receptor antagonists could also be used to
determine the actions of the different prostaglandins on ovulation. Furthermore, in vitro
studies could determine if the factors involved in regulating prostaglandin synthesis also
play a role in regulating prostaglandin receptor expression in zebrafish follicles.
Collectively, these studies may provide clarification regarding the specific role of each
prostaglandin during the ovulatory cycle.
Overall, this thesis has provided fundamental new insights into the regulation of
prostaglandin biosynthesis in the zebrafish ovary. While the work was instrumental in
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defining the actions of 17,20β-P and IGF-1, there is every expectation that other factors
may potentially be involved in regulating prostaglandin synthesis. Therefore research
must continue along this path in order to fully understand how prostaglandin synthesis is
regulated, which could contribute to a better understanding of their role in the ovulatory
process.
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