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Abstract of thesis entitled: 

The Involvement of the Insulin-1 ike Growth Factor System during Oocyte 

Maturation and Early Development of Zebrafish 

Submitted by LI Jianzhen 

for the degree of Doctor of Philosophy 

at The Chinese University of Hong Kong in May 2011 

As a functional unit involved in both maintaining endocrine homeostasis and also 

producing mature eggs, the ovary plays a central role in female reproduction. The 

development and function of the ovarian follicles are controlled by gonadotropins 

released from the pituitary. It is widely accepted that the action of gonadotropins on 

ovarian follicles is mediated by paracrine/autocrine factors produced by the somatic 

cells surrounding the oocyte. Increasing evidence indicates that the Igf system is 

involved in mediating the action of gonadotropins in the ovary. Previously, we 

identified a gonad-specific Igf subtype (Tgf3) distinct from � g f l and Igf2. This 

finding further highlights the importance of the Igf system in the fish ovary. In this 

thesis, efforts were made to understand the role of the Igf system in ovary using 

zebrafish as the model organism, and attention was focused on IgO. 

We first examined the gene expression patterns of Igf3 in the ovary. The igfS 

gene in zebrafish was found to be alternatively spliced into two transcripts，with 

transcript variant I exclusively expressed in the gonads and transcript variant 2 only 

expressed during early development. Using specific antibodies developed for 

zebrafish lgf3, both the prepropeptide and the mature peptide forms of IgO were 

found lo be predominantly expressed in the zebrafish ovary. Real-time PCR and in 

situ hybridization revealed that igf3 mRNA levels were relatively low in the early 

follicles but significantly increased after the mid-vitellogenic stage (midstage HI) and 
» 

were high in the full grown follicles. In the full grown follicles, igf3 mRNA was 



delected primarily in the somatic follicular cells, with a low level of expression in the 

oocytes. IgB immunoreaclivity was confined to the follicular cells alone. 

Because the expression of igB is correlated with the LH receptor in zebrafish 

follicles, the regulation of igfS by gonadotropins was subsequently studied in the 

ovary. The expression of i g p was significantly up-regulated in both ovarian 

fragments and isolated follicles upon treatment with hCG in dose- and 

lime-dependent manners. Treatment with 8-Br-cAMP or IB MX mimicked the effects 

of hCG on the expression of igfS in follicles of different stages. 

To study the function of Igf3, bioactive recombinant IgO proteins were 

prepared using a bacterial expression system. Incubation of follicles with 
« 

recombinant zebrafish IgO significantly enhanced oocyte maturation "in lime-, dose-

and stage-dependent manners. The potential mechanisms of IgO-induced oocyte 

maturation were then investigated. IgB stimulated oocyte maturation via a 

steroid-independent manner. IgB induced oocyte maturation through Igflrs and the 

PI3 kinase, PDE3 and MAP kinase were necessary for IgB-mediated oocyte 

maturation in zebrafish. 

Four Igfs are present in zebrafish, and our results show that all four igfs are 

expressed in the ovary of zebrafish and exhibit the differential expression profiles 

during folliculogenesis. Using a primary culture of zebrafish follicle cclls, we 

demonstrated that hCG stimulated igflb and igf3 expression but suppressed igf2a 

expression. Moreover, £he effect of gonadotropin could be mimicked by IBMX, 

which increased the intracellulaf levels of cAMP, suggesting the possible 
‘ » ‘ 

involvement of cANlP in the gonadotropin-based regulation and dilTerential 

expression of igfZa, igf2b and igf3. These results also show that the IgO is the Igf 

subtype most sensitive to gonadatropin and cAMP. 

In addition, the expression patterns of igfl’ igf2a’ igf2b, igf3, igf Ira and igflrb 

were also studied during zebrafish embryogenesis. The unique temporal and spatial 



expression patterns of/g/V，igf2a, igf2b, igf3, igflra and igflrb were revealed by both . 

real-time PCR and whole mount in situ hybridization, the results suggest divergent 
t 

functions for these Igfs in early zebra fish development. 

Taken together, the present studies provide substantial information about the Igf 

system, especially that of IgB in the /.ebrafish ovary. Data were.gathered regarding 

Igt3 expression, regulation and functions, which is not only helpful for the 

understanding of the role of the Igf system in fish reproduction, but also contributes 

toward uncovering the ovarian signaling network involved m oocytc maturation 
- » 

across vertebrates. This study of igfs gene expression provides direct information to 

the study of Igf signaling in zebraflsh. 

Ill 



摘要 ‘ 

卵巢作為負责產生成熟卵子以及維持内分泌的功能器官，在雌性生殖中起 

着核心作用。大置硏究己表明卵巢的生長及其功能是受腦m體分泌的促性腺激 

素調控。促性腺激素的作用可由卵與的體細胞中產生的旁分泌炮分翻、因子所躺 

控，該親點己被齊遍接受。越來越多的證據表明，姨岛素樣生民因了- ( i g f )系 

統在卵巢中參與促性腺激素的功能調控。在之前的研究屮，我們發現了除了丨gfi 

和IgfZ外，一種新的胰島素樣生艮因子（Igf3) , H-表達部位僅限於硬骨魚類的 

性腺。該發現也進一步提示脑岛素樣生畏因子系統在魚類卵傲中的里要性。在 

本硏究中，我們利用斑馬魚作為硏究對象，對胰岛素樣生{^因子系統特別是lgf3 

在卵巢中的功能進行了硏宄。 

首先我們對 Igf3在卵摄中的表達模式進行了研究。我們發現 igP _因在斑 

馬魚中有兩個不同的轉錄本，轉錄本-1在性腺中高表達，轉錄本在早期發育 

過程中表達。利用針對斑馬魚 Igf3的特異抗體，我們發現 Igf3的前體肽和成熟. 

肽都主要在斑馬魚卵巢中表達。窗時定最P C R和原位雜交的結果顯示， i g f S 

mRNA的表達在早期卵泡中相對較低，卵黃發生屮期開始增加，卵黃成熟期最 

高。在卵黃成熟期的卵泡巾，m R I ^ A在嫌泡細胞中的表達量相對於卵母細 

胞較高。IgD蛋白的表達也架中在滤泡細胞中。 

鑑於 Igf3在卵巢中表逹與黃體生成索受體表逮有相關性，提示 IgO可能被 

垂體促性腺激素所調控。在人紙毛膜促性腺激素的處理下， iKf3的表達被顯著 

上調並呈劑 i和時間依賴性。該剌激作用可被增加胞内環憐醇腺苷濃度的藥物 

所模擬，提示垂'體促性腺激素的作用可@環憐酸腺若所介導。 

為研究lgf3的功能，我彳門在細葡系統中成功製備了有生物活性的斑馬魚�gf3 

重組蛋白。將斑馬魚 IgD的重組蛋白與卵泡進行孵育，可以顯著促進卵母細胞 

r v 



成熟並呈時冏，劑踅和卵泡時期依赖性。之後我們進一步探討了 IgD促進卵母 

細胞成熟的分子機制，結果顯示igf3誘導卵母細胞成熟、IP.不依赖卵泡中類固醇 

生成。我們證明了 I g f3通過激活 igf l r s誘導卵母細胞成熟，同時也證明了 PI3 

激酶，PDE3以及MAP激酶為丨gB誘導卵母細胞所必丨蒋。 

0前斑馬魚中存在四種胰岛素樣生長因子，我們的結果表明四種胰岛索様 

生長因子的都在斑馬魚的卵巢中表達，其表達模式在卵池生長過程中不同。利 

用原代培養的斑馬魚卵泡細胞，我們發現細毛膜促性腺激索刺激 igf2b和 /g /3的 

表達，卻抑制的表達，該刺激或抑制所用也可被增加胞内環碳酸腺赶濃度 

的藥物所模擬，提示環碟酸腺苷參與促性腺激素調控 isPcu igflh和i对3农達 

的 " J "能性。通過比較這四稀/妖的表達和調控，我們也發現是卵泡生長過程 

中表達量變化最為劇烈，對促性腺激素以及環隣酸腺 t r般為敏感的一嵇胰岛素 

類生長因子。 

此外，我們也分析了四种胰岛素類生長因子配渊W 1， i g f 2 u ’ igfib’ igp 

和兩種受體 i^rf lra以及 ig/Trb在斑馬魚胚胎發冇中的時空表達模式。利)彳�寅時 

定量P C R和原位雜交技術，我們發現四種膀島索類生因子在胚胎發育過程中 

獨特的表達，該結果也提示在早期發育過程屮，四種胰岛素類生長因子可能發 

揮的不同角色。 

木文對胰岛素類生長因子特別是 IgO在斑馬魚卵與中的表违，激素調控及 

其功能進行了充分的硏究。這些結果不僙有助於對更深入的/解胰島素類生長 

闲子在魚類卵巢中的生理作用，也有助於报示調控脊椎動物卵母細胞成熟的分 

子信號機制。此外，對早期發育過程中胰島素類生長因子的表達硏究，為其後 

、硏究其功能提供了直接參考。 
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Chapter 1 General Introcinctioh 

Chapter 1 General Introduction 

The word "ovary" is derived from the Latin word “ovum,” meaning egg. The 

ovary is nol only the female gonad, producing mature oocytes for I'ertili/ation and 

successful propagation of the spccics, but is.also the female reproductive gland, 

controlling much of female development and physiology. The ovary is generated 

from primordial germ cells when these cells migrate into the urogenital ridge. The 

immature gonad iJi dinerenliated along a femalc-spccific pathway, and the newly 

formed oocytes proliferate, grow and subsequently enter meiosis, eventually reaching 

the stage of maturation and ovulation. All of these processes are under the precise, 
/ 、 

coordinated control of hundreds of interacting factors including gonadotropins 

(fo 11iclc-slimulating hormone [FSl I] and luteinizing hormone [IJ I]) and a variety of 

local ovarian (actors (Iklson et al.，2009; McGee and Hsuch, 2000). 

1.1 Life cycle of ovarian folliclcs 

The ovarian follicle is the basic functional and structural Unit of the vertebrate 

ovary. The development of oocytcs is inevitably correlated with the surrounding 

somatic layers. An oocytc and the surrounding layers of specialized somatic cclls 

including inner granulose cells and outer layers of theca cells, constitute an ovarian 

rollicic (Babin et al.，2007; Nagahama et al.，1995; Peters and McNatty, 1980). In its 

broadest sense, the life history of an ovarian follicle is the process by which 

primordial germ cells (PGCs) bccomc ova that arc ready to be fertilized. This process 

can be classified into six major steps: (1) PGC specification (germlinc segregation); 

(2) 1)GC migration; (3) transformation of PGC into oogonia, (4) transformation of 

oogonia into oocytes (onset of meiosis) and growth of oocytes while under mciotic 

arrest (follicle development), (5) resumption of meiosis (maturation), and (6) 

expulsion of the ovum from its fo Hide (ovulation). In this scction, this process will 
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be briefly reviewed as below. 

1.1.1 Ovary formation 

1.1.1.1 P(iCs specification 

All metazoans contains two kinds of diploid cell types: cells forming the somatic 

cells which remain diploid and gmnline cclls that give rise to the haploid 

reproductive cclls or gametes. The diploid cclls from the germ line arc ailed PCJCs 

during early development stages (Babin el al., 2007). 

Studies from Caenorhahditis ele}*ans, Drosophila and Xenopids have demonstrated 

the origin of PGCs in a defined area of the egg (rclcrrcd to as germ plasm) (Houston 

and King, 2000; SanVnan and Lasko, 1999; Williamson and Lehmann, 1996). Germ 

plasm can be identified morphologically by the presence of germ granules, 

conspicuous membrane-free organelles with an electron-densc granulofibrillar 

appcarancc. These electron-densc structures are associated with mitochondria and 

contain RN A and protein molecules (Malova and Coo ley, 2 0 0 " . Iwidence from 

studies of Drosophila mutants has supported the hypothesis that Ihcsc organelles 

carry the germ line "determinants" (Williamson and Lchmann, 1996). In zebra fish, 

several recent studies have also indicated that germlinc spccificalion depends on 

maternally provided material (Raz, 2003). In contrast, the specification of PGCs in 

mammals follows a difTerent strategy. The available information indicates that the 

PGCs in mammals are induced through cellular interactions during the gastrulation 

stage, and not by the way of inheriting maternally provided cytoplasmic determinants 

(Bendel-Stenzel ct al.，1998; McLaren, 1999; Wylie, 1999). Rccent studies of 

knockout mice have defined members of the BMP family as major factors that are 

essential for development of PGC precursors (Chang et al., 2002; Ed son el al.，2009; 

l layashiet al., 2007). 
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1.1.1.2 PGCs migration 

in all systems, PGCs form far from the site of" the developing gonads and migrate 
t 

long distances to the site of developing gonad. The identification of the PGC marker 

genes in difTerent species, such as the alkaline phosphatase in the mouse (Chiquoinc, 

1954; Ginsburg ct al., 1990), vasa in Drosophila (I lay cl al., 1988) and zebra fish 

(Olsen cl al., 1997; Yoon ct al., 1997), has allowed for PGCs to be visuali/.ed in the 

embryo. In zebra fish, PGCs marked by vasa or nanosl arc segregated into four 

clusters in the blastrula stage. These PGC dusters then migrate dorsally and align al 

the border between the head and trunk mesoderm or align within the lateral 

mesoderm. Both lines of cells then move towards an intermediate target within the 

lateral mesoderm. At the 8-somitc stage, PGCs leave this intermediate target and 

migrate posteriorly to colonize the developing gonad. At the prim-5 stage, PGCs 

have formed clusters between the 8th and lOtli somites. The entire migration process 

lakes approximately 20 hours in zebraHsh (Ra/., 2003). 

1.1.1.3 From PGCs to oogonium 

After the migration of PGCs into the site of the developing gonad, PGCs associate 

with and arc surrounded by several spccial somatic cells. These cells have many 

special morphological features, such as a high electron density, and exhibit irregular 

outlines similar to the irregular shapes of the PCiCs. These somatic cells in the 

presumptive gonad have an embryo logical origin difTerent from PGCs. The external 

somatic layer is primarily derived Irom the genital ridge epithelium, and some of 

these specialized cells develop from the mesenchyme (Devlin and Nagahama, 2002). 

The presence of these somatic cells surrounding the PGCs in the developing female • 

gonad indicates the start of follicle differentiation. The gradual transronnalion of 

PGCs into oogonia accompanies Ihe change of cell structure and morphology. The 

oogonia proliferate rapidly in the ovary through mitosis bcibre the beginning of 
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meiosis. An oogonium enters into the ncxl stage adcr the initiation of mciotic 

division (Babin ct a I., 2007). 

1.1.2 Ovarian development, oocyte maturation and ovulation 

1.1.2.1 Ovarian development 

I'O I lowing I he onset of meiosis and formation of the ovarian follicle 

(folliculogcnesis), significant growth of the oocyte begins. The ovarian follicle 

consists of the oocytc and its envelope，which is composed of cells and outer 

membrane. During folliculogcncsis, the morphology changes as the oocyte and the 

surrounding cells differentiate. Varying terms and classification systems have been 

used to describe the different stages of development. In mammals, the folliclcs arc 

divided into four main stages: primary, preantral, antral, and preovulatory (Fig. I -1 A) 

(McGee and Hsueh, 2000). In primary-slage folliclcs, the small folliclc consists of a 

small oocyte, a few flat granulosa cells and a basement membrane and its appcarancc 

and size change little with advancing age. The preantral follicle is characterized by 

an oocyte that is in the growth phase with one or more layers of cuboidal granulosa 

cells surrounding it. As the granulosa cclls multiply, there is a concomitant increase 

in the production a;id accumulation of fluid，which leads to the formalion of a 

follicular cavity (antrum). The number of large folliclcs that become preovulatory 

and ovulate varies widely in different species. Many changes involving the surface 
» 

epithelium, the follicle envelope and the oocytc oocur in the preovulatory folliclc. A 

marked expansion of the entire folliclc takes placc shortly before follicular rupture 

and the increase in size is considerable (Peters and McNatty, 1980). 

Unlike that of mammals, the ovary of fish is highly variable due lo the wide range 

of reproductive patterns including oviparity, ovoviviparity and viviparity. Three 

major ovarian types have been classified based on the pattern of oocytc development 
？ 

(Nagahama, 1983; Wallace and Selman, 1980). The synchronous ovary contains 
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oocylcs thai are all at the same stage oT cJevelopmcnl; the group-synchronous ovary 

consists of at least two populations of oocytcs at different developmental stages, and 

the asynchronous ovary contains oocylcs at all stages of development (Nagahama et 

ai.，1995). Generally, the development of the ovarian foHides in telcosts can be 

divided into lour stages: stage I (primary growth stage); stage II (prc-vitejlogcnesis 

stage); si age III (vilcllogcncsis stage); and stage IV (maturation stage) (Fig. I -1 B). In 

the primary growth stage, the cellular structure of young primary oocytes is similar 

to lhat of oogonia. I'hc granulosa cells proliferate and form a layer of flattened cells. 

In the pre-vitellogcncsis stage, the size o f l h c oocytc increases as the nuclcus enters 

the diplotcnc stage of prophase in the first mciolic division. In addi t ion� Ihc oocytcs 

arc surrounded by several cell layers, i.e., the basement lamina, theca, and granulosa 

cells/ The ovarian follicle enlarges during the vitcllogcncsis stage, and the oocyte 

accumulates the yolk containing nutritional reserves from the blood stream. The 

granulosa cells and oocytes are connected by heterologous gap junctions during 

oocytc development. These cellular structures provide a mechanism for the transfer 

of small molecules including inorganic ions, secondary messengers such as cAMP 

and nutrients, from one cell to another (Kidder and Mhawi, 2002). 

1.1,2.2 Oocyte maturation 

During maturation, the fully grown oocytc exits the diplolcne stage and restarts 

meiotic division after receiving an activation signal. In fish, after the oocyte is fully 

grown upon completion of vitcllogcncsis, the follicle becomes ready for the oocytc 

maturation or the resumption of meiosis, which is accompanied by several 

maturational processes in the nuclcus and cytoplasm of the oocyte. Fully grown fish 

oocytes arrest in the late prophase I of meiosis I ind must progress to the second 

meiotic mctaphasc before fertili/.alion. The nucleus of fish immature oocylcs (the 

germinal vesicle, GV) is generally inconspicuous because of the opaque cytoplasm. 
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The GV at this stage is typically located ccntrally or halfway between the ccntcr and 

the oocyte periphery. Initially, the GV migrates to the animal pole, where the 

micropyle is located. A significant reorganization o f � c y t o p l a s m i c microtubules 

distribution occurs during the early phase of hormonally induccd oocyte maturation. 

After migration is completed, the membrane undergoes GV breaks down (GVBD), 

and its contents become intermingled with I he surrounding cytoplasm. A Her GVRI), 
\ 

the oocytes enter into mctaphase il of mciosis II by extruding the first polar body and 

then arrest in this stage, fertilization releases this arrest, and the oocytes complete 

the second mciolic division by extruding the second polar body and initiate a series 

of embryonic divisions (Fig. I -2) (Babin et al., 2007; Nagahama ct al.，1995; Verlhac 

and Villencuve, 2009). The entire course of maturation involves a series of events, 

including polar bocly�cxtmsion, chromosome condensation and the spindle formation. 

In most studies，GVBD is usually regarded .as a hallmark of the progress of oocytc 

maturation. A detailed discussion of oocyte maturation processes and regulation is 

found in section 1.4 separately. 

1.1.2;3 Ovulation 

After oocyte maturation, the mature oocyte is released from the surrounding 

follicle cclls to be fertilized, in a process also known as ovulation. Following the 

disruption of microvillar connections between the follicular wall and the oocyte that 

occurs during oocyte maturation, the ovulation process progresses through a series of 

events including the opening of the follicular wall surrounding the oocytc and the 

active expulsion of the oocyte through the opening (Bolamba et al., 2003; Cerda et 

al.，1999). These processes arc regulated by a number of moleculcs including 

proteases, protease inhibitors and vasoactive peptides (Goelz and Garc/.ynski, 1997). 
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1.2 Regulation of ovarian follicles 

It is well established that the development and function of the ovarian lb Hides arc 

controlled by gonadotropins (LI I and FSH), both of which arc released from the 

pituitary, and that their coordinated actions arc essential for the fine-tuning of ovarian 

fund ion. In addition, a network of locally produced growth I actors such as Igfs, Bgf, 

and activin is also involved in the regulation of ovarian foHides. These growth 

factors serve as mediators of gonadotropic signal transduction from the follicle cells, 

in which gonadotropin receptors are located, to the oocyte and also regulate these 

signals through interactions with other factors from the follicle cells and/or the 
睿 

oocyte itself (Babin ct al., 2007). 

1.2.1 Goiiaciotmpins ~ LH and FSH 

1.2.1.1 Structure 

it has been demon si rated lhal two gonadotropins, FSH and LH, directly control 

many aspects of gonadal development and function across vertebrates. These 

gonadotropins arc secreted form the anterior pituitary gland. Both are heterodimeric 

glycoproteins formed by two subunits. A common a subunit is non-covalently but 

specifically linked to a specific (3 subunit, determining the biological activity the 

gonadatropin. All three subunits including a, FSH(3 and LH(i are cncoded by distinct 

genes (Lcvavi-Sivan ct al.，2010). In fish, a single gonadotropin (LH) was originally 

believed to control ovarian function (Donaldson et al.，1972; Siindararaj et al.，1972; 

Sundararaj ct al., 1971). However, a pair of gonadotropins, initially termed Gtl II and 

GlH2, were later identified in difTcrcnt fish species including coho salmon (Swanson � < 

et al., 1991), Fun4ulus hetemclitus (Lin el al.’ 1992)，tuna (Okada ct al•’ 1994), 

striped bass (Hassin et al.，1995), gilt head seabream (Elizur ct al.，1996), goldfish 

(Kobayashi ct al.，1997; Yoshiura ct al., 1997), rainbow trout (Govoroun ct al., 1997) 

and sea bass (Moles et al., 2008). 
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1.2.1.2 Receptors 

Similar to the situation with Gtl Is, it was believed for many years that only one 

type of 'GtH receptor (GtHR) existed in fish. Karly binding studies indicated that only 

one type of GlH receptor could be indentified (Breton el al., 1986; Salmon et al.， 
t 

1984). The presence of two distinct GUI receptors in fish species was initially 

dcmonslrated in salmon (Miwa et al., 1994). So far, two GtH receptors have been 

cloned in a number of fish species, including salmon (Maugars and Schmitz, 2006; 

Oba ct al., 1999a; Oba el al.，1999b), catfish (Bogerd el al., 2001 ； Kumar ci al.，2001 )， 

zebrafish (Kwok ct al., 2005; So cl al., 2005), sea bass (Rocha cl al.，2007), ccl (Jcng 

ct al” 2007) and rainbow trout (Sambroni ct a)., 2007). Both FSII and-LI I rcccplors 

are G-prolein-coupled receptors (GPCR) of the rhodopsin-Iikc receptors family. Like 

other CjPCRs, cach GtH receptor has an N-terminal extracellular domain for ligand 

binding, seven hydrophobic helices inserted in the plasma membrane, and a 

C-tcrminal intracellular domain mediating intracellular signal transduction. One of 

the key unique feature of the GtHRs is their large extracellular domains that constitue 

more than half of the length of the protein, [his extracellular domain contains a 

ccnlral region with several Icucinc-rich repeats (LRRs) lacked by amino-tcrminal and 

carboxy-terniinal cysteinc-rich regions (the NCR and CCR, respectively). Fish GtH 

receptors follow the same general structure as mammals, but the extracellular 

domains of fish PSH receptors are distinct from those of mammals. Fish FSH 

rcccptors do not contain a typical NCR domain, and 30 amino acids found between 
4 

the third and fourth cysteine in mammalian receptors are not present in the fish CCR 

domains (Levavi-Sivan el al., 2010). 

1.2.1.3 Signal transduction 

Both FSH and LH rcccptors activate the membrane-associated adenylate cyclase 

r-I 
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(AC), causing an increase in intracellular cAMP. Upon activation by ligand binding, 

the receptors associate with Gs which then dissociates into the G-a and G-fV/ 

subunils and transmits different signals by interacting with various effectors. G-a 

activates AC which catalyzes the conversion of ATP into cAMP. thereby stimulating 

intracellular c A M P levels and leading to the activation of cAMP-dependcnt protein 
« I 

kinase A (PKA) in the cytoplasm (Babin et al.，2007; Bogerd el al.，2001; Vischcr ct 

al.，2003). The catalytic subunit of activated PKA then translocates into the nucleus 

and phosphorylates structural proteins, enzymes and transcriptional factors, such as 

the cAMP responsive element. In addition to stimulating cAMP production, GtHs are 

also able to promote the activation of phospholipase C (PLC). PLC activation results 

in the rapid metabolism of phospaticllyinositol-4,5-bisphosphate (I>tdINs(4，5)l)2), 

leading to the formation of inositol-1,4,5-trisphosphale (lns( 1,4,5)?3) and 

diacylglyccrol (DAG). lns(l,4,5)P3 triggers the release of calcium from intracellular 

stores (Furuichi et al., 1989). DAG regulates the activity of the protein kinase C 

(PKC) family of calcium and phospholipid-dependent enzymes (Nishizuka, 1984). In 

addition to these transduction pathways, considerable evidence also suggests that 

GtURs can also interact with various cytoplasmic scaffold and adapter proteins, 
< 

which can link the receptors to a range of signaling intermediates and intracellular 

efTectors (Babin et al” 2007; Hall and Lefkowitz, 2002). 

* 

1.2.1.4 Actions on steroidogenesis 

In mammals, it is clear that FSH and LH are necessary for the appropriate 

regulation of steroidogenesis in granulosa and theca cells. GtHs stimulate the 

production of estradiol-17p (E2) and progesterone (P4), which play important roles 

in ovarian function and control of the reproductive cycle. The expression and activity 

o f P450arom in granulosa cells is increased by FSH, whereas P450scc expression is 

stimulated by LH in luteal cells, thus, the synthesis of E2 and P4 is increased. 
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respectively (Leung and Steele, 1992), After the LH surge, the level of P450arom 

mRNA declines and the granulosa cells change from proliferating, E2-producing 

cells to differentiated cells lhal secrete P4. In the thcca cells of a growing folliclc, 

expression of both P450scc and P45017u increases in a U�-dependen t manner, 

leading to augmented androgen synthesis. It has also been well demonstrated that 

GtHs regulate steroidogenic acute regulatory (StAR) protein. Therefore, both FSH 

and LH are essential for generating the appropriate environment for steroid synthesis 

within the growing follicle (Misrahi et al., 1998; Wood and Strauss, 2002). 

In fish, both GtHs can stimulate steroid production by the salmon id ovarian tissue 

(Montserrat et al., 2004; Planas et al., 2000; Planas et al” 1997; Suzuki et al., 1988). 

However, their steroidogenic potencies vary depending on the slate of gonadal 

development (Montserrat et al.，2004; Planas et al., 2000; Planas et al., 1997). In 

coho salmon, LH but not FSH stimulates 17a,20p-dihydroxy-4-prcgncn-3-onc (DHP) 

production in granulose layers, whereas both LH and FSH stimulate steroid 

production in theca-interstitial layers, with LH showing a higher activity (Maestro et 

al” 1997). In red seabream, only LH can stimulate both aromatase activity and the 

expression of P450arom (Kagawa et al.，2003)，the authors therefore suggested that 

the physiological functions of FSH may be redundant in the ovary. These results also 

indicate that the effects of teleost gonadotropin on steroidogenesis exhibit a wide 

range'of variations. 

1.2.1.5 Actions on folliculogcnesis 

In mammals, it is believed that FSH and LI I arc unlikely to be involved in the 

regulation of primordial follicles because functional gonadotropin receptors have not 

yet developed in them (Dunke! et al., 1994; O'Shaughnessy et al., 1997; Oktay ct al., 

1997; Rannikki ct al., 1995; Sokka and Huhtaniemi, 1990). The growth of preantral 

follicles was believed to be gonadotropin independent because foHides slill develop 

10 
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to the antral stage in several animal models as well as humans with minimal 

circulating FSII or defective FSH receptors ( AiUomaki ct al., 1995; Dicrich cl al., 

1998; Fauser and Van Heusden, 1997; Hillier, 1994; Kumar el al., 1997). However, 

studies of rodents suggested that the development of early follicles is under the 

regulation of gonadotropins (Cain el al.，1995; Dahl et al., 1988). Available 

information has demonstrated that gonadotropin can regulate cell divison and 

differentiation in the preantral follicles (Boland et al” 1993; Roy and Greenwald, 

1989). In the later stages of follicle development, both FSH and LH have been 

demonstrated to be essential for the proliferation and survival of follicular somatic 

cclls and the cyclic recruitment of antral follicles. Decreasing the concentration of 

serum gonadotropins causes atresia and apoptosis in developing follicles (Nahum el 

a I., 1996). Corresponding to the trophic actions of gonadotropins, FSH and LI I 

receptors are highly expressed in the follicular somatic cclls suggesting that ovarian 

follicles are responsive to gonadotropins. In fish，similar to other vertebrates, FSH is 

the primary factor responsible for the regulation of follicle growth (vitcllogenesis) 

(Nagahama ct al., 1995). 

1.2.2 Growth factors 

Growth factors arc a large and heterogeneous group of peptide signaling molecules. 

Increasing amounts of evidence have shown that they act as both hormonal and local 

paracrine/autocrine regulators and are involved in many aspects of ovarian 

development. • 

1.2.2.1 Insulin-like growth factor system . 

As the significance of putative intraovarian regulators has been became 
• 

increasingly recognized, much of the attentions has been drawn to insulin-like 

growth factors (Igfs). Igfs arc low molecular weight，mitogenic peptides that are 

structurally related to pro insulin. The initial step in the cellular action of Igfs is 
11 
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ligand-rcceplor binding, and both Igfl and IgO possess specific high-airinily 

rcccptors (Giudice，1992). Both Igfl and IgO are bound in plasma and other 

biological fluids by a family of proteins known as Igf-binding proteins (Igfbps). The 

Igfbp family consists of six distinct proteins (Jones and Clemmons, 1995; Rcchler, 

1993), which both inhibit Igf activity by preventing binding to the Igf receptor and 

promote Igf activity through aiding in delivery to the receptor and increasing the Igf 

half-life by preventing Igf degradation. Many experimental results have indicated an 

essential role for Igfs in ovary (Yoshimura, 2003). Most recently, our lab has 

identified a novel Igf (lgf3) from the leleost; the expression of IgB is restricted to the 

gonads, which further highlights the role of the Igf system in fish reproduction 

(Wang et al.，2008). 

1.2.2.1.1 Structure of Igfl and Igf2 

Like proinsulin, both Igfl and IgfZ are single-chain polypeptides containing three 

intrachain disulfide bonds. Both Igfl and Igf2 encode prcprohormones, containing a 

putative signal peptide that is removed during secretion to yield the prohormone 

composed of five distinct domains (B-C-A-D-E). Subsequent proteolytic release of 

the E domain yields the mature IGF peptide (domains B-C-A-D). However, 

proinsulin contains three domains (B-C-A). Regions of structural homology exist in 

the A and B domains of proinsulin, and the connecting region (C domain) between ff 

the A and B domains shares weak homology. Three-dimensional models indicate that 

Igfl and Ig(2 have identical hydrophobic cores and identical conformation of the 

amino acid residues corresponding to the A and B chains of insulin (Giudice，1992; 

Wood et al., 2005). 

1.2.2.1.2 Receptors 
I 

Both Igfl and Ig(2 exert their physiological actions by interacting with specific 

12 
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cell-surface membrane receptors including Igf type 1 and type 2 receptors. The Igf 

type 1 receptor preferentially binds Igf I and is commonly called the Igf I r. This 

receptor is a member of the tyrosine kinase supcrfamily of transmembrane receptors. 

Igf l r is recognizee! as the major mediator of Igf signaling in mammals. The Igfl r is 

bisected into two subunits, the a subunit and p subunil. The a and |3 su bun its are first 

linked by disulfide bonds to form an ap hemireccptor, which subsequently associates 

with another ap hemireccptor to form the mature a2^2 holoreceptor. The extracellular 

a subunit is responsive to ligand binding, whereas the intracellular portion locatcd 

within the p subunit contains the substrate-binding site, ATP-binding site and 

tyrosine kinase activity (Giuclice, 1992; Wood et al., 2005) (Fig. 1-3). The Igf type 2 

receptor exhibits greater afTinity for Igf2 than for Igf l , which is identically lo 

iTiannose-6-phosphalc receptors. The abscncc of catalytic domains suggests lhat lgt2r 

does not stimulate downstream signaling pathways ( long ct al., 1988). In fish, the 

properties of Igfl rs, including binding specificity and en/yme activities, are similar 

to those of the mammalian proteins as has been demonstrated in various fish species 

(Wood el a l , 2005). 

1.2.2.1.3 Signal transduction and ccllular signaling 

Activation of the igf l r through ligand binding is known to trigger several signal 

transduction pathways. Ligand binding triggers tyrosine phosphorylation of the (3 

domain, leading lo the recruitment of multiple endogenous substrates such as 

insulin-receptor substrate to specific phosphotyrosinc clocking sites within the (3 

subunit. After the recruitment of insulin-receptor substrate and other substrate 

molecules, a cascade of additional phosphorylation events involving multiple 

second-messenger molecules is activated. For instance, the recruitment of SH2 

domain-containing proteins can activate the monomeric G protein Ras, which in turn 

can activate the mitogen-activated protein kinase (MARK) signaling pathway. 
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Receptor phosphorylation can also activate the phosphoinositide 3-kinase (P13-k) 

pathway and promote phosphorylation of its major component, protein kinase B 

(PKB/Akl). These signaling pathways ultimately induce alterations in target gene 

expression (Chitnis et al., 2008; Dupont and I lolzcnbcrger, 2003)(r:ig. 1-4). 

‘ 

1.2.2.1.4 Expression in ovary 

There is some diversity in the localization of Igf expression in the ovary of 

difibrenl species. In rodents，igf'l mRNA is expressed in the granulosa cells of 

growing follicles, whereas igf2 mRNA is located in the granulosa cells of atretic 

follicles (Zhou et al., 1996), However, the expression level of is low in ovine 

and bovine ovaries (Perks cl al.，1995). Instead, igf2 expression has been detected in 

the thecal cells of both species, and i^/2 expression levels arc high in developing 
* 

early-stage follicles (Armstrong and Webb, 1997; l)erks et al., 1995). In contrast, in 

the human ovary, granulosa cells are a site of lgf2 rather than Igfl gene expression 

(el-Roeiy el al.，1993; Zhou and Bondy, 1993). These results suggest that in humans, 

IgfZ is the primary Igf, whereas in rodents, Igfl plays the larger role in the control of 

reproductive functions. Moreover, the expression of i^ f l r is increased during the 

early growth of folliclcs in sheep as well as in cattle (Monget ct al.，1989; Wandji et 

al.，1992). In ovine follicles, the i^flr transcript is present in both the iheca and 

granulosa layers, but the concentration of igf If mRNA decreases with increased 

follicle diameter (Perks et al., 1995). The igfir mRNA is present in human granulosa 

and theca layers (Poretsky et al.,'1999). 

Igfl peptide and/or mRNA has been detected in granulosa cells in different stage 

of follicles in gilt head seabream (Perrot et al.，2000), red seabream (Kagawa el al., 

1995) and tilapia (Bcrishvili et al., 2006; Schmid et al.，1999a). In both gilthead 

seabream and tilapia, igf! mRNA was observed infrequently in oocytes at later stages 

of development (Berishvili et al.，2006). In contrast to i g p , both mRNA and 
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peptide were detected only in the granulosa cells of the late follicIc stages in tUapia 

(Schmid et al.，1999a). 

1.2»2.1.5 Actions on steroidogenesis 

in the ovary of mammals, both Igfl and lgf2 arc believed to exert effects by 

synergizing with PSI i and I J I in their clTccts on many aspccts of ovary development 

including steroidogenesis in granulosa and Iheca cells, respectively (Kliamsi cl al., 

2001). In porcine granulosa cells, synergism between Igfs and gonadotropins has 

been observed with regard to genes encoding proteins responsible for the uptake of 

cholcstcrol substrate and the induccd expression of the rcccplor of low-density 

lipoprotein, StAR and P450 cytochrome side-chain cleavage (P450scc). Sckar and 

colleagues demonstrated that StAR mRNA expression could not be induccd by LI 1 

and Igls individually and that LH alone minimally stimulated P450scc and LDI.-R 

mRNA expression. However, the expression of, these genes was significantly 

叩-regulated by LH in combination with Igfs (Sekar et al.，2000). In rodent granulosa 

cells, the effects of FSH and Igf on the expression of steroidogenic enzyme arc 

specific. A synergistic action with Igfl is required tor FSH induction of P45()scc 

expression (Himerl and Orly, 2002). Evidence from difTcrcnl spccics of fishes 

indicates common and distinct actions of Igfl on ovarian steroidogenesis. It has been 

reported that Igfl exerts no cITccts on steroidogenesis in ovarian follicles of 

mummichog (Ncgatu et al., 1998). However, Igfl in the white pcrch increases 

testosterone and E2 production but decreases the production of Mill in ovary 

fragments (Weber et al.，2007). In coho salmon, Igfl up-regulates E2 and MIH 

production by the granulosa cclls but inhibits the production of testosterone and 

17a-hyciroxyprogesterone by the theca cells in preovulatory ovary (Maestro el al., 

1997). Similarly, Igfl increases H2 and Mill production and decreases testosterone 

levels in the culture medium of ovarian fragments from striped bass (Wcbcr and 
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Sullivan, 2000). In red sea bream, Igf stimulates bolli aromatase activity and P45() 

aromatase gene expression in ovarian Iblliclcs and likely increases the 

responsiveness of E2 production to LI I through enhancing the expression ol' the Li i 

receptor (Kagawa el al., 2003). In contrast, in trout, Igfl suppresses the efTects of LI I 

on steroid production by inhibiting the activity of cAMP-depeiident protein kinase 

(Mcndcz ct al.，2005). Therefore, Igfl is highly involved in fish ovarian 

steroidogenesis. 

1.2.2.1.6 Actions on folliculogcnesis 

The involvement of the Igf system in iiUraovariaii regulation of Iblliculogenesis 

has been extensively studied in mammals, in rhesus monkeys, Igfl and its rcccplor 

may mediate the primordial-lo-primary follicle transition, as androgen treatment of 

females resulted in a significant increase in the number of primary follicles, 

concomitant with a significant increase in I he expression of i^fl and i}!flr mRNA in 

primordial follicles (Vendola ct al.，1999), I lowcvcr, the available information fVom 

mo si mammals indicates that Igfs are not required for the growth of early follicles or 

for their gonadotropin-independent development. Fortune and colleagues reported 

I hat in cows, the earliest stages of follicular development arc regulated, at least in 

part, by Igfl ； however, Igfl did not stimulate bovine primordial-to-primary follicle 

transition in a culture of bovine ovarian cortex (Fortune ct al.，2004). In the rat, it has 

been demonstrated thai insulin, but not Igfl，promotes the primordial-to-primary 

foiliclc transition (Kezclc et al., 2002). However, Igfs are involved in the increase in 

rSH-responsivcness of granulosa cclls aflcr the Iblliclcs enter into 

gonadaotropin-dcpendent stages. Direct evidence was provided using the Igfl 

knockout mouse, in which it appears that the follicular population is not affected 
I 

through the early antral stage. However, the ovaries do not contain any antral 

follicles and are unable to ovulate, even after treatment with exogenous 
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gonadotropins, suggesting lhat Igfl is essential lor antral follicle development (Baker 

c ta l . , 1996). 

Many studies have also indicated lhat Igfl stimulates the differentiation or 

proliferation of granulosa cells，depending on the stage ofdcve lopmcnl of the lb Hide 

(Silva et al.，2009). In calllc and mice, Igfl is essential for increasing the sensitivity 

of small antral follicles lo gonadotropin and is required lor their transition into the 

gonadotropin-dcpcndcnt follicular stage. Furthermore, Igfl stimulates the growth of 

cultured small antral follicles and improves oocyte viability (Walters et al., 2006). In 

mice, the expression level of, IgQ is low in the ovary, and cvidencc from knockout 

micc showed no rertiHty dcfects, suggesting that the IgO is not likely to be involved 

in folliculogenesis (DeChiara et al.，1990; Wandji et al., 1998). In contrast, Ig(2 is the 

principal Igf in human ovarian follicles and acting in an autocrine fashion in thecal 

cells and in a paracrine fashion in granulosa cells (el-Roeiy et al.，1993). 

Moreover，the action of Igfl synergizes with FSH lo enhance the proliferation of 

cultured rat granulosa cclls (GiucJicc, 1992). In the prcscncc of TSl 1, M1 receptor 

synthesis was stimulated by Igfl in ral theca-interstitial cclls and granulosa cells 

(Magoffin and Wcitsman, 1994; Isuchiya et al., 1999). 

1.2.2.1.7 IcJeiitiflcation of Igf3 in teleosts 

Two types of Igfs (Igfl and IgO) have been identified in various vertebrates. We 

identified a novel Igf ( IgB) was indentified in several tclcost species (Wang el al., 

2008). So far, lgf3 has been identified from several fish species including zebra fish, 

tilapia, mcdaka and soulhern catfish, which suggests lhal lgl3 is widespread among 

in tclcosts. Zebra fish Igi3 is cncodcd by a gene that is distinct from those that encode 

for Igfl and Igf2. Phylogenetic analysis also revealed that IgO forms a separate clade 
寺 

distinct from Igfl and Igt2 (Fig. 1-5). Like the other Igfs, IgO contains live domains: 

B，C, A，D and R (Fig. J-6). The predicted tertiary protein structure of IgD is similar 
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lo that of Igfl and IgO (Pig. I -7). Interestingly, previous analysis has revealed the 

gonad-specific expression of Igl3 in tilapia and zcbratlsh (Wang cl al., 2008; Zou et 

al., 2009). 

The B and A domains of Igf have been previously demonstrated to be important 

for receptor binding and the subsequent biological activity of the growth faclor 

(Bayne et al., 1989; Shooter ct al., 1996). Domain B contains two conserved 

cysteines, both of which form disulfide bonds in Igt l, and three conserved glycines 

rcsducs that arc important lor the tertiary structure of Igf". All of the lgf3 sequences 

indentillcd from teleosts possess these essential residues. Together with the similar 

tertiary structure exhibited by the three types of Igf, these features suggest that 

ccrtain aspects of the biological functions of IgO arc akin to those of the other Igfs. 

On the other hand, Igfl and .Ig(2 possess a highly conserved IiTLCG motif. This 

motif is changed to KVRCG, RARCG or RI.RCG in IgO. Although the significance 

of this di(Terence is not known at the moment, it Is likely that IgB does possess some 

specific biological activities of its own. Furthermore, the C domain of Igfl is 

involved in maintaining a high alTinity for the Igfl r, but the C domain is not required 

for Igf2i' binding. Previously, Wang and colleagues proposed that the diversity in the 

C domain of IgB suggests the prcscncc of a specific rcceplor for lgl3 (Wang et al.， 

2008). 1 lowevcr, the role of IgO in the fish gonad is still largely unknown. 

1.2.2.2 Epidermal growth factor family 

The epidermal growth factor family includes epidermal growth factor (BGF), 

heparin-binding EGF-like growth factor， transforming growth factor-u (TGF-ci)， 

amphiregiilin, cpiregulin, epeigen, betacellulin, and other factors (Sirotkin, 2010). 
• 

Most EGF-family peptides are synthesized as transmembrane precursors thai are 

proltxilytically cleaved to release the soluble form of the hormone or 1 unci ion as 

membranc-anchorcd hormones in juxtacrine signaling. These factors exert clfects 

through four types of structurally related transmembrane receptors, including ErbBl 
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(RGFR), i:rbB2, l 'rhB3 and l-rblM (Lafky el al., 2008). Bach of these rcccplors 

consists of a cystcinc-rich extracellular domain, a membrane-spanning domain, and a 

large cytoplasmic domain containing a tyrosine kinase domain. Ligand binding 

stimulates receptor dimerizalion and tyrosine phosphorylation at several sites that 

then serve to dock cITcctor proteins and inducc physiological responses (Riese and 

Stern, 1998). 

In addition to their potent mitogenic effect in a variety oT tissues, the importance 

of HGFs in the ovary is also drawing attention. The expression of biCil% iGF-ci and 

EOF receptors has been demonstrated in the ovary of mammals (Almahbobi et al., 
t 

1998; Fukum'atsu et al., 1995; Goritz et al., 1996; Scaramuzzi and Downing, 1995; 

Scurry et al.，1994), birds (Onagbcsan ct al., 1994; Van Nassauw et al.，1995; Yao 

and Bahr, 2001) and fishes (MacDougall and Van Dcr Kraak, 1998; Pati el al.，1996; 

Wang and Gc, 2004a). A body of rcccnt studies demonstrates a role for both EOF and 

such EGP-likc growth factors, such as amphircgulin, epireguliru and bctacellulin in 

the control of ovarian functions. In rodents and humans, the production of these 
factors is dramatically iip-rcgulated by GnRH and LH in granulosa cells (Motola et • « 

al., 2006; Panigonc cl al.，2008). These results indicate the involvement of the I':GF 

network in mediating the el Feels of GnRH and gonadotropin on the ovary (Conli et 

al., 2006; Hsieh et al., 2009). 

Stimulatory efTecls of EOF on the pro I i feral ion of ovarian granulosa and theca 

cells have been demonstrated (May ct al.，1992; May et al., 1988; Peddic ct al” 1994), 

along with increased release of progesterone, cAMP and cGMP and reguJation of the 

production of K2. EGF also stimulates the proliferation of cumulus oophorus cells 

(Lorenzo et al., 1994) and inhibits their apoptosis (Sirotkin, 20.10). Purlhermore, 

many studies have demonstrated that EGF activates the oocyte maturation in a 
• t “ 

variety of mammalian species (Dekel and Sherizly, 1985; Downs, 1989; Grupen ct al., 

1997; Lonergan ct al., 1996; Lorenzo et al.，1993). Although the role of BGF has 
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been extensively studied in the ovary of" mammals, there is little information about 

EGF and its rcccptor in lower vertebrates. In fish, studies have implicated EGF in the 

regulation of vitellogenic follicle I)NA synthesis (Kumar Srivastava and Van Dcr 

Kraak, 1995)，follicIc survival (Jan/, and Van Der Kraak, 1997), follicle 

steroidogenesis (MacDoiigall and Van Der Kraak, 1998) and oocyte maturation 

(Wang and Gc, 2004a). 
I ‘ 

t 
1.212.3 Transforming growth factor-|i supcrfamily 

The members of Ihe transforming growth factor-p ( I'GF-p) supcrfamily and their 

roles a s joca l regulators o � o v a r i a n function and fertility have been demonstrated in 

recent years (Juen^el and McNally, 2005). The TGF-p supcrfamily consists of three 

major families that include the TGF-p family, the inhibin/activin family and the bone /i 

mo rp ho gene tic protein (BMP) family (Chang ct al” 2002; Massaguc, 1,990). 
» 

1.2.2.3.1 Transforming growth factor-p family 

In mammals, the TCiF-ji subfamily is comprised of I Gl^-fil, and KG I-(53. 

I he production of these factors has been observed in granulosa and thecal cells as 

well as in oocytcs in several spccics (Bristol and Woodruff, 2004; Chegini and 

Flanders, 1992; Juneja el al., 1996; Nilsson et al., 2003; Schmid el al., 1994; leerds 

and Dorrington, 1992). The ALK5 (also,known as TGF-pr I) and I Cil-PR II were 

believed to be the receptors of the TGF-ps. Expression of ALK5 mRNA and protein 

has been demonstrated in the ovary of many spccics (Jucngcl ct al., 2004; Juneja et 

al” 1996; Qu cl al., 2000; Roy and Kole, 1998). The receptor-mediated second 

messenger system for 'I'GF-Ps, known as the Sniad2/Smad3 pathway, appears to be 

present in granulosa and thcca cclls as well as in the oocytes of follicles throughout 

all stages of Polliculogenesis. Both Smad2 and 3'proteins have been localized to the 

oocytes, granulosa and theca cells of both preantral and antral follicles in rats 
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(Drummond et al., 2002; Xu ct al., 2002) and mice (Gueripel et al.，2004). 

in rodents, 'I'GF-f^s can stimulate I he pmli feral ion of granulosa cells (Dorrington ct 

al., 1988; Roy, 1993; Saragucta el al.，2002), however, in other species such as cattle 

(Skinner el al” 1987), sheep (Juengel ct al.，2004) and pigs (Gangrade and May, 

1990), TGF-(3s have only a weak stimulatory ability or even inhibitory efTccts on the 

proliferation of granulosa cclls. Similarly, TCiF-jis stimulate progesterone synthesis 

in rodent granulosa cclls (Dodson and Schombcrg, 1987; Hutchinson et al.，1987; 

Knecht et al., 1987) whereas inhibitory efTects are observed in granulosa cells in 

cattic (Gilchrist ct al.，2003), sheep (Fabrc ct al., 2003) and pigs (Mondschcin ct al., 

1988). The efTects of TGF-ps on Iheca/interslitial cells with respect to 

steroidogenesis appear similar among these species. TGI:-|3s likely suppress 

steroidogenesis in tlicca cells from most species (Juengel and McNatty, 2005). For 

example, TGF-ps suppressed LH or forsko I in-stimulated androgen production in 

Ihcca cells from different species including rat (Hernandez et al., 1990)，pig (Caubo 

ct al” 1989), cow (Demeter-Arlotto et al., 1993) and human (Attia ct al., 2000). 

1.2.2.3.2 Activin/inhibin family 

The activin/inhibin system includes activin, inhibin, activin receptors, and the 

activin-binding protein follistatin (Knight and Glister, 2001). Inhibins, activin and 

follistatin were first purified from the ovarian follicular fluid based on their ability to 
« 

modulate the secretion of FSH from the pituitary; inhibin and follistatin suppress 

FSH secretion, whereas activin cnhanccs FSH secretion (Ling et al., 1986a; Ling ct 

al., 1986b; Miyamoto et al.，1985; Rivier el al., 1985; Robertson ct al., 1987; Ueno el 

al., 1987; Vale et al., 1986). Subsequently, increasing evidence has demonstrated that 

activins arc involved in many ovarian cell functions. 

Both inhibin and activin belong to the TGF-p superfamily. Inhibins (inhibin A and 
« 

inhibin B) are hetcrodimers of a unique a siibunit linked to cither a [3A or pB subunit 
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to generate inhibin A (a-(5A) or inhibin B (p-pB). Aclivins are either hetcro- or 

homodimcrs of the subunits (pAfiA, (5BpB, pAfU^) forming aclivin A, aclivin B and 

activin AB (Ying, 1988). Follislalin is structurally unrelated to the TGF-p 

superfamily but is linked functionally through its role as a high-affinity binding 

protein for activins (Phillips and de Krelser, 1998). The biological functions of 

activins are mediated by two classes of activin receptors，activin type 1 and type II 

receptor (ActRI and ActR11). AclKII has two subtypes called AclRlIA and ActRl lB 

( A t t i s a n o et al.，1992). 

Many studies have demonstrated that activins uprcgiilatc FSII receptor oî  

FSH-inducecJ LH receptor levels as well as inhibin production in rat granulosa cells 

(Findlay, 1993; Kishi ct al., 1998; Mincgishi ct al., 1999; Mincgishi ct al., 1995; 
r-

Nakamura ct al.，1995). Activins regulate basal and gonadolropin-induced estradiol 

and progesterone production in cultured granulosa cells, and in undilTerentialed rat 

and primate granulosa cells, activins enhance FSH-induccd estradiol and 

progesterone production (Miro and Hillier, 1992; Miro et al.，1991; Xiao et al.，1990). 

However，the inhibitory efleets were observed in the fully differentiated granulosa 

cclls from the humans, rats and cattlc (Miro and I lillicr, 1992; Miro et al., 1991; 

Rabinovici et al., 1992; Shukovski and Find lay, 1990). Moreover, cffccts of activins 

on follicle growth has been found in immature animals (Liu cl al.，1998)，and activins 

also promote the reorganization of follicular structures in the prcscncc of FSH in 

vitro (Li et al., 1995). Thus, these results indicate that the contribution of activins to 

the increasing responsiveness of developing follicles lo gonadotropins (Hthicr and 

Pindlay, 2001; Knight and Glister, 2001). 

1.2.2.3.3 Bone morphogenctic protein family 

The BMP family consists of several bone morphogenetic proteins (identified as 

BMP-2 through BMP-15) and growth differentiating factor (GI)F) ligands, receptors 
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and binding proteins. Two members of this family, CiDP-9 and BMP-1 5 (also known 

as GDF-9B), have received increasing attention, as both of them have been found to 

be selectively expressed by oocytes in rodents, calllc and sheep (Jaatincn ct al., 1999; 

Knight and Glister, 2006; McGrath el al., 1995; McNatty ct al., 2001). Rcccntly, Liu 

and Ge also observed the specific expression of G13F-9 mRNA in the oocytes of 

zebra fish (Liu and Ge, 2007). Direct evidence from GDP-9 null mice indicatcds 

GDF-9 is essential for folliculogenesis (Dong et al., 1996). This conclusion is also 

supported by other studies both in vivo and in vitro in rats (Nilsson and Skinner, 2002; 

Vitt ct al., 2000). However, there is some controversy regarding whether GDF-9 

affects the primordial-to-primary follicle transition (Knight and Cjlister, 2 0 0 6 ) . 

BMP-15 is highly similar to GDF-9 at the level of nucleotide and protein 

sequences, and it has been shown to stimulate downstream pathways through 

BMPRIB (or ALK6) as a type I rcccptor and BMPRII as a type li receptor (Moore et 

al.，2003). Both BMP-15 and GDF-9 bind to the type 11 receptor, but each appears to 

activate a difTerent downstream Smad signaling pathways (Kaivo-Oja ct al., 2003; 

Roh et al.，2003). BMP-1 5 has been shown to play integral roles in the regulation of 

ovarian folliculogenesis and follicular function (Shimasaki et al., 2003). 1 he 

importance of BMP-15 in the sheep ovary was exemplified by the demonstration that 

BMP-15 .^wulation causes an increase in the ovulation rate in heterozygotes 

(Galloway ct,al . , 2000). Micc with targeted deletions in the BMP-15 gene show 

decreased ovulation and fertilization rates, further demonstrating the importance of 

BMP-15 in ovarian function (Yan et al.，2001). Peng and colleagues also 
» - t • • •、 

demonstrated in zebra fish that BMP-15 modulates follicular growth and prevents 

premature oocyte maturation in zebrafish (Clelland et al” 2006; C lei land et al., 2007; 

Peng el^al, 2009). The involvement of other members of the BMP family including 

BMP-4, BMP-6 and BMP-7 in ovarian development h ^ also been demonstrated for 
夢 * . • • 
example, null mutations in BMP-7 or BMP-4 in mice are peri-natally lethal, 
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precluding comparison of postnatal ovarian follicle development (Knight and Glister, 

2006). 

1.3 Regulation of oocytc maturation 

Vertebrate oocytes, which grow within the ovarian follicles, are arrested at the 

dipotcne stage of the first mciotic division. Upon the stimulation of with FSH and 

LH, developed oocytes resume meiosis, followed by the completion of mciosis 1 and 

another arrest in metaphase of meiosis 11. Oocytcs arrested in mciosis " arc ready for 

ovulation and subsequent fertilization (Fig. 1 -2). Morphologically, the resumption of 

meiosis is characterized by the disappearance of the nuclear membrane of the oocytc 

in a proccss also called GVBD, accompanicd by chromosome condensation, 

assembly of the meiotic spindle and formation of the first polar body (Nagahama and 

Yamashita, 2008; Zhang ct al.，2007). In vertebrates，the regulation of oocyte 

maturation involves both pituitary gonadotropins and local inlraovarian factors. 

1.3.1 Gonadaotropins 

The oocyte maturation is triggered by gonadotropin surge was well demonstrated. 

LH is the primary stimulus for oocyte maturation in vertebrate oocytcs. In mice and 

rat，GVBD occurs approximately two or four hours after exposure of isolated 

follicles to LH (Park et al.，2004; Tsafriri, 1985), or after injection of the animal with 

the LH receptor agonist, human chorionic gonadotropin (hCG) (I.arsen et al.，1986; 

Schultz ct al.，1983). Pharmacological blockade of the LH surge with Nembutal, a 

GnRH antagonist, or hypophscctomy prevents oocyte maturation, while injection of 

hCG or LH can effectively resume oocyte meiosis (Zelinski-Wooten et al.，1992; 

Zelinski-Woolen et al.，1991). In frogs and fish, gonadotropin has also been 

demonstrated to be the major regulator of oocyte maturation (Nagahama et al., 1995; 

Wasscrman and Masui, 1974). 
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The LH receptor is a well-characterized G-prolein-coupled receptor, which are not 

found on I he oocyte itself，but rather rather on the somtic cells surround ing I he 

oocyte; both the outer layers of mural granulosa cells and the inner layer of thcc cells 

have these receptors (Amsterdam ct al.， 1975), so the mechanisms by which LH 

stimulates oocyte maturation is indirect. Most studies of LH stimulation of oocyte 

maturation have focus on the action of LH signaling in I he mural granulosa cells 

(Richards ct al. 2002). It was established that LH binding to LH receptor causes the 

production of cAMP in the granulosa cells (Conli el al., '2002; Dekel, 1988; Dckcl ct 

al.，1988; Schultz et al., 1983; Tsafriri’ 1985), increasing cAMP in the follicle, using 

forskolin (Dekel and Sherizly, 1983) or a PDH4 inhibitor ( Tsafriri el al., 1996), is 

sufficient to cause oocyte maturation in the oocyte. Furthermore, lines of evidcncc 

also suggest that the paracrine/autocrine factors produced by the surrounding somatic 

cells gre involved [A I signaling on oocyte maturation (Danforth, 1995; Gc, 2005; 

Hillier, 2001). ‘ 

1.3.2 Maturation inducing-hormonc ( M i l l ) 

I low the gonadotropin action on the FoUicular somatic cells translates to a change 

in signaling molecules into the oocyte to initiate oocyte maturation remains to be 

elucidated. However, the notion that the action of gonadotropin on oocyte maturation 

is mediated by the production ot MIH is widely acceptcd in lower vertebrates (Mailer, 

1985a; Mailer, 1985b; Nagahama and Yamashita, 2008; Nagahama ct al” 1995). 

MIH is a steroid that interacts with a membrane-bound receptor on the oocyte surface. 

Since the first identification of 17a,20p-clihydroxy-4-pregnen-3-one (1 7a,20p-DP) as 

an Mil 1 in the amago salmon (ivjagahama and Adachi, 1985), this steroid has been 

identified in many other fishes, such as killifish (Petrino et al., 1993), yellowtail 

(Rahman et al” 2002) and chub mackerel (Matsuyama et al., 2005). A derivative of 

l7a,20P-DP (17a,20p,21 -lrihydroxy-4-prcgncn-3-onc (20p-S)) is also believed to be 
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a natural MIH in several fishes, such as spotted seatroul (Tram and Thomas, 1989) 

and striped bass (King et al., 1994). A complex series of enzymes arc responsible for 

the biosynthesis of sex steroids in fish gonads. This proccss is illustrated in Fig. 1-8. 

Initially the steroid precursor pregnenolone is synthesized through 

side-chain-cleavage of cholesterol by cholesterol side-chain cleavage cytochrome 

P450 (P450scC). Pregnenolone is converted to progesterone by 3fVHSI) or to » ‘ 

17a-hydroxypregnenolone by 17cx-hydroxylase activity of cytochrome P45()c 17. 

Progesterone and 丨 7a-hydroxypregnenolone are then converted to 

17a-hydroxyprogesteone which is followed by the production of 17a,20p-DP by 

20p-hydroxysteroid dehydrogenase (20f5-HSD) (Nagahama and Yamashita, 2008). 

Two-cell type model Studies on the ovarian follicles of salmon id fishes led to the 

proposal of two-eelI type model (Fig. 1-8) rNagahama, 1994). Like other vertebrates, 

two major ccli layers including an outer thecal ccll layer and an inner granulosa ccll 

layer arc found in fish ovarian follicles. In two-cell type model, the thecal ccll layer 

produces 17a-hydroxyprogesteone that Iransverses the basal lamina and is converted 

to 17(x’20p-DP in the granulosa cell layer where ^onadaotropin acts to enhance the 

activity of 20p-HSD, wliich is the key enzyme involved in the conversion of 

17a-hydroxyprcgnenolone to 17a,20(3-DP (Nagahama and Yamashita, 2008). 

MIH receptor The presence of the MIH receptor on the fish oocyte surface had long 

been suggest, but its' biochemical entity was not characterized until the recent 

breakthrough made by Zhu and colleagues in 2003 (Zhu cl al., 2003a; Zhu et al., 

2003b), they reported a distinct family of membrane-bound progestin receptors 

(mPR). mPR can be classified into three subtypes, mPRa, mPRf^ and mPRy, all of 

them are G-prolein-couplcd receptor and seem to mediate non-genomic actions of 

steroids. Recently, the presence of mPR has been reported in other fish spccics. 
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including Atlantic cmaker, pufler fish, catfish, goldfish and rainbow trout (Braiin and 

Thomas, 2004; Kazcto cl al., 2005a; Ka/eto et al., 20056: Thomas ct al.. 2004; 

Tokumoto el al., 2006). 

1.3.3 Maturation promoting factor (MPF) 

The MIH signal received on ihc oocyte surface is transduced to the cytoplasm, 

finally resulting in the formation and activation of MPI'\ MPF was first purified from 

mature oocytes of the African clawed frog Xenopus laevis as a 200 kDa complex 

containing 32 and 45 kDa proteins (Lohka et al.，1988). The 32 kDa protein is a 

Xenopus homo log orcdc2，a serine/threonine protein kinase , and the 45 kDa protein 

is a Xenopus counterpart of Cyclin B. Later, Ml)r: was also purified from mature 

oocyte of starfish (Labbe et al.，1989a; Labbe et al., 1989b) and the carp (Yamashita 

ct al.，1992). In contrast to gonad at ropin and Mill , the action of Ml)l: is universal 

among species (Babin et al.，2007). 

In fish, MPF has been highly purified from eggs of several species, such as the 

carp, catfish and pcrch, where it exhibits the universal molecular structure of a 

complex (>rC<Jc2 and cyclin B (Fig. 1 -9) (Balamurugan and Ilaidcr, 1998; Basu ct al.’ 

2004; Yamashita cl al., 1992). Unlike the ease of starfish, mouse and Xenopus which 

have pre-MPF in oocytes, pre-MPF is absent in immature oocytes of llsh (Vcrlhac 

and Villcncuvc, 2009). Cyclin B is not expressed at the protein level in the 

prophase-blocked oocytes of many fish species including goldfish, caip, catfish, 

zebra fish and lamprey (Verlhac and Villeneuve, 2009). All Cdc2 molcculcs exist as a 

monomer, and the protein content of Cdc2 is constant during oocyte maturation. In 

response to the ccllular signal，cyclin B is synthesized from its stored mRNA and 

binds to pre-existing Cdc2 (Hirai el al.，1992). Il has been well demonstrated that 

cyclin B is the only protein whose translation is necessary and sulFicient to promote 

MPF activation in goldfish oocyte (Katsu ct al.，1993). However, it is still not clear 
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how the signal rcccivcd on the oocyte surface is Iransmitled to cytoplasm and lead to 

the activation of MPF. Some evidences suggested that a decrease in the activity of 
V 

protein kinase A caused by the dccrcasc in intracellular cAMP level plays an 

important role in activation of MFM: and induction of oocyte maturation in fish 

(Babin et al., 2007). 

1.3.4 Growth factors 

The regulation of oocyte maturation in all studied vertebrates, from fish to 

mammals, involves a number of inlraovarian growth factors besides gonadotropin 

and maturation-inducing hormone. Factors such as Igfs, Rgf", and members oi. the 

TGF-p superfamily have also been demonslraled to play a role in regulating oocytc 

maturation. 

Bit her LI I or I'Sl 1 increases the secretion of Igfl in porcine granulosa cells (Hsu 

and Hammond, 1987). Exposure to FSH also increases the ability of IgH to bind rat 

granulosa cclls (Adashi ct al.，1986a). Igfl augments the ability of FSH to promote 

binding oTLH by granulosa cells (Adashi ct al.，1985a; Adashi et al., 1985b; Adashi 

et al.，1986b), providing a potential mechanism for facilitation of Lf I action on these 

cells. Furthermore, Ig门 also enhances the activity of FSH on the secretion of both 

progesterone and ocstradiol in rat granulosa cell (Adashi ct al•，1985c). The effects of 
4 

Igfl on oocyte maturation have been demonstrated for many vertebrate species, 

including rabbit (Lorenzo ct al.，1996), pig (Grupcn cl al.，1997), sheep (Guler el al., 

2000), and cow (Sakagiichi et al., 2000). In fish, the role o厂 Igfl on oocytc 

maturation has been demonstrated in red sea bream (Kagawa et al” 1994). 

Activin and inhibin have also been demonstrated to stimulate the oocyte 

maluralion in many vertebrate spccics, including rat (Itoli et al.，1990), monkey 

(Alak et al., 1996)，cow (Stock ct al.. 19971 human (Alak ct al., 1998) ar\d /.ebrafish 

(Pang and Ge, 1999; Wu et al., 2000). Pang and Ge also provided evidence for the 
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involvement of Ihe aclivin system in oocyte maturation in zcbrafish. 1 he expression 

of ovarian aclivin can be up-rcgulatcd by gonadotropin (Pang and Gc, 2002b). The 

action of gonadotropin can be significantly blockcd by (he activin-specific binding 

protein, follistatin, suggesting a role for the activin system in the gonadotropin 

pathway controlling oocyte maturation (Pang and Gc, 1999). 

In rcccnt years, the importance of. EGF on oocytc maturation has also attracted 
% 

considerable attenctions (Conti et al,, 2006; Msieh et al., 2009; Park et al., 2004; 

/ a m a h et al., 2010). A role ol' RGF in the regulation of oocytc maturation has been 

demonstrated in the mammals as well as in fish (Peyton and •Thomas, 201 I; Van Der 

Kraak and Lister，2011; Wang and Gc, 2003b; Wang and Ge, 20()4a). 

1.4 Objectives and outlines of the present study 

ll is well established that the development and functions o f l h c ovary arc regulated 

by pituitary gonadotropins (folliclc-stimulating hormone and luteinizing hormone) in 

vertebrates. There is increasing evidence demonstrating the importance of locally 

produced growth factors, such as members of the Igf family, Fgf family and Tg(-{^ 

superfamily, in the regulation of ovarian function by gonadotropins. Most of our 

knowledge about the role of these factors in ovarian development and function » 

comes from studies in mammals. The role and regulation of these intraovarian factors 

in fish arc still largely unknown. 

In addition to Igfl and IgfZ found in vertebrates, our lab has identified a novel 

gonad-spccific Igf (IgD) in telcosts. In this thesis, efforts were made to understand 

the potential role of the Igf system in ovary and embryo development, and attention 

was particularly focused on Igf3. Zebra fish is not only an excellent experimental 

model for analyzing the maturation, function, and regulation of the ovary but is also 

the ideal vertebrate models for developmental studies. 

Although Igf3 has been indentified in several fish species, the information about 
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its functions in fish is lacking. The gonad-specific expression of Igll strongly implies 

the role of Igt3 in the reproduction. 1 he studies described in Chapter 2 were scl out 

to reveal the dclailcd gene expression patterns of lgf3 in gonads. Two spliced forms 

of i^fS were identified in zebra fish, i ^ f S t v I is highly expressed in I he gonad and 

i ^ f 3 j v 2 is predominanlly expressed during embryo genes is. Because the expression 

of IgO mRNA and protein is correlated with LHR expression during folliculogencsis, 

the regulation of IgG by gonadotropin and cAMP was then assessed in intact ovarian 

lb Hides. Recombinant zebra fish Igt3 was successfully expressed and purified from a 

bacterial system and the efTccts of Igf3 on oocyte maturation were then 

demonstrated. ^ 

Another objcclivc of this study was to investigate I he potential downslreain 

signaling pathways involved in Igf3-induced oocyte maturation in zcbrafish. The 

studies described in Chapter 3 aimed to address the requirement for steroidogenesis 

in Igf3-induced oocyte maturation; thai is, whether Igf3 stimulates oocyte maturation 

through Igflr and whether the major downstream factors of I he Igf pathway 

(including PI3-k, PDE3 and MARK) are necessary for IgG-induceci oocylc 

maturation. 

Four Igf ligands, including Igfl, Igl2a, lgf2b and lgl3, have been ideritifiecl in 

zebra fish, and all of them are expressed in the ovary. The expression profiles of the 

four Igfs during folliculogcncsis and their regulation by gonadotropin and cAMP in 

primary cultured follicle cells as well as full grown stage lb Hides was described in 

Chapter 4. 

Furthermore, the studies described in Chapter 5 aimed to reveal the temporal and 

spatial gene expression patterns of all four IgT ligands (/,tj/7, and 

two receptors (J时1 m and* i^lrh) in the early development of zebra fish. This 

in format ion provides the direct direct informalioii relevant lo the study of Igl' 

signaling in zebrafish and also yields valuable insight into the function of Igf system 
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developmental regulation and into the evolution of growth regulatory mechanisms 

in vertebrates. 

In Chapter 6, the Hndings described in this thesis arc summarized and discussed. 
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Fig. 1 -3 The stucuture of helerotelrameric type 1 Igf receptor. 
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Fig. 1-4 Diagramic model of Igf system and signal transduction. 
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lgf i 

igf3 

Fig. 1-5 Phylogenetic analysis of protein sequences of Igfs from ditTerent vertebrates 

B A 

igfi 29 M 21 1 H 1 47 
(100) (100) (100) (100) (100， 

Igf2a J2 l»l 21 M 97 
(79 3) (MS) (71 4) (50 0) (1-1 

Igf2b 1 27 21 M 1 Igf2b 1 <30 0» (71 4) (50 0) (14 9) 

lgf3 2H 21 M 7H 
(H4 3) (33 3> («l »l (33 3) <14 9> 

Fig. 1-6 Comparison of domains of the four I gf subtypes in zebrafish. 
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Fig. 1-7 Predicted protein structures of the four Igf subtypes in zebrafish. 
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Fig. 1-8 Two-cell type model for the production of estradiol and DHP during fish 
oocyte growth and main rat ion. 

Fig. 1-9 The formation of MPF in fish oocyte. 
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Chapter 2 Insulin-like growth factor 3 is involved in oocyte maturation of 

zebra fish ‘ 
* 

f 
9 

2.1 Infroduction > 

The insulin-like growth Victor (Igl) system regulates a variety oC cellular 

processes including growth, proliferation, survival, migration, and differentiation 
I 

(Wood et ai., 2005). Since Ihe identification of two Igf peptides (Igfl and Ig(2) 

(Rinderknecht and Humbel, 1978a; Rindcrknccht and Humbcl, 197J?b), increasing 

attention has been paid to their functions on the ovary. Igfl and IgO have been found 

to localize in the ovary of a variety of vertebrate spccics (cl-Rociy ct al., 1993; 

Kagawa cl al.，’lW5;' Oliver et al.，1989; Perks et al., 1995; .Que;snel, 1999). in 
V 

addition, the expression of Igf binding proteins and Igf receptors has also been 

demon si rated jn the ovary (Armstrong ct al.，20Q2; Wandji el al.，1998; Zhou ct al., 

1991). Previous studies on the Igf system in the ovary o f�di f fe ren t species suggested 

that-the regulation of ovarian function by the Igf system is conserved throughout 

animal evolution (Chang el al., 2002; I^orcnzo ct al” 1994; Lorenzo et al., 1996; 

Sakaguchi ct al., 2000; Sirotkin el al.，2000; Xia et al., 1994; Yoshimura et al” 

1996a). ‘ 

Previous reports have demonstrated the expression of the Igf system including 

the Igf peptides，Igf reccptors, atid Igf binding proteins in fish gonads. Igfl mRNA 

and protein have been demonstrated to be present in the ovary of several fish species 

including scabrcam (Kagawa et at., 1,996), tiiapia (Berishvili et al., 2006) and 

sturgeon (Wuerl/, el al.，2007). Fuiiclional analysis revealed that Igfl can inciiice 
* 

I 

meiotic rcsinnption in common carp JMukhcjec et al., 2006) and striped bass (Weber 

and Sullivan, 2000)，and can also induce oocytc maturation competence in white bass 

(Weber and Sullivan, 2000). Igf2 mRNA and protein havfc also been studied in the 

ovary of tiiapia (Schmid et al., 1999b) and seabream (Radaelli el al., 2003). IgfZ can 
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induce oocyte maturation in striped bass (Weber and Sullivan, 2000). These results 

indicate the important role of the Igf system in fish ovarian functions. In view of the 

discovery of a gonad-speciflc Igf subtype (Igf3) in fish (Wang cl al., 2008) and the 

fact that Igfl and Igf2 arc ubiquitously expressed in most tissues, it is envisaged that 

IgO might play a more important role in fish reproduction. 

Apart from its gonad-specific expression (Bcrishvili ct al.,' 2010; Wang ct al., 

2008), a rcccjit study also reported the presence or lgr3 in ttfc zebra fish embryo (Zou 
« 

et al.，2009). The ' importance of this novel Igf in teleost reproduction and 
J 

development warrants detailed study on its gene expression and regulation. In 

addition, it not known how Igf3 exerts it action in the gonad. The elucidation of 

the pHysiological functions of IgB would lead to a fuller understanding of the role of 
i 

the Igf system in fish reproduction. 

The present study was aimed to study the temporal and spatial gene expression 

patterns of IgB on the mRNA and protein level in ovary. In addition, lunclional 

studies including regulation of gene expression by gonadotropin and actions on 

oocyte maturation by this gene were also investigated. 

2.2 Materials and Methods 

2.2.1 Animals 

Zebra fish {Danio rerio) were purchased locally. Fish were maintained under 14-h 

-lighl/l0-h dark cycles，in circulating freshwater aquaria at 26-28°C. Pish were fed 

twice daily with newly hatched brine shrimp (Brine Shrimp Dircct, USA). Fish 

experiments were conducted in accordance to the regulations of the Animal 

Experimentation Ethics Coinmiltee of The Chinese University of Hong Kong. The 

animals were anesthetized in tricainc before handling. • 
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2.2.2 Chemicals 

AR grade chemicals and human chorionic gonadDtropifi (hCG) were obtained 

from Sigma-Aldrich (USA), culture media from Gibco (USA); and enzymes from 

Pro mega (USA) unless otherwise stated. 

2.2.3 Cell culture and transient transfection 

The human embryonic kidney 293 cell line (HHK 293, A I CC number: 

CRL-1 573) and mouse spermatogonia! cell line (GC- l , ATCC number: CRL-2053) 

were maintained in Diilbecco's modified Eagle's medium (DMCM) supplemented 

with 10% fetal bovine serum (FBS), penicillin (100 lU/ml) and streptomycin (100 

|ig/ml) at 37°C in a humidified atmosphere containing 5% CO 2. The zebra fish liver 

cell line (ZFL, ATCC number: CRL-2643) was maintained at 28°C with complete 

growth medium as recommended by ATCC. Transient transfection was carried out 

using l^ipofectamine transfection reagent (Invitrogen, USA). 

2.2.4 Rapid amplification of cDNA ends analysis 

Total RNAs from embryos of 48 h post-fertilization (hpO and adult ovary o f� 

zebra fish were prepared by the RNeasy Mini Kit (Qiagen, USA) according to the 

manufacturer 's instructions. All the RNAs were digested by Rnasc-free DNase 1 and 

purified. SMART cDNAs were reversely transcribed from the RNAs using the 

S M A R T ' cDNA Synthesis Kit (Clontech, USA). 5'RAC1£ and 3 'RACE were 

performed using specific primers (Table 1) and the amplification products were 
• -A 

cloned into the T/A cloning vcctor pGFM-T Rasy (Promega, USA) tor direct 

sequencing： 

2.2.5 RNA isolation and RT-PCR 

Total RNA samples were isolated from the tissues, ovarian follicles, embryos and 
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fries of zebrafish, using TRIzol Reagent (Invitrogcn, USA). I lie amount and purity 

of the RNA were determined by spectrophotometry. RT-PCR was performed as 

previously described (Wang et al., 2008). All primers used in this study arc listed in 

Table 2-1. Annealing temperature for PGR ranges from 55 lo 65°C, depending on the 

primer set used. I-or real-time PCR, the standards for and ^apcih 

(glyccraldchyclc-3-phosphate dehydrogenase) were prepared by amplification of 
i 

cDNA fragments with the specific primers (Table 1). 'I"he amp I icons were purified by 

the PGR Purification Kit (Qiagen, USA) and cloned into pCR-4 vector. These 

plasmids were used lo construct the standard curves in the real-lime PCR assays. 

Real-time PCR was carried out on an ABI Real-Time PCR Fast System (ABI, USA) 

using the SYBR Green PCR Master Mix Kit (ABI, USA). For semiquantitative 

RT-PCR analysis，PCR was carried out on a Thermal Cyclcr 9600 (Rppendorf, GER). 

The number of cycles used were: 32 for i时3\ 35 for ^df9 (growth differentiation 

factor 9); 35 for Ihcgr (luteinizing hormone/choriogonadotropin receptor); and 28 for 

^apcJh. 

2.2.6 In situ hybridization 

Intact ovaries from adult female zebra fish were carefully dissected and fixed in 

4% buffered parafonnaldeliydc overnight at 4°C, and then embedded in tissue 

freezing medium (l.eica. GER) at -25°C. The fixed tissues were cut on an 8 jj.m 

Lcica CM 1850 microtomc, and were mounted onto superfrost glass slides (Mcn/.el, 

GER). A cDNA fragment of was amplified by R T-PCR with specific primers 

(Table I) and cloned into pGRM-T easy transcription vector (Promega, USA). Sense 

and antisense ig/3 riboprobcs were synthesized From the pGEM-T easy transcription 

vector construct containing /尺/3 and were linearized with Nde\ or Nc()\ enclonuclease 

CNEB, UK). The RNA probes were labeled using the DIG RNA Labeling Kit (Roche, 

USA). Tissue sections were first prehybridized for 30 min, and then a total of 250 fil 
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of hybridization buffer containing 150 ng of DlG-labeled sense or antiscnse i^fS 

ri bo pro be was added to cach slide and incubated in a humidincd box at 42°C for 16 h. 

After hybridization, sections were washed twicc in 2x saline-sodium c it rate (SSC) 

(1 X SSC = 0.1 5 M NaCl and 15 mM sodium citratc) at room temperature for 15 rnin 

and then in Ix SSC and 0 . | x SSC at 5 5 � C for I h sequentially. The hybridization 

signals were, detected using anti-OIG conjugated with alkaline phosphatase and 

visualized with the nitroblue tetrazolium chloridc/5-bromo-4-chloro-3-indolyl 

phosphate substrate solution (Roche, USA). Lastly, the sections were dehydrated 

through graded cthanoI and xylene, then mounted and photographed. 

2.2.7 Antibody production. Western blot analysis and iminunohistocheniistr>' 

Two peptides (BGARARCGRRLVDD and RSGGPRSRGKGIVDQC) of 

zebrafish lgf3 were selected as antigens for the production of polyclonal antibodies 

(Abgent, China). The synthetic peptides were used to immunize New Zealand White 

rabbits for antibody production. For confirmation of antibody specificity, the 

zebrafish /片/3 cDNA rragment corresponding to the prepropcptidc was amplified by 

RT-PCR with specific primers (1 able 2-1) and cloned into the pEGFP-N 1 vcctor. For 

Western blot analysis, the ccll or tissue lysates were firstly separated by 10% or 15% 

SDS-PAGE gels, or a 16% Tris-tricine SDS-PAGE gel. The separated proteins we're 

transferred onto PVDF membranes and immunoblotted with the primary antibodies 

against IgG. The protein bands were visualized by a Western blotting kit (Millipore, 

USA) after incubation with secondary antibody conjugated with horseradish 

peroxidase. For immunohistochemistry, the following procedures were conducted al 

room temperature. Sections were post fixed for 10 min in 4% paraformaldehyde in 

PBS，washed twice in PBS, blocked for 60 min in 5% normal goat scrum in PBS, and 

incubated with either the IgB antiserum or preimmune serum overnight al 4°C. For 

diaminobenzidinc tclrahydrochloride/hydrogen peroxide (DAB) staining, the sections 
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were washed and probed with donkey anli-rabbil IgG horseradish 

peroxidase-conjugated secondary antibody (Amersham, UK). Aflcr a 2-h incubation 

period; the sections were Washed in PBS, color developed with DAB, dehydrated 

through graded ethanol and xylene, then mounted and photographed. I'or 

fluorescence staining, the sections were washed and probed with goat anli-rabbit 

Alexa 594 (Invitrogcn, USA), washed in PBS, cell nuclei visualized with 

4'-6-d iam id ino-2-phcny 1 indo Ic (DAPI) (Invitrogcn, USA) countcrstaining, then 

mounted and photographed. 

I 

2.2.8 Expression, purification and bioactivity evaluation of recombinant IgO 

The zebra fish igfS cDNA fragment corresponding to the predicted mature peptide 

was amplified by RT-PCR with specific primers (Tabic 2-1) and cloned inlo the 

pProEX-I l i b vector. One liter of recombinant K. coli harboring this plasmid was 

grown in LB medium al 37°C until the absorbancc value reached 0.5-0.8 at 600 nm. 

Cells were CO Heeled three hours ailer induction by 11*1 CJ and the collected cells were 

rcsuspcndcd in 1 xPBS. After sonication, the total Iysate was divided into the soluble 

fraction and insoluble fraction by ccntrifugation. S1)S-I>AGK was carried out to 

check the expression o f l g B . The insoluble fraction was kept and dissolved in IxPBS 

with 8IV1 urea. Recombinant IgG was alTinity purified with Ni-N'l'A agarose (Qiagcn, 

USA). The purified prole in was dissolved in 1 xPBS with 8M urea, pH4.5, and 

concentrated in a concentrator (Millipore, USA). The concentrated protein was 

dialy/.ed in a tubing of a molecular weight cut-off of 3500 Da (Pierce, USA) as 

follows: 1 xPBS with 4M urea at room temperature for 24 h; I xPBS with 2M urea at 

4 � C for 24 h; IxPBS with IM urea and ().4M L-arginine al 4°C for 24 h; IxPBS with 

0.4M L-arginine at 4°C for 24 h. The refolded IgO was coHeeled and concentrated. 

The concentration was determined by ihe BCA Protein Assay Kit (Picrcc, USA). The 

bioaclivity of the recombinant protein was evaluated by the alamar blue assay on two 

41 



Chapter 2 is involved in (KK'ylc maturalion of zehrqf'ish 

cell lines. GC-1 cclls and ZFI. cclls were seeded onto 96-weIl plates at a density of 

1x10^ and incubatcd for 24 h at 37°C with 1% FBS. The cells were then incubated in 

PBS-free medium in the presence of the recombinant zebra fish lgt3. A tier 48 h of� 

incubation, the medium was rcplaccd with 10% alamar blue reagent (Biosource, 

USA) and incubated for 1 h in the dark. The yielded color was measured on an 

automated fluorescent plate reader (TliCAN, USA) at an excitation wavelength of 

485 nm and emission wavelength of 595 nm. 

2.2.9 Preparation of ovarian fragments 

Aflcr anesthetization and decapitation, I he two ovaries from each fish (8-10 fish 
\ 

for each experiment) were carefully disscctcd out and placcd in a dish containing 

60% Leibovitz 1 ,15 medium. Rach ovary was halved in the middle, and each half 

was transferred into a well of a 12-well plate where it was briefly dispersed into 

small fragments before drug treatment. 

2.2.10 Isolation of ovarian foHides 

Tlic ovaries were disscctcd out from 15-20 female zebra fish af\er anesthetization 

and decapitation, and placed in a 100-mm culture dish containing 60% I.eibovilz 

L-15 medium. The follicles of different stages were manually isolated and grouped 

according as the following stages: primary growth follicles (I)G, stage I; below 0.1 

mm in diameter), previlellogenic (PV, stage II or cortical alveolus stage; about 0.30 

mm in diamcLcr), early vitellogcnic (HV; about 0.40 mm in diameter), 

midvitellogenic (MV; about 0.50 mm in diameter), and full grown but immature (FG; 

about 0.65 mm in diameter). This staging system that we have adopted is based on 

ihe original definition ofSe lman (Selman et al., 1994) as modified by Ge (Wang and 

Ge, 2004b) and Thomas (Pang and Thomas, 2010). The isolation proccss normally 

lasted for 4 - 6 li at room temperature before incubation and drug treatment at 28°C 
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for different periods of time. 

2.2.11 Separation of the follicular cell layer from the follicles 

It has recently been reported lhat cold-shock treatment o l� the folIiclcs makes it 

easier to mechanically separate the two ibilicle compart metUs, viz. I he denuded 

oocyte and the follicular ccll layer (Liu and Ge, 2007). In ihc present study, wc 

prctreated FG follicles at low temperature (4°C) for about 30 min. Tlie follicular cell 

layer was then carcfully peeled off from the lb Hide with fine forceps without 

damaging the oocyte inside. The isolated follicular ccll layers and the denuded but 

intact oocytes from 5-10 folIiclcs were pooled and subject to RN八 extraction with 

TKIzol Reagent separately. The denuded oocytes were also stained by propidium 

iodide (PI) to demonstrate complete removal of the follicular ccll layer. 

2.2.12 Folliclc incubations 

Zebra fish were sacrificed and ovaries excised as described above. I H i d e s of 

(Jinbrcnt stages were separated and incubated (30-40 fbllicles/well) in 24-well 

culture plates at After treatment, folIiclcs that underwent germinal vcsiclc 

breakdown (GVBD) were identified by I heir ooplasmic clearing (due to proteolytic 

cleavage of vitellogenin) (Selman ct al., 1994). Bach group liad four replicate wells 

and each experiment was repeated three times. Data were analyzed by one-way 

ANOVA followed by the Sludent-Newman-Kculs post test using the (jiaphl^ad Instal 

Sodware (GraphPad Software, USA). 

Results 

.1 Identification and charactcrization of two spliced forms af igf3 in zehraiish 

Using 5'RACE and 3'KACE, two alternative splicing events on the zebra fish 
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i}*f3 gene was identified. The two Iranscripli；, /•片/3，Iran.scrifU variant / f、，.f, 

NCBI GcnBank database acccssion no. IIQ241070) and i^^P, transcript variant 2 

(J}^3�v2’ NCBI Gen Bank database accession no. I IQ241()71) arc clitic rent from 

each other in their 5' IJTR and signal peptide regions (Fig. 2-1 A). By employing 

gene specific primers designed from the cloncd sequences, the expression patterns of 

the two i g p splice variants in different adult zebra fish tissues, during early 

development and during larvae development were studied (I'ig. 2-1B, C and [)). 

Strong expression of was observed in adull ovary and testis (Fig. 2-1 B) and 

also during larvae development (Fig. 2-1 D). Interestingly, no expression of î f̂S tvl 

was detected in all the other adult tissues examined (I'ig. 2-1B). Some weak 

expression of tvl was dclcclcd during early development (I'ig. 2-1C). In 

contrast, is only expressed during early development (I'ig. 2-1C). No 

expression of Jv2 was dctcclcd aflcr 6 <Jpf、（「ig. 2-1 D) and a 1st) none in all adult 

tissues examined including the gonads (Tig. 2-1 B). The dilTcrcntial expression ul'tlie 

two splice variants in the gonads is very conspicuous, with high expression of 

/ 乂 , v / but no expression o\i}*f3 tv2 at all (I'ig. 2-1 B). 

2.3.2 Establishcmcnt of real-time I)CR for zebra fish /^/J unci ^̂ apdh 

Specific DNA Cragamcnts were amplified from the ovarian cl3NA, the PCK 

products of igl3 and gapdh were purified and cloncd into pCR-4 vector. The 

plasmids were diluted and used as the standards in rcal-limc assays. The log copy 

number of the standard templates exhibited a j inear relationship with Ct value (I'ig. 

2-2A and B). The specificity of PCK ampli Heat ion was llirlher confiimcd by agarose 

gel electrophoresis (I'ig. 2-2C). 

2.3.3 Expression of IgO mRNA and protein in adult zebra fish gonads 

Two specific polyclonal peptide antibodies were developed against zebra fish IgH. 



Chapter 2 is involved in (Kxyfc maturation of zchrafish 

one o f I hem (generated from the peptide I K j A K A K C G K I i I . V D D ) can rccogni/.e I he 

zcbrafish Igf3 prcpro peptide and the other (generated from I he peptide 

RSGGPRSRGKGIVDQC) can recogni/e the mature peptide. '1 he specidcity ol' I he 

antibody which can rccogin/c the zcbrafish Igl3 prcpmpcptidc was conCirtncd in the 

following way. Using Western blot analysis, a specific band at 4() kl)a 

corresponding U) the calculated molecular weight of" the zebra llsh IgD 

prepropcplide-CjFI^ fusion protein was observed in HHK293 cells transfccled with 

pliGI'P-N 1 -Igl3, while no im m u no react ivily was observed in 111X293 cells 

transfcclcd with the empty vector (Fig. 2-3八) .I he spccificily of the other arUibody 

which can rccognizc the mature peptide was coiifinruxi in the bactcrial system where 

the expression of rccombinanl lgl3 mature peptide can be dclcctcd by this antibody 

(Fig. 2-913). 

One specific hand at � 2 4 kl)a was observed in the ovary and testis by Western 

blotting using the zehrafisli IgB antibody which can rccognizc the prcpropcptidc. An 

intense band of IgG prcpmpeptide was (bund in the ovary, but the level in tlic testis 

is much lower with no signal detected at all in the other tissues (Fig. 2-313). The 

expression o(" IgH mature peptide can be detecled in Ihe ovary only (l ig. 2-3('). 

The expression of /tf/3 mRNA level in adult uvary and testis using real-time I'CR 

was also investigated. The results show thai the expression of, in Ihe ovary is 

much higher than that in the testis (Fig. 2 - 3 1 ) ) . . 

2.3.4 Expression of Igf3 in zcbrafish ovarian folliclcs 

Botli real-time l)(:R and semiquantitative RT-PCR were performed lo assess the 

relative levels of' expression in the ovarian foHides of di(Cerent stages from PCi 

to FG. Poll ides of different stages from /.c bra fish were separated (Fig. 2-4A).八 

signillcant gradual increase in expression was observed during folliclc 

development. Although it could be dclcctcd in all the stages by RT-PCR (Fig. 2-4B), 
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the level of i^fS niRN A is low in tbHides of the early stages. The level increases in 

the MV stage, and reaches the highest in llie I'(1 stage (Fig. 2-4C'). C^onsislcnl with 

this result, in situ hybridization also showed that the foHides at the I Ci stage 

cxhibiled llic strongest staining and the signal is weak at the early stages (h'ig. 2-4D). 

I inmunohistochem istry was also performed to delcct the protein expression in the 

zebra fish ovary. The expression in Ibllicles of clifTerent stages was visualized by bolli 

tluorcsccncc and【）AB staining. Strong imniunorcactivily was observed in the 

fbllicular cell layers surrounding I he oocytes after the HV stage (Fig. 2-5A, R). I Ising 

DAPl staining, the signal was found in both the thccal and granulosal cells o f lhe FCi 

stage (Fig. 2-5A). Weak cytoplasmic immunorcactivity was also observed in the 

oocytes. No signal was detected in control sections incubated with I he prcimmunc 

scrum (data not shown). 

The expression of /tf/3 mRN A in ovarian follicles was liirlhcr examined using 

semiquantitative RT-PCR. This was done by separating the somatic follicular cell 

layer fVoni the iull grown loll ides and analyzing Iho expression of in the two 

compartments. Clean separation was confirmed by IM staining of the denuded 
ft 

oocytes revealing the abscncc o l � I he follicular cclls (Fig. 2-6A). Furthermore, two 

marker genes viz. and "w沖'were used as controls, the Ibrmcr being oocyte 

specific and the other being (bllicular cell specific (Liu and Ge, 2007). Different 

from llie Ihcgr and i^df^^ was expressed in bolli the oocyte and the follicular cell 

layer (Fig. 2-6C). The real-time PCR results show that the expression of i^fS in the 
、 / 

lollicular ccll layer is higher than in the oocyte (h'ig. 2-6li). 

2.3.5 Gonadotropin regulates expression of i}if3 in /x'braflsli ovary via a 

cAMP-dcpcnclcnt pathway 

As demon si rated above, zebra 11 sli i^fS mKNA expression exhibits a signiHcant 

trend oT increase during follicle development, with the highest level dctcctccl in the 
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FG stage. This suggests the potential roles of endocrine agcnls, particularly 

gonadotropins from the pituitary, in regulating expression, especially in view of 

the fact that luteinizing hormone receptor shows sequential and progressive increases 

during zebra fish follicle growth (Kwok cl al., 2005). 

Two approaches were adopted to address this issue, one using ovarian fragments 

and llic other using isolated follicles. When tested on zebra(Ish (�variaii fragments, 

hCG increased i^f'S expression in a timc-dcpendcnt manner, with the maximal effect 

readied after 2 h ol Ireatmenl (Fig. 2-7A). In addition, Ircalmcnl of zebra fish ovarian 

fragments or follicles of f-G stage with dinbrcnl concentrations of hCG for 2 li 

consistently increased tlic expression of in a dose-depcndenl manner (Fig. 2-7B 

and C). Interestingly, the effect of hCG was dependent on the stage of follicles used. 

When tested on follicles of dilTcrenl stages, liCXl c a used signillcanl increase of i ^ p 

expression in the Î G to Hides, but with little effects on I he lb II ides of l-.V stage (Fig. 

2-71)). 

Sincc cAMP is the major second messenger involved in gonadotropin signaling , 

we have also studied the cITcct of increasing intracellular cAMP level on the 

expression of zebraflsh Both the membrane difTiisiblc cAMP analog 

(8-Br-cAMI)) and the phosphodiesterase inhibitor IBMX (which can increase 

intracellular cAMP level) were used in the experiments. IVcatmcnl of zebra Ush 

difVcrcnt stages follicles with both agents increased the expression of igfJ in a dosc-

time- and stage- clepcndcnl manner. Desensitizalion of the activation was observed at 

higher concentrations of the drugs used, as was previously reported in a similar 

system (Wang and Gc, 2003a; Wang and Cle, 2004a) (I'ig.2-8). 

2.3.6 Expression, purification and bioactivity evaluation of recombinant 

zcbmfish I紀 <3 

In order lo analyze the biological function of lgl3, recombinant /.cbrafish IgO 
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was prepared Irom a bacterial system. Phc amino acid scqucncc of mature IgG is 

shown in Fig. 2-9A. 1 lie mature /.cbrallsh Igl3 peptide I IIS tag fusion protein was 

expressed in E. co/i (Fig. 2-915). Results of Western blot analyses using the antibody 

which can recognize the /.cbrafish Igf3 mature pcplide and an anli-l IIS anlibody 

(Sanla Cruz, USA) both confirmed the expression of the recombinant protein (Fig. 

2-()C). After purification, tlic purified recombinant protein was analyzed by 

SDS-PAGE with commasic blue staining (Fig. 2-9D). Since the Igf signaling 

pathway lias been demonstrated to enhance cell proliferation, the biological activity 

of this recombinant protein was evaluated on GC-1 cclls and ZPL cells using the 

a la mar blue assay. The recombinant zehrafish lgt3 was demonstrated to stimulate the 

proliferation of both cell lines in a dosc-dependcnl manner (Fig. 2-9li and I "). 

2.3.7 Kffccts (»f Igt3 on zebra fish oocyte maturation 

To assess tlic cfTecl of lg(3 on oocyte maliiralion, the lull grown zebra Us h 
« 

follicles were incubated in the absence or presence of the recombinant /.ebrafish Igf3 

at different concentrations, and GVBI) o f l h c oocytes was scored alter diffcrenl times 

ol" I real me nt. The recombinant /.ebrafisli Igl3 could significantly enhance zebra fish 

oocyte maturation in clearly dose- and time-dependent manners (Tig. 2-1 OA). Some 

proportion of the early stage foHides including MV (0.48-0.56mm in diameter) and 

KV (0.38-0.47mm in diameter) folliclcs also underwent maturation allcr treatment 

with the recombinant lg(3(Fig. 2-1 OB). 

2.4 通）isciission 

’rhe presence of multiple spliced (brms ol'IgTs including Igi3 in zehrafish has been 

reported (Zou ct al., 2009). In this study, the two ig/'3 transcripts in zehrafish were 

characlcrizcd. These two transcripts, namely i}^ f3�v ! and i}rf3jv2, have different 

5'-UTR and translation initiation sites, but producing the same mature peptide, in 
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addition, we have provided evidence showing that the two iyfS transcript variants 

have distinct temporal expression patterns in zebrafish. During early development, 

i ^ f 3 j v 2 is highly expressed allcr the prc-mid-blaslula transition. This is in big 

contrast to the expression i ^ P j v ! which is low throughout embryogenesis. In adult 

zcbrafish, i^/3 Jvl is exclusively expressed in the gonads only, while i^/3 jv2 cannot 

be detected in all the adull zebrafish tissues examined. The dilTercnt expression 

patterns of the two iyf3 transcripts in zcbrafish suggest that i对3 tvI functions 

exclusively in I he adult gonads while ifiP Jv2 functions mainly during early 

development. It is highly likely thai these two igf3 transcripts possess difTerent 

promoters which arc siibjcct to the regulation of the dilTbrcnt Iranscriplion factors 

prevalent al clilTercnt developmental stages of zebraHsh as well as in the clitTcrent 

ad 11 It tissues. Further studies on ihc dilTcrcntial regulation of expression of these two 

transcripts oi" if*f3 are highly warranlcd. 

Both Igf3 prepropeptide and mRNA are significantly higher in the ovary than in 

Ihe I est is. Furlhennorc, tlie IgO mature peptide can only be dctcclecl in the ovary of 

adult zcbrafish. These results indicate the major biological action of lgl3 is I lie 

regulation of ovarian fund ions. 

To provide d u e s on the lUnctional roles of in the ovary of /ebrafush, wc have 

analyzed its temporal expression pattern in follicles of different stages using 

real-time PCR. Inlereslingly, I he expression of ig/3 in the follicles was found to 

increase progressively during the development of the follicles, with the highest level 

detecled at Ihe hXi stage. This result was also confirmed by in situ hybridi/.alion, with 

the strongest signal detected in lb Hides of I he FG stage. This expression profile is 

very dilTerent frorn thai of and /̂ lj/2 in zcbrafish ovary wlicrc i^fl expression was 

found to increase Irom PG t o � V stage but dccrcascd at the l:C5 stage, while the 

expression o i � w a s maintained at a constant level during folliculogencsis (Yii and 

Gc, 2008). The dilYcrent expression patterns of the /if/s indicate their dilTerent roles 
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on ovarian functions. The expression profile of i^fS is similar to lhal of the 

luteinizing hormone reccpior which also exhibits progressive increases during 
1 

follicle growlh in zebra fish (Kwok et a I., 2005). The increasing trend of /tj/3 

expression during lb Hide growlh suggests its potential ro Ics on vilcllogcnic growUi, 

and Us high expression at I he I-Cj stage indicates the possible role of /•尺/3 on oocyte 

maliiration. * 

Using iinmunohistochcmistry and R F-PCK, the IgG protein and mRNA is 

mainly fbuiid in the rollicular ccll layer. I'hcse results are consistent with our 

previous study in tilapia indicating that the expression of mRNA is also confined 

to the follicular cell layer (Wang el al., 2008). 

The increasing expression of igf3 during zebra fish follicle development and I he 

high expression of Igl3 in the somatic follicular cell layer has prompted us to 

speculate that this growth factor is subject to endocrine regulation. Gonadotropin is 

the major regulator oi' ovarian development and functions in many organisms. 

Kvidcncc also shows that the actions of gonadotropin are mediated or modulated by 

the intra-ovarian paracrine/autocrine growth factors (Ge, 2005). Consistent with the 

report from a recent study that expression of can be up-regulated by hCG 

(Nelson and Van Dcr Kraak, 20\Oa), results from the present study showed that i妒 

ill the zebra fish ovary is strongly stimulated by hCG treatment. This has h^cn 

demonstrated in the present study not only on the ovarian fragments in time- and 

dose- dependent manners, but also on the isolated follicles as well in dose- and 

slagc-dcpeiident manners. The action of hCG on the follicles is particularly 

prominent on follicles of the FG stage. Gonadotropin is known to regulate target 

gene expression primarily via activation of the cAMP-PKA pathway (Leung and 

Steele, 1992). Our results showed that botiV 8-Br-cAMP and IBMX could mimic the 

clVects of hCG on fo I lie Ics of the I'G stage, suggesting the cAMP is likely a second 

messenger involved in the action of hCCi on the fo I lie Ics in stimulating /ij/3 
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M< 

expression. A,putative cAMp. response element (CRL:) can actually be found on the 

promoter of the gene in zebra fish. All these results suggest that IgB in /.e bra fish 
t 、 

to I lie Ids serves as a downstream factor of�gonadotropin to transmit its action fro m 

one cell layer to another in a paracrine manner. The regulation of cx'prcssion oC i^f'S 

in relation lo the functional characterization of its promoter,wanants further studies. 
“ • -

In the present study, w^ have demonstrated for the first time that IgO exerts a 

potent action in stimulating oocyte maturation in zebra fish. Bioactivc recombinant 

zebra fish IgO was expressed and prepared from a badterial system successfully, 

rreatmcnt of zcbrafish foHides with the recombinant IgO signillcanlly induced 

oocytc maturation in lime- and dose-dependent manners. Interestingly, the early 

stage follicles including RV and MV also exhibited response to IgO treatment. It 

should be noted that in these stages, the fo Hides can hardly undergo oocyte 

maturation by treatment with hCG or with 1 7a, 20p-dihydrbxyprogesterone (DHP) 
* 

alone (Pang and Ge，2002a). We have also made some attempts to address whether 

igt3 exerts its action on the follicular cell layer or on the oocyte. However, it was 

found that most of the oocytes underwent GVBI) spontaneously in the absence of 

any hormones or growth factors after removal of the follicular ccll layer. A recent 

paper also reported the same phenomenon that about 75% of the full-grown denuded 

oocytes in zebrafish underwent GVBD after removing the follicular cells without any 

additional hormones or growth factors (Pang and Thomas, 2010). It was also 

demonstrated in that study that estrogen in the follicular cclls could partially inhibit 

this oocyte maturation process through GPER. On the other hand, it has been 

reported previously that oocytc maturation could be stimulated by Igfl in denuded 

oocytes oiCyprinus carpio (Paul et al., 2009), suggesting the direct action of IgH on 

the oocyte. It is therefore possible that IgO might also exert its action on the oocytc 

directly. A definitive proof or disproof of this point would await solving the technical 

problem of preventing spontaneous GVBD of denuded oocytes in zebrafish. There 
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are several reports demonstrating thai Igfl and IgO could induce oocytc maturation 

in several fish species including zcbrafish (Kagawa et al., 1994; Ncgatii ct al., 1998; 

Nelson and Van Dcr Kraak, 2010b; Weber and Sullivan, 2000), but ail these studies 

have employed recombinant human Igfl or Igf2. This is far Irom ideal not only 

bccause of the heterologous nature of the mammalian growth factors used, but also 

because of the fact that Igfl and Igf2 arc not specific to the fish ovary. The 

gonad-speciHc expression patterns of Igf3 and the regulation of igfS expression by 

gondatropin in the zebra fish ovary strongly support the important fundional role of 

IgG on the ovary, especially in oocyte maturation. 

Although the mccjianisms underlying the action of Igi3 on oocytc maturation is 

unclear, we speculate that Igf3 might exert its elTcct by activating the 

phosphoinosilide 3 (P13) kinase signal transduction cascadc to promote oocyte 

maturation. It has been shown that in many spccics such as in star fish (Sadler and 

Ruderman, 1998), Xenopus (Muslin ct al., 1993) and pig (Shimada and Terada, 2001) 

that activation of PI3 kinase is sufllcicnt to induce oocyte maturation. In fish, Weber 

and Sullivan (Weber and Sullivan, 2001) reported the involvement o f � ) I 3 kinase in 

mediating Igfl signaling during oocyte maturation in striped bass. More recent 

studies also indicated thai PI3 kinase is an initial component of the signal 

transduction pathway that precedes maturation-promoting factor activation during 

Igfl induced oocytc maturation in Cyprinus carpio (Paul et al., 2009). So far, there is 

no information on the cognate receptor for Igf3. However, the structure of Igf3 is 

similar to other Igfs despite the low level of sequence homology among them (Wang 

et al., 2008). Zou ct al. (Zou ct al., 2009) have shown thai Igf3 can trigger the Akt 

pathway which is a major downstream cllcctor of the Igfl receptor in mammals and 

zebrafish. Wc also provided evidence in this study that lgl3 can activate cell 

proliferation. It is therefore possible that Igf3 exerts its effects through the Igf type 1 

receptor (Igfl r) to trigger the downstream pathways such as PI3k signaling in 
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zebrafish ovary. Moreover, the expression of IgfI r in the ovary has been 

demonstrated in several fish species. The ovarian i ^ f l r mRN A increased al the onset 

of vitellogenesis in female sterlet (Wuertz et al., 2007). The Igtl r was found in the 

granulosa and theca cells ofgi l thead sea bream and colio salmon (Maestro el al., 1997; 

Pcrrot cl al., 2000). In zebrafish, two types of i^flr^ have been identified (Maurcs el 

al” 2002), and are found to be expressed in both the Ibllicular cells and oocyte (Yu 

and Ge, 2008). Our preliminary results showed Igf3 in the follicles can rapidly 

activate the phosphorylation of p42/44 MAPK which is the major downstream factor 

of PI3 kinase (data not shown). The mechanisms of IgO actions on oocytc 

maturation arc currently under investigation. 

In summary, the present study has identified two spliced forms of in 

zebrafish, one which is exclusively expressed in adult gonads and the other expressed 

during early development. The protein level of Igf3 in the adult zebrafish ovary is 

significantly higher than that in the testis, suggesting the major role of this growth 

factor on ovarian functions. In the zebrafish ovary, the expression of if^fS is 

stagc-dcpcnclenl and the highest level is seen in the l’G stage follicles. The IgO 

protein is mainly delected in the follicular cell layer of the follicles. The expression 

of in the /.ebraHsh ovary was strongly stimulated by gonadotropin and cAMP. 

Recombinant IgO could cnhance oocytc maturation in folliclcs of EV, MV and FG 

stages. All these evidence strongly supports a functional role of lgt3 in the ovary of 

zebrafish, by acting as a downstream mediator of gonadotropin action in the ovary. 
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Gene Sequence(5' to 3' direction) Strand Application 
Size 
(bp) 

AAAAAGACATGCCATCAGACGC 
AICiAAFGITCJGCGrClCAGITG 

S 
AS 

in stilt hybridiicalion 574 

G C C A A A C G C C l T C A G A I A A r G C 

GCTGCTCCAGG rr 1 GCC I Al G � 

S 
AS 

Rcal-limc PGR 203 

ACAAGCITACCAlGCCArCAGACXJCAAlGCC S Construclion of 
579 

if^P tvl 
ACGGATCCCGCCGCACrn CnXK;八 riTCKi AS pEGFP-Nl-lgf3 

579 

if^P tvl ACrGGAICC(iCCA(iA(iCACXKnc;CXiGACX}A S Construction of 207 
八 CKXTCriAGlCAATCACGCCCJCACnTCTrrjGA AS pProEX-in-b-lgO 
(;(iCr’TCTCAriTTGTCGAA(:TGACJr_ AS 5'RACE 
G(iA(i(ir(:AC:Ar(:(:ACCjCACAC AS 5' nested RACL： 

(iC:CACiACiC:AC:(iClCjCGGAC S 3'RACE 
GACTC(:(lGA(i(;ACCAG�r(:T(;(i S 3’ nested RACE 
CGCATAATTCAATCAAAGTCCCi 
GCTCJCTOJACiGTn GCCTATCJT 

S 
AS 

RT-PCR 383 

gdJV 
G AG TCTGI T(; AACCCG AC(； 

ciCAGCircKiAiGiccmcnA 
S 

AS 
R'l'-PCR 544 

Ihcgr 
AAGGACCiACnCCKrrCJAAAC 
( ; A n CA ' n GTGGCGTATTCA 

S 
AS 

RT-PCR 663 
i 

18s 
CCrOACiAAACXKjCnACCACAICC 
AGCAACnTACJTATACGCTAlTGC3A(i 

S 
AS 

RT-PCR 220 

� 

gapdh 
<JG ACCTC ACCTGCX'GCCT rAC A 
GTCAnGAGGGAGArGCCACiCCJ 

S 
AS 

Real-time PCR 187 

fi-aclin 
CGAGCAGGAG 八 mGGAACC 
CAACCiGAAACXiCTOVrmC 

S 
AS 

RT-PCR 101 

Table. 2-1 Primers used in Chapter 2. 
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A 
i g f 3 J v 1 

i g f 3 J v 2 

i g f 3 J v 1 

n 》 》 》 身 》 身 身 》 n 点身 b 冬身 b 念 b 务 ^ ^凑 # # 
< 6 。 安 

Fig. 2-1 Two spMced transcripts of the zebra fish gene. 
(A) Zcbrafish /g/3 is spliced into two kinds of transcripts: igfSjvl and ig/3jv2. The 
alternatively spliced regions al the 5' end are shown in different colors. Black and red 
indicate the 5' UTR regions of the two transcripts. Green, blue, violet and yellow 
indicate the signal peptide, mature peptide, E domain and 3'UTR of the two 
transcripts respectively. Expression of i}^3jvJ and igP—tv2 was studied by RT-PCR 
in different adult tissues (B), during early development (C) and during gonad 
development (D), using 18s ribosomal RNA or P-actin as internal control, hpf. hours 
post fertilization; dpf, days post fertilization. 
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gapdh 

<J.OO 丨 0.01 10 100 louo 0.(k)丨 （•.(" 10 100 丨 OOfJ 

Fig. 2-2. Validation of real-time PGR assay for zebrafish ig/3 and gapdh expression. 
A, Standard curve generated by serially-diluted i奶 plasm id; B, Standard curve 
generated by serially-diluted gapdh plasmid; C, Electrophoresis of PCR product of 
igfS and gapdh. 
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‘，、Fig. 2-3 Expression o f ' lgB in the adult zebraflsh gonad‘� 

(A) Using the antibody which caii recognize the zebrafish Igf3 prepropeptide. 
Western blot analysis was performed on HHK-293 cclls transiently transfccted with 
the vector pHGFP-N I-Igf3 harboring the zebrafish Igf3 coding region (which 
includes the signal peptide, mature peptide and E domain) insert or the empty vector 
(pEGFP-N I) without the zebrafish igf3 insert. (B) Using the antibody which can 
recognize the zebrafish Igf3 prepropeptide, Western blot analysis was performed on 
adult zebrafish ovary and testis showing predominant expression in the ovary. Equal 
loading was confirmed by Western blot probed with an anti-p-actin antibody. (C) 
Using the antibody which can recognize the zebrafish IgB mature peptide, the 
expression of Igf3 mature peptide was delected by Western blot in adult /.ebrafish 
ovary only. (D) Real-time PCR results showing higher expression of mRNA in 
ovary than in testis. Each value represents the mean 士 SEM (n=4) (*P<0.05). 
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Fig. 2-4. Stage-dependent expression o f i n developing zebra fish fo Hides. 
(A) The morphology of zebra fish follicles al di He rent stages. PG, primary growth 
(stage I); PV, prcvitellogenic stage (stage II); HV, early vileilogenic stage (early 
stage III); MV, midvitellogenic stage (mid stage III); FG, full grown stage (late stage 
III). (B) RT-PCR results showing the expression of and gajnih in zebraIIsh 
tb Hides of different stages. (C) Real-time PCR results of i ^ p expression in zebra fish 
follicles of different stages. Each value represents the mean 土 SEM (n=4) 
(***P<0.001). (D) Detection of /g/3 mRNA in ihc zebra fish ovary by in situ 
hybridization with antisense (lert panel) and sense (right panel) probes. Scale bars, 
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MV 

FG 

Fig. 2-5 Spatial expression of Igl3 protein in aciiill zebra fish ovary. 
Sections of /ebrafish ovary were probed with the anti-lgtl antibody against the 
prepropcptide, and the secondary aiuibodies used were 八lexa riiior 488 anti-mouse 
for tliiorcsccnl labeling, followed by I)A1)1 staining (blue color) (A), and horseradish 
pemxidasc-conjugatcd tor DAB staining (B). Positive staining was observed mainly 
in the follicular cells. Scale bars, 100 ”m. 
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Fig. 2-6 Spatial distribution of /^/3 expression in full grown zebra 11 sh foHides. 
(A) Prop id ill m iodide staining of iiilael oocyte vvilh follicular cells (letl panel) and 
oocytes without follicular cells (right panel). (B) Real-time PCR results of i g p 
expression in the intact fo Hides, denuded oocytes and follicular cell layer. (C) 
RT-PCR results lor Ihe expression o t � / g / 3 ， I h c g r , and 么'"/，"// in intact (hi I ides, 
denuded oocytcs, and isolated follicular eel! layers. 
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l,�ig. 2-7 Regulation of ' /^ / J expression in zebra fish ovary and Ihlliclcs by hCCi. 
(A) Time course of hCG (10 lU/ml) action on expression in zebrallsh ovarian 
fragments. ( B ) Dose-response o f I i C X j action (2 h incubation) i川 expression in 
zebra fish ovarian fragments. (C) I^osc-response of hCCJ action (2 h incubation) on 
i}*/'3 expression in zebra fish FG folliclcs. (D) Stage dependence of hCCi action (10 
llJ/ml，2 li incubation) on /i»/3 expression in zebra fish lb Hides of dilTerent stages. 
l!ach value represents the mean 士 SRM ol' three indcpcndenl experiments each 
performed in quadruplicates (*1)<0.05; **P<0.01; ***P<().0()1 vs control). 
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I'ig. 2-8 Regulation o\i^/3 expression in /.cbrafish to Hides by cAMI). 
(A) Oose-response of IBMX action (2 h incubation) on i}*f3 expression in /cbrafish 

follicles. (B) Time-response of IBMX action (1 mM) on expression in 
/.cbrafish I'Ci follicles. (C) Dose-response of 8-Br-cAMP action (2 h incubation) on 

expression in zebrafisli FG to Hides. (D) rime-rcsponsc o f�8-B r - cAMl) act ion 
( l i iM) on ig r3 expression in zebra fish FCi fo Hides. (K) Dose—response ofS-Br-cAMI) 
action (2 h incubation) on expression in zcbrafish MV lb Hides. (1.) 
Dose-response of 8-Br-cAMP action (2 h incubation) on expression in zcbrafish 
FvV Iblliclcs. Rach value represents the mean + SRM three independent experiments 
cach perlbrmcd in quadruplicates (*l'<().()5; **1)<0.0I ； ***P<().()() 1 vs control). 

6 2 

('h(if>ter 2 1^3 /..�• involvcil in i K K - y t e malurnHon oj zchnifiMh 

0
0
」
芒
8
 j
O

 %

者
急

c
i
s
 

3
 U
0
!
s
s
2
d
x
山
 



'hapier 2 Igp is involved in ocx:yfe nnifuration of zehrafish 

A 
A R A R C G R E L V DDLEFVCGDR G F Y I G K P G A A R S G G P R S R G K GIVDQCCVRG 

CDLQHLELYC AKSKKVRRD 

乂o\.�o®6 人、。》入々 

B 

17 — 

10 — 

D M 

‘ 

17 — 
17 一 

10 — • • “ ‘ ' 

igf3- HIS-Ab 

2FL cell 

20 

I Igf3 ��nM) 
20 200 

[ Igf3 }{nM) 

and bioaclivily eviiluation of rccohibinant I'ig. 2-9 Piirificalion, characterization 
zebra fish Igl3 protein. • 
(A) Amino acid sequence of main re Igfs; (B) IgG prolein was expressed in E. coli 
and analyzed by SDS-PAGE, followed by comniasie blue staining. A strong band 
can be seen in the IPTG induced group. (C) Western blot results with both the 
antibody which can rccognizc Igt3 mature peptide and an anti-His antibody. A 
specific band can be detected using both antibodies. (D) The purified lgt3 protein 
was analyzed by SDS-PAGE followed by comniasie blue staining. A specific band 
can be delected. (F and F) Bioaclivily of the recombinant igl3 was evaluated on 
cultured GC-1 and ZFL cells. Both cell lines were treated with ditVcrcni 
concentrations of recombinant IgO for 48 h. Cell pro 1 i feral ion "was then assessed 
using the alainar blue assay. Each value represents the mean 土 S1£M ol" three 
independent experiments each performed in quinluplicatcs (*P<0.05; **P<().01; 
***P<0.0()1 vs control). 
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I'ig. 2-10 Action ol'recombinant lgf3,on zebrafish oocyte maturation. 
(八) r ime- and dosc-dcpeiidciit actions of recombinant zebrafish lgf3 on oocyte 
maturation. (B) Stage-dependent responsiveness of zebrafish oocytes to rccombinanl 
Igf3 (2 | j M ) . G V B D was scored after trcalmcnl. Each value represents the mean 土 
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Chapter 3 Mechanisms of induced owyie maturation 

Chapter 3 The potential downstream signaling pathway involved in 
lgf3-inducQd oocytc maturation in zebra fish 

3.1 Introduction 
Female fertility requires precise regulation of oocyte mciosis. Pish oocytes, like 

those of other vertebrates, begin mciosis but subsequently become arrested at 

prophase until gonadotropin (luteinizing hormone (I.l I)) released (Vom the pituitary 

causes the meiotic cell cyclc to resume. In response to the LH surge, the oocytes 

proceed from prophase to second melaphase. '1 he prophase-lo-mctaphase transition is 

characterized by germinal vcsicic breakdown (GVBD), which is indicative of oocyte 

maturation. So far, much is still unknown about the ovarian signaling events in the 

ovary that regulate this process (Nagahama and Yamashila, 2008). 

It has been demonstrated in several vertebrates thai LH acts via an interaction 

with its cognate LI 1 rcceptor, a member ol'the large superfamily of G protein coupled 

receptors (GPCRs) (Ascoli et al., 2002; Richards, 2001). Under the regulation of LI I, 

maturation-inducing hormones (MIHs) acting as steroid mediators arc synthesized in 

I lie follicular layer of the ovary to initiate inaturationa events. Progesterone was 

considered an effective Mil l in amphibians, but some studies have also suggested 

that androgens are MIHs in Xenopus oocytcs. In most fish. 

17a,20P-dihydroxy-4-pregnen-3-onc (17a.20p-DP) is considered an MIH 

(Nagahama and Yamashita, 2008). It has been demonstrated in bolh fish and 

amphibians that oocytc maturation is stimulated by MIH, which can bind to GPCRs 

and activale various signal transduction pathways. J his signaling event ultimately 

induces the activation of maturation-promoting factor (MPF), a complex of two 

proteins, cdc2 and eye I in B. The action of MPF is universal among species; it 

catalyzes the entry into the M phase of meiosis I and meiosis 11. However, difTerenl 
« 

signaling pathways lead to Ml”： activation in different spccics (Kishimoto, 2003). ‘ 

In recent years, cvidcncc has suggested that local paracrine factors are also 
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involved in the regulation of mciotic reinitiation in oocytes (Gc, 2007)，and Igf 

system is one of these local factors. The Igf system is composed of ligands, rcceplors, 

and Igf binding proteins (Igfhps). Sincc the identification of Igfl and Igf2, the role of 

this system in the ovary has attracted considerable attention. In vitro studies in many 

spccics of vertebrates and gene knockout studies in mice have revealed that Igfs arc 

key inlraovarian regulators of many aspects of ovarian function including oocyte 

maturation (Yoshimura, 2003). 

It has been established in the past several decades that Igfl and Igf2 induce 

oocyte maturation through binding and stimulation oC Igl'typc 1 rcccptors in Xcnopus 

and rabbit (Janicot ct al., 1991; Taghon and Sadler, 1994; Yoshimura ct al., 1996a; 

Zhu cl al.，1998), and that the act ion of Igfl on oocyte maturation occurs via a 

steroid-independent pathway in striped bass and Funclulus (Negalu ct al., 1998; 

Weber and Sullivan, 2000). Ligand occupancy of Igfl r leads to tyrosine 

phosphorylation of its intracellular domain and subsequent activation of signaling 

cascades. The downstream pathway originates with the interaction of the Igt'l r with 

one of its major substrates, insulin receptor substrate I (IRS-l) (Myers ct al., 1994). 

IRS-l associates with and act i vales phosphatidyl inositol 3-kinase (P13-k), which 

subsequently rccruits signaling proteins such as Akt/protoin kinase B (PKB) (CantIcy, 

2002; Kulik et al” 1997). It has been demonstrated in star fish (Okumura el al., 2002), 

Xenopus (Andersen et al” 1998) and mouse (Hoshino et al., 2004) that the activation 

of PI3-k and Akl is sufTlcient to induce oocytc maturalion. In common carp, the 

eirect of Igfl on oocytc maturation can be blocked by inhibition of PI3-k ([)aul et al., 

2009). Evidence from Xenopus has shown that one potential downstream target of 

PI3-k/Alh after induction by Igfl is 1M)E3，which could degrade cAMP in oocytes 

(Andersen et al” 1998). 

IgB is a newly characterized Igf ligand in teleosts and was first repurted by our 

group (Wang et al., 2008). The gonad-spcciHc expression of IgO suggests an 
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important role in the reproductive fiiiiclion of fish. Previously, using zebra fish as 

model, wc have found the unique expression pattmi of IgO correlates with that of 

the I J I receptor in the ovary. The expression of Igf3 could be regulated by 1M via a 

cAMP-ciepcndent pathway, and a role for lgf3 in oocytc maturalion was also 

demonstrated (Li el al., 2011). However, the molecular mechanism on how IgO 

stimulate oocyte maturation is slill unknown. 

In the present study, wc aimed to investigate the potential downstream signaling 

pathway involved in Igl3-induccd oocytc main rat ion in zebra 11 sh. Three questions 

were addressed in this sludy. Is the steroidogenesis required for Igf3-induced oocyte 

maturation? Does IgG stimulate oocytc maturalion through lg(l r? Are I he major 

downstream (actors of Igf pathway including PI3-K, PDB3 and MAPK are nccessary 

for IgB-iiiduced oocyte maturalion? 

3.2 Materials and Methods 

3.2.1 Animals 

See Section 2.2.1. 

3.2.2 Chcinicals 

AR grade chemicals and human chorionic gonadotropin (hCG) 

from Sigma-Aldrich (USA), culture media from Gibco (USA), and 

l)romega (USA) unless otherwise stated. 

were obtained 

enzymes (Vo m 

3.2.3 RNA isolation and RT-PCR 

Total RNA samples were isolated from ovarian foHides of /.ebrallsh using 

TRlzol Reagent (Invitrogcn, USA). The amount and purity of Lhc RNA were 

determined by NanoDrop 2000C Spectrophotometer (Thermo, USA). For real-time 

PCR, the standards’ for target genes and gapcih (glyceraldchydc-3-phosphatc 

dehydrogenase) were prepared by amplification o f c D N A fragments with the specific 
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primers (Table 3-1). The amp I icons were purified by the PCR Purification Kit 

(Qiagen, USA). These purified PCR products were used to construct I he slandard 

curves in the real-time PCR assays. Real-time PCR was carried out as described in 

Section 2.2.5. 

Gene Scquence(5' lo 3' direct ion) Strand Application 
Size 
(bp) 

p45()cI7al 
AC AG 丨 CC 1 CC( id, AC’ 八1C�1 (�厂 IT 
TGTGG AACTGTACn C A( A A ACG 

S 
AS 

Real-time PCR 224 

p45()cI7a2 
CI GG mTrCA(;rT(X:l(:(:TAT(:A 
1 rA(iC(:rc:i'rcAGGr(:cn(jrrG 

S 
AS 

4 

Rcal-limc PCR 
1* 

254 

cypI9a 
GTTGTCl CC I ACI (J1CCKi ITCAI 
C A( i ACC(�A( iriTAC n ( X: A A A(;(’ 

S 
AS 

Kcal-timc PCR 192 

l7h-nSDI 
(;c;rn(K:c:A'rrcAACCjA(j(jicriAC： 

C:"r(:c:ACiCTCCTT(jTCTCCA(iTCn 
S 

AS 
Real-time PCR 180 

f^apdh 
CCiACCICACCrCjCCXiCCI'IAC'A 
GlCArrGAGGGACiAIGCCACjCXi 

S 
AS 

Kcal-limc PCK 187 

Table 3-1 Primers used in Chapter 3. 

3.2.4 Western blot analysis 

Follicles lysates were firstly separated by^ 10% or 15% SDS-PAGR gels. The 

separated proteins were transferred onto membranes arid irnmunoblolted with 

the primary antibodies. The protein bands were visualized by a Western blotting kit 

(Millipore, USA) after incubation with secondary antibody conjugated with 

horseradish peroxidase. 

3.2.5 Isolation of ovarian follicles 

See Section 2.2.10. 

.6 Folliclc incubations 

See Section 2.2.12. 
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3.3 Results 
3.3.1 Effccts of trunscriptioriii遍 aiui translational inhibitors on igr3-induccd 

oocyte maturation 

To understand the role of steroidogenesis in Igl3-induced oocyte maturation in 

/.ebrallsh, we tested whether the action of rgf3 in inducing oocyte maturation 

involves transcriptional and/or translational events. Experiments were perr(”‘mcd to 

examine the actions of aclinomycin D (an inhibitor of transcription) and of 

cyclohcximidc (an inhibitor of translation) on Igf3-incJuced oocyte maturalion. The 

results show that the action of lgf3 on oocylc main ration was dramatically 

suppressed in a dose-dependent manner by a 4-h incubation with cycloheximide (Fig. 

3-1 A). I lowcvcr, aclinomycin D did not cause any sign i (leant reduction on I he action 

of Igf3 on oocyte maturation al^yPcrcnt doses (Tig. 3-1 li). 

3.3.2 Effccts of a steroidogenesis inhibitor on Ij»f3-inducod oocytc maturation 

and cfleets of IgD on the expression of steroidogenesis enzymes 

We then tested whether the act ion of IgO in inducing oocyte maturation involves 

steroidogenesis. Experiments were pcrlbrmed to examine the actions of Iriloslanc (a 

3P-IISD inhibitor) on Igf3-induccd oocyte maluralion. The results show thai the 

action of lgf3 on oocyte maturation was not afTected at any of several concentrations 

oftrilostane with several incubation times (Fig. 3-2A). 

Hie expression ()rs()me important steroid metabolizing enzymes including cyp丨 

p45()cl 7a p45()cl7a2 and / 7h-HSI)l was measured by real-time I*CI< adcr 

treatment with recombinant lg(3 protein. The results show thai the expressions of 

these enzymes was not altered after treatment with lgf3 ( � i g . 3-2B). 
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3.3.3 ICfTccts of Igfl rs inhibitors on IgO-induced oocyte maturation and cffects 

of Igf3 on the activation of Igfl rs 

To investigate whclhcr IgG aclivales oocyte niaturatkm through Igfl rs in 

zcbrafish, we employed two Igfirs inhibitors (NVP-AHW54I and NV里八fiW742) to 

address this issue. After treatment with N VP-AI^W541, I he action of IgB on 

/.cbrafish oocylc ipaturation was abolished in a dea r dosc-dcpcndcnl manner (Fig. 

3-3A). This result could not be explained by the toxicity of the inhibilors on the 

foHides, as the actions of 1)1 IP on oocytc maturation were not afVccted by (Fig. 

3-3B). Similar results were obtained Cor another inhibitor NVI)-A卜:W742 (l:ig. 3-3C). 

The cft'ects of 1̂ 1 IP on oocytc maturation were not significantly in flue need by this 

inhibitor either (Mg. 3-3D). Furthermore, the action of IgB on the phosphorylation of 

Igfl rs was also tested by Western blot analysis. The results show that the 

phosphorylation of IgO was stimulated afler Ircatmeni with recombinant zebra fish 

IgB protein in a liine-dcpendenl manner. The translation of eye I in B was also 

stimulated by Igt3 in a time-dependent manner, with (5-Actin was used as I he loading 

control (I'ig. 3-3R). 

3.3.4 Effccts of PI3 kinase inhibitors on Igf3-intluccd oocytc maturation 

PI3 kinase is one of the major downstream factors of I he Igp r signaling pathway. 

To investigate whether PI3 kinase activation is involved in Ig 13-induced oocyte 

maturation, two common PI3K inhibilors (worlamannin and LY294()()2) were used. 

Incubation of /.e bra fish I-G-stage follicles with different concentrations of either 

worlamannin or l.Y2940()2, significantly reduccd the clVecl of Igl3 on oocytc 

maturation in a dosc-dcpcndcnt manner (Tig. 3-4). 

3.3.5 Effects of a PI)E3 inhibitor on IgO-induccd oocytc maturation 

Cyclic nucleotide phosphodiesterases (PDI-.s) arc en/.ymes that degrade and 
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inactivatc cAMP, an event associated with the resumption ol' mciosis. Type 3 

phosphodiesterase (PDl '3) is an oocylc-spccific Pl)b' that is required lor the ctVcct of 

PI3 kinase/Akt on oocyte maturation (Conli cl al., 2002). I lic role of PDR3 in 

Igf3-induccd oocylc maluration was tested with ciloslamidc, a specific inhibitor of 

l . ) D卜T h e induction of oocyte maturation by lgt3 was prevented in a close 

dcpcndcnl manner by incubating the foHides with cilostamicic (l"ig. 3-5). 

3.3.6 Effects of lgf3 on MAP kinase activation and effects of MAP kinase 

inhibitors on I^O-induced oocytc maturation 

To (Urlher invesligate the early signal Iransduction components involved in 

Igf3-induccd oocytc maturation, the possible role of mitogcn-activatcd protein kinase 

(MAPK) was examined. The level ol' phosphorylaled RRK1/2 increased a Her 30 min 

in response to Igl3 (Fig. 3-6A). This stimulatory action of Igl3 could not be 

attributed to altered RRK protein levels, as the amount of total I 'RKI/2 protein was 

not changcd by the IgB treatment. Additionally, a specific inhibitor of MAP kinase 

kinase (MHK), PD98059, was'tested. FG-stage follicles were prc-inciibalcd for I h 

with increasing doses ( 1 , 5 and 25 ^M) of PD98059 followed by incubation with lgf3 

(2 fjM). Oocytc maturation was examined at di fib rent time points. I)D98()5() 

significantly inhibited IgH-inducccI oocyte maturation in a dose-clepencJcnl manner 

(Fig. 3-613). 

# 
3.4 Discussion 

111 our previous study, wc dcmonslraled a role for IgO in oocylc maturation in 

zcbradsh. in the present study, we extended those results by investigating how Igf3 

exerts its cfTccls on oocylc maturation. We investigated whether the steroidogenesis 

is involved in Igf3-induccd oocylc maturation. The action of Igl3 was suppressed by 

cyclohcximidc but not by actinomycin D suggesting that IgO a d s by regulating 

protein synthesis and may not act via the activation of steroidogenesis czymc 
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expression during oocylc mat u rat ion. I rilostanc is an inhibilor ol'3(^-1 ISI) lhal is able 

to altcnualc 1)1 IP production, and we found lhal the cflccl of IgG on oocylc 

maturation was not significantly inllucnccd by lliis inhibilor. Our results arc 

consistent with other studies of Igfl that reported the failure inhibitors of ISl) 

to block IgH -induccd oocylc maturation iii llsh ovarian foHides (Kagawa cl al., 1994; 

Kagawa cl al.’ 1995; Ncgatu ct al., 1998; Weber and Sullivan, 2()()()). I hc action of 

IgD on the induction of GVBD via a stem id-independent pathway is further 

supported by the inability of Igf3 to regiilalc the expression ol' important steroid 

metabolizing enzymes including cypl9a, f)45()cl7al, p450cl 7a2 and / 7h-HSDL 
I 

A Her treatment with recombinant IgD protein, the results of real-time PCK showed 

lhal ihc expression of these enzymes was not altered. This finding suggests thai Igl3 

exerts no signillcanl cHeels on the estrogen and 1)1 II* synthesis palliways in /xibrafish 

fo Hides. ‘ 

To study Ihc downstream signaling pathway involved in lgt3-iiKluccd oocylc 

maturation in /.c bra fish, we investigated whether IgO bind to and activate Igt'I rs. 

'I here are two types of Igfrcccptors including Igf type I receptor (Igl'l r) and Igflypc 

2 rcccptor (Igl2r). The latter is also called mannosc 6-rcccpt()r and has a high aHlnity 

for lgf2 in mammals. IgQr binds and largcls Igf^ for lysosomal degradation without 

inducing an intracellular response (Kornfcld, 1992). Available in format ion indicates 

that the C domain of human igf'i is responsible for its high afTinily for Igfl r but nol 

tor Igl2r, and divcrsily exists between ihc amino acid sequences of IgO and oilier 

Igfs in the C domain. Previous rcscarch has also indicated thai this diversity in Ihc C 

domain suggests the presence of a currcnlly unknown rcccptor lor Igl3. Allcrnalivcly, 

the A and B domains of IgO arc liighly conserved, and arc essential for receptor 

binding and the subsequent biological actions (“ all Igfs. The cysteine residues in Ihc 

B domain arc conserved，and the predicted tertiary structures of tlic four Igfs in 

/cbrailsh arc similar. All of ihese features indicate the pt)ssibilily that IgD binds lo 
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Igl l r. To subslanliatc (iiis hypothesis, we employed two specilie Igfl rs inliibilors that 

have been demon si rated lo successfully tlic phospliyorylation of Igl'l rs in /.cbrafish 

((^hablais and Ja/winska, 2010). The results IVom llic present study showed that llic 

cfTccls of IgO on oocytc mat lira tk)n were diminished by two specific Igl'l rs 

inliibilors in a dosc-depcndent manner. I'urthcrmore, we also demonstrated thai 

Igl1 rs can be activated hy Igl3 in a lime clcpcndcnl manner. In comparison with l'(i 

stage follicles, the strongly aclivaled Igfl rs was detcclcd in nalurally matured 

oocylcs, which implies an important role lor Ihc IgCpathway in (lie process ort)Ocylc 

maturation. AIT of this evidence suggests that IgO stimulates oocyte maUiralion 

through Igfl rs in /cbrafish. 

In Ihc present study, two PI 3 kinase inhibitors with clinbrcnl median isms of 

action, wortamannin and LY294()()2, blocked the clTccl of IgO on oocyte iruUuratii川 

in a dosc-dcpcndent manner. I hcsc results arc consistent with similar studies on Igfl 

in other species including Xeno/nis (Schmilt and Ncbrcda, 2002), slriped bass (Weber 

and Sullivan, 2001) and C'yprinus carpio (I'aul ct al., 2009). I hc rcc|uircniciit of PI3 

kinase activation lor steroid-induced oocyte maluralion has also been reported in star 

(Ish (Sadler and Kiicicrman, 1998), Atlantic croaker (Pace and Thomas, 2005), Rami 

(iyhowskii (Ju ct al.，2002) and while bass (Weber and Sullivan, 2005). All of these 

findings suggest lhat the early signaling pathways activated by IgTs and Ml! I during 

oocytc mat u ration may be similar in zebra fish. 

Il has been found that 1)1)1,3 is the prcdominanl l)【）署（isolbrm in mammalian 

oocylcs ( Tsafriri ct al.，1996), and Ihc aclivily of a PDLi3 is required for the elVects of 

Pi3-k/Akt action on oocyte maturation (Andersen el a I., 1998). The cimeiil ITiiding 

that the inhibition ot 1)1)卜3 by cilostamide significanlly reduced Ign-rncdialed 

elTccls on oocytc maturation in /.e bra fish supports the importance uf 1)1)1:3 in 

Igf-indiiccd oocyte maturation. 

Results (Voni the present study also demonstrated that MAI* kinase is rapidly and 
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Strongly activalcd in Ig(3-stirniilate<J oocytes. This activation is also specific to the 

induction o f G V B D and lakes place iiboiil 30 min before eye I in B bccoincs activated. 

Activalcd RRK was also dctcclcd in natural inaliircd oocytes. MAI) kinase activation 

is universal during oocytc maliiration, bul ils requirement for (Wl.il) induction is 

uncertain, luirlicr studies have shown thai M(>S/M八l)K palliway plays a majoi role 

in progesterone-induccd meiotic resumption in Xcnopus oocytes (Sagata et a!., 1989). 

I lowcvcr, available inlbrmatioii IVoin strn fisli, goldllsh, Atlantic croaker and mouse 

oocytes have shown that MAP kinase activation is not essential Ihr oocylc maturation 

(renclK 1999; Liang el al., 2007). In (his study, I he c fleets of lgl3 on oocylc 

matiiralion were blockcd by an MAPK inhibitor, IM>98059, in a dose dcpcndciil 

manner. Tlierc fore, these cvidcncc obtained from our study strongly suggests thai I he 

activation of MAI) kinase serves as an iniporlaiil component ( “ � t h e Ign-iiukiccd 

signal tmnsduelioti cascadc leading to the stimulation of GVBI). 

I'akcn together, I lie present study has indicated thai IgG sliinulale I he oocyte 
•4. 

inaliiralion via a stem id- independent manner and thai IgH induces oocylc maturation 

Ihroiigh Igl'lrs. PI3 kinase, IM)F.3 and MAI�k inase are necessary (or IgO-moclialcd 

oocyte maturation in /.cbrallsh. This cviclencc not only helps us understand the 

molecular mechanisni of I he elVects of Ig(3 on oocylc matiiralion but also supplies 

valuable information tor ihc study of (he signaling pathway involved in meiotic 

rcsiiinplion in fish. 
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Igf3 (mM)[ i - 2 2 2 2 2 lgf3 (mM)[ - 1 2 � � _ 2 _ . 2 r ^ 

- - 0.01 o.^ J J jq^ AD(pg/ml) — | — 0.01 ！ b7i 1 

r ig. 3-1 KtVcctvS ol' cyclohcximiclc (CI 1) und actinomycin D (AD) on IgO-iiidiiccd 
zcbrai'isli oocyte maturation. 
(A) Dosc-dcpciidcnl inhibition of Igt3-indLiccd zebrafisli oocyte maliiralion by CI I, 
(B) The cITccl of Al) on I gO-induced oocylc main rat ion. rul l grown fo Hides were 
treated with recombinant IgB (2 in the absence or prcscncc of AD or CI 1, and 

� - ( i V B D was scored ader treatment, luich value represents the mean 士 SF,M of three 
independent experiments cach perfonncd in qiiadruplicalc (***P<().()() 1 vs control). 
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I'ig. 3-2 BfTecls of steroidogenesis inhibitor on Igl3-induced oocyte maturation and 
cITccl o f l g D on expression ofsleroidogencsis enzymes 
(八）Tlic lack of action of triloslanc (a ISl) inliibilor) on Igt3-indiiccd oocylc 
maturalion in ditVcrcnl concentrations (0.2, 2 and 20 ^ig/ml). I'ull-grown lb Hides 
were treated wilh recombinant Igt3 (2 ^iM) in the absence or presence of Iriloslanc, 
and GVBD was scored allcr Ircatmcnt. (B) Relative mRNA level of cypI9(i, 
p450cl7aK p450cl7a2 and 17 h-USD I in MV follicles treated with /.cbralush IgB 
protein for I h. While bar, control; Black bar, lgl3 Ircalnicnl. luich value represents 
the mean 土 SKM of three indcpendciU experiments cach pcrfbnnecl in quadruplicates. 
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口 3h 
Ea 13h 
• 24h 

DHF 
AEW7 

lgf3 2 mM 2pM 2MM I 2 tiM 
AEW541 — SpM j 10 (jM 

I AEW742 r jL jW SpM 10 PM 11 
i tgfS i| 2mM 2mM 2pM 2mM j 

E 

Cyclin B 

P-lgf1r 

P-Actin 

control Igf3 (2 mM) 

Fig. 3-3 lgi3 stimulates oocyte maturation through Igtl r in zebra fish. 
(A) Inhibit ion of IgO-induccd oocyte mat u ration by diflereni doses of 
NVl)-AEW541; (B) DI IP-induced oocyte maturation was nol significantly blocked 
by different doses of NVP-AHW541 ； (C) Inhibition of Ig 13-induced oocyte 
maturation by ditTcrcnl doses of NVP-AIZW742; (D) DHP-induced oocyte 
maturation was nol significantly blooked by different dose of NVP-AEW742; (!•) 
Western blot results regarding the elTecl of IgB on I he phosphorylation of Igfl rs in 
/.c bra fish FG-stage follicles. 
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Fig. 3-4 RITecl of IM3-k inhibitors on lgi3-induced oocyte maturation. 
The percentage of zebrafish fo Hides showing GVBD a tier incubation witli lgt3 (2 
fiM)，in the prcscncc of graded doses of either P13-k inhibitor, LY294002 (LY) or 
Worlinannin (Wn), at different incubation lime points. Full-grown zebrafish fpHides 
were pre-incijbated for I li in the presence of cacli inhibitor. Data are representative 
of three independent experiments. * , 
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Fig. 3-5 Effects of a PDE3 inhibitor on IgO-induced oocyte maturation. 
The percentage of zebrafish too I i des showing GVBD after incubation with IgB (2 
| iM), in the presence of graded doses of the PDE3 inhibitor, cilostamide at different 
incubation time points. Full-grown zebrafish foHides were pre-incubated for 1 h in 
the presence of the inhibitor. Data are representative of three independent 
experiments. 
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P-E rk 
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Fig. 3-6 MAP kinase is required for IgB-induced oocyte maturation in zebra fish. 
(A) Western blot analyses of phosphor� ' lated Erk (P-Erk 1/2) and total Erk (T-Erkl/2) 
incubated with or without IgO (2 |liM) for 30-360 min; (B) The percentage of 
zebrafish follicles showing GVBD after incubation with IgO (2 |j.M) in the presence 
of graded doses of the MEK inhibitor, PD98059 (PD) at different incubation time 
points. Full-grown zebrafish follicles were pre-incubated for I h in the presence of 
the inhibitors. 
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Chapter 4 The J^/s in zebrofish ovary 

Chapter 4 Insulin-like growth factors in the zebra fish ovary: differential 
expression and regulation by gonadotropin 

4.1 Introduction 

It has been conclusively that goiiadatropins secreted from the pituitary control 

many aspects of gonadal development and function in vertebrates (I lillicr. 2001). 

This concept of classical cndocrine control of reproductive function is now extended 

lo a more complex regulatory system, including paracrine and autocrine modulating 

mechanisms (Ge，2005; Hillicr, 2001 ； Matzuk cl al.，2002). As the significance of 

putative intraovarian regulators became increasingly recognized, much of the 

attention has centered on insiilin-likc growth factors (Igis). Igfs are low molecular 

weight peptide hormones with structures related to insulin and relax in in vertebrates 

and insulin-like peptides (ILPs) in invertebrates. Aciivalion of the Igf signaling 

pathway occurs when Igfs bind their cognate receptor tyrosine kinases, which leads 

to the activation o f a number of downstream signaling cascades，including pathways 

involving mitogeii-act ivated protein kinase (MAPK) and phosphatidyl inositol 

3-kinase (P13K)-Akt (Wood ct al., 2005). 

In mammals, the expression ot the genes encoding Igf! and lgf2 in the ovary has 

now been clearly established in several species, including the r&t (Adashi ct al., 

1997)，sheep (Perks ct al., 1995; Teissier et al., 1994), cow (Perks et al., 1999), pig 

(Yuan el al., 1996) and human (Zhou and Bondy, 1993). However, there is some 

heterogeneity in the localization of Igfl and Igf2 in the ovary among different 

species. For example, in the rat and mouse, the expression of igf J inRNA was 

delected in the granulosa cells of developing preantral follicles and antral follicles. 

However, the expression level of igfl mRNA in the ovary of cow and sheep is 

extremely low (Perks et al., 1995: Perks ct al.，1999), whereas expression is 

detectable in the thecal cells of both spccics, with high expression in early growing 

follicles (Armstrong and Webb, 1997). In humans, Igf2 expression is high in 
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granulosa and thecal compartments，and its expression increases in granulosa cells as 

follicle size increases. In contrast, Igl l is only weakly dcleclable, suggesting that the 

importance of lgf2 in the human ovarian Igf system overwcighs that of Igfl 

(cl-Roeiy cl al., 1993; Yoshimura, 2003; Zhou and Hondy. 1993). 

Igfl knockout mice do not contain any antral follicles and arc unable lo ovulate, 

even after treatment with exogenous gonadotropins, which directly indicates the 

essential role of the Igf system in the ovary (Baker et al.. 1996). Both Igfl and lgt2 

have been demonstrated to stimulate the growth of secondary follicles, promote the 

proliferation of granulosa cell, inhibit apoptosis and promote oocyte maturation 

(Sirolkin, 2010). 

There arc a few reports on the regulation of i对s by gonadatropin in the ovary. The 

available information on the regulation of Igfl by gonadotropin is controversial in 

the mouse ovary. R it her LU or I'Sl \ can significantly increase the sccrclion of Igfl in 

granulosa cells (Hsu and Hammond, 1987). However, Zhou and colleagues found 

that FSII does not regulate granulosa cell Igfl gene expression, as the lallcr appears 

normal in FSH knockout ovaries and is unperturbed by hypophyscctomy in normal 

animals (Zhou et al., 1997). In humans, several lines of evidence support the 

conclusion that the LH and FSH regulate i g p mRNA expression and secretion in 

granulosa cells (Raniasharma and Li, 1987; Voutilainen and Miller, 1987). 

Despite several reports demonstrating that human' Jgfl and Igf2 inducc oocylc 

maturation in several fish species including zebrafish (Kagawa et al., 1994; Negalu et 

al.，1998; Nelson and Van Dcr Kraak, 2010b; Weber and Sullivan, 2000), 

in formal ion on the regulation and bioactivily of ovarian paracrine/autocrine Igf 

action is still largely unknown. Recently, a gonad-specific Igf (lgt3) was idenlified in 

our lab (Wang et a l.，2008) . We also demonstrated the regulation of igf3 by 

gonadotropin through the cAMP pathway and the role of lgt3 in oocyte maturation in 

zebrafish (Li ct al., 2011). Considering that four Igfs have been identified in 
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/.cbrafisH, the present study was undertaken to si tidy the expression and regulation of 

these Igfs in the -zebrafish ovary. Alter analy/.ing the temporal expression profiles of 
• . ‘ - - • 

all four Igls during ovarian folliculogenesis; the regulation of (he four Igfs by 
.. . 1 � . • 

gonadotropin and cAMP was investigated in primary follicIc cclls and lully grown 

follicles, b^idencc from the presetit study suggests fiinclional convergence and • • . 

difTerentiation of the Ihtir Igfs in y.e bra fish ovary. 

4.2 Materials and Methods 
« 

4.2.1 Chcmicals 
All chemicals were obtained from Sigma (Si. Louis, MO), and restriction enzymes 

were trom Pro mega (Madison, WI) unless otherwise staled. Human CCi (hCG) aixi 

3-iso-butyl-1 -melhylxanthinc (IBMX) were purchased from Sigma. hCG was 

dissolved in water and diluted to the final concentrations with the medium, whereas 

IBMX was first dissolved in ethanol and then diluted to the desired concentrations 

with the medium before use. 

4.2.2 A n i m a l � 
a 

See Section 2.2.1. 

4.2.3 RNA isolation and RT-PCR 

Total RNA samples were isolated from the tissues, ovarian follicles, embryos and 

fries of zcbrafish, using 1 RIzol Reageni (Invitrogen, USA). The quality and quantity 

of the RNA were determined by NanoDrop 2000C Spectrophotometer (Thermo, 

USA). RT-PCR was performed as Scction 2.2.5. All primers used in this study arc 

listed in Table 4-1. For real-time PCR, the standards tor igfJ, igf2a, i^'3 and 

gapdh (glyccraldehyde-3-phosphate dehydrogenase) were prepared by amplification 

of cDNA fragments with the specific primers (Table 4-1). The amp I icons were 

purified by the PCR Puri Heat ion Kit (Qiagen，USA). These PCR products were used 
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Real-lime l)CR_ was Up (xinstrucl the standard curves in the real-time PCR assays. 
,• •• 厂 • 

c ’ 
carried out as described in Scction 2.2.5. • ‘ 

• V 
• • . 、 

• « . . . . 
4.2.4 Isolation of ovarian folliclcs 

• 气 

‘ ^ ' • 

See scclion 2.2.10. ‘ 

4.2.3 Primary culture of the ovarian follicle cells 

The" primary cullurc of zebra fish ovarian rolliclc cells was performed according to 

(he protocol of Ge's lab (Pang and Gc, 2002b). Briefly, I he folliclcs around 

vctcllogenic stage from 1 5 to 25 females were carclljlly selecletl and cultured in 25 ^ ** 

cm flask for 6 days in the medium of M 199 • 10% fetal bovine scrum ( l�BS) under 

ihe condition of 28 °C and 5% CO2. The medium was changed on the third day of the 

incubation. After the 6-day incubation, the cells were then sub-Cultured in 24-well 

plates at the density of 100 000 cells/1 ml per well for 24 h in M 1 9 9 H 0 % I RS 

lie lore hormone and drug treatment. 

4.3 Results 

4.3.1 涯）itTercntial gene expression of four ifif's during zcbrafish folliculogenesis 

Real-time PCR assays to dctect the i^fs and y,apdh were established. Specific iyfs 

or gapdh DNA fragments were amplified from the ovarian c【）NA, and these PCR 

producls were purified and used as standards in the assays. Standard curves were 

generated according to the cycic threshold value (Fig. 4-1). RT-PCR was first 

pcrlbrmed to examine the gene expression of the four in the zebra fish ovary. All 

four i^fs transcripts were detcctcd in the ovary (Fig. 4-2A). Using real-time PCR, the 

expression levels of the four i^f transcripts in the ovary were compared. The mKN A 

level of /if/7 was extremely compared with thai of the other i幻s, and the expression 
« 

i^fS was highestoflhc four i ^ s (Tig. 4-2B). 

The expression profiles of all /jt̂ /.v during folliculogenesis were lurlher assessed 
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\ 

using real-time PCR. The level of if^fl slightly increased from tlie primary growth 

(P(i) Stage through the early vilcllogcnic (L'V) stage and decreased ihcrcallcr (Tig. 
« 

4-3A). On ihe other hand, i^f2it and i ^ h steadily increased during folliculogenesis 

(Fig. 4-3B and C). The expression profile of i妒 during folliciilogcncsis was Ihc 

most drastic among the four i^f iigands. The expression of ii(/3 was low in the early 

stages of ihe loHides developmcnl but dramatically increased in the lull grown (I"(J) 

stage (I'ig. 4-31)). 

4.3.2 EfTccts of gonadotropin (hCCi) on the expression of the four ififs in the 

J-stage follicles 

lb examine whether gonadotropin regulates I he expression of all iy Ĵs in the 

zebra fish follicles, intact KG-stage follicles were first trcaled. rrcalment of cullurcd 

zebra fish ovarian follicles willi hCG for 2 hours at diHbrent concent rations caused a 

slight changc in i^ f l expression (Fig. 4-4A) bul a significant change in the 

expression of i^f^ci (I'ig. 4-4F^), i g P h (r ig . 4-4C) and (Mg. 4-41)). I he 

expression of i^f2a was decreased by hCG in a dose-dcpcndcnl manner. Although the 

cJifTercnccs were not statistically significant, increased levels of i ^ f lh were observed 

at difTercnl concentrations of hCCi, reaching a peak with treatment with I lU/ml hCVi 

Ircalincnt, liCG stimulated the level of i•只at a low concenlralion, but a high dosage 

of hCG had a strong desensitizing cflbct on the responsiveness of the cclls. At 100 » 

II 1/ml, the stimulation of receptor expression declined significantly compared with 

the stimulation observed at 10 lU/ml. 

4.3.3 Effects of gonadotropin (hCG) on the expression of four ififs in the 

culturcd zebra fish follicle cclls 

To further study Ihc rcgulation of Igfs by gonacJatropin, a primary culture o l� 

zebra fish ovarian follicle cclls was established (Fig. 4-5). 
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riic regulation of i^fs by gonadolmpin was examined in the zebra fish ovarian 

follicIc cells. 'I fcatmcnl o l thc cultured /.c bra fish ovarian follicle cclls with hC'(l for 2 

hours at dilTcrcnl concentrations caused a significant change in the expression of 

and î f̂S. Consistent with the results of treatment ol tlic l:(i slage I'oHides, 

tlic expression of i^f 1 was not changed after treatment with cJifTcrcnt concentrations 

of h(Xi (Fig. 4-6A), whereas h(Xj decreased I he expression oi" “ (Fig. 4-6B) and 

increased the expression of ij^f2h (I'ig. 4-6C') and i^fS (I'ig. 4-613). 

4.3.4 Kffccts of IBMX on the expression of four ififs in the ciiitured zchrafisli 

follicle cclls 

Because cAMI) is considered to be I he principal sccond messenger involved in 

gonadotropin signaling, wc also studied the elTecls ol' increased intracellular cAMI) 

levels on the expression • � i咖 to demonstrate whether cAMP is involved in the 

gonadotropin regulation of i^fs. Diflercnt concentrations of IBMX (an inhibitor of 

phosphodiesterase) were used lo treat the culUired /.cbrallsh fbllicle cells for 2 h. 

Similar lo the ciTecl of hCG, /tf/7 expression was not changed by IBMX (l ig. 4-7A), 

but IBMX suppressed I he expression of ( l ig. 4-7B) and increased the 

expression oi�igf2h (l:ig- 4-7C) and (l:ig. 4-7D). 

4.4 Discussion 
In the present study, wc first tracked the expression of the i时I, i 劲 a n d 

igf3 genes in I he adult zebrafisli ovary. 'I he resulls showed that the expression of all 

four iyfs expression can be dctccled in the ovary by K I'-PCK. 1 lowcvcr, the 

expression levels of these /.î /.v were difTerent. I he level of mRNA was extremely 

low in the ovary, but its expression could still be detected by both l(l’-l)CK and 

real-time PCR. Tlic mRNA expression levels of other i^fs including i}*f2a, and 

were similar in the ovary, with showing the highest expression level. 

Detection of if*fs expression in the zebra fish ovary is consistent with the resulls of a 
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rccenl study, although the expression o 1' i^f l was no I delected in thai study (Nelson 

and Van Der Kraak, 201Oa). In mammals, there arc only two Igl" ligands known as 

Igfi and Igf2. The expression of both Igfl and Igf2 in the ovary has been extensively 

studied in many species and great diversity in Igl's expression exists in these spccics 

(Ma/erbourg et al•，2003). In rodents, Igl 1 is the predominant sublypc of Igfs in the 

ovary，whereas in primate, the expression ol" Igl2 is significantly higher than Igfl in 

ovary indicating the importance of lgl2 in the primate ovarian Igf system (Yoshimura, 

2003). The present study suggests ihal Ig(2a, Igf2b and Igl3 may have a more 

important paracrine/autocrine role in ihc /.cbrallsh ovary compared to Igf I. 

In zebra (Is h, both Igfl and IgQ promote the development of oocyte maturation 

compctcncc and stimulate final oocytc maturation, although Igfl and \g(2 

recombinant proteins from a human source were used in I he experiments drawing 

those conclusions (Nelson and Van Dcr Kraak, 201 Ob); moreover, the involvement of. 

Igf3 in final oocytc maturation was also dcmonslrated by our lab (Li cl al., 201 I ). 

Our previous study showed that the expression of î ĵ fS was up-rcgulatetl by hCG in 

I he ovarian fragments and separated follicles; however, the regulation of other i水 

including i^ f l , i^Rti and i s ^ h remains largely unknown. This study dcMTioii si rated 

that Ihc expression oi i^^pb and i^fS was iip-rcgulatcd in a dosc-dcpcndcnt manner in 

PG-stagc foHides. These results are consistent with our previous results regarding 

igp and a rcccnl study of the regulation of" ig/2h by Nelson el al. (Nelson and Van 

Dcr Kraak, 201 Oa). In contrasl to its stimulation t)!' and /乂 t r e a t m e n t with 

hCG had a inhibitory cflbcl on Ihc expression of /•尺/2<7. No clTect on the i ^ I 

expression was observed under the same conditions. To determine whether 

gonadotropin regulates the expression o f i n the follicic cclls, a primary culture (“. 

ovarian lolliclc cclls was prepared from zebra fish vitcllogcnic stage follicles. 'I his 

stage was chosen bccausc both gonadotropin (hCXj) and Igfs have powerful clVecls 

on follicles at this stage (Li cl al., 2011; Nelson and Van Dcr Kraak, 201 Ob; Pang and 
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Gc, 2002a). All four i^fs were expressed in the cullurcd (ollicle cells, as 

demonstrated by l< l-PCR (data not shown). Similar to the results with l-Cj-slagc 

foHides, hCTj also exhibited the similar elVccls on tlic levels of mRNA levels of all 

four iyfs, confirming the actions orhCXi on the lour iy^ ligaiids. These results also 

indicate llial the regulation of' and in follicle cells can be regulated 

by hex J. All ho ugh informal ion on the rcgulalloii of /t;/.v in the ovaries of other model 

animal is limited, I he up-regulation of zebra fish by gonadotropin agrees well 

with reports that LH and 卜SI I rcgulalc mRNA expression and secretion in 

human granulosa cclls (Ramasharma and Li, 1987; Voutilaincn and Miller, 1987). 

i^f I is the major form of i^f in the mouse ovary of mouse and could be up-rcgulatcd 

eillier luteinizing hormone (IJ I) or folliclc-stimulaling hormone (I'SI f) (llsu and 

I lammond, 1987). Moreover, evidence from research oti the testis also supports the 

notion that gonadotropins modulate Igl.expression in mammals and amphibians, for 

example, i^f l mRNA levels were increased by FSII in newt testicular organ culture 

(Ya ma mo to el al., 2001). In rodent and procinc Sertoli cclls, Igf I secretion was 

stimiilaled by FSH and U I (Caillcau ct al.’ 1990; Naville el al., 1990). In addition, 

opposing cfVccls of hCXj on the expression of iyf2a and i^^h were observed in the 

present study. Although the mechanisms by which these two subtypes ol' Igf arc 

differentially controlled in zebra fish are not yet clear, but the inverse e fleets of hCCi 

on their expression suggest that pituitary gonadotropins arc likely lo be involved. It is 

generally accepted that gonadotropins regulate target gene expression primarily via 

activation of the cAMI)-PKA pathway. lb further investigate the e fleets ofcAMI* on 

the expression of i^fs in follicles cclls, we carried out experiments to examine I he 

response of the four to IBMX, which increases intracellular cAMP levels. The 

results showed that IFiMX mimicked the differential regulation of i 娘 a � i ^ f 2 h and 

/tj/3 by hCG, suggesting that cAMP is likely to be the major sccond messenger 

involved in the din'crcntial effects of gonadotropin on the expression of these if^fs 

S 8 
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expression in follicle cells. The up-regulation of if^p expression by cAMP in folliclc 

cells is consistent with our previous study of ovarian fragments and cliiTcrcnl stage o f� 

follicles (Li cl al., 2011). expression was stimulated by cAMP in zebra(Ish 

lb Hide cells, similar lo studies in humans, in which cAMP stimulated I he expression 

i^f2 in cullurcci granulosa cclls (cl-Rociy ct al., 1993). 

Taken together, our results show that all (bur are expressed in the ovary of 

/cbrafish and exhibit differential expression profiles during folliculogencsis. The 

present study not only demonstrated lhal hCG stimulated i^f^h and /•入expression 

and suppressed if^pa expression, but also provided cvidcncc for the lust time lhal the 

efleet of gonadotropin can be mimicked by IBMX, which increases the intracellular 

levels of cAMI*. This finding suggests the possibility of the involvement o f c A M P in 

the gonadolropin-medialed regulation ol' the difTercntial expression of i^flh 

and Ongoing studies are addressing the prccisc mechanisms oC gonadotropin 

regulation on Igf signaling and the role of Igfs in oocyte maturation. 
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Gene Sequcnce(5' to 3' direction) Strand Application 
Si/.c 

(bp) 

iKfl 
A(;(rr(:ACACAACX:(;TG(iCATt: 
TA(j nTCTGccccxrm rci 门 Tcc 

s 
AS 

Real-limc PCR 235 

iKPu 
GCjrcrrcc:cAcirGiCAc:AGcicic 
r( iCRxn ( :ai( :ri cxjAn -门 cic; 

s 

AS . 
Real-lime PCK 167 

* 

ifiPb 
(:AT(: A1 TCTCi 1T m(:(:ATACC1 (; 
ACACAAACfXilACjACKXnCCACC 

s 
AS 

Real-time PCR 177 

'fiP 
(iC(: A A AC( |(；(：1 ICACiAl A Ai ( K�. 

(icrcjcrccAGCj rf rGCd ArG i 
s 

AS 
Rcal-limc PCK . 203 

18s 
(:(T(iA(;AAA(.G(;(nA(X;ACAr(,C 
A(i(:A 八 CHT 八（nATACG(’IAIT(i(jA(i 

s 
AS 

RI-PCR 220 

^a/jJh 
CXJACCriCACCKiCCCiCCnACA / 
GrCArrGACJGGACiAr(JCCA(JC(i 

s 
AS 

Kcal-timc PCR 187 

able. 4-1 Primers used in Chapte r 4. 
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R ' - O 9f>6-

Fig. 4-1. Validation of real-time PGR assay fbr Ihc expression of zebrafish / j^ / igf2a, 
i'gf2h^ igf3 and gapdh. ‘ , 

. * * » 
Standard curvc generated by serially diluted purified products oi if^f l (八)；i^^a (B); 

i$rph (C); ifrf3 (D) and i^apdh (Ir：). ‘ 
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A 、炉 m 

RT(- ) 

Fig. 4-2 The expression o 厂 / 片 / 7 ， i ^ b and in I he zcbradsh ovary. 
(A) R T-PCR detection of / : i^ /7， i对 i}^f2h and expression in the ovary. KT(+): 
with reverse transcription; R '�(-) : RNA without reverse transcription; M: marker. (B) 
Real-time PCR detection o f i ^ f l , i f ^ c i , i 积 b and expression in the ovary. 

9 2 

o
 o

 o
 o
 o
 o

 o
 

o
 o

 o

 o

 o

 o
 

o
 5

 o

 5

 o

 5
 

3
 
2

 
2

 
1

 
1
 

(
A
J
e
A
O
 u
!

 j
o

 I
3
>
3
I
 

u
o
j
s
g
a
i
d
x
e
 %
 -
{
/
j
w
^
s
蓉
/
)
 

l
a
A
a
J
 u
o
l
s
s
e
j
d
x
m

 d
>
p
l
d

 
比
 

B 



Fig. 4-3 Temporal expression of i g P ， i ^ h and igfS during folliculogcnesis. 
Relative levels o f / ^ / 7 (A), i^a (B), i积h (C) and igf3 (D) mRNA in the follicles at 
the different stages; each value represents the mean 士 SEM of three independent 
experiments，each performed in quadruplicate (*P<0.05; **P<0.01; ***P<0.001 vs. 
control). 

93 

Chopter 7he fi^/.s in zchrafisfi ovary 

igf2a 

G 

00. 

10 

00 

00 

B 

£
 s
-
a
A
a
l

 J
O

 %
 -
u
p
d
e
B
/
e
u

功
-

l
a
A
a
J
 u
o
|
s
s
a
j
d
x
3

 a
A
H
B
I

W
a
 

G MV EV 

D 

o
 o

 o

 w

 沿

 o
 

o
 o

 o

 o

 o
 

o
 6

 2

 8

 4
 

2
 
1

1
 

(
o
d

 £
 s
l
a
>
3
l

 J
O

 %
 -
I
f
p
d
e
功
C
J
茫
)
 

u
o
一
s
w
a
j
d
x
山
 W
A
n
e
p
a
 

igf1 

G MV EV PV PG 

400 

300 

00 

00 

0 

u
!
 s
p
A
a
i
 J
O

 %
 ’
q
p
d
e
6
/
u
6
f
)
 

A
 u
o
j
s
s
e
j
d
x
w

 a
A
l
^
e
l
a
a
 

igf2b 

G MV EV PV PG 

600 
500 
400 
300 
200 
100 

0 

{
9
d

 £
 s
i
d
A
a
一
 J
O
。
/
0

 ,
q
p
d

叠
B
)
 

c
 s
l
s
s
a
j
d
x
g
 



igf2a 

0 1 10 1C 
hCG (lU/rnl. 2h) 

igf3 

0 1 10 100 
hCG (lU/ml. 2h) 

igfl 

0 1 10 10 
hCG (lU/ml. 2h) 

igf2b 

10 11 
hCG (lU/ml. 2h) 

Fig. 4-4 Dose response of gonadotropin (hCG) efleets on the expression of igf], 
i^Pct, i f ^ b and ig/3 in FG-stage follicles. 
Expression levels were normalized to gapdh, and expressed as a percentage of the 
control. Regulation of igfl (A), igf2a (B), i^b (C) and i}r/3 (D) expression by 
different concentrations of hCG Hach value represents the mean 土 SEM of three 
independent experiments each performed in triplicate (*P<0.()5; **P<0.01; 
***P<O.OOI vs. control). ’ 
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Fig. 4-5 Primary culture of the zebra fish ovarian follicle cclls. 
(A) A primary culture of folliclc cells after 6 days of incubation. (B) The two lypes of 
epithelial cells present in the culture with distinct morphologies. G granulosa cells: 丁， 

theca cells. (C) Subcullured follicle cells in a 24-well plate before treatment. 
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igf1 

0 1 10 50 
hCG (lU/ml. 2h) 

igf2b 

0 1 10 50 
hCG (lU/ml. 2h) 

igf2a 

0 1 10 50 
hCG (lU/ml. 2h) 

igfS 

0 1 10 50 
hCG (lU/ml. 2h) 

Fig. 4-6 Dose response of gonadotropin (hCG) effects on the expression of i g f l , 
ifCpa, igf2h and igfS in primary cultured follicle cells. 
Expression levels were normalized to g叩cih and expressed as a percentage of the 
control. Regulation of igfl (A), igPa (B)，igflh (C) and igf3 (D) expression by 
different concentrations of hCG Each value represents the mean 士 SRM of three 
independent experiments each performed in triplicate (*P<0.05; **P<0.01; 
… P < 0 . 0 0 1 vs. control). ’ 
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igf2a 

0 0.2 0.5 1 
IBMX (mM. 2h) 

igf3 

0.2 0.5 1 
IBMX (mM, 2h) 

igfl 

0 0.2 0.5 1 
IBMX (mM. 2h) 

igf2b 

0 0.2 0.5 1 
IBMX (mM. 2h) 

Fig. 4-7 Dose response of IBMX -efFecls on the expression of /j^//, igf2a, i^f7h and 
igf3 in primary cultured follicle cells. 
Expression levels were normalized to gapdh and expressed as a percentage of the 
control. Regulation of igfl (A), igf2a (B), (C) and igP (D) expression by 
difterent concentrations of IBMX. Each value represents the mean 士 SEM of three 
independent experiments each performed in triplicate (*P<0.05; **P<0.01 vs. 
control). 
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Chapter 5 The igfs in zebra fish cmhryof^enesis 

Chapter 5 Developmental expression of the insulin-like growth factor system in 
zebra fish embryos 

5.1 Introduction 

The essential role of the insulin-likc growth factor (IgO system in nonnal 

organism growth and development is well known. At the cellular level, this system is 

involved in many aspccls of cellular responses, including growth, proliferation， 

survival, migration, and ciifTerentiation (Wood et al.，2005). In mammals，the Igf 

system is comprised oI' two ligands (Igfl and lgf2), six Igf binding proteins (Igfbpl 

through lgfbp6), and two types of receptors that mediate the actions of the ligands, 

Igf type 1 receptor (Igfl r) and Igf type 2 receptor, also known as 

mannose-6-phosphate rcccptor. Both Igfl and Igf2 stimulate cellular responses 

mainly through Igf l r ; in contrast, the mannose-6-phosphate rcccptor is primarily 

responsible for clearing released lgf2 (Lc Roith et al., 2001). 

In the past few decadcs, the central importance of Igf signaling in the growth and 

development of vertebrates has been established, and direct evidence 丨?om knockout 

animals has demonstrated that Ig f l , IgQ and Ig门r are required for normal 

development in the mouse embryo (Baker et al., 1993; Liu ct al., 1993). However, 

the specific roles for each individual member of the Igf system (Igfs, Ig f l r and Igfbps) 

in early dcv(ilopment are still poorly defined. Attempts to elucidate the cellular 

actions of the members of the Igf system have not been easy partly due to the 

inaccessibility of the mammalian fetus which is enclosed in the uterus. Zebra fish 

embryos provide an experimental platform thai is appropriate for the study of the 

developmental functions of the members of Igf system, making them well suited for 

discerning the developmental roles of Igts, Igf l r , and Igfbps (Maures et al.，2002). In 

rcccnt years, there has been a rapid accumulation of knowledge about Igf biology in 

zebra fish. * 

In contrast lo mammals, which have only one Igfl gene and one Igf2 gene, recent 
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studies have indicated the existence of four Igf genes in zebra fish. The zebra fish i^fl 

gene was first cloned by Chen et al. (Chen et a I., 2001), and /t,'/2 ( i^2a) was first 

cloned by Maures et al. (Maurcs ct al., 2002). Subsequently, a duplicalccl zebraHsh 

gene (igf2h) was identified by Lien et al. (I/icn ct al., 2006). Most recently, the 

fourth Igf, Igl3, was cloned and characterized in zebra fish by our lab (Wang et al.， 

2008). Moreover, a single Igfl r is found in mammals, whereas two Igfl rs (Igfl ra and 

Igfl rb) are present in zehrafish (Ayaso et al., 2002; Maures et al., 2002). The 

functions of Igf signaling in car l , development have been studied in zebrafisli for 

years. Eivers and colleagues first reported that Igf signaling is important lor early 

neural development and embryonic growth by overexpressing i^f'l mRNA and 

microinjection of dominant-negative i^^fl mRNA in zebra fish embryo (Eivers ct al.， 

2004). The extensive work on zehrafish by Schlueter and colleagues has revealed 

that both Igflra and Igfl rb arc essential for early development. Igfl r inhibition 

caused neuronal apoptosis, primordial germ cells migration and significant 

impairment of eye, inner ear’ and heart development, (Schluctcr et al.，2007a; 

Schlueter el al., 2006; Schlueter et al.，2007b). By overexpressing specific /尺/. 

mKNAsjn zehrafish embryos, Zou and colleagues showed that all four Igf genes are 

functional in early development and have roles in the development of the notochord 

(Zou ct al., 2009). 

Activation of the Igf signaling pathway depends on the binding of Igf ligands, bul 

the specific role of these ligands in the early development of zebrafish is still poorly 

understood. It was believed that the gene expression of zebrafish igfl and {igf2a) 

were ubiquitous during the early development of zebrafish (Maures et al., 2002). 

Recently，Sang and colleagues first reported the distinct, specific localization oi'ii^f I, 

i^f2a and igf2b transcripts in zebrafish embryos at the 18S and prim-5 stages (Sang 

ct al” 2008). They provided further cvidcncc that the difTerential roles of i ^ c i and 

are required for localized organ development through events including 

9 9 



(liupter 5 The i^s in zehraflsh cmhryu^enesis 

primordial germ cell migration, dorsal midline development, and pronephros and 

ventral forcbrain rormation (Sang el al., 2008; White el al., 2009). 

To provide additional clues about the role of the Igf system in early development, 

the present study aimed to reveal the temporal and spatial gene expression patterns of 

all four /^jf ligands including ( / 尺 / 7 ， i 娘 b and i^^fS) and two i^lrs {igf Ira and 

i^f'lrh) in the early development of zebra fish. This information not only provides the 

direct information lo the study of Igl' signaling in /.c bra fish but also yields valuable 

insights into the function of the Igf system in developmental regulation and the 

evolution of growth regulatory mechanisms in vertebrates. 

5.2 Materials and Melliods 
5.2.1 Animals 

See. Section 2.2.1. The stage of zebra fish embryos were according lo Kimmel et al. 

(Kimmcl el al.，1995). 

5.2.2 UNA isolation and real time PCR 

Total RN八 samples were isolated from embryos of zcbrafish, using TRl/,ol 

Reagent (Invitrogcn, USA). The quality and quantity of the RNA were determined 

by NanoDrop 2000C Spectrophotometer (Thermo, USA). RT-PCR was performed as 

Section 2.2.5. l:or real-time PCR, the standards I "or i 对 . 1 ， i 妒 and 18S 

ribosome RNA were prepared by amplification of cDNA fragments with the specific 

primers (Table 5-1). The amp I icons were purified by the PCR Purification Kit 

(Qiagcn, USA) and these PCR products were used lo construct the standard curves in 

I he real-time PCR assays. Real-lime PCR was carried out as Section 2.2.5. 

5.2.3 Whole mount in situ hybridization 

A cDNA fraginenl of /名//, igf Ira and igflrb was amplified by 

RT-PCR with specific primers (Table 5-1)，in order to confirm the signals by in situ 
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hybridization, two clifTcrcnl fragments corrcspoding to the specific genes were 

amplified. The specific PCR products were purified by the PCR Purification Kit 

(Qiagen, USA) and cloncd into pCjf'.M-T vcctor (Pronicga, USA). The plasm id I3N A 

of zebra fish , i 机 ci, i^flb, i^rfS, i^^flra and i^flrh was linearized by restriction 

cn/,ymc digestion, followed by in vitro transcription reactions with cither T7 or Sp6 

RNA polymerase to generate the an ti sense or sense RNA ri bo probes using the DIG 

RNA Labeling Kit (Roche, USA). The chorions of /.ebrafish embryos before 48 hpf 

were removed manually with Dumont Watchmaker's 1 '̂orceps no. 5. 'I he embryos 

were then Hxed in 4% paraformaldehyde (PFA) in I^PBS buHbr (137 mM NaCl; 2.7 

mM KCI; 4.3 mM NazHPCM and 1.4 mM KlbPO^, pH al 7.4) overnight at 4°C. The 

embryos were washed with PBS several limes and transferred gradually into 100% 

methanol (McOl I) and stored at -2(}�C until use. In WISH’ I he embryos were 

rehydrated in graded concentrations of MeOH (75%, 50% and 25%) to 1 xPBS buffer. 

Afler pre-hybridization with Hyb bufler (50% Ibrmamide, 5><SSC (sodium chloride 

sodium citrate), 50 |ig/ml Heparin, 5 mM EDTA, 0.5 mg/ml ribosomal RNA (Sigma 

R7125), 0.46 ml 1 M citric acid (pi I 6.0) and 0.1% Tweeii-20 to a final volume of 50 

ml), I he embryos were mixed with the RNA probes dissolved in the I lyb buffer al 65 

"C overnight. Ko I lowing hybridization with the RNA probes, embryos were washed 

sequentially in Hyb buffer, 75% Hyb bufVer, 50% Hyb buirer, 25% I lyb bulTcr (in 

2xSSC bufTer), 2xSSC (0.3 M NaCI and 0.03 M Na citrate, pH at 7.0) at 65°C for 1 5 

min each and then 0.2xSSC for 30 min twice at room temperature. The embryos 

were further washed sequentially by 75% 0.2xSSC, 50% 0.2xSSC, 25% 0.2xSSC (in 

PB'P buftbr) and 1)BT (IxPBS with 1% Tween-20) for 5 min at room temperature. 

After washing, the embryos were incubated with anti-I)lG antibody (1:5000) in l)BT 

buffer containing 2% lamb serum at 4 °C overnight. Tlie embryos were then washed 

by PBT for 30 min three times and AP buffer (100 mM NaCI, 50 mM MgCh，100 
f 

mM Tris pH 9,5 and 0.1% Tween-20) for 5 min three times. The embryos were then 
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incubated with staining solution (1% NB1 in Al) bufTcr) at room temperature in the 

dark. The staining reaction was monitored by color examination using slcrco 

microscope. The embryos were then deslained in 100% RtOll, 75% BtOI I (in II2O), 

50% i:tOH (in PBT), 25% KtOH (in PB'I ) and PR ! for 5 min at room temperature. 

TI1C embryos were stored in PR f buffer at 4°C and piclurcd on a I -eica camera 

l)FC420. 

5.3 Results and discussions 
The expression level of l from 0 hours post rcrlilization (hpf) to 72 hpf was 

determined by real-time PGR. The i^ ' l transcript was barely detected before 6 hpf, 

around the gastrulation stage, but the expression then slightly increased during 

development and rcached its highest levels 72 hpf (Fig. 5-1 A). The dislribulion of 
A 

i^fl transcript in the embryo was then investigated by wholc-mounl in situ 

hybridization- i对J transcript was not cJetcctcd before 6 hpf (at the shield stage) (Fig. 

5-1 B to H). After the soinitogcnesis stage, the hybridization signal was restricted to 

the trigeminal ganglia and the eye at 18 hpf (the 18 somite stage) (f 'ig. 5 - 1 a n d G). 

Al 24 hpf (Fig. 5-111 and I) and 48 hpf (卜 ig. 5-1J to L)，the expression of i}^'] was 

still only detected in the trigeminal ganglia, but the signal in the eyes was ccntcrcd in 

the lens. At 72 hpf, a strong signal could be detected in the otic vesicle，and weak 

expression of /片”could be observed in the trigeminal ganglia (I'ig. 5-1 M to O). The 

results from real-time PGR assays are consistent with the studies by Sang el al. (Sang 

ct al., 2008) and Zou ct al. (Zoii ct al.，2009), which also showed a very low 

expression of i ^ l before 12 hpf in early development. However, our results are in 

contrast to those reported by Maurcs el al. (Maurcs et al” 2002). Studies in micc have 

shown that the expression of igf! is not detected in preimplanlation-slage embryos 

(Heyner et al.，1989), In teleosts» including seabrcam (Duguay et al., 1996) and 

rainbow trout (Ayson et al.，2002; Gabillard et al.，2003)，i对、I mRNA levels are 

relatively low throughout the embryonic period in comparison with adulthood. In 
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chickcns, i^^fl transcripts are first detected at the gastrulation stage (Allan ct al., 

2003). This evidcncc suggests that i}jjl is a zygotic gene ponscrved across diftercnt 

species of vcrlebralcs. Zou ct al. (Zou ct al., 2009) and Fivers cl al. (Bivcrs ct al., 

2004) found dcfccls in dorsal structure when ovcfcxprcssing igfL However, they 

studied gene function by transcriptionally overexpressing i^f l in embryos. This 

approach is far rrom ideal due to the activation of Igf! r in a ubiquitous or cclopic 

manner throughout the embryo. Therefore, the precisc role of Igfl in specific organs 

during early development is still largely unknown, i^fl transcripts were found to 

localize to zcbrafish trigeminal ganglia between 12 hpf to 72hpr； these ganglia are 

the primary sensory neurons thai mediate touch sensitivity (Metcalfe et al., 1990). 

rhcrcforc, locally produced iyrf'l may have a previously unrccognizcd 

paracrinc/autocriiie role in the differentiation or proliferation of the neuronal cells. 

Real-time PGR indicated that transcript is present from Ihc 0 hpf to 72 hpf. 

The expression level dramatically increased after 4 hpf and reached its peak at 8 hpf, 

followed by gradual decrease during development (Fig. 5-2A). Using whoIc-mount 

in situ hybridization, we found that i}rf2a transcripts were ubiquitous in early 

cleavage, gastrula-stage embryos (data not shown) and in the early somitogcncsis 

stage (Fig. 5-2B and C). At 14 hpf, weak i^ifla expression was detected in the 

notochord (Fig. 5-2D and H). In embryos at 16 hpf embryos, i^f2u transcript was 

readily delected in the notochord (Fig. 5-2F and G). The expression o^ i ^ f l a was still 

restricted to the notochord at 18 hpf (Pig. 5-2 H and I). At 24 lipf，补 e signal was weak 

in the notochord, and a strong signal appeared in the area of the brain, including the 

middle brain, dorsal middle brain and otic vesicle (Fig. 5-2J). A strong signal could 
« 

be detected in the pharyngeal arch region, middle brain and otic vcsicic al 48 hpf 

(Fig. 5-2K). At 72 hpf, the signal in the brain became weaker and a signal appeared 

in the liver (Fig. 5-2L). 

According to results of real-time PGR, the expression of i^f2b was very low in 
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early development, and then clramalically increased after 24 hpf and remained high 

(Fig. 5-3A). Using whole-mount in silu hybridization, the expression of ifrflb was 

barely detected before 6 hpf (Ihe shield stage) (Pig. 5-3B and C). A weak i}*f2b 

transcripts signal was first detected at 12 hpf, and the expression was restricted to the 

floor plate region (Tig. 5-3【）and R). Signals could also be detected in the floor plate 

at 14 hpf (Fig. 5-3P and G). At 18 hpC, Ihc signals were restricted to the hypochord 

and floor plate (I'ig. 5-3H and I). At 24 hpf, the expression in the hypochord and 

floor plate became weaker, and a strong signal appeared in the area of the brain, 

including the middle brain, dorsal middle brain and otic vesicic (Fig. 5-3J). At 48 hpl\ 

a signal was delected in the middle brain and the pharyngeal arch region (Fig. 5-3K 

and L). A signal was only observed in the heart and liver at 72 hpf (Fig. 5-3M). 

Results from the present studies demonstrate that the spatially distinct expression of 

igf2a and igf2h in 18S and prim-S stage of zebratlsh embryos (Sang ct al.，2008). 

Based on sequence analysis, it is dearly that both and i}J^2h are the 

orthologoiis to human igfZ (Wang cl al.，2008; Zou ct al., 2009). Published reports 

have shown the distribution of both i^(f2a and in the 18-somilc and prim-5 

stages of zebrafish embryos (Sang et al., 2008; White ct al., 2009), and those 

analyses have been investigated further in the present study on more specific stages 

of embryo. A distinct expression pattern of both i}(f2a and i 机 h in the midline at the 

18-somilc stage was detected in our study, in accordance with the previous study. 

Difl'erential expression of i}if2a and i f ^ b was also found in later developmental 

stages, for example, at 48 hpf, igf2u transcript was delecled in the pharyngeal arch 

region, midbrain and otic vesicle, in contrast to igf2h signals, which were locatcd in 

the fin and otic vesicle. These results strongly suggest distinct and overlapping 

function for both Igf2a and Igf2b in specific developmental stages. 

Our previous study identified two splice forms (termed as igf3jvl and 

ig/3jlv2) in zebrafish (IJ et al.，2011). We demonstrated that igf3_tv2 is the major 
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» 

form found during early zebra fish development, whereas i ^ f 3 j v l is highly expressed 

in the larval and adult /.ebrafish. Here, the expression of iyj3_tv2 was analyzed 

during the early development of zebra fish. Real-time PCR showed that the 

expression of i^f3_tv2 could be detected after 4 hpf (the sphere stage) and kept 

increasing until 24 hpf, at which point its expression dccrcascd. The whole-mount in 
K 

situ hybridization signal was ubiquitous at 6 hpf, and a strong signal was observed in 

the pharyngeal arch region along with a weak signal in I he brain region at 10 hpf, I 8 

hpf and 24 hpf. Expression was restricted to the hypo branchial muscle 

(slernoKyoidcus) at 48 hpf and 72 hpf, with weak expression in Ihc brain at 48 hpf. 

Interestingly, Ihc localization of i^P mRNA is similar to ihc localization of i^hpl 

transcripts, which is restricted lo the region of the pharyngeal pouch at 48 hpf in 

zebra fish (Maurcs and Duan, 2002). This correlation raises the possibility of the 
； 

regulation of by in this region. The specific expression of igf3 implies its 

involvement in the fonTiation of the pharyngeal arch. Considering the importance of 
* 

Igf. signaling in early development, i妒 may be involved in areas of zcbrafish 

embryo where it is expressed. 

Wc also cxarriineii the expression or both i ^ l r a and i ^ J r h during zebra fish 

cmbryogcncsis (Tig. 5-5). By in silu hybridization, expression of Ira could be 

easily delected after 4 hpf (the sphere stage) (Fig. 5-5A), and i}rfl ra was ubiquitously 

expressed at 8 hpf (75% cpiboly stage), 10 hpf (bud stage) and 24 hpf (prim-5 stage) 

(Fig. 5-5C-E). At 72 hpf (protruding-mouth stage) (Fig. 5-5 F)，the high expression of 

i^lra was dctcctcd primarily in the brain. Similarly, igffrh was widely expressed al 
I 

• ^ ^ p f (sphere stage),. 8 hpf (75% epiboly stage) and 10 hpf (bud stage) (Fig. 5-5G-I), 

However, i}^lrh transcripts were highly expressed In the brain region at 24 hpf 
• « 

(prim-5 stage) (Tig. 5-5J), and at 72 hpf (protruding-mouth stage) (Fig. 5-5L), a 

strong i f^ l rb signal was detected in the brain, liver and heart regions. Our results 

‘ reveal distinct expression pro Hies of both i^Ira and igf! rh after 24 hpf for the first 
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% 

time. These results are not consistent with a previous study by Maiires c! al. (Maures � 

ct al.，2002). In their study, both receptors were found to be ubiquitously expressed 

throughout embryogenesis. Scliluctcr and his colleagues have already investigated 
t 

the divergent and overlapping functions of. Igfl ra and Igfl rb in growth, muscic 

dinbrenlialion, and.inner ear, skeletal muscic, and heart development before 48 hpf 
» . 

(Schlueter cl al.，2006). Our results not only provide dircct cvidcnce to support their 
1 “ 

conclusions, but also further reveal the possibility of dinbrential funclions of both 

i^if Irs in the later stages of zebra fish embryonic development. 

Taken together，the present study has revealed the spatial and temporal expression 

patterns of four i}rf ligands including / .妒， i ^ a , i只f2h and as well as two ij^f 

rcccptors, Ira and if^lrhy in the early development of zebra Hsh. All of these genes 
# 

exhibited the distinct and dynamic expression profiles during zebra Hsh 

embryogenesis. I'urthcr investigations into t h e functions of these Igf ligands in 

zebra fish will provide valuable insight into the diversily and evolution o f � l g f 

signaling in vertebrates. 
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Gene Sequencc(5' to 3' direction) Strand Application 

AGGTCAGACAACCGIGGCAIC S 
Real-time PGR 

TAGTiTCTCJCJCcccrmmiTrcc AS 
TA(iA(KiACAGC:CJ(;GAC,(iAATGA 
GGTCCATG 八TCTCAITGCXiAAT 

S 

A S 

ACCKiArCCACCATGTCTAGCGCiTCATn C 
ACCTCG A( iCTACATCXX; ATA(inTCTG 

S 

A S 

in situ hybridization 

566 

486 

(iOTCnCCCAGTGTCACAGGCTC： 

TGCTCCTC ATCITGG ATTTTCTC 
S 

A S 
Real-time VCR 168 

CArG 八 ATCATACCACrCCJCCCG 

TGICCrCAGrnrCTGCCTTCC 
S 

A S 

ACCTCG AGCTACATGCG ATAGTTTCTG 

ACCTCG AGTC AXrrrCGGr/ATGTGCTG ATC 
S 

AS 

in situ hybridization 

680 

594 

CATC ArrCTCTlTl GCCATACCTG 
ACACAAACrCTAG AGCG ICC ACC 

S 

AS 
Real-time PGR 178 

CCCTTCITCCTACCCCACCAAA 

TrOl GCAGCCACGCri'GAG'I'rC 
S 

A S 

ACGGATCCACCATGGACAGTITCGTAAATAAGGTC S 
ACCrCCjAGrCACITCriGCiClAACGTACrn A S 

in situ hybridization 

759 

639 

CGCA lAATTCAAlCAAAGTCCG 

GCrrcCTCC AGGTTT XJCCTATCn 
S 

A S 
Real-time PGR 

fJ 
258 

GACAACAGCrACTCGCAlAATTC 

CATC m AACG TTGC: AGTAG AAAT 

S 

A S 

AAAAAGACAIGCCArCAGACGC 
ATCiAAmTmCXXiTCrCACnTG 

s 
A S 

in situ hybridization 
232 

574 

iKpru 

CAGACCTCCAGACAGGAAGCGT 
CGTGGCCATCATrATCCCTGTr 

S 
AS 

TCG A rx:C AC A1 IGGCCCCCICT 

AGACAAACKiGACiGAGGGAAAl G 
S 

A S 

in situ hybridization 

634 

343 

igflrb 

CCCAGACCl CCAGACAGGCC； AC 

rCC/VAGCCTGTCATIG TITCGG 

S 

AS 
CilCITCCAGCCTGCAGCCCCn 

AGrCAGIGArCCrOlCrGGCGG 
s 

A S 

in situ hybridization 
705 

486 

18s 
CCTGAGAAACGGCTACC 八 CATCC 

AGCAACrnAGlATACGClATTGGAG 
S 

A S 
Real-time PCR 220 

Table 5-1 The primers used in Chapter 5. 
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Chapter (�Summary 

Chapter 6 Summary 

6.1 Overview 
it is widely accepted that the development and fund ion of ovarian follicles arc 

tightly controlled by gonadotropins (toHide-stimulating hormone (KSI I) and 

luteinizing hormone (LI I)), which are sccretcd by the pirtuitary. The coordinated 

activity of these hormones is essential for the fine-tuning of ovarian functions. 

Increasing evidence also indicates that a network of" locally produced growth factors 
t 

such as insulin-like growth factors (Igfs), epidermal growth factor (Rgf), and the 

activin-lbllistain system is also involved in the regulation oi'ovarian foHides. Among 

these growth factors, the Igf system has increasingly received attenlion. 

In mammals/ the Igf system includes two ligands (Igf I and Igt2), six Igf-binding 

proteins (Igfbpl lo Igfbp6), and two types of receptors, the Igf type 1 rcceplor (Igflr) 

and the Igf type 2 rcccptor. Both Igfl and Igf2 arc mitogenic, low molecular weight 

peptides that are structurally related to proinsulin. These peptides stimulate cellular 

responses mainly through Igfl r; in contrast, the mannose-6-phosphalc rcccptor is 

primarily responsible for clearing release of Igf2 (Le Roith ct al., 2001). Activation 

of the Igf signaling pathway occurs when Igf ligands bind Igflr, which leads to the 

activation of a number of downstream signals, including the MAPK and PI3-k/Akt 

pathways. Considerable experimental evidence has indicated an essential role for Igfs 

in the ovary (Yoshimura, 2003). 

The expression of the genes encoding Igfl and Igf2 in the ovary has now been 

dear ly established in several mammalian specics, including rat (Adashi et al., 199?), 

sheep (Perks et al.，1995; Teissier et al.，1994)，cow (Perks et al.，1999), pig (Yuan ct 

al., 1996) and human (Zhou and Bondy, 1993). It was believed that Igfl is the 

primary subtype of Igf in rodents. In contrast, in the human, the Igt2 expression level 

is high in granulosa and thecal compartments, and Igt2 expression is increased in 

granulosa cclls as follicic si/.e increases, whereas Igfl is only weakly delcctable. 
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suggesting the importance of lgf2 in the human ovarian Igf system (cl-Rociy cl al., 

1993; YoshiiTiLira, 2003; Zhou and Bondy, 1993). Igfl and Igl2 have been 

demonstrated to be potent regulators of many aspects ol ovarian development and 

function. They stimulate the release of progesterone, testosterone, and estradiol in 

ovarian cclls of clifTcrcnt mammals (Sirotkin, 2010). The clVccts oi' Igfl on oocylc 

maturation has also been demonstrated in many mammal spccies, including rabbit 

(Lorenzo cl al., 1996), pig (Grupcn ct al., 1997), sheep (Ciulcr et al., 2000), and cow 

(Sakaguchi et al., 2000). 

In fish，previous reports have demonstrated the expression of the Igf system 

(including the Igf peptides, Jgf receptors，and Igf-binding proteins) in fish gonads. 

Igfl mRNA and protein have been demonstrated to be present in I he ovary of several 

fish spccics including seabream (Kagawa et al., 1995), tiiapia (Berishvili ct al., 2006) 

and sturgeon (Wuertz ct al., 2007). I^unctional analysis revealed that Igfl can induce 

meiotic resumption in common carp (Mukhejee el al., 2006) and striped bass (Weber 

and Sullivan, 2000) and can also induce oocyte maturation competence in white bass 

(Weber and Sullivan, 2000). Ig(2 mRNA and protein have also been studied in the 

ovaries of tiiapia (Schmid el al.，1999b) and seabream (Radaclli ct al.，2003). IgO 

can inclucc oocylc maturation in striped bass (Weber and Sullivan, 2000). These 

results indicate an important role for the (gf system in fish ovarian function. However, 

the precisc mcchanisms of action for this system in the fish gonad are still poorly 

understood. More recently, a novel tcleosl Igr ( lgf3) has been indentitlccl by our lab, 

interestingly, the expression of lg(3 is restricted to the gonad in zebraIIsh and tiiapia. 

It has been proposed thai Igf3 plays a more important role in fish reproduction, 

further highlighting the role of the Igf system in fish reproduction (Wang et al., 2008). 

In this dissertation, wc studied the Igf system especially the Igl3, by assessing its 

expression, regulation and function in the ovary. In addition, the expression of the Igf 

system in early development was also investigated. 
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6.2 Contributions of the present study 

6.2.1 The expression patterns of both IgD mRNA and protein in the zebra fish 

ovary 

Using KACR assays, two transcripts were characterized in zcbrafish. These 

two transcripts, namely Ivl and lv2, have difTerenl 5'-UTRs arid translation 

initiation sites but producc the same mature peptide. During early development, 

if^fS tv2 is highly expressed aller the pre-midblastula transition; however, the 

expression o C i ^ f S j v l is low throughout embryogenesis. In adult zcbrafish, i ^ 3 j v l 

is exclusively expressed in the gonads, whereas i ^ f 3 j v 2 cannot be delected in any 

adult zcbrafish tissue. The different expression patterns of, the two /ij/3 transcripts in 

zcbrafish suggest thai i ^ f S j v ! functions exclusively in the adult gonads whereas 

i}^f3tv2 functions primarily during early development. 

Using both real-time PCK and in .situ hybridization, wc dctcctcd a gradual increase 

in i奶 expression during follicle development. The level of / 尺 m R N A is low in 

foHides at early stages. The mRNA level increases in the midvilcllogenic (MV) stage, 

and reaches its peak in the full-grown (FG) stage. Western blot analyses, using a 

specific polyclonal antibody against Igf3 generated in our laboratory also 

demonstrate the gonad-specific expression pattern of IgO particularly in the ovary. 

Immunotluorcsccnce staining shows that the IgH protein is predominantly expressed 

in the follicular ccll layer in both the MV- and FG-stagc follicles. The expression of 

Igf3 correlates with that of the LI i rcccptor which also exhibits a gradual increase in 

expression level during zcbrafish lb Hide growth and is also restricted to the 

follicular cell layer (Kwok ct al., 2005). 

6.2.2 The regulation of if»P by gonadotropin in the ovary and its role in the 

zcbrafish oocyte maturation 

Gonadotropin is the major regulator of ovarian development and function in 
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many organisms. The results of the present study show lhat î f̂S in the zebra fish 

ovary is strongly stimulated by hCG Ircalment. in this study, such results were 

demonstrated not only using ovarian fragments in a time- and dose-dependent 

manners but also using isolated follicles in a dose- and stage-dependent manner. The 

action of hCG on the foHides is particularly prominent on foHides at the K(�i stage. 

Gonadotropin is known to regulate target gene expression primarily via activation of 

the eAMI)-PKA pathway (Leung and Steele, 1992). Our results also show that both 

8-Br-cAMP and IBMX mimic the effects of hCG on follicles, a putative cAMI) 

response clement (CRH) can actually be found on the promoter of the i } ^ genes in 

zebra fish (Fig. 6-1), suggesting lhat cAMP is likely a second messenger involved in 

the action of hCG in stimulating expression in ovarian follicles. These results 

also suggest that lgf3 serves as a downstream factor in gonadotropin signaling in 

ovarian fo Hides. 

Recombinant zebrafish Igf3 was then expressed and purified from a bacterial 

system. The bioactivity of this recombinant protein was tested on two cell lines. 

Using this protein, wc have demonstrated for Ihc first time thai Igf3 exerts a potent 

action'in stimulating oocyte maturation in zebrafish. Treatment of zebrafish fo Hides 

with recombinant IgO significantly induccd oocyte maturation in a time- and 

dose-dependent manner. Interestingly, early-stage follicles (including EV and MV 

follicles) also had a response to Igf3 treatment. However, the follicles in these early 

stages cannot undergo oocylc maturation based on treatment with hCG or DH【）alone 

(Pang and Gc, 20()2a). 

6.2.3 Mechanism of the action of Igl3 on oocyte maturation 

We first tested the possibility of a requirement for steroidogenesis in 

IgO-induced oocyte maturation. Igi3 stimulates GVBD via a steroid-independent 

pathway, as demonstrated here. These results arc consistent with other studies on IgH 
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thai reported the failure to block Igfl -induccd GVBD with inhibitors of cholesterol 

side-chain cleavage enzymes or 3(5-1 ISD in fish ovarian tblliclcs (Kagawa et al., 

1994; Kagawa ct al.，1995; Ncgatii cl al., 1998; Weber and Sullivan, 2000). 

Wc also demonstrated that Igf3 stimulates oocyte maturation through Igfl r in 

zcbrafish. The eiVecls of Igl3 on oocyte maturation were diminished by two specific 

Igfl rs inhibitors in a dose-dcpcndcnt manner. l:urlhermore, we also demonstrated 

that Igfl rs can be activated by Igf3 in a time-dependent manner. 

The potent Fa I downstream signaling pathways involved in Igl3-induced oocyte 

maturation were analyzed. The present study provided dircct evidence thai PM3 kinase, 

PDE3 and MAP kinase arc nccessary for 夏g mediated oocyte maturation in 

zebra fish. This evidence helps us understand the molecular mechanism of Igf3 on 

oocyte maturation. I fowcvcr, one limitation of this study is that all experiments were 

performed in intact ovarian foIliclcs. Thercfore, wc do not know whether Igt3 

activates these downstream pathways to stimulate the oocyte maturation via Igfl rs 

taking place in the oocyte or lb Hide ccll layer. This limitation exists bccaiisc of the 

technical difFicuIties. of. removing the follicIc ccll layer surrounding the oocytcs. 

Although Thomas and colleagues have reported the application of denuded oocytes 

in zcbrafish (Pang and Thomas，2010; Peyton and 'I ho mas, 201 1), we have not yet 

applied this technique in our laboratory. However, it has been reported previously 
- . 

that oocyte maturation could be stimulated by Igfl in denuded oocytes of Cyprinus 

carpio (Paul'cl al.，2009), suggesting a direct action of Igfl on the oocyte. It is 

tlierefore possjble that Igf3 might also exerts its action and activates downstream 

pathways dircctly on the oocyte. Definitive proof or disproof of this point will await 

a solution lo the technical problem of separating follicle cells in zcbrafish. 

6.2.4 The clifTerential expression and regulation of ififJ, tfiflu, i^f2b and ijifS by 

gonadatropin in the zcbrafish ovary 
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We found that all four are expressed in the ovary of zebra fish and exhibit 

dilVcrcntial expression profiles during foll.iculogencsis. The present study 

demonstrated that hCG stimulated igf2h and expression but suppressed 

expression. We also provid evidence that the clTcct oTgonadotropin can be mimicked 

by IBMX, which increases the intracellular levels of cAMP, suggesting the 

involveiYient of cAMP in the gonadotropin-mediated regulation of the differential 

expression of and i^ '3 is the subtype oi 'i^f most sensitive lo Ihe 

regulation of gonadotropin and cAMP. These results also indicate that the regulation 

of isf2a, igph and igf3 by gonadotropin through the cAMP pathway occurs in 

follicle cells. I'hc regulation of if^fs by gonadotropin and cAMP has been 

demonstrated in several other species including bird (Onagbesan ct al” 1999), pig 

(Hammond et al.，1988), rabbit (Yoshimiira cl al., 1996b) and human (cl-Rociy el al., 
* 

1993). Recently, in our laboratory, wc have introduced additional pharmacological 
, - ‘ -

compounds, including forskolin and 8-Iir-cAMP, that could increase the intracellular 

cAMP concentration to confirm the notion that the regulation of these /̂ /.V by 

gonadotropin occurs through the cAMP pathway. Because PKA is the major 

downstream factor of cAMP, H89 (an inhibitor of the PKA pathway) will be used lo 

further �investigate whether regulation by gonadotropin is mediated by 

cAMP-dcpcnddnt PKA. Moreover, we have prepared four recombinant Igfs proteins 

in a baclcrial system, and the efficacy of these Igfs on oocytc maturation will be 

compared. � 

Taken together, our results strongly indicate that the Igfs, especially lgf3, serve as 

a downstream mediator of gonadotropin signaling in zebra fish ovarian follicles (Fig. 

6 - 2 ) . 
- . 

6.2.5 The differential expression patterns of ififl , i}if2u, ifif2h and ifif3 during 
/ 

zebraflsh cmbryogencsis 
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In addition, lo supply direct informal ion for the functional study of the four igfs 

and two igflrs in early development, the expression patterns of the Ibur Igl's during 

cmbryogenesis were analyzed by real-time PCK^ and/or whole mount in situ 

hybridization in zebra fish. Our results revealed d5'namic temporospatial expression 

patterns for i对x and i^ f l r s during zcbrafish cmbryogcncsis. The unique and 

overlapping expression patterns of i ^ fh /^/^r/, if^ph and /乂�/3 suggest divergent 

functions of these if^s in the early development of zebra fish. 

h 
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Fig. 6-1 The putative CRR in the promoter region of igf3 transcript variants of 

zebrafish. 
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Fig. 6-1 A hypothesis on the mechanisms of intra-ovarian Igf system on oocyte 

maturation and their regulation by gonadotropin in zebra fish fo Hides. 
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