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ABSTRACT

Tumor necrosis factor α and ovulation in the zebrafish (Danio rerio)

Hailey Hunter
University of Guelph, 2018

Advisor: Dr. Glen Van Der Kraak

This study investigated the expression, regulation and actions of pro-inflammatory
cytokines within the zebrafish ovary during the periovulatory period. Genes indicative of
macrophages and representing the four major cytokines classes (Chemokines, Interferons,
Interleukins and Tumor Necrosis Factors) were expressed in the zebrafish ovary. Only TNFαA,
TNFαB, and the macrophage indicator CSF1-1 changed expression during the periovulatory
period. Injections of Ovaprim to induce ovulation increased TNFαA expression. Full grown
ovarian follicle incubations showed an increase in TNFαA and B mRNA and protein after
treatment with protein kinase C (PKC) activators. Moreover, lipopolysaccharide treatment
increased TNFαA and B mRNA, while prostaglandin E2 (PGE2) treatment reduced TNFαA.
Other studies showed that murine TNFα stimulated the production of PGE2 and prostaglandin
F2α (PGF2α) and a TNFα receptor blocker attenuated PKC induced PGE2 production, but
stimulated PGF2α production. Collectively, these results suggest that cytokines, particularly
TNFαA, play a role in prostaglandin production and the regulation of ovulation.
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INTRODUCTION
Ovulation is the release of the mature oocyte from the surrounding follicular layers in
preparation for fertilization and it is critical for reproductive success in vertebrates. It has been
proposed that the immune system may play a vital role in ovulation (Carlock et al. 2014).
Processes such as follicle layer formation, rupture, and subsequent ovulation involve the
production (proliferation), destruction (inflammation and apoptosis) and repairing of ovarian
tissues. Pro-inflammatory cytokines from the cytokine families, tumor necrosis factors (TNF),
interleukins (IL), interferons (IFN), and chemokines, are important apoptotic and cell
proliferation and trafficking regulators in other areas of the body and have been implicated in
ovulation (Goetz and Garczynski, 1997; Richards et al. 2002). The involvement of the immune
system during ovulation has been extensively studied in mammals, whereas far less is known in
fish. Currently there is a limited knowledge of whether or not pro-inflammatory cytokines are
expressed within the zebrafish ovary, and if so, what factors regulate their expression, and what
they do during the periovulatory period. The work done in this thesis is key for understanding
whether or not the immune system plays a role in ovulation in fish.

The Immune System
The immune system is responsible for maintaining and regulating an organism’s overall
health. It is made up of various cells, tissues, and organs that all communicate and work together
to defend the organism from pathogens and disease (Hendry et al. 2013). There is an exterior
defense system and two main levels of the internal immune system. The exterior defense system
is comprised of mechanical, physical, and chemical barriers including sneezing, crying, the skin,
mucus, body pH, body temperature, and stomach gastric acid, all of which prevent pathogens
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from entering the body (Medzhitov and Janeway Jr, 2002). If these barriers are surpassed, the
innate immune system is activated through pattern recognition receptors (PRR), which reside on
host immune cells, and they recognize pathogens as “non-self” due to their pathogen associated
molecular patterns (PAMP’s), small molecular motifs conserved within pathogens (Medzhitov
and Janeway Jr, 2002; Yang et al. 2011). PRR’s can also be activated by alarmins, or damage
associated molecular patterns (DAMPS), which are endogenous molecules that are release by
infected, damaged, or dying cells, and activate the innate immune system to remove these cells
(Verma et al. 2017). PRR’s, such as toll like receptors (TLR’s), are responsible for activating the
release of various cells and proteins at the site of invasion or damage including, previously made
antibodies, antimicrobial peptides, enzymes, leukocytes, granulocytes and macrophages and for
initiating the degradation and phagocytosis of the invading pathogen or the damaged and dying
cells (Medzhitov and Janeway Jr, 2002; Verma et al. 2017). PRR’s can also be secreted by
immune cells and bind to invading pathogens, marking them for destruction (Medzhitov and
Janeway Jr, 2002). Cells that are activated through PRR’s, such as neutrophils and macrophages,
can then initiate an inflammatory response at the site of pathogen invasion through the release of
small proteins called pro-inflammatory cytokines (Medzhitov and Janeway Jr, 2002; Stenken and
Poschenrieder, 2015). Pro-inflammatory cytokines are pleiotropic signalling molecules that can
initiate an inflammatory response at the site of pathogen invasion using a network of cell to cell
signaling (Fitzgerald et al. 2001; Hendry et al. 2013; Stenken and Poschenrieder, 2015). They are
responsible for the development of the classic signs of inflammation including redness, swelling
and pain, and they can also recruit more immune cells to the site of invasion (Fitzgerald et al.
2001; Hendry et al. 2013; Stenken and Poschenrieder, 2015). Pro-inflammatory cytokines can
also act as cell growth and/or differentiation factors, regulating the development of immune
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cells, such as T-cells (Fitzgerald et al. 2001). Macrophages, neutrophils and other immune cells
can also stop the inflammatory response through the release of anti-inflammatory cytokines and
begin wound healing (Yang et al. 2011). The third level of the immune system, the acquired
immune system, is involved in a long term response and is responsible for the production of
antibodies (Kato et al. 2014). Antibodies are proteins used to neutralize pathogens by
recognizing the unique molecules of pathogens, known as antigens, binding to these antigens and
marking the pathogens for attack by other components of the immune system or preventing the
pathogens from being able to survive (Kato et al. 2014). It is of vital importance that all three
levels of defense are functioning properly (Chatenoud, 2014). An attenuated response could lead
to the development of illness and disease, while an excessive immune response could lead to the
development of tumors, cancers and autoimmune diseases (Chatenoud, 2014).
An important cell involved in the innate immune response and the second level of
defense is the macrophage, which is a type of white blood cell initially derived from progenitor
cells in bone marrow (Yang et al. 2011). Macrophages can be recruited to a site of infection by
chemotaxis, or they can reside in tissues as immune system monitors, awaiting pathogen
invasion (Yang et al. 2011). The presence of macrophages in tissues can be detected by using
the macrophage markers; colony stimulating factor 1 (CSF1-1), and 2 (CSF1-2) and colony
stimulating factor receptor (CSFR) (Stanley and Chitu, 2014). The presence of the ligands and
the receptor can indicate that macrophages are present within tissues (Stanley and Chitu, 2014).
Macrophages are involved in the host interior defense system through their ability to a) detect
cells that are apoptotic or pathogenic, b) destroy these cells through phagocytosis and c) activate
the inflammatory response through the release of cytokines (Yang et al. 2011; Verschoor et al.
2012). There are four major classes of cytokines in both mammals and teleost’s which are
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produced by a broad range of cells, such as macrophages, including; chemokines, interferons,
interleukins, and tumor necrosis factors (TNF), all of which have members that can be either proinflammatory or anti-inflammatory.
Chemokines are small cytokines capable of directly inducing cell movements
(chemotaxis) in response to chemical stimuli (Cheng et al. 2012), and can be classified into four
families based on the number and organization of cysteine residues that make up the protein;
CXC, CC, CX3C, and C (Zhang and An, 2007). Chemokines are critical for the recruitment of
leukocytes, such as macrophages, neutrophils and T and B cells to a site of pathogen invasion
(Zhang and An, 2007; Cheng et al. 2012). Interferons are another group of cytokines that are
released by cells in response to the presence of a pathogen such as a virus or bacteria, and they
act by signaling other cells to heighten their anti-viral defense (Huang et al. 2015). There are
three families of interferons, type 1, type 2 (also known as interferon gamma (IFNγ)), and type 3
and they all contain members that are pro-inflammatory response regulators (Sawamiphak et al.
2014). Interleukins constitute a large group of cytokines involved in the specific immune
defense against diseases by recruiting leukocytes to a site of infection to initiate inflammation
(Gunimaladevi et al. 2006; Watzke et al. 2007). They can also act as growth factors and regulate
cell differentiation (Tian and Zajac, 2016).
The last major cytokine group are TNFs. The superfamily of TNFs consists of a number
of cytokine family members including, TNFα, TNFβ or lymphotoxin α, Fas ligand, and many
more (Goetz et al. 2004; Chu, 2013). The TNFs are involved in signalling the production and
recruitment of other cytokines and cell survival factors to the site of infection or inflammation, as
well as initiating apoptosis and necrosis (Chu 2013). TNFα is mainly produced by macrophages,
but can also be produced by endothelial cells, granulocytes, and several other immune cells
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(Chu, 2013) while TNFβ and Fas ligand are produced by T lymphocytes (Paul and Ruddle, 1988;
Galvao et al. 2010).

Mammalian Ovulation and the Immune System
Ovulation in mammals is a complex process that is regulated by a combination of
hormones and local signaling molecules that act in a specific sequential manner. Prior to the
onset of the ovulatory cascade, ovarian follicles are arrested in prophase one while follicle
stimulating hormone (FSH), released from the pituitary, regulates the growth and development of
the follicle (Findlay 1994). While the follicle is developing, estrogen (E2) levels slowly increase
in the follicle, preventing the onset of early maturation. When the ovarian follicle is full grown,
E2 levels drop and there is a surge in luteinizing hormone (LH) from the pituitary, which signals
the onset of the ovulatory cascade (Findlay 1994). Both FSH and LH stimulate the production of
epidermal growth factor and progesterone which aid in the resumption of meiosis and germinal
vesicle breakdown (GVBD) (Findlay, 1994; Yuan et al. 2016; Richani and Gilchrist, 2018). Both
LH and progesterone also lead to the production of prostaglandin E2 (PGE2) and F2α (PGF2α) in
the theca and granulosa cell layers through the stimulation of cytosolic phospholipase A2
(cPLA2) followed by cyclooxygenase 2 (COX-2) (Findlay, 1994; Willis et al. 2017). PGE2 is
involved in the regulation of follicle layer rupture and subsequent ovulation, while PGF2α is
involved post ovulation, during luteolysis in mammals (Findlay, 1994). Progesterone, PGE2 and
PGF2α also mediate an increase in a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS), and in matrix-metalloproteinases (MMPs), and their associated inhibitors,
tissue inhibitor of metalloproteinases (TIMPs), prior to follicle layer rupture (Demircan et al.
2014; Rosewell et al. 2015; Russell et al. 2015; Barisic et al. 2018). These enzymes control
connective tissue breakdown and extracellular matrix remodelling and have been shown to be
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important during follicle layer rupture (Peralta et al. 2017). Ovulation is defined as the point
when the oocyte is released from the ruptured follicular layers (Findlay, 1994). Ovulated oocytes
then attach to the endometrium wall and await internal fertilization.
The expression of genes from the above cytokine groups and their receptors, as well as
macrophages, has been demonstrated within the mammalian ovary including, TNFα, IL-1β, IFN
α and γ, several chemokines, and Fas ligand. Some of these, including TNFα, IL-1β, IFN γ, Fas
ligand, and chemokine CCL20 were shown to be dynamic over the periovulatory period,
implying that they may have important biological functions during this time (Terranova and
Montgomery Rice, 1997; Penny et al. 1999; Sakumoto et al. 2003; Neuvians et al. 2004; Zhou et
al. 2005; Slot et al. 2006; Galvao et al. 2010; Al-Alem et al. 2015; Luo et al. 2015; NioKobayashi et al. 2015).
The ovulatory cascade is initiated by an LH surge from the pituitary and several studies
have implicated LH in the regulation of pro-inflammatory cytokines within the mammalian
ovary. Al-Alem et al. (2015) conducted a study on human granulosa and theca cells and found
that chemokine CCL20 was significantly induced in vivo and in vitro by hCG. CCL20 is known
to recruit leukocytes, which can produce other pro-inflammatory cytokines, and therefore CCL20
may be responsible for the recruitment of leukocytes to the ovary to aid in follicle layer rupture
(Al-Alem et al. 2015). Moreover, IFNα and chemokine CCL25 were also increased by hCG in
rat preovulatory granulosa cells and murine ovarian tissue, respectively (Zhou et al. 2005; Lee et
al. 2009). CCL25 is involved in macrophage differentiation and is chemotactic for macrophages,
indicating it may be involved in recruiting macrophages to the ovary where they can produce
more cytokines, including TNFα (Schmutz et al. 2010). Ujioka et al. (1998) injected white
rabbits with hCG and found a significant increase in IL-8 and IL-1β in the ovary. The team also
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found that when the actions of IL-8 and IL-1β were inhibited, ovulation rate was reduced and
therefore suggest a critical role of these interleukins in ovulation in rats (Ujioka et al. 1998). In
addition, activation of LH by gonadotropin-releasing hormone (GnRH) treatment in vivo
increased TNFα and its receptors TNFR1 and TNFR2 mRNA in bovine preovulatory follicles
(Silva et al. 2015) indicating this pro-inflammatory cytokine may be important in the ovulatory
cascade. Unlike the previous studies, chemokine CCL2 and Fas ligand expression were
significantly reduced after hCG treatment in human corpus luteum cells and luteinized granulosa
cells, respectively (Matsubara et al. 2000; Nio-Kobayashi et al. 2015), suggesting they may have
negative effects on ovulatory success. Collectively, these studies implicate LH in the regulation
of pro-inflammatory cytokines within the mammalian ovary and also suggest species-specific
responses.
In mammals, pro-inflammatory cytokines have been implicated in the ovulatory process
including their involvement in steroidogenesis and progesterone and prostaglandin production.
Steroids are important regulators of ovulation in mammals. High E2 levels in the ovary inhibit
ovulation, and only when these levels are lowered can LH stimulate the ovulatory cascade. Proinflammatory cytokines have been implicated in steroidogenesis, and several studies have
demonstrated that TNFα, IL-1β, IFN γ, and Fas ligand inhibit FSH stimulated E2 production in
bovine, rat, and human granulosa and luteal cells during ovulation and luteolysis (Adashi et al.
1989; Terranova and Montgomery Rice, 1997; Sakumoto et al. 2003; Vassiliadas et al. 2005;
Williams et al. 2008; Galvao et al. 2010). Furthermore, Shibaya et al. (2007) treated bovine
luteal cells with TNFα and IFN γ and found that estrogen receptor alpha (ERα) and beta (ERβ)
mRNA were inhibited by TNFα, and ERβ was inhibited by IFN γ. These studies suggest that
pro-inflammatory cytokines may be involved in lowering E2 levels in preparation for ovulation
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and in ensuring E2 levels remain low during ovulation. In contrast, Basini et al. (2002) and Yan
et al. (1993) found that TNFα treatment stimulated E2 biosynthesis in bovine ovarian follicles
and human granulosa and luteal cells. These studies implicate pro-inflammatory cytokines in the
regulation of E2 during ovulation in mammals, however, there is some controversy about
whether they stimulate or inhibit E2.
Pro-inflammatory cytokines have also been associated with progesterone modulation,
however, it is unclear whether cytokines stimulate or inhibit progesterone production.
Progesterone is stimulated by LH, and aids in GVBD in the oocyte as well as prostaglandin,
MMPs, and ADAMTS production in the theca and granulosa cells in preparation for ovulation
and is also involved post ovulation in preparation for fertilization (Findlay, 1994; Rosewell et al.
2015; Green et al. 2017; Willis et al. 2017). TNFα inhibits LH and FSH stimulated progesterone
synthesis in bovine, rat and human granulosa/ luteal cells and ovarian follicles (Benyo and Pate,
1992; Terranova and Montgomery Rice, 1997; Nash et al. 1999; Basini et al. 2002; Sakumoto et
al. 2003). Furthermore, IL-1β inhibits progesterone production in rat granulosa cells and Fas
ligand inhibits progesterone in equine luteal cells (Kokia et al. 1995; Galveo et al. 2010).
Contrary to the previously cited studies, TNFα and IL-1β have also been demonstrated to
stimulate progesterone production through protein kinase C (PKC) in rat preovulatory follicles
and human granulosa and luteal cells (Sancho-Tello and Terranova, 1991; Yan et al. 1993;
Brännstöm et al. 1995; Bornstein et al. 2004; Dang et al. 2017). Al-Alem et al. (2015) also
demonstrated that chemokine CCL20 is positively correlated with progesterone production
during human ovulation. It has been demonstrated that pro-inflammatory cytokines play a role in
progesterone production during mammalian ovulation and therefore suggest a possible role of
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pro-inflammatory cytokines in GVBD, prostaglandin, MMP, or ADAMTS production, and/ or
preparation for fertilization.
Prostaglandins are a subclass of eicosanoids that have hormone-like effects. The
precursor PGH2 is converted from arachidonic acid via COX1 or 2 and PGH synthase. PGH2 can
then be converted into several types of prostaglandins including PGE2 via prostaglandin E2
synthase (PGES) or PGF2α via prostaglandin F2α synthase (PGFS) (Ricciotti and FitzGerald,
2011; Takahashi et al. 2017). Prostaglandins play a critical role in follicle layer rupture leading
to ovulation and during luteolysis in mammals (Chang et al. 2017). Prostaglandin E2 and F2α
(PGF2α) production was inhibited by TNFα in bovine granulosa cells from small or early stage
ovarian follicles, but PGE2 was stimulated in large or later stage ovarian follicles by TNFα
(Basani et al. 2002), indicating that TNFα may control prostaglandin production based on follicle
size. In rats, TNFα and IL-1β stimulated PGE2 and PGF2α production in whole ovary as well as
in preovulatory follicles and granulosa cells (Brannstrom et al. 1993; Kokia et al. 1995;
Terranova and Montgomery Rice, 1997; Vassiliadis et al. 2005). TNFα and IL-1β also
stimulated prostaglandin production in bovine, pig and human granulosa cells (Veldhuis et al.
1991; Terranova and Montgomery Rice, 1997) and in the luteal cells of humans and cows
(Benyo and Pate, 1992; Wang et al. 1992). Furthermore, TNFα in combination with IL-1β and
IFN γ had synergistic effects on PGF2α production in bovine luteal cells (Benyo and Pate, 1992).
In contrast, treatment of both bovine and equine luteal cells with IFNα and Fas Ligand inhibited
PGF2α and PGE2 production, respectively (Benyo and Pate, 1992; Galveo et al. 2010).
The previous studies suggest pro-inflammatory cytokines modulate prostaglandin
synthesis. However, the opposite has been shown where prostaglandins modulate proinflammatory cytokines within the mammalian ovary. In sheep, stimulation of ovarian luteal
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cells with PGF2α resulted in the increased expression of the pro-inflammatory cytokine IFN tau
(Antoniazzi et al. 2013). PGF2α has also been shown to upregulate IFN γ and the chemokines
CXCL8, CXCL2, and CCL2 in human luteinized granulosa cells (Penny et al. 1999; Luo et al
2015; Nio- Kobayashi et al. 2015). Neuviens et al. (2004) demonstrated that treatment of bovine
corpus luteum cells with PGF2α stimulated IFN γ mRNA expression. In addition, treatment with
PGE2 downregulated the chemokine CCL2 in human luteinized granulosa cells (Nio-Kobayashi
et al. 2015). Moreover, a study conducted on mice by Bao et al. (2011) demonstrated that PGE2
down-regulated TNFα and IFN γ expression in ovarian tissue, which may be indicative of
negative-feedback loop that controls TNFα stimulated PGE2 production.
Proteases, including MMPS, TIMPs, and ADAMTS, are enzymes that work together to
regulate the remodelling and degeneration of the extracellular matrix (ECM), including the
breakdown of collagens, and have been shown to be important in facilitating follicle layer
rupture and ovulation in mammals (Gottsch et al. 2000; Van Lint and Libert, 2007; Demircan et
al. 2014; Rosewell et al. 2015; Peralta et al. 2017; Barisic et al. 2018). Although minimal work
has been done on the relationship between MMPs, TIMPs, ADAMTS and pro-inflammatory
cytokines during follicle layer rupture and/ or ovulation, some work has implicated proinflammatory cytokines in the regulation of MMPs. In sheep, treatment with TNFα significantly
increased MMP-2 production in the ovary and inhibition of TNFα with an antiserum not only
attenuated MMP-2 production but it inhibited ovulation (Gottsch et al. 2000). In bovine luteal
cells, treatment with IFN γ significantly increased the expression of MMP-1 and decreased the
expression of MMP-14 and the MMP-1 inhibitor TIMP-1 (Abe et al. 2015). Moreover, TNFα
upregulated MMP-2 in a time and dose dependent manner in bovine cells from the corpus luteum
(Zhang et al. 2005) and TNFα and IL-1β significantly increased MMP-9 expression in human
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ovarian surface epithelial cells (Yang et al. 2004) and macrophage cells (Sarén et al. 1996).
Treatment with TNFα also increased the expression levels of MMP-1, MMP-2, and MMP-9 in
the pig corpus luteum, while having no effect on TIMP-1 or TIMP-2 (Pitzel et al. 2000). The
previous studies implicate TNFα, IL-1β, and IFN γ in the regulation of MMPs and their
associated inhibitors in ovarian tissue and therefore suggest a possible role of pro-inflammatory
cytokines in the regulation of follicle layer rupture. Studies have also demonstrated the
regulation of the immune system by MMPs. Gearing et al. (1994) found that both MMP-2 and
MMP-9 upregulated TNFα in mice. In more recent years, MMPs have been shown to regulate
the release of pro-inflammatory cytokines and apoptotic factors such as Fas Ligand in mammals
(Van Lint and Libert, 2007). Moreover, MMP-2 and MMP-9 have been shown to attenuate the
immune response through the down regulation of chemokines in humans, and inhibition of
MMP-9 led to increased tissue inflammation (Medeiros et al. 2017). Overall, there is evidence to
suggest that, in addition to tissue remodelling, MMPs may be involved in modulating various
components of the immune system.
The regulation of apoptosis is also critical for follicle cell survival and ovulation in
mammals. Caspases, a family of protease enzymes, are important modulators of apoptosis and
studies have demonstrated that the proper balance of caspases and cell survival factors allows for
ovulation and prevents follicular death (Silva et al. 2014; Yamamoto et al. 2015; Lei et al. 2016).
If caspases are produced too early in the periovulatory period or if cell survival factors are not
functioning correctly, early apoptosis of follicular cells may occur, resulting in follicular death.
However, if caspases are not produced near the time of ovulation, ovulation could be inhibited
(Silva et al. 2014; Yamamoto et al. 2015; Lei et al. 2016). TNFα can activate apoptosis through
the TNFR1 receptor leading to subsequent caspase 8 and 9 production (Chu, 2013). TNFα is
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also known to upregulate caspase 3, leading to inflammation and apoptosis in mammalian
skeletal muscles (Dutt et al. 2017). The rate of apoptosis has been shown to increase in relation
to the time of ovulation in mammals, and it is hypothesized that caspases play a role in follicle
layer rupture and may be regulated through pro-inflammatory cytokines, like TNFα, within the
ovary (Mendoza-Rodriguez et al. 2003).

Fish Ovulation and the Immune System
Ovulation in fish is similar to that of mammals and involves the sequential release and
actions of numerous hormones and local signalling molecules (Fig. 1). Before the periovulatory
period, oocytes grow in size and undergo vitellogenesis under the control of FSH, however,
meiosis is arrested in prophase one through the stimulation of G-protein coupled estrogen
receptor and the production of cyclic AMP (cAMP) (Majumder et al. 2014), which prevents the
oocytes from being able to undergo maturation (Ge, 2005). E2 levels remain high until the start
of the periovulatory period when their levels drop dramatically. At the start of the periovulatory
period, maturational competence is initiated by the release of LH from the pituitary and the
subsequent decrease in cAMP production, leading to the production of the maturation inducing
steroid (MIS), 17α, 20β-dihydroxy-4-pregnen-3-one (17α20βP) and changes in the expression of
several growth factors (Ge, 2005). This, in turn, induces GVBD and the resumption of meiosis
(Selman et al. 1993). Following these events, protein kinase C (PKC) and 17α20βP stimulate the
production of cPLA2, which mobilizes arachidonic acid (AA), followed by the activation of
COX-2, which promotes the formation of prostaglandin precursors from AA (Melnyk, 2011).
This subsequently leads to increased production of ovarian PGF2α and PGE2 (Lister and Van Der
Kraak, 2008) resulting in follicular layer rupture and oocyte ovulation, however, the specifics of
how PG’s lead to follicle layer rupture are still uncertain (Goetz and Garczynski, 1997;

13

Takahashi et al. 2013). Finally, oocytes can be released to the external environment via
spawning when males are present (Selman et al. 1993; Ge, 2005).

Figure 1. Zebrafish ovarian development and ovulation.
Research on the role of the immune system during teleost ovulation is minimal compared
to that performed on mammalian species and is mainly limited to immune gene identification
within ovarian tissue. At least one member from all four cytokine families has been identified
within teleost ovarian tissue. TNFα and related genes have been identified within the ovaries of
the zebrafish (Danio rerio), brook trout (Salvelinus fontinalis), rainbow trout (Onchorynchus
mykiss), brown trout (Salmo trutta), and bluefin tuna (Thunnus thynnus) (Bobe and Goetz, 2000;
Bobe and Goetz, 2001; Kadowaki et al. 2009; Crespo et al. 2010; Crespo et al. 2012). Members
of the interleukin family including IL-1β and IL-6, have been identified in rainbow trout ovarian
tissue (Iliev et al. 2007; Husain et al. 2012). Studies performed on rainbow trout and fathead
minnow (Pimephales promelas) found chemokines from both the CC and the CXC types
expressed within ovarian tissue, with CXCL12a expression increasing over time in relation to
ovulation (Mackenzie et al. 2004; Bobe et al. 2006; Bobe et al. 2009; Villeneuve et al. 2010;
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Chaves-pozo et al. 2010a). Interferons (Type 1 and IFN γ) have been identified in channel catfish
(Ictalurus punctatus) and rainbow trout ovary (Long et al. 2004; Chaves-Pozo et al. 2010b).
Immune activators such as LPS, a molecule found on the membrane of gram negative
bacteria that elicits an immune response through PRR’s (Schwabe et al. 2006), have been used to
investigate the expression of pro-inflammatory cytokines within fish ovaries. For example, Iliev
et al. (2007) treated rainbow trout ovaries with LPS and found a significant increase in IL-6.
Several other studies on rainbow trout and bluefin tuna found similar results, with LPS treatment
increasing the levels of chemokine CXCd, CK3, CK6, CK9, CK12, CCL4, TNFα, and IFN γ in
ovarian tissues (Mackenzie et al. 2004; Kadowaki et al. 2009; Chaves-Pozo et al. 2010a; ChavesPozo et al. 2010b; Crespo et al. 2010).
Few studies have demonstrated a relationship between pro-inflammatory cytokines and
the hormones and local signalling molecules that regulate ovulation in teleost species. Bobe et al.
(2006) found that chemokine CXCL14 expression increases at the time of oocyte maturation in
rainbow trout. In addition, Villeneuve et al. (2010) separated fathead minnow follicles into four
stages, pre-vitellogenic, vitellogenic, mature, and atretic, and compared the expression of various
genes between stages, including chemokine CXCL12a. The study found that CXCL12a had the
lowest expression in pre-vitellogenic follicles, and the highest, with an approximate 8-fold
increase from pre-vitellogenic, in vitellogenic follicles (Villeneuve et al. 2010). The previous
two studies implicated chemokines in ovulation as their expression increased leading up to
ovulation. Crespo et al. (2010) found that treatment of rainbow trout ovaries with recombinant
rainbow trout TNFα increased testosterone production and the expression of MAP kinase,
ADAMTS3, TIMP2 and MMP9 mRNA, signifying that TNFα may play a role in steroidogenesis
and tissue remodelling. Research conducted by Crespo et al. (2012) on brown trout preovulatory
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follicles suggests TNFα influences the onset of ovulation by prompting 17α20βP production and
germinal vesicle breakdown (GVBD). Crespo and colleagues (2012) also found that when the
actions of TNFα are blocked, oocyte maturation is inhibited. An experiment conducted on
brown trout by Crespo et al. (2015) aimed to determine the role of TNFα in the regulation of
prostaglandin synthesis and ovulation. They reported that ovarian follicles treated with TNFα
and PGF2α respond as if they were treated with LH alone, including the induction of follicle
contraction, proteolysis and ovulation. Moreover, the actions of LH, including prostaglandin
production, were blocked when TNFα was inhibited. These results indicate that PGF2α synthesis
is induced by a LH dependent increase in TNFα in brown trout (Crespo et al. 2015), suggesting
that pro-inflammatory cytokines are involved in the production of prostaglandins.
Studies have also shown that pro-inflammatory cytokines are being regulated by LH,
progestogens, prostaglandins and PKC during teleost ovulation. Fast et al. (2005) found that
PGE2 had a stimulatory effect on TNFα expression in Atlantic salmon (Salmo salar), while
blocking the stimulatory effects of LPS seen on IL-1β, indicating that prostaglandins may be
regulating cytokines. Moreover, Crespo et al. (2015) found that treatment of brown trout ovaries
with LH stimulates TNFα production (Crespo et al. 2012). Others found that phorbol 12myristate 13-acetate (PMA) and calcium ionophore A23187, commonly used PKC activators,
increase the expression of TNFα within the bluefin tuna and brook trout ovary, suggesting that
immune regulators are under the control of PKC (Kadowaki et al 2009; Bobe and Goetz, 2000).
It is evident that more studies are needed to investigate the interactions between LH,
prostaglandins, progestogens, PKC and pro-inflammatory cytokines during the periovulatory
period and to determine the signaling pathways of these cytokines during ovulation in fish.
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Thesis: Goals and Objectives
The goal of this study was to identify pro-inflammatory cytokines in the zebrafish ovary,
describe their expression patterns over the periovulatory period, and determine how they are
regulated leading up to and during ovulation. This thesis also explored the actions of proinflammatory cytokines in the zebrafish ovary including their possible role in the regulation of
steroidogenesis, prostaglandin production, or enzymes and caspases involved in follicle layer
rupture. First, I hypothesized that the pro-inflammatory cytokines and receptors TNFα A, TNFα
B, TNFR1, IL-1β, IFN γ, Fas ligand, CXCL14 (scyba), and the macrophage marker genes,
CSF1-1, CSF1-2, and CSFR are expressed in the zebrafish ovary because they contribute to the
inflammatory-like actions of cell proliferation and follicular layer rupture that are integral to the
ovulation of the oocyte. These genes were chosen due to their implications in both mammalian
and fish ovulation, demonstrated in previous studies. Ovulation is ultimately initiated by a surge
in LH which acts to increase the production of progestogens (17α20βP), PKC, PGE2, and PGF2α.
Therefore, my second hypothesis was that these hormones and activators are responsible for the
activation of the pro-inflammatory cytokines within the ovary because they are involved in the
regulation of ovulation. In addition, E2 plays a pivotal role during the periovulatory period by
blocking ovulation and so my third hypothesis was that treatment with E2 would inhibit proinflammatory cytokine expression because pro-inflammatory cytokines are involved in
ovulation. Lastly, my fourth hypothesis was that the pro-inflammatory cytokines listed are
responsible for the activation of the hormones and modulators of zebrafish ovulation and the
inhibition of E2 because they aid in the regulation of ovulation.
If the first hypothesis is supported, then I predict that there will be detectable levels of
expression of the pro-inflammatory cytokines within the zebrafish ovary. I also predict that there
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will be an increase in the expression of these cytokines directly prior to ovulation. Thirdly, if
pro-inflammatory cytokines are expressed in zebrafish follicles then I predict that these genes
will have a spatial expression pattern within the zebrafish full grown follicle, with expression in
the follicle layers, oocyte, or both. To test this hypothesis, I will utilize zebrafish asynchronous
spawning and use qPCR to measure the gene expression of several pro-inflammatory cytokines
at several time intervals during the periovulatory period to determine if the cytokines are
expressed and/or dynamic in relation to ovulation. Moreover, I will separate the oocyte and the
follicular layers of full grown ovarian follicles and perform qPCR to determine where the proinflammatory cytokines are being expressed.
If my second and third hypotheses are supported, then I predict that the mRNA and
protein expression levels of the pro-inflammatory cytokines will increase in response to
exogenous hCG, 17α20βP, PGE2, PGF2α, and/or PMA/A23187, and decrease in response to E2. I
also predict that when an inhibitor is used to block the actions of the hormones and activators of
ovulation, then the response of the pro-inflammatory cytokines will be attenuated. To test these
hypotheses, I will perform in vitro experiments and treat full grown follicles for either one, three,
or four hours with either hCG, 17α20βP, PGE2, PGF2α, PMA/ A23187, or 17β- Estradiol (E2). I
will then measure the gene and protein expression of pro-inflammatory cytokines using qPCR
and western blotting respectively, to determine if their expression changes with treatment. If an
increase/decrease in pro-inflammatory cytokines with a treatment is found, then an inhibitor will
be used to attempt to attenuate this change to confirm hormone or ovulatory activator regulation.
Finally, if my fourth hypothesis is supported, then I predict that treatment with proinflammatory cytokines will increase the production or expression of PGE2, PGF2α, T, StAR,
MMP9, MMP2, COX2, cPLA2, ADAMTS1 and caspase 3, 8, and 9, and decrease the production
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or expression of E2, TIMP2a, and TIMP2b1 within the zebrafish ovary, and a pro-inflammatory
cytokine inhibitor will block these effects. To test this hypothesis, I will perform in vitro
experiments and treat full grown and mid-vitellogenic follicles with a pro-inflammatory cytokine
for either one, two or three hours. Mid-vitellogenic follicle media will be used for E2 enzyme
immune assay (EIA), while full grown follicle media will be used for T, PGE2 and PGF2α EIA.
Full grown follicles will be snap frozen and used for qPCR to measure caspase 3, 8 and 9, StAR,
MMP9, MMP2, TIMP2a, TIMP2b1, COX2, cPLA2, and ADAMTS1 gene expression.

Model Organism
Zebrafish are an important vertebrate model organism and are used to investigate a wide
range of subjects including reproductive and developmental biology, physiology and toxicology
(Ge, 2005; Clelland and Peng, 2009). Zebrafish facilitate these types of studies because they are
small and easy to maintain, as minimal space is required for housing. Zebrafish mature early in
life and spawn asynchronously, all follicular stages are present within the ovary at a given time,
allowing for easy acquisition of all ovarian follicle stages by follicle sorting (Sullivan and Kim,
2008). In addition, asynchronous fish may ovulate and spawn, producing eggs daily for
experimental use. The zebrafish genome has been sequenced, making genomics a useful tool to
study physiological and reproductive questions (Briggs, 2002). Ovarian development and
endocrine control has been widely studied in zebrafish, providing a substantial understanding of
the signalling cascades involved in follicular development and ovulation. For these reasons, the
zebrafish is an ideal model organism to study the role of the immune system during ovulation in
fish.
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METHODS
Experimental Animals
Zebrafish care:
Adult, reproductively mature zebrafish were obtained from AQuality Tropical Fish
Wholesale (Missisauga, ON) and kept in the Hagen Aqualab at the University of Guelph
(Guelph, ON). Fish were housed in A-HAB Research Systems (Aquatic Habitats; Apopka, FL)
at a density of approximately 3 fish per litre. The systems had constant recirculating water flow
and were maintained at 28°C under a 12 hr light, 12 hr dark photoperiod. Fish were fed to
satiation with frozen brine shrimp (Hakari, Hayward, CA), or 0.5 mm slow sinking fish pellets
(North fin; Mississauga, ON) twice daily. To collect ovarian tissue, fish were first euthanized
with an overdose of tricaine methanesulfonate (MS-222; 0.3 g/L) (Aqua Life, Vancouver, BC)
buffered with sodium bicarbonate (0.6 g/L), followed by spinal severance. All experiments were
conducted in accordance with animal care protocols approved by the University of Guelph
Animal Care Committee.

Experimental Design
Chemicals:
Human chorionic gonadotropin (hCG), 17α20βP, the calcium ionophore A23187, phorbol
12-myristate 13-acetate (PMA), 17β estradiol (E2), and lipopolysaccharide (LPS: Escherichia
coli O55:B5) were obtained from Sigma Aldrich (St. Louis, MO). Prostaglandin E2 and F2α as
well as all enzyme immunoassay kits were obtained from Cayman Chemical (Ann Arbor, MI).
R-7050 was obtained from Cedarlane (Burlington, ON). Bisindolylmaleimide I (GF109203X)
was obtained from EMD Millipore (Burlington, MA). SB203580 and U0126 were obtained
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from Santa Cruz Biotechnology (Dallas, TX). Murine TNFα was obtained from Prospec Protein
Specialists (East Brunswick, NJ). The rabbit anti-zebrafish TNFα polyclonal antibody (Catalog
# AS-55383) was obtained from AnaSpec Inc (Fremont, CA). Ovaprim was obtained from
Syndel Canada (Nanaimo, BC). hCG, LPS and murine TNFα were reconstituted in water. R7050, GF109203X, SB203580, U0126, and Ovaprim were reconstituted/ diluted in dimethyl
sulfoxide (DMSO). PMA, A23187, E2, 17α20βP, PGE2 and PGF2α were reconstituted in 95%
ethanol.
In Vitro Protocol:
Sexually mature female fish (n = 7-10) were selected from the general population based
on the presence of an ovipositor, and euthanized. Following euthanasia, body and ovary weights
were obtained and used to calculate gonadosomatic index (GSI) as gonad weight/ body weight x
100. Ovaries were excised using surgical scissors and forceps, weighed, and placed in 60%
Leibovitz’s L-15 medium (L-15; Life Technologies; Carlsbad, CA) containing streptomycin (120
µg/ml) and penicillin (120 IU/ml). Using a dissecting microscope and fine forceps, follicles at
the desired stage (Selman et al. 1993), were isolated from the excised ovaries: stage 1: primary
growth, stage 2: cortical alveolous, stage 3.1: early vitellogenic, stage 3.2: mid vitellogenic, 3.3:
late vitellogenic, stage 4: full grown, stage 5: mature follicle, and stage 6: ovulated oocyte.
Depending on the experiment, 20-80 follicles were placed into each well of a 24 well plate
(Falcon; Fisher Scientific, Hampton, NH) with 500- 1500 µl of L-15 media and incubated with
either solvent alone or treatment for a predetermined length of time at 28 °C in darkness. Three
to four wells were assigned to each treatment and served as pseudo replicates. Each in vitro
incubation was repeated three times per experiment using different pools of follicles (n= 3).
After incubation, all tissue and media were stored at -80 °C until further analysis.
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Experiment 1: Presence and Time Course.
The purpose of this experiment was to determine if various pro-inflammatory genes,
cytokines and their receptors were expressed by the zebrafish ovary and if their expression
changed in relation to ovulation. The immune regulating genes and cytokines included TNFα A
and B, TNFR1 and 2, IL-1β, IFNγ, scyba, CSF1R, CSF1-1, CSF1-2, and Fas ligand.
Ovarian tissue was obtained from an in vivo experiment conducted in May of 2014 by J.
Matsumoto and C. Sing-Judge which involved ten 4.5 litre tanks each containing 6 females and 3
males and artificial substrate (glass marbles and plants) that were held at 28°C. The water was
changed daily. The aquarium conditions were set up two days prior to tissue collection to ensure
each tank of fish produced eggs. Fish were euthanized from two tanks at each of the following
times: 1 AM (n= 11), 4 AM (n= 12), 7 AM (n= 11), 10 AM (n= 9), and 10 PM (n= 11) and the
ovaries were removed and stored for subsequent qPCR.
A second time course in vivo experiment utilized twenty four 4.5 litre tanks. In this case,
12 tanks contained six females only and 12 were mixed sex tanks containing six females and
three males. Fish from four tanks, two female only tanks and two mixed sex tanks were
euthanized at each of the following times: 1, 4, 5, 6, 7, and 10 AM with eight to twenty fish
sampled per time point. The tanks were checked for spawning and the fish were euthanized and
the ovarian tissue was used for qPCR.
Experiment 2: Ovaprim Injection and TNFα A and B Expression.
The purpose of this experiment was to determine whether stimulation of ovulation by
Ovaprim, which contains salmon gonadotropin releasing hormone analog and the dopamine
receptor antagonist, domperidone (Syndel; Nanaimo, BC), increases the ovarian expression of
TNFα A or TNFα B. This experiment was conducted by J. Matsumoto and S. Vanderkaden. On
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day one, two females and one male were placed into thirty two 4.5 litre aquaria each containing
glass marbles and a plastic plant. On day two, the tanks were checked for eggs and males were
removed. On day three, fish in 16 tanks were injected with 10 µl of vehicle (20 % DMSO) and
fish in 16 tanks with 10 µl of Ovaprim (4 µg/ml gonadotropin releasing hormone, 2 mg/ml
domperidone in 20 % DMSO). At one and three hours post injection, fish from eight tanks from
each treatment were removed, and the tanks were checked for spawning. The ovaries were
excised and snap frozen for future qPCR analysis.
Experiment 3: Regulation of TNFα in Full Grown Follicles.
A series of experiments were conducted to determine if hormones and activators involved
in ovulation affect the expression of TNFα A and B or other pro-inflammatory genes. Full grown
follicles were collected as previously described with 20 follicles per well and incubated with
solvent alone, hCG (20 IU/ml), 17α20βP (10 ng/ml), PGE2 (200 ng/ml), PGF2α (200 ng/ml), 17β
estradiol (136 pg/ml), and/or PMA (400 nM)/ A23187 (10 µM), for one, three and/or four hours.
The experiment was replicated three times. The follicles were pre-incubated for 30 minutes with
17β estradiol before the addition of PMA/A23187. Follicles were separated from the media and
both were stored at -80°C for future qPCR analysis of TNFα A and B, IL-1β, IFNγ, and scyba.
Experiment 4: Spatial Expression of TNFα A and B in the Full Grown Follicle.
The purpose of this experiment was to determine the spatial expression of immune
related genes within the ovarian follicular cells and the oocyte. The genes measured included
TNFα A, B, and their receptors TNFR1 and TNFR2, as well as the macrophage marker genes
CSF1-1, CSF1-2 and their receptor CSFR. For the first in vitro incubation, full grown ovarian
follicles were collected and placed into 16 wells (40 follicles per well). The follicles in eight
wells were treated with PMA (400 nM) and A23187 (10 µM) to stimulate TNFα A and B
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expression, and eight wells with vehicle alone. The follicles were incubated for one hour and
subsequently separated from the media, snap frozen and placed in -80 °C for future denuding and
analysis. Four wells out of the eight for both control and PMA/A23187 treated were denuded in
60% L-15 at room temperature which involved carefully removing the theca and granulosa cells
using a dissecting microscope and fine forceps. The oocyte and follicular layers were frozen
separately for future gene expression analysis. The follicles remaining in the four wells from
each treatment were left intact to compare gene expressions between the follicle layers, the
oocyte and intact follicles. Following qPCR, the products were run on an ethidium bromide gel
to confirm and visualize expression.
A second in vitro incubation compared expression of TNFα A and B in intact follicles
and ovulated oocytes. Ovulated oocytes are devoid of theca and granulosa cells. EF1α, GDF9
and lhcgr were used as positive controls for expression in specific regions of the ovarian follicle.
EF1α should be expressed in all sections of the ovarian full grown follicle, while GDF9 is
exclusively expressed by the oocyte and lhcgr by the follicular layers (Li and Ge, 2011). Five
female zebrafish were kept without males overnight in a tank containing marbles and a plastic
plant to stimulate ovulation but not spawning. The abdomens of these solitary females were
palpated to collect ovulated oocytes which were then placed in L-15 media. Full grown intact
follicles were sorted as described previously from ovaries of an additional 5 females held under
typical holding conditions. Ovulated oocytes and intact full grown follicles were incubated with
solvent alone and with PMA (400 nM)/ A23187 (10 µM) for one hour. Following qPCR the
products were run on an ethidium bromide gel to confirm and visualize expression.
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Experiment 5: TNFα Protein Expression.
The purpose of this experiment was to determine if PMA/A23187 increases the protein
expression of TNFα. An in vitro incubation was performed in which 80 full grown follicles were
placed into two wells and treated with solvent alone or PMA (400 nM)/ A23187 (10 µM) for six
hours. Follicles were snap frozen and stored for future protein extraction and western blot
analysis. The experiment was replicated three times.
Experiment 6: Protein Kinase C Regulation of TNFα A and B.
Protein Kinase C is part of a family of protein kinase enzymes involved in the regulation
of other proteins through the phosphorylation of specific amino acid residues, and plays an
important role in a number of signalling pathways (Fig. 2) (Tepekoy et al. 2014). PKC can be
divided into three isoform types, conventional, novel, and atypical. Conventional PKC’s (PKC
α, β1, β2, and γ) require both diacylglycerol (DAG) and calcium ions for activation, novel PKC’s
(PKC η, ε, θ, and σ) require only DAG, and atypical PKC’s do not require either (Salli and
Stormshak, 2001; Tepekoy et al. 2014). PMA and A23187 are established activators of the
conventional and novel PKC pathways which can activate several downstream kinase pathways
(Fig. 2) including extracellular signal-regulated kinase (ERK1/2) and p38 kinase, both of which
have been implicated in the regulation of ovulation and the immune response in mammals
(Thompson et al. 2016; Dang et al. 2017; Gan et al. 2017). The purpose of these experiments was
to determine whether PMA/A23187 activate TNFα A and B expression through PKC and/or one
of its downstream kinase pathways.
The first in vitro experiment tested the effects of the conventional PKC inhibitor
GF109203X. Full grown follicles were sorted as previously described with 20 follicles per well,
and were treated with solvent alone, GF109203X (10 µM), PMA (400 nM)/ A23187 (10 µM)
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and GF109203X (10 µM) + PMA (400 nM)/A23187 (10µM). Follicles were pretreated for half
an hour with GF109203X vehicle, or GF109203X in the designated wells. This was followed by
a three hour incubation with PMA/A23187 vehicle and PMA/A23187 in the designated wells.
Following incubation, follicles were snap frozen and used for qPCR analysis on TNFα A and B.
The experiment was replicated three times.
In other experiments, full grown follicles were sorted as indicated above and treated with
solvent alone, U0126 (ERK inhibitor; 10 µM), or SB203580 (P38 kinase inhibitor; 10 µM) alone
and in combination with PMA (400 nM)/ A23187 (10 µM). Follicles were pre-treated for 30
minutes with the inhibitors, followed by a three hour incubation with PMA/A23187 in the
designated wells. qPCR analysis was used to determine the effects on TNFα A and B
expression. The experiment was replicated three times.
Experiment 7: Actions of TNFα in the Ovary.
The purpose of this experiment was to determine the actions of TNFα within the
zebrafish ovary by examining the effects of murine TNFα on gene expression, steroidogenesis,
and prostaglandin production. As zebrafish TNFα is not available, it was necessary to determine
the homology of the readily available, murine TNFα (mTNFα) to zebrafish TNFα. Therefore,
the homogeneity between zebrafish TNFαA (accession # NP_998024.2) and B (accession #
NP_001019618.1) and mTNFα (accession # AAA40457.1) protein sequences were investigated.
The protein sequences were obtained from NCBI in the FASTA format. Major conserved trimer
interface binding sites (sites where three TNFα ligands will join) and receptor binding sites (sites
where joined ligands bind to the receptors) were found using NCBI’s conserved domains
database (https://www.ncbi.nlm.nih.gov/cdd) and, for the purposes of this thesis, labelled sites
one through six by order of appearance in the protein sequence starting at amino acid one (Tables
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1, 2). The homogeneity between zebrafish TNFα A, B and mTNFα was determined by
comparing the identity and similarity of the amino acids and their properties in the conserved
sites (Tables 1, 2). It was concluded that the use of mTNFα in the zebrafish was acceptable. The
trimer interface binding sites were approximately 76.5% homologous for murine TNFα and
TNFα A, and 65.5% homologous between mTNFα and TNFα B, suggesting that the ligands will
join and fold in a similar way. The binding sites were approximately 49.5% and 51%
homologous between mTNFα and TNFα A and TNFα B respectively.
Groups of 20 full grown or mid-vitellogenic follicles were placed into each well and
treated with either vehicle alone, murine TNFα (250 ng/ml), PMA (400 nM)/ A23187 (10 µM),
or hCG (20 IU) and incubated for 1, 2, or 3 hours and each incubation was replicated three times.
Follicles were then separated from the media and used for qPCR analysis of genes involved in
apoptosis (caspase 3, 8 and 9), tissue remodelling (MMP9, MMP2, TIMP2a, TIMP2B,
ADAMTS1), prostaglandin synthesis (COX2, cPLA2), and steroidogenesis (StAR). The media
from full grown follicle incubations was used for T, PGE2 and PGF2α analysis by EIA. Media
from mid-vitellogenic follicles was used for E2 determination by EIA.
Experiment 8: Prostaglandin Production and TNFα Inhibition.
The purpose of this experiment was to determine whether inhibiting TNFα signal
transduction by blocking the TNFα receptor with R-7050 attenuates the effects of PMA/A23187
on PGE2 or PGF2α production in full grown follicles; R-7050 prevents TNFα signal transduction
into the cell by blocking the TNFα receptor from binding with the receptor-associated death
domain (Gururaja et al. 2007). Follicles were treated with solvent alone, R-7050 (10 µM), PMA
(400 nM)/ A23187 (10 µM), or R-7050 (10 µM) + PMA (400 nM)/ A23187 (10 µM). The
follicles were pre-treated for one hour with R-7050, followed by a three hour incubation with
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PMA/A23187 in the designated wells. Following treatment, follicles were separated from the
media and both were placed at -80°C. The media was used for PGE2 and PGF2α EIA analysis.
This experiment was replicated three times.
Experiment 9: Effects of Lipopolysaccharide (LPS) on TNFαA and B in the Full Grown
Follicle.
Lipopolysaccharide is a known activator of both the immune system and TNFα in
mammals and fish (Schwabe et al. 2006). The purpose of this experiment was to determine
whether LPS affects the expression of pro-inflammatory cytokines or pro-apoptotic genes (TNFα
A and B, IL-1β, IFNγ, scyba, Fas ligand, and caspase 3, 8 and 9) or prostaglandin production in
the zebrafish ovary. Full grown follicles (20 per well) were treated with 100 ng/ml and 1000
ng/ml LPS or PMA (400 nM)/ A23187 (10µM) for three and six hours. Following treatment,
follicles were used for gene expression analysis, and media collected for prostaglandin analysis.
This experiment was replicated three times.

Experimental Techniques
Gene Expression Analysis
RNA Extraction
The protocol for RNA extraction and quantification was similar to that described by
Irwin and Van Der Kraak (2012). In brief, total RNA was extracted from whole zebrafish
ovaries or sorted follicles using TRIzol reagent. All steps were in accordance with the
manufacture’s protocol for TRIzol reagent (Invitrogen; Carlsbad, CA). TRIzol reagent (800 µl)
was added to each sample and homogenized using a syringe. Once homogenous, 160 µl of
chloroform was added to each sample, mixed vigorously, and incubated for three minutes at
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room temperature and then centrifuged at 20,000 x g for 15 minutes at 4°C. The supernatant was
transferred into a clean centrifuge tube, 400 µl of isopropanol was added, and the sample was
centrifuged at 20,000 x g for 10 minutes at 4°C. The supernatant was poured off, 800 µl of 75 %
EtOH was added and the sample was centrifuged at 7,500 x g for five minutes at 4°C. The
supernatant was poured off and any excess EtOH was removed with a pipette. The sample was
left to air dry for three minutes, followed by the addition of 5-50 µl of H2O. The sample was
incubated at 60°C for 10 minutes and then gently vortex. RNA was quantified on ice, or stored
at -80°C until quantification. The Nanodrop8000 spectrophotometer (Thermo Scientific;
Waltham, MA) was used to quantify the RNA. The quantity of RNA was determined by looking
at the 260/230 nm and 260/280 nm absorption ratio values, which should both be a value of
approximately 2 and samples with values less than 1.5 were not used. Samples were diluted to
the desired range of 250-1000 ng/µl as needed and any sample below 200 ng/µl was not used.
RNA was stored at -80 °C until DNase treatment and reverse transcription. RNA samples were
randomly selected several times throughout the thesis and run on a 2 % ethidium bromide gel to
ensure RNA quality by checking for RNA shearing.
DNase Treatment/ Reverse Transcription
When RNA extraction was completed, 2 µl (or the equivalent to get 1000 ng) of RNA
from every sample was transferred into new 200 µl PCR tubes and placed on ice. Samples were
treated to remove any remaining DNA using a DNase treatment kit (Sigma; St. Louis, MO) in
accordance with the manufacturer’s instructions. While on ice, 2 µl of previously diluted
Random Hexamer (50 µg/ml) (Promega; Madison, WI) was added to each DNase treated sample
and incubated at 70 °C for five minutes. The cocktail consists of: 5 µl of buffer (M-MLV kit;
Invitrogen), 1.25 µl of PCR deoxynucleotidetriphosphates (0.5 mM, Sigma Aldrich),
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dithiothreitol (5 mM, Invitrogen; Carlsbad, CA), 1 µl mulroney’s- murine leukemia virus (MMLV) (200 U/rxn, Invitrogen), and 2.25 µl of DNase/RNase free water (Invitrogen) for each
reaction. The reverse transcription cocktail (12 µl) was added to each sample. Four to eight
samples were randomly selected and, in addition to regular reverse transcription, were reverse
transcribed without M-MLV to check for gDNA contamination. Samples were incubated for one
hour at 37 °C and five minutes at 95 °C. Samples were then stored at -20 °C as cDNA.
Primer Design
All primers that were previously tested in zebrafish tissues are listed in Table 3 with their
corresponding accession numbers. New primers were designed using the sequence for the gene
of interest and Primer3 software and are indicated by an asterisk (*) (Table 3) (Koressaar and
Remm, 2007; Untergrasser et al. 2012). All primers were obtained from Sigma Aldrich (St.
Louis, MO). A temperature gradient was run on all primers prior to use to determine the optimal
annealing temperature. The primer efficiency was determined for each primer using the equation
% E = (10 (-1)/slope - 1) · 100. Only primer pairs with amplification efficiencies between 75 % 110 % were used for data analysis.
Standard Curve Preparation
Subsamples of all the previously reverse transcribed samples were taken and pooled. The
pool was then serially diluted at 2x, 8x, 32x, 128x, 512x, and 2048x using DNase/RNase free
water (Invitrogen). A standard curve was used to interpolate an input amount for each sample
which can then be shown graphically as relative mRNA abundance for each gene and to
determine the efficiency of the primers (Livak and Schmittgen, 2001). In this way, the effects of
various treatments can be observed.
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Real-time Quantitative PCR
All the cDNA samples were diluted to fall within the range of the standard curve (usually
a 5x or 10x dilution). A total of 3.75 µl of each diluted sample was added in duplicate to the
wells of a real-time PCR plate (96 Fast PCR-Plate Vollrand plates; SARSTEDT, Nümbrecht,
DE). The cocktail was prepared as follows: 7.5 µl/rxn of Perfecta SYBR green fast mix (Quanta
Biosciences; Gaithersburg, MD), and 1.875 µl/rxn of both the forward and reverse primers (both
of which are diluted to 200 nM/rxn). A total of 11.25 µl of the cocktail was added to each well.
If there were more samples than could fit on one plate and the samples were separated onto two
plates, an inter-assay control was used to account for possible technical differences between the
plates. Once all wells had both cDNA and cocktail, the plate was sealed using Microseal® ‘B’
Seals (Bio-Rad Laboratories; Mississauga, ON). The plate was run under the following
conditions: 50 °C for 2 minutes, 95 °C for 5 minutes, and then 40 cycles of 95 °C for 1 second
and 55-65 °C (depending on the primer being used: Table 3) for 30 seconds using a CFX96
Touch qPCR detection system (Bio-Rad Laboratories; Mississauga, ON). The housekeeping
genes beta actin (βactin) (Sigma Alderich; St. Louis, MO) and elongation factor 1 alpha (ef1α)
(Sigma Alderich; St. Louis, MO) (Table 3) were used because their expression did not change
significantly with treatment (Livak and Schmittgen, 2001). All real-time qPCR results were
normalized to the expression of βactin and ef1α using the reference residual normalization
method as described by Edmunds et al. (2014). Data was analysed using Bio-Rad CFX Manager
(Version 3.1).
Gel Electrophoresis
A 2 % agarose gel was prepared by adding 2 g of ultrapure agarose (Invitrogen) to 100
ml 1X TBE buffer (0.1 M tris base, 0.09 M boric acid, 1 mM Na2 EDTA) and microwaving at 1
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minute intervals until all agarose is dissolved. Ethidium bromide (100 µl/ 100 ml gel) was added
to the gel, poured into the gel mold and left to solidify for 20 minutes. 1X TBE buffer (~ 800 ml)
was added to the gel rig. A total of 15 µl of qPCR sample was mixed with 5 µl of 3X
bromphenol blue (a colour marker, Bio-Rad Laboratories; Mississauga, ON), added to the gel
and run at 100 volts for ~50 minutes, or until the front had migrated at least 1 inch into the gel.
The gel was removed from the rig and imaged using an AlphaImager™ 3400 (Alpha Innotech;
San Leandro, CA) and Alpha Imager software.

Western Blotting
Tissue samples were collected from an in vitro experiment. Protein samples were
extracted by first homogenizing in radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM
sodium chloride, 1 % Triton X-100, 0.5 % sodium deoxycholate, 0.1 % SDS, 50 mM Tris (pH
8.0)) using a sonicator (QSonica LIC; Newton, CT), and incubating samples for 2 hours at 4 °C
with constant agitation. Samples were then centrifuged at 12,000 rpm for 20 minutes at 4 °C and
the supernatant collected and stored at -20 °C until quantification. Protein concentrations were
quantified using a BCA kit according to the manufacturer’s protocol (Thermo Scientific;
Waltham, MA). The protein was then denatured using a sodium dodecyl sulfate (SDS)
containing loading buffer (12% SDS (wt/vol), 6% mercaptoethanol (wt/vol), 30% glycerol
(wt/vol), 0.05% coomassi blue G-250 (wt/vol), 150 nM Tris/HCl (pH 7.0)), and incubated at 37
°C for 15 minutes. Proteins were separated using SDS polyacrylamide gel electrophoresis (SDSPAGE) according to the protocol described in Schägger (2006). In short, a 14 % resolving gel
was made (acrylamide-bisacrylamide (AB-3), gel buffer, glycerol, water, fresh ammonium
persulphate (APS), and tetramethylethylenediamine (TEMED)) and left to polymerize for 30
minutes. A 4 % stacking gel was added to the top of the resolving gel (AB-3, gel buffer, water,
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fresh APS, TEMED) and left to polymerize for 20 minutes. Once polymerized, the gel rig was
assembled and the inner chamber filled with cathode buffer (0.1 M Tris base, 0.1 M tricine, 0.1
% SDS) and the outer chamber with anode buffer (1.2 % Tris base, 0.2 % HCl). The samples
were loaded and run at 30 volts for 15 minutes to ensure the samples migrated into the gel. The
samples were then run at 200 volts for 30-50 minutes until the front reached the end of the gel.
The protein was transferred from the gel to a polyvinylidene fluoride (PVDF) membrane (BioRad Laboratories; Hercules, CA) (0.2 µm) using the wet transfer method in towbins buffer (2.5
mM Tris base, 0.92 mM glycine, 20 % methanol) for one hour at 100 volts, maintained at 4 °C.
The PVDF membrane was incubated for 1 hour in a blocking buffer (5 % skim milk powder in
0.1 % Tween Tris-buffered saline (TBS-T)) to prevent non-specific protein binding. The
membrane was incubated in the 1° antibody for the protein of interest at 4 °C overnight. Excess
antibody was washed off the membrane with TBS-T (3 washes for five minutes each) and
incubated with the 2° antibody for 1 hour at room temperature. The membrane was again
washed 3 times with TBS-T for five minutes each and then washed a fourth time with only Trisbuffered saline. The membrane was incubated using an ECL detection kit (Bio-Rad
Laboratories; Hercules, CA) for 5 minutes in complete darkness and a chemi-doc instrument
(Bio-Rad Laboratories; Hercules, CA) was used to detect chemiluminescence and visualize the
protein. When the Cy3 conjugated βactin primary antibody was used, the membrane was not
incubated in a secondary antibody nor in the ECL kit. The membrane was immediately
visualised following overnight incubation using a Cy3 filter. The data were analysed using Image
Lab Software (version 6.0) and Excel 2013. The rabbit anti-zebrafish TNFα polyclonal antibody
was purchased from Anaspec Inc. According to Anaspec Inc. the primary TNFα antibody should
bind to both zebrafish TNFα isoforms (A and B) based on the homogeneity between the antibody
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epitope and the isoform sequences. The primary Cy3 conjugated β actin antibody and the
secondary goat anti-rabbit antibody were purchased from Sigma Aldrich.

Enzyme Immunoassay
PGE2 and F2α, E2 and T monoclonal EIA plates were obtained from Cayman Chemical
Company (Ann Arbor, MI) and used according to the manufacturer’s instructions. Briefly, the
EIA buffer and wash buffer were diluted with water and the tracer and antibody were
reconstituted using EIA buffer. A standard curve was made by serial dilution of the EIA steroid
or prostaglandin standards. The reagents were loaded into the appropriate wells and left to
incubate overnight (18 hours) at 4 °C for prostaglandins, and two hours for T and E2. The wells
were washed 5 times with 200 µl of wash buffer and 200 µl of freshly prepared Ellman’s reagent
(Cayman Chemical; Ann Arbor, MI) was added to each well. The plate was incubated in
darkness for 45- 75 minutes with a gentle shake. The plate was read using a Spectramax Plus
384 (Molecular Devices; Sunnyvale, CA) at 420 nm and analysed using SoftmaxPro software
and Excel 2013. An inter-assay control sample with a known concentration was run on each plate
to account for technical variation between plates and to ensure optimal assay performance.

STATISTICAL ANALYSIS
The Kolmogorov-Smirnov test of normality was used to determine if data were normally
distributed. If the data were normally distributed a one-way Analysis of Variance (ANOVA)
was conducted to test for significance among treatments. A Dunnett’s post-hoc test was used
when comparing treatment groups to the control group and a Tukey’s post-hoc test was used
when comparing all treatments used to determine where the significant differences were. If the
data were not normally distributed, the data were transformed using either log10 or square root,

34

followed by ANOVA. If the data were still not normally distributed, a non-parametric KruskalWallis test, using independent samples, was used to test for significance. Experiments with only
two treatments were analysed using an independent samples T-test.
A linear regression analysis was used to test for positive relationships between the
expression values of selected genes. All analyses were conducted using SPSS statistical software
versions 23-25, assuming a significance level of α = 0.05.

RESULTS
Experiment 1: Expression of Pro-inflammatory Cytokines in Ovarian Tissue and Time
Course.
The initial studies determined if pro-inflammatory cytokines and selected cytokine
receptors were expressed in the zebrafish ovary and if their expression levels changed in relation
to the time of ovulation, 7 AM. All genes investigated (TNFα A and B, TNFR1, IL-1β, IFN γ,
scyba, Fas ligand, CSF1-1, CSF1-2, and CSFR) were expressed within the zebrafish ovary, with
Fas ligand and TNFαA having the lowest relative expression at 7AM (Fig. 3). CSF1-1 had the
highest expression at 7 AM, with an 8-fold increase in expression compared to Fas ligand (Fig.
3), followed by CSFR, TNFα B and CSF1-2 (Fig. 3). For the time course conducted in May of
2014, only TNFα B (p= 0.011) significantly changed during the periovulatory period, with drop
in expression between 10 PM and 1 AM (Fig. 4B). The expression of TNFα A did not change
during the periovulatory period, but there was a general increase in expression between 10 PM
and the 1 AM to 7 AM interval (Fig. 4A).
For the time course conducted in October of 2016, pro-inflammatory cytokine expression
was compared over time as well as between tanks with females only and tanks with both males
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and females (mixed sex). In the solitary female tanks, the expression of both TNFα A (p= 0.057)
and B (p= 0.002) changed significantly over time, with an increase in expression towards 7 AM
(Fig 5A and 5B, respectively). For the mixed sex tanks, TNFα A and B showed signs of being
dynamic over time, however, they were not significant (Fig. 6A and 6B respectively). The
macrophage ligand gene CSF1-1 was significantly dynamic over time with an increase in
expression between 1 AM and 6 AM in the mixed sex tanks (p= 0.035) (Fig. 7). There were no
significant differences in CSF1-1 expression in solitary female tanks.
A linear regression analysis was performed to determine whether or not there was a
significant positive relationship between the expression patterns of TNFα A or B and the
macrophage indicator genes CSF1-1, CSF1-2, and CSFR over the periovulatory period (1 AM 10 AM) under basal conditions. Linear regression analysis showed a significant positive
relationship between TNFα A and CSFR expression over time (1 AM - 10 AM) in females from
both mixed sex tanks (p = 0.012, R = 0.315. R2 = 0.099) (Fig. 8A) and solitary female tanks (p =
0.002, R = 0.424, R2 = 0.18) (Fig. 8B) and between TNFα B and CSFR expression in females
from both mixed sex tanks (p < 0.000, R = 0.40, R2 = 0.16) (Fig. 8C) and solitary female tanks (p
= 0.001, R = 0.409, R2 = 0.168) (Fig. 8D). There was no relationship between TNFα A or B and
CSF1-1 or CSF1-2 in females from either mixed sex or solitary female tanks (data not shown).
Experiment 2: In vivo Ovaprim Injection and TNFα A and B Expression.
Treatment with Ovaprim significantly increased TNFα A expression three hours post
injection when compared to three hour control (p= 0.038) (Fig. 9A). There was no difference
between one hour control and one hour Ovaprim (Fig. 9A). There was no effect of Ovaprim on
TNFα B expression one or three hours post injection when compared to the one and three hour
controls, respectively (Fig. 9B).
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Experiment 3: Regulation of TNFα A and B in Zebrafish Full Grown Follicles.
The purpose of this experiment was to determine whether pro-inflammatory cytokines are
regulated by hCG, 17α20βP, 17β-estradiol, PMA/A23187 (PKC), PGE2 or PGF2α within the
zebrafish ovary. Treatment for four hours with PKC activators, PMA/A23187, significantly
increased both TNFα A and B by 40-fold (p< 0.001) and 9-fold (p= 0.042), respectively (Fig.
10). In contrast, treatment with PGE2 significantly reduced TNFα A expression after four hours
(p= 0.007) and PGF2α, although not significant, also reduced TNFα A expression (p= 0.06) (Fig.
11A). TNFα B expression was unaffected by prostaglandin treatment (Fig. 11B). In addition,
TNFαA and B expression were not affected by treatment with hCG, 17α20βP, or 17β-estradiol
(data not shown). IL-1β, IFN γ, and scyba mRNA were not changed with hCG, 17α20βP, or
PMA/A23187 treatment (data not shown).
Experiment 4: Spatial Expression of TNFαA and B in the Zebrafish Full Grown Follicle.
The purpose of this experiment was to determine the spatial expression of TNFα A and B
and their receptors, as well as the macrophage marker genes, CSF1-1, CSF1-2 and CSFR within
the zebrafish full grown follicle. The housekeeping gene EF1α, as well as the genes of interest
TNFα A, TNFα B, TNFR1, TNFR2, CSF1-1, CSF1-2, and CSFR were expressed in all sections
of the ovarian follicle (Fig. 12, CSF1-1, CSF1-2 and CSFR data not shown). For the ovulated
oocytes experiment, EF1α, GDF9 and lhcgr were used as positive controls for expression in
specific regions of the ovarian follicle. EF1α should be expressed in all sections of the full
grown ovarian follicle, while GDF9 is exclusively expressed by the oocyte and lhcgr by the
follicular layers (Li and Ge, 2011). When ovulated oocytes were used, EF1α, TNFα A, and
TNFα B were expressed in both the intact follicle and the ovulated oocyte (Fig. 13).
Furthermore, the positive control genes GDF9 and lhcgr were expressed exclusively in the
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oocyte and follicular layers, respectively, indicating total separation of the follicular layers (Fig.
13). Overall, there was no spatial differentiation in the expression of TNFα A and B or their
receptors TNFR1 and 2, nor in the macrophage indicating genes CSF1-1, CSF1-2, and CSFR, in
the zebrafish full grown ovarian follicle when comparing the follicular layers to the oocyte.
Experiment 5: TNFα Protein Production in Zebrafish Full Grown Follicles.
Treatment of full grown follicles with PMA/A23187 resulted in a significant six-fold
increase in TNFα protein expression after six hours (p= 0.01) (Fig. 14).
Experiment 6: Protein Kinase C Regulation of TNFα A and B in Full Grown Follicles.
The purpose of this experiment was to determine whether or not TNFα A and B were
regulated by PKC and/or one of its downstream kinases ERK1/2 or p38 kinase. TNFα A
expression was significantly increased 13-fold with PMA/A23187 treatment (p< 0.001) and this
increase was prevented when conventional PKC was inhibited by GF109203X after 3.5 hours
(p= 0.001) (Fig. 15A). ERK inhibition with U0126 also resulted in an attenuation of TNFα A
expression after 3.5 hours (p= 0.023) (Fig. 16A), while p38 kinase inhibition with SB203580 had
no effect (data not shown). TNFα B expression was increased by PMA/A23187 + GF109203X
treatment (p= 0.046), however, treatments with GF109203X, U0126, and SB203580 had no
effect on TNFαB compared to PMA/A23187 treatment alone, suggesting that TNFα B activation
by PMA/A23187 is not through a conventional PKC, ERK1/2, or p38 kinase pathway (Fig 15B,
Fig 16B, and data not shown, respectively).
Experiment 7: Effect of TNFα on Zebrafish Full Grown Follicles.
The purpose of this experiment was to determine whether or not treatment with murine
TNFα affects any of the major regulators of ovulation within the zebrafish ovary. Treatment of
full grown follicles with 250 ng/ml murine TNFα resulted in a significant increase in PGE2 (p=
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0.017) and PGF2α (p=0.022) production after 3 hours (Fig. 17A and 17B, respectively). Murine
TNFα had no effect on the production of E2 or T, nor on the mRNA expression of StAR, COX2,
cPLA2, Caspase 3, 8, 9, TNFR1, TNFR2, MMP9, MMP2, TIMP2A, TIMP2B1, or ADAMTS1
(data not shown).
Experiment 8: Prostaglandin Production and TNFα Inhibition in Full Grown Follicles.
The purpose of this experiment was to determine whether or not inhibiting TNFα using
R-7050 reduced prostaglandin production in zebrafish full grown follicles. Treatment of full
grown follicles with the TNFα inhibitor R-7050 resulted in differential effects on PGE2 and F2α
production. Treatment with PMA/A23187 significantly increased the production of both PGE2
and PGF2α compared to control levels (p< 0.001, 0.017, respectively) (Fig. 18A and 18B).
However, when follicles were treated with PMA/A23187 plus R-7050, PGE2 levels were
significantly reduced compared to PMA/A23187 treatment alone (p= 0.002) (Fig. 18A), while
PGF2α levels were increased further (p= 0.008) (Fig. 18B). When compared to control levels, R7050 treatment alone had no effect on PGE2 production (p= 0.959) (Fig. 18A), however, it
significantly increased PGF2α production (p= 0.003) (Fig. 18B).
Experiment 9: Effect of LPS on TNFα A and B in the Full Grown Follicle.
The purpose of this experiment was to determine if a well-known activator of the immune
system, LPS, can activate immune genes within the zebrafish ovary. Treatment of full grown
follicles with 100 ng/ml LPS had no effect on TNFα A or B after three or six hours. Treatment
with a higher concentration of LPS (1000 ng/ ml) after three hours had no effect, however, a six
hour incubation resulted in a 3.4 fold increase in TNFα A expression compared to the control (p=
0.005) (Fig. 19A) and a 1.5 fold increase in TNFα B compared to the control (p= 0.018) (Fig.
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19B). LPS at 1000 ng/ ml had no effect on IL-1β, IFN γ, scyba, caspase 3, 8, or 9 gene
expression, nor on prostaglandin production after six hours (data not shown).

TABLES AND FIGURES
Table 1. Comparing the protein sequences of the trimer interface sites and the ligand binding
sites between murine TNFα and zebrafish TNFα A.
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Site #
1
2
3
4
5
6

Trimer
Interface
% Similarity
63%
90%
90%
81%
72%
63%

Binding Sites
% Similarity
36%
45%
36%
81%
54%
45%

Table 2. Comparing the protein sequences of the trimer interface sites and the ligand binding
sites between murine TNFα and zebrafish TNFα B.
Trimer
Interface

Binding Sites

41

Site #
1
2
3
4
5
6

% Similarity
72%
90%
81%
72%
45%
33%

%Similarity
54%
54%
45%
63%
36%
54%

Table 3. Forward (Fwd) and reverse (Rev) nucleotide qPCR primer pairs for the genes
investigated in the zebrafish ovary in this study, the percent (%) efficiency and annealing
temperatures for those primer sets, and the associated accession numbers from GenBank. Primers
designed using Primer3 software are indicated by an asterisk (*).
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Gene
TNFα A

Sequence (5'-3')

Fwd: CGCATTTCACAAGGCAATTT
Rev: CTGGTCCTGGTCATCTCTCC
Fwd: TCAGAAACCCAACAGAGAACATC
TNFα B
Rev: ACCCATTTCAGCGATTGTCC
Fwd: TGGACTTCGCAGCACAAAATG
IL-1β
Rev: GTTCACTTCACGCTCTTGGATG
Fwd: CTATGGGCGATCAAGGAAAA
IFN γ
Rev: CTTTAGCCTGCCGTCTCTTG
Fwd: TGTGGGATGACACTACCAGTGAA
scyba
Rev: GACCGGTGTGCTTTATAAGCTTGT
Fwd: ACAGGGAAAAGATGACACAGATC
βactin
Rev: CAGCCTGATGGCAACGTA
Fwd: GATCACTGGTACTTCTCAGGCTG
EF1α
Rev: GGTGAAAGCCAGGAGGGC
Fwd: AGCATTCCCCCAGTCTTTTT
TNFR1
Rev: CGAGGTGACGATGACTGAGA
Fwd: CACACAAGAGATCCGAAGCA
TNFR2
Rev: GGCATCTGTGATGGGAACTT
Fwd: GTTGGTCTGAACCGCGGATC
CSF1R
Rev: CTGCACCTCCGATTCTAGCG
Fwd: TGGACCTAATGCCATCATCA
CSF1-1
Rev: TGGTCCTTCTTGGTTTTTGG
Fwd: ACAGCGAAACAGACGTGTTG
CSF1-2
Rev: ATGCACTGCGGATTGATGTA
Fwd: CGACCACAACCACCTCTCTCC
GDF9
Rev: GGGACTGAGTGCTGGATGCC
Fwd: GACGGCCTGAAAGGAGTAAG
lhcgr
Rev: GCGCAGATTCAGGTTATCAC
*Fas Ligand Fwd: ATACACTGACGGTGGCCTTC
Rev: GCTGAAGAGAACCGAGTTGG
Fwd: TGGGCACCTGCTCGTTGA
MMP9
Rev: TTGGAGATGACCGCCTGC
Fwd: GCCTTAATGGTGATGGTCACA
MMP2
Rev: GGTCTGTCGATGTTCAGCAG
Fwd: AGGGTCAGTAAATATGTTTG
TIMP2a
Rev: GAAAGACAAAAGACTGGTAA
Fwd: CTCCTCACCGTCAGGTTTTC
TIMP2B1
Rev: TTCTTCCGACGACTTTTGCT

%
Efficiency/
Annealing
Temp
~ 90 %
56.2 °C
~ 90 %
55.6 °C
~ 90 %
59.3 °C
~ 95 %
59.3 °C
~ 90 %
61.6 °C
~ 100 %
59 °C
~ 100 %
60 °C
~ 95 %
56.2 °C
~ 95 %
56.2 °C
~ 85 %
62 °C
~ 105 %
59 °C
~ 90 %
59 °C
~ 95 %
59 °C
~ 100 %
59 °C
~ 95 %
60 °C
~ 100 %
61.4 °C
~ 90 %
61.4 °C
~ 110 %
56.2 °C
>110 %
61 °C

Accession Number
NM_212859
NM_001024447.1
NM_212844.2
AB158361.1
AF279919.1
AF057040.1
NM_131263.1
NM_213190.1
NM_001089510.1
NM_131672.1
AM901598.1
AM901599.1
NM_001012383.1
AY714133.1
NM_001042701.2
NM_213123.1
NM_198067.1
NM_182874.1
NM_213296.1
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~ 95 %
61.4 °C
~ 85 %
61.4 °C
~ 110 %
59 °C
~ 90 %
63 °C
~ 85 %
55.7 °C
~ 90 %
59 °C

NM_153657.1

*Caspase 9 Fwd: AGGGCAAGCCCAAGTTATTT

~ 95 %

NM_001007404.2

Rev: CAGACGCTGTGCTGAGAGAG

61.4 °C

COX2
cPLA2
StAR
ADAMTS1

Caspase 3
Caspase 8

Fwd: GTTTAAAGATGGAAAGCTTAAATACCAGG
Rev: GGGTACACCTCACCATCCACA
Fwd: TGCTCTTGGAAGTTTGCGC
Rev: TCTGCGTGTCTGCATGAACAG
Fwd: ACCTGTTTTCTGGCTGGGATG
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Figure 2. Several signal transduction pathways that can be activated by protein kinase C
including the MAP kinase kinase (MEK)/ extracellular signal-regulated kinase 1/2 (ERK1/2)
pathway, the p38 kinase pathway, the janus kinase (JAK)/ signal transducer and activator of
transcription (STAT) pathway, and the mitogen-activated protein kinase (MAP kinase)/ c-Jun Nterminal kinase (JNK) pathway (Muthusamy et al. 2011; Zhang et al. 2014; Lim et al. 2015;
Wang et al. 2015; Nandipati et al. 2017; Singh et al. 2017; Ye et al. 2017).

Gene Expression at 7 AM / βactin and
EF1α mRNA
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Figure 3. The relative expression of pro-inflammatory cytokines, receptors and macrophage
marker genes at 7 AM in zebrafish whole ovarian tissue. Gene expression was normalized to
βactin and EF1α and the data represents the mean ± S.E.M. of 9-12 samples (ovaries) per gene.
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Figure 4. Expression of TNFα A (A) and TNFα B (B) in the zebrafish whole ovary during the
periovulatory period (performed in May 2014). Gene expression is normalized to βactin and
EF1α and data represents the mean ± S.E.M of 9-12 samples per time point. Significant
differences were determined by a one-way ANOVA and post-hoc Tukey’s test with significant
differences indicated by different letters.
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Figure 5. Expression of TNFα A (A) and TNFα B (B) in the whole ovary collected from fish in
female only tanks (performed in October 2016). Gene expression was normalized to βactin and
EF1α and data represents the mean ± S.E.M, with sample sizes indicated under each time point
in parentheses ( ). Significant differences were determined by a one-way ANOVA and post-hoc
Tukey’s test with significant differences indicated by different letters.
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Figure 6. Expression of TNFα A (A) and TNFα B (B) genes in zebrafish whole ovary from
mixed sex tanks containing both males and females over the time course of ovulation (performed
in October 2016). Gene expression was normalized to βactin and EF1α and data represents the
mean ± S.E.M, with samples sizes indicated under each time point in parentheses ( ). There were
no significant differences between time points determined by a one-way ANOVA.
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Figure 7. Expression of CSF1-1 in zebrafish whole ovary from mixed sex tanks over the time
course of ovulation (performed in October 2016). Gene expression was normalized to βactin and
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in parentheses ( ). Significant differences were determined by a one-way ANOVA and post-hoc
Tukey’s test with significant differences indicated by different letters.
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Figure 8. Scatter plots and linear regression lines of TNFα A and CSFR (A, B) and TNFα B and
CSFR (C, D) expression under basal conditions over time between 1 AM and 10 AM in females
from mixed sex tanks (A, C) and females from solitary female tanks (B, D). Gene expression
was normalized to βactin and EF1α. Significant differences were determined using simple linear
regression analysis.
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Figure 9. Expression of TNFαA (A) and TNFαB (B) in zebrafish whole ovaries one and three
hours post injection with vehicle alone (20 % DMSO) or Ovaprim (4 µg/ml gonadotropin
releasing hormone analog, 2 mg/ml domperidone, 20 % DMSO). Gene expression was
normalized to βactin and EF1α and data represents the mean ± S.E.M of 9- 15 fish per treatment.
Significant differences were determined using independent t-tests with significant differences
indicated with an asterisk (*).
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Figure 10. Fold-change in expression of TNFαA and B after a four hour incubation with hCG (20
IU/ ml), 17α20βP (10 ng/ml), and PMA (400 nM)/ A23187 (10 µM). Gene expression was
normalized to βactin and EF1α and data represents the mean ± S.E.M of 3 replicates per
treatment. Significant differences were determined by a one-way ANOVA and post-hoc Dunnett
test with significant differences indicated by an asterisks (*).
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Figure 11. Fold-change expression of TNFαA (A) and TNFαB (B) in full grown follicles after a
four hour incubation with PGE2 (200 ng/ ml), or PGF2α (200 ng/ ml). Gene expression was
normalized to βactin and EF1α and data represents the mean ± S.E.M of 3 replicates per
treatment. Significant differences were determined by a one-way ANOVA and post-hoc
Dunnett’s test with significant differences indicated by an asterisks (*).

54

Figure 12. Intrafollicle distribution of TNFα A and B, and TNF receptors TNFR1 and TNFR2
one hour following PMA (400 nM)/ A23187 (10 µM) stimulation.
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Figure 13. Comparison of gene expression in intact ovarian follicles and ovulated oocytes one
hour following PMA (400 nM)/A23187 (10µM) stimulation. TNFα A and B are expressed in
both sections. The housekeeping gene, EF1α, should be expressed in all sections of the ovarian
full grown follicle, while GDF9 is exclusively expressed by the oocyte and lhcgr by the follicular
layers.
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Figure 14. TNFα protein expression in zebrafish full grown follicles after a six hour incubation
with PMA (400 nM)/A23187 (10µM). Protein expression normalized to βactin and data
represents the mean ± S.E.M of three replicates. Significant differences were determined by an
independent samples T-test with significant differences indicated by an asterisk (*).
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Figure 15. Fold-change expression of TNFαA (A) and TNFαB (B) in full grown follicles after a
30 minute pre-incubation with the conventional PKC inhibitor GF109203X (10 µM), followed
by a three hour incubation with PMA (400 nM)/ A23187 (10 µM). Gene expression is
normalized to βactin and EF1α and data represents the mean ± S.E.M of 3 replicates per
treatment. Significant differences were determined by a one-way ANOVA and post-hoc Tukey’s
test with significant differences indicated with letters.
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Figure 16. Fold-change expression of TNFαA (A) and TNFαB (B) in full grown follicles after a
30 minute pre-incubation with the ERK1/2 inhibitor U0126 (10 µM), followed by a three hour
incubation with PMA (400 nM)/ A23187 (10 µM). Gene expression is normalized to βactin and
EF1α and data represents the mean ± S.E.M of 3 replicates per treatment. Significant differences
were determined by a one-way ANOVA and post-hoc Tukey’s test with significant differences
indicated with letters.
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Figure 17. Prostaglandin E2 (A) and prostaglandin F2α (B) production in full grown follicles
after a three hour incubation with 250 ng/ ml murine TNFα. The data represents the mean ±
S.E.M of 3 replicates per treatment. Significant differences were determined by an independent
samples T-test. Significant differences indicated by an asterisk (*).
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Figure 18. Prostaglandin E2 (A) and prostaglandin F2α (B) production by full grown follicles after
a one hour pre incubation with the TNFα receptor signal transduction inhibitor R-7050 (10 µM),
followed by a three hour incubation with PMA (400 nM)/ A23187 (10 µM). The data represents
the mean ± S.E.M of 3 replicates per treatment. Significant differences were determined by a one
way ANOVA and a Tukey’s post hoc test with significant differences indicated by letters.
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Figure 19. Fold change in the expression of TNFαA (A) and TNFαB (B) in full grown follicles
after a six hour incubation with 100 ng/ ml and 1000 ng/ ml of LPS. Gene expression is
normalized to βactin and EF1α and data represents the mean ± S.E.M of 3 replicates per
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DISCUSSION
The goal of this thesis was to determine the expression, regulation and actions of proinflammatory cytokines within the zebrafish ovary during the periovulatory period. I found that
all pro-inflammatory genes investigated, which consisted of genes indicative of the presence of
macrophages, as well as genes from all four major cytokine classes, were expressed in the
zebrafish ovary. However, only TNFα A, TNFα B, and CSF1-1 showed signs of a dynamic
expression pattern over the ovulatory period. I also found that TNFα A and B were positively
regulated by the PKC activators, PMA and A23187, however, inhibition of PKC only attenuated
TNFα A expression. Moreover, prostaglandins were positively regulated by mTNFα, and
treatment with PGE2 decreased TNFα A mRNA but not TNFα B. Inhibition of TNFα, using the
receptor signalling inhibitor R-7050, significantly decreased PGE2 production after three hours,
while simultaneously increasing PGF2α production. Collectively these results suggest that TNFα
A plays a role in prostaglandin production and may therefore be involved in the regulation of
follicle layer rupture and ovulation. These results also demonstrated that TNFα A and B are
regulated differently within the zebrafish ovary and suggests possible sub-functionalization of
the isoforms. In addition, this study demonstrated the positive regulation of TNFα A and B
within the zebrafish ovary by the immune activator LPS.
Spatiotemporal Expression
Expression of Pro-inflammatory Cytokines in the Ovary
Using qPCR, several pro-inflammatory cytokines, their receptors and macrophage
markers were identified in the zebrafish ovary (TNFα A, TNFα B, TNFR1, IL-1β, IFN γ,
CXCL14 (scyba), Fas ligand, CSF1-1, CSF1-2, and CSFR) (Fig. 3). TNFα A and Fas ligand had
the lowest relative expression levels at 7 AM (Fig. 3). CSF1-1 had the highest expression at 7
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AM, with an 8-fold increase in expression compared to Fas ligand (Fig. 3). These results are
consistent with other studies in fish which showed the expression of these genes within the ovary
of several species including TNFα and IL-1β in the brown trout (Crespo et al. 2012; Cecchini et
al. 2013), IFN γ, CXCL14, and CSFR like receptor in the rainbow trout (Honda et al. 2005; Bobe
et al. 2006; Chaves-pozo et al. 2010), and TNFα-like receptor in the zebrafish and TNFα ligand
within the brook trout (Bobe and Goetz, 2000). To my knowledge, apart from TNFα-like
receptors, this is the first time the expression of these genes has been shown within the zebrafish
ovary. The results suggest that these pro-inflammatory cytokines may be involved in ovulation.
In addition, the stimulation of ovulation via Ovaprim resulted in a significant increase in
TNFα A expression three hours post injection when compared to the three hour control (Fig.
9A), confirming its expression within the zebrafish ovary and also indicating TNFα A may play
a role in ovulation as its expression increases with the induction of ovulation. These findings are
novel, as the stimulatory effects of Ovaprim on TNFα in the teleost ovary have not been
demonstrated previously.
Spatial Expression of TNFα A and B in the Full Grown Follicle
In vitro experiments involving the denuding of full grown follicles, as well as the use of
ovulated follicles were performed to determine the spatial expression of TNFα A and TNFα B
and their receptors TNFR1 and TNFR2 in the ovarian follicle. qPCR followed by gel
electrophoresis revealed the expression of TNFα A, B and their receptors in both the follicular
layers and the oocyte (Fig 12, 13). These results indicate that there is no difference in the spatial
expression of TNFα when comparing the follicular layers to the oocyte. Future work should be
done to determine if there is a difference in the spatial expression of TNFα A, B or their
receptors between the theca and granulosa cell layers. The positive control housekeeping gene
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EF1α was expressed in both compartments, GDF9 in the oocyte, and lhcgr in the follicle layers
exclusively. These results confirm that the expression of TNFα A and B and their receptors in the
different compartments were not due to improper separation of the follicular layers from the
oocyte. The macrophage indicator genes, CSF1-1, CSF1-2 and CSFR were also investigated and
were also expressed in both the follicle layers and the oocyte (data not shown), which has been
previously shown in mammals (Li et al. 2006; Stanley and Chitu, 2014). Therefore, it is not
known whether TNFα is being produced by theca and granulosa cells, or by macrophages within
the follicle. Linear regression analyses were performed to determine if there was a positive
relationship between the expression of TNFα A and B and the macrophage indicator genes
CSF1-1, CSF1-2 and CSFR under basal conditions over time (Fig. 8). There was a significant
positive relationship in mRNA expression between TNFα A and CSFR and TNFα B and CSFR
in fish from both mixed sex tanks and solitary female tanks over time. CSFR is a macrophage
surface receptor, indicating the presence of macrophages, and therefore, these results suggest that
macrophages may be the source of TNFα A and B within zebrafish ovarian follicles, as changes
in TNFα A and B corresponded to changes in CSFR. More research should be done to
investigate where TNFα is being produced in the follicle and the cell types responsible for its
production. These results suggest TNFα A and B may be involved in an array of processes that
occur both in the oocyte and in the surrounding follicular layers.
Temporal Expression of Pro-inflammatory Cytokines in the Zebrafish Ovary
Two separate time course experiments were performed to determine the temporal
expression patterns of pro-inflammatory cytokines within the zebrafish ovary. Of the proinflammatory genes investigated, only TNFα A, TNFα B, and CSF1-1 showed signs of being
dynamic over the ovulatory period. For the time course conducted in May 2014, although not
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significant, both TNFα A and TNFα B showed an increase in expression near the time of
ovulation, 7 AM (Fig. 4). These results tentatively implicate both TNFα A and B in the
ovulatory cascade. For the time course performed in October 2016, female fish were sampled
over time after being solitary (solitary female tanks), and after having been with males (mixed
sex tanks). The expression patterns of TNFα A and B were more variable and showed a stronger
increase in expression around 7 AM in the solitary female group compared to females from
mixed sex tanks (Fig. 5). Females have been known to ovulate, but not spawn, even without the
presence of males, and many solitary females during this experiment did ovulate (data not
shown). The ovulated oocytes would need to be destroyed because spawning did not occur. It
has been shown in rats and the butterfish that apoptosis increases towards the time of ovulation
and is also important post ovulation (Mendoza-Rodriguez et al. 2003; Santos et al. 2008). TNFα
can regulate apoptotic pathways (Chu, 2013) and the results of this experiment may indicate that
TNFα A and B may play a role in the regulation of apoptosis, or cleaning up the ovary after
ovulation when spawning does not occur. Caspases are also important apoptotic regulators and
should be investigated over the time course to determine whether they change and may therefore
be involved in increasing apoptosis after ovulation but not spawning.
There were no significant differences in TNFα A or B in females from mixed sex tanks
over the time course (Fig. 6). These results were unexpected as my earlier studies (Fig. 4)
suggested that TNFα A and B are dynamic over time. There was a slight increase in expression
towards 7 AM in both genes, however the change was not as prominent as previously seen. The
changes were, however, more obvious that the other pro-inflammatory cytokines investigated
which did not change at all over time (IL-1β, IFN γ, scyba, and Fas ligand) (data not shown).
Almost all tanks spawned during this experiment, indicating proper ovulation, and therefore it is
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not known why there was not a more noticeable change in TNFα A or B expression.
Interestingly, the gene used to indicate the presence of macrophages, CSF1-1, was the only gene
investigated to be significantly different over time in females from mixed sex tanks, with an
increase at 6 AM (Fig. 7). These results also implicate macrophages in ovulation. These
macrophages may be regulating the production of pro-inflammatory cytokines over the ovulatory
period (Yang et al. 2011), including the increases seen previously in TNFα A and B (Chu, 2013).
Macrophages are also important immune cells involved in the regulation of apoptosis and
phagocytosis (Yang et al. 2011; Verschoor et al. 2012). Therefore, the increases in macrophage
markers around the time of ovulation may be indicative of increased phagocytosis which could
be involved in ridding the ovary of the follicular layers that remain after ovulation. This could be
investigated using flow cytometry or fluorescence microscopy, where phagocytic macrophages
are fluorescently labelled and then visualized.
The results of the time course experiments are novel as TNFα A, TNFα B as well as the
other pro-inflammatory cytokines have never been looked at over a time course, nor has there
been a comparison of solitary females to mixed sex fish over time in zebrafish before. The
results tentatively implicate TNFα A and B during the ovulatory cascade due to some changes in
expression over time, however, more work needs to be done to strengthen this argument. More
research should also be done to investigate the differences seen in TNFα A and B between the
solitary females and the females from mixed sex tanks and the possible role of macrophages
during and after ovulation.
Regulation of Pro-Inflammatory Cytokines in Zebrafish Full Grown Follicles
In vitro ovarian follicle incubations were used to investigate the second goal of this
thesis; whether pro-inflammatory cytokines are regulated by E2, hCG (LH), 17α20βP, activators
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of the conventional and novel PKC pathways, or prostaglandins. Each ovulatory regulator
selected plays a role at different times during the periovulatory period and these studies might
shed light on how pro-inflammatory cytokines are temporally regulated. The results from these
in vitro incubations demonstrate the regulation of TNFα A and B by PKC activators and
prostaglandins, indicating a possible role in follicle layer rupture.
Regulation of Pro-inflammatory Cytokines by hCG, 17α20βP, and E2
Previous studies have demonstrated the regulation of pro-inflammatory cytokines by LH
within the ovary. The expression of several chemokines as well as IFNα increased after
treatment with hCG in mouse, rat, horse, cow and human theca and/or granulosa cell types (Zhou
et al. 2005; Lee et al. 2009; Sayasith and Sirois, 2014; Al-Alem et al. 2015). Additionally, TNFα
expression was increased in brown trout ovaries after LH treatment (Crespo et al. 2012). In
contrast, hCG downregulated the expression of chemokine CCL2 and Fas ligand in human
ovarian tissue (Matsubara et al. 2000; Nio-Kobayashi et al. 2015). The results found in this
thesis do not agree with those found in previous studies as treatment with hCG neither increased
nor decreased the expression of any pro-inflammatory cytokines investigated after one or four
hours in zebrafish full grown follicles. It is possible that the immune genes investigated are
simply not regulated by LH in the zebrafish ovary, and are involved further downstream.
Incubation time may have also been a factor as a 16 hour incubation was necessary for LH to
cause an increase in TNFα protein expression in brown trout ovarian follicles (Crespo et al.
2012). The lag time between mRNA and protein production may explain the different incubation
times required, however, there is still a large difference between 4 and 16 hours and therefore a
longer incubation time may be necessary to see any effects of LH on TNFα in the zebrafish
ovary. Moreover, brown trout spawn synchronously which may account for the differences seen
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in pro-inflammatory cytokine regulation in the brown trout ovary compared to the zebrafish,
despite both being teleost species. For example, using hCG to stimulate ovulation in a fish that
spawns synchronously at a time of year when ovulation does not usually occur may have a more
pronounced effect on the hormones, enzymes and genes involved in ovulation compared to fish
that spawn asynchronously. This means that a longer incubation time or a higher concentration
of hCG may be needed to induce ovulation in fish that spawn asynchronously. Future work
should increase hCG concentration and use longer incubation times than those used in this thesis.
17α20βP or MIS, is another important mediator of ovulation as its production triggers the
maturation of the oocyte as well as the production of prostaglandins which are important for
follicle layer rupture in fish (Selman et al. 1993; Melnyk 2011). In mammals, progesterone
regulates processes similar to those regulated by 17α20βP, including prostaglandin production
(Findlay, 1994; Rosewell et al. 2015; Green et al. 2017; Willis et al. 2017). Aksoy et al. (2014)
found that increasing progesterone levels downregulated the production of IL-6 and TNFα in the
rat. It was predicted that treatment of ovarian follicles with 17α20βP would have an effect on the
immune genes investigated, however this was not the case. None of the pro-inflammatory
cytokines examined showed a change in expression after treatment. The timing of cytokine
change after treatment could have been missed if the expression changed between one and four
hours or after. A 16 hour incubation time was required before progesterone caused a decrease in
TNFα in rats (Aksoy et al. 2014). It could also be that 17α20βP is not a regulator of the immune
genes investigated and more work could be done to look at a wider array of genes and incubation
times.
Lastly, E2 levels in the ovary are important for maintaining the ovulatory cycle. To my
knowledge, there has been no research done on the effects of E2 on pro-inflammatory cytokines
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within the ovary. However, it was predicted that if pro-inflammatory cytokines were involved in
ovulation, many would increase their expression leading up to ovulation, and because high levels
of estrogen prevent the onset of ovulation, treatment with 17β-estradiol was expected to
downregulate pro-inflammatory cytokines. Treatment with 17β-estradiol, however, did not
affect the cytokines investigated. This would suggest that pro-inflammatory cytokines are not
regulated by E2 within the zebrafish ovary. Increasing the dose of 17β-estradiol used and the
incubation time would be useful to explain why a change was not seen or to confirm the lack of
response.
Regulation of Pro-Inflammatory Cytokines by PKC in Full Grown Follicles
The current study found that treatment of ovarian full grown follicles with PMA/A23187
significantly increased TNFα A and B mRNA after three hours (Fig. 10) and protein expression
after six hours (Fig. 14). The mRNA results are consistent with those found by Bobe and Goetz
(2000) and Kadowaki et al. (2009), who found that treatment of brook trout and bluefin tuna
ovarian tissue with PMA/A23187 significantly increased TNFα mRNA expression. The protein
results are novel, as the expression and increase of TNFα protein in the zebrafish ovary has not
been demonstrated. These results suggest that TNFα A and B may be regulated by a
conventional or novel PKC pathway as PMA/A23187 can activate both of these isoforms of
PKCs. The conventional PKC inhibitor, GF109203X, was used to determine if a conventional
PKC was regulating TNFα A and B. It was found that the inhibition of conventional PKC’s
attenuated the response of TNFα A to PMA/A23187 treatment, while TNFα B remained
unaffected (Fig. 15). These results suggest that TNFα A is under the control of a conventional
PKC while TNFα B may be under the regulation of a novel PKC. This is the first time a
difference in the regulation of TNFα isoforms by PKC has been shown in fish. Mammalian
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research has demonstrated that both conventional and novel PKCs are involved in, and change,
over the periovulatory period (Tepekoy et al. 2014), and the conventional PKCα has been
implicated in the regulation of PGF2α in bovine luteal cells (Salli and Stormshak, 2001),
however, little is known about which PKC isoforms are involved in ovulation in fish. These
results suggest there may be multiple PKC isoforms in the zebrafish ovary and future work
should be done to determine which PKC isoforms may be involved in ovulation, and whether a
novel PKC is regulating TNFα B.
Furthermore, while the inhibition of p38 kinase had no effect on either TNFα isoform,
inhibition of ERK1/2 also attenuated the response of only TNFα A to PMA/A23187 treatment
(Fig. 16). These results are supported, in part, by Chen et al. (2016) who found that TNFα
production in human macrophages is induced through ERK1/2 after calcium stimulation,
however, mammals do not have multiple isoforms of TNFα and thus these results do not explain
the differences seen between zebrafish TNFα A and B. TNFα B may be regulated by a novel
PKC which would explain why the expression of TNFα B was increased with the addition of
DAG but not attenuated by the conventional PKC inhibitor GF109203X. More research is
needed to understand the discrepancies between the two TNFα isoforms and inhibitors of novel
PKC’s should be used to determine if TNFα B is being regulated by a novel PKC.
Regulation of Pro-Inflammatory Cytokines by Prostaglandins in Full Grown Follicles
PGE2 and PGF2α have proven integral for follicle layer rupture and ovulation in fish
(Takahashi et al. 2013; Takahashi et al. 2017). PGE2 has been shown to downregulate TNFα and
IFN γ expression in mouse ovarian tissue (Bao et al. 2011). The results from the previous study
confirm the results found in this thesis, as treatment of zebrafish ovarian full grown follicles with
PGE2 significantly reduced TNFα A mRNA (Fig. 11A). TNFα B mRNA expression was
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unaffected by PG treatment, again demonstrating differential regulation of the TNFα isoforms
within the zebrafish ovary. Overall, these results suggest that TNFα A is involved in the
prostaglandin signalling cascade, with PGE2 negatively regulating its expression, and possibly
follicle layer rupture.
The Actions of TNFα in the Zebrafish Ovary
The third goal of this thesis was to determine the possible actions of pro-inflammatory
cytokines in the zebrafish ovary. The work carried out thus far has indicated that TNFα A and B
may be involved in the ovulatory process and therefore an in vitro approach was used to examine
the effects of TNFα on steroidogenesis (E2 and T production), PGE2 and PGF2α production, and
on the expression of several key proteins and enzymes involved in ovulation (MMP9, MMP2,
TIMP2A, TIMP2B, ADAMTS1, COX-2, cPLA2, StAR, and caspase 3, 8, and 9). Results from
the present study suggest that TNFα is involved in the production and regulation of PGE2 and
PGF2α in full grown ovarian follicles.
Regulation of Ovarian Follicle Steroidogenesis by TNFα
Several studies have demonstrated that pro-inflammatory cytokines may be regulating the
production of steroids within the ovary of both mammals and fish. Adashi et al. (1989) found
that when rat ovarian granulosa cells are treated with TNFα, estrogen biosynthesis is inhibited.
Studies have also demonstrated that treatment of bovine ovarian follicles and human granulosa
and luteal cells with TNFα stimulated E2 synthesis (Yan et al. 1993; Basini et al. 2002). Crespo
et al. (2010) also found that TNFα stimulates the production of T in brown trout ovaries. Despite
the many implications of TNFα in steroidogenesis, the present study did not find any effects of
TNFα treatment on E2 or T production in zebrafish mid-vitellogenic or full grown follicles.
Perhaps the actions TNFα are different in the zebrafish compared to mammals or brown trout.
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Moreover, Crespo et al. (2010) incubated follicles for 24 hours with TNFα before seeing a
change in T production, indicating the differences seen between the results may be due to
incubation time. StAR is a protein involved in the regulation of the production of steroid
hormones (Goetz et al. 2004). The activity of StAR is often the rate limiting step during
hormone synthesis as it regulates the transfer of cholesterol, the steroid precursor, to the
mitochondria (Goetz et al. 2004). It was anticipated that any changes seen in steroid production
after TNFα treatment may be accompanied by a change in StAR expression. Treatment with
TNFα did not affect the expression of StAR, which is consistent with the results found on E2 and
T production. Further investigation into the effects of incubation time on StAR, E2 and T
production in zebrafish follicles treated with TNFα would prove useful.
Regulation of Prostaglandin Synthesis by TNFα in Full Grown Follicles
TNFα stimulates prostaglandin production in whole ovary, preovulatory follicles,
granulosa cells and luteal cells in several mammalian species (Veldhuis et al. 1991; Brännsröm
et al. 1993; Terranova and Montgomery Ride, 1997; Vassiliadis et al. 2005). TNFα also has
stimulatory effects on prostaglandins in fish, with PGF2α production being dependent on an
increase in TNFα in the brown trout ovary (Crespo et al. 2015). The results of the current study
are consistent with research performed on both mammals and fish. I found that treatment of
zebrafish full grown ovarian follicles with mTNFα significantly increased PGE2 and PGF2α
production after three hours (Fig. 17). These results and those found earlier, where PGE2 down
regulated TNFα, implicate a possible negative feedback loop at play to regulate prostaglandin
production. It is possible that TNFα increases prostaglandin production, but, when prostaglandin
production is sufficient, PGE2 signals the reduction in TNFα, therefore maintaining a balance in
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overall prostaglandin levels. More work should be done to determine if there is a negative
feedback loop controlling prostaglandin production in the zebrafish ovary.
This study also found interesting results when the actions of TNFα were blocked.
Inhibition of TNFα with the TNFα receptor signal transduction inhibitor R-7050 attenuated the
increase of PGE2 seen with PMA/A23187 treatment, however, PGF2α production was increased
with TNFα inhibition (Fig. 18). This novel relationship between TNFα and prostaglandin
synthesis can possibly be explained by a complicated signalling pathway involving TNFα and
the prostaglandin synthases PGES and PGFS. In mammals, it has been demonstrated that in
addition to the production of PGE2 and PGF2α from PGH2, PGF2α can also be produced from
PGE2 in ovarian granulosa cells and in whole ovary (Dozier et al. 2008; Choi et al. 2017). Aldoketo reductase (AKR) 1C1 and AKR 1C2 are synthases capable of converting PGE2 into PGF2α
in mammals (Dozier et al. 2008; Choi et al. 2017). Little to no research has been performed on
these synthases in fish, however, this may explain the results seen in this thesis. It is
hypothesized that under normal conditions, TNFα stimulates the production of PGE2 and PGF2α
from PGH2 through PGES and PGFS, while simultaneously downregulating AKR 1C1 and 1C2.
However, when the actions of TNFα are inhibited, AKR 1C1 and AKR 1C2 are able to convert
PGE2 to PGF2α and thus the available PGE2 is used up, and PGF2α production increases, as seen
in this experiment (Fig. 20). The physiological significance behind this mechanism is not known.
Further research is needed to investigate the relationship between TNFα and prostaglandin
synthases in the zebrafish ovary.
cPLA2 and COX enzymes are responsible for the conversion of membrane phospholipids
to arachidonic acid and arachidonic acid to PGH2 respectively, and are therefore involved in
prostaglandin synthesis (Goetz and Garczynski, 1997; Lister and Van Der Kraak, 2008;
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Takahashi et al. 2013). Treatment of zebrafish full grown ovarian follicles with TNFα did not
increase the expression of COX-2 or cPLA2. This was unexpected because TNFα was
previously shown to increase prostaglandin synthesis in this thesis. Moreover, Ukuda et al.
(2004) demonstrated that TNFα treatment increases PGF2α through COX-2 upregulation in cows.
The results found suggest that the increase in prostaglandins with mTNFα treatment is not
regulated through an increase in COX-2 or cPLA2, however, COX-2 and cPLA2 were only
investigated at the transcriptional level. Regulation of COX-2 and cPLA2 at the protein level by
mTNFα should be investigated in the future. The current transcriptional level results strengthen
the possibility that TNFα may be acting on prostaglandin synthases.
Overall, the results from this experiment suggest that in the zebrafish ovary, TNFα is
involved in the regulation of prostaglandins and thus, possibly follicle layer rupture. Results also
indicate a possible negative feedback loop between TNFα and PGE2 to maintain balanced
prostaglandin levels. Moreover, TNFα may be regulating prostaglandins through prostaglandin
synthases (Fig. 20).
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Figure 20. Proposed hypothesis for the regulation of prostaglandin synthases and prostaglandin
E2 and F2α production by TNFα in the zebrafish ovary.
Regulation of Full Grown Follicle Enzymes and Proteins by TNFα
Several proteins and enzymes are involved during the ovulatory process including
MMPs, TIMPs, ADAMTS1, and caspases 3, 8 and 9. Crespo et al. (2010) found that the mRNA
of MMP2, TIMP2, and ADAMT3 were increased after treatment with TNFα in the trout ovary.
Due to their role in follicular layer rupture, and increased expression with TNFα treatment in
previous studies, it was predicted that TNFα treatment would increase MMP2, MMP9, and
ADAMTS1, and decrease TIMP2A, TIMP2B, however this was not found. Treatment of full
grown ovarian follicles with TNFα did not increase or decrease any of the genes shown to be
involved in follicle layer rupture after one, two or three hours. TNFα may not regulate these
enzymes during ovulation in the zebrafish, or perhaps it takes longer than three hours for TNFα
to increase these enzymes. TNFα only increased prostaglandin production after three hours,
suggesting that follicle layer rupture would occur after that, and therefore the changes in MMPs,

76

TIMPs and ADAMTS expression might not be expected until after the prostaglandin increase.
Moreover, TNFα may be regulating MMPs, TIMPs and ADAMTS at the protein level within the
zebrafish ovary, as previous studies have demonstrated an increase in MMP2 secretion with
TNFα treatment in humans (Roomi et al. 2017). More work should be done to determine if this
is the case and whether a longer incubation time is necessary to see this change.
It was predicted that treatment of follicles with TNFα may stimulate the production of
caspases. However, TNFα did not stimulate the production of caspase 3, 8, or 9 in zebrafish full
grown follicles after one, two or three hours of incubation. This may be because apoptosis can
also negatively affect the ovary and prevent ovulation and thus a longer incubation time with
TNFα may be necessary to initiate an apoptotic pathway.
Immune Regulation of TNFα in the Zebrafish Ovary
LPS is a commonly used activator of the immune response because it mimics a pathogen
invasion. Numerous studies both in vitro and in vivo have demonstrated the use of LPS in
activating the immune system and initiating a pro-inflammatory response (Crespo et al. 2010;
Cavaillon, 2017; Ismail et al. 2017; Kaszowska et al. 2017; Terenina et al. 2017). The results
from the present study demonstrate the activation of TNFα A and B after a six hour incubation
with 1000 ng/ ml LPS (Fig. 19). None of the other pro-inflammatory cytokines investigated, nor
was prostaglandin production, affected by six hours of LPS treatment. These results support the
work done in previous studies, as TNFα has been shown to increase with LPS treatment in brook
trout (Crespo et al. 2010), however, the results from this thesis are the first time this has been
shown within the zebrafish ovary. The reason for the seemingly selective activation of TNFα A
and B within the zebrafish ovary is not known, however, it may be that LPS activates different
pro-inflammatory cytokines at different concentrations and lengths of time. Moreover, only full
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grown follicles were treated with LPS, meaning that LPS may in fact activate other proinflammatory cytokines, but in other stages of development. An experiment utilizing various
doses, incubation times, and follicle stages would help to determine whether other proinflammatory cytokines are activated with LPS treatment in the zebrafish ovary.
In addition, research has demonstrated that immune activators, such as LPS, can act
through toll-like receptors (TLRs) (Liu et al. 2008). TLRs, a type of PRR, are a group of
membrane bound proteins that can recognize several PAMPs and are key in the recognition of
non-self from self (Liu et al. 2008; Woods et al. 2011). Several types of TLRs have been shown
to be present within the mammalian ovary and granulosa cells (Liu et al. 2008; Woods et al.
2011), and have been implicated in ovulation as well as ovarian diseases such as cancer (Woods
et al. 2011). In mammals, LPS binds to TLR4 which can subsequently induce TNFα and an
inflammatory response (Liu et al. 2008). Minimal work has been done on the role of TLRs in the
fish ovary. It would be interesting to determine if/which TLRs LPS is binding to within the
zebrafish ovary and whether or not LPS is activating TNFα A and B through TLRs.
Moreover, although this thesis focussed on the processes leading up to and including
ovulation, the immune system may play a critical role in the cleanup of the ovary following
ovulation. After ovulation, the follicle layers remain behind in the ovary and need to be
removed. Alarmins or DAMPs may be more involved post ovulation during this clean up as they
may be released by damaged theca and granulosa cells, sending out damaged signals, which bind
to TLRs and recruit various cells from the immune system, such as macrophages (Verma et al.
2017). These macrophages can then phagocytose these damaged cells (Yang et al. 2011;
Verschoor et al. 2012). Future work on the effects of DAMPs on TLRs and the immune system
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after ovulation would prove useful for further understanding the role of the immune system
during the periovulatory period.
Future Directions
This thesis utilized an in vitro approach to determine the effects of TNFα on various
regulators of the ovulatory cascade in zebrafish, however, it would prove beneficial to determine
how TNFα impacts ovulation in vivo. It can be hypothesized that injection of TNFα into the
zebrafish would stimulate ovulation due to its stimulatory effects on prostaglandins which
regulate follicle layer rupture leading to ovulation. Moreover, inhibition of TNFα by injection of
a TNFα inhibitor such as R-7050, would be expected to prevent Ovaprim stimulated ovulation.
The inhibition of ovulation through TNFα blockage has been demonstrated in other species,
including sheep and brown trout (Gottsch et al. 2000; Crespo et al. 2012; Crespo et al. 2015).
The initiation of ovulation though TNFα treatment and the inhibition of ovulation using TNFα
inhibitors is a concrete indicator that TNFα plays a role in the control of ovulation in fish, and an
in vivo approach in zebrafish may therefore prove beneficial.
The results from this thesis demonstrate that TNFα may be involved in the production
and regulation of prostaglandins through their synthases. More work needs to be done to
investigate this possibility in zebrafish. It is hypothesized that under normal conditions, TNFα
stimulates the production of PGE2 and PGF2α from PGH2 through PGES and PGFS, while
simultaneously downregulating AKR 1C1 and 1C2. However, when the actions of TNFα are
inhibited, AKR 1C1 and AKR 1C2 are capable of converting PGE2 to PGF2α and thus the
available PGE2 is used up, and PGF2α production increases. An in vitro approach can be used to
investigate this hypothesis and three treatments could be used. Full grown ovarian follicles could
be incubated in the absence of TNFα, in the presence of TNFα, and in the presence of a TNFα
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inhibitor. It is predicted that in the presence of TNFα, PGES and PGFS would increase, and that
AKR 1C1 and 1C2 levels would decrease compared to control. Moreover, treatment with a
TNFα inhibitor would be expected to decrease PGES and PGFS levels, while increasing AKR
1C1 and 1C2 and subsequently PGF2α production. Investigating the regulation of prostaglandin
synthases by TNFα would help to complement the story on the relationship between TNFα and
prostaglandins that was started during this thesis.
Throughout this project there have been differences in the regulation of TNFα A and
TNFα B (Table 4). Both TNFα A and B were stimulated by treatment with PMA/A23187,
however, following these results, TNFα A and B responded quite differently to the treatments
used. Despite being increased by PKC activators, TNFα B expression was not attenuated by
conventional PKC inhibition (Fig. 15), nor by inhibition of either PKC downstream kinase
investigated (ERK1/2, p38 kinase) (Fig. 16, data not shown). Moreover, treatment with
prostaglandins did not significantly reduce TNFα B expression as it did TNFα A (Fig. 11).
TNFα A also experienced a 3.4 fold increase after LPS treatment, while TNFα B only increased
by 1.5 fold (Fig. 19). Injection with Ovaprim resulted in a significant increase in TNFα A mRNA
three hours post injection, however, there was no effect on TNFα B (Fig. 9). There may be subfunctionalization of TNFα B occurring in the zebrafish ovary. The time course data indicates that
TNFα B may be involved in ovulation, however, it does not appear to be regulated by any of the
hormones or activators of ovulation investigated in this thesis. Research should be conducted to
determine if TNFα B is being regulated through a novel PKC or whether PMA/A23187 can
activate any other signaling cascades besides PKC, and if TNFα B plays a role in these cascades.
The discovery of differences in TNFα A and B is a novel finding of this study and future studies
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should take note of their differential regulation and possible differences in their downstream
effects as this project indicates they may not be the same.
Table 4. Summary on the differential regulation of TNFα A and TNFα B in the zebrafish ovary.

Treatment

TNFα A

TNFα B

PMA/A23187 (PKC
Activators)

Increase

Increase

Ovaprim Injection

Increase

No Effect

Decrease

No Effect

Decrease

No Effect

Decrease

No Effect

Slight
Decrease
Increase

No Effect

GF109203X (PKC Inhibitor)
U0126 (ERK1/2 Inhibitor)
PGE2
PGF2α
LPS (Immune Activator)

Increase

Lastly, despite the evidence produced by this thesis that TNFα may play a role in
ovulation and the regulation of prostaglandins, a more thorough dose and incubation time
experiment should be performed. Many of the hormones, genes and activators predicted to be
impacted by TNFα treatment were not, and this may be due to an inadequate incubation time or
dose of TNFα. An in vitro experiment should be performed using several doses both above and
below what was used for this thesis (250 ng/ml), as well as several incubation times, perhaps
intervals between 0.5 and 24 hours would provide a large enough spread. Many experiments
incubated cells, follicles or ovaries for 12 to 24 hours before seeing changes in hormones or
steroidogenesis (Benyo and Pate, 1992; Basini et al. 2002; Crespo et al. 2010; Crespo et al. 2012;
Crespo et al. 2015). Hormones, activators and genes can then be looked at again and there may
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be a more obvious change in their expressions or productions that were not evident previously.
Moreover, an experiment like this would provide further evidence that TNFα is bioactive and is
playing a role in the ovary over time.

CONCLUSION
This study aimed to determine the presence, regulation and actions of pro-inflammatory
cytokines in the zebrafish ovary during ovulation. All pro-inflammatory cytokines and their
receptors investigated were present in the zebrafish ovary, however, TNFα A, TNFα B, and
CSF1-1 were the only genes that were dynamic over the ovulatory period. PKC activators and
LPS upregulated the expression of both TNFαA and B, PGE2 downregulated TNFα A, and
treatment with hCG, 17α20βP, and E2 had no effect. When investigating the actions of TNFα, it
was shown that mTNFα significantly increases PGE2 and PGF2α production in full grown
follicles. The results from this thesis implicate TNFα A in the regulation of prostaglandin
production through prostaglandin synthases. Moreover, TNFα A and B appear to be
differentially regulated within the zebrafish ovary. While there are still many more questions to
be answered, the work done in this project provides the groundwork for the use of zebrafish to
study the role of the immune system during ovulation in fish.
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