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ABSTRACT
In contrast to advanced stages of oogenesis, the endocrine regulation of early stages of
oocyte growth has received little attention. In oviparous vertebrates, particularly in teleost
fish, the early stages of oogenesis are determinants of oocyte quality and fecundity. In
advanced stages of the reproductive cycle, the existence of reciprocal relationships between
the somatotropic axis and the reproductive axis has been well-documented in vertebrate
models including several teleost species. In this context, insulin-like growth factor1, Igf1, has
been identified as a mediating factor between growth and reproduction that promotes gonadal
sex steroid synthesis. Stimulatory effects of Igf1 and an androgen, 11-ketotestosterone
(11KT), have been recently reported on oocyte diameter from New Zealand shortfinned eels
(Anguilla australis) during early stages of oogenesis, known as previtellogenesis, in vitro.
However, no more information is available regarding the insulin-like growth factor system
and its relationship with sex steroids in the eel during previtellogenesis. The present study,
therefore, aimed to gain insight into the endocrine mechanisms associated with the role of
Igf1 during the previtellogenic stage of oocyte growth in the New Zealand shortfinned eel.
I examined the molecular evolution and specific cellular expression of key members of
the Igf system (Igf1, Igf2, Igf type1 receptor) in the shortfinned eel and showed that the
primary structure of the Igf system members is highly conserved in the shortfineed eel, as in
other teleosts (Chapter 2). For the first time, the existence of a new paralogous gene for igf1,
i.e., insulin-like growth factor1 b, was reported in this study. Regarding the notion that eel is
amongst the basal teleost fish, the observation of several duplicated genes, belonging to the
Igf system in this study, provided further support in favour of the occurrence of genome
duplication at the base of teleost fish radiation. Chapter 3 of this thesis examined the
relationship between previtellogenic oocyte diameter and transcript abundances of
intraovarian and extraovarian candidate genes belonging to the metabolic and reproductive
axes. The results revealed a significant relationship between intraovarian components of the
growth-metabolic axis (i.e., growth hormone receptor and Igf type1 receptor) and 11KT, with
oocyte diameter. Increasing ovarian sensitivity to metabolic signals with advancing
previtellogenic stage is thus likely. Furthermore, the level of 11KT, intraovarian growth
differentiation factor9 (gdf9) and Igf type1 receptor were highlighted as predictors of oocyte
diameter during previtellogenesis. To further evaluate the importance of Igf1 during
previtellogenesis, I therefore assessed effects of Igf1 on ovarian steroidogenesis, in vitro and
in vivo in Chapter 4. A stimulatory effect of Igf1 on mRNA abundance of ovarian
steroidogenic proteins (P450 side chain cleavage and P450aromatase) was observed.
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Thereafter (Chapter 5), the effects of 11KT on regulation of the ovarian Igf system were
examined. My observations did not detect a significant effect of 11KT on intraovarian igf1 or
igf type1 receptor mRNA abundance, but the androgen significantly increased the abundance
of mRNA for hepatic insulin-like growth factor mRNA binding protein 3.
In conclusion (Chapter 6), the results of this thesis suggest that Igf1, intraovarian
growth factors (e.g., Gdf9) and 11KT are part of the regulatory mechanisms involved in
controlling previtellogenic oocyte growth in teleost fish, or at least in the shortfinned eel.
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1.1

EVOLUTIONARY SUCCESS AND REPRODUCTIVE STRATEGIES
OF TELEOST FISH
The term “fish” represents a wide range of aquatic animals, including

hagfishes, lampreys, cartilaginous fishes like sharks and rays, sarcopterygians and
ray-finned fishes. Teleost fish, a subclass of ray-finned fishes, comprise the largest
branch of vertebrates with more than 29,000 known species (Nelson, 2006). It is
believed that teleost fish and humans shared a common ancestor approximately 450
million years ago (Figure 1; see also Hedges 2002; Jaillon et al. 2004 and Volff
2005). Indeed, the shared evolutionary history provides a fascinating opportunity to
study how differences and similarities over this time span may have evolved. Thus,
in the context of evolutionary history and conserved features between teleosts and
humans, such as gene structure and function, teleost fish (for instance, zebrafish
(Danio rerio) and Japanese medaka (Oryzias latipes)) make suitable models to study
a number of human diseases (Dooley et al. 2000; Deol et al. 2011; Renshaw et al.
2012). In comparative genomics and evolutionary studies, puffer fish (Mulley et al.
2004), Takifugu rubripes (Fernandes et al. 2005) and Tetraodon nigroviridis, have
received ample attention as model animals (Jaillon et al. 2004; Law et al. 2012).
Moreover, numerous teleost fish species, for example East African cichlids such as
Nile tilapia, Oreochromis niloticus (Baldo et al. 2011), and the three-spined
stickleback (Gasterosteus aculeatus), are major models in ecological surveys
(Huntingford et al. 2009; Park et al. 2010). In addition, most commercially important
fish, such as salmon and rainbow trout (Oncorhynchus spp), eel (Anguilla spp) and
tilapia (Oreochromis spp) are teleostean fish (Nelson, 2006).
In addition to the importance of animal stock in biomedical research, the
drastic dwindling of natural stocks due to overfishing, environmental disasters, and
particularly, demanding human markets, create a need for applicable protocols to
improve reproductive efficiency in teleost fishes. Fortunately, the availability of new
technologies in recent years has greatly facilitated our current understanding of
genomic, transcriptomic and proteomic mechanisms that regulate reproduction in
fish. Thus, along with the human genome project, teleost genome projects have
started and information is now available for several key teleost models (Figure 1.1),
including zebrafish, pufferfish (http://www.ncbi.nlm.nih.gov/genomes), medaka
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(http://biol1.bio.nagoya-u.ac.jp:8000/), stickleback (http://www.genome.gov/12512292)

and more recently, the European eel, Anguilla anguilla (www.eelgenome.com).
Among the many fascinating biological aspects of teleost fish is their
reproductive physiology. In contrast to mammals which mostly share common
features of oogenesis (Zeleznik 2004), teleost fish show huge diversity and plasticity
in reproductive strategies, gametogenesis and patterns of oocyte growth (Lubzens et
al. 2009). These characteristics make teleost fish excellent models to study oogenesis
in vertebrates. Basically, three patterns of oocyte growth have been described in
teleost fish, i.e., those that separate synchronous, group-synchronous and
asynchronous spawning fish (Tyler et al. 1996). For fish following the first pattern,
the synchronous ovaries, all oocytes grow simultaneously and ovulate at the same
time. The fish in this group spawn only once a year or even once in their life span,
for example fish belonging to the Anguillidae and some members in the genus
Oncorhynchus. In the second category, the group-synchronous ovaries, two
populations of oocytes can be observed, namely, growing follicles and dormant
follicles. The fish in this group spawn seasonally or periodically over the year. In the
third group (i.e. asynchronous ovaries) oocytes in different stages of development
can be found alongside one another, such as in zebrafish (Selman et al. 1993). Fish
that use this strategy can ovulate and spawn regularly over a long period of time.
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Shortfinned eel, Anguilla
australis 50-60 MYA

Figure 1.1 The radiation of model teleost fish. Due to the huge diversity and plasticity in
their morphology, ecology, genomes, reproductive strategies and behaviour, the teleost fish
have received ample attention as models. Tetrapods (e.g. humans) shared a common ancestor
with teleost fish 450 million years ago. It is believed that teleosts underwent genome
duplication and genome compaction during their evolutionary history. Radiation of eels,
Anguilla species, dates back to approximately 50-60 million years ago (Diagram adapted
from Volff, 2005).

1.2

OVERVIEW OF OOGENESIS IN TELEOST FISH
In oviparous vertebrates, such as teleost fish, the egg is the only resource

provider for the embryo and therefore, the quality of the egg is paramount for
embryo survival. In fish, as in mammals, the transition of primordial germ cells
(PGCs) to fertilizable, nutrient-rich yolky eggs (oogenesis) is controlled by extensive
endocrine, paracrine and autocrine hormonal communication between the germ cells
and their surrounding somatic cells (Nagahama 1994; Nagahama et al. 2008).
Numerous hormones and growth factors are involved in this complex
communication. However, sex steroids, gonadotropins (GTHs) and metabolic
hormones such as growth hormone (Gh), insulin and insulin-like growth factor1
(Igf1) have been predominantly highlighted in the literature (Yamashita et al. 1997;
Hirai et al. 2002; Nagahama et al. 2008; Lubzens et al. 2009), as shown in Figure
1.3.
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1.2.1

Oocyte ultrastructural changes during previtellogenesis and vitellogenesis
The pattern of oocyte growth in all teleost species is remarkably similar. In

general, oogenesis can be subdivided into subgroups from several different points of
view. On the basis of stage of oocyte development, it can be subdivided into six
major categories, as illustrated in Figure 1.2: A1) formation of PGCs; A2)
transformation of PGCs into sex-differentiated cells known as oogonia; A3) onset of
meiosis and development of oogonia to oocytes; A4) oocyte growth under meiotic
arrest, which can be subdivided into previtellogenesis and vitellogenesis; A5)
resumption of meiosis and start of maturation; A6) final maturation and ovulation
(Patino et al. 2002).
Throughout oogenesis, the germ cells are in close contact with somatic cells
and are guided by a variety of intraovarian and extraovarian signals. PGCs are
undifferentiated, bipotential diploid cells which migrate to the genital ridge during
the embryonic period and differentiate into oogonia or spermatogonia, according to
sex (Strüssmann et al. 2002). Oogonia proliferate by mitosis and this process
continues throughout a fish’s life, unlike the situation in mammals in which mitosis
often stops during foetal development. The oogonia subsequently proceed to the
diplotene stage of the first meiotic division and are arrested in this stage. Once
meiosis is stopped, the oocyte and the surrounding somatic cells grow and undergo
considerable ultrastructural and functional differentiation which eventually results in
the formation of the primary follicle. The follicular layer is comprised of theca and
granulosa cells, separated by a basement membrane (Figure 1.2 B4).
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B-2
Perinucleoli
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Figure 1.2 Right panel (A) illustrates schematic diagram of the sequential stages of oocyte
growth. Each stage has been shown as follows: A-1: Formation of primordial germ cell and
oogonia. A-2: Chromatin nucleus and perinucleolus stages (previtellogenic stage). A-3:
Cortical alveoli and lipid droplet stages (previtellogenic stage). A-4: Vitellogenic stage A-5:
Start of maturation. A-6 Matured egg (Image adapted from Begovac et al. 1988). Left panel
(B) displays electron micrographs of oocytes in different stages of previtellogenesis from
New Zealand shortfinned eel, Anguilla australis. B-1, Chromatin nucleus stage; B-2,
Perinucleolus stage; B-3, Early oil droplet (OD) stage; B-4 Follicular layers surrounding the
oocyte from outside inwards: theca cells, basement lamina and granulosa cells. The oocyte
communicates with its somatic envelope through channels that pass through the zonal space.
Images B-1 – B-3 are from the author, with help from Mr. Matthew Downes (Department of
Zoology, University of Otago).

As the oocyte grows under meiotic arrest, the follicular cells differentiate
(Selman et al. 1993). In the previtellogenic oocyte, the nucleus and its ribosomeproducing nucleoli start to synthesise a large amount of RNA that is packed in
protein and sent to the cytoplasm during the chromatin nucleus (Figure 1.2 B-1) and
perinucleolus stage (Figure 1.2 B-2). Intracellular organelles, including endoplasmic
reticulum, Golgi apparatus and large numbers of mitochondria and ribosomes, start
to appear in the ooplasm. In later stages, endogenously produced secretory vesicles
appear at the periphery of the cytoplasm (cortical alveoli stage) and this is followed
by a period of lipid deposition (lipid droplet stage) before significant cytoplasmic
incorporation of yolk granules in the vitellogenic stage (Figure 1.2 B-3). The
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accumulation of lipid and yolk into the ooplasm contributes to a dramatic increase in
oocyte size (Tyler et al. 1996).
Between the oocyte membrane and granulosa cells is a zona space, filled with
extra-oocyte matrix such as zona pellucida proteins (ZPs) that form the zona
pellucida layer. Electron micrographs reveal the existence of microvilli inside the
channels that pass through the zona pellucida layer (Figure 1.2 B-4). ZPs are
deposited in the space between the ooplasm and the granulosa cells to make the zona
radiata, which acts as a protecting shell after ovulation. Indeed, connections between
oocyte, granulosa cells and theca cells make for a very complex follicular system
which is regulated by growth factors, sex steroids and circulating hormones (Tyler et
al. 1996; Matzuk et al. 2002; Le Menn 2007).
The follicular complex at the end of previtellogenesis has all the necessary
components for storage and processing of yolk proteins synthesized in the liver. As
vitellogenesis proceeds, oocyte size significantly increases due to accumulation of
yolk proteins in the ooplasm. Yolk proteins are derived from the precursor protein
vitellogenin (Vtg), synthesized in the liver under stimulation of 17β-estradiol. Vtg
enters the oocyte from the circulatory system by receptor-mediated endocytosis
(Prisco et al. 2002; Asanuma et al. 2003).
1.2.2

Hormonal regulation of oogenesis
Although a wide range of factors (growth factors, sex steroids, gonadotropic

and metabolic hormones, such as thyroxine, triiodothyronine, Gh and Igf1) have
been proposed to mediate the oocyte and somatic-cell cross-talk, very little
information is available regarding the molecular mechanisms behind these events. In
fish, similar to mammals, gonadotropic and somatotropic signals (Figure 1.3 green
and red arrows, respectively) have been known as the main players controlling
oogenesis, particularly in advanced stages of the reproductive cycle (see reviews by
Guidice 1992; Le Roith et al. 2001; Chandrashekar et al. 2004; Lubzens et al. 2009).
Environmental cues, such as water temperature, photoperiod and nutritional status,
stimulate kisspeptin neurons in the forebrain (Godwin 2010; Tena-Sempere et al.
2012). Kisspeptins stimulate gonadotropin-releasing hormone (GnRH) neurons,
eventually leading to release of gonadotropins (GTHs) from the pituitary. The GTHs
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can be released into the circulatory system and affect the gonads (Levavi-Sivan et al.
2010). The most typical morphological response to GTHs is a dramatic increase of
the gonadosomatic index (GSI). In the eel, for example, injections of salmonpituitary extract lead to 10-20 fold increases in GSI (Ijiri et al. 1995; Lokman et al.
1998; Suetake et al. 2002). Two types of GTHs, follicle-stimulating hormone (Fsh)
and luteinizing hormone (Lh), and their corresponding receptors (Fshr and Lhr) have
been identified in fish (Oba et al. 2001; Hirai et al. 2002; Levavi-Sivan et al. 2010).
In general terms, it seems that Fsh, rather than Lh, is the dominant gonadotropic
hormone during early stages of oocyte development, whereas Lh has been
recognized to play a major role during oocyte maturation and ovulation (Campbell et
al. 2006; Luckenbach et al. 2011). The ovaries, in response to GTHs, Gh and Igf,
produce sex steroids such as 17β-estradiol (E2). In most teleosts, circulatory E2
stimulates hepatocytes to make Vtg and ZP proteins (Figure 1.3).
As in mammals (Adashi 1994; Adashi 1998; Chandrashekar et al. 2004), a role
for the somatotropic axis throughout oogenesis has been reported in teleost fish (see
reviews by Duan 1997; Reinecke et al. 1997; Reinecke et al. 2005; Lubzens et al.
2009). In advanced stages of oocyte development, Gh and Igf1 have been shown to
stimulate ovarian steroidogenesis, follicular growth and differentiation (Kagawa et
al. 1994; Weber et al. 2000; Mukhejee et al. 2006). However, the roles of Gh and
Igf1 during early stages of oogenesis have received little attention in teleost fish.
The resumption of meiosis and GVBD is believed to be mainly controlled by
the pituitary Lh surge, and probably, by intraovarian growth factors such as bone
morphogenetic protein 15 (Ge, 2005; Lubzens et al. 2009). As the oocyte grows,
steroid synthesis shifts from C18 to C21 steroids (i.e., from E2 to maturationinducing-steroid, MIS) which is essential for oocyte maturation and resumption of
meiosis (Senthilkumaran et al. 2003). In post-vitellogenic follicles, MIS receptors are
up-regulated and upon activation, stimulate the maturation-promoting-factor,
resulting in resumption of the first meiotic division. The germinal vesicle migrates
towards the animal pole of the oocyte and breakdown of the nuclear membrane
occurs (GVBD).
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Pituitary
Liver
Ovary

Figure 1.3 Generalized endocrine regulation of oocyte growth by gonadotropic and
somatotropic signals in teleost fish. Kisspeptin neurons in the brain are stimulators of
gonadotropin-releasing hormone (GnRH) neurons. GnRH neurons stimulate pituitary
gonadotrophs. Gonadotropic signals, GTHs, stimulate oocyte growth and steroid synthesis in
ovaries. The sex steroids (e.g. 17β-estradiol, E2) have a range of effects, including
stimulation of hepatocytes, ensuring increased production of vitellogenin (Vtg) and zona
pellucida proteins (ZPs). Vtg and ZPs are glycoproteins essential for oocyte growth and
follicular development (follow green arrows). Pituitary growth hormone (Gh) is the main
controller of the hepatic Igf system. In response to Gh, Igf1 and Igf2 along with their binding
proteins (IGFBPs) are synthesized and released from the liver to affect a wide range of
organs, including the ovaries. Gh can also directly stimulate the ovary (red arrows).

1.3

INSULIN-LIKE GROWTH FACTOR SYSTEM, HISTORY, MODE OF
ACTION AND GENERAL FUNCTIONS
The insulin-like growth factor system encompasses a number of interactive

proteins, classified as IGF ligands, IGF receptors and IGF binding proteins (see
reviews by Guidice 1992; LeRoith et al. 1993; Jones et al. 1995; Samani et al. 2007).
Recognition of the IGF system dates back almost 55 years ago, when Salmon and
Daughady found a liver-derived protein that could stimulate sulfation of cartilage
cells. They named it “sulfation factor” (Salmon et al. 1957). Soon after, it was
discovered that the sulfation factor could increase glucose uptake, similar to insulin,
in rat adipocytes. Interestingly, this effect could not be blocked by insulin antibodies.
Thus, the peptide was re-named “non-suppressible insulin-like active peptide”,
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NSILA (Martin et al. 1958; Renold et al. 1960; Froesch et al. 1963). Later on, the
NSILA was renamed Somatomedin-C due to its effect on bone growth and its
relationship with GH (Daughada et al. 1972). A few years after, in 1978, it was
found that Somatomedin-C and a newly discovered protein had a similar structure to
human pro-insulin and they were, therefore, re-named as insulin-like growth factor-1
(Rinderknecht et al. 1978) and insulin-like growth factor-2 (Rinderknecht et al.
1978). Recently, a new and apparently “teleost specific” peptide, very similar to
IGF1 and -2 was discovered in fish and named Igf3 (Wang et al. 2008; Berishvili et
al. 2010; Li et al. 2011).
In 1974, protein-binding assays revealed three proteins with a high affinity for
IGF1, insulin and IGF2 (Marshall et al. 1974). While two receptors (i.e. IGF1R and
insulin receptor, INR) showed tyrosine kinase activity, the third receptor (IGF2R)
had no sign of signal transduction, it displayed preferential affinity of IGF2 over
IGF1 and it did not have affinity to insulin (Megyesi et al. 1975; Rechler et al. 1980).
The IGF2 receptor, also known as mannose 6-phosphate receptor, is a monomer.
IGF2R acts as a scavenger receptor and has been associated with uptake and
degradation of IGF2 in the extracellular matrix (Ghosh et al. 2003). The insulin
receptor and IGF1R are homodimeric proteins (Adams et al. 2000); however, each
monomer of INR and IGF1R can also combine to make a hybrid receptor (Belfiore et
al. 2009). There is a cross-affinity among ligands and receptors of IGF and insulin
families, as presented in Figure 1.4 (also see Section 2.2.3). Insulin strongly binds to
INR and to a lesser degree to IGF1R and the hybrid receptor (Belfiore et al. 2009).
IGFI binds with high affinity to the IGF1R and with considerably lower affinity to
the INR whereas IGF2 binds to IGF2R and shows lower affinity to IGF1R.
Interestingly, it has been reported that IGF2 could bind to INR with high affinity
(Frasca et al. 1999). There is very limited information regarding the affinity of
ligands to the hybrid receptor.
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Figure 1.4 Illustration of ligand/receptor interactions for IGF peptide superfamily members.
Monomers of IGF1R and/or INR can dimerize to make homodimers or a hybrid receptor
(IGF1-INR). There is a cross-affinity among ligands and receptors of IGF and insulin
families. The IGF2R is a monomer with different structure and function to IGF1R and INR.
The relative affinity of ligands towards each receptor is represented by different font sizes.
No information is available regarding IGF3 and the hybrid receptors.
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In biological fluid (serum and extracellular matrix), most of the IGF ligands are
bound to a series of carrier proteins, the IGFBPs. Four major functions have been
associated with IGFBPs, 1) IGF transportation; 2) increasing life span of IGF; 3)
localization of IGF; and 4) modulation of receptor-ligand interaction (Ferry et al.
1999; Ferry et al. 1999). Gene expression of IGFBP genes is highly tissue- and
stage-specific. It has been reported that IGF1/IGFBP3 complexes help to prevent
potential hypoglycemic effects of circulating IGF1 by preventing possible crossbinding of IGF1 with the insulin receptor (Caruso et al. 2011). It has further been
suggested that IGFBPs can have their own receptor and therefore act as a hormone
(Walker et al. 2003). There are seven IGFBPs (IGFBP1-7) (Baxter 2000; Nousbeck
et al. 2010; Chen et al. 2011) among which IGFBP3 is the main carrier protein of
IGF1 in the circulatory system in mammals (Martin et al. 2011). IGFBP3 is mainly
produced in the liver (Zimmermann et al. 2000) and binds to IGF1 and acid-labile
subunit (ALS) which leads to stabilization and increases the half-life of the
IGF/IGFBP3/ALS complex in the circulatory system (Baxter 1988; Boisclair et al.
2001; Firth et al. 2002; Payet et al. 2004). Interestingly, IGFBP3 has cell
proliferative roles independent of IGF (Yu et al. 2000; Yamada et al. 2009).
Altogether, in view of the deduced gene duplication event in teleosts, it is highly
likely that multiple forms of each Igfbp exist in fish which consequently make for an
extremely complex picture of the Igf system in these species compare to mammals.
1.3.1

IGF signal transduction
The exact mechanism of IGF action is far from being understood due to

complex autophosphorylation cascades of second messengers and regulatory roles of
intermediate proteins by intracellular feedback loops. Depending on cell type, the
activated pathways of IGF may differ. This section provides a brief overview of the
cellular signalling events that have been proposed in most types of cells.
Ligand/receptor interaction leads to dimerization of IGF1R and, depending on
cell type, to activation of one or two main pathways: 1) phosphatidylinositol 3-kinase
(PI3K)/Akt; and 2) mitogen-activated protein kinase (MAPK) pathways (see Figure
1.5). In the PI3K/Akt pathway, stimulation of the receptor leads to phosphorylation
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of tyrosine residues in the intracellular domain of the receptor. Phosphorylation of
the receptor leads to recruitment and autophosphorylation of adaptor proteins, such
as insulin-receptor substrate-1 (IRS1) and PI3K (Reiss et al. 2012). The PI3K, then,
phosphorylates phosphatidylinositol 3,4,5, triphosphate (PIP3) and this process
eventually leads to activation of phosphoinositol-dependent kinases (PDKs). The
PDKs activate Akt (i.e. protein kinase B). Depending on the cell type, Akt can
activate or de-activate different proteins related to cellular metabolism, cell survival,
cell migration and proliferation and protein translation inhibition of apoptosis
(Dupont et al. 2003).
The second main pathway of IGF action is the MAPK signalling pathway.
Similar to the PI3K/Akt pathway, adaptor proteins such as IRSs and Src-homology
collagen (SHC) are recruited and then phosphorylated upon activation of the IGF1R
(Reiss et al. 2012). The IRS and SHC can phosphorylate growth factor receptorbound protein 2, GrbB2 (Lim et al. 2004), which in turn binds to son of sevenless
(SOS) proteins. The activation of GrbB2 and SOS leads to autophosphorylation of
two membrane-bound kinases, Raf and Ras. The phosphorylated Raf+Ras complex,
then, activates extracellular-signal-regulated kinase (Erk1/2). Depending on cell type,
following activation of Erk1/2, a variety of regulatory proteins and transcription
factors can be phosphorylated. In granulosa cells, for example, c-jun and c-fos (see
Chapter 4 and 5) are among the transcription factors that can be activated by IGF1R
activation. Recent reports, however, suggest that IGF2-IGF2R interaction can
indirectly activate the Erk signalling pathway by triggering sphingosine kinase (SK)dependent transactivation of sphingosine-1 phosphate (S1P) receptors (El-Shewy et
al. 2007).
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Figure 1.5 Insulin-like growth factor type1 receptor, IGF1R, signal transduction. IGF1 binds
to insulin-like growth factor binding protein3, IGFBP3, in extracellular fluids. IGF1R is a
homodimer, belonging to the tyrosine kinase family of receptors. Upon activation by ligands,
phosphorylation of clusters of tyrosine residues leads to activation of two main pathways in
the cytoplasm of the target cell: 1) phosphatidylinositol 3-kinase (PI3K)/AKT and 2)
mitogen-activated protein kinase (MAPK) pathways. The exact IGF2 signal transduction
pathway has not been found yet. IGF-independent roles have been suggested for IGFBP3 via
IGFBP3R (see Yamada 2009); however, there is no information about intracellular
signalling of this receptor. IRS1, insulin-receptor substrate-1; PIP3, phosphatidylinositol
3,4,5, triphosphate; GrbB2, growth factor receptor bound protein-2; SOS, son of sevenless;
Erk1/2, extracellular-signal-regulated kinase1/2; MEK, mitogen-activated protein kinase
kinase; FOXO, forkhead box O3; mTOR, mammalian target of rapamycin; GSK3, glycogen
synthase kinase 3.

The IGF system plays a fundamental role in a wide range of cell types to
ensure “normal” physiological function (Li et al. 1997). The essential function of the
IGF system has been illustrated convincingly by numerous IGF knock-out mice
models. In mammals, it is well established that the IGF system plays an essential role
in both intra-uterine and postnatal growth. IGF1 and insulin have several effects in
common; both of them act through tyrosine kinase receptors and, as growth factors,
regulate energy metabolism and stimulate cellular proliferation and anabolic
processes (Adams et al. 2000). Furthermore, IGF1 and -2 act as mitogenic, cellular
differentiation and proliferation, and anti-apoptotic factors. Inefficient production or
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improper functioning of the IGF system is associated with various pathological
conditions, including type II diabetes/obesity, cachexia (i.e. loss of weight, muscle
atrophy, fatigue and weakness), chronic inflammatory conditions, and the reduced
mental and physical capacity associated with aging (Samani et al. 2007).
The role for the IGF system, and particularly Igf1, in teleost reproduction is
well-documented (Duan 1997; Reinecke et al. 2005; Reinecke 2010). In addition to
IGF1, IGF2 has been recently found to play a significant role in oocyte maturation of
teleost fish (Kolychev 2000; Pavelic et al. 2002; Picha et al. 2012). The recent
discovery of Igf3, specific to teleost gonads, further supports functionality of the Igf
system in fish reproduction (Wang et al. 2008; Berishvili et al. 2010). However, the
relationship between the Igf system and other local and systemic signaling molecules
is not well understood. In particular, during the early stages of oocyte development,
the effect of Igf1 on the ovarian steroid synthesis pathway needs to be addressed.
1.4

OVARIAN STEROID SYNTHESIS
Teleost fish are able to make a wide range of steroids, including sex steroids,

glucocorticosteroids and mineralocorticosteroids, in different organs such as gonads,
adrenal and brain. Sex steroid production in gonads is a complex process resulting
from conversion of a common precursor, cholesterol, to the final product which may
be estrogen, androgen or progestogen, depending on species and stage of gonadal
development (Young et al. 2005). Different isoforms of steroidogenic proteins have
been found and the respective cDNAs cloned in various species. Nagahama et al.
(1994) proposed the granulosa-theca model of ovarian steroid synthesis in salmonids.
According to this model, theca cells produce androgens. The androgen then makes its
way to the granulosa cell where it is converted to an estrogen. Two classes of
steroidogenic enzymes drive the steroidogenic cascade, i.e., cytochrome P450s and
the oxidoreductases (Figure 1.6). The source of cholesterol in the ovary is not clear,
but plasma lipoproteins are suggested as a main supplier. The cholesterol needs to be
delivered to theca cells and subsequently enter the mitochondria where cytochrome
P450 cholesterol side-chain cleavage (P450scc, product of CYP11A1 gene) is
located (Miller 2011). The transportation of cholesterol into mitochondria is believed
to be the rate-limiting step in steroidogenesis (Miller et al. 2011) and is mediated by
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a carrier protein (steroidogenic acute regulatory protein, Star) located in the inner
wall of mitochondria (Stocco 2000). Upon entering the mitochondria, a six-carbon
side chain of cholesterol is removed by a 3-protein complex consisting of a
flavoprotein, an iron-sulfur protein and P450scc, resulting in a C21 steroid,
pregnenolone. Pregnenolone is able to diffuse through the mitochondrial membrane
and can be transferred to smooth endoplasmic reticulum to be a universal precursor
for progestogens, androgens or estrogens. In the following paragraph, the progestin
cascade is ignored and only the androgen and estrogen pathways are described.
Cytochrome P450 17-hydroxylase, CYP17, is a dual-function (17-α
hydroxylase and C17-20lyase) steroidogenic enzyme that adds an -OH group to C17
of pregnenolone in the α-position (resulting in 17α-hydroxypregnenolone) and then
removes

carbons

C20-21

as

acetic

acid

(i.e.,

lyase

action)

to

yield

dehydroepiandrosterone, a weak androgen. Suppression of CYP17 lyase activity may
be the main mechanism by which steroidogenesis shifts from androgen to
progesterone in the immature fish ovary. 3β-Hydroxysteroid dehydrogenase (3βHSD) is an oxidoreductase that shifts a double bond between C5-C6 of
dehydroepiandrosterone (DHEA) to C4-C5 (i.e., ∆5 to ∆4 steroid conversion) to
yield androstenedione (AD). AD, in turn, is a substrate for cytochrome P450
aromatase (P450arom), which generates estrone (E1) due to aromatization of the “A”
ring, or for 17β-hydroxysteroid dehydrogenase (17β-HSD) to produce testosterone
(T). The E1 subsequently can be converted to 17β-estradiol (E2) by 17β-HSD after
reduction of the keto-group at C17. Alternatively, the DHEA can be first converted
to androstenediol (hydroxylation of C17) by17β-HSD and then to testosterone by 3βHSD. In the teleost ovary, testosterone can either be aromatized by P450arom
(Young et al. 2005; Stocco 2011) to E2 or be hydroxylated at C11 by CYP11β,
giving rise to 11β-hydroxytestosterone. The C11 in 11β-hydroxytestosterone can be
oxidized by an oxidoreductase enzyme, 11β-HSD, yielding the potent androgen 11ketotestosterone, 11KT (Lokman et al. 2002).
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Figure 1.6 Proposed steroidogenic cascade in the teleost ovary. Estrogen and androgen
synthesis is achieved by sequential enzymatic reactions that lead to conversion of the steroid
precursor cholesterol to 17β-estradiol (E2) and 11-ketotestosterone (11KT), respectively.
Two classes of steroidogenic enzymes mediate the steroidogenesis cascade cytochrome
P450s and oxidoreductases.
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1.5

NEW ZEALAND SHORTFINNED EEL, ANGUILLA AUSTRALIS, AS A
TELEOST MODEL
More than 800 species of marine eels (Anguilliformes) have been identified so

far (Nelson, 2006). Only 15 species, including three subspecies, all belonging to the
genus Anguilla, are known to migrate to freshwater for feeding and growing,
whereas all other eel species complete their life cycle in the marine environment
(Dijkstra et al. 1999; Aoyama 2009). Eels are considered basal teleosts whose
evolutionary history is not fully clarified (Near et al. 2012). However, on the basis of
extracted DNA from fossils and using a calibrated “molecular clock”, it has been
estimated that eels separated from a teleost ancestor approximately 50-55 million
years ago (Minegishi et al. 2005).
In spite of their importance, many aspects of the life cycle of freshwater eels,
such as their migration, reproduction and behavior, are incompletely understood. As
shown in Figure 1.7, the life cycle of a typical freshwater eel can be divided into 6
stages: egg, larva, glass eel, elver, yellow eel and silver eel (Tech 2003). Silver eels
spawn in the ocean and after hatching of eggs (Figure 1.7, Stage 1), their transparent
leaf-like larvae (leptocephalus) drift toward continental waters on ocean currents
(Stage 2). The leptocephalus then undergoes a classical thyroid hormone-mediated
metamorphosis into a glass eel (Stage 3). At the glass eel stage pigmentation starts
(Jellyman 1979). Following this stage, the juvenile eel swims toward estuaries and
freshwater, where it reaches the elver stage (Stage 4). Upon the completion of
pigmentation in freshwater, the eel colour is yellow-brownish and therefore it is
named the yellow eel (Stage 5). Residency in freshwater may take up to 15 years in
New Zealand shortfinned eel (Arai et al. 2004), during which the eel feeds and
grows, and the ovaries are in the previtellogenic stage (Figure 1.7), until the time of
the second metamorphosis (i.e., yellow to silver stage), concomitant with the start of
puberty and downstream migration toward the ocean for breeding (Stages 6 and 7).
The transition from yellow eel to silver eel, silvering, is associated with significant
physiological and morphological changes such as increases in eye size, change of
skin colour, and ovarian transition from previtellogenesis to early vitellogenesis (see
review by Lokman et al. 2003). In the silver stage, oocytes are at the early stage of
vitellogenesis and oocyte diameters are estimated between 150 µm to 250 µm
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compared to the fully mature oocyte of 800µm. The migrant eels never return back to
their freshwater habitat and it is believed that they will die after spawning (Jellyman
et al. 2003).

3

First metamorphosis

2

4

1
5Previtellogenesis
Second metamorphosis

7
6

Early vitellogenesis

Figure 1.7 Freshwater eels start and complete their life cycle in the ocean, but feed
and grow in freshwater habitats. The life cycle of eels can be divided between two
major parts, oceanic (salt) water and continental (fresh) water. After hatching of
eggs, the eel’s transparent larva (leptocephalus) is transported toward continental
water by oceanic drift (Stage 1-2). The leptocephali undergo the first metamorphosis
to glass eels simultaneous with their arrival in continental waters. Glass eels move to
freshwater lakes, lagoons and rivers for feeding and growing. In freshwater they
reach the elver and yellow eel stages. The freshwater residency might take up to 15
years followed by migration to the ocean for spawning. Second metamorphosis,
silvering, occurs just before oceanic migration (Image adapted from
http://www.mnr.gov.on.ca/mnr/sorr)

In addition, eels are known as basal teleosts, and as such, hold a strategic place
in the pathway of teleost evolution (Lin et al. 2001; van Ginneken et al. 2005). Two
ovaries, extending along the dorso-lateral sides of the abdominal cavity, can be easily
harvested and viewed through the light microscope (Lokman et al. 1998). The eel
ovary can also be readily maintained in vitro (see Lokman et al. 1995; Matsubara et
al 2003; Endo et al. 2008; Setiawan et al. 2012) and the predictable and prolonged
previtellogenic stage (i.e. 12-15 years) make the eel an accessible model to study this
developmental stage.
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Three species of eel live in New Zealand coastal waters, i.e., the longfinned eel
(A. dieffenbachii), the shortfinned eel (A. australis) and the Australian spotted eel (A.
reinhardtii) (Jellyman et al. 1996; Glova et al. 1998; Jellyman et al. 1999). The
shortfinned eel is distributed from the east coast of Australia and New Zealand to
New Caledonia. This species is commercially important and exported overseas.
1.6

AIMS AND SCOPE OF THIS THESIS
Although the general endocrine regulation and structure of oogenesis in teleost

fish has been well-studied, in most of the published papers, oogenesis has been
viewed “globally”. In contrast to advanced stages of oogenesis, i.e., vitellogenesis,
oocyte maturation and ovulation (Section 1.2.2), very little information is available
about the regulation of previtellogenic oocyte growth in teleosts and essentially
nothing is known about the importance of Igf during this period. The only functional
study on the effect of Igf in previtellogenic oocyte growth in fish involved the
shortfinned eel and revealed a stimulatory effect of Igf1 and 11KT in vitro (Lokman
et al. 2007). A study in coho salmon proposed a role for plasma Fsh, E2 and Igf1 in
previtellogenic oocyte growth (Campbell et al. 2006), but exactly what the effects of
Igf1 could be remains unclear. In addition to the Igf system, a range of effects of an
androgen (11KT) in regulatory ovarian physiology of several teleost species during
previtellogenesis has been reported (Lokman et al. 2007; Kortner et al. 2009;
Forsgren et al. 2012). In mammals, testosterone stimulates the intraovarian IGF
system (Vendola et al. 1999a; Vendola et al. 1999b), but in fish, such effects have
not yet been demonstrated.
The general aim of this study is to shed light on the role of Igf1 during
previtellogenic oocyte growth in New Zealand shortfinned eel. All of the
experiments and analysis in this thesis were conducted under the supervision of Dr.
Mark Lokman. In general, experimental design, sample and data analysis and
preparation of the chapters were done by the author in consultation with my primary
supervisor as appropriate. Technical assistance and financial support have been
acknowledged previously (see Acknowledgements).
This study is based on the following hypotheses:
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A) The primary structure of the members of the Igf system is conserved in
the shortfinned eel. To address this, in Chapter 2, using molecular cloning and
massive parallel sequencing approaches, the primary structure of Igf1, -2, Igf type1
receptor and insulin receptor cDNAs in eel were examined and compared among
various vertebrate species. In addition, temporal organ distribution and ovarian
localization of igf1 and igf1r mRNA were identified in the oocyte and its follicular
envelope. Transcriptome sequence data and igf1 cDNA sequence were kindly
provided by Dr. Mark Lokman, Dr. Yuichi Ozaki and Ms Forbes.
B) There is a relationship between oocyte growth and the intraovarian Igf
system during previtellogenesis. In Chapter 3, I describe reciprocal relationships
between oocyte diameter, ovarian derived growth factors such as members of
transforming growth factor-β and igf1, igf1r, serum level of 11KT and E2, in
addition to extraovarian factors such as components of the somatotropic and
gonadotropic axes during previtellogenesis. Partial cDNA sequences of gdf9, bmp15,
gh and ghr were provided by Dr. Mark Lokman, whereas the partial androgen
receptor cDNA sequence was donated by Dr. Alvin Setiawan.
C) Insulin-like growth factor1 is part of the regulatory mechanism for
steroid biosynthesis during previtellogenesis. In Chapter 4, I address in vivo and
in vitro effects of IGF1 on ovarian steroidogenesis by assessing mRNA abundance of
key steroidogenic enzymes such as P450aromatase, P450scc and 11-β hydroxylase
(see Figure 1.6) in the previtellogenic ovary of the eel.
D) 11-ketotestosterone contributes to regulating the intraovarian Igf
system during previtellogenesis. In Chapter 5, the in vivo and in vitro effects of
11-ketotestosterone (a potent androgen that stimulates oocyte growth in the eel) on
temporal gene expression profiles of igf1 and igf1r were examined. Tissue for the in
vivo experiment (Section 5.2.1), was donated by Dr. Alvin Setiawan. To assess the
effects of 11KT on ovarian differential gene expression (Section 5.2.3),
transcriptome data were provided by Dr. Mark Lokman.
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2
THE IGF SYSTEM: MOLECULAR CHARACTERIZATION,
TISSUE DISTRIBUTION AND OVARIAN LOCALIZATION
IN THE NEW ZEALAND SHORTFINNED EEL (ANGUILLA
AUSTRALIS)

Status: To be submitted for publication in Journal of Comparative Physiology B
Co-authors: Forbes, E. L. and P. M. Lokman
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ABSTRACT
Compared to the IGF system in mammals, little attention has been paid to the
structure and diversity of the Igf system in basal teleost fish such as eels. Taking
advantage of high-throughput Illumina sequencing technology along with
conventional cloning methods, ovarian and hepatic transcriptomes from New
Zealand shortfinned eel were examined to describe the primary structure of deduced
peptides belonging to the Igf system, i.e., insulin-like growth factor1 and -2, insulinlike growth factor type1 receptor and insulin receptor. I further localised the
transcripts of the insulin-like growth factor type1 receptor in the ovary of eels using
laser capture microdissection. Two paralogous genes for Igf1 (Igf1a, and for the first
time, Igf1b) and two paralogues for Igf2 (Igf2-1 and -2), in addition to two
homologous cDNAs for Igf1r (Igf1ra and -b) and three for Inr (Inra, -b and -c), were
identified. Localization data showed approximately equal mRNA abundance of igf1r
in the oocyte and its surrounding follicular cells. The presence of igf1r mRNA in
ovary suggests that both ovarian somatic cells and germ cells are under control of the
Igf system. The results of this study provide further evidence for genome duplication
in teleost fish and confirm the well-conserved structure of the Igf system through
evolution.
2.1

INTRODUCTION
As described in the previous chapter, the insulin-like growth factor (IGF)

system has been known to play a critical role in various physiological processes such
as somatic growth, metabolism, longevity and reproduction in a wide range of taxa
(Adashi 1995; Duan 1997; Behl et al. 2002). Since the first discovery of IGF1 in
humans (Rinderknecht et al. 1978), a large amount of data has been accumulated
about functionality and regulation of insulin-like peptides and their related proteins
(i.e., IGF system) in vertebrates. In fish, the Igf system consists of several ligands,
i.e., insulin-like growth factor1 and -2, and the recently identified messenger Igf3
(Wang et al. 2008; Berishvili et al. 2010; Li et al. 2011), in addition to
transmembrane receptors, including the type1 (Igf1r) and type2 receptor (Igf2r), and
a series of binding proteins, known as insulin-like growth factor-binding proteins
(Igfbp1-7). Interestingly, the IGF system has remained highly conserved throughout
evolution, from less complex organisms, such as nematodes (Caenorhabditis
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elegans) and insects (Brogiolo et al. 2001), to amphioxus (Chan et al. 1990) and
more evolved species, such as humans (LeRoith et al. 1993). However, most of the
available knowledge about the roles, functions and molecular evolution of the IGF
system originates from studies on mammalian models, mostly humans and rodents.
Therefore, given their taxonomic position, teleost fish and the most basal teleosts in
particular (Volff 2005), present interesting models to study the Igf system and fill the
knowledge void. Indeed, a basal teleost fish, such as the freshwater eel (Section 1.2),
holds a strategic position as a vertebrate model to study IGFs in order to obtain
deeper insights into the functionality and evolution of the Igf system.
It should be noted that the IGF system, together with insulin (IN), the insulin
receptor (INR), insulin receptor-related protein (IRR) and relaxin in vertebrates,
along with insulin-like peptide (ILP) from invertebrates, has been assigned to the
“insulin-related superfamily” in some literature (Zhou et al. 1993; Duan 1997;
Reinecke et al. 1998). While the role of IRR still remains a mystery in mammals, no
IRR has yet been identified in fish. In addition, the ligand-receptor cross-affinity of
this superfamily (i.e., IGF1 and -2 to INR and IN to IGF1R, see Figure 1.5) adds
more complication to understanding the function and regulation of these peptides
(Guidice 1992; LeRoith et al. 1993).
From mammalian models, a thorough knowledge has been obtained about
cellular biosynthesis of IGFs. Upon translation, prepro-IGF1 and -2 consist of six
distinct domains, named signal peptide (SP) and B, C, A, D and E domains. In some
cases, depending on species, part(s) of exon(s) from a particular gene (for example
igf1 here) may not be transcribed into mRNA, leading to different splice variants of
the particular gene and eventually, translation into different isoforms of the protein.
Thus, splice variants of Igf, differing with regard to the length of the E-domain in the
prepro-peptide, have been identified in teleosts (Faulk et al. 2010). It is noteworthy
that the mature Igf ligands are formed from prepro-peptide after removal of SP and
E-domain. Indeed, mature Igf1 and -2 are small polypeptides consisting of 70 and 67
amino acid residues (aa), respectively. Both Igf1 and -2 are structurally similar to
pro-insulin with approximately 50% homology at the amino acid level (Faulk et al.
2010). They contain six conserved cysteine residues in the B- and A-domains that
make disulfide bridges and that are considered a hallmark of proteins in the IGF
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family. Interestingly, new roles for the E-domain as an independent hormone have
been proposed (Tian et al. 1999).
In contrast to mammals and birds, which typically have a single copy of a
specific gene, teleost fish often have more than one copy of that gene. This is
probably reflecting gene and/or genome duplication events (Froschauer et al. 2006)
that occurred in the teleost lineage, prior to its radiation (Figure 1.1). The structure of
the Igf1 gene of teleosts displays some differences from that of humans. In humans,
the IGF1 gene (IGF1) has six exons and depending on the transcribed exons,
different subtypes (splice variants) have been defined as IGF1Ea, -Eb and -Ec
(Guidice 1992). These splice variants of IGF1 only concern the E-domain of preproIGF1 while the mature peptide is identical. So far, all isolated igf1 transcripts in
teleost fish have orthologues to human IGF1Ea. However, notwithstanding the
different splice variants, only the E-domain has differed; the amino acid sequence of
the mature peptide (i.e. B, C, A, and D-domain) is identical.
The action of Igfs is mediated through specific receptors. Type1 and type2 IGF
receptors have distinct structures. Due to high affinity of the type1 receptor for IGF1,
it is believed that most of the cellular functions of IGF1 are mediated through
IGF1R, whereas IGF2R has been mostly associated with regulation of bioavailability
of IGF ligands (Adam et al. 2000). Interestingly, IGF1R and INR have a similar
tertiary structure and both belong to the receptor tyrosine kinase (RTK) protein
family. Like INR, the mature IGF1R is a transmembrane homodimeric protein
consisting of 2α and 2β subunits. Each α-β monomer, which results from translation
of a single unique mRNA, can be subdivided into different domains (Figure 2.1).
Upon translation of the prepro-peptide of each monomer and its transfer to the
endoplasmic reticulum, the first 30 residues (i.e. SP) are removed from the prepromonomers to make pro-monomers. The rest of the polypeptide chain is folded,
dimerized and glycosylated, followed by cleavage at a putative proteolytic motif
(Bass et al. 1998). The resulting α-subunit and the N-terminus of the β-subunit make
the ectodomain of the receptor, which interacts with the ligands. The transmembrane
and intracellular domains, however, reside only in the β-subunit. The prepro-IGF1R
and INR monomer have been subdivided into several functional domains, known as
leucine rich (L1 and L2), cysteine rich (CR), fibronectin type3 (Fn), insert domain
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(ID), transmembrane (TM), juxtamembrane (JM), tyrosine kinase (TK) domain and
carboxyl terminal tail (C-tail), as illustrated in Figure 2.1.

Figure 2.1 Schematic structure (2α and 2β subunits) of IGF1R. Each subunit consists of
different domains while six disulfide bridges in the ectodomain connect the subunits
together. The α-subunits can be divided into leucine rich (L1 and L2), cysteine rich (CR),
fibronectin type3-1 (FnIII-1, -2a) and insert domain-α (ID-α). The β-subunit includes an
insert domain-β (ID-β), FnIII-2b, FnIII-3, transmembrane, juxtamembrane, tyrosine kinase
domain and carboxyl terminal tail (C-tail), (Image reproduced from Adams et al. 2000).

Similar to the Igf ligands, several transcripts of inr and igf1r have been found
in a variety of fish organs (Elies et al. 1998; Greene et al. 1999; Hitchcock et al.
2001; Maures et al. 2002; Nakao et al. 2002; Carnevali et al. 2005; Gioacchini et al.
2005; Filby et al. 2007; Caruso et al. 2010). Although the structure of Igf1r has
remained highly conserved and the role of the Igf system in ovarian physiology is
well-documented in most vertebrates (Adashi 1995; Duan 1997; Armstrong et al.
2002; Lokman et al. 2007), the cell type responsible for expressing ovarian igf1r
varies between different vertebrate species and further depends on the stage of
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ovarian development. In humans, for example, the peptides and mRNA of IGF1R are
found in granulosa cells (GCs) from the early stage of follicular development
onwards (Elroeiy et al. 1993; Zhou et al. 1993), while in sheep Igf1r has been
detected in both theca cells and GCs of mature follicles (Perks et al. 1995). In
preantral bovine follicles, however, GCs and oocytes showed Igf1r expression
(Armstrong et al. 2002). In lower vertebrate models, such as the frog (Xenopus
leavis), Igf1r expression was only seen in primary oocytes and increased from the
previtellogenic (PV) until the early vitellogenic (EV) stage (Groigno et al. 1996). In
teleosts, likewise, the expression of ovarian igf1r is highly dependent on species. In
the zebrafish (Danio rerio) ovary for example, igf1r message has been found in germ
cells and somatic cells during different stages of ovarian development (Nelson et al.
2010), while the gilthead seabream (Sparus aurata) showed immunoreactivity for
Igf1r only in GC and theca cells (Perrot et al. 2000).
During recent years, massive parallel sequencing technologies have made an
extremely useful contribution to providing transcript and genomic information on a
wide range of taxa in a cost-effective way (Mardis 2008). A well-established and
rapid method for identification of genes, for discovery of new transcripts and for
estimating gene expression level is transcriptome analysis by the Illumina HiSeq
2000® system (Stranneheim et al. 2011). The Illumina HiSeq 2000® is especially
cost-effective due to the possibilities for de novo assembly, eliminating the need for
cloning, transformation and plasmid preparation steps. In fact, with regard to the
diversity and complex regulation of the Igf system in teleost fish, high-throughput
RNA sequencing will add valuable information to the present database. In this study,
therefore, ovarian and hepatic tissues from a teleost fish, the New Zealand
shortfinned eel (Anguilla australis) transcriptome, were subjected to high-throughput
Illumina sequencing technology.
Using the de novo assembled transcriptomes, the aims of this chapter, then,
were to (i) characterize and structurally compare the different subtypes of igf1, igf2,
igf1r and inr; (ii) gain deeper insight into the evolution of Igfs in teleost fish by
focusing on New Zealand shortfinned eel, and (iii) examine the igf1r mRNA
expression profile in different types of tissues and determine the cell type that
expresses igf1r in the ovary of the shortfinned eel.
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2.2

2.2.1

MATERIALS AND METHODS

Animals and tissue collections
Ovarian tissue was collected from an early vitellogenic (EV), freshly captured

shortfinned eel (body weight, BW, 753 g) and from two experimental eels in the very
early oil droplet stage of previtellogenesis (PV); the latter were exposed for 2 weeks
to slow-release implants that did (body weight (BW) = 721 g; mean oocyte diameter
(OD) = 67 ± 1.8 µm, n=14) or did not (control, BW = 726 g; OD = 56 ± 2.0 µm,
n=14) contain 1 mg 11-ketotestosterone (see Lokman et al. (2010) and Setiawan et
al. (2012) for details on implant composition and administration). Liver tissue was
obtained from a PV female control eel (control implant; BW = 649 g; gonadosomatic
index (GSI = 100*ovaries weight/body weight) = 0.30%; hepatosomatic index (HSI
= 100*liver weight/body weight) = 0.97%), snap-frozen in liquid nitrogen and stored
at -70 ºC. Samples were prepared for next generation sequencing by Dr. Yuichi
Ozaki and Ms Erin Forbes.

2.2.2

Transcriptome analysis
Ovarian and liver transcriptomes of shortfinned eel were sequenced by the lab

manager (Dr. Mark Lokman) for general use in the laboratory (see Appendix 2.1). In
brief, RNA from hepatic and ovarian tissue was purified and subjected to doublestranded cDNA library synthesis. The constructed library was then used for highthroughput sequencing on an Illumina HiSeq 2000 system, contracted to the Beijing
Genomics Institute (BGI), China, at http://www.bgisequence.com. To construct the
sequence contigs, 70nt in length, fragments generated by sequencing were
overlapped on the basis of 25nt by BGI. The obtained contigs were subjected to
bioinformatics analysis by BGI and the contiguous sequences were annotated. In
addition to using annotated fragments by BGI, the obtained sequences were further
analyzed

and

confirmed

by

(http://blast.ncbi.nlm.nih.gov).

BLAST

searching

of

the

NCBI

database
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2.2.3

Partial cDNA cloning and genomic sequencing
Prior to transcriptome sequencing, comprehensive cloning efforts using routine

methodologies (below) had been made to characterize the cDNAs for igf1, igf1r, inr
and vitellogenin receptor (vtgr). Partial sequences were obtained, but because the
results of cloning were identical to transcriptome results for igf1 (short form), igf1ra
and inra, we avoid description of further details here. For igf1 (long form) and vtgr,
primers were designed according to Table 2.1 and standard cloning protocols were
employed to acquire partial cDNAs, as follows: total RNA was purified from eel
ovary in the oil droplet (OD) stage of previtellogenesis using TRIzol® reagent
(Invitrogen, Auckland, New Zealand) according to the manufacturer’s protocol. The
quality and concentration of RNA were measured by ND-1000 Spectrophotometer
(NanoDrop Technologies, Delaware, USA) at 260nm and 280nm. To remove
genomic DNA, RNA samples were treated with Turbo DNase (Ambion® TURBO
DNA-free™) according to manufacturer’s instructions. To make cDNA, 1µg total
RNA was subjected to reverse transcription using random hexamer primers
(Transcriptor First Strand cDNA Kit, Roche Applied Science). PCR reactions were
subsequently run on an Eppendorf PCR thermocycler programmed at 94°C (2min),
[94°C (15s), optimum annealing temperature (30s) as per Table 2.1, and 72°C (1 min)
for 34 cycles], followed by a final extension at 72°C (5min). The amplified cDNAs
were then extracted from a 1% agarose gel and recovered by QIAEX Gel Extraction
Kit (Qiagen, Hilden, Germany) followed by insertion into pGEM T-Easy vector
(Promega, Corp. Madison, WI) according to manufacturer’s protocol. The ligated
sequences of the target gene were transfected and amplified into Escherichia coli
strain XL1-Blue Using the blue-white screening technique, single colonies were
selected for culture overnight in 2YT medium and plasmids were subsequently
purified with the Plasmid Miniprep Kit (Qiagen, GmbH, Hilden, Germany)
according to manufacturer’s protocol. The obtained cDNAs were subjected to
dideoxy terminator sequencing (Allan Wilson Centre, Palmerston North, New
Zealand) and the resulting sequences submitted to BLAST searching of the NCBI
database to confirm the identity of targets. Constructs were stored at -30°C in order
to generate qPCR standards (see Section 2.2.8) after confirmation of identity. Part of
the genomic structure of igf1a was also cloned (courtesy of Dr. Mark Lokman) and
analyzed according to Lokman et al. (2010).
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Table 2.1 Primer sequence, annealing temperature (Ta) and base pair (bp) amplicon
size (AS) for partial cloning of insulin-like growth factor1 ea2 (igf1 long form) and
vitellogenin receptor (vtgr) cDNA from New Zealand shortfinned eel, Anguilla
australis.
5’-primer-3’ (Conc. µM)

Target

igf1 ea2

Ta (ºC)

AS(bp)

58

438

60

466

FW: TCAGTGGCAACTGTGTGATG (2µM)
RV: GTGTTCCCTCGACTGGTGTT (2µM)

vtgr

FW:TGAATGGAGTGGACAGGCAG (5µM)
RV: ACTTTGGGGAGTGCTTGTTG (5µM)

2.2.4

In silico analysis and bioinformatics
Multiple contigs from several target genes obtained from transcriptome

analysis, along with the sequence data from partial cDNA cloning, were translated
into putative protein using CLC Sequence Viewer 6.4 software (CLC Bio, Aarhus,
Denmark). All obtained sequences in the present study were subjected to BLAST
searching (http://blast.ncbi.nlm.nih.gov). The IGF sequences of different vertebrate
taxa were retrieved by searching through the UniProt KB/Swiss-Prot database at
http://www.expasy.org/proteomics

and/or

the

NCBI

protein

database

(http://www.ncbi.nlm.nih.gov). Multiple sequence alignments were done using
ClustalW2 at http://www.ebi.ac.uk/Tools/msa/clustalw2/. The program was set for
the Gonnet protein weight matrix and the sequences were clustered with the
Neighbor-Joining (NJ) method before construction of phylogenic trees by
TreeView1.6.6

software

(http://taxonomy.zoology.gla.ac.uk/rod/treeview).

The

boundaries of the functional protein domains were determined from previously
published reports and verified with the annotation database at www.uniprot.org.

2.2.5

Nomenclature
Genes and peptides of fish were named according to the ZFIN nomenclature

guidelines (https://wiki.zfin.org). Therefore, mRNA is presented in lowercase italic
(e.g., igf1a), the gene name in plain font (igf1) and the protein in Sentence case
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(Igf1). In addition, the length of a sequence is given as a superscript number above
the gene or domain name, a question mark indicating that sequence information is
incomplete (e.g. ORF477nt or UTR192/?). Except for vtgr (Acc. No. HQ454301), which
was already submitted to GenBank (Setiawan et al. 2012), the remaining nucleotide
sequences along with their alignments obtained in this study can be found in
Appendices 2.2 to 2.14.

2.2.6

Tissue distribution of igf1, igf2 and igf1r
A female immature eel in the perinucleolus stage of oocyte development was

sacrificed in 0.3 g/L benzocaine. After draining of blood by tail removal, a piece of
tissue from different organs (spleen, ovary, heart, red muscle, white muscle, liver,
gill, head kidney, main kidney and the whole pituitary, eye, fore-brain, mid-brain and
hind-brain) was snap frozen in liquid nitrogen and stored at -70ºC until RNA
extraction. Sample preparation was done as described in Section 2.2.3. The mRNA
abundances of igf1 and igf2 in addition to that of igf1r were estimated by qPCR
(Section 2.2.7). In my qPCR analysis, I aimed to estimate the transcript abundances
summed across all known splice variants of each target gene in a single reaction by
designing primers in specific conserved areas according to Table 2.2.

2.2.7

Realtime quantitative PCR (qPCR)
Realtime qPCR reactions were run for igf1 (i.e., igf1ea1, -ea2 and -b), igf2

(i.e., igf2 -1 and -2) and igf1r (i.e. igf1ra and -b) in duplicate as detailed in Table 2.2.
Primer3 software (Rozen et al. 2000) was used to specifically design primers on the
basis of conserved stretches of amino acids between different isoforms to amplify all
known splice variants of each target in a single reaction. The sequences were
analyzed by CLC Sequence Viewer 6.4 and aligned against BLAT-derived
(http://genome.ucsc.edu) corresponding sequences in the zebrafish (Danio rerio)
genomic database; accordingly primers could be designed to anneal on predicted
exon-intron boundaries in order to avoid any possibility for amplification of genomic
contamination in qPCR reactions. The reactions were optimized for the best primer
concentration (0.2-1.0 µM) and annealing temperature for each target. DNA
amplification was monitored using Platinum SYBR Green Express Supermix
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(Invitrogen, Auckland, New Zealand) on a Stratagene MX3000P Real Time PCR
machine (Agilent Technologies) as described in Setiawan et al. (2010).

Table 2.2 Primer sequence, annealing temperature (Ta) and base pair (bp) amplicon size
(AS) for quantification of mRNA of insulin-like growth factor1 and -2 (all isoforms),
insulin-like growth factor type1 receptor a and b (igf1ra and -b), vitellogenin receptor (vtgr)
and 60S ribosomal protein (l36) from New Zealand shortfinned eel, Anguilla australis. All
reactions were run under a thermal profile of 50°C (2min), 95°C (2min), [95°C (15s.),
annealing temperature 62°C , 72°C (30s.) 40 cycles] followed by dissociation curve at 95°C
(1min), 55°C (30s.), 95°C (30s). Final reaction volumes were adjusted to 20µL.
5’-primer-3’ (Conc. µM)

Target

igf1ea1, ea2 and b

Ta (ºC)

AS(bp)

62

116

62

96

62

89

62

122

62

160

FW:CACACCCTCTCTCTGGTGCT (0.8)
RV: CTGTCTCCACACACAAACTG (1)
FW: CAGAAGGGAATTGTGGAAGA (0.8)

igf2-1, -2
RV: GACGTCTCTCTCCGACTTGG (0.8)
FW: ATGGTGGCAGAGGACTTCAC (0.8)
igf1ra- b
RV: TTGCCTCCTTTCCGGTAGTA (0.8)
FW: GTTCTGGACTGATGGGGAGA (0.25)
vtgr
RV: TCAGCTCGTGGTAGACGATG (0.25)
FW: CCTGACCAAGCAGACCAAGT (0.25)
l36
RV: TCTCTTTGCACGGATGTGAG (0.25)

2.2.8

QPCR standard curves
After partial cloning of target genes (c.f., Section 2.2.3), plasmid constructs

were linearized using restriction enzyme (Spe1 or Nco1, Roche Diagnostic), followed
by

dilution

in

10

volumes

of

TE

buffer

plus

10

volumes

of

phenol:chloroform:isoamyl-alcohol (PCI; 25:24:1) for inactivation of enzymes and
removal of protein residues. The mixture was then centrifuged and the aqueous phase
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removed for precipitation in 0.1 volume 10mM sodium acetate and 2 volumes 100%
EtOH. Precipitates were washed in 70% EtOH and reconstituted in TE buffer. The
concentration of purified plasmid in TE buffer was measured by a ND-1000
Spectrophotometer and 10-fold serially diluted (100 - 10-6 ng/µL) to make the
desired standards stocks. In order to monitor non-target amplification, two replicates
of no-template control (NTC) were included on each reaction plate.

2.2.9

Ovarian localization of igf1r
Six female New Zealand shortfinned eels in the EV stage (BW~1500 g, oocyte

diameter~160 µm) were euthanized in benzocaine overdose as described in Section
2.2.6. Blood was removed immediately by removal of the tail and a fragment of
ovary was retrieved after opening the body cavity. Ovarian fragments were
embedded in optimal cutting temperature compound (OCT) and rapidly frozen on
dry ice. Frozen sections were cut at 12μm with a new disposable blade on a cryostat
(Thermo Scientific HM 550). Sections were mounted on PET® membrane slides and
immediately stained with DEPC-treated crystal violet (0.5%) for 10 s. The stained
slides were re-frozen on dry ice and stored at -80◦C until microdissection by lasercapture. Just prior to microdissection, slides were defrosted at room temperature and
dehydrated for 30 s. in washes of 70%, 95% and 100% ethanol, respectively,
followed by quick air drying under the fume hood. Slides were kept dry in silica
beads on dry ice. The laser capture microdissection procedure was carried out with
the aid of a Leica® LMD Microdissection system (LMD, 6500, Leica, Wetzlar,
Germany) to separate the follicular envelope from the oocyte (Figure 2.2. A-C). For
each slide, approximately 100 ovarian follicles were subjected to the laser beam and
microdissected subsamples stored at -80◦C until RNA extraction. Total RNA was
purified from captured cells using Pure LinkTM RNA Mini Kit according to
manufacturer’s instructions (Invitrogen, Auckland, New Zealand). The quality of
RNA was assessed by Agilent Bioanalyzer 2100 (Agilent Technologies, USA) in
order to monitor RNA degradation according to the manufacturer’s instructions.
Quantity of purified RNA was estimated by Quant-iT RiboGreen RNA assay
(Invitrogen, Auckland, New Zealand). Immediately after RNA extraction, cDNAs
were synthesized by High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) and the obtained cDNA applied to realtime qPCR reaction the same day.
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Due to the extremely low RNA yields (10 ng/sample) and the inevitable loss of RNA
during DNase treatment, samples were subjected to cDNA synthesis without DNase
treatment. However, not-reverse transcribed (no-RT) negative controls were included
in qPCR to monitor possible genomic DNA amplification. In order to examine the
cross-contamination of follicular cells with ooplasmic contents, the qPCR for
vitellogenin receptor (vtgr Acc. No. HQ454301) was used as positive control
according to Table 2.2, since previous analyses using in situ hybridization in our lab
clearly indicated very high expression of vtgr in the eel ooplasm but not the follicular
envelope (E. Forbes & Y. Ozaki, unpublished data). To find a suitable reference
gene, the l36 qPCR assay was run both on captured follicular and oocyte samples
(Setiawan et al. 2010). However, due to the low amounts of cDNA it was not
possible to quantify mRNA abundance for any more target genes.

A

B

C

Figure 2.2 Sequential steps in separation of the follicular layer from the oocyte by
application of the LCM (Lecia® LMD Microdissection system) to frozen Sections from New
Zealand shortfinned eel in the EV stage. A: intact ovarian follicle, B: laser beam separating
ooplasm from its somatic envelop, C: the somatic envelop remains after removal of ooplasm.
Sections were cut at 12 μm and stained with crystal violet. Scale bar = 50 μm.

2.2.10 Statistical analysis
No statistical analysis was done for tissue distribution data due to the small
sample size (n = 1). QPCR data from microdissected samples were subjected to
Student’s t-test to compare follicular expression versus ooplasmic expression of
igf1r, vtgr and l36. All analyses were done using SPSS 17.0 (SPSS Inc., Chicago, IL,
USA) and results are presented as mean ± SEM.
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2.3

RESULTS
In silico analysis of assembled ovarian and hepatic contigs provided by the

sequencing contractor resulted in the identification of two paralogues of Igf1 and two
paralogues of Igf2. No information was obtained regarding igf3. In addition, two
homologous cDNAs for Igf1r and three for Inr were retrieved from the contig library
constructed by BGI. Conventional T-A cloning did not have the power to identify the
duplicate genes for igf1, igf1r and inr, but it provided confirmation on the sequence
of targets.

2.3.1

Insulin-like growth factor1
The in silico search of hepatic contigs constructed by BGI identified igf1a, (-

ea1 and -ea2, both of which are post-transcriptionally processed) and igf1b, as shown
in Figure 2.3. Unigene 43601 (Appendix 2.1) showed 99% homology with Anguilla
japonica igf1ea1, the short transcript (Acc. No. AB353114.1). Further cDNA cloning
efforts revealed that the long transcript of igf1a (igf1aea2) was identical to the short
transcript, but that it contained an additional 36 nucleotides 57nt upstream from the
stop codon. Igf1aea1 comprised 703 nucleotides (igf1aea1703nt) and predicted the
prepro-Igf1aea1 as a full-length open reading frame (ORF477nt) preceded by a short 5’
untranslated region (5’UTR64/?nt) and followed by 192nt in the 3’UTR (3’UTR192/?nt).
The predicted prepro-Igf1 consisted of six distinct domains SP43aa, B29aa, C11aa, A22aa,
D8aa and E35aa. The Igf1aea2 and -aea1 were identical in all domains except for a 12
amino acid insertion in the E47aa domain. Analysis of the igf1a genomic structure
revealed the presence of a deduced amino acid sequence identical to both the short
and long Igf1a transcript, except for the existence of one short exon of 36nt which
was transcribed for the long, but not the short, transcript (Appendix 2.3)
In the hepatic transcriptome, Igf1b (Unigene 38663, Appendix 2.4) was
identified which had no (at least until now) known orthologue with any other
vertebrate and showed approximately 70% similarity with igf1 from other fish
species. The placement of Igf1b in the phylogenic tree is shown in Figure 2.4. This
distinct partial igf1 of 407nt (named igf1b) encoded a unique Igf1 peptide that
differed from Igf1a in Anguilla australis. The igf1b encoded a partial SP27/?aa, a full-
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length predicted mature peptide (B29aa, C11aa, A23aa, D8aa) and 37 amino acids of the
E-domain (Appendix 2.3). Interestingly, the key residues known as hallmarks of Igf
peptides, such as a phenylalanine in position 23 of the B-domain (PheB23), TyrB24,
TyrC2, ArgC8 and ValA4 were conserved in both Igf1a and -b; so too, were the six
conserved cysteine residues (CysB6, CysB18, CysA7, CysA8, CysA12 and CysA21). In the
C-domain of Igf1b, however, three amino acids differed compared to Igf1a (TyrC34,
ProC36 and SerC40 were found in Igf1b instead of SerC34, ArgC36 and AsnC40 in Igf1a,
see Figure 2.5). The deduced mature Igf1b was 85.9% and 62.2% identical with
Igf1a at the amino acid and nucleotide level, respectively.

A
Mature peptide

igf1aea1
igf1aea2
igf1b

E

B

C

A

D

43

29

11
3

22
3

8
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29

11
3

22
3

8

47

27/?
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3

23
3

8

37/?
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35

B

igf2-1
igf2-2

4
7
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14

21

6
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28

14
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Figure 2.3 Schematic overview of the different subtypes of igf1 (A) and igf2 (B),
identified in New Zealand shortfinned eel. Dashed line illustrates missing parts.
Numbers in each domain represent the number of amino acids. SP; signal peptide, B,
C, A and D: different domains of the mature peptide. The question mark (?) indicates
that there is missing sequence.
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Igf1
Igf3

Igf2
Figure 2.4 Unrooted phylogenetic tree (Neighbour-joining analysis) of amino acid sequences
of Igf1, -2 and -3 from different model vertebrate species. The position of New Zealand
shortfinned eel (Anguilla australis) Igf1aea1, -ea2 and Igf1b is indicated by red font in the
Igf1 clade. The Igf2-1 and -2 forms of A. australis are shown in the Igf2 clade. Source of
amino acid sequence data used for displaying relationships amongst Igf1 peptides; A.
australis Igf1 all isoforms (this study), frog, Xenopus leavis (Acc. No. P16501), coho
salmon, Oncorhynchus kisutch (Acc. No. P17085), platypus, Ornithorhynchus anatinus
(Acc. No. F6PZT8), rat, Rattus norvegicus (Acc. No. P08025), common carp, Cyprinus
carpio (Acc. No. Q9IBI0), zebrafish, Danio rerio (Acc. No. Q90VV9), goldfish, Carassius
auratus (Acc. No. Q9PWK2), gilthead seabream, Sparus aurata (Acc. No. AAY46225.1),
human, Homo sapiens (Acc. No. P05019). Source of amino acids sequence data used for
displaying relationships amongst Igf2 peptides: A. australis Igf2 all isoforms (this study),
zebrafish, Danio rerio (Acc. No. Q8JIE4), frog, Xenopus leavis (Acc. No. F6QUB0),
gilthead seabream, Sparus aurata (Acc. No. ABQ52655.1). Source of amino acids sequence
data used for displaying relationships amongst Igf3 peptides: Nile tilapia, Oreochromis
niloticus (Acc. No B0Z6G2), zebrafish, Danio rerio (Acc. No. B0Z6G1) and frog, Xenopus
leavis (Acc. No. Q90WX8).

P a g e | 38

B

C

A

Figure 2.5 Alignment of mature Igf1 peptide sequences (B, C, A and D domain) of New
Zealand shortfinned eel with orthologous Igf1 sequences from different species. The
conserved cysteine residues are highlighted in green and amino acids important for
interaction with the receptor (Keyhanfar et al. 2007) are identified by vertical arrows. The
sources of amino acid sequence data are as follows: coho salmon, Oncorhynchus kisutch
(Acc. No. P17085), European seabass, Dicentrarchus labrax (Acc. No. Q5Q0U4), Japanese
flounder, Paralichthys olivaceus (Acc. No. O93527), zebrafish, Danio rerio (Acc. No.
Q90VV9), sterlet, Acipenser ruthenus (Acc. No. Q27YE0), frog, Xenopus laevis (Acc. No.
P16501), chicken, Gallus gallus (Acc. No. P18254), rat, Rattus norvegicus (Acc. No.
P08025), human, Homo sapiens (Acc. No. P05019).

2.3.2

Insulin-like growth factor2
Two subtypes of Igf2 were identified, i.e., igf2-1 and igf2-2, as shown in Figure

2.3B. Hepatic contig, Unigene 41989 (Appendix 2.4), was near-identical (98%) to
Anguilla japonica igf2-1 (Acc. No. AB353116.1). The deduced amino acid sequence
showed that this Igf2-1 encoding contig consisted of a partial ORF489nt coding for
B20/?aa, C14aa, A21aa, D6aa and E101aa domains, followed by a 3’UTR62/?nt (Figure 2.6).
Unigenes 20561 and 29727 from the liver together with Unigene 40103 from
the ovarian transcriptome (Appendix 2.6) showed the highest similarity (97%) with
Anguilla japonica igf2-2 (Acc. No AB353117.1). The obtained sequence
(combination of these three contigs) yielded a 5’UTR109/?nt and the full-length ORF
(SP47aa, B28aa, C14aa, A21aa, D6aa and E99aa domains), followed by a 3’UTR128/?nt, as
illustrated in Figure 2.6. Evaluation of the predicted amino acid sequence showed
that several key amino acids (i.e. PheB26, TyrB27 and ValA45), suggested to play an
important role in binding to Igf1r, were conserved in both Igf2 isoforms. Comparison

D
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of the Igf2-2 amino acid sequence from A. australis and A. japonica showed an
identical sequence for the mature peptide, except for SerSP22 in A. japonica and
ArgSP22 in A. australis. The E-domain of Igf2-2 from A. japonica and A. australis
showed 38.4% homology. Interestingly, the C-domain of Igf2-1 and -2 in shortfinned
eel diverged by only two amino acids compared with its Japanese counterpart in
which four amino acids differed between Igf2-1 and -2. Phylogenic analysis placed
Igf2-1 and -2 in the Igf2 clade (see Figure 2.4).

Figure 2.6 Sequence alignment of putative Igf2-1 and -2 from New Zealand shortfinned eel,
Anguilla australis. Vertical lines represent borders of the different domains. Identical amino
acids are presented by dots (…) and missing parts are shown by dashed (---) lines. Key
amino acids are underlined.

2.3.3

Insulin-like growth factor type1 receptor
Phylogenic analysis showed that the alignment of contigs 181 and 63336 into a

single interrupted sequence had the highest homology to peptides belonging to the
Igf1r family (Figure 2.7). Partial sequences of two potential subtypes of prepro-Igf1r
were retrieved from the ovarian transcriptome (igf1ra and –b) as shown in Figure 2.8.
BLAST searches revealed high similarity to proteins in the receptor tyrosine kinase
(RTK) superfamily.
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Inr

Inr1 Salmon
Inra Rainbow trout
Inr2 Japanese flounder

Inr1 Japanese flounder

Inra Zebrafish
Inr2 Goldfish

Inrb Zebrafish

Inrb Shortfinned eel
Inrc Shortfinned eel

Inr Frog (X. Laevis)

Inra Shortfinned eel
Inr Frog (X. tropicalis)
Igf1rb Zebrafish

INR Human

Igf1ra Zebrafish
Igf1r Frog

Igf1ra2 Japanese flounder

Igf1rb Shortfinned eel
IGF1R Human

Igf1r1 Japanese flounder
Igf1ra Shortfinned eel
Igf1r

Figure 2.7 Unrooted phylogenetic tree (Neighbour-joining analysis) of amino acid
sequences of insulin-like growth factor type1 receptor (Igf1r) and insulin receptor
(Inr) from different model vertebrate species. The position of New Zealand
shortfinned eel, Anguilla australis, Igf1ra and -b are highlighted by red font in Igf1r
clade. The Inra, -b and -c are shown by red font in Inr clade. Source of amino acid
sequence data used for displaying relationships amongst Igf1r peptides: frog,
Xenopus leavis (Acc. No. O73798), zebrafish, Danio rerio Igf1ra (Acc. NO.
Q1LWJ4) and Igf1rb (Acc. No. Q8JID1), human, Homo sapience (Acc. No.
P08069), Japanese flounder, Paralichthys olivaceus Igf1r1 (Acc. No. Q8UW84) and
Igf1r2 (Acc. No. B7U6F6). Source of amino acid sequence data for displaying
relationships amongst Inr peptides: coho salmon, Oncorhynchus kisutch (Acc. No.
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O57441), rainbow trout, Oncorhynchus mykiss (Acc. No. O73844), goldfish,
Carassius auratus (Acc. No. Q9DDK5); Japanese flounder, Paralichthys olivaceus
Inr1 (Acc. No. Q8UW86) and Inr2 (Acc. No. Q8UW85); Zebrafish Inra, Danio rerio
(Acc. No. B7SNG4) and Inrb (Acc. No. F1QNX5); human, Homo sapience, (Acc.
No. P06213); frog, Xenopus tropicalis (Acc. No. F6TEA3) and Xenopus laevis (Acc.
No. Q9PVZ4).

The entire α-subunit and part of the β-subunit of Igf1ra were encoded by
Unigenes 181 and 63336 (Appendix 2.7). The deduced amino acid sequence had
highest homology to zebrafish Igf1ra (75%, Acc. No. Q1LWJ4) and notable, but
lower, homology (69%) to zebrafish Igf1rb (Acc. No. B0R0Q2, Appendix 2.8). The
obtained partial sequence of igf1ra consisted of a 5’UTR1031/?nt sequence, the greater
part of the ORF3045/?nt which predicted the full-length amino acid sequence for the αchain, part of the TK-domain and a short stretch of 3’UTR127/?nt (Figure 2.8).

5’UTR

TM & JM
L1

CR

L2

F1

F2a

ID

F2b F3

TK

C-tail

3’UTR

A
igf1ra
igf1rb

B
inra
inrb
inrc

Figure 2.8 Schematic presentation of different subtypes of igf1r (A) and inr (B) found in
New Zealand shortfinned eel. Two subtypes of Igf1r (igf1ra and -b) and three subtypes of Inr
(inra, -b and -c) have been identified. Dashed lines illustrate missing sequence information.
SP, signal peptide; L1 and L2, leucine rich domain 1 and 2, respectively; CR, cysteine rich
domain; F1, F2a, F2b, fibronectin type-III part 1, fibronectin type-III part 2a and fibronectin
type-III part 2b domain, respectively; ID, insert domain; TM, transmembrane domain; JM,
juxtamembrane domain; TK, tyrosine kinase domain; C-tail, carboxyl tail. The left and right
arrows under the putative complete model of the Igf1r monomer (top panel) represent the
extracellular and intracellular parts of the receptor, respectively.

The deduced amino acid sequence for Igf1ra showed that the extracellular part
of the mature receptor consisted of 908aa (i.e. 70% of the functional receptor) of
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which the α-subunit (737aa) contained 23 cysteine residues. The amino acid
sequence of Igf1ra is presented in Appendix 2.8.
As for Igf1rb, Unigene 14579 in the ovarian transcriptome coded for a long
stretch of the 5’UTR608/?nt and the upstream part of the ORF111/?nt, whereas Unigene
11390 encoded part of the TK-domain and the entire C-tail1005nt followed by a short
3’UTR28/?nt (Figure 2.8; Appendix 2.9). The basic structure of the deduced Cterminal part of the peptide was highly conserved. Further efforts aimed at
completing the full sequence for igf1ra and –b by PCR were unsuccessful.

2.3.4

Insulin receptor
Three putative subtypes of Inr (inra, -b and -c) were identified in the ovarian

transcriptome data, as illustrated in Figure 2.8B. While the full-length ORF of inra
could be assembled, the 5’UTR and part of the α-subunit remained to be identified
for inrb and inrc. The positions of shortfinned eel Inr among insulin receptors of
other vertebrates in the phylogenic tree is shown in Figure 2.7.
Unigenes 23385 and 82673 encoded the full length inra (Appendix 2.10).
Similar to the Igf1r, Inr consisted of an α-chain and a β-chain. The predicted amino
acid sequence showed highest similarities with zebrafish Inra (78%, Acc. No.
B7SNG4) and Inrb (73%, Acc. No. Q1LVG4). A potential twin cleavage site,
separating the translated monomer into the α and β chains (Arg/Arg/Arg/Arg), was
conserved in Inra, -b and -c. The cysteine-rich domain in the α-chain of Inra
contained 26 cysteine residues. The putative insulin receptor substrate binding site
(Gly/Pro/Lys/Tyr and Asn/Pro/Glu/Tyr), downstream of the TM-domain, and motifs
for

a

potential

ATP-binding

site

(Gly/X/Gly/X/X/Gly/21X/Lys)

and

autophosphorylation site (Tyr/Glu/Thr/Asp/Tyr/Tyr) were conserved in the TKdomain of the Inra, -b and -c (Appendix 2.11). The β-chain of Inra and -b showed
81% similarity, whereas the TM-domains of Inrb and -c were identical. The most and
least conserved regions of Inr were the TK and TM-domain, respectively. The TMdomain in all known isoforms of Inr consists of a stretch of amino acids including 23
hydrophobic residues. Interestingly, the isoleucine residues (IleTM941 IleTM945 IleTM947
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IleTM948 and IleTM952) in the TM-domain from Inra have been substituted with valine
residues at the same position in Inrb and -c.
Shortfinned eel Inr sequences all clustered with those of other teleosts (Figure
2.7). Interestingly, the three eel sequences seemed more similar to one another than
did the zebrafish Inr sequence, as reflected by the greater distance of the branches of
the phylogenetic tree for zebrafish Inra and Inrb. The partial ORF2407nt and
3’UTR111nt of Inrb were obtained from Unigene 12497 (Appendix 2.12), whereas
Unigene 223 from the ovarian transcriptome encoded inrc comprised of partial
ORF2388nt and 3’UTR312nt (Appendix 2.13).

2.3.5

Tissue distribution of the igf1, -2 and igf1r

Tissue transcript abundances for igf1 and igf2 were examined in ovary, liver,
pituitary and heart, as shown in Figure 2.9. The highest igf1 mRNA abundance was
observed in heart and thereafter in pituitary, liver and ovary. The igf2 mRNA
abundance was lowest in heart and highest in pituitary while the ovary showed
almost equal levels of igf1 and -2 transcripts abundance. Tissue-specific mRNA
abundance of igf1 mRNA in spleen, muscle, brain, gill, thyroid and kidney is shown
in Appendix 2.16.
Igf1r mRNA was detectable at high levels in almost all examined tissues, as
shown in Figure 2.10. The highest and lowest amplification signals of igf1r were
detected in heart and liver, respectively. In addition, tissue abundances of ribosomal
S18 and eef1 mRNA (housekeeping genes, amplified using the assays described in
Setiawan and Lokman, 2010) are presented in Appendices 2.17 and 2.18,
respectively.
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Figure 2.9 The mRNA abundance of Igf1 (all subtypes, closed bar) and Igf2 (all subtypes,
open bar) in ovary, liver, pituitary and heart of a previtellogenic female New Zealand
shortfinned eel, Anguilla australis. Highest igf1 mRNA abundance was observed in heart
and thereafter pituitary, liver and ovary. Igf2 mRNA abundance was lowest in heart and
highest in pituitary. The ovary showed an almost equal level of igf1 and -2 transcripts.
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Figure 2.10 Abundance of igf1r mRNA in different tissue of previtellogenic New Zealand
shortfinned eel, Anguilla australis.

2.3.6

Cellular localization of ovarian igf1r message
Results from the laser capture microdissection trial indicated that the igf1r gene

was expressed in both germ cells and ovarian somatic cells. No significant
differences were observed in mRNA abundance (t8 = 0.42, p = 0.67) of igf1r
transcripts between isolated follicular cells and oocyte (Figure 2.11A). The
vitellogenin receptor (vtgr) transcript was highly abundant in the oocyte compared to
the follicular layer, t10=5.17, p = 0.0001 (Figure 2.11B). Transcript abundance of S60
ribosomal protein L36 (l36) showed high and significant expression (t10 = 2.35. p =
0.04) in the oocyte compared to the somatic envelope (Figure 2.10C). Unfortunately,
the lack of cDNA prevented tests for more targets and therefore, the obtained qPCR
data were not normalized.
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Figure 2.11 Follicular and oocyte specific transcript abundance of Igf1r (A), Vtgr (B)
and L36 (C) in the early vitellogenic ovary of New Zealand shortfinned eel, Anguilla
australis. Samples were obtained by LCM procedure and the mean (n = 6 fish)
compared by t-test. Columns with different letters represent a significant difference
at P<0.05.

2.4

DISCUSSION
This study had a comprehensive look at the key paralogous members of the Igf

system in New Zealand shortfinned eel by taking advantage of high-throughput
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transcriptome sequencing technology. There is increasing evidence that a genome
duplication event occurred during evolution of teleost fish as reflected in multiple
copies of many gene(s) in teleosts compared to tetrapods (Meyer et al. 1999; Santini
et al. 2009). It should be noted that in spite of intensive cloning efforts, I was not
successful in obtaining full-length cDNA sequence information of my target genes.
However, transcriptome sequencing enabled me to get insights into the molecular
evolution of these target genes. It is worthwhile to highlight that despite the
theoretical possibility of chimeric contigs (i.e., incorrectly assembled contigs), the
reliability of contig sequences was deemed very high since the gdf9 cDNA sequence
that was cloned previously in our lab by conventional methods (Lokman et al. 2010)
was completely identical to that obtained by transcriptome sequencing.
Three transcripts of igf1 (two splice variants of igf1a and the single transcript
for igf1b), two paralogues of igf2 (igf2-1 and -2), two paralogues of igf1r (igf1ra and
–b) and three paralogues of inr (inra, -b and -c) were identified in freshwater eel, a
basal teleost fish in this study, adding credibility to the hypothesis of a genome
duplication in teleosts. For the first time, the orthologous gene of igf1a (i.e., igf1b), a
gene not previously identified in any other teleost to date, was described in this
study. Furthermore, analysis of the primary structure of the deduced peptides
revealed a highly conserved structure of ligands in the Igf family, as well as its
receptors. In addition, detection of igf1r transcripts in the oocyte and its follicular
envelope provides further evidence for a role of the Igf system during early stages of
oocyte development in the shortfinned eel.

2.4.1

Igf1
In this study, three transcripts of igf1, originating from two genes (igf1a and -

b), are described in shortfinned eel and named igf1aea1 (short form), igf1aea2 (long
form) and igf1b. The homology analysis and phylogenic relationships suggested that
the observed transcripts belong to the Igf family. Similar to what has been published
previously on a closely related species, the Japanese eel, the deduced amino acid
sequence for Igf1ea1 and -ea2 were identical in all domains and the only difference
concerned

an

insertion

of

36

nt

(encoding

the

motif

Lys/Gln/Met/Ser/Gly/Asn/Ser/His/Pro/Ser/Cys/Lys) in the E-domain (Moriyama et
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al. 2006). Therefore, Moriyama et al. (2006) suggested that igf1ea1 and -ea2 are
splice variants of a unique gene (Igf1) in Japanese eel. The genomic igf1a sequence
of A. australis in this study (Appendix 2.14) further reinforces that igf1aea1 and -2
are

splice

variants

of

the

same

gene,

Igf1a.

Moreover,

different

orthologous/paralogous transcripts of Igf1 have been identified so far in a wide range
of taxa from insects (Brogiolo et al. 2001), to amphibians (Chan et al. 1990) and
mammals (LeRoith et al. 1993; Chew et al. 1995).
During the last decade, various teleost families, such as the Perciformes
(Schmid et al. 1999; Dong et al. 2010), Salmoniformes (Chen et al. 1994; Duguay et
al. 1994) and Cypriniformes (Hashimoto et al. 1997; Zou et al. 2009), have been
subject to igf1 cDNA cloning and several splice variants were identified. In salmon
and rainbow trout, for example, Igf1ea1, ea2, -ea3 and -ea4 had identical amino acid
sequences as mature peptide, but they differed in the E-domain with lengths of 35,
47, 62 and 74 amino acids, respectively (Wallis et al. 1993; Chen et al. 1994;
Duguay et al. 1994). The mature Igf1 amino acid sequence in shortfinned eel was
near identical to that in Japanese eel, AlaB2 in shortfinned eel being replaced by
another small and non-polar residue (i.e., Thr

B2

) in Japanese eel; the rest of the

mature peptide was identical.
Surprisingly, a partial cDNA was identified in this study that codes for a
unique peptide (i.e., Igf1b) differing not only in the SP and E-domains, but also
varying considerably in the mature peptide domains. The E-domain of this deduced
peptide is more similar to its homologous domain in Igf1aea2. It has been reported
that the B and A-domains are the most conserved domains in mature Igf1, playing
key roles for functionality and binding to the receptor (Upton et al. 1998). The C and
D-domains, on the other hand, have been known as the most variable (Upton et al.
1998). Although part of the SP (16 amino acid) and E-domain of Igf1b need to be
identified, it is obvious from the mature peptide sequence that most of the key amino
acids of Igf1a and -b have been conserved. However, there are notable changes in the
mature peptides to be considered for both subtypes. First, there is the addition of
GlyB3 which increased the length of Igf1b from 70 to 71 amino acids compared with
other known orthologous/paralogous Igf1. Second, it is interesting to see the
substitution of ProC7 (Igf1b), a small and less hydrophobic amino acid for ArgC7
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(Igf1a), which is a large and strongly hydrophilic residue. Indeed, ArgC7 is
considered a key amino acid in mammalian IGF1, along with PheB23, TyrB24, TyrC2
and ValA4 to interact with the type1 Igf receptor (Keyhanfar et al. 2007). The latter
residues, interestingly, remained conserved in Igf1b. The six cysteine residues also
remained conserved in Igf1b, indicative of an identical tertiary structure to Igf1a.
Until now, the existence of a single Igf1 (different splice variants with identical
mature peptide) has been reported in zebrafish (Chen et al. 2001; Maures et al. 2002;
Zou et al. 2009). To my knowledge, my finding is the first to report on two different
mature isoforms of Igf1 (Igf1a and -b) in a teleost fish. Although the presence of the
Igf1b sequence does need to be confirmed using conventional cloning methods first,
several tentative evolutionary scenarios can be discussed here to explain this finding.
One is that igf1a and -b diverged from an ancestral gene due to a gene duplication
event that specifically occurred in shortfinned eel. A second possible scenario is that
the orthologues of igf1b exist in other fish species but yet remain to be identified.
The third possible explanation is that the orthologues of the igf1b gene changed to a
pseudogene (i.e., loss of protein coding ability) in other taxa through evolution and
therefore, this gene is not readily detected in these other species. It is interesting to
know whether the igf1b gene, similar to igf1a, is transcribed and processed into
different splice variants. The phylogenetic analysis indicates that igf1b, igf1a and
igf2 genes derived from a common ancestral gene. The igf3 gene, however, has been
identified as phylogenetically distinct from igf1 and -2 (Wang et al. 2008). It seems
that igf1 has diverged less during evolution than igf2 and igf3, a conclusion that is
supported by Zou et al. (2009). So far, my in silico attempts to find orthologous
gene(s) for igf1b in zebrafish, medaka, tetradon and fugu genomic databases were
not successful.

2.4.2

Igf2
Similar to igf1, the igf2 cDNA has been cloned from and described in a wide

range of vertebrate species including dogfish (Duguay et al. 1995) and human (Le
Roith et al. 2001). In teleost fish, Igf2 is a single-chain peptide with 70 amino acids
and has been characterized in a variety of species, including rainbow trout
(Shamblott et al. 1992), gilthead seabream (Duguay et al. 1996), tilapia (Chen et al.
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1997), zebrafish (Maures et al. 2002), carp (Tse et al. 2002) and Japanese eel
(Moriyama et al. 2008). While mammals and birds have a single gene encoding
IGF2, fish have been found to possess two genes for Igf2. The two Igf2 cDNAs
identified in this study (Igf2-1 and -2) showed high homology to their counterparts
from Japanese eel (Moriyama et al. 2006; Moriyama et al. 2008). In shortfinned eel,
similar to Japanese eel, the different domains of the Igf2-1 and -2 mature peptides
have the same length, but diverged in amino acid composition, reflecting two
different genes for Igf2, as shown by Moriyama et al. (2008). The basic structure of
Igf2 (i.e. a total of six Cys residues in the B and A-domains) was conserved,
although the overall amino acid composition between Igf2-1 and -2 differed more
than what has been observed between Igf1a and -b. In shortfinned eel, the Igf2-1 and
-2 mature peptides showed 88.5% homology whereas in Japanese eel, there was 81%
homology between the two subtypes of Igf-2. Comparison of shortfinned eel deduced
Igf2-1 and its homologue from Japanese eel showed an identical sequence for the B,
A, and D-domains. In the C-domain, however, SerC8-AspC9 in Japanese eel was
substituted for AspC8-SerC9 in shortfinned eel. It should be noted that this change is
not unexpected since the C-domain has been found to be the most variable domain of
mature Igfs in other species as well. Notwithstanding the identical size of the Edomain (Igf2-1 E101aa), three amino acid substitutions, i.e., IsoE21, ArgE24 and MetE77
in Japanese eel, were observed, c.f., ValE21, LysE24 and IsoE77 in shortfinned eel.
Given that Arg and Lys are polar amino acids of similar size and Val, Iso and Met
are non-polar amino acids of similar size, these conservative replacements may not
make much difference to the tertiary structure of the E-domain.
In contrast to Igf2-1, in which the C-domain varied in the two closely related
species (i.e. A. australis and A. japonica), the mature Igf2-2 had a completely
identical amino acid sequence in both species. The E-domain in Japanese eel,
however, is 47 amino acids shorter than its counterpart in shortfinned eel (Appendix
2.15) for reasons that are not clear at this stage. One possible explanation is that Igf22 in Japanese eel has a shorter exon than its shortfinned eel counterpart. It is
noteworthy that the IGF-2 gene structure varies considerably between vertebrate
species. In humans, for examples IGF-2 has 9 exons and 4 promoters, while in
zebrafish and salmon the gene structure is simpler with 4 exons and one promoter
(Holthuizen et al. 1993). In zebrafish, the last exon contributes to different splicing

P a g e | 51

as the length of exon 4 is 2889nt while exons 1, 2, and 3 have length of 158nt, 151nt
and 182nt, respectively. In fact, the 3’end of exon 3 and part of exon 4 in zebrafish
encode the E-domain. Assuming the gene structure of igf2 remained conserved in
both species (zebrafish and eel), then the shorter E-domain in Japanese eel is
probably due to a shorter exon. Indeed, the lack of splicing consensus sequences that
predict intron-exon boundaries (i.e. AG/gt in the 5’ upstream and cag/G in the 3’
downstream sequence) strengthens the hypothesis that there is no extra exon to be
spliced out.

2.4.3

Igf1r and Inr
This study identified multiple paralogous receptor genes in the shortfinned eel

and these genes have the basic structure of a typical RTK protein. The Inr had
approximately 70% similarity with orthologues from other teleosts and 50%
homology with Igf1r. The Igf1r, conversely, showed 70% amino acid sequence
similarity with other teleost Igf1r and 50% with Inr. The amino acid alignment
indicated that the SP, TM and C-tail were the most variable domains while the TK
domain changed least through evolution, results that are supported by previous
studies (Zhu et al. 1998; Elies et al. 1999). Similar to IGF ligands, identification of
several subtypes of Igf1r and Inr add further evidence to the idea that gene
duplication occurred very early during the radiation of teleost fish. Indeed, the
finding of two distinct Igf1r in most basal fish from which large scale sequence data
have been obtained was to some extent expected. However, given that eels are
considered diploid fish (Ohno et al. 1973), rather than tetraploid fishes such as some
salmonids (Hartely 2008), the putative presence of three Inr again points to further
gene duplication events in the eel lineage, as discussed for Igf1 in the previous
Section. Indeed, similar to what has been suggested for zebrafish (Zou et al. 2009), it
is highly likely that these transcripts originate from different genes, given the
differences between the deduced proteins. Notably, alignment of amino acid
sequences further showed that the functional epitopes of the protein in the RTK
superfamily, such as the ATP binding site and the Inr substrate activation and
phosphorylation sites, which are important for down-stream signaling, were
conserved in the β-subunit of both receptor genes (see Appendix 2.8 and 2.11).
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2.4.4

Tissue distribution and intraovarian cellular expression
The results of qPCR data analysis indicated a superficially equal abundance of

igf1 and igf2 transcripts in the ovary. In liver, pituitary and heart tissues, however,
igf1 mRNA abundance was considerably greater than that of igf2. Similarly, in a
previous study on juvenile carp (Cyprinus carpio), higher expression of igf1 in liver
was observed. In contrast to carp, however, the mRNA levels of igf1 in eel heart
muscle were considerably higher than those of igf2 (Tse et al. 2002). In this study I
further focused on the type1 Igf receptor. My results show the highest expression of
igf1r (both subtypes combined in this study) in heart tissues. This result is similar to
observations on Japanese flounder (Paralichthys olivaceus), in which high
expression of igf1r was reported in heart muscle (Nakao et al. 2002). In grouper
(Epinephelus coioides), the highest expression of igf1r mRNA was detected in brain
tissues rather than in the heart (Kuang et al. 2005). Similar to my observation in eel,
studies on fathead minnow (Pimephales promelas) yielded lowest expression of igf1r
mRNA in liver (Filby et al. 2007). On the other hand, in gilthead seabream, Sparus
aurata (Perrot et al. 2000), and female starlet (Acipenser ruthenus) (Wuertz et al.
2007), gonadal igf1r transcript abundance was higher than that in other organs.
My laser capture microdissection, results furthermore revealed the presence of
igf1r transcripts in both the oocyte and its somatic envelope in the ovary of
shortfinned eel. It seems that the site of expression of igf1r is highly dependent on
species and developmental stage of the reproductive cycle. For instance,
immunohistochemistry trials revealed that Igf1r was expressed in previtellogenic
oocytes, but extended to the theca and granulosa cells in vitellogenic to late
vitellogenic ovarian follicles in gilthead seabream (Perrot et al. 2000). In Xenopus
leavis, however, igf1r mRNA was only detected in the oocyte (Groigno et al. 1996).
In rat, on the other hand, Igf1r was detected in both oocytes and follicular cells
during the preantral stage (Zhao et al. 2002). The specific expression of vtgr in the
oocyte of shortfinned eel has already been revealed by the in situ hybridization
technique (E. Forbes and Y. Ozaki, unpublished data); these findings thus further
confirm the reliability of LCM techniques and can be viewed as a positive control for
my LCM trial.
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2.5

CONCLUSION
To sum up, the results of this chapter show that the basic structure of Igf

peptides and their receptors in a basal teleost fish, A. australis, are similar to what
has been described in other species. I provided further evidence in favour of the
occurrence of a genome duplication event early in the evolutionary history of teleost
fish. Igfs are likely to act in a wide range of tissues, including the ovary. Equal
expression of igf1r in oocyte and its follicular layer suggests that both ovarian
somatic cells and germ cells are under control of the Igf system.
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ABSTRACT
During the last few decades, the hormonal control and regulation of advanced
stages of oogenesis has been the subject of intensive research; relatively few studies
have addressed the involvement of hormones during early stages of oocyte growth, in
spite of the importance of these stages in oogenesis. This study aimed to identify key
factor(s) among a series of intraovarian and extraovarian candidates that correlate with
early stages of oocyte growth, previtellogenesis. Eels (Anguilla australis) of different
sizes were captured from the wild during spring and autumn. Using routine histology,
oocyte diameter and stage of oocyte development were recorded. Concentrations of
serum steroids were measured by radioimmunoassay and mRNA abundance of
candidate genes was estimated by qPCR. The results revealed that ovarian factors, such
as sex steroids (e.g. 11-ketotestosterone, 11KT), and intraovarian growth factors, such
as growth differentiation factor 9 (gdf9) and bone morphogenetic protein 15 (bmp15), in
addition to components from the growth axis (growth hormone receptor, ghr and
insulin-like growth factor type1 receptor, igf1r), are highly correlated with oocyte size
during previtellogenesis. However, no significant relationship was found between
oocyte diameter and pituitary factors (follicle-stimulating hormone, fsh and growth
hormone, gh) or hepatic-derived factors (insulin-like growth factor1, igf1) during
different stages of previtellogenic oocyte growth. Interestingly, the level of hepatic igf1
mRNA was significantly higher in eels captured in autumn than in those captured in
spring, despite an absence of differences in oocyte size. In conclusion, the data suggest
that previtellogenic oocyte growth depends primarily on ovary-derived factors, in
particular Gdf9, Bmp15 and 11KT while the growth axis (Gh-Igf1 axis) may play a
more important role as the oocyte grows to the vitellogenic stage.
3.1

INTRODUCTION
Successful gametogenesis in vertebrates involves subtle communication and

coordination between gonadal factors and extragonadal factors (Jalabert et al. 1991;
Baird 2000; Cobellis et al. 2003). In egg-laying females, the ovaries, liver and pituitary
mediate this hormonal communication in order to provide the essentials for completion
of oogenesis. Indeed, folliculogenesis, which requires crosstalk between germ cells and
their somatic envelopes, is known to be controlled by a combination of intraovarian
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factors, including growth factors and sex steroids and of signals from the gonadotropic
(follicle-stimulating hormone, Fsh and luteinizing hormone, Lh) and growth (growth
hormone-insulin like growth factor1, Gh-Igf1) axes (Adashi 1992).
Until recently, most of the research conducted on oogenesis, particularly in teleost
fish, has focused on the advanced stages of development, i.e., vitellogenesis, final
oocyte maturation and regulation of ovulation and spawning. Only a few studies
(Campbell et al. 2006; Lokman et al. 2007; Kortner et al. 2008; Luckenbach et al. 2008;
Kortner et al. 2009a,b; Garcia-Lopez et al. 2011; Luckenbach et al. 2011; Yamamoto et
al. 2011, Forsgren et al. 2012) have focused on earlier stages of oocyte development,
despite the importance of this period as a prerequisite for provisioning of essential
requirements that are needed for vitellogenesis, oocyte maturation and successful
fertilization (Kavsan et al. 1994; Lubzens et al. 2009). In addition, most of our
understanding of primary oocyte growth in vertebrates and the interaction between the
gonadotropic and somatotropic axes is based on mammalian models (Gilchrist et al.
2004; Acevedo et al. 2005; Leitao et al. 2009). Notwithstanding general similarities,
there are also notable differences in the endocrine control of oogenesis between teleost
fish and mammals (Jalabert 2005). Thus, there is an obvious lack of information about
relationships between those factors that drive oocyte growth during the early stages of
ovarian development in teleost fish.
In general, the essential role of pituitary gonadotropins during advanced growth
phase of the oocyte is well established in most vertebrate models (Nagahama 1994;
Hernandez et al. 2003; Hunter et al. 2004; Weltzien et al. 2004). However, during the
early stages of oocyte development, the critical role of gonadotropins and other
pituitary-derived hormones (e.g. growth hormone, Gh) is still a matter of debate in fish.
Fsh (rather than Lh) has mostly been identified as the predominant gonadotropin during
earlier stages of oogenesis in various vertebrate species (Suetake et al. 2002; Degani et
al. 2003; Campbell et al. 2006). In addition, a recent study revealed significant
increases in transcript numbers for Fsh receptor (fshr) and for members of the
transforming

growth

factor-beta

superfamily

(TGFβ)

in

the

ovary

during

previtellogenesis in coho salmon (Oncorhynchus kisutch) (Luckenbach et al. 2008).
The insulin-like growth factor (IGF) system, similarly, plays a role in controlling
early oocyte growth (Monget et al. 2000). Thus, IGFs are known mediators of the
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metabolic and reproductive axes as described in several vertebrate models (Sparkman et
al.; Duan 1997; Adashi 1998; Armstrong et al. 2002; Tymchuk et al. 2009). Indeed, Gh
and its modulator Igf1 are known to be important for both somatic growth and germ cell
development (Chandrashekar et al. 2004; Silva et al. 2009). However, the role and
inter-relationships between circulating Igfs (i.e., Igf1 originating from the liver) and
local Igfs (gonadal Igfs) during early gonadal development remain to be clarified. In a
recent study on endocrine involvement in previtellogenic oocyte growth in coho salmon
(Oncorhynchus kisutch), a role for Fshβ, estradiol-17β (E2) and plasma Igf1 was
proposed (Campbell et al. 2006). In vitro experimentation on previtellogenic eel ovarian
fragments, subsequently, revealed a significant effect of IGF1 on oocyte size (Lokman
et al. 2007). Therefore, a significant role for IGFs in previtellogenic oocyte growth in
several species of teleost fish is likely.
Perhaps surprisingly, the essential role of sex steroids during early oocyte
development is still not clear. For instance, in rainbow trout (Oncorhynchus mykiss), a
possible involvement of E2 during early oogenesis has been reported (Krisfalusi et al.
1996; Santos et al. 2001; Swanson et al. 2003) while in medaka (Oryzias latipes), it
seems that E2 is not required during early oogenesis (Suzuki et al. 2004). On the other
hand, in vivo (Rohr et al. 2001) and in vitro studies suggest a strong involvement of an
androgen, 11-ketotestosterone (11KT), during previtellogenic oocyte growth in
increasing ovarian fat storage in the eel (Lokman et al. 2007; Endo et al. 2008; Diverse
et al. 2010; Endo et al. 2011). An effect of 11KT in bringing about differential gene
expression in previtellogenic Atlantic cod (Gadus morhua) ovary has also been shown
recently (Kortner et al. 2008; Kortner et al. 2009a,b). 11KT is a non-aromatizable sex
hormone, essential for spermatogenesis in teleost fish (Schulz et al. 2001); however, it
can be found in vitellogenic female eels and females of several other teleost species as
well (Lokman et al. 2002).
Along with the aforementioned endocrine factors, intraovarian growth factors
such as bone morphogenetic proteins (BMPs), which belong to the TGFβ superfamily,
have been identified to play essential roles during the early stages of oocyte
development in various vertebrate species (Shimasaki et al. 2003; Gilchrist et al. 2004;
Acevedo et al. 2005; Johnson et al. 2005; Gilchrist et al. 2006; Knight et al. 2006; Elis
et al. 2007; Halm et al. 2008; Peng et al. 2009). For example, there are striking
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increases or decreases in fertility (ovulation quota) in mammals in which genes for
growth differentiation factor9 (GDF9) or bone morphogenetic protein15 (BMP15) were
knocked out or affected by mutation (Juengel et al. 2002; Li et al. 2012). In fish,
however, essentially no information is available in this regard. High expression of gdf9
and bmp15 and their positive relationship with previtellogenic oocyte growth in
European sea bass (Dicentrarchus labrax) and zebrafish (Danio rerio) was recently
reported (Halm et al. 2008; Peng et al. 2009). In addition, increasing levels of gdf9
mRNA during the developmental transition from the previtellogenic to early
vitellogenic stage (EV) in shortfinned eel has recently been documented from our
laboratory (Lokman et al. 2010). In teleost fish, the few key studies mostly focused on
members of the Salmonidae family (Campbell et al. 2006; Luckenbach et al. 2008). The
results of these studies generally support the involvement of the somatotropic axis, of
TGFβ family peptides and of sex steroids in regulating previtellogenic growth of the
oocyte.
In the previous chapter (Chapter 2), the diversity of the Igf system was described
and igf1r transcripts were detected in the oocyte, its somatic envelope and a wide range
of tissues from the shortfinned eel. In this chapter, I aimed to expose the relationships
between oocyte diameter and local (intraovarian) and systemic (extraovarian) Igfs,
along with other key regulatory factors such as sex steroids (i.e. E2 and 11KT),
intraovarian growth factors (i.e. Bmp15 and Gdf9) and pituitary-derived factors, during
each stage of previtellogenesis. This period of oocyte growth has been subdivided into
the chromatin nucleus (CN), perinucleolus (PN) and oil droplet (OD) stage as described
in Chapter 1 (Tyler et al. 1996; Cerda et al. 2007; McMillan 2007).
Whilst a similar approach was used on coho salmon (Campbell et al. 2006), it did
not at the time incorporate the recently identified factors, e.g., Bmp15 and Gdf9, in the
ovary. Therefore, to gain insights into the possible involvement of a range of factors in
regulating early oocyte growth, and provide basic information about relationships
among the regulatory factors and environmental cues, this correlative survey was
conducted in a wild teleost model, the New Zealand shortfinned eel, in spring and
autumn.
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3.2

MATERIALS AND METHODS

3.2.1 Animals
In the late austral spring (November 2008) and early autumn (March 2009),
immature shortfinned eels of a range of sizes were caught with fyke nets from Lake
Ellesmere, New Zealand, as detailed in Table 3.1. The eels had been trapped in fyke
nets during the previous night and were harvested in the early morning. Immediately
after removal from the net, fish were transferred to drums containing lake water until
sampling (the same morning), as described in Lokman et al. (1998). At that time, fish
were randomly selected from the drums, and euthanized in benzocaine (0.3g/l).
Table 3.1 Basic morphometric data from female shortfinned eels (Anguilla australis) captured
from Lake Ellesmere, New Zealand, during two sampling seasons. BL: average body length,
BW: average body weight.

Sampling date

Previtellogenesis

November 2008 (Spring) Number
of fish

3

13

Stage
12

Early vitellogenesis
0
-

March 2009 (Autumn)

BL(cm)

45

60

85

--------

BW(g)

218

560

1612

--------

Number
of fish

11

7

7

9

BL(cm)

53

62

80

85

BW(g)

305

508

1212

1377

3.2.2 Tissue sampling
After euthanasia, the body weight was measured. After cutting the tail, blood was
taken and left to coagulate on ice until the end of the day. Sera, separated by portable
centrifuging (CTF-MOBILE, Biomedica diagnostics, Canada) at 3150 rpm for 5
minutes, were transferred into microcentrifuge tubes and flash-frozen in liquid nitrogen
until analysis for sex steroids. Liver and ovary were removed and weighed to calculate
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hepatosomatic and gonadosomatic indices, respectively. Fragments of ovary, liver and
the whole pituitary were snap-frozen in liquid nitrogen for RNA extraction and
subsequent molecular analyses. In addition, ovarian fragments were preserved in
Bouin’s fixative. All procedures from anesthesia to tissue storage were done as quickly
as possible to mitigate any effect of post-mortem changes on tissues and RNA quality.
All animal manipulations were done under a University of Otago Animal Ethics
protocol.

3.2.3 Histology
Fixed tissues were routinely preserved and embedded in paraffin. Sections were
cut at 4 µm followed by staining with haematoxylin and eosin. Light microscope images
were captured using an Olympus DP25 video camera (Olympus DP25, Germany) and
transferred to NIH image software version 1.62. Oocyte circumferences were measured
by Image J (http://rsbweb.nih.gov/ij) on the computer screen and oocyte diameters
calculated as oocyte circumference divided by π. This method of measurement gives an
accurate estimation of oocyte diameter as it takes into account that oocytes are not
perfect spheres. Only the largest oocytes with the nucleus visible in the cross-section
were measured. All data from each slide were averaged to gain a single value for each
individual. The eels were subsequently categorized as CN, PN, OD or EV on the basis
of histological criteria (Figure 1.2).

3.2.4 Radioimmunoassay
Serum concentrations of 11KT and E2 were estimated by radioimmunoassay
across different stages of oocyte growth. The steroids were extracted by diethyl ether in
duplicate as described by Lokman et al. (1998). Recovery rate approximated 95% and
93% for 11KT and E2, respectively. The assay for 11KT, using antiserum donated by
Prof. Y. Nagahama, National Institute of Basic Biology, Okazaki, Japan, and using
tracer as outlined in Lokman et al. (1997), has been described in detail (Lokman et al.
1998; Lokman and Young, 1998). For serum E2, tritiated tracer (3.33 TBq/mmol) was
purchased from Amersham (Buckinghamshire, UK) and dispensed at 3000 cpm/tube.
Antibody was sourced from MyBioSource® (MyBioSource, LLC, CA, USA Cat. No.
MBS316244) and diluted at 1:7500 in phosphate-buffered saline-normal rabbit serum-
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ethylenediaminetetraacetic acid. The cross-reactivity, as specified by the supplier, was
as follows: estradiol 100%; estrone 1%; estriol <0.5%; testosterone <0.2%;
dehydroepiandrosterone, androstenedione 0%. The assay protocol was otherwise
identical to that for 11KT. Both assays were validated by confirming parallel
displacement of samples to the standard curve and yielded minimum detectable levels of
70 pg/ml and 140 pg/ml for 11KT and E2, respectively. All duplicate samples were
analyzed in a single run.

3.2.5 Source of Partial cDNA
The eel cDNA sequence for gdf9 (Acc. No. HQ846970.1), androgen receptors
(ara Acc. No. HM364283.1 and arb Acc. No. HM364284.1), elongation factor1, eef1
(Acc. No. HM367094.1), l36 (Acc. No. HM357467.1), gh (Acc. No. HQ436341.1), fshβ
(Acc. No. HQ436344.1) and fshr (Acc. No. AB605267.1) were retrieved from the NCBI
database. Bmp15, ghr1, ghr2 and star were previously cloned in our laboratory
(Lokman, unpublished data) using protocols identical to those described in Section 2.2.3
for igf1 and igf1r.

3.2.6 Primer design and reaction conditions for qPCR
The cDNA sequences were analyzed by CLC Sequence Viewer 6.4 software
(CLC Bio, Aarhus, Denmark) and the consensus sequences aligned against the zebrafish
genomic database (BLAT, http://genome.ucsc.edu) to design primers on exon-intron
boundaries and avoid amplification of any potential genomic DNA contamination in
qPCR reactions (Table 3.2). All qPCR reactions were optimized for primer
concentration and annealing temperature and run with 10 ng template; the only
exceptions were ara and arb for which 20 ng cDNA was used due to low expression
during previtellogenesis. DNA amplification was monitored using Platinum SYBR
Green Express Supermix (Invitrogen, Auckland, New Zealand) on a Stratagene
MX3000P realtime PCR machine (Agilent Technologies) programmed at 50◦C (2 min),
95◦C (2 min), 40 cycles of 15s at 95◦C, 30s at optimized temperature (Table 3.2.), and
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30s at 72◦C, followed by dissociation curve analysis to ensure that only one product was
amplified. All reactions were done in a final volume of 20 µL and run in duplicate. The
standard curves were made by 10-fold serial dilutions of linearized constructs of pGEM
T-Easy harbouring the cDNA of interest as described in Section 2.2.8 (see also
Setiawan et al. 2010). Due to the small size of the ovary in the CN stage, not enough
cDNA was obtained to run qPCR assay for all targets.

P a g e | 63

Table 3.2 Realtime qPCR specifics for growth hormone receptor 1 and -2 (ghr1 and -2),
follicle-stimulating hormone (fsh), follicle-stimulating hormone receptor (fshr), bone
morphogenetic protein 15 (bmp15), androgen receptor a and -b (ara and arb) and steroid
acute regulatory protein (star) of New Zealand shortfinned eel (Anguilla australis). Ta:
Annealing temperature, AS: Amplicon size, in base pair)
Target

5’-primers -3’(conc. μM)

Ta (°C)

AS (bp)

62

93

63

93

62

104

62

100

63

100

62

90

62

98

60

77

FW:CGTGAGAGGAAACTGGGATT (0.8 μM)
ghr1

RV:ATGCGCTCCTTCGAGAACT (0.8 μM)
FW:GAGAAGACTAGCCCGCACTG (0.8 μM)

ghr2

RV:CGCCTCGTACTCAGTGTTGA (0.8 μM)
FW: CCGTGGAGAATGAAGAATG (0.5 μM)

fshβ

RV:TGGTTTCAGGGAGCTCTTGT (0.5 μM)
FW:CCCAATATCAAGCAGGAGGA (0.5 μM)

fshr

RV:ACGTTGAAGAGCAGCAGGAT (0.5 μM)
FW: CTTCAACACGAAAGCGGTTC (0.2 μM)

bmp15

RV: AGCTCAAAGGTACGCGAGA (0.2 μM)
FW: AGGAAGAACTGCCCCTCTTG (0.2 μM)

ara

RV: ATTTGCCCGATCTTCTTCAG (0.2 μM)
FW: GCTTGGAGCTCGAAAATTGA (0.2 μM)

arb

RV: TTGGAGAGATGCACTGGTG (0.2 μM)
FW:GTTGCCAGATTGGGAAAG (0.2 μM)

star

RV:GCCCATCTGCTCCATGTTAT (0.2 μM)

3.2.7 qPCR data normalization
In order to normalize the qPCR data, the suitability of several candidate reference
genes was evaluated (Setiawan et al. 2010). In the ovary, mRNA levels of eef1,
nucleolar protein 14, nop14, (Acc. No. HM357468.1) and β-actin (Acc. No.
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HM357464.1) changed significantly through previtellogenesis and early vitellogenesis
(Appendix 3.1). The 60S ribosomal protein L36, l36 (Acc. No. HM357467.1), however,
remained stable across previtellogenic stages (i.e. CN, PN and OD) but significantly
decreased in the early vitellogenic stage (Appendix 3.1 B). In liver, eef1 and ribosomal
RNA S18, s18 (Acc. No. HM357465.1), did not show significant change across
different stages of oocyte development. Therefore, all qPCR data from ovary and liver
from PV eels were normalized over l36 and eef1, respectively; fish in the EV stage were
not included in the statistical analysis due to the lack of a proper reference gene. For
pituitary targets (gh and fsh), data were presented as ng/µg total RNA as no suitable
normalizer candidates were found for this tissue.

3.2.8 Statistical analysis
Data were examined for normality and homogeneity of variance using
Kolmogorov-Smirnov and Levene’s test of homogeneity of variance across treatments.
When normality or homogeneity of variance were not evident, data were log- or arcsin
transformed (% data), and then subjected to General Linear Model using two-way
ANOVA and treating seasons and stages of oocyte development as fixed factors in the
model (interaction included). Because of lack of suitable reference genes for the PV and
EV stages, only data from previtellogenic eels (i.e. CN, PN and OD) were included in
the ANOVA procedure; the EV data have been presented graphically only in order to
provide a proxy of trends for mRNA abundance with developmental stage. Tukey’s
post-hoc test was used to compare the means at the 95% level of confidence.
Correlations between parameters (log values) were calculated by means of the Pearson’s
correlation test. To find the parameter(s) that best predict oocyte size, multiple forward
stepwise regressions were performed. All analyses were done in SPSS 17.0 and results
are presented as means ± SEM. The P values are reported only when significant
differences were observed.
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3.3

RESULTS

3.3.1 Morphometry and oocyte developmental stage
All eels caught in spring were in the previtellogenic stage (i.e. CN, PN or OD)
while the autumn-caught eels included fish in both the PV and EV stages (Table 3.1).
Body weight significantly increased as the oocyte developed from the CN to OD stage
(Figure 3.1 A). No significant differences in body weight were found between the
spring and autumn-caught eels. The average oocyte diameter significantly increased
(Figure 3.1 B) across the stages of previtellogenesis from 39 ± 4 m to 56 ± 4m and
91 ±4 m in CN, PN and OD respectively (F2,

36

=47.05, P<0.0001). Similarly,

gonadosomatic index (Figure 3.1 C) significantly increased (F2, 45 = 52.56, P<0.0001)
throughout previtellogenesis. No significant differences or clear trends were observed in
hepatosomatic indices during previtellogenesis (Figure 3.1 D), but it is noteworthy that
spring-caught eels had a significantly higher hepatosomatic index (HSI) than their
counterparts in autumn (F1, 47 = 7.32, P<0.001). Furthermore, the interaction between
stage of oocyte development and season was significant for HSI (F2, 47 = 3.4, P<0.05);
in PN and OD stages, the spring-caught eels had significantly higher HSIs than autumncaught eels, whereas a reverse trend was seen for the CN stage (F1, 18 = 11.5, P<0.05
and F1, 19 = 6.69, P<0.05, respectively).
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Figure 3.1 Body weight (A), oocyte diameter (B), gonadosomatic index (C) and hepatosomatic
index (D) of New Zealand shortfinned eel (Anguilla australis) at different stages of
previtellogenic oocyte development in spring (closed bars) and autumn (open bars) of the
2008/09 austral summer. Values are presented as means ± SEM and columns with different
letters are significantly different (P<0.05). CN: chromatin nucleus (n = 13), PN: perinucleolus
(n = 13), OD: oil droplet (n = 16). The EV stage (n = 9) is included in the figure to provide a
proxy of trend with developmental stage; EV data were not included in the statistical model,
however, as they did not meet all the required conditions for these analyses (see Section 3.2.8).

3.3.2 Serum sex steroids
The serum levels of E2 (Figure 3.2 A) and 11KT (Figure 3.2 B) significantly increased as
oocyte development proceeded (F2,

37=

10.7, P<0.0001 and F2,

41=

19.13, P<0.0001

respectively). Furthermore, both serum E2 and 11KT were significantly higher in spring than in
autumn (F1, 37= 10.63, P<0.01 and F1, 41= 21.87, P<0.0001, respectively).
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Figure 3.2 Serum (A) estradiol-17β (E2) and (B) 11-ketotestosterone (11KT) concentrations in
New Zealand shortfinned eel (Anguilla australis) at different stages of previtellogenic and early
vitellogenic oocyte development in spring (closed bars) and autumn (open bars) of the 2008/09
austral summer. Values are presented as means ± SEM and columns with different letters are
significantly different (P<0.05). CN: chromatin nucleus (n = 13), PN: perinucleolus (n = 13),
OD: oil droplet (n = 16) and EV stage (n = 9).

3.3.3 Ovarian growth factors and growth hormone receptors
Normalized transcript levels of TGFβ target genes in the ovary revealed a
significantly increasing trend for gdf9 (F2, 43= 11.12 P<0.001), its abundance increasing
approximately 7 fold from the CN to the OD stage (Figure 3.3 A). Similarly, bmp15
increased over the time (Figure 3.3 B), most notably in the OD stage (F2, 44= 6.639,
P<0.01). No significant seasonal and interactional effects were observed for gdf9 and
bmp15. The ovarian expression patterns of ghr1 (Figure 3.3 C) and igf1r (Figure 3.3 F)
were also comparable, presenting significant increases (4- and 2.5- fold, respectively) in
the OD stage compared to the PN stage (F2, 44= 36.596, P<0.001 and F2, 42= 10.3135,
P<0.001 respectively). Seasonal and interaction effects were not significant. Ovarian
mRNA levels for ghr2 (Figure 3.3 D) and igf1 (Figure 3.3 E) did not change
significantly during previtellogenesis, but varied strongly with season; thus, transcript
abundance of igf1 was significantly greater in autumn and that of ghr2 in spring (F1, 43=
65.32, P<0.001 and F1, 44= 7.55, P<0.001). It deserves mention that whilst detectable,
ovarian mRNA levels of igf1 were low for all assayed individuals (Cq > 28 cycles). All
other effects were non-significant and are not reported here.
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1

Figure 3.3 Relative mRNA abundance of (A) growth and differentiation factor 9 (gdf9), (B)
bone morphogenetic protein 15 (bmp15), (C) growth hormone receptor 1 (ghr1), (D) growth
hormone receptor 2 (ghr2), (E) insulin-like growth factor 1 (igf1) and (F) insulin-like growth
factor 1 receptor (igf1r) in ovaries from Zealand shortfinned eel (Anguilla australis) at different
stages of previtellogenic oocyte development in spring (closed bars) and autumn (open bars) of
the 2008/09 austral summer. Values are presented as means ± SEM and columns with different
letters are significantly different (P<0.05). CN: chromatin nucleus (n=11), PN: perinucleolus (n
= 20), OD: oil droplet (n = 19). The EV stage (n = 9) is included in the figure to provide a proxy
of trend with developmental stage; EV data were not include in the statistical model, however,
as they did not meet all the required conditions for these analyses (see Section 3.2.8).

3.3.4 Ovarian sex steroid receptors and Fsh receptors
Comparisons of normalized transcript abundances for ara and arb did not yield any significant
differences between stages throughout previtellogenesis (Figure 3.4 A-B); however expression
in spring-sampled eels was significantly higher than that in autumn-sampled eels (F1, 42= 12.29,
P<0. 01 and F1, 44= 13.82, P<0.01, respectively). No significant changes or clear statistical
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trends were observed for fshr and star (Figure 3.4 C-D); however, star mRNA trends over time
superficially corresponded to those for the serum steroid levels.

Figure 3.4 Relative mRNA abundance of (A) androgen receptor a (ara), (B) androgen receptor b
(arb), (C) follicle-stimulating hormone receptor (fshr) and (D) steroid acute regulatory protein
(star) from New Zealand shortfinned eel (Anguilla australis) at different stages of
previtellogenic oocyte development in spring (closed bars) and autumn (open bars) of the
2008/09 austral summer. Values are presented as means ± SEM; no significant differences were
detected among any treatment * season combination. CN: chromatin nucleolus (n = 11), PN:
perinucleolus (n = 20), OD: oil droplet (n = 19). The EV stage (n = 9) is included in the figure
to provide a proxy of trend with developmental stage; EV data were not include in the statistical
model, however, as they did not meet all the required conditions for these analyses (see Section
3.2.8).

3.3.5 Pituitary Fsh and Gh
The mRNA abundance of fshβ in the pituitary increased significantly (F2, 13=4.5 P<0.01) with
advancing previtellogenic stage, levels being higher in PN and OD stages than in the CN stage.
No significant seasonal effect or interaction was observed (Figure 3.5 A). The gh mRNA
abundance did not significantly change across different previtellogenic stages of oocyte
development and season, but their interaction showed a strong trend (P = 0.06) due to high
expression in the PN stage of spring-caught eels (Figure 3.5 B).
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Figure 3.5A) Pituitary follicle-stimulating hormone beta (fshβ) and (B) growth hormone (gh)
mRNA abundance of New Zealand shortfinned eel (Anguilla australis) at different stages of
previtellogenic oocyte development in spring (closed bars) and autumn (open bars) of the
2008/09 austral summer. Values are presented as means ± SEM (ng/µg RNA) and columns with
different letters are significantly different (P<0.05). CN: chromatin nucleus (n = 8), PN:
perinucleolus (n = 8), OD: oil droplet (n = 10). The EV stage (n = 9) is included in the figure to
provide a proxy of trend with developmental stage; EV data were not include in the statistical
model, however, as they did not meet all the required conditions for these analyses (see Section
3.2.8).
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3.3.6 Hepatic Igf1 and Gh receptors
In the liver, igf1, ghr1 and ghr2 mRNA abundances did not show significant changes
throughout previtellogenic stages (Figure 3.6 A-C). However, ghr2 and igf1 were significantly
higher in spring-caught eels compared to their autumn counterparts (F1, 43= 7.24, P = 0.01 and
F1, 44 = 9.23, P<0.01 respectively).

Figure 3.6 Hepatic mRNA relative abundance of (A) growth hormone receptor 1 (ghr1), (B)
growth hormone receptor 2 (ghr2) and (C) insulin-like growth factor 1 (igf1) from New Zealand
shortfinned eel (Anguilla australis) at different stages of previtellogenic oocyte development in
spring (closed bars) and autumn (open bars) of the 2008/09 austral summer. Values are
presented as means ± SEM and no significant differences were detected among any treatment *
season combination. CN: chromatin nucleus (n = 13), PN: perinucleolus (n = 20), OD: oil
droplet (n = 17). The EV stage (n = 9) is included in the figure to provide a proxy of trend with
developmental stage; EV data were not include in the statistical model, however, as they did not
meet all the required conditions for these analyses (see Section 3.2.8).
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3.3.7 Correlations between intraovarian and extraovarian factors
The correlations between ovarian, hepatic and pituitary-derived factors are
summarized in Table 3.3. In short, positive and significant correlations were found
among oocyte diameter, body weight, intraovarian growth factors (gdf9 and bmp15) and
serum sex steroid levels across previtellogenesis. Body weight had the strongest
positive correlation with oocyte diameter (r = 0.83, P<0.01). Thereafter, levels of
ovarian ghr1 mRNA, 11KT in serum, gdf9 mRNA, igf1r mRNA and bmp15 mRNA
respectively, showed the greatest correlation with oocyte diameter. With regard to the
intraovarian factors, the strongest correlation was found between gdf9 and bmp15 (r =
0.92, P<0.01). Serum levels of 11KT had a positive and significant correlation with
both ovarian and hepatic igf1 (r = 0.40 P<0.01) and pituitary gh (r = 0.40, P<0.05).
Interestingly, igf1r had a positive and significant correlation with all intraovarian
targets, except for fshr and ovarian igf1. Star expression was only correlated with
intraovarian factors, such as bmp15 and gdf9. Overall, there was a significant close
relationship between levels of sex steroids, in particular 11KT, and intraovarian growth
factors. Furthermore, the Igf system (ovarian igf1 and igf1r and hepatic igf1) correlated
significantly and positively with 11KT. In addition, E2 was positively correlated with
hepatic igf1 (r = 0.30, P<0.05) and ovarian igf1r (r = 0.39, P<0.01), but negatively with
ovarian igf1 (r = 0.49, P<0.001). Forward stepwise regression, revealed that BW, igf1r
and gdf9 are the most reliable predictors of oocyte diameter during previtellogenesis (R
= 0.82).
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Table 3.3 Correlation analysis among intraovarian and systemic factors during previtellogenesis in New Zealand shortfinned eel (Anguilla australis). Asterisks show significant
values at P<0.05(*) and P<0.01 (**), respectively. See main body of text for abbreviations
BW

Oocyte
diameter

11KT

bmp15

star

Ovarian
ghr1

gdf9

E2

ara

arb

fshr

Ovarian
ghr2

igf1r

Ovarian
igf1

Hepatic
igf1

fsh

BW
Oocyte
diameter

0.83**

11KT

0.68**

0.69**

bmp15

0.59**

0.49**

0.43**

star

0.11

0.14

0.19

0.603**

Ovarianghr1

0.79**

0.81**

0.63**

0.694**

0.225

gdf9

0.74**

0.66**

0.61**

0.924**

0.533**

0.79**

E2

0.71**

0.57**

0.68**

0.372**

0.009

0.56**

0.56**

ara

0.02

0.03

0.33*

0.211

0.343*

0.21

0.27

0.13

arb

-0.07

-0.05

0.34*

0.197

0.446**

0.08

0.28*

0.15

0.85**

fshr

0.38**

-0.30

-0.22

0.045

0.370**

-0.13

-0.08

0.31*

0.59**

0.54**

Ovarian
ghr2

-0.14

0.04

0.19

0.038

0.134

0.17

0.12

0.10

0.72**

0.71**

0.48**

igf1r

0.61**

0.65**

0.42**

0.790**

0.527**

0.78**

0.83**

0.38**

0.39**

0.34*

0.22

0.30*

Ovarian
igf1

-0.28*

-0.16

0.48**

-0.196

-0.203

-0.100

0.33*

0.48**

-0.15

0.44**

0.22

-0.18

-0.08

Hepaticigf1

0.28*

0.20

0.47**

0.21

0.11

0.38**

0.313*

0.309*

0.54**

0.49**

0.10

0.39**

0.37*

-0.25

fsh

0.59**

0.50

0.37

0.56*

0.40

0.56*

0.593**

0.333

-0.20

-0.25

-0.40

-0.21

0.43

0.04

-0.26

gh

0.22

0.19

0.46*

0.27

0.27

0.19

0.257

0.091

-0.294

-0.183

-0.389

-0.300

0.11

0.16

-0.08

0.68**

gh
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3.4

DISCUSSION
Oocyte growth and development in vertebrates is a complex process that is

controlled by a variety of intraovarian and extraovarian factors. The relative importance
of each factor, moreover, can vary with stage of oocyte development (Jalabert et al.
1991; Feist et al. 1996; Baird 2000; Acevedo et al. 2005; Gioacchini et al. 2005;
Campbell et al. 2006; Knight et al. 2006; Adhikari et al. 2009). While most of the
published literature has focused on advanced stages of gonadal development or
evaluated oogenesis at large, in this study I addressed the relationships between a range
of factors throughout early oocyte development (i.e. CN, PN and OD stage here) in a
basal teleost fish. A previous similar study (Campbell et al. 2006) focused on captive
salmon but did not include oocyte–derived growth factors (i.e. Gdf9 and Bmp15) that
are known to be important, if not vital, for early oocyte growth. Thus, this study aimed
to determine the relationships between intraovarian factors and systemic signals from
the metabolic (Gh-Igf1) and gonadotropic axes in light of seasonal variation, that may
control early oocyte growth in New Zealand shortfinned eel. The findings indicate that
intraovarian factors, including members of the TGFβ superfamily (Gdf9 and Bmp15)
and sex steroids (11KT and E2), together with components from the growth axis (Igf1r,
Ghr1 and body weight), are closely correlated with increases in diameters of
previtellogenic oocytes in the New Zealand shortfinned eel. A stepwise regression
model, furthermore, highlighted that body weight and mRNA abundance of gdf9 and
igf1r were reliable predictors of oocyte diameter.
The TGFβ superfamily is made of structurally conserved, but functionally diverse
growth factors that have been subdivided into different families and subfamilies. Some
members of the TGFβ superfamily have recently been identified as essential elements of
the intraovarian hormonal network to stimulate follicular growth and development
(Knight et al. 2003; Gilchrist et al. 2004; Trombly et al. 2009). In this study, I found a
strong correlation and significant increase in transcript abundance of two members (i.e.
gdf9 and bmp15) of this superfamily. High levels of gdf9 and bmp15 expression during
the primary stage of oocyte development, followed by a reducing pattern in later stages
of oocyte growth (Lokman et al. 2010), have also been reported in oviparous species
like chicken (Johnson et al. 2005; Elis et al. 2007) and other bony fish (Clelland et al.
2006; Liu et al. 2007; Halm et al. 2008), as well as a variety of mammalian species
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(Juengel et al. 2004; Moore et al. 2004; Knight et al. 2006). The action of GDF9 and
BMP15 has been mostly associated with proliferation and development of the follicular
cell layer surrounding the oocyte (Gilchrist et al. 2006). Results of previous studies in
chicken (Johnson et al. 2005), zebrafish (Liu et al. 2007), sea bass (Halm et al. 2008),
rainbow trout (Lankford et al. 2010) and shortfinned eel (Lokman et al. 2010)
uniformly reported a significant reduction in gdf9 mRNA levels as oocytes progressed
from the early stages of development. In this study, however, I focused only on early
stages of oocyte growth, rather than on a global overview of ovarian development (c.f.,
Lokman et al. 2010). The significant increasing trend of bmp15 and gdf9 observed from
the early start of folliculogenesis (i.e., CN stage here) until the early stage of secondary
oocyte growth (i.e., EV stage), conforms with generic patterns for these genes in
mammals, prompting me to extrapolate functions, i.e., communication of the oocyte
with enveloping somatic layers during early follicular development. It is tempting to
speculate that Gdf9 and Bmp15 are not only important for follicular layer formation but
may play other roles during previtellogenic oocyte growth (e.g., increase oocyte
responsiveness to Gh-Igf-1 axis) and/or are vital for transition of the oocyte from
previtellogenesis to the early vitellogenic stage (Lokman et al. 2010).
The very strong and positive correlation between gdf9 and bmp15 (r = 0.924,
P<0.01) was expected, as these growth factors belong to the same peptide family and
are structurally similar (Crawford et al. 2012). Gdf9 and Bmp15 can bind together and
form a heterodimer protein (McIntosh et al. 2008). Interestingly, I observed a strong
relationship between these oocyte-derived growth factors and components of the
intraovarian growth axis (igf1r and ghr1). Furthermore, in addition to having close and
significant relationships with mediators of the reproductive axis (star, fsh, 11KT and
E2), mRNA abundance both of bmp15 and gdf9 showed a positive relationship with
body weight and oocyte diameter. In keeping with the mammalian scenario, it seems
plausible therefore, that intraovarian Gdf9 and Bmp15 are among the key factors needed
for effective communication of the oocyte with its surrounding somatic cells.
The correlation between mRNA abundance of gh with gdf9 and bmp15 was low in
this study. In parallel, results of recent in vivo work (Lokman et al. 2010) did not show
any significant effect of GH on intraovarian gdf9 expression in Japanese eel (Anguilla
japonica). Furthermore, an in vitro experiment in our laboratory on ovary from
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shortfinned eel failed to detect any significant effects of pituitary hormones (Fsh, Lh,
Gh) and IGF1 on mRNA levels of gdf9 and bmp15 (Reid, 2010). Lack of seasonal or
interactional effects on either gdf9 or bmp15 mRNA abundance in this study suggests
that these factors are less affected by seasonal variation. Further investigation is needed
to elucidate possible interactions of intraovarian TGFβ (i.e., gdf9 and bmp15) with
extraovarian seasonal stimuli like food availability and photoperiod which are assumed
to stimulate the Gh-Igf-1 axis (Duan, 1997).
While the regulatory mechanisms of oogenesis by ovarian TGFβ peptides and
other growth factors are still under debate, the concept of cross-talk between the
growth-metabolic and reproductive axes in vertebrate models, including teleost fish, is
well established (Bachelot et al. 2002; Chandrashekar et al. 2004). The liver has been
identified as a major player in energy allocation for somatic growth, which
consequently affects reproductive investment (Shearer et al. 2000). In eel, with its
prolonged previtellogenic stage, the onset of puberty appears to be delayed until a
certain energy threshold is reached, a metabolic state that is likely to somehow be
reflected in blood levels of metabolic factors. Unfortunately, it was not possible in this
study to measure these factors (e.g., plasma levels of Igf1 and Gh), but their transcript
abundances may be suitable proxies to assess if these endocrine mediators are likely to
be important in driving previtellogenic growth. Immature eels accumulate considerable
fat reserves during previtellogenesis, both subcutaneously and in the ovary. To achieve
this, the liver packages lipids (e.g., in lipoproteins) for transport to fat stores (BurzawaGerard et al. 1994). Thus, the critical role of the liver in previtellogenic oocyte growth
is certain. Although in this study, I did not observe significant changes in HSI during
previtellogenesis, the spring-caught eels had significantly higher HSIs than their
counterparts in autumn, particularly for fish in the PN stage. This may well be a
reflection of awaking from winter hibernation in spring, a time of increased feeding
rates and increases in day length and temperature (Ryan, 1978). Observations from
Atlantic cod, similarly, failed to show changes in HSI across gonad developmental
stages (Dahle et al. 2003). Therefore, during previtellogenesis, the liver appears to be
more indicative of nutritional status and environmental cues than of reproductive status.
The liver is the major site of action for pituitary Gh. A previous study in Japanese
eel (Anguilla japonica) revealed that two types of growth hormone receptor exist in eel
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(Ozaki et al. 2006). In the present study, mRNA profiles of two growth hormone
receptors (ghr1 and ghr2) in liver and ovary were described. In the ovary, ghr1 seems to
be more related to stage of ovarian developmental, whereas ghr2 appears to be sensitive
to seasonal variation as its transcript abundance was significantly higher in the ovary
from spring-caught eels than that in eels sampled in autumn. The apparent seasonal
dependency of ghr2 is further emphasized by its higher mRNA abundance in hepatic
tissues of spring-caught eels. Profiling of the mRNA abundance of ghr in more tissues
should contribute to further understanding the regulation of ghr expression.
The role of pituitary Gh during oocyte development, and particularly oocyte
maturation, has been discussed in various vertebrate models (Duan, 1997; Bachelot et
al. 2002; Chandrashekar et al. 2004). Pituitary Gh can directly (via Ghr) and indirectly
(through hepatic Igf1) affect ovarian physiology. Although overall, no significant
changes in pituitary gh were found throughout previtellogenesis, the higher gh mRNA
levels in pituitary from spring-caught eels in the PN stage interestingly corresponded to
their HSI profile. This is likely to reflect higher food intake in spring (Ryan, 1978).
Significant increases in igf1r and ghr1 mRNA levels with development of the oocyte
from the CN to OD stage may hint at an active role of metabolic factors in driving
progression of previtellogenesis. However, a recent study in coho salmon showed a
significantly decreasing trend in ghr message as oocytes approached the late stage of
previtellogenesis (Campbell et al. 2006), whereas ghr did not significantly change
between immature and maturing tilapia (Oreochromis mossambicus) (Kajimura et al.
2004). Therefore, it seems that the ovarian expression pattern of growth hormone
receptor genes in teleosts is species-specific. In eel, the Gh-Igf1 axis appears to have a
receptor in all stages of previtellogenesis and ovarian responsiveness to metabolic
signals seemingly increases as previtellogenesis advances. Overall, it is plausible that
liver function is more related to seasonal change than to stages of ovarian development,
as the hepatic components of the metabolic axis (ghr2 and igf1 transcripts abundance)
were expressed at higher levels in spring than in autumn. Thus, it seems plausible that
the metabolic axis “talks” to the previtellogenic ovary when environmental conditions
are suitable and that the ability of the ovary to respond depends on the stage of gonadal
development.
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While pituitary FSH is known to be essential for follicular development beyond
primary growth in most mammals (Sirard et al. 2007), birds (Johnson 1996; Woods et
al. 2005) and fish (Aizen et al. 2007), the importance of gonadotropins during earlier
steps of gonadal development (e.g. until preantral stage in mammals and previtellogenic
stage in fish) has been somehow controversial (c.f., Khoo 1979; Pancharatna et al.
1985; Wang et.al. 1993; Mendez et al. 2005). A stimulatory, rather than obligatory, role
of FSH has been proposed in mammalian species (Baird, 2000). Furthermore, evidence
for gonadotropin production in tissues other than the pituitary in some species
complicates interpretation of the role of the pituitary (Levavi-Sivan et al. 2010). In
Japanese eel, recent evidence highlights the predominant role of Fsh over Lh during
early oocyte development (Suetake et al. 2002; Degani et al. 2003; Jeng et al. 2007). In
the present study, I observed a significant increase in pituitary fsh mRNA abundance
with stage of previtellogenesis, a trend that appears to continue into EV stages.
Although a seasonal effect was not apparent, the fsh mRNA level in spring tended to be
higher than that in autumn, a pattern that corresponded to levels of 11KT and E2.
Likewise, in coho salmon, advancing ovarian development and accumulation of oil
droplets in the oocytes has been associated with significant increases in pituitary and
plasma Fsh and E2 during previtellogenesis (Campbell et al. 2006) and in rainbow trout,
a rise in plasma Fsh concentration, rather than that of Lh, was reported in early stages of
ovarian development (Bon et al. 1999). Furthermore, in vitro findings on bovine
preantral oocytes reinforce the notion of a stimulatory role of FSH during oocyte
development (Wandji et al. 1996).
The ovary responds to Fsh signals through the Fsh receptor which consequently
activates the steroid synthesis pathway in theca and granulosa layers. In this study, I
observed significant correlations between the mRNA level of fshβ in the pituitary and
intraovarian transcript abundance of gdf9 and bmp15, in addition to transcript levels of
components of the somatic axis (i.e., gh, intraovarian ghr1 and body weight).
Surprisingly, however, no correlation was found between pituitary fshβ mRNA and star
mRNA. It is noteworthy that in wild previtellogenic New Zealand longfinned eel
(Anguilla dieffenbachii), a species closely related to the shortfinned eel, the expression
of fshβ in the pituitary is very low compared to that in vitellogenic fish (Saito et al.
2003). In other vertebrates, expression of ovarian fshr has been associated with
advanced stages of oocyte development. Previous research on salmon showed a
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significant increase in fshr mRNA abundance from the PN to cortical alveolus
(Luckenbach et al. 2008) and OD stage (Campbell et al. 2006) in spring-sampled fish.
However, my results show that the level of fshr mRNA remained unchanged during
previtellogenesis, suggesting that the sensitivity of the ovary to gonadotropic signals
during previtellogenesis does not change until the EV stage. These observations are in
keeping with findings that have demonstrated that oocyte development will proceed
until the late preantral stage in mammals or until the late previtellogenic stage in fish
that were hypophysectomized (Khoo 1979). In other words, early oocyte growth in eel
may not be (strongly) dependent on pituitary gonadotropins.
In response to extraovarian and/or intraovarian signals, a wide range of sex
steroids can be produced in the ovary. The importance of sex steroids in advanced
stages of oocyte growth, such as vitellogenesis and final oocyte maturation, have been
well-documented. More recently positive effects of sex steroids, for example E2, on
initiation of mitosis and proliferation of germ cells in both mammals (Britt et al. 2004)
and teleost fish has also been reported (Miura et al. 2007). Interestingly, recently
published papers identified a significant stimulatory role of 11KT in Atlantic cod
(Kortner et al. 2009b), shortfinned eel (Rohr et al. 2001; Setiawan et al. 2012) and coho
salmon (Forsgren et al. 2012) during the early stage of oocyte growth. I observed
increasing levels of 11KT and E2 in serum of previtellogenic eels with advancing stages
of development and seasonality in this study. The spring-caught eels had higher levels
of both of these sex steroids in serum, a pattern similar to that for ovarian star and for
genes associated with the metabolic axis (gh and ghr2). Although both 11KT and E2
seem important during previtellogenesis, the exact role of each is not clear and appears
to differ between species. Regardless, the stronger correlation with oocyte diameters
and higher amounts of circulating 11KT may point to a more critical role of 11KT
compared to E2. Previous in vitro work in our lab revealed that 11KT stimulates
previtellogenic oocyte growth in the eel (Lokman et al. 2007); more recently we
proposed 11KT could also increase ovarian sensitivity to Fsh by increasing gene
expression of fshr in the ovary (see Setiawan et al. 2012). Moreover, 11KT has been
implicated in modulating lipid uptake into eel oocytes (Divers et al. 2010; Endo et al.
2011). In rainbow trout, however, no significant change in plasma level of E2 and
testosterone were observed as oocytes advanced from the early previtellogenic to the
early vitellogenic stage (Lankford et al. 2010).
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11KT can act through two types of nuclear receptors, Ara and Arb (Ikeuchi et al.
1999; Ikeuchi et al. 2001). While ara has been shown to be expressed at higher levels
than arb, the expression of both receptors is significantly reduced in advanced stages of
oocyte development in Japanese eel (Tosaka et al. 2010). My results show that both
receptors are expressed in previtellogenic shortfinned eel ovaries, confirming previous
findings (Lokman et al. 2007; Setiawan et al. 2012). Although no significant differences
in mRNA abundance were apparent between different stages of previtellogenesis,
spring-caught eels presented higher levels of androgen receptor transcripts than their
counterparts in autumn. This pattern is in agreement with 11KT serum levels. We also
previously reported that 11KT could indirectly increase the transcript abundance of
androgen receptors in the eel ovary (see Setiawan et al. 2012). The mechanisms behind
seasonal variation and 11KT stimulation of androgen receptor mRNA levels remain to
be unraveled in future research.
3.5

CONCLUSION
In summary, the results presented in this chapter suggest that among the mediators

of growth and reproduction evaluated in this study, the most plausible factors associated
with previtellogenic oocyte growth in the shortfinned eel are intraovarian components
of the metabolic axis (Ghr1, Igf1r) and TGFβ growth factors (Gdf9 and Bmp15), in
addition to 11KT and E2. Ovarian sensitivity to metabolic signals (i.e., Gh-IGF1 axis)
appears to increase as the oocyte progresses through previtellogenesis (c.f., significant
increase of igf1r and ghr1). However, the role of the liver, as a major source of Igf1,
during previtellogenesis may not be stage specific for oocyte growth. It is also expected
that ovarian steroid synthesis responds to signals from the Gh-IGF system during
previtellogenesis.
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ABSTRACT
Sex steroid biosynthesis in early stages of ovarian development is little
understood. Follicle-stimulating hormone (Fsh) is known as a potent stimulator of
steroidogenesis, but the role of metabolic factors such as Igf1 is not clear. The results
from the previous chapter revealed a significant increase in level of sex steroids (E2 and
11KT) in serum of eels as the oocyte develops through different stages of
previtellogenesis. Those increases further coincide with increasing levels of igf1r
mRNA in the ovary, which may well reflect an increase in ovarian sensitivity to Igf1. In
this chapter, I aimed to investigate in vivo and in vitro effects of IGF1 on expression of
key steroidogenic proteins. Ovarian fragments from eels in different stages of
previtellogenesis were cultured in the presence or absence of 25 ng/ml IGF1 and/or Fsh.
In addition, eels were implanted with 60 ng IGF1/g body weight to assess the in vivo
effect of IGF1 on the steroid biosynthesis pathway. While the in vivo experiments
seemed ineffective in inducing changes to either morphology and/or the Gh-Igf1 axis,
the in vitro results pointed at significant and synergistic effects of IGF and Fsh. Fsh, but
not IGF1, significantly increased steroidogenic acute regulatory protein (star) mRNA
abundance. IGF1 significantly stimulated mRNA abundance of cytochrome P450 side
chain cleavage (P450scc) and cytochrome P450 aromatase (P450arom). In conclusion,
the in vitro results suggest that IGF1 can stimulate steroid biosynthesis during the early
stages of oocyte growth.

4.1

INTRODUCTION
Gonadal sex steroid biosynthesis in female vertebrates involves a complex

pathway that is regulated by a variety of factors including the stage of the reproductive
cycle and signaling molecules from intraovarian and extraovarian origin (Adashi, 1994).
In teleost fish, similar to mammals, steroid production is primarily regulated by
pituitary gonadotropins (GTHs) i.e., follicle-stimulating hormone (Fsh) and luteinizing
hormone (Lh). The pivotal roles of GTHs are particularly evident during advanced
stages of follicular development, such as vitellogenesis and final oocyte maturation and
ovulation (Nagahama 1994; Tyler et al. 1996). However, the mechanism(s) responsible
for steroid synthesis in early stages of follicular development (i.e., preantral stage in the
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mammalian ovary and previtellogenic stage in the fish ovary) have remained
unresolved, in spite of the fact that early stages of ovarian development, and notably,
sex steroid action, may well be determining reproductive performance and fecundity in
egg-laying species (Strussmann et al. 2002; Ankley et al. 2008; Yamamoto et al. 2011).
Shortfinned eels (Lokman et al. 1998) are able to synthesize detectable amount of 11ketotestosterone (11KT) and 17β-estradiol (E2) during previtellogenesis (Lokman et al.
2002; Lokman et al. 2007), as was shown in Section 3.3.2. The necessity for pituitary
GTHs during early stages of gonadal development is still a matter of controversy, since
results obtained from hypophysectomized models did not provide strong evidence for
pituitary-dependency in the early oocyte growth phase (Jorgense 1973; Khoo 1979;
Prepin et al. 1991). However, taking advantage of recently developed techniques, such
as in vitro organ culture and realtime qPCR, a role for Fsh during the early stage of
gonadal development is becoming more evident (Campbell et al. 2006; Luckenbach et
al. 2008; Luckenbach et al. 2011). In early vitellogenic shortfinned eel (Lokman et al.
2001) and previtellogenic Japanese eel (Sato et al. 2000), injection of salmon pituitary
hormones (SPH) significantly stimulates oocyte growth and leads to increases in serum
steroid levels (Sato et al. 2000; Lokman et al. 2001). Similarly, Manning et al. (2008)
discovered that immature female yellowtail flounder (Limanda ferruginea) can respond
to GTH stimulation with steroid biosynthesis (Manning et al. 2008).
In addition to pituitary GTHs (Hillier 2001), it has been shown that the ovarian
sex steroid machinery could be affected by signals from the somatotropic axis (Lackey
et al. 1999). Indeed, the interaction between the growth and metabolic axes with the
reproductive system, particularly in advanced stages of ovarian development, has been
well-documented in various vertebrate models (Erickson et al. 1996; Le Roith et al.
2001; Armstrong et al. 2002; Chandrashekar et al. 2004). Furthermore, there is growing
evidence for synergistic roles of GTHs and the insulin-like growth factor (IGF) system
in mammals (Roy et al. 1991; Erickson et al. 1996; Zhou et al. 1997; Westfall et al.
1999; Demeestere et al. 2004) as well as in fish (Srivastava et al. 1994; Kagawa et al.
2003; Paul et al. 2010) during advanced stages of follicular development. For example,
in vitro studies on common carp, Cyprinus carpio, (Mukhejee et al. 2006), striped bass,
Morone saxatilis (Weber et al. 2007) and red seabream, Pagrus major (Kagawa et al.
1994) revealed a positive effect of Igfs on steroid biosynthesis during final stages of
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oocyte maturation, whereas in rainbow trout (Oncorhynchus mykiss), Igf1 stimulated E2
synthesis during early stages of vitellogenesis (Nakamura et al. 2003).
It is worth mentioning that Fsh and Igf1 can activate very similar pathways in the
ovary, which finally lead to increases of cAMP levels and activation of protein kinase A
and the phosphatidylinositol 3-kinase pathways (see Section 1.3.1). These pathways are
proposed to be essential for oocyte growth and prevention of apoptosis (Adashi et al.
1986; Davis et al. 2000; Richards et al. 2002; Mendez et al. 2005; Ryan et al. 2008).
For instance, c-Fos, a proto-oncogene, is one of the downstream targets of both Igf1
(Ong et al. 1987; Pavelic et al. 1991; Ashcom et al. 1992; Heidenreich et al. 1993) and
Fsh (Pennybacker et al. 1991) in mammals.
The biosynthesis of sex steroids in the teleost ovary (Young et al. 2005), similar
to the mammalian ovary (Miller et al. 2011), is the result of a steroidogenic cascade
which involves conversion of cholesterol to different intermediate steroid products. This
cascade of substrate-product conversions is catalysed by a variety of steroidogenic
enzymes (i.e. P450 enzymes and hydroxysteroid dehydrogenases) (Young et al. 2005;
Hannemann et al. 2007; Miller et al. 2011). Depending on species, stage of ovarian
development and availability of steroidogenic enzymes, the final product(s) of the
steroidogenic pathway may differ between the gonads of different species of teleost fish
(Nakamura et al. 2005; Nagahama et al. 2008). P450aromatase is a key enzyme for E2
production and is encoded by the cyp19a1 gene. Aside from the steroidogenic enzymes,
the steroid acute regulatory protein (Star), a cholesterol transporter protein located in the
inner wall of mitochondria, has been known as a rate-limiting factor for sex steroid
production and it has received ample attention in recent years (Stocco 2000; Miller
2011).
Furthermore, results from Section 2.3.5 revealed the expression of Igf1r in both
the oocyte and its somatic cell envelope in the ovary of the shortfinned eel. I suggested
that previtellogenic oocyte growth is regulated, as least in part, by somatotropic signals
since there was a strong correlation between oocyte diameter, body weight, serum sex
steroid levels (i.e. E2 and 11KT) and intraovarian transcripts of components of the
metabolic axis (i.e. igf1r and ghr1). Furthermore, pituitary fshβ mRNA abundance
significantly increased from the PN to OD stage. The aim of this chapter was to expose
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previtellogenic eels to IGF1 (in vivo and in vitro) for a prolonged time in order to
examine the mRNA abundance of key proteins needed for production of E2 and 11KT
(i.e. star, cytochrome P450 side chain cleavage (P450scc), cytochrome P450 aromatase
A1 (P450arom), and cytochrome P450 11β-hydroxylase (P45011β)). In this study I
hypothesized that IGF1 can significantly stimulate steroidogenesis in the previtellogenic
eel ovary. Due to a lack of information about administration of IGF1 to eels, I also
evaluated the efficacy of different administration methods (i.e., cholesterol-cellulose
matrix and cocoa butter) of IGF1 by examining negative feedback of IGF1 on the GhIgf1 axis in eels.
4.2

MATERIALS AND METHODS

4.2.1 Pilot study 1: effects of intraperitoneal slow-release IGF1 implants on level of
Gh-Igf1 axis mRNA abundance and organ indices of New Zealand
shortfinned eel
Ten eels in the PN stage (BW = 600g) were purchased from a commercial
supplier (New Zealand Eel Processing Company, Te Kauwhata) and transported to the
laboratory on wet ice. Shipping of live eels on ice is the conventional method of
transportation practiced in the eel industry. On arrival, eels were kept in seawater for 2
hours to remove possible fungal infestations from their skin. Subsequently, passive
integrated transponder (PIT) tags were inserted in the body cavity under anesthesia
(0.015% benzocaine in water) by making a small incision in the belly. Eels were then
placed in 12 ppt brackish water to acclimate for 5 days before being divided into two
groups and being implanted with pellets containing either no (placebo) or 60 ng
recombinant human IGF1 (GroPep, Adelaide, Australia, product code IU100)/g BW. In
brief, 30 mg of carrier (95% cholesterol and 5% cellulose) with or without IGF1 was
compressed into a pellet in a small press. Pellets were inserted intraperitoneally by
making a small incision in the belly under anesthesia. Eels were kept in water of 12 ppt
salinity under a photoperiod of 14L-10D and ambient temperature (15-17°C) for 4
weeks and under conditions of fasting. At the end of the experiment, eels were
sacrificed by benzocaine overdose (0.03% benzocaine in water), morphological
parameters were recorded and pieces of ovary, liver and the whole pituitary snap-frozen
in liquid nitrogen. Samples were stored frozen at -70ºC until RNA extraction. A small
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fragment of ovary was fixed in Bouin’s solution for histological examination as
described in Section 3.2.3.

4.2.2 Pilot study 2: effects of intramuscular slow-release IGF1 implants on level of
Gh-Igf1 axis mRNA abundance in New Zealand shortfinned eels
Six eels were purchased from the supplier mentioned in Section 4.2.1. Eels were
all in the OD stage of oocyte development (1200-1500 g BW). All husbandry and
rearing conditions described in Section 4.2.1 were repeated for this experiment.
Identical protocol to that described in Section 4.2.1 was used to make the IGF1 pellets,
but instead of intraperitoneal insertion, the pellet was implanted in the dorsal muscle by
making a small incision near the most anterior end of the dorsal fin. All fish were kept
in the same tank during experimentation. At the end of the experiment (4 weeks), eels
were sacrificed and morphological parameters recorded, followed by snap-freezing of
pituitary, ovarian and hepatic fragments in liquid nitrogen and storage at -70ºC for RNA
extraction and qPCR analysis. Blood samples were taken and serum was separated and
subjected to RIA to estimate concentrations of E2 and 11KT, as mentioned in the
previous chapter (Section 3.2.5). In order to confirm the stage of oocyte development,
histological examinations were done as described in Section 3.2.3.

4.2.3 Experiment 1: effects of intramuscular slow-release IGF1 implants on level of
Gh-Igf1 axis mRNA abundance in previtellogenic New Zealand shortfinned
eels
Commercial cocoa butter was used in this experiment as a matrix for the slowrelease of IGF1. Due to unavailability of eels from the supplier in Section 4.2.1,
shortfinned eels used in this experiment (n = 26, BW~600g) were caught with fyke nets
from Lake Waihola, South Island, New Zealand and transported to fish rearing facilities
in less than 45 min. Immediately after arrival, 6 fish were sacrificed and their ovary,
liver and pituitary sampled to obtain baseline data (as “Initial”). Remaining eels were
acclimated in brackish water (12 ppm salinity) under 14L/10D photoperiod as described
in Section 4.2.1. After 5 days, eels were inserted with a PIT tag and divided between
two equal groups (n = 10). The IGF1 (GroPep, Adelaide, Australia, product code
IU100) was, according to the manufacturer’s instructions, reconstituted in 10 mM HCL
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and 0.5% BSA. The reconstituted IGF1 stock, then, was mixed with melted cocoa butter
(provided by Cadbury, Dunedin, New Zealand (http://www.cadbury.co.nz) in a warm
oven at 35◦C. Subsequently, eels received 2 injections (6-day interval) of either IGF1
(25 ng/g BW) or placebo (cocoa butter containing HCL and BSA) in the dorsal muscle
and they were kept in saline water of 12 ppt under 14L/10D photoperiod and ambient
temperature (14-16 ◦C) for 15 days. Fish were kept in a recirculating 1000 L tank
equipped with a biological filter. The ammonia level was kept between 0.25 – 0.5 ppm.
At the end of the experiment (3 days after the second injection), eels were sacrificed by
benzocaine overdose. Fragments of ovary, liver and the pituitary were snap-frozen in
liquid nitrogen and stored at -70ºC for RNA extraction and qPCR analysis.

4.2.4 Experiment 2: effect of intramuscular growth hormone on expression of
P450aromatase in previtellogenic Japanese eels, Anguilla japonica.
The cDNA obtained from Japanese eel injected with GH was kindly donated by
Dr. Mark Lokman (please see Lokman et al. 2010 for details) and incorporated into this
study.

4.2.5 Pilot study 3: effect of IGF1 on steroidogenic enzyme mRNA abundance in
the previtellogenic ovary of the shortfinned eel in vitro
Two previtellogenic female shortfinned eels in the PN stage (450-500 g) were
purchased from the New Zealand Eel Processing Company (Te Kauwhata, New
Zealand). Shortly after arrival, eels were euthanized in benzocaine overdose (0.03%
benzocaine in water) and as much blood as possible was removed by cutting the tail and
hanging the carcass. The eel carcass was then submerged in 70% ethanol for 10 min, the
body cavity opened under sterile conditions and ovaries retrieved for experimentation.
Ovarian samples were fixed in Bouin’s solution to confirm the stage of oocyte
development by routine histology (as described in Section 3.2.3) or tissue was snapfrozen in liquid nitrogen and stored in -70ºC as “Initial”. Removed ovarian tissue was
chopped into small pieces (approximately 1*1*1mm) with sterile scissors and kept in
culture medium on ice until the same procedure was completed for both eels.
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The obtained ovarian explants were subjected to in vitro organ culture based on
the agarose float technique. In brief, the explants were placed on sterile nitrocellulose
membrane (1*1*0.1cm) supported by a cylinder of 1% (w/v) agarose gel which had
been soaked in culture medium and placed in a 12-well tissue culture plate. Each well
contained 1ml basal culture medium (Leibovitz L-15, supplemented with 0.1 mM
glutamic acid, 1.7mM L-proline, 0.1% BSA and 10 mM HEPES) and different
concentrations (0, 1, 10 and 100 ng/ml) of recombinant human IGF1. Effects of IGF1
were assessed in duplicate wells. Due to probable side effect of antibiotics on gene
expression, the culture medium was antibiotic-free for this experiment. Tissues were
incubated at 20◦C for 1 day (H24), 3 days (H72) or 6 days (H144). At the end of
incubation, tissues were snap-frozen in liquid nitrogen and kept at -70◦C until RNA
extraction. RNA extraction and reverse transcription were conducted as described in
Section 2.2.3. Prior to reverse transcription,Turbo DNA-free (Ambion) was used to
remove potential genomic DNA contamination. The obtained cDNA was used for
realtime qPCR to establish relative mRNA abundances of star, P450scc, 3β-hsd and
P450aromatase (Section 4.2.7).

4.2.6 Experiment 3: effects of IGF1 and Fsh on steroidogenic enzyme mRNA
abundance in the previtellogenic eel ovary, in vitro.
Twelve shortfinned eels at a range of body weights were purchased from the New
Zealand Eel Processing Company. Based on observations from the previous chapter,
(Section 3.3.1), eels (n = 4 in each group) were assigned to the CN stage (BW = 292 ±
11 g), PN stage (BW = 681 ± 12 g) or OD stage (BW = 1496 ± 58 g) according to their
body weight. All sample preparation procedures were identical to those described in the
pilot study (Section 4.2.5) but for one exception: instead of using the agarose float
method, tissues were submerged in 1ml culture medium (c.f., Lokman et al. 2007)
containing 25 ng/ml IGF1 or 25 ng/ml recombinant eel Fsh (hereafter Fsh, donated by
Dr Yukinori Kazeto, National Research Institute of Aquaculture, Mie, Japan) or 25
ng/ml IGF1 + 25 ng/ml Fsh. The medium was replaced after 2 days and tissues were
incubated for a further 2 days before sample collection, using the conditions described
in Section 2.2.3. RNA extraction, reverse transcription and realtime qPCR were done
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exactly as described for the pilot study. The extracted RNA from each of two replicates
was mixed together and cDNA was made from the pooled RNA sample. In order to
check the efficacy of in vitro culture and bioactivity of IGF1, transcript abundance of a
directly regulated downstream target of IGF1, c-fos, was quantified by qPCR (Ashcom
et al. 1992; Heidenreich et al. 1993; Price et al. 2002).
Fixed ovarian tissues in Bouin’s solution were subjected to routine histology to
confirm the stage of oocyte development. The qPCR data from this experiment were
normalized over l36 as a suitable reference gene (see Appendix 3.1). Due to the very
low steroid production by eel ovary tissues in vitro (Lokman et al. 1995), I was not able
to measure the steroid concentration in medium, and instead, opted to quantify the
mRNA abundance of key steroidogenic enzyme as a proxy for steroidogenesis.

4.2.7 Partial cDNA cloning and realtime qPCR
Using a protocol and materials identical to those described in Chapter 2 (Section
2.2.3), I cloned the partial cDNAs for target steroidogenic genes, i.e., cyp11a1 (gene
encoding P450scc, Appendix 4.1), 3β-hsd (Appendix 4.2) and cyp19a1 (Acc. No.
HQ436343.1). A partial cyp11b cDNA (gene encoding 11β-hydroxylase, Acc. No.
HQ436342.1) was already characterized from previous cloning efforts in the lab
(Setiawan et al. 2012). Partial cDNA sequences encoding c-fos (Unigene 21238) and
igfbp3 (Unigene 40944) were obtained from a liver transcriptome (See Section 2.2.2)
and are presented in Appendix 4.3 and 4.4, respectively. The qPCR reactions for each
target were run in duplicate and optimized according to Table 4.1. Sample preparation,
including RNA extraction, reverse transcription and DNase treatment, was identical to
that described in Section 2.2.3. The qPCR data normalized over l36 as reference gene.
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Table 4.1: Primer sequence, annealing temperature (Ta) and base pair (bp) amplicon
size (AS) for quantification of mRNA of P450 side chain cleavage (cyp11a1), P450
aromatase (cyp19a1), P450 11β-hydroxylase (cyp11b), c-fos, 3β-hydroxysteroid
dehydrogenase (3β-hsd) and insulin-like growth factor binding protein 3 (igfbp3) from
tissue of eel, Anguilla australis. All reactions were set up under thermal profile of: 50°C
(2min), 95°C (2min), {95°C (15s.), annealing temperature 62°C, 72°C (30s.) 40 cycles}
followed by dissociation curve analysis at 95°C (1min), 55°C (30s.), 95°C (30s). Final
reaction volume was adjusted to 20µL.
5’-primer-3’ (Conc. µM)

Target

Ta (ºC)

AS(bp)

62

136

62

145

62

132

62

113

62

98

62

105

FW: GCGGAAACAACAAATGGACT (0.4μM)
cyp11a1
RV: ATGAAATGCTGAGCCTCTGG (0.4μM)
FW: AAAAAGCCCGCACCTACTTT (0.4μM)
cyp19a1

RV: AGGTTGAGGATGTCCACCTG (0.4μM)
FW: ATCACTGTCCAGCGATACCC (0.25μM)

cyp11b

RV: CGCGTCGGCTTAAATATCTC (0.25μM)
FW: CCCAAGCTAGAGGCATCAGT (0.4μM)

c-fos

RV: TCCAGGGAGTTGTTCAGGTC (0.4μM)

3β-hsd

FW: CTCGCTGAGATCCGACTCTT (0.4μM)
RV: CCCTCGAACATGCTCACTTT (0.4μM)
FW: GCACAACTTCTCGCTGGAGT (0.4μM)

igfbp3

RV: GGGTTCAGGACGTTTGTGAT (0.4μM)

4.2.8 Statistical analysis
All statistical analyses were done using SPSS 17.0 (SPSS Inc., Chicago, IL,
USA). The normalized qPCR data were examined for normality and homogeneity of
variance using Kolmogorov-Smirnov and Levene’s tests, respectively. When normality
or homogeneity of variance was not achieved, data were log-transformed. To compare
the treatment and placebo groups in Pilot studies 1 and 2 (Sections 4.2.1 and 4.2.2),
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Student’s t-tests were performed. The data from Experiments 1 and 2 (Sections 4.2.3.
and 4.2.4) were analyzed by One-way ANOVA and the means compared with Scheffe’s
test. Data from Experiment 3 (Section 4.2.6) were subjected to two-way ANOVA with
interaction. No statistics are presented for the in vitro Pilot study 3 (Section 4.2.5) due
to the small sample sizes (n = 2) but superficial trends are highlighted. The results are
presented as means ± SEM.
4.3

RESULTS

4.3.1 Pilot study 1: effects of intraperitoneal slow-release IGF1 implants on organ
indices of New Zealand shortfinned eel
As presented in Figure 4.1, no significant differences were observed in body
weight, hepatosomatic, gonadosomatic, gut (gut weight/body weight*100) and eye (eye
weight/body weight*100) indices. However, a significant difference was observed in
heart index (heart weight/body weight*100, t = 2.8 P<0.05); see Figure 4.1 F. The
oocytes from IGF1 and blank-implanted eels were in the PN stage of oocyte
development. In order to evaluate the efficacy of the implants, expression of genes
implicated in mediating feedback on the Gh-Igf axis was examined. Accordingly,
pituitary gh and hepatic igf1 in treatment and placebo groups showed almost equal
transcription abundance, reflecting an absence of any significant differences (Figure 4.2
A-B). Likewise, no significant differences were observed between pituitary igf1r
mRNA abundance in IGF1-implanted and placebo eels (Figure 4.2 C).
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Figure 4.1 Effects of intraperitoneal slow-release implants of IGF1 (60 ng/g body weight) for 4
weeks on morphometric parameters (body weight A, hepatosomatic index B, gonadosomatic
index C, gut index D, eye index E, heart index F) in female New Zealand shortfinned eel
(Anguilla australis) in the PN stage of oocyte development. Data are presented as means ±
SEM, n = 5. Significant difference indicated by * (P<0.05).
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Figure 4.2 Effects of intraperitoneal slow-release implants of IGF1 (60 ng/g body weight) for 4
weeks on hepatic transcript abundance of insulin-like growth factor1 (A), pituitary growth
hormone (B) and pituitary insulin-like growth factor type1 receptor (C) in female New Zealand
shortfinned eel in the perinucleolus stage of oocyte development. Data are presented as means ±
SEM, n = 5.

4.3.2 Pilot study 2: effects of intramuscular slow-release IGF1 implants on New
Zealand shortfinned eel
Histological analysis confirmed that oocytes were in the OD stage of
previtellogenesis. No significant differences were observed between IGF1-implanted
and placebo groups, whether at the mRNA level for variables from the Gh-Igf1 axis or
in terms of morphometric criteria. Thus, comparison of body weight and GSI between
groups showed no significant differences (Figure 4.3 A-B). Similarly, mean
hepatosomatic index (HSI) and heart index (HI) in the placebo group (1.24% and
0.055%, respectively) were not different from those in the treatment group (1.00% and
0.07%, respectively), as shown in Figure 4.3 C-D. The mRNA abundance of pituitary
gh in the IGF1-treatment group (1.32 ng/ug RNA) was almost equal to that in the
placebo group (1.13 ng/ug RNA) as shown in Figure 4.4 A. The abundance of hepatic
igf1 mRNA in the treatment group (3.97 ng/ug RNA) tended to be lower than that in the
placebo group (8.53 ng/ug RNA, t7 = 1.95 P = 0.09, Figure 4.4 B). The level of E2 in
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placebo (496 ± 210 pg/ml) was not significantly higher than that of the treatment group
(235 ± 13 pg/ml). Likewise, no significant differences were observed between
concentrations of 11KT in placebo (558 ± 245 pg/ml) and treatment groups (819 ± 522
pg/ml), as shown in Figure 4.4 C-D.
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Figure 4.3 Effects of intramuscular (IM) slow-release implants of IGF1 (60 ng/g body weight)
for 4 weeks on body weight (A), gonadosomatic index (B), hepatosomatic index (C) and heart
index (D) in female New Zealand shortfinned eel in the oil droplet stage of oocyte development.
Data are presented as mean ± SEM, n = 6.
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Figure 4.4 Effects of intramuscular (IM) slow-release implant of IGF1 (60 ng/g body weight)
for 4 weeks on pituitary transcript abundance of growth hormone (A), hepatic insulin-like
growth factor 1 (B), serum level of E2 (C) and serum level of 11KT (D) in female New Zealand
shortfinned eel in the oil droplet stage of oocyte development. Data are presented as mean ±
SEM, n = 5.

4.3.3 Experiment 1: effects of intramuscular slow-release IGF1 implants on
previtellogenic New Zealand shortfinned eel.
The results of histology indicated that all fish were in the PN stage of
previtellogenesis. No obvious trends or significant differences in GSI or HSI were
observed between control or IGF1-implanted eels (Figure 4.5 A-B)
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Figure 4.5 Effect of intramuscular IGF1 implant administered in cocoa butter on gonadosomatic
(A) and hepatosomatic (B) indices of female New Zealand shortfinned eel in the perinucleolus
stage of oocyte development. Data shown as mean ± SEM, n = 6, 10, 10 for Initial, Placebo and
IGF1, respectively.

The hepatic igf1 mRNA abundance in placebo (6.26 ± 0.83 ng/µg RNA) and
IGF1-implanted groups (7.99 ± 1.28 ng/µg RNA) showed no significant differences
from that in the initial group (11.42 ± 2.25 ng/µg RNA) as shown in Figure 4.6 A. No
obvious trend and/or significant difference was observed in pituitary gh mRNA
abundance among the initial, placebo and IGF1-implanted groups (Figure 4.6 B). There
was no significant difference in c-fos mRNA abundance between placebo and IGF1implanted groups in liver and ovary (Figure 4.6 C-D). However, in liver, compared to
the initial group, the hepatic c-fos mRNA abundance significantly decreased in placebo
and IGF1-implanted groups (F2,18 = 19.67 P<0.001). Likewise, significant differences
were seen in hepatic igfbp3 mRNA abundance between initial (14.29 ± 2.92 ng/µg
RNA) and placebo group (3.63 ± 0.45 ng/µg RNA), F2, 18 = 7.92, P<0.01 (Figure 4.6 E),
whereas the difference between the placebo and IGF1-implanted fish (mean ± SEM)
was near significant (P = 0.057). Ovarian P450arom mRNA abundance did not
significantly differ among the initial and other treatment groups (Figure 4.6 F).
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Figure 4.6 Effect of intramuscular IGF1 implant by cocoa butter on hepatic insulin-like growth
factor1 (A), pituitary growth hormone (B), hepatic c-fos (C), ovarian c-fos (D), hepatic insulinlike growth factor binding protein 3 (E) and ovarian P450aromatase mRNA (F) of female New
Zealand shortfinned eel. Data shown as mean ± SEM, n = 6, 10, 10 for Initial, Placebo and
IGF1, respectively.
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4.3.4 Experiment 2: Effects of growth hormone on expression of intraovarian
P450aromatase in the Japanese eel, Anguilla japonica.
QPCR data analysis of Japanese eel injected with recombinant eel GH did not
yield significant differences between initial, placebo and GH-treated eels with regard to
ovarian transcript abundance of P450arom (Figure 4.7).
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Figure 4.7 Effect of 500 ng/g BW intraperitoneally injected recombinant eel growth hormone on
ovarian P450aromarase mRNA abundance from Japanese eel. Data are shown as mean ± SEM.
Feminized juvenile eels (BW 24-32 g) had been randomly placed into one of the following 4
groups: pretreatment control (initial), saline control (placebo, 0.9% NaCl), 500 ng/g
recombinant Japanese eel GH long form (GH-hiMW) or 500 ng/g GH short form (GH-loMW).
Injections were made on days 0, 3, 6 and 9 under anesthesia in 0.1% phenoxyethanol and
sampling was done on day 12. n = 7, 7, 7, 8 for initial, placebo, GH-loMW and GH-hiMW,
respectively (See Lokman et al. 2010 for further details).

4.3.5

Pilot study 3: effect of IGF1 and Fsh on mRNA abundance of ovarian
steroidogenic proteins, in vitro.
Data were evaluated only “by eye” and suggest that there were no notable effects

of IGF1 on star and P450scc. However, the average abundance of star mRNA tended to
slightly decrease in incubated tissues compared to initials (Figure 4.8 A). The mRNA
abundance of P450scc showed similar trends to that of star (Figure 4.8 B). The mRNA
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abundance of 3β-hsd and P450arom appeared to decrease after 72 and 24 hours,

Relative star mRNA abundance

respectively (Figure 4.8 C-D).
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Figure 4.8 Relative mRNA abundance of steroidogenic acute regulatory protein (A), P450 side
chain cleavage (B), 3β-hydroxysteroid dehydrogenase (C) and P450aromatase (D), after
incubation of ovarian fragments from previtellogenic eels (Anguilla australis) in media
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containing 0, 1, 10 or 100 ng/ml recombinant human insulin-like growth factor1 (IGF1) for 24,
72 or 144 hours (H24-H144, respectively). Data were not evaluated statistically and are
presented as means ± SEM (n = 2).

4.3.6 Experiment 3: In vitro effect of IGF1DB
and Fsh on steroidogenic enzyme
mRNA abundance during different stages of previtellogenesis
Histological examination indicated that oocytes in different stages of development
(CN =36 ± 1µm, PN = 61 ± 1µm and OD = 106 ± 1.5µm) had significantly different
diameters (F2, 9= 161, P<0.0001).
4.3.6.1 In vitro effect of IGF1 and Fsh on mRNA abundance of c-fos
In the CN stage of oocyte development, mRNA abundance of c-fos increased in
IGF1 (F1,

12

= 5.55, P<0.05) and Fsh (F1,12 = 7.45, P<0.05) treated tissues. IGF1

significantly (F1,13 = 9.10, P<0.05) increased mRNA abundance of c-fos while the Fsh
effect was not significant in oocytes in the PN stage of oocyte development. Likewise,
in the OD stage of development, IGF1, but not Fsh, led to a significant (F1, 12 = 8.63,

Relative c-fos mRNA abundance

P<0.05) increase of c-fos mRNA abundance (Figure 4.9).
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Figure 4.9 In vitro effect of IGF1 (25 ng/ml), Fsh (25 ng/ml) and IGF1+Fsh on ovarian c-fos
relative expression in eel, Anguilla australis. Ovarian explants were cultured for 4 days. Values
are presented as means ± SEM, n = 4. Different letters above columns show significant effects
of Fsh whereas asterisks at the bottom represent significant IGF1 effects. CN: chromatin
nucleus, PN: perinucleolus, OD: oil droplet stage.
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4.3.6.2 In vitro effect of IGF1 and Fsh on the mRNA abundance of steroidogenic
acute regulatory protein
The effect of Fsh, but not IGF1, on star mRNA abundance tended to be
significant in the CN stage (F1, 12 = 3.44, P = 0.08); in the PN stage of development,
however, a significant effect of Fsh on star mRNA abundance was observed (F1, 12 =

Relative star mRNA abundance

15.41, P<0.01), as shown in Figure 4.10.
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Figure 4.10 In vitro effect of IGF1 (25 ng/ml), Fsh (25 ng/ml) and IGF1+Fsh on ovarian
steroidogenic acute regulatory protein (star) relative expression from eel, Anguilla australis.
Ovarian explants were cultured for 4 days. Values are presented as means ± SEM, n = 4.
Different letters above columns show significant effect of Fsh whereas asterisks at the bottom
represent significant IGF1 effects. CN: chromatin nucleus, PN: perinucleolus, OD: oil droplet
stage.

4.3.6.3 In vitro effect of IGF1 and Fsh on mRNA abundance of P450 side chain
cleavage
No significant differences in P450scc mRNA abundance were observed in CN
and PN stages of oocyte development, but in the OD stage, IGF1 significantly (F1, 12 =
6.69, P<0.05) increased P450scc mRNA abundance (Figure 4. 11).

Relative P450 Scc mRNA abundance
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Figure 4.11 In vitro effect of IGF1 (25 ng/ml), Fsh (25 ng/ml) and IGF1+Fsh on ovarian P450
side chain cleavage (P450Scc) relative expression from eel, Anguilla australis. Ovarian
explants were cultured for 4 days. Values are presented as means ± SEM, n = 4. Different letters
above columns show significant effect of Fsh whereas asterisks at the bottom represent
significant IGF1 effects. CN: chromatin nucleus, PN: perinucleolus, OD: oil droplet stage.

4.3.6.4 In vitro effect of IGF1 and Fsh on mRNA abundance of 11β-hydroxylase
No significant effect of either IGF1 or Fsh was observed on 11β-hydroxylase
mRNA levels in CN, PN or OD stages of development (Figure 4.12).
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Figure 4.12 In vitro effect of IGF1 (25 ng/ml), Fsh (25 ng/ml) and IGF1+Fsh on ovarian 11βhydroxylase relative expression from eel, Anguilla australis. Ovarian explants were cultured for
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4 days and no significant effect was observed. Values are presented as means ± SEM, n = 4.
CN: chromatin nucleus, PN: perinucleolus, OD: oil droplet stage

4.3.6.5 In vitro effect of IGF1 and Fsh on mRNA abundance of P450aromatase
In the CN stage of development, neither IGF1 nor Fsh showed any significant
effect on P450aromatase mRNA abundance. IGF1, but not Fsh, significantly increased
mRNA abundance of P450aromatase in PN (F1, 12 = 17.16, P<0.01) and OD (F1, 12 =

Relative P450aromatase mRNA
abundance

14.43, P<0.01) stages of development (Figure 4.13).
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Figure 4.13 In vitro effect of IGF1 (25 ng/ml), Fsh (25 ng/ml) and IGF1+Fsh on ovarian
P450aromatase relative expression from eel, Anguilla australis. Ovarian explants were cultured
for 4 days. Values are presented as means ± SEM, n = 4. No significant effect of Fsh was
observed. Asterisks at the bottom of columns represent significant IGF1 effects. CN: chromatin
nucleus, PN: perinucleolus, OD: oil droplet stage.

4.4

A
DISCUSSION

B

In this study I aimed to investigate the effects of metabolic signals on
previtellogenic ovarian steroidogenesis by prolonged administration of IGF1 in vivo and
in vitro. In vivo administration of IGF1 appeared ineffective in making changes to
ovarian morphology and the expression of steroidogenic protein genes. However, the
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results of in vitro experiments suggest an ability of IGF1 to stimulate gene expression of
ovarian steroidogenic proteins.

4.4.1 In vivo effects of IGF1
In this study, I aimed to increase the strength of metabolic signals in immature
previtellogenic eels. As far as I know, this is the first in vivo trial in which freshwater
eels are exposed to IGF1. I avoided injections of IGF1 in saline due to the potential
hypoglycemic shock that might ensue, since previous experiments in rainbow trout
found this approach to be lethal (Skyrud et al. 1989). Because the first pilot study did
not show significant results, I decided to repeat the experiment using eels in the OD
stage due to the anticipated higher sensitivity of the ovary to metabolic signals, as
revealed in Chapter 3 (see Section 3.3.2). Furthermore, instead of implanting into the
body cavity, the IGF1 pellet was placed into the dorsal muscle. Similar to the first trial,
I did not obtain evidence to suggest that IGF1 treatment affected the function of the GhIgf1 axis or that of any other end points I measured (Pilot study 2). Hence, I assumed
that the release of IGF1 from the cholesterol-cellulose matrix could be a problem.
The in vivo efforts in this study did not yield evidence for effect of IGF1 on
ovarian morphological change. Indeed, the effective release of IGF1 from the matrix is
not certain. Obviously, to gain insight into the efficiency of sustained-released delivery
of IGF1 from implants, it would be ideal to measure the level of IGF1 in the blood.
However, due to unavailability of an assay, I was not able to measure the blood IGF1
concentration. Instead, I examined effects through feedback of IGF1 on pituitary gh, an
approach previously applied by Lokman et al. (2010) in GH injected eels. I expected to
see a reduction in pituitary gh mRNA abundance in IGF1 treated eels.
The method of hormone administration (i.e. cellulose-cholesterol matrix) has been
well-established and is successfully used in the industry for administration of GnRH
analogues (Mylonas et al. 2001). Cocoa butter similarly, has been frequently used
successfully to change hormone levels in fish (Kline et al. 2008; McGuire et al. 2010;
Hoogenboom et al. 2011). Indeed, Sato et al. (1995) reported the efficient release of
peptide hormone in water-in-oil-in-water emulsion for administration in fish (Sato et al.
1995). On the other hand, injection of IGF1 with saline solution to juvenile brook trout
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(Salvelinus fontinalis) was not successful and animals suffered from hypoglycemic
shock at high dosage (Skyrud et al. 1989). Likewise, McCormick et al. (1992) reported
lethal effects of a high dose of IGF1 in coho salmon, whereas lower doses significantly
increased growth rate when mini-osmotic pumps were used to administer the hormone
(McCormick et al. 1992).
Alternatively, the dose of IGF1 and the duration of treatment may have been suboptimal. Eels were fasting during the experiments, yet body weight and pituitary gh did
not change significantly after 4 weeks. Indeed, eels would have used some of their fat
reserves during the fast. Throughout previtellogenesis, immature eels accumulate
considerable amounts of fat in their entire carcass, including the ovaries (Divers et al.
2010). Regarding the non-significant change of hepatic igf1 after 4 weeks in captivity
(Section 4.3.1 and 4.3.2), it is tempting to speculate that more than 4 weeks of captivity
was needed to see changes in morphology and hepatic igf1 and reduction in body fat
reserve. For example, in channel catfish (Ictalurus punctatus), it was shown that fasted
fish had significantly higher pituitary gh and lower hepatic igf1 after 40 days (Peterson
et al. 2009), while coho salmon showed a comparable effect of fasting after 9 weeks
(Yamamoto et al. 2011).
The third reason for lack of IGF1 effects in this study could be stress-associated
factors. The results from numerous studies have revealed an interaction between the
stress-responsive system and the metabolic axis in vertebrates. However, an evaluation
of stress and its interaction with effects of IGF1 was beyond the scope of this thesis. Cfos is closely linked with mediating the effects of IGF1 on growth (Ashcom et al. 1992;
Heidenreich et al. 1993). My findings show that captivity-induced fasting significantly
reduced c-fos mRNA abundance in the liver (c.f. Figure 4.6 C-D) but not in the ovary.
Moreover, it seems that exogenous IGF1 did not compensate for the negative effect of
fasting.
Igfbp3 has been known as a main binding protein in plasma for IGF1 and it has
been revealed that there is a direct relationship between levels of Igf1 and Igfbp3
(Walker et al. 2003). Similar to mammals, the liver has been identified as the main
source of Igfbp3 in fish (Cheng et al. 2002). The significant reduction of hepatic igfbp3
in the control, but not the treatment group, could be due to fasting and/or captivity-
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related stress. In this study, IGF1 prevented the significant reduction of hepatic igfbp3
mRNA in IGF1-implanted fish. This result suggests that the IGF1 implant was
successful in stimulating expression of the hepatic igfbp3 gene. Similarly, previous in
vitro and in vivo experiments identified stimulatory effects of IGF1 on expression of
IGFBP3 in rat growth plate chondrocytes (Kiepe et al. 2005). In zebrafish, injection of
IGF1 increased igfbp3 mRNA abundance (Chen et al. 2004). Likewise, the GH-induced
increase of igf1 in tilapia (Oreochromis mossambicus) led to a significant increase in
igfbp3 mRNA abundance (Cheng et al. 2002), presumably reflecting regulation of
bioavailability of Igf1, thus buffering the Igf1 reservoir (Baxter 2000; Walker et al.
2003). It is tempting to speculate that binding to Igfbp3 prevented IGF1 treatments to
affect morphometric and molecular end points in my in vivo trial.
I also compared the mRNA abundance of P450arom, the most likely regulated
steroidogenic enzyme in the ovary (Steinkampf et al. 1988; Roy et al. 1991; Paul et al.
2010), in shortfinned eel and GH-injected Japanese eel (Anguilla japonica) from a
previous study (see Lokman et al. 2010). Although no significant differences were
observed in either experiment, it seems that captive conditions lead to a marginal
reduction in ovarian P450arom mRNA abundance in shortfinned eel, whilst in the
Japanese eel, P450arom mRNA slightly, but not significantly, increased. There is no
clear explanation for this opposite trend; however, it may be possible to explain this in
the context of experimental conditions such as differences in husbandry, direct effects
of GH in ovary and/or developmental stage.

4.4.2 In vitro effect of IGF1
To evaluate the effect of IGF1 and Fsh on previtellogenic ovarian steroidogenesis
in vitro, ovarian fragments in CN, PN or OD stages of development were subjected to
organ culture in this study. Significant increases in c-fos mRNA abundance in the CN,
PN and OD stage for IGF1-treated groups suggest that the tissues could recognize the
ligand, results that are supported by previous observations on shortfinned eel (see
Lokman et al. 2007).
The rate-limiting step in the steroid biosynthetic pathway is transportation of
cholesterol into the mitochondria in steroid-synthesizing cells (Miller et al. 2011). This
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is mediated by the Star protein (Bauer et al. 2000). The regulatory mechanism behind
this step is not clear due to the fact that a variety of factors may contribute to the star
gene expression and Star protein activity (Miller et al. 2011). In mammals
(Balasubramanian et al. 1997) and birds (Johnson et al. 2001; Johnson et al. 2002;
Johnson et al. 2005), some studies have provided strong evidence to indicate that
cAMP-inducing factors (such as IGF1 and FSH) induce star gene expression
particularly in advanced stages of oocyte development. In teleost fish, likewise,
regulation of star expression has been mostly associated with gonadotropin hormoneinduced rises in plasma sex steroid levels. In this study, I found that in the PN stage, the
level of star mRNA increased in the presence of Fsh. This result confirms previous
findings in shortfinned eel (see Reid, 2010) in which Fsh, but not IGF1, significantly
increased star mRNA abundance in PN-stage ovaries. Moreover, when examining
findings from the pilot study, similar to the results from the main study, it seems that
star mRNA abundance remained roughly unchanged in the presence of IGF1. This
suggests that the star gene may not be responsive to IGF1 stimulation. In Chapter 3
(Section 3.3.3), I showed that star mRNA abundance did not change throughout
previtellogenesis, while serum sex steroid levels, along with ovarian sensitivity to
metabolic signals, increased. It should be noted that in teleosts, the ovarian star mRNA
level is normally low during previtellogenesis compared to later stages of oocyte
development (Nakamura et al. 2005). A positive relationship between star and pituitary
fshβ has been reported in coho salmon (Campbell et al. 2006) and seabass (Rocha et al.
2009) during previtellogenesis. Therefore it looks like star in ovaries from PV eels is
more strongly regulated by the gonadotropic axis (i.e., Fsh) than by metabolic signals
such as Igf1.
P450scc and star usually have comparable patterns of gene expression in
steroidogenic tissues. In this study, a marginal increase of P450scc mRNA abundance
was observed in the presence of IGF1 and Fsh. Information from mammalian studies
revealed the existence of several cAMP and IGF1-responsive elements on the P450scc
promoter (Urban et al. 1990; Urban et al. 1994; Urban et al. 1996; Urban et al. 2004;
Denner et al. 2010). Although there is limited knowledge regarding regulation of
P450scc gene expression in teleosts, it seems that IGF1 and Fsh have synergistic effects
on expression of P450scc. Kazeto et al. (2006) reported on significant increases in
P540scc mRNA abundance in salmon-pituitary-hormone (SPH) injected Japanese eel.

P a g e | 108

The previous results from mammalian oocytes in the preantral stage further show the
stimulatory effect of IGF1 and gonadotropins on P450scc mRNA abundance in the
ovary (Magoffin et al. 1990; Magoffin et al. 1993).
During previtellogenesis, levels of serum E2 significantly increased (see Section
3.3.4). Indeed, in order to synthesize E2, the “A” ring of ∆4 C19 steroids (e.g.
androstenedione or testosterone) needs to be aromatized, followed by immediate
removal of the methyl group at C19. This reaction is catalyzed by ovarian P450arom,
the product of the cyp19a1 gene in the ovary (see Figure 1.6). Numerous lines of
evidence from mammalian models revealed that in addition to GTHs, IGF1 has a strong
stimulatory role on the estrogen synthesis pathway either by stimulating activity of
P450arom or by increasing the mRNA level of cyp19a1 (Bergh et al. 1991; Armstrong
et al. 2002; Stocco 2008; Stocco 2011). Likewise, in teleosts, it seems that IGF1 and
GTHs have synergistic roles toward the production of estrogens in advanced stages of
oocyte development. In eels, E2 levels sharply increase with onset of vitellogenesis
(Lokman et al. 1998). In this study, significant increases in P450arom mRNA were
observed in the presence of IGF1 and Fsh in PN and OD stages of oocyte development.
These results reinforce the significant increases of serum E2 at a time that sensitivity of
the previtellogenic ovary to Igf1 increase (See 4.3.2). In addition, evidence from study
on rainbow trout (Oncorhynchus mykiss) revealed a significant stimulatory role of Igf1
on E2 levels during the previtellogenic and early vitellogenic stage by increasing
P450arom mRNA and protein activity (Kagawa et al. 2003; Nakamura et al. 2003;
Nakamura et al. 2005). In vitro results from preovulatory coho salmon similarly
suggested that IGF1 had stimulatory effects on E2 biosynthesis in granulosa cells, while
the production of androgen was reduced by IGF1 (Maestro et al. 1997).
11KT is a potent androgen, essential for spermatogenesis in eel testis. The
regulatory mechanism(s) of 11KT biosynthesis in female eels has remained a mystery,
although the eel ovary has been shown to be able to make 11KT in advanced (migratory
nucleous) stages of oocyte development (Matsubara et al. 2003). Interestingly, there is a
strong correlation between serum 11KT levels and cyp11b mRNA abundance in the
ovary (Matsubara et al. 2005). Less information, however, is available about regulation
of cyp11b gene (11β-hydroxylase) expression in female teleosts. Furthermore, it is
important to recognize, that 11KT can be of extra-gonadal origin as well (Mayer et al.
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1990; Cavaco et al. 1997). My results did not show any effects of IGF1 and/or Fsh on
the 11β-hydroxylase mRNA abundance. It should be noted that the assessment of the
regulation of activity of this enzyme may reveal more details about the source of 11KT
in previtellogenic eels. Regardless of activity of 11β-hydroxylase, 11KT could be
synthesized via another pathway in which the androstenedione is used as a precursor
and converted to 11-ketoandrostendione (Mindnich et al. 2005; Kazeto et al. 2011).
Androstenedione and testosterone are known to be produced by the eel ovary, however,
the role of extraovarian 11β-hydroxylase (e.g., in head kidney) for this conversion is
feasible. Unfortunately, there is no information available in this regard.
4.5

CONCLUSION
Steroidogenesis in the previtellogenic eel ovary is, at least in part, under the

control of metabolic and gonadotropic signals. As in mammals, IGF1 and Fsh show
synergistic effects in the teleost ovary. I did not observe strong effects of Fsh on mRNA
levels of steroidogenic proteins during previtellogenesis, but IGF1 seems to stimulate
increases in P450scc and P450arom mRNA abundances, which could point to increased
E2 synthesis, in vitro. In general, the findings of this study are in keeping with results
from the previous chapter in which I proposed a role of metabolic signals, rather than
gonadotropic signals, during early stages of oocyte growth in the eel.
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ABSTRACT
Sex steroids, such as androgens, have been proposed to play a role in regulating
the intra-gonadal IGF system during early stages of oocyte growth in mammals.
However, little is known about the regulation of the Igf system in fish gonads. In this
study, previtellogenic shortfinned eels (Anguilla australis) were subjected to the nonaromatizable androgen, 11-ketotestosterone (11KT) in vivo and in vitro, to investigate
regulation of Igf1 and Igf type1 receptor (Igf1r). Ovarian and hepatic transcript
abundances of igf1 and igf1r were quantified using high-throughput RNA-seq and
realtime PCR. Results from realtime qPCR suggested that 11KT did not affect
intraovarian igf1 and igf1r mRNA abundance. Transcriptome analysis, likewise, did not
show any significant effect of 11KT on igf1 and igf1r mRNA levels. Interestingly
however, RNA-seq revealed that 11KT could up-regulate insulin-like growth factor2
mRNA binding protein3 (igf2bp3) and insulin-like growth factor type2 receptor (igf2r)
in ovary. These results suggest that 11KT, whether directly or indirectly, may regulate
some components of the intraovarian Igf system in shortfinned eels.
5.1

INTRODUCTION
Insulin-like growth factors belong to the insulin-like superfamily, a cluster of

structurally related proteins that have been associated with controlling a wide range of
physiological and cellular processes (LeRoith et al. 1993; Duan 1997). The Igf system
in teleosts consists of several ligands (Igf1, Igf2, Igf3), two types of receptor (Igf1r and
Igf2r) and a series of binding proteins (Igfbp1-7). Insulin-like growth factor binding
protein-3 (Igfbp3) is the major carrier of Igf1 and mainly originates from liver. In
addition, there are a variety of proteins that are not structurally related to the IGF
system, but that have been widely associated with it due to their high affinity to
components of insulin-like peptides, such as insulin-like growth factor2 binding
protein3 (Igf2bp3) and insulin gene enhancer proteins. The liver is known as the major
source of circulatory Igf1, typically released in response to growth hormone from the
pituitary (Duan 1997; Carnevali et al. 2005). It is now well-established that in addition
to endocrine Igfs, local Igfs also play critical roles, such as proliferation and
differentiation of follicular cells and gonadal steroidogenesis in mammals (Adashi et al.
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1993; Adashi 1998). However, the factors regulating the intra-gonadal Igf system in
teleost fish, particularly during early stages of gametogenesis, are little understood.
In addition to pituitary Gh, various candidate factors, such as sex steroids, have
been proposed to control the Igf system (Hernandez 1995; Gioacchini et al. 2005; Wu et
al. 2007). For example, estradiol-17β (E2) and androgens (Wu et al. 2007) have been
shown to stimulate the intraovarian IGF system in rat (Hernandez 1995) and monkey
(Vendola et al. 1999a). It should be noted that in some female teleost fish, androgens
(i.e. 11KT) have profound physiological effects on a wide range of tissues (Borg 1994).
In eel, 11KT is detectable in serum at high concentrations (Lokman et al. 1998; Lokman
et al. 2002). Paradoxically, 11KT is a potent androgen synthesized in testis and strongly
involved in initiating and maintaining spermatogenesis (Miura et al. 1991). In addition,
11KT is involved in migration and silvering-related changes in female eels (Rohr et al.
2001; Lokman et al. 2003). 11KT has been shown to increase the diameters of
previtellogenic shortfinned eel oocytes in vitro (Lokman et al. 2007) and significantly
affect ovarian gene expression in previtellogenic Atlantic cod, Gadus morhua (Kortner
et al. 2008). Furthermore, 11KT has been associated with increasing ovarian lipid
content in eel (Matsubara et al. 2003; Endo et al. 2008; Divers et al. 2010). Indeed,
detection of androgen receptors (ar) in eel ovaries as well as in extraovarian tissues,
make interpretation of data more complex regarding direct or indirect effects of 11KT
on the eel ovary (Tosaka et al. 2010).
Interestingly, a strong association between the Igf system and sex steroids has
frequently been reported in numerous cancer types (Pandini et al. 2005), such as
prostate cancer (Yu et al. 2002; Pandini et al. 2007; Sisci et al. 2007; Genua et al. 2009;
Pandini et al. 2009). In parallel, a range of observations reinforces the idea that there is
a relationship between sex steroids and Igfs in teleost fish. In male salmon
(Oncorhynchus tshawytscha) for instance, significant increases of plasma Igf1 and
11KT are observed during sexual maturation (Campbell et al. 2003). In Japanese eel,
the Igf system has been shown to have synergistic effects with 11KT during
spermatogenesis (Nader et al. 1999). In the primate ovary, testosterone (T) and
dihydrotestosterone (DHT) significantly increased intraovarian levels of IGF1 and
IGF1R mRNA (Vendola et al. 1999a; Vendola et al. 1999b). Tilapia fry (Oreochromis
mossambicus) fed with 17α-methyltestosterone (MT) and DHT showed higher plasma
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levels of Igf1 and mRNA levels of hepatic igf1 (Riley et al. 2002a, b). In shortfinned
eel, the hepatic level of igf1 mRNA significantly increased in 11KT implanted fish
(Setiawan et al. 2007). Likewise, in coho salmon (Oncorhynchus kisutch) injected with
T and 11KT, plasma Igf levels were increased compared to those in control fish (Larsen
et al. 2004). On the other hand, a study by Davis et al. (2010) failed to find any
significant effect of 11KT on plasma Igf levels in tilapia fed with a diet supplemented
with 11KT (Davis et al. 2010). Using array technologies, a study by Kortner et al.
(2008) failed to show differential expression of Igfs in the presence of androgens in the
previtellogenic ovary of Atlantic cod. Unfortunately, it seems that no information is
available regarding regulation of intraovarian Igfs by androgen in the teleost ovary.
Next generation DNA sequencing technologies in recent years (as described in
Chapter 2) have profoundly affected genomic and transcriptomic studies. One of the
remarkable applications of transcriptome analysis by high-throughput sequencing
technologies is quantifying differential gene expression (RNA-seq) by estimating the
number of mapped reads per target gene. Indeed, this method has been recently
discussed as a suitable alternative for expensive and sometimes unreliable methods like
microarray in differential gene expression studies (Marioni et al. 2008).
In Section 3.3.7, I showed a significant correlation (r = 0.42, P< 0.01) between
the serum level of 11KT and ovarian igf1r mRNA abundance during previtellogenesis.
In this chapter, I aimed to answer the question whether 11KT can regulate the
intraovarian Igf system during previtellogenesis. This study consists of two Sections: Ain vivo and in vitro effects of 11KT on intraovarian igf system, the results from qPCR
and B- in vivo effect of 11KT on ovarian differentially expressed genes belonging to Igf
system, using RNA-seq techniques.
5.2

MATERIALS AND METHODS

5.2.1 Experiment A: effects of 11KT on intraovarian igf1 and igf1r mRNA levels in
vivo.
In March 2009, eels were subjected to routine implantation with slow-release
11KT for 2 weeks, using method essentially identical to those described in Section
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4.2.1. The tissues for this experiment were kindly donated by Dr. A.N Setiawan. Blood
analysis confirmed that 11KT levels were elevated in serum of treated fish. In addition,
significant morphological changes were detected and treated eels showed significant
increases in fshr mRNA levels. For full details and experimental design, please see
Setiawan et al. (2012).

5.2.2

Experiment B: effects of 11KT on intraovarian igf1 and igf1r mRNA levels,
in vitro.
Ovarian fragments from 12 eels in three different stages of previtellogenesis (n =

4 in each stage) were subjected to organ culture using the methodology described in the
previous chapter (Section 4.2.6); tissues from the same eels were used. Using 12-well
plates (2ml/well) ovarian fragments were submerged in culture medium (Leibovitz L15, supplemented with 0.1mM glutamic acid, 1.7mM L-proline, 0.1% BSA, bovine
insulin 0.1% and 10mM HEPES) containing 0 nM (control) or 100 nM 11KT for 4 days
at 20◦C. At the end of the experiment, tissues were harvested and flash frozen in liquid
nitrogen, followed by storage at -70ºC. RNA extraction, reverse transcription and
realtime qPCR for target genes were carried out as described in Section 2.2.3. Primer
sequences and qPCR conditions for igf1, igf1r and igfbp3 were as described in Sections
2.2.7 and 4.2.7.

5.2.3

In vivo effects of 11KT on differential expression of igf-related genes in the
ovary of shortfinned eel using next generation sequencing technology
Complementary DNA libraries were constructed from ovarian RNA of two

different eels in the PN stage, implanted with blank (30 mg, 95% cholesterol, 5%
cellulose) or 11KT-containing pellets (1 mg) for 2 weeks. As described in Section 2.2.2,
cDNA libraries were subjected to sequencing on an Illumina Hi-Seq2000™; this work
was contracted to the Beijing Genomics Institute, BGI, Shenzhen, China
(www.bgisequence.com). The short-read sequences (70 nucleotides) generated by
Illumina Hi-Seq2000™ were subjected to bioinformatics analysis. All analyses,
including Unigene assembly and annotation were carried out by BGI. Gene expression
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was quantified on the basis of “read per kb per million reads” (Mortazavi et al. 2008),
RPKM = (1*106*C)/(N*L*1000) in which “C” is the number of reads that uniquely
align to a specific Unigene, “N” is total number of reads of all Unigenes, and “L” is
number of bases on the target Unigene. Through use of this method, the effects of
differences in gene lengths and sequencing depth will be eliminated.

5.2.4 Statistical analysis
The qPCR data from Experiment A were analyzed using the Mann-Whitney U
test. Data from Experiment B were subjected to two-way nested ANOVA. All analyses
were done using SPSS 17.0 (SPSS Inc., Chicago, IL, USA) and results are presented as
means ± SEM. To test for significant differential gene expression of transcriptome
analysis, multiple comparison t-tests were run and the type 1 error was controlled using
the Benjamini and Hochberg (1995) approach; the False Discovery Rate (FDR) was set
as FDR ≤ 0.001 to determine the cutoff P value. To determine the up and down
regulated targets, if log2(11KT sample, RPKM / control sample, RPKM) < 1, then the
expression of the target gene is significantly changed in the 11KT sample.
5.3

RESULTS

5.3.1 Experiment A: effects of 11KT on intraovarian igf1 and igf1r mRNA levels, in
vivo
There were no significant differences in abundance of ovarian igf1r mRNA
between control and 11KT-treated groups (Figure 5.1 A). Similarly, ovarian igf1 mRNA
abundance did not differ among control and 11KT-implanted eels (Figure 5.1 B). The
hepatic igfbp3 mRNA abundance in 11KT-treated eels was significantly greater than
that in eels from the control group (U = 3.5, Z = -3.1, P = 0.01).

Relative ovarian igf1r mRNA
abundance
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Figure 5.1 Effects of 11-ketotestosterone (11KT) on ovarian insulin-like growth factor type1
receptor (A), insulin-like growth factor 1 (B) and hepatic insulin-like growth factor binding
protein 3 mRNACabundance from New Zealand shortfinned eel, Anguilla australis after 2 weeks
of sustained release exposure. Sample size = 8 and 9 for control and 11KT, respectively. ManWhitney U-test indicated that 11-ketotestosterone significantly increased hepatic igfbp3 mRNA
abundance in liver, while no significant differences were observed in igf1 and igf1r levels in
ovary. Significant differences are indicated by * (P<0.05).
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5.3.2 Experiment B: effects of 11KT on intraovarian igf1 and igf1r mRNA levels, in
vitro.
There was a tendency for igf1r mRNA abundance to decrease after 11KT
treatment (F1, 2 = 11.53, P = 0.068, Figure 5.2 A). No significant effect of 11KT was
observed on igf1 mRNA abundance (F1,

2

= 0.003, P = 0.94, Figure 5.2 B) mRNA

abundance in each stage of previtellogenesis. The fshr mRNA level significantly
increased by 11KT in all stages of previtellogenesis (F1, 2 = 80.499, P = 0.01) as shown
in Figure 5.2 C.

Relative fshr mRNA abundance

Relative igf1 mRNA abundance

Relative igf1r mRNA abundance
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Figure 5.2 Effects of 11-ketotestosterone (100 nM) on ovarian insulin-like growth factor type1
receptor (A), insulin-like growth factor1 (B) and follicle stimulating hormone receptor (C)
mRNA abundance in ovaries from New Zealand shortfinned eel, Anguilla australis, at different
stages of previtellogenesis in vitro. Values are presented as means ± SEM (n = 4). Columns
with asterisks are significantly different from their respective controls (P<0.05). Closed bars
represent 11KT treatments and open bars represent controls.
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5.3.3 Differential gene expression of igf system; results from transcriptome analysis
The number of reads (i.e., sequencing depth) generated for the sample from the
vehicle-treated eel was 9,815,270 and that for the 11KT-treated eel was 5,442,804 raw
reads. No transcripts of igf1 and igf1r were detected in ovarian samples from either
blank-implanted or 11KT-implanted eels and therefore, assessment of differential
expression using transcriptome data was not possible. However, the RPKM data for
several genes related to the Igf family, such as insulin gene enhancer protein 2a (isl2a),
insulin-like growth factor 2 mRNA binding protein 3 (Igf2bp3) and insulin-like growth
factor type2 receptor (igf2r) were identified and their mRNA prevalence was compared
between treatment. Table 5.1 lists the Igf-related Unigenes for which the mRNA levels
in the ovary were significantly affected in the eel treated with 11KT for 2 weeks. Other
genes related to the Igf system were not significantly different between the two
treatment regimes (see Appendices 5.1 and 5.2).
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Table 5.1 Transcript abundance of genes that are differentially expressed in the ovary of previtellogenic shortfinned eel (Anguilla australis)
following exposure for 2 weeks to implant that did not (placebo) or that did contain 1 mg 11-ketotestosterone (11KT). Transcript abundance is
presented as read per kilobase per million reads, RPKM; the Unigene number refers to a specific contig. To control for type 1 error, the False
Discovery Rate was set as FDR ≤ 0.001.

Gene name

Unigene number

Insulin-like growth factor 2 mRNA- 1561
binding protein 3
Insulin gene enhancer protein 2a
Insulin-like
receptor

growth

factor

12957
type2 23168

Placebo
RPKM

11KT RPKM

P value

FDR

1.82

4.40

7.82E-06

8.02E-05

3.89

13.91

4.54E-14

1.57E-12

0

8.20

2.38E-05

2.17E-04
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5.4

DISCUSSION
This study aimed to understand the role of 11KT in regulating the intraovarian Igf system

in the shortfinned eel during previtellogenesis. Findings from my in vivo and in vitro experiments
indicated that this role is not likely to be particularly significant at the local level (ovary).
However, at the organismal level, 11KT may be involved in regulation of Igf1 bioavailability by
increasing hepatic igfbp3 mRNA in the previtellogenic shortfinned eel.
There are a considerable number of studies that clearly show that 11KT can profoundly
affect the physiology of immature eel (Rohr et al. 2001; Lokman et al. 2007; Divers et al. 2010;
Tosaka et al. 2010; Sudo et al. 2011). Our previous observations (Setiawan et al. 2012), using the
same fish, clearly showed that eels recognized and responded to 11KT treatments. However, my
data from in vivo experiment did not show any significant effect of 11KT on mRNA abundance
of either igf1 or igf1r. Likewise, data from my in vitro trials confirm that 11KT does not affect
mRNA abundance of igf1 or igf1r.
The previous findings in our laboratory showed a significant increase in hepatosomatic
index (Setiawan et al. 2012) and in plasma levels of Igf1 in 11KT-implanted eel (Algie 2008).
These results are in keeping with the significant increase in mRNA levels of hepatic igfbp3 in
11KT-implanted eels from this study. In addition, findings on coho salmon (Oncorhynchus
kisutch) in which exogenous androgens (T and 11KT) significantly increased plasma Igf1 and
Igfbp3 (Larsen et al. 2004), reinforce the notion that systemic Igfs are highly responsive to
androgens in teleost fish. In this study, it is not possible to conclude whether increases in levels of
hepatic igfbp3 mRNA reflect direct and/or indirect effects of 11KT, as androgen receptors have
been found in a wide range of tissues in teleost fish (Ikeuchi et al. 1999; Todo et al. 1999;
Ikeuchi et al. 2001; Olsson et al. 2005; Hossain et al. 2008; Tosaka et al. 2010) and 11KT has
been related to numerous extra-hepatic physiological events in eel (Lokman et al. 2003). In fact,
IGF1 has been coined as one of the most potent regulators of hepatic Igfbp3 in mammalian
studies (Baxter 2000; Kiepe et al. 2005). Therefore, it is reasonable to assume that modulation of
igfbp3 by 11KT is mediated by Igf1 (see also Section 4.3.3), rather than being a direct effect of
11KT on the liver.
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The lack of any clear effect of 11KT on ovarian igf1 and igf1r mRNA abundance in vivo
was reinforced by my findings on ovarian tissue incubated in vitro. Compared to the EV stage,
eel ovaries in PV stages have lower mRNA levels of androgen receptors (ar), as was shown in
Section 3.3.3. Lokman et al. (2007) reported on the presence of an additive effect of 11KT and
Igf1 in stimulation of previtellogenic eel oocytes in vitro. However, the authors did not mention
whether stimulatory effects of 11KT could, at least in part, be modulated by stimulation of
intraovarian Igf1. The results of this study suggest that regulation of ovarian igf1 and its
corresponding receptor, igf1r, mRNA level is unlikely to be modulated by 11KT during
previtellogenic stages of oocyte development. The significant increase in fshr mRNA level in this
study clearly indicated that the ovarian fragments responded to 11KT treatment, which is parallel
to results from Setiawan et al. (2012).
In Chapter 3, I reported a significant positive correlation between the serum level of 11KT
and ovarian mRNA abundance of igf1r. Based on the results obtained in the present study, it is
tempting to speculate that the serum level of 11KT and the intraovarian Igf system are controlled
by different regulatory factors during previtellogenesis and/or that 11KT does not play a role in
regulating the intraovarian Igf system during previtellogenesis. This is in contrast with
observations from mammalian studies which have implicated androgens in stimulating the
ovarian IGF system, both in vivo and in vitro (Vendola et al. 1999a; Vendola et al. 1999b). A
possible explanation for the lack of a significant effect of androgens on igf1 and igf1r mRNA
level in my study relates to animal species and the stage of oocyte development. In seabream, it
has been shown that E2 inhibits the ovarian Igf system during the pre-reproductive period but it
can significantly stimulate the Igf system in the reproductive period (Gioacchini et al. 2005). In
this context, it is important to mention that in eel plasma, the level of 11KT dramatically rises just
before or at the onset of puberty, coinciding with the animal’s preparation for a long distance
oceanic migration.
In this study, eel ovarian transcripts were subjected to high-throughput sequencing
technology (RNA-seq technique). RNA-seq analysis is one of the most applicable and affordable
newly developed technologies for studying differentially regulated genes (Oshlack et al. 2010).
However, it should be noted that the reliability of RNA-seq assay is dependent on various factors,
such as experimental design, depth of sequencing and data normalization procedure (Robinson et
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al. 2010; Young et al. 2010; Tarazona et al. 2011; Ying et al. 2011). Indeed, the reliability of
RNA-seq data from only one replicate fish arguably meets with skepticism.
Although data from the present experiment stems from one replicate, it is worth mentioning
that my results are based on an average animal and can be considered a true representative of the
eel population. In order to obtain accurate quantification, it has been suggested that in
mammalian studies, approximately 700 million raw reads would be required to detect >95% of
expressed transcripts (Blencowe et al. 2009). Mortazavi et al. (2008) proposed the most accurate
method would be to estimate the RPKM, as it takes into account that amount of raw reads
affected by concentration of samples, length of the target gene and depth of sequencing
(Mortazavi et al. 2008). Therefore, in this study I focused on RPKM to detect the differentially
expressed genes. However, it should be noted that most genes have more than one splice variant,
and therefore, using the RPKM approach does not preclude a certain degree of inaccuracy (Jiang
et al. 2009). In this study, comparison of RPKM among differentially expressed genes suggests
that insulin-like growth factor 2 mRNA-binding protein3 (igf2bp3), insulin gene enhancer protein
2a (isl2a) and insulin-like growth factor type2 receptor (igf2r) are up-regulated by 11KT in the
previtellogenic eel ovary.
Insulin-like growth factor2 mRNA-binding protein3 encodes an oncofetal protein known as
IMP3 (Zheng et al. 2008). IMP3 is an mRNA binding protein belonging to the VICKZ family
(Yisraeli 2005), also known as Vg1 RNA-binding protein (Vg1-RBP) in Xenopus (Zhang et al.
1999). VICKZ proteins have been associated with RNA trafficking, translational control and
RNA stability in addition to cellular polarity, migration and proliferation (Alarcon et al. 2001).
Vg1-RBP is detected in early stages of oocyte growth in the Xenopus ovary (Rand et al. 2007). In
fact, IMP3 binds to the 5’untranslated region of igf2 (Liao et al. 2005), repressing the translation
rate. IMP3 has also been strongly associated with different types of human cancer (Jeng et al.
2008; Findeis-Hosey et al. 2011; Findeis-Hosey et al. 2012). In this study, 11KT significantly
increased igf2bp3 mRNA abundance. Therefore, it seems reasonable to assume that 11KT
(directly and/or indirectly) could play a role in improving mRNA stability and translation rate of
Igf2 in the teleost ovary. Indeed, previtellogenesis is known as a stage of considerable RNA
synthesis in the ovary (Tyler et al. 1996; Babin et al. 2007) and at least a proportion of this RNA
pool is believed to be used by the oocyte in later stages of development. Thus, one possible role
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of 11KT may relate to increasing RNA stability and to control translational activity in the oocyte
during previtellogenesis (Liao et al. 2011). A role of sex steroids in improving mRNA stability of
the IGF system has already been suggested in humans (Huynh et al. 1996). Interestingly, the
level of IMP3, along with the mRNA level of several oncogenes, increases in numerous
pathological conditions (Findeis-Hosey et al. 2011). Unfortunately, there is no information
regarding the function of this protein in fish. To my knowledge, this is, in fact, the first study
reporting on the stimulatory effect of androgen on an mRNA binding protein in fish.
In addition to igf2bp3, transcriptome analysis revealed that insulin enhancer binding protein
(Isl2a) mRNA abundance increased by 11KT in the shortfinned eel ovary. Insulin enhancer
binding protein was discovered in rat pancreatic cells (Karlsson et al. 1990) and, soon after, was
identified in numerous endocrine and non-endocrine organs from a variety of species, including
teleost fish (Dong et al. 1991; Thor et al. 1991; Gong et al. 1995). Insulin enhancer binding
proteins are encoded by a cluster of genes that has been well-conserved through evolution. In
fact, Isl2a is a transcriptional factor belonging to the LIM protein family (a family of proteins
containing a homeobox domain) which binds to a consensus sequence in the promoter of its
target gene(s). The exact role of the insulin enhancer binding protein is still unknown, but it has
been associated with cell proliferation, differentiation and particularly, the developing nervous
system during vertebrate embryogenesis (Li et al. 2007; Shi et al. 2009). The target gene(s) of the
insulin enhancer binding protein in teleost oocytes remain(s) unknown. Nevertheless, the
discovery of this gene in the eel ovary leads me to conclude that this gene might play a role
during early stages of oocyte growth.
In addition to igf2bp3 and isl2a, transcriptome analysis suggested that igf2r is up-regulated
by 11KT in the previtellogenic eel ovary. Igf2r, also known as the cation-independent mannose
6-phosphate receptor, acts as a multifunctional protein in vertebrates (Morgan et al. 1987).
Contrary to Igf1r, only limited information is available on this receptor. IGF2R has been
associated with scavenging extracellular protein, particularly IGF2, and intracellular protein
transportation toward lysosomes (Ghosh et al. 2003). Emerging evidence from mammalian
studies indicates that Igf2r may be involved in various physiological and cellular processes, such
as cell motility (Minniti et al. 1992), differentiation (Rosenthal et al. 1994), apoptosis (Louafi et
al. 2003) and angiogenesis (Volpert et al. 1996). In this study, I found ovarian igf2r mRNA level
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to increase following in vivo exposure for two weeks with 11KT in shortfinned eel. Again, it is
not clear if this increase is due to the direct or indirect action of 11KT on the ovary. Interestingly,
a role for IGF2R in the mammalian reproductive system was previously proposed because
Tsuruta et al. (2000) found that IGF2R modulates paracrine signals between Sertoli cells and
spermatogonia during spermatogenesis; this signaling, in turn, leads to an increase in ribosomal
RNA content in spermatogonia (Tsuruta et al. 2000). Although the interpretation of my data is
not straight forward at this point in time, it is of interest that the massive increase in RNA
synthesis during previtellogenesis in fish, reported on several occasions, coincides with the
11KT-induced increase in igf2r mRNA level.
Regarding the scavenging and intra-cytoplasmic protein trafficking role of IGF2R (Ghosh
et al. 2003), a role for Igf2r in cellular endocytosis and therefore, clearance of some extracellular
proteins, provides an alternative explanation. It should be noted that in addition to Igf2, Igf2r can
bind to a variety of M6P-glycoproteins, such as some growth factors and members of the
transforming growth factor-β family (Purchio et al. 1988). Therefore, it seems that modulation of
Igf2r, a protein with probably more than one function, is part of the ovarian response to androgen
(i.e. 11KT) in eel. Further research may reveal more details about the roles and regulation of
Igf2r by sex steroids.
5.5

CONCLUSION
In conclusion, my data suggest that 11KT in previtellogenic shortfinned eel can increase

igfbp3 in liver whereas a role in the stimulation of intraovarian igf1 and its cognate receptor, igf1r
is less likely. The obvious response of previtellogenic ovaries to 11KT was an increase in ovarian
fshr mRNA abundance. As with my in vitro findings, results from the transcriptome analysis did
not provide evidence to indicate any effect of 11KT on intraovarian igf1 and igf1r. However,
11KT was found to increase the mRNA abundance of a few genes associated with the Igf system
such as igf2bp3, isl2a and igf2r. This is possibly a reflection of increased RNA stability and/or
protein degradation pathways in the oocyte and adds further strength to the notion that the
androgen 11KT has diverse effects on ovarian physiology in the eel.
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6
GENERAL DISCUSSION
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Teleost fish present a magnificent variation in their reproductive strategies (see Cerdà et al.
2007; Nelson 2006). There are several common features of endocrine regulation between
oogenesis in mammals and teleost fish (see review by Jalabert 2005). However, because
oviparous species need to provide all the essentials for embryo development in their egg, the
process of oogenesis is considerably energy demanding in these species. Thus, in contrast to
eutherian mammals, the endocrine system in egg-lying species has evolved to make the egg a
complete package of nutrients and hormones. Previtellogenesis is known as a period of follicular
development in which the oocyte acquires competency to accumulate yolk proteins in the
ooplasm (Tyler et al. 1996). During previtellogenesis, the oocyte is in close communication with
the external environment through paracrine/autocrine and endocrine networks of hormones that
leads to a significant increase in oocyte size as I showed in Chapter 3. The few published papers
about endocrine regulation of previtellogenic oocyte growth have focused on species such as
coho salmon (Campbell et al. 2006; Luckenbach et al. 2008; Luckenbach et al. 2011) and
Atlantic cod (Kortner et al. 2008;Kortner et al. 2009; Kortner et al. 2009) which are
phylogenetically distant from the eel. For the first time, Lokman et al. (2007) examined effects of
several peptide hormones from the metabolic axis on the previtellogenic oocyte diameter in vitro
and reported stimulatory effects of Igf1. Therefore, on the basis of those findings, this thesis
further investigated this issue and provided evidence in support of the notion that the early stage
of oocyte growth is strongly correlated with the somatotropic axis in teleost fish (Chapter 3).
Results of this study clearly show that growth hormone and Igf1 (Gh-Igf1), in addition to
members of the transforming growth factor beta (TGFβ) family and the sex steroids are, at least
in part, involved with hormonal regulation of previtellogenesis in New Zealand shortfinned eel.
Interaction between the growth and reproductive axes is well-documented in a variety of
mammalian species (Adashi 1995; Baird 2000; Le Roith et al. 2001; Chandrashekar et al. 2004).
Likewise, in teleost fish, results from a wide range of studies revealed that there is a relationship
between the somatic and reproductive axes with onset of puberty (see review by Taranger et al.
2010). However, the factors that modulate cross-communication between these axes are not well
identified. In this context, a role of the Gh-Igf1 axis has been identified in priming the oocyte in
advanced stages of oocyte development through stimulation of steroidogenesis and promoting
oocyte maturation in several fish species (see review by Reinecke 2009). In line with an original
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study on coho salmon, Oncorhynchus kisutch (Campbell et al. 2006), Chapter 3 of this study
provides further support that there is cross-talk between the somatic axis and the previtellogenic
ovarian follicle. Clear signs of this relationship in the shortfinned eel are evident even at the
morphometric level as I observed a strong correlation between oocyte diameter and body weight.
In contrast to observations in coho salmon (Campbell et al. 2006), increasing transcript
abundances of growth hormone receptor, ghr1, and igf1r in shortfinned eel suggest that ovarian
sensitivity to metabolic signals increases as oocyte development advances through
previtellogenesis. This trend is in parallel with accumulation of significant amounts of
intraovarian fat (Lokman et al. 2007; Endo et al. 2008; Divers et al. 2010; Endo et al. 2011). The
fat storage can be an indication of the direction of flow of energy toward previtellogenic ovaries.
Similarly, body fat has been closely related to initiation of puberty in male Chinook salmon
(Shearer et al. 2000).
The role of the pituitary in early oocyte growth is still controversial. Igf1 has been
implicated in oogenesis through stimulatory effects on pituitary gonadotropins in eel (Huang et
al. 1998) and salmon (Luckenbach et al. 2010). In this study, I did not find a significant
correlation between either intraovarian or hepatic igf1 mRNA and pituitary fshβ mRNA (Chapter
3). However, the question still remains whether Igf1 can initiate puberty through stimulation of
kisspeptin neurons in the eel brain (see Figure 1.3). Recent evidence shows that IGF1 stimulates
KISS-1 gene expression in the human hypothalamus (Hiney et al. 2010).
In addition, a role for growth hormone is frequently reported during oogenesis of mammals
(Le Roith et al. 2001; Chandrashekar et al. 2004) and fish (Legac et al. 1993; Gomez et al. 1999;
Perez-Sanchez et al. 2002; Reinecke et al. 2005). Increasing levels of ghr in the previtellogenic
ovary of the shortfinned eel suggest that previtellogenesis is directly under control of growth
hormone. However, a previous study in shortfinned eel did not find any effect of GH on the
diameter of previtellogenic ovarian follicles, in vitro (Lokman et al. 2007).
To gain an insight into molecular conservation of the Igf system in shortfinned eels, I
described the primary structure of Igfs (Igf1 and -2) and Igf1r in the light of genome duplication
and diversity of the Igf system in teleost fish (Chapter 2). As expected, the general structure of
Igfs and Igf1r was highly conserved in the shortfinned eel, as in other teleost species. My results
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further support the notion that in teleosts a genome and/or gene duplication event occurred and
thus, the Igf system in teleost fish appears more diversified than that in mammals (Le Roith et al.
1993; Jaillon et al. 2004; Froschauer et al. 2006; Moghadam et al. 2007). In this regard, a novel
finding from this study is the identification of igf1b, a paralogue for igf1. To my knowledge,
Igf1b has not been reported from other vertebrate species so far. Furthermore, observations on
two subtypes of Igf1, -2 and Igf1r and three subtypes of the insulin receptor add more evidence to
the theory of genome duplication (Chapter 2). An interesting question arises as to whether there
are more genes and/or transcripts of Igfs to be identified in the shortfinned eel. Regardless, there
are several aspects of Igf1b such as specific functionality, regulation of gene expression and
affinity to its receptors that remain to be clarified in future research.
As in mammals (Adashi 1995), in teleost fish the Igf system has either systemic (liver
originated) and/or local (ovarian and other non-hepatic) origins (see Duan 1997). In shortfinned
eel, as in other teleosts, Igf1r operates in a wide range of organs, as evident from the igfr1 tissue
distribution (Chapter 2). Indeed, expression of at least three transcripts of igf1 (i.e., igf1ea1, -ea2
and igf1b), two transcripts of igf2 (i.e. igf2-1 and -2), two transcripts of igf1r (igf1ra and -b), in
addition to three transcripts of insulin receptor (inra, -b and -c) suggests that there is a complex
network of Igf signaling in the eel ovary. Given that hybrid receptors are known to exist
(Moxham et al. 1992; see also Figure 1.4), there is a possibility that 9 different Igf1r isoforms
(i.e., Igf1ra/Igf1ra, Igf1rb/Igf1rb, Igf1ra/Igf1rb, Igf1ra/Inra, Igf1ra/Inrb, Igf1ra/Inrc, Igf1rb/Inra,
Igf1rb/Inrb and Igf1rb/Inrc) are implicated in mediating the Igf signal; moreover, these receptors
can, at least in theory, be activated by four ligands (Igf1a, Igf1b, Igf2-1 and -2) in the ovary.
Adding insulin and the insulin receptor to the signaling network makes for a very complex Igf
signaling network. Obviously, the investigation of function and regulation of each member of this
network was out of the scope of this thesis. However, awareness of this diversity may open a new
window for future research about functional diversity and perhaps, functional redundancy, of the
Igf system in teleost fish (Ohlsson et al. 2009; Gronke et al. 2010).
During previtellogenesis the oocyte actively communicates with its somatic envelope. A
clear sign for this communication is the presence of channels between the oocyte and its somatic
layer (see Figure 1.2 B-4). This communication is also evident at the molecular level through
expression of oocyte-specific growth factors, such as Gdf9 and Bmp15 (Knight et al. 2003;
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Lankford et al. 2010). In this study, I examined changes in gene expression during
previtellogenesis, i.e., in chromatin nucleus (CN), perinucleolus (PN) and oil droplet (OD) stages.
My results revealed a strong correlation between mRNA abundance of gdf9, bmp15 and oocyte
diameter from the CN to OD stage (Chapter 3). In addition, I showed that gdf9 is strongly
correlated with intraovarian ghr, igf1r and with serum levels of 11KT. What factor(s) regulates
expression of ovarian gdf9 in eel is still an open question. Reid et al. (2010) found that neither
gonadotropic (Lh and Fsh), nor somatotropic (Gh and Igf1) signals had any effect on gdf9 mRNA
expression in shortfinned eel in vitro. Likewise, a study by Lokman et al. (2010) failed to show a
significant effect of Gh or 11KT on gdf9 mRNA expression in shortfinned eel ovary, but the
authors suggested that the Gh-Igf axis probably interacts with stress-induced reduction of gdf9
expression in eel. Identification of the role of Gdf9 and regulatory mechanism of gdf9 and its
receptor gene expression in previtellogenic shortfinned eel ovary is currently under further
investigation in our laboratory.
Aside from the complex intraovarian Igf network and its relationship with TGFβ peptides,
it is evident that as the oocyte develops through previtellogenesis, the concentrations of E2 and
11KT increase in the circulatory system (Chapter 3). E2 has been shown to have stimulatory
effects on early follicular development in mammals (Britt et al. 2004). In teleosts, E2 has been
shown to play a major role during vitellogenesis through its stimulatory effects on hepatocytes
(Bromage et al. 1982; Blythe et al. 1994; Prisco et al. 2008; Bugel et al. 2011; Jamalzadeh et al.
2012). Lokman et al. (1998) reported a sharp increase in E2 levels with initiation of
vitellogenesis in the eel; however, in vitro experiments did not show any effect of E2 on diameter
of previtellogenic oocytes of the eel (Lokman et al. 2007), whereas in coho salmon, the cortical
alveolus stage was associated with increases in E2 levels in vivo (Campbell et al. 2006) and in
vitro (Forsgren et al. 2012). Thus, the involvement of E2 in stimulating previtellogenic oocyte
growth is not yet clear. In vitro experiments described in Chapter 4 revealed that Igf1
significantly increased P450aromatase mRNA abundance. This result supports the notion that
ovarian E2 production is, at least in part, under direct regulation of metabolic signals (i.e., Igf1)
during previtellogenesis. My observation can further be supported by several studies that revealed
the positive effect of Igf1 on E2 synthesis during advanced stages of oogenesis (Maestro et al.
1997; Kagawa et al. 2003; Nakamura et al. 2003; Nakamura et al. 2005).
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11KT is a non-aromatizable sex steroid that is involved in regulating spermatogenesis in
male fish (Miura et al. 1991). However, 11KT has also been reported to be detectable at high
levels (Chapter 3) in serum of immature female shortfinned eels and several other teleost species
(Lokman et al. 1998; Lokman et al. 2002). Matsubara et al. (2003) showed that the eel ovary in
advanced stages of development is capable of synthesizing 11KT in vitro. However, given the
poorly developed theca and granulosa cells in the previtellogenic stage, it is less likely that the
ovary is the sole source of 11KT in the shortfinned eel. The results from Chapter 4 failed to
identify any significant effects of Igf1 on mRNA abundance of 11β-hydroxylase, the key
steroidogenic enzyme for 11KT synthesis (see Figure 1.6). This result is indirectly in agreement
with previous findings from Algie (2008) who found that the plasma concentration of Igf1 in
shortfinned eels remained stable from the previtellogenic to early vitellogenic stage, whereas
levels of 11KT dramatically increased in the early vitellogenic stage. Thus, it seems that Igf1
does not affect 11KT synthesis, at least in previtellogenic shortfinned eels. The regulatory factors
and source(s) of 11KT in previtellogenic shortfinned eel remain a puzzle for further research.
The exact role of 11KT is not clear in female teleosts. In Atlantic cod (Gadus morhua),
studies revealed that 11KT increased mRNA expression of steroidogenic proteins in the
previtellogenic ovary in vitro (Kortner et al. 2008; Kortner et al. 2009). In eel, it has been shown
that 11KT significantly increased previtellogenic oocyte diameter, both in vitro (Lokman et al.
2007) and in vivo (Rohr et al. 2001; Sudo et al. 2012). It is almost certain that 11KT dramatically
affects physiology of female eels during silvering, concomitantly with onset of puberty (see Algie
2008). Furthermore, 11KT has also been known to have a role in a wide range of physiological
processes in female teleosts (reviewed by Lokman et al. 2003). Our research group recently
proposed that 11KT increases ovarian sensitivity to follicle-stimulating hormone, Fsh, through
up-regulating the Fsh receptor, fshr, in the previtellogenic ovary (Setiawan et al. 2012). Results
from a study by Divers et al. (2010) revealed that 11KT can promote lipoprotein lipase
stimulation of ovarian lipid uptake in eel ovary. In the Japanese eel, Anguilla japonica, 11KT has
been shown to stimulate ovarian lipid accumulation (Endo et al. 2008). Therefore, it seems that
11KT is a multifunctional sex steroid in immature shortfinned eels and that its function is related
to metamorphosis, oogenesis and lipid physiology. Surprisingly, however, androgen receptor
transcript abundances did not significantly change during different stages of previtellogenesis
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(Chapter 3), whilst a sharp increase was evident at the early vitellogenic stage. It is, therefore,
desirable to examine the organ sensitivity, for example pituitary, brain and liver, to 11KT during
different stages of previtellogenesis to further investigate functions of 11KT.
Synergistic in vitro effects of 11KT and Igf1 have been reported during previtellogenesis in
the New Zealand shortfinned eel (Lokman et al. 2007) and during spermatogenesis in male
Japanese eels (Nader et al. 1999) and tilapia, Oreochromis niloticus (Tokalov et al. 2005).
Interestingly, in mammals it has been shown that androgen can stimulate expression of the
intraovarian Igf system in preantral follicles (Vendola et al. 1999a; Vendola et al. 1999b). In this
context, results from Chapter 5 of this study revealed that 11KT has no effect on mRNA
abundance of intraovarian igf1 and igf1r. However, the hepatic Igf system seems to be responsive
to 11KT, as liver igfbp3 increased in 11KT-treated eel (Chapter 5). Previous observations in our
laboratory also hinted at increases of hepatic igf1 mRNA in 11KT-treated shortfinned eels
(Setiawan et al. 2007).
As mentioned above, in shortfinned eel, considerable amounts of fats accumulate both
within the oocyte and between oocytes during previtellogenesis. The source of these lipids in eel
is unclear, but the liver is suggested as a main provider of very low density lipoproteins (VLDL)
that package most lipids in eel serum (Divers et al. 2010). Interestingly, Igf1 l has been shown to
promote lipid synthesis in mammals (Etherton et al. 1986; LeRoith et al. 2007). Recently, it was
suggested that lipogenenic effects of Igf1 are mediated through increased expression of sterol
response element-binding protein-1, SREBP-1 (Smith et al. 2008). SREBP is a transcription
factor that regulates numerous genes involved in lipid biosynthesis (Zhao et al. 2012) through the
Akt pathway-mTOR complex (Bakan et al. 2012; Hagiwara et al. 2012), a downstream target of
the Igf1 pathway (see Figure 1.5). Unfortunately, there is no available information regarding the
role of Igf1 and its possible effects on SREPB-1 in fish. Thus, whether Igf1 can affect the liver
(as a provider of fat) or ovary (as a receiver of fat) or both, remains an open-ended question.
Further research is needed to reveal if the synergistic effects of 11KT and Igf1 are mediating lipid
homeostasis in the ovaries of shortfinned eels.
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CONCLUSION
In conclusion, the results of this thesis show that during previtellogenesis, oocyte size
significantly increases and is highly related to body weight and components of the growth and
metabolic axes. These results highlight the importance of intraovarian gdf9 and bmp15 in
previtellogenic oocyte growth, concomitant with increasing ovarian sensitivity to the Gh-Igf1
axis as previtellogenesis proceeds. The primary structure of the Igf system is highly conserved in
shortfinned eel, and the presence of different subtypes of Igf1, -2 and their receptors reflects
enormous functional diversity of the Igf system in the eel ovary. Although 11KT is closely
related to previtellogenic oocyte growth, there is probably no relationship between 11KT
synthesis and regulation of igf1 and igf1r in previtellogenic shortfinned eels at the ovarian level.
Igf1 has a role in priming steroidogenesis toward E2 production, but not 11KT. In general, the
results of this thesis highlight the importance of metabolic signals to promote early oocyte growth
in immature teleost fish.
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APPENDICES

Appendix 2.1 Sample preparation protocol for High throughput sequencing.
Total ovarian RNA was isolated (Oligotex mRNA Mini Kit, Qiagen, Hilden, Germany) and
0.5 µg was reverse transcribed into single-stranded cDNA in a 20 µl reaction volume using
Invitrogen's Superscript III and an anchored oligo-dT primer with an adaptor sequence overhang
(SmartTMRACE cDNA Amplification Kit, Clontech). Following inactivation of the reverse
transcriptase (70ºC, 15 min), nucleic acids were precipitated by adding 1 µl glycogen (1 mg/ml in
0.2 M EDTA), 70 µl DW, 10 µl 3 M NaOAc and 250 µl of 100% EtOH. Reagents were mixed,
cooled at -70 ºC and centrifuged in a bench top centrifuge (4 ºC, 30 min, 14,000 rpm). The
resulting pellet was gently washed with 70% EtOH, dried, and dissolved in 62 µl DW.
Double-stranded DNA was synthesized after addition of 8 µl of 10x E. coli DNA ligase buffer
(Invitrogen), 4 µl BSA (1 mg/ml), 1 µl of 10mM dNTP, 30 U E. coli DNA polymerase I
(Invitrogen), 20 U RNase H and 10 U E. coli DNA ligase (Invitrogen), in a final volume of 80 µl.
The mixture was incubated at 14 ºC for 70 min, then at 22 ºC for a further 80 min, after which
enzymes were inactivated (70 ºC, 15 min). Nucleic acids were precipitated in ethanol (2.5 vol)
and NaOAc (0.1 vol) and the residue was dissolved in 77 µl DW. Finally, overhangs on the
dsDNA were blunt-ended by addition of 20 µl of 5x DNA polymerase buffer, 1 µl of 10
mMdNTP and 10 U of T4 DNA polymerase and subsequent incubation at 16 ºC for 30 min. The
mixture was subjected to two rounds of phenol-chloroform-isoamyl alcohol (25:24:1) extraction
and precipitation in ethanol before reconstitution of the residue in 10 µl DW.
Samples were sent on dry ice to the sequencing contractor (Beijing Genomics Institute, Hong
Kong) for high throughput sequencing on an IlluminaHiSeq 2000. A total of 5 Gb of sequence
data was generated (2 Gb each from the EV eel and the control PV eel, and 1 Gb from the 11KT
implanted eel). The sequences were combined for de novo assembly of contigs. The number of
reads that mapped to each contig was subsequently obtained for each sample and relative copy
number expressed as RPKM (number of reads per kb per million reads).
For analysis of hepatic transcriptome, total RNA was extracted using TriZol reagent
(Invitrogen, New Zealand), and the total RNA, after confirmation of quality using a BioAnalyzer,
sent to the sequencing contractor, who prepared the sample for sequencing (1 Gb of sequence
data) and de novo contig assembly (see details above).
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Appendix 2.2 New Zealand shortfinned eel sequence of igf1ea1 and -ea2 (Unigene 43601,
reverse compliment strand). Highlighted sequence shows the inserted domain in long form (i.e.
igf1ea2). Small letter indicated 5’ and 3’UTR and capital letter present ORF. Start and stop codon
are shown in bold.
ttttttttaatgacttcaaacatattcctcttagctgggctttggcgcgctgagacccacggggATGTTTAACGGTTACTTCTT
TCAGTGGCAACTGTGTGATGTCTTCAAGTGTAAAATGTGCTGTATCTCCTGCACGCAC
ACCCTCTCTCTGGTGCTGTGTGTTTTGACCCTAACCCCGGTGGTGACAGCAGGGGCTG
AGACCCTGTGTGGGGCAGAGCTGGTGGACACGCTGCAGTTTGTGTGTGGAGACAGA
GGCTTTTATTTCAGTAAACCCACAGGCTATGGATCCAGCTCAAGACGGTCACACAAT
CGTGGCATAGTCGATGAGTGCTGCTTCCAGAGCTGTGAGTTACGGCGACTGGAGATG
TACTGCGCACCAGTGAAACCTGGCAAGGCTGCCCGGTCCGTCAGGGCACAGCGCCA
CACGGACATACCAAAAACCCAGAAGAAACAAATGTCCGGTAATAGTCACCCATCCT
GCAAGGAGGTGCATCAGAAGAACACCAGTCGAGGGAACACGGGGGGCAGAAATTA
CAGGATGtagacaaagcaaagaaagagtgactgactgaaagaataaaatggtggggaagggagaaggacagattggtggtggga
gacaggagtcatgcgttattgggtggggggtaggaggggtttgtgtcagccccaagtggagcagttgactgtcaaagcaaaaactaacact
aggggtaaatcaaaatgtacagagaga
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Appendix 2.3 Amino acid sequence alignment of Igf1aea1, -ea2 and -b from New Zealand
shortfinned eel .Vertical reds line indicated border of domains. Identical amino acids are
presented with dot (….) and missing part, highlighted with solid line. The key amino acids are
underlined. Igf1b has an insertion of 12aa which is missed in Igf1ea1, however, it is not identical
with Igf1ea2.
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Appendix 2.4 New Zealand shortfinned eel igf1b (Unigene 38663, reverse compliment strand)
identified in hepatic transcriptome. This unique transcript has no orthologous in any other
vertebrate and showed approximately 70% similarity with igf1 from other fish species
AGTGTAAGATGGGCTGCTGCTGGCATAGCCACGCCCTCTCCCTGGTATTCTGCATCCT
TACCCTGTCCCCGGTGGTGAAGGCGGGACCTGAGACCCTCTGTGGGGCGGAGCTAGT
GGACACTCTGCAGTTTGTGTGCGGCGACAGAGGTTTCTATGTCAGTAGGAGCCCAGG
CTACGGCTCGACCTCCCCCCGGTCACACAGCCGCGGCGGCATCGTGGACGAGTGCTG
CTTCCAGAGCTGCGAGCTGCGGCGGCTGGAGATGTACTGCGCTCCCGCCAAGCCGGG
CAAAGCCGCGCGCTCCGTCCGGGCCCAGCGCCACGCCCACGCGCCCAAGGCCCCCA
AGAAACACATTTCCTGTAGCAGTTCTCCGTCGTGTAAGGAGGCGCACCAGAAGAACT
CCAGCCGG
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Appendix 2.5 Nucleotide sequence of New Zealand shortfinned eel igf2-1 (Unigene41989).
Small letters indicated 3’UTR and capital letter present ORF. Stop codon shown in bold.
TGTGGCGGAGAACTGGTAGACGCGCTGCAGTTCGTGTGTGGAGACAATGGGTTCTAT
TTCAGCAGGCCCACCAGCAGGGGAAACAGCCGGCGCCCTCAGAAAGGGATCGTGGA
GGAGTGCTGCTTCCGCAGCTGTGACCTGATGCTGCTGGAGCAGTACTGCGCCAAGCC
CACCAAGTCCGAGCGGGACGTCTCCGCCACGTCGCTGCAGGTCGTGCCGGTGCTGCC
GACGCTCGCCAAGGATGTCCCAAGAAAGCCTTTGACCGTGAAGTATTCCAAATATGA
GGTGTGGCAGCGGAAGGCAGCCCAGAGGCTGAGGAGAGGGGTTCCCGCCGTCCTGA
GATCTAGAAAGTTCCGGCGGCAGGGGGACATGGCCAGGGCCCAGGAGCAGGCCGAA
TCCCACCGACATCTGATCACCCTTCCCGCCCGGCTCCCGAAAACCCTGCCCCCCACG
GAACACCAACGCCAGCACCAGGCCAGCCGCAAAtgagttaggattgtttgcacggacaaattaaattgaaaa
aaaaaacaacaaaacaaaaaaaaaa
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Appendix 2.6 Nucleotide sequence of New Zealand shortfinned eel igf2-2. Unigene 20561,
Unigene 40103 and Unigene 29727 reverse compliment strand). Small letters indicated 5’ and
3’UTRs and capital letter present ORF. Start and stop codons are shown in bold. Underlined
sequence comes from Unigene 40103 in ovarian library.
gctttgggacagcttcatacaacatctctaaagccgcagcaaccgggaaactattctaccttcaacggcactaccaaatacatttcacgtacac
agctgcgcagcagacATGGAGCAACAGCAAAGTTACGGCTACCAATCTCTCTGTCACACCTG
CGTAAGGACAGCAAAAAGACAAACGAAGATCAGAAAGATGTCCCTCTCGAGTCGAGCGCT
GATATTCACGGTGGCGCTGACGATGTACGTCGTGGATGCGGGCTCTGGAGAGACGCT
GTGTGGCGGAGAACTGGTAGACGCGCTGCAATTCGTATGTGAAGACAGAGGCTTCTA
TTTTAGCAGACCCACCAGCAGGGCGAACAGCAGGCGGTCACAGAAGGGAATTGTGG
AAGAATGTTGTTTCCAGAGCTGTGACCTGAATCTCCTGGAGCAGTACTGCGCCAAAC
CCGCCAAGTCGGAGAGAGACGTCTCCGCCAGCTCTCTGCAGGTCATACCTGCGCTAC
CTGTGCTACCGCCACTTAGCAAGGACGGCCGGCGGCACGTGGCGGTGAGGTACTCCA
AATACGACTTGTGGCAGCGGAAGGCCGCGCAGCGCCTGCGGAGGGGCGTCCCGGGC
ATCCTGCGGGCGCGGAAGTTCCGCCGGCAGGCCGAGCGGGCCAGGGCCCGGGAGCA
GGCCCGGATCCACCGGCCCCTCATCACCCTGCCCAGCCGGGACCCCCCCGCGACCGC
GCCCACGGAAGCCCACGCCGCGCACAAGtgaaccgagccgaggaagaagaaaaaaaaaagactatagggga
ttatagctttgtttctgacgtcatttctgtggctgtctcctccggcccttcgcccgaccagcgcccctccgccccccccctcgcc
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Appendix 2.7 Nucleotide cDNA sequence of New Zealand Shortfinned eel igf1ra (Unigene
181 and Unigene 63336). Small letters indicated 5’ and 3’UTRs and capital letter present ORF.
Start and stop codons are shown in bold. Numbers in the bracket in the middle of sequence means
missing nucleotides.
actttgcgtagcgtactgtagcctactagctctgtgtctgtgtgagagaagccgaatgttgtttacagcgttgattccacggatcagagagcga
gagagaaggctagttgtaagcgtggccactggtttacgctgatgaaaccgaaagaaaaaacattagatatatgtacattcaccttactcgcaat
aacgaatgtgtttagtataagaaaaatctcagaagaagccttcaagctcgacatctccatccctgtgtagcaaaaagggatacgattttcagct
gcaaaccagaccaacagtgtgagcttttgaagactggagagagagggagggggagagaaaaggggggtgcagttcgtgagaccatttct
gtcctggcggatattttggatagggcgctgctggagtctcattgaacgaaggagttggattttcttcattcatttacggaaaccaacgtccatga
agctccgaaccttgcctctgattgtcttccacgcccaggagattcgcaattgatttaatgaaatttggaatacttgttaggggatttttgtgcatcta
gcgggtacctttggctgagtagctcgctaagctaagtgtgcgttcctcctggtttttcaagaaatggaggctgaagatgcggactgccatcagt
cgagtggaatctgtgactcgtgttttttgttagccacccatacatcattgtatcgttggcaagaataacacagtttaagcctttgtttttattttgttttc
ttggaaagattaacttaattttgaggtatttagtagactcggtgcaattctacattaactagctgcagaattttaacgacgatttggctagtttgtctc
gattagctagctagccaattgaaggagtagctagctagcgaacttggattgatattttactttttgggaaattagaagtcatctcagtttgtgactg
ttcattttgggaaaggacaattgcgggtttctgtaatttatttctattttttgggaaagtacttaatttaacaggaATGAGGTCTCGGAC
AGAAAGGGATCATTTGACCTTGTTTTGGGGTCTGTTGCTGTCTGTCTACACGATATCC
CTACTACCAACTAATGGAGAAATCTGCGGTCCGAGCATCGACATCAGGAATGACATC
AGCGAGTTCAAGCGGCTGGAGAACTGCACGGTGGTGGAGGGCTACCTGCAGATCCT
GCTCATCGGCGACAAGACCAACAACGTCAACCAAGAAGTCTTCCGCACCCTCAGCTT
CCCCAAGCTGACCATGGTCACGGACTACCTGCTCCTGTTCCGCGTCTCGGGCCTGGA
CAGCCTCAGCGTGCTCTTCCCCAACCTGTCCGTCATCCGCGGGCGCAACCTCTTCTAC
AACTACGCCCTGGTGATCTTCGAGATGACCAGCCTGAAGGACATCGGCCTCTACAAC
CTGCGCAACATCACGCGCGGCGCCATCCGGATCGAGAAGAACCCGGAGCTCTGCTA
CCTGGACTCGGTCGACTGGTCGCTCATCATGGACGCCGAGTTCAACAACTTCATCGC
CGGGAACAAGCAGTCGAAGGAGTGCGGGGACGTCTGCCCCGGGATCATGGAGGACA
AGCGCCACTGCATCAAGACCAGCTTCAACGACAACTACAGCTCCCGCTGCTGGACCT
CCAACCACTGCCAGAAAGTGTGCCCTAACGAGTGTGACGGGCGTGCGTGCACGGAG
GCGGGCGAGTGTTGCCACGCCCAGTGCCTGGGCAGCTGCGCGGAGCCGGACAGCGA
CACGGCGTGCGCGGCGTGCCTGCACTTCTACCACGAGGGCCACTGCGTGCCCGCCTG
CCCGCCCGACACCTACAGCTTCGAGGGCTGGCGCTGCATCACCATGGACGTGTGCGG
CATGGTGCACCTGCCCAACGACTTCGACCGCTTCGTCATCCACGAGGGCGAGTGCGT
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GCCCGACTGCCCGTCCGGCTTCACCCGCAACGAGAGCCAGAGCATGTTCTGCAGTGC
CTGTGACGGTCTGTGCGATAAGATCTGCGACGAAAAGATCATCGACTCTGTGGACGC
TGCGCAGTCACTGAAGGGCTGCACTGTCATCAAAGGCAACCTGCACATCAACATCCG
CCGTGGCAATAACATCGCCTCTGAGCTGGAGAGCTTCATGGGCCTGATCCAGACGGT
CACCGGGTACGTGAGGATCCGGCACTCCCACACGCTCGGCTCGCTGTCCTTCCTCAA
GAGCCTGCGCTACATCAACGGCGAGGAGCTGATGGACGGAATGTACTCGTTTTCTGC
TCTGGATAACCAGCACCTCCAGTACCTCTGGGACTGGACCCAGCACAACCTGACCAT
CAAGGCCGGGAAACTGTTCTTCCGCTTCAACCCCAAGCTGTGCGTCTCCGAGATCCG
CAAGATGTGGGAGAAGACGGGAATCGCCGAGAAGTTCGACGAGGGCGAATTCCGCA
ACAACGGCGACCGAGCCAGCTGTGAGAGTCACATCCTCAAGTTCAAGTCCAACAGC
ACCATGAGTAACCGGATAAAGCTGATCTGGGAGCGCTACCGGCCGCCAGACTACCG
GGATCTCATCACCTTCATCGTTTACTACAAGGAAGCGCCCTTCCAGAACATCACGGA
GTTTGACGGACAGGATGGGTGTGGCTCTAACAGCTGGAATATGGTGGACGTGGACCT
GCCGCAGGACAAGGACGTGGACCCGGGCGTCCTGCTGTCCCCACTCAAACCCTGGAC
GCAGTACGCCGTCTTTGTCAAGGCCATCACCCTGGCGGTGGAGGACAAGCATGTTCT
GGGAGCCAAAAGTGAAGTGGTGTATATCCGCACCAACCCCTCAGAGCCTTCCATGCC
CCTGGATGTGCGCTCTTACTCAAACTCCTCCTCCAAGCTTCTGATCAAGTGGTCCCCC
CCCATCTCCCCCAACGGGAACCTCACCTACTACCTGGTGCGCTGGCAACAGCAGCCT
GAGGACAAGGAGCTGTACGAGCACAACTACTGCTCCAAAGAGCTGAAGATCCCCAT
CCGCATTTCGGCCACGGGCCCGGTGGACCTGGAGGACGACACCAAGCCCACCAAGT
CCGACGCCGGCGGGGGGGACAAGGGCCCCTGCTGCCCCTGCCCCAAAACGGTGGAC
GACCTGAAGGCGGAGGCCGAGGACGCCTCGTACCGGAAGGTGTTCGAGAACTTCCT
CCACAACGCCATCTTCACGCCCAGGCCCCCAGACCGGCGTCGCAGGGACGTCTTTGG
GATCGCCAACGCCACCCTGACGCGCGGCAGGAACGTCACGGGGCCGGAGGGGAACG
TGACCGACGGGGAGCCGGCCGAACGCGAGTACCCGTTTTACGACGTCATGGTGAGC
GGGCGGGAGTGGACGGAGATCTCGCACCTGCAGTCCTTTACCGTGTACCGCATCGAC
ATCCACGCCTGCAACCTCGAGGTCAAGCACTGCAGCGCCGCCGCCTTCGTCTTCTCC
AGGACCAAACCCGCAGACAAAGCGGATGACATCCCGGGTCCGGTGACCTGGGAGGG
GGGCGAGCAGGGGAAGGGCGTGGTCTTCCTGAAGTGGCCTGAACCTGTCAATCCCA
ACGGCCTGATCCTGATGTACGAGATCAAGTTCCGCCTCACCAACGAGCCGCCTCACC
AACGAGCCGGAGAAACAGAATGCGTCTCCCGGCAACACTACCGTGCTCACAAGGGA
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TACCAGCTGGGCATCCTGGCGCCCGGGAACTACACGGCGCGGGTTCGAGCCACCTCG
CTGGCCGGCAACGGGTCCTGGACCGAGCCCATGGCCTTCTACGTACCCCAGCCCAAA
AGAGAGAACGAGATGCTCTATCTGATGATCCTCATTCCCGTCGTGGTGCTGGCCATC
ACCGCTGGCCTGGTCACCGCGCTCGTCCTGGTGAACAAGAAGAGGAACAGCGACAG
GCTGGGGAACGGCGTTCTGTACGCGTCAGTCAACCCGGAGTACTTCAGCGCCGCGGA
GATGTACGTGCCGGACGAGTGGGAGGTGGCCCGGGAGAAGATCACCATGTGCAGGG
AGCTGGGCCAGGGCTCGTTCGGCATG[~123bp?]ATGAAAGAGTTCAACTGCCACCAC
GTGGTCCGGTTGCTGGGTGTGGTTTCGCAGGGACAGCCCACCTTGGTCATAATGGAG
CTGATGACCCGTGGTGACCTCAAAAGCCACCTGCGGTCCATGCGATCCCAAGAGAAT
TCATCCTGCCAGTCGCTGCCCCCCCTGAAGAAGATGATCCAGATGGCGGGAGAGATC
GCGGATGGTATGGCCTACCTTAACGCCAACAAGTTCGTCCACAGAGATCTGGCCGCC
AGAAACTGCATGGTGGCAGAGGACTTCACTGTCAAGATCGGGGATTTCGGGATGAC
CCGGGACATCTACGAAACGGACTACTACCGGAAAGGAGGCAAGGGCTTGCTGCCGG
TGCNCTGGATGTCTCCGGAATCTCTCAAAGACGGCGTCTTCACCACAAACTCCGATG
TCTGGTCGTTCGGGGTGGTGCTGTGGGAGATCGCCACGCTGGCGGAGCAGCCGTACC
AGGGCATGTCCAACGAGCAGGTGCTGCGCTTCGTCATGGAGGGAGGTCTGCTGGAC
AAGCCGGACAACTGTCCCGACATGCTGTTCGAGCTGATGCGCATGTGCTGGCAATAC
AACCCCAAGATGCGGCCTTCATTCCTGGAGATCATCAGCAGCCTGAAGGAGGAGCTG
GAGCCGCCCTTCAGGGAGATGAGCTTCTTCTTCAGCGAGGAGAACAAGCCGCCCGAC
ACCGAGGAGCTGGACATGGAGACGGAGAACATGGAGAGCGTGCCGCTGGACCCCTG
CTCGGGCCGGCCGGGGGGCGCGGGGGGACCGGCGCCGCCCGCC[~27bp?]CCCCACCC
CTCCCCTCGCCTCGGGCCCCGCCTCCCCCTGCGCCTCCTCCCCGGCCTCGCCCGGCGC
CGCCTCCTCGGACAAACGGGCCGGGCACGCGCCCGCCGCCAACGGGCCGGCGGTGG
TACTGCGGCCCGCCTTCGAGGAGGCCCCGCCCTACGCGCACATGAACGGGGGCCGC
AAGAACGAGCGCGCCCTGCCGCTGCCGCAGTCCTCCGCCTGCtgatccaggacaagccccgcccc
cctcgatcggacgagcacacgtctgaaccccagtcacccgcccccctccctctgagggcagcgcgtgagtggctgccccagtcctccgcc
tgctgacccaggacaag
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Appendix 2.8 Alignment of New Zealand shortfinned eel (A. australis) Igf1ra. and –b, with
zebrafish (Danio rerio) Igf1ra (Acc. No. Q1LWJ4) and –b (Acc. No. B0R0Q2). Different
domains of receptor are separated by vertical line, potential cleavage site has been shown in
dashed rectangle and green (solid line) rectangles shows the conserved insulin receptor substrate
binding sites. Identical amino acids are presented by dots (…) and missing parts are shown by
dashed (---) lines. The underlined sequence is autophosphorylation site. SP, signal peptide; L1
and -2, leucine rich domain 1 and 2 respectively; CR, cysteine rich domain; Fn-1, Fibronectin III1 domain, Fn-2a, Fibronectin III- 2 belong to α-chain,; ID insert domain, Fn-2b Fibronectin III-2b
domain; Fn3, Finbonectin III-3 domain; TM. Transmembrane domain; JM, juxtamembrane
domain; TK, tyrosine kinase domain; C-tail, carboxyl tail.
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Appendix 2.9 Nucleotide cDNA sequence of New Zealand Shortfinned eel (Anguilla austalis)
igf1rb (Unigene 14579 reverse strand and Unigene 11390). Small letters indicated 5’ and 3’UTRs
and capital letter present ORF. Start and stop codons are shown in bold. Numbers in the bracket
in the middle of sequence means missing nucleotides.
aattgtcttccacgtccaaaaaatcaaaactggttttaaggaaaattgcggatgcatgcatttgggtctgtttttcggtctgctgctgaagaacgg
tggctagttcgctagctatcaagctagctgagtgtgcttcttctctggtttcttaagaaatggaggctgaagatgcggattgctatcagccgagt
gaaatctgtgactcgtgtgttttgatagccacccaaacatcattttatcgctggcaaaaataacaaaacgttttaaagtttttattttttaaaacatact
caaattttcctcctcaaagaggggaaaacatactgggcagagctcacccagtgctcaaggctaaacgcaagtccgcattacagaaaatttgg
ctagcaggcacatcttgaccagtcgaaggagtcgccagctagctgtccggctatagtagctagctagcagtctatccagctagctaacgttag
ccatttaggtatttatgcatttttgggtttgttaaatccacagggaagtttttttcctgtttaatacgttacggcttcattttggggagaagacaactgc
atttatttggagagggaattcatttaacaggaATGAGGTCTGGAGGAGCAAAGGATAATTTGACCTTGTT
TTGGGGTCTGCTGCTGTCAGTCTCTACGATCTACTTGTGGCCCGCTAATGGAGAAATC
TGCGGTCCGAGCATC[~3000bp?]TCCGTCATGAAGGAGTTCAACTGCCACCATGTGGT
GCGTCTGCTGGGCGTGGTTTCGCAGGGTCAGCCCACTCTGGTCATAATGGAGCTGAT
GACCCGTGGAGACCTCAAGAGTCACCTGCGGTCTCTGCGGTCCCAGGAGAACTCGTC
CAGTCTGCCGCTGCCCCCGCTGAAGAAGATGATCCAGATGGCGGGAGAGATCGCGG
ACGGCATGGCCTACCTCAACGCCAACAAGTTCGTCCACCGAGACCTGGCGGCCCGGA
ACTGCATGGTGTCTGAGGACTTTACCGTCAAGATCGGAGATTTCGGCATGACGAGGG
ACATCTACGAGACGGACTACTACCGCAAGGGGGGCAAGGGCCTGCTGCCGGTGCGC
TGGATGGCGCCGGAGTCGCTGAAGGACGGCGTGTTCACCACCAACTCCGACGTGTGG
TCGTTCGGGGTGGTGCTGTGGGAGATCGCCACGCTGGCGGAGCAGCCGTACCAGGG
CATGTCCAACGAGCAGGTGCTGCGCTTCGTCATGGAGGGAGGTCTGCTGGACAAGCC
GGACAACTGTCCCGACATGCTGTTCGAGCTGATGCGCATGTGCTGGCAGTACAACCC
CAAGATGCGGCCGGCGTTCCTGGAGATCATCAGCAGCCTGAAGGAGGAGCTGGAGC
CGCCCTTCAGGGAGATGAGCTTCTTCTTCAGCGAGGAGAACAAGCCGCCCGACACCG
AGGAGCTGGACATGGAGACGGAGAACATGGAGAGCGTGCCGCTGGACCCCTGCTCG
GGCCGGCCGGGGGGCGCGGGGGGACCGGCGCCGCCCGCCGCCCAGCCGCCCCCCGC
CCAGGCCCCGCCCTGCTCGCCGGGCGCCGCCTCCGACAAACACTCAGGACACGCGGC
GGCCAACGGGCCGGTGGTGGTGCTGCGGCCCGGGTTCGACGAGACGCAGCCCTACG
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CGCACATGAACGGCGGGCGCAAGAACGAGCGCGCCCTGCCCTTACCCCAATCTTCAG
CCTGCtgatccccgcgcccacgctgccccacac.
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Appendix 2.10 New Zealand shortfinned eel sequence of insulin receptor cDNA
(Unigene23385 and Unigene 82673). Small letter indicated 5’ and 3’UTRs and capital letter
present ORF. Start and stop codons are shown in bold.
tgtttttttcttccacaaatcactttggaacagtagcgaaagagttcaaaggaaggttgattcgccgaaaaggaaaagcaatcagcacgttttttt
caacgcgattcttgaggagttcctgggatgtgtttatttttctactggacgttttaacaaaacgatcttcctgtaatacaggaaagaagtggaatac
ttggcagtgtataaaacgcagcgacctgtggaataaaacgtgcaagcctgttggatagctaaacgctatcttcgtctaaggtcgacagaagtt
cgaagaagaaccttgatttataaccagaggaaccaacatttcaaaattcgcagttgtctgcatgaaattaacgaagtgtcctctgtatatttagcc
tgattgttgagcgaaaaacgattattacaataagaatcttcaaatcggttactaactaatcagggtatcagcagttagctactagctaccccttcg
ggtacctcctcactagccagcggtgtgggatttctttttctcgactcaagaaggattttgtcaaacaaactttaacagatgaaagtggaggacaa
tcctatctaagagcattgaagatgaaactttttagtcgcttaaatgttgctagaacccaagatcacattatttagtagtgaattttgcagggcggaa
caataataaatagttgatcagacattgtaaattttgaaacacaaccacgttggacccccggccccttttttggggggccgactggtgttgtatctt
tttttttctgattggatattatttgaatgaattagattcataggccacttcaaatacattggaatcgaatttttggttgctatttataagcttcctccacgtt
ttggatatcgctagtaacattaccggagtcagaATGCGGCTGCAGACCTCGGCGGTTGTTTTGGTCACTT
TTATCTACGCTGTCTGCAATTGCGGGCAAACAAATGGAGAAATTTGCCCGAGCAAGG
ACATTCGGAACAACGTGACCAACCTGCAGTCGCTGGAGAACTGCACAGTGATCGAG
GGCCACCTGAAGATCCTGCTGATGTTCAAGACCAGGCCGGAGGACTTCCGCGACGTC
AGCTTCCCGCGCCTGACCGTCGTCACCGACTACCTGCTGCTGTTCCGCGTCTACGGCC
TGGAGAGCCTCCGCGACCTCTTCCCCAACCTCACCGTCATCCGGGGGAACAACCTCT
TCTTCAACTACGCCCTGGTGGTCTTCGAGATGCTGCAGCTGAAGGACATCGGGCTCC
ACAGCCTGATGAACATCACCCGCGGCGCCGTGCGCATCGAGAAGAACCCGGACCTC
TGCTACCTGTCCACCCTCGACTGGTCCAAGGTCCTGGACTCGGTGGAGGACAACTAC
ATCGTCTCCAACAAGAACGACCGGGAGTGCGGCAACGTCTGCCCCGGCACGGCCAA
AGGCAAGACCACCTGCAACCAGACCACCATCAACGGCCACTTCAGCGCTCGCTGCTG
GACGCAAGACCACTGCCAGAGAATGTGCCAGTCCTCATGCAAACACCGCGCCTGCA
CCAAGGACAACCGCTGCTGCCACGACCAGTGCCTGGGGGGGTGCACGGACCCGTCC
TCCCCCAGCAAGTGCGTGGCCTGCCGCAACCTGATGCACCAGGGCACGTGCGTGGAC
AGGTGCCCGCCGGGTCACTACACCTTCAAGGGCTGGCGCTGCGTCAGCTTCGGCTTC
TGCCAGCAGCTCCACAACCAGTGCAAGCAGAGCAAGAGCAGCGACTGCCAGGAGTA
CGTGATCCACAACGGCGCCTGCATCCCAGAGTGCCCTTCCGGATACACCACCATGAA
CTCCACCACGCTGAACTGCACCCCCTGCGCGGGACTCTGCCCCAAGGTGTGCATGGG
GCTGAAGACGGTGGACTCTGTGACGGCCGCCCAGGCCCTGCGCGGCTGCACCGTGCT
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CAACGGCAGCATGGTCATCAACGTCCGCGGGGGGAGTAACATTGCGACTGAGCTGG
AGGCTAACCTTGGGCAGCTTGAGGAGATCACCGGCTACCTTATGGTTCGTCGCTCTT
ACGCCCTGGTGTCTCTGTCCTTCCTCCGGAAGCTGAAGCTCATCCGTGGAGAGACGC
AAGAAGTTGGGAACTACTCGTTCTACGCTCTGGATAACCAGAACCTGCGGCAGCTGT
GGGATTGGAGCCACCACAAGCTGACCATCCTGCAGGGCCACATGTTCTTCCACTACA
ACTCCAAGCTGTGCATGTCCGAGATCCACAAGATGGAGGAGGTGACCGGGACCAAG
GGTCTGCACACCACGATCGACATTGCCGTCAAGACCAACGGAGACCAGGCCTCCTGT
GAAAACGAACTTCTGAAATTCACGCAGATCCGCACGTCGTCCGACAAGATCCTCATC
AAATGGGAACCCTTCTGGCCTTCTGATTTCAGAGATTTGCTGGGATTTATGGTCCTTT
ACAAAGAGGCACCCTACAAGAACGTGACGGAGTTTGAGGGGCAGGACGCGTGCGGC
TCCAACAGTTGGGTGATAGCGGACGTGGACCCGCCGCCTCGCGCCACCGAAGGCAA
AGAGCAGCAGGAGCCCGGGTACCTCATCCACCCGCTCAAGCCGTGGACGCAGTACG
CCATCTTCGTCAAGACGCTGCTGTCGGCTTCCGACGAGCGCCAGGTCCACGGCGCCA
AGAGCGAGATGATCTACGTCCGCACCAACGCCACCAAGCCGTCCGTGCCGCTGGACC
CCATCTCTTCCTCCAACTCCTCCTCTCAGATCATCCTGAAGTGGAAACCCCCTACGGA
CCCTAACGGGAACATCACCCACTACCTGGTGTTCTGCCAGAAACAGCCGGAGGACA
ATGACCTCTACAAGTTCGACTTCTGTCAAAAAGGGATGAAGGTGCCGTCGCGAGTGC
CCACGCACCTGGACAACGAGGAGGAGCAGAAGTGGAACCAGACGGACAGCCGGGC
CACGGCCAGCCGCTGCTGCGCCTGCCCCAAGACCGAGACGCAGCTGAAGAAGGAGG
CCGAGGAGTCCGAGTACCGCAAGACCTTCGAGAACTACCTCCACAACGAGGTCTTTG
AGATCAGGCCCTCGCGCCGGCGACGGTCGGCGGTGGGCGTGGCCAACGGGACGCTG
GCCCACTTCCTGACCACGGCGCCCAGCCTGCAACGCCTCCACCACCCGCAGCCCCAA
GGAGGAGGAGGACGGGAGCAAGGTGCTCCTCACCGTCTACTCCAAGGAGTCCACCG
TCATCTCCAACCTCCGCCACTTCACCAGCTACCAGATCGAGATTCGATTCACGCCTGC
AACCCCCCCACCGACAACTCGCGCTGCAGCATGGCGGCCTACGTCAGCGCGCGCACC
ATGCCCGAGGACAAAGCCGATGACATCGCGGGCCCGATCACCTACGAAATCTCAGA
CAACCCGGATATGGTGCACATCAAGTGGATGGAACCAAAAGCCCCCAACGGCATGA
TCATCCTGTATGAGGTCAATTACAAGAGACTGGGAGACCAGTCAGAGGAGCAGCAT
CACTGCGTGTCGAGGAAGACCTTCGAGACCCACGGGGGCTGCAAGCTGCGCGTAGT
GCACTCTGGGAATTACACGGTGAAGATCCGCGCCATGTCGCTGGCGGGCAACGGCTC
CTGGACGGAACCCACGTATTTCTACGTGCCCGACAGGGCGGAAGCTGACATACTGAA
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AATCGTGATTGGCCCGGTCATTTGCATCATCCTGCTCCTGATTGTGGGAGGCGGTGTC
TTCATGGTGTTCAAGAAGAAGCAAACCGATGGGCCCACTGGGCCGCTCTACGCCTCC
TCGAACCCGGAGTATCTCAGCGCCAATGACGTGTACGTCCCGGACGACTGGGAGGTG
GCCCGGGAGAAGATCACGGTGCTGCGGGAGCTGGGCCAGGGCTCGTTCGGCATGGT
GTACGAGGGCGTGGCCAAGGACATCGTGAAAGGCGAGCCGGAGACGCGCGTGGCGG
TGAAGACGGTCAACGAGTCGGCCAGCCTGCGGGAGCGGATCGAGTTCCTCAACGAG
GCCTCGGTGATGAAGGCCTTCAGCTGTCACCACGTGGTGCGGCTCCTGGGTGTGGTG
TCGAAGGGCCAGCCCACGCTGGTGGTGATGGAGCTCATGACTCACGGCGACCTGAA
GAGCTACCTGCGCTGCCTGCGGCCGGACTCCGAGAACAACCCGGGCCGCCCTCCGCC
CACCCTGAAGGAGATGATCCAGATGGCCGCGGAGATCGCCGACGGCATGGCCTACC
TCAACGCCAAGAAGTTTGTCCACAGGGACCTGGCTGCCAGGAACTGCATGGTCGCTG
AGGATTACACCGTGAAGATCGGAGACTTCGGCATGACCAGGGACATCTACGAGACC
GATTACTACCGCAAAGGCGGCAAGGGGCTGCTGCCTGTCAGGTGGATGGCCCCGGA
GTCTCTGAAAGATGGAGTCTTTACTGCTCACTCAGACTGCTGGTCGTTTGGGGTGGTC
TTATGGGAGATCAGCACACTCGCAGAGCAGCCCTACCAGGGCCTGTCCAACGAGCA
GGTCCTCAAGTTCGTCATGGACGGGGGCTACCTGGACCGGCCAGAGAACTGTGCCGA
GAGGATGCACAGCCTGATGCAGATGTGCTGGCAGTACAACCCCAAGATGAGGCCCA
CCTTCCACGAGATCATCGAGATGATAAAGGAGGACCTGCACCCCAGCTTCCAGGACG
TGTCCTTCTTCTACAGCGAGGAGAACAAGCCGCCCGAGAGCGAGGAGTTCGACATG
GACCTGGAGAACATGGAGAGCATTCCCCTGGACCCCACGTCGTCGTCCCAGCGCGAG
GGCAGCCTGCTGAGGGACAATGGGCCGTCCATGGGCCTGCGGAGCAACTACGAAGA
GCACGTGCCCTACACGCACATGAACGGCGGCAAGAAAAACGGCAGAATCCTGTCCT
TACCCCGATCCAGCCCTTCCtaacatttcctcctcctcctcctcctcctcctcctcctactcctcctttcctttctcctgttttgtaa
ttataattttattttattattgttctcgcagaggcccttcaacaacagatctcaggactttttttttcctttttcttcttctccttcacagctgccacagctc
gatgacacgggacgcaagactttttgtattcgtttaaaaaaaagaaagaaagaaagaaaatgcgtctcgtagtgtcatccagatagtccacttc
tcctctgtctttattttatttttttaacaattgccaagtttccaagactggtcaatgaagaaaaaaaaacaaaacatgtcgg
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Appendix 2.11 Alignment of New Zealand shortfinned eel (Anguilla australis) insulin
receptor a (Inra), -b and -c with Inra from zebrafish (Danio rerio, Acc. No. B7SNG4) and human
(Acc. No. P06213). Different domains of receptor are separated by vertical (red) line. Potential
proteo cleavage site showed in dashed rectangle. Identical amino acids are presented by dots (…)
and missing parts are shown by dashed (---) lines. Green (solid line) rectangles showes insulin
receptor substrate binding sites. Underlined sequence is autophosphorylation site. SP, signal
peptide; L1 and L2, leucine rich domain 1 and 2, respectively; CR, cysteine rich domain; Fin-1,
fibronectin typeIII part 1 domain, Fin-2a and -b, fibronectin typeIII part 2 a and -b; ID, insert
domain; Fin-3, finbonectin typeIII part 3 domain; TM, transmembrane domain; JM,
juxtamembrane domain; TK, tyrosine kinase domain; C-tail, carboxyl tail.
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Appendix 2.12 New Zealand shortfinned eel (Anguilla australis) partial sequence of insulin
receptor b cDNA (Unigene 12497). Small letter indicated 3’UTR and capital letter represent
ORF. The stop codon is shown in bold.
GCCCCCCCGCCCTACAGAGGGGAAGGAGCAACAGGAGCCGGGTCACCTCATCCACC
CCCTCAAACCCTGGACGCAGTACGCCATCTTCGTCAAGACCCTGCTGTCTGCCTCCG
ACGAGCACCAGGTCCACGGCGCCAAGAGCCAGATCATCTACGTCCGCACCAACGCC
ACCAAGCCCTCTGTTCCGCTGGATCCCATCTCCTCCTCTAACTCCTCCTCTCAGATCA
TCCTGAAGTGGCGCCCTCCCTCCGATCCCAACGGCAACATCACGCACTACCTGCTGT
TCTGCCAGCAGCAGCCGGAGGCCCCCCAGCTCCTCAGATACGACTACTGCCAGCAGG
GTATGAAGCTGCCATCACGCGCTCCTACGCTCGTTGACAGCGAGGAGGAGCAGAAA
TGGAACCAGACGGACAATCAGGGCCGGGGGGGGCGCTGCTGCGGCTGTCCCAAAAC
CGACAAGCAGCTGAAGAAGGAGGCCGAGGAGTCAGAGTACCGCAAGACCTTCGAGA
ACTACCTGCACAACGAGGTGTTCAGGATCAGGCCCTCCAGACGGCGCAGGTCTGTAG
TGGGCGTGGCCAATGCGACACAGCCCCACCTCCTGGCCACACCCTCTGGCTTGTCCA
ACGCCTCAGTCGCCAGCGAGCCGGAGGAAGAGGAGGGGAGGAAGCTGGTTCTGCCC
GTGGACAAAGAGTGGACCGTCATCTCCAACCTGCACCACTTCACCAGCTACCAGATC
GAGATTCACGCCTGCAACCATCCGACTGACCCCGCCCGCTGCAGCATGGCGGCCTAT
GTCAGCGCTCGCACCATGCCCGAGGATAAAGCTGATGACATCACAGGGCCAATCAG
CTGTGATGTGTCTGAGTACTCAGTGAGCGTCCGCTGGACCTCCCCCAGAGAGCCCAA
CGGCATGGTCCTCCTGTACGAGCTCATCTACAGGAGGCTAGGAGACTCTGAGGAACA
GCACCACTGTATTCCACAGAAGAGCTACATTGTGGATGGGGGCTGCAGCCTGAGAGT
GGTGCACCCTGGGAACTACAGCCTGAGGATCCGTGCCACCTCGCTGGCAGGGAACG
GGTCCTGGACCGAGCCCGCCTACTTCTACGTACAGGACCGGCGAAACGACCCGTTCA
GCATTGCTAAGATCGTGGTTGGTCCAGTGGTCTGCGTGGTTTTGCTCCTGGTCATGGT
GGCAGGGGCCTTCCTGGCCTTCAAGAAAAAACAAACCCAGGGCCCCACGGGACCGC
TCTACGCCTCCTCGAACCCGGAGTACCTGAGCGCCAACGATGTGTACGTGGCGGATG
ACTGGGAGGTACCGCGGGAGAAGATTGCGGTGATGCAGGAGCTGGGGCAGGGCTCC
TTTGGCATGGTGTACGAGGGCGTGGCCAGGGGCGCGGTGAAGGGGGAACCGGAGAC
GCGCGTGGCGGTGAAGACGGTGAACGAGTCGGCCAGCCTGCGCGAGAGGATCGAGT
TCCTCAACGAGGCGTCCATTATGAAGGCCTTCAGCTGCCACCATGTGGTGCGCCTGC
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TGGGTGTGGTCTCGAAGGGGCAGCCCACGCTGGTGGTCATGGAGCTGATGACTCATG
GTGATCTAAAGAGCTACTTGCGTAGCCTACGGCCTGAGGCTGAGCTGAACCCGGGGC
GCCCTCCCCCCACCCTGAAGGAGATGATCCAGATGGCCGCGGAGATCGCCGACGGC
ATGGCCTACCTCAACGCCAAGAAGTTTGTCCACAGGGACCTGGCTGCCAGGAACTGC
ATGGTCGCTGAGGATTACACCGTGAAGATCGGAGACTTCGGCATGACCAGGGACAT
CTACGAGACCGATTACTACCGCAAAGGCGGCAAGGGGCTGCTGCCTGTCAGGTGGA
TGGCCCCGGAGTCTCTGAAAGATGGAGTCTTTACTGCTCACTCAGACTGCTGGTCGTT
TGGGGTGGTCTTATGGGAGATCAGCACACTTGCAGAGCAGCCCTACCAGGGCCTGTC
CAACGAGCAGGTCCTCAAGTTCGTCATGGACGGGGGCTACCTGGACCGGCCAGAGA
ACTGTGCCGAGAGGATGCACAGCCTGATGCAGATGTGCTGGCAGTACAACCCCAAG
ATGAGGCCCACCTTCCACGAGATCATCGAGATGATAAAGGAGGACCTGCACCCCAG
CTTCCAGGACGTGTCCTTCTTCTACAGCGAGGAGAACAAGCCGCCCGAGAGCGAGG
AGTTCGACATGGACCTGGAGAACATGGAGAGCATTCCCCTGGACCCCACGTCGTCGT
CCCAGCGCGAGGGCAGCCTGCTGAGGGACAATGGGCCGTCCATGGGCCTGCGGAGC
AACTACGAAGAGCACGTGCCCTACACGCACATGAACGGCGGCAAGAAAAACGGCAG
AATCCTGTCCTTACCCCGATCCAGCCCTTCCtaacatttcctcctcctcctcctcctcctcctcctttcctttctcctgt
tttgtaattataattttattttattattgttctcgcagaggcccttcaacaacagatctcag
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Appendix 2.13 New Zealand shortfinned eel (Anguilla australis) partial sequence of insulin
receptor c cDNA (Unigene223 reverse strand). Small letter indicated 3’UTR and capital letter
represent ORF. The stop codon is shown in bold.
CGCCCTACAGAGGGGAAGGAGCAACAGGAGCCGGGTCACCTCATCCACCCCCTCAA
ACCCTGGACGCAGTACGCCATCTTCGTCAAGACCCTGCTGTCTGCCTCCGACGAGCA
CCAGGTCCACGGCGCCAAGAGCCAGATCATCTACGTCCGCACCAACGCCACCAAGC
CCTCTGTTCCGCTGGATCCCATCTCCTCCTCTAACTCCTCCTCTCAGATCATCCTGAA
GTGGCGCCCTCCCTCCGATCCCAACGGCAACATCACGCACTACCTGCTGTTCTGCCA
GCAGCAGCCGGAGGCCCCCCAGCTCCTCAGATACGACTACTGCCAGCAGGGTATGA
AGCTGCCATCACGCGCTCCTACGCTCGTTGACAGCGAGGAGGAGCAGAAATGGAAC
CAGACGGACAATCAGGGCCGGGGGGGGCGCTGCTGCGGCTGTCCCAAAACCGACAA
GCAGCTGAAGAAGGAGGCCGAGGAGTCAGAGTACCGCAAGACCTTCGAGAACTACC
TGCACAACGAGGTGTTCAGGATCAGGCCCTCCAGACGGCGCAGGTCTGTAGTGGGC
GTGGCCAATGCGACACAGCCCCACCTCCTGGCCACACCCTCTGGCTTGTCCAACGCC
TCAGTCGCCAGCGAGCCGGAGGAAGAGGAGGGGAGGAAGCTGGTTCTGCCCGTGGA
CAAAGAGTGGACCGTCATCTCCAACCTGCACCACTTCACCAGCTACCAGATCGAGAT
TCACGCCTGCAACCATCCGACTGACCCCGCCCGCTGCAGCATGGCGGCCTATGTCAG
CGCTCGCACCATGCCCGAGGATAAAGCTGATGACATCACAGGGCCAATCAGCTGTG
ATGTGTCTGAGTACTCAGTGAGCGTCCGCTGGACCTCCCCCAGAGAGCCCAACGGCA
TGGTCCTCCTGTACGAGCTCATCTACAGGAGGCTAGGAGACTCTGAGGAACAGCACC
ACTGTATTCCACAGAAGAGCTACATTGTGGATGGGGGCTGCAGCCTGAGAGTGGTGC
ACCCTGGGAACTACAGCCTGAGGATCCGTGCCACCTCGCTGGCAGGGAACGGGTCCT
GGACCGAGCCCGCCTACTTCTACGTACAGGACCGGCGAAACGACCCGTTCAGCATTG
CTAAGATCGTGGTTGGTCCAGTGGTCTGCGTGGTTTTGCTCCTGGTCATGGTGGCAGG
GGCCTTCCTGGCCTTCAAGAAAAAACAAACCCAGGGCCCCACGGGACCGCTCTACGC
CTCCTCGAACCCGGAGTACCTGAGCGCCAACGATGTGTACGTGGCGGATGACTGGGA
GGTACCGCGGGAGAAGATCGCGGTGATGCAGGAGCTGGGGCAGGGCTCCTTTGGCA
TGGTGTACGAGGGCGTGGCCAGGGACGCGGTGAAGGGGGAACCGGAGACGCGCGTG
GCGGTGAAGACGGTGAACGAGTCGGCCAGCCTGCGCGAGAGGATCGAGTTCCTCAA
CGAGGCGTCCATTATGAAGGCCTTCAGCTGCCACCATGTGGTGCGCCTGCTGGGTGT
GGTCTCGAAGGGGCAGCCCACGCTGGTGGTCATGGAGCTGATGACTCATGGTGATCT
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AAAGAGCTACTTGCGTAGCCTACGGCCTGAGGCTGAGCTGAACCCGGGGCGCCCTCC
CCCCACCCTGAAGGAGATGATCCAGATGGCGGCTGAGATCGCAGACGGCATGGCGT
ACCTCAACGCCAAGAAGTTTGTTCACCGCGACCTGGCGGCTCGCAACTGCATGGTAG
CGGAGGATCTGACCGTTAAAATCGGAGACTTCGGCATGACCAGGGACATCTACGAG
ACGGATTACTACAGGAAGGGGGGCAAGGGGCTGCTGCCGGTCCGCTGGATGGCGCC
CGAATCTCTGAAGGACGGAATCTTCACTGCAAACTCAGATTGCTGGTCCTTTGGGGT
GGTGCTGTGGGAGATCAGCACATTGGCTGAGCAGCCCTATCAGGGACTGTCTAATGA
GCAGGTCCTCAAATTCATCATGGATGGAGGGTACCTGGACCGGCCCGACAACTGTGC
AGACCAGCTGCACAGCCTGATGCAGATGTGCTGGCAGTACAACCCCAAGATGCGGC
CCATATTCCAGGAGGTGATAGAGATGCTGAAGGAGGAGCTGCACCCCTCCTTTCAGG
AGGTGTCCTTCTTCTACAGTGAGGAGAACAAGCCGCCCAACACCGAGGAGCTGGAG
CTGGAGAACATGGAGAGCGTCCCGCTGGACCCAGAGTCCAGCCCAGAGCCCGGCCC
CGCCAGAGACGCTGCGCCCCCTGTGGGCCTGCGGGGGAACTACGACCAACACCTGC
CCTACACACACATGAACGGAGGCAAGAAAAACGGGCGAATCCTGTCCTTACCGCCA
TCCAGCCCATCCtaacgcagagcgccaaatattgttgtgtttattcagaggccctttgggggaagcaaaataacaaacgatcaatg
tctcaggacttttccttctttctccgcacgcaggaggattattttttctctgggtgaaatgggtcaccccctcgcctcttatgtgcgtttaattggggt
tacggcgatgtttgtgggacacattgactgagttgtactctgaatcggacctttgacccctggctgctcgcccccgacccgtctccacactgag
gccctctgccctcctttggagatgctggatggctgaatctgtttg
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Appendix 2.14 Genomic alignement of New Zealand shortfinned eel (Anguilla australis)
igf1aea1 (short form) from and igf1aea2 (long form). Both sequences are identical. Capital letters
are exons and small letters represent introns. The sequence in dashed rectangle represent exon
while the 36 nucleotide in red rectangle are part of the long transcript (igf1aea2) that has been
spliced out in short transcript (igf1aea1).
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Appendix 2.15 Alignment of Igf2 from shortfinned eel, A. australis, and its homologue from
different teleost species. The six conserved Cys residues in B and A domain are highlighted in
green. Key amino acids for binding to Igf1r are shown with red arrows. Identical amino acids are
presented by dots (…) and missing parts are shown by dashed (---) lines. Vertical red line shows
the border of domains. Horizontal black arrow represents part of IGF-2-2 that remains to be
identified in shortfinned eel. SP, signal peptide.
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Appendix 2.16 Tissue specific mRNA abundance of Igf1 in female New Zealand shortfinned
eel, Anguilla australis.
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Appendix 2.17 Tissue specific mRNA abundance of S18 in female New Zealand shortfinned
eel, Anguilla australis.
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Appendix 2.18 Tissue specific mRNA abundance of elongation factor 1 in a previtellogenic
female New Zealand shortfinned eel, Anguilla australis.
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Appendix 3.1 Ovarian mRNA abundance of (A) β-Actin, (B) 60S Ribosomal protein l36 and (C)
nucleolar protein 14 from New Zealand shortfinned eel (Anguilla australis) at different stages of
previtellogenesis and early vitellogenesis of oocyte development in spring (closed bars) and
autumn (open bars) of the 2008/09 austral summer. Values are presented as mean ± SEM and
columns with different letters are significantly different (P<0.05). CN: chromatin nucleus (n =
11), PN: perinucleolus (n = 20), OD: oil droplet (n = 19), EV: early vitellogenic (n = 9).
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Appendix 4.1 Partial nucleotide cDNA sequence of CYP11A1 from New Zealand shortfinned
eel Anguilla australis
TACAGGAACCACAAATATGGAGTCCTTCTGAAGGATGGGGAAGACTGGAAGTCCAC
TCGATTGGTCCTAAACAAGCAAGTAATCGCTCCACAGGTTCAGGAGAACTTTGTTCC
TCTGTTGGACGAGGTGGGACAGGACTTTATGGCACGAATCCAAGGAAAGATTGAGA
AGAGCGGAAACAACAAATGGACTGTTGATCTCTCCAATGAGCTGTTCAAATACGCAC
TGGAATCTGTGAGCTCTGTGCTATATGGGGAACGATTGGGACTGCTGCATGACCACA
TAGATCCAGAGGCTCAGCATTTCATTGACTGCATCTCCCTGATGTTCAAGTCCACCTC
TCCTATGTTGTACATACCCCCTTGGCTGCTGCGCCGCTTGGGGGCCAGGGTATGGAA
GGACCACGTGAAGGCCTGGGATGGCATCTTCAACCAAGCGGATCGCTGTATCCAGA
ATATGTTCAGACGGTTGAAACAGGAGTCGGGTGGTGATGGGAGATACCCCGGGGTG
CTGGCCATCCTAATGCTCCAGGGCACGCTGTCTATTGCGGACATCAAGGCCAGCGTT
ACTGAGCTGATGGCTGGGGGCGTGGATACGACCTCCATTACCCTGCTGTGGACT
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Appendix 4.2 Partial nucleotide cDNA sequence of 3βHSD, Anguilla australis
CTCGTTACGGGAGCCTGTGGCTTCCTGGGAGAGAGGATCTGCCGGCTGCTCCTGGAG
GAAGAGCAGGGACTCGCTGAGATCCGACTCTTGGACAGGAATTCCAAGCCTGAGCTT
GTCCAGTCCCTTCAAGCATCCACAAGTCAGACCAAAGTGAGCATGTTCGAGGGGGAC
ATCAGGGACAGCGAGCTACTGAGGAGAGCCTGTCGGGGAGTGACCCTGGTTATCCA
CACTGCGTCTATCATTGACATCGTCGGAGCTGTGGACTACAGTGAACTCCATGGTGT
TAACGTGAAAGGGACCCAGCTCCTGCTGGAAGCCTGCATCCAGGAGAGCGTGGCGT
CCTTTGTCTACACCAGCAGCATCGAGGTGGCAGGCCCCAACCCGCAGGGCGACCCAG
TCATCAACGGTGATGAGGACACGCCCTACCCCACCCGTCTCAAGTTCCCGTACAGCA
GGACCAAGCAGGAGGCGGAGCAGCTGAGCCTTCGGGCGCACGGTGAGCCCCTGCGC
GACGGGGGCCGGCTGGCCACCTGCATCCTGCGGCCCATGTACATCTACGGCGATGGC
TGCCCCTTCCTCC
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Appendix 4.3; Partial nucleotide cDNA sequence c-fos Anguilla australis (Unigene21238,
Rev. Complement)
TCATCCTTATGGCTCACAGGCCTGTCTGTAAGATCCCCTCAGATCTGGAGGCCGGCTT
CCCAGAGACCTCCATCTCCCCTGCTCACAGCACCTCCAGTGAGCTCAGCTCGCCCAA
GCTAGAGGCATCAGTCTCACACAGACCATCCACCTTCTCTGCCGACTCTGCCTTAGA
GGTAAACCCAAACTCTACAGTGAAGCTGTCTGACCTGAACAACTCCCTGGAGGAGTC
ACTAGACCTGCTGAGACCCCTGAGAAAGATCACCGTGGAGACAGTGCGGTCTGTCCC
CGACATGGACTTGTCCGGCTCATTCTGCACTCAGGACTGGGAGCCCCTCTACACACC
CACCACCAATGATCTTGAGCCCCTCTGCACCCCAGTGGTGACATGCACCCCTGCATG
CACAACATACACGTCTTCCTTTGTGTTCACCTACTCAGATGCTGATGCTCTCCCAACC
TGTGGGGTGGCTCACAGGAGAGAAAGTAGTAGCAATGACCAGTCCTCAGATTCCCTC
AGCTCACCCACATTGCTGGCCTTGTGAGGACATTTCAATGACTTTTTAGGATGCATGC
ATTTAGCATAAAGTAGTGCAGATGCTGGACTATGGAATGGAATACCAGAAGCTCATC
ACTCTCTCCCTCAATTGACAAGCTTATTTGTATGTAGCAAAAAATGAAAAAAAAAAT
GTTTATGAAGTTCTACATTATGAAAAAGCAAGTTAAACCATGCTAGGGTTCAAATAT
TTAATTTATTTATTGGTGCTAGATATTAAAAGTTGTATTTGTGCAGCTGACCTTAAAA
TGTGTTCACAGCAATAGAATTCTTCAAACTTGATGTTTGTTTCTGGTTTACTGAATGT
GTATGTTTATTGTACATTGTATGGTATTTATAAAGGGTGTGCTTTGTCTATTGTGTGA
GTGGGGTAAATTTGAGCACATGAGGAAGTTTTCTGTGAAAACGCTGTGTTTATTATTT
ATTTATTAAATCTGTTTCTGATATTTATATTTTCATTTTTATTTTTCTACTTGAATAGCT
TGAAAAATGAAAAACA
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Appendix 4.4; Partial nucleotide cDNA sequence igfbp3 Anguilla australis (Unigene40944)
GACATGCACAACTTCTCGCTGGAGTCCAAGCGCGAGACGGAGTATGGCCCCTGCCGG
AGAGAGATGGAGAGCGTTCTGAACAGCCTCAAGATCACAAACGTCCTGAACCCCAG
GGGTTTCCGCATACCCAACTGCGACAAAAAGGGCTTCTACAAGAAAAAGCAGTGTC
GCGCGTCCAAGGGGAGGAAGCGCGGGTACTGCTGGTGCGTGGACAAGTACGGCCAG
CCTATGCCCGGCTACGACGGCAAGGAGAGGGGCGAGGCTCAGTGCTACAACCTGGA
GAGCAAGTGAGGCAGAGCGAGAGAGAGAGAGAGAGAGAGAG

P a g e | 218

Appendix 5.1; Up regulated Unigenes (on the basis of comparison of RPKM) in the ovary of
shortfinned eel under effect of 11KT, in vivo.

ID

Unigene

Placebo

11KT

igf1ra

16587

12.39

15.64

igf1rb

21340

4.64

4.84

ira

223

31.69

38.31

ira

23385

5.62

6.72

igfbp5

28985

4.39

6.33

igf2

30941

2.39

4.31

irs1

15713

19.00

22.929

igf1ra

16587

12.39

15.64

irs4

16871

4.93

6.14

irs1

18643

3.19

6.09

igf1rb

21340

4.64

4.84

ira

23385

5.62

6.72

igf2r

235

5.22

8.35

insulininduced gene1

26917

5.45

6.70

irs1

27351

2.09

7.55

irsib

2808

0.63

1.72

irs4

2893

8.83

11.95
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igfbp5

28985

4.39

6.33

igf2

30941

2.39

4.31

igf2

30966

1.89

5.84

irs4

31171

7.63

8.43

insulin-degrading
enzyme

32672

36.28

42.78

insulininduced gene1

34395

16.73

12.145

igf1r

35132

1.87

2.70

igfbp2

36483

63.75

72.50

irs4

37271

2.43

2.92

ira

37351

15.24

20.31

ira

39662

0.94

1.70

igf2bp1

41341

1.25

2.26

igfbp1

41619

0.77

2.09

igf2bp1

45133

0

0.88

irs2

52050

0

1.37

irs2

53303

0

0.64

igf2bp2a

57126

0

0.48

irs2

57901

0

1.80

igf2bp1

59642

2.42

2.91
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igf1r

8777

3.60

3.97

igf2r

8794

2.84

3.71
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Appendix 5.2; Down regulated Unigenes (on the basis of comparison of RPKM) in the ovary
of shortfinned eel under effect of 11KT in vivo.

ID

Unigene

Placebo

11KT

igf2bp2

8030

64.30

15.22

igf1rb

11471

5.25

2.64

igf1r

14579

1.27

1.02

igf1r

17489

18.70

18.40

igf1ra

181

12.91

10.27

igf2r

19674

1.81

1.78

igf1bp1

24986

2.40

10.22

igf2bp1

2830

2.6

2.35

islet1

31455

39.30

23.01

igf2bp3

31675

57.96

42.20

insulin
receptor substrate

33516

131.69

102.45

igfbp2

3479

68.22

60.68

insulin
receptor substrate

38732

168.98

163.55

igf2

40103

0.85

0.38

igf2r

42800

0.95

0.57

igf1r

4674

10.89

10.25
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igfbp1

50193

0.82

0.74

igf2bp2a

50620

0.80

0

igf2r

51107

1.58

0

insig1

61176

1.70

1.31

igf1r

63336

2.32

1.04

igfbp3-als

63422

1.42

0

irs2a

64747

3.14

2.42

islet1

64914

2.18

0

irs1b

7955

12.60

11.43

igf2bp3

9235

70.36

53.09

