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Abstract: In the past few years. general concerns about the release of endocrine disrupting 

chemicals (EDCs) into the environment have increased because of their potential to cause ad­

verse physiological effects in wildlife. In particular. estrogenic potential of certain chemicals 

have been shown to interfere with the sexual development and reproduction of fish. Evalua­

tion of chemicals using intact fish is an important and available approach for monitoring and 

assessing the risks of chemical exposure. however. it requires labor-intensive. expensive. and 

time-consuming work. To solve this problem. an approach using transgenic fish has been 

proposed as a facilitated screening test model to evaluate the effect of EDCs because it may 

have the potential to provide in vivo biomoni toring and on-time and on-site evaluation of the 

effects of EDCs. This study was performed to evaluate the effects of estrogenic chemicals 

using transgenic see-through medaka (Oryzias lali/Jes). olvas-(;FPISTII-YI strain. which con­

tains the green fluorescent protein (GFP) gene fused to the regulatory region of the medaka 

vasa gene. and germ cell-specific expression of GFP can be visualized in living individuals. 

We exposed transgenic medaka to known doses of estrogen-mimicking chemicals and exam­

ined whether the effects on sexual differentiation including germ cell proliferation and ma­

tured gonad could be detected using GFP fluorescence. 

Prior to the chemical exposure. we had observed that the number of GFP-fluorescent 

germ cells and area of GFP fluorescence in normal XX females was about 10 times that in 

normal XY males at 10 days posthatch (dph). These results showed that sexual dimorphism 

could be detected on approximately the day of hatching using GFP fluorescence. and further 

indicated that alterations in sexual differentiation by EDCs could be determined by just with 

a single slice of image of gonads as early as lOdays. 

In the first chemical exposure. we examined the effect of 17 a-ethinyletradiol (EEJ a rep­

resentative estrogen-mimicking chemical. on sexual differentiation after in ovo and water­

borne exposures. In ovo exposure was performed using a nanoinjection method in which 

chemicals were directly injected into the embryo. Embryos (within 8 h after fertilization) 

were nanoinjected with 0.1. 0.5. 2.5. or 5.0 ng of EEl and results indicated that some 10-dph. 

XY males from embryos injected with 0.5 ng EE" showed a larger fluorescent area and 

more germ cells than those of controL At 100 dph. complete male to female sex reversal oc­

curred in ~ 0.5 ng treatments. In waterborne exposure experiment. from 0 dph onwards. ju­

veniles were exposed to graded concentrations of EE" (25.2. 45.1. 80.1. 158.447.880. or 1710 

ng/ L) for 35 days. The gonadal size of 10 dph males that had been exposed to 158 ng/ L of 

EE~ significantly increased up to twice the size of control males. At 35dph. male to female 

sex reversal occurred at EE~ exposure ~ 45.1 ng/ L. These results suggest that enhanced 

germ cell proliferation in males indicated the occurrence of abnormal sexual differentiation 
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toward females and that observation of proliferative activity of germ cells by GFP fluores­

cence can be applied to facilitated screening fish model to detect adverse effects on sexual 

differentiation as early as 10 dph juveniles. 

To assess further potential of the olvas-C;FPI STII-YI strain,mature medaka at 60 dph 

were exposed to EE2 (47.8, 94.8. 216, or 522 ng/ L) for 4 ,veeks. The gonads showed a sig­

nificant reduction of the GFP-fluorescent area in males exposed to EE2 at >216 ng/ L and 

histologically, high connective tissue prevalence were observed at :::: 216 ng/ L. Next. mature 

male medaka were exposed to EE2 (43.7 85.8. 215. or 473 ng/ L) for 3 weeks and allowed to 

depurate for 6 weeks, to investigate persistent effects of EE2. Continuous gonad observation 

showed that GFP began to decline 3 weeks after initial exposure to :::: 215 ng/ L. After depu­

ration, the gonad's fluorescent areas gradually recovered, with no statistical difference at 

the end of the depuration period; normal spermatogenesis was present in these individuals. 

These results showed that the condition of the gonad can clearly be described by GFP fluo­

rescence and that abnormal changes of the gonad can be detected by just with a single slice 

of images of the gonad even in 60dph adult medaka .. 

Overall. the present study clearly showed that the transgenic line test model can provide 

a more practical choice of the evaluation for the effect of EDCs and could be a promising 

noninvasive approach to identify the effects of chemicals on the gonad. Although we in­

vestigated a few chemicals only, further studies to investigate a variety of chemicals will 

elucidate the usefulness of olvas-C;FPI STII-YI strain as a facilitated screening fish model to 

detect EDC-induced abnormalities. 

Key words: transgenic medaka, endocrine disrupting chemicals. germ cell. Green fluores­

cent protein, sexual differentiation 
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Chapter 1. General Introduction 

For decades. human beings have been generating 

abundant synthetic chemicals. These chemicals have 

been discharged into the environment. reaching 

water bodies and becoming concentrated in the 

tissues of aquatic organisms. including fish. The 

lethal. sublethal. and other physiological effects 

of these compounds endanger the survival of 

these organisms. Although the use and disposal 

of chemicals has been regulated. concern over the 

potential impact of natural steroid hormones and 

endocrine disrupting chemicals (EDCs) on aquatic 

organisms has been heightened after finding tha t 

these compo unds can adversely affect sexual 

development and reproduction in wildlife (Colborn 

et af., 1993: Stone. 1994). The evaluation of chemicals 

using fish is an important and available approach 

for monitoring and assessing the risks of chemical 

exposure (Guillette et al., 1994: Jobling et al., 1998). 

Field studies ha ve examined estrogenic and 

androgenic response in aquatic organisms. altered 

hormone levels in fish. and induction of imposex 

in gastropods. Estrogen-related responses in 

male fish include altered serum steroid level s 

and dela ye d gonadal maturation in lake whitefish 

(Coregol1u s elujJea/ormis) living near pulp mill s 

(iVlunkittrick e/ al., 1992): abnormally eleva ted 

vitellogenin (Vtg: a precursor of egg yolk protein) 

concentrations and reduced serum testosterone in 

male carp (CypriJllts carpio) captured near sewage 

treatment plants (Folmar et af., 1996): and a high 

prevalences of in tersex gonads in roach (Ru tilus 

rutilus) an d gudgeon (Gobio gobio) collected near 

sewage treatment plants (Jobling et af., 1998: Van 

Aerie et af., 2001) and male flound er (Pfeurollectes 

YO/IO/zaJJ1ae) from contaminated estuaries (Hashimoto 

et af., 2000). These abnormalities in wild fish might 

be caused by natural (17/3 -estradiol and estrone) 

and synthetic estrogens (17 CY-ethinlyestradiol (EE~). 

non ylphenol (NP). and bisphenol-A (Desbrow et af., 

1998: Korner et aI., 2000: Thomas et aI., 2001). 

r'lIasculinization has also been reported in some 

fish species exposed to effluents from pulp and paper 

mills (Howell e/ af., 1980: I-Iegrenes. 1999). Another 

endocrine disruption in wildlife is the induction 

of imposex in gastropods. which is defined as an 

irreversible syndrome imposing male-type genital 

organs upon females. collected from t ributyltin and 

triphenyltin polluted sites (I-Ioriguchi et al., 1997). 

Reduced serum concentrations of thyroxine were 

reported in fish sampled from sites contaminated 

with polychlorinated biphenyl (PCB) congeners in 

the San Francisco Bay (Brar et al., 2010). 

EDC s have been studied extensively in the 

laborato ry for their estrogenic potencies in standard 

test fish including medaka (Oryzias fatijJes). fathead 

minnow (Pimephafes jJromefas). and sheepshead 

minnow (Cyprillodoll variegatlls Lacepede). For 

example. deleterious effects of EE, and NP include 

skewed sex ratio to'vvard females (Lange et af., 

2001: Scholz and Gutzeit, 2000: Yokota el aI., 2001: 

Zillioux e/ af., 2001). induction of intersex gonad 

and Vtg (Harries et af., 2000: Seki et cd., 2002: Kang 

et af ... 2003). reproductive impairment (Seki el af., 

2002: Kang e/ af., 2003). and decreased hatchability 

and failed swim-up of hatched larvae (Yokota e/ 

af; 2001). In addition to estrogen-related chemicals. 

other co mpound s are known to show binding 

affinity to the androgen receptor and act as bOlh 

androgen agonist (e.g .. methyltestoste rone: Seki et 

af., 2004: Kang e/ af., 2008) and antagonists (e.g .. 

DDT metabolite p,jJ-DDE (Kelce et al., 1995). the 

fungicide vinclozolin (Gray et af., 1994). and the 

anticancer agent flutamide (jensen et af., 2004)). 

TBT was also reported to cause masc ulinization in 

Japanese flounder. (Parafichtlzys oliv([cells; Shimasaki 

et af. , 2003) and abnormal development in medaka 

embryos (Hano et cd., 2007). 

A variety of in vitro and in vivo tests have been 

developed for evaluating the effects of EDCs. Most 

of the i71 vitro methods are cell-based. including 

receptor binding assays (Folmar et af., 2002). cell 

prolifera tion assays (Jones et al., 1998: Jvletcalfe et 

af., 2001). and reporter gene assays (Kojima et af., 

2004). They are relatively simple. high-throughput. 

sensitive. and quantifiable (Zeng et al., 2005). 

However. the effects of metabolic conversion. 

which occurs with NP (Gigar et af., 1984). and / or 

biocon cen tration are not considered: therefore. 
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these tests may fail to correlate ill vitro effects to 

effects on whole organisms. Another problem is the 

differential affinity of certain estrogen receptors [or 

the compounds of interest. Furthermore. ill liitro 

assays could potentially result in false-negati ve 

evaluations o[ chemicals (Folmar et af., 2002). In 

contrast. commonly used ill vivo assays expose lest 

organisms to known doses of chemicals to evaluate 

their effects at target physiological endpoints. 

such as reproduction. sexual differentiation. and 

abnormal induction or suppression of sex-specific 

proteins (e.g .. Vtg) or endogenous hormones. 171 

vivo assays are. however. generally IOvv-throughput 

beca use they req ui re 1<1 bo r-i n tensi ve. expensive. 

and time-consuming work (Zeng et al., 2005). Thus. 

novel fish tesl models that combine the advantages 

of both ill vitro and ill vivo assays are desirable. 

Transgenic fish models have the potential to answer 

these demands because they can provide ill vi('() 

biomonitoring and on-time and on-site evaluation of 

the effects of EDCs using reporter genes such as 

green fluorescent protein (GFP) under the inducible 

promoters of targeted. t issue-specific genes. GFP is a 

photoprotein of the bioluminescent jellyfish Aeqllorea 

victoria. which emits green fluorescence when 

excited by blue light. 

Transgenic org,lnisms are used in biological 

research. drug production. agriculture. and aqua 

farming. In the mid 1970s. transgenic animals 

were first generated by adding foreign genes to 

the genome of an anirn ,ll (Jaenisch et al.. 1974). In 

mammals. transgenic mice were first de\"eloped 

[0 study tissue-specific responses to disease. -

for example. limb deformity (\\"oychik ('I al., 1985). 

embryonic lethal mutation (Barbers et aI., 19811). 

inactivation of the X chromosome (Krumlauf et al., 

1986). and carcinogenesis (Adams el al., 1985) -at 

,111 individual and molecular biological level. In fish. 

medaka has been first proven to be a useful model 

for studies of transgenic fish since the transgenic 

meclaka expressing the chicken i5 -crystallin gene 

was produced in 1986 (Ozato et al., 1986). 

Nlolecular and biological approaches using 

transgenic organisms are also applied to elucidate 

the mechanisms of sexual differentiation. As a result 

of studies in transgenic mice. the SR Y /.5'r.1' gene 

was iden!'ified as ,I sex-determining gene (Sinclair 

el al., 1990: Koopman et aL., 1991). and various 

[actors including DAXl (Swain et al., 1998). ! 133 

(Katoh-Fukui el a/., 1998). ARX (Kitamura et al. , 

2002). and SOX9 (Vidal el af., 2001) were found 

to be involved in sexual differentiation. As [01' 

nonmammalian vertebrates. Nlatsuda el al. (2002) 

cloned D!ln- (Douhfesex and J1[ab-3 dom<lin gene 

on the Y chromosome) from the sex-determining 

region on the Y chromosome of medaka and 

further established a transgenic medaka lin e 

overexpressing DMY eDNA under the control 01' 

the cytomegalovirus promoter and demonstrated 

that DMY is sufficient [or male development in 

medaka and is an additional sex-determining gene in 

vertebrates (i'vlatsuda et al., 2007). 

Several Gi-P transgenic lines have been generated 

using tissue-specific promoters. The fluorescence 

is stable. and v irtuall y no photobleaching occurs. 

Because GFP requires no exogenous substrates or 

cofactors for fluorescence emissioll. it provides an 

excellent means for monitoring gene expression 

and protein localization in living organisms. Since 

the cloning of GFP cDNA by Prasher et al. (1992). 

the usefulness of GFP as a reporter gene has been 

proved in transgenic animals such as Ca(,Il()rhabditis 

eiegalls (Chalfie et a/., 19(4). Droso/)/ll1a 1I1e/({IlOg({sler 

(Wang and Hazelriggs. 1994). mice (Ikawa et al., 

1995). zebrafish (Zebra danio: A msterdam et al., 

1995). and medaka (Hamada et al., 1998: Kinoshita et 

al., 2000). 

}.IIeclaka IS one of most popular fish species in 

Japan and one of the most extensively studied 

because it matures and reproduces quickl y 

(approximatel y 3 months). is highly fecund (20- 30 

eggs/ day). exists ill a variety of strains. has a small 

genome size. and requires only a small facility to 

maintain. These properties render medaka useful 

in many fields of study. including biology. genetics. 

radiology. and pathology. Medaka is also kno wn 

to be a differentiated gonochorist (Aida. 1921) and 

is therefore not ex pected to show spon ta neOllS 

intersexuality. Sexual dimorphism first appears soon 

after hatching. when male and female phenotypes 

can easilr be distinguished by the proliferative 

activity of germ cells (Satoh and Egami. 1972). 

Germ cells in the female gonads enter meiosis on 

approximately the day of hatching. whereas germ 
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cells in the male gonad undergo meiotic arrest 

(Satoh and Egami. 1972: Kobayashi el a/., 20011). 

This distinction facilitates sex determination in 

very young fry as well as the detection of abnormal 

sexual differentiation caused by EDCs. Owing 

to these advantageous physiological and sexual 

traits. medaka is an attractive model organism for 

toxicological testing of acute or chron ic toxicity 

(Weber el ai., 2004). reproduction (Kang el al., 2002. 

2003. 2006. 2008: Seki et ai., 2002). life cycle (Yokota 

el at., 2001: Seki el al., 2004). behavior (Oshima et al., 

2002). early life (Yokota et aI., 2000: Seki et at., 2003). 

and nanoinjection (Edmunds et ai., 2000: Papoulias 

el at" 2000a. 2000b). Ilence. medaka is a proposed 

standarcl test fish in the Organization for Economic 

Coopera tio n and Development (OECD) guidelines 

(1999). 

Transgenic fish models for the monitoring 

environmental pollution have been developed using 

zebrafish and medaka because or their excellen t 

performance in fish toxico logical studies and their 

rich genome information. In zebra fish. iVlat tingl y 

el al. (2001) reported ,1 GFP transgenic line using 

the human CTPl A l promoter that is capable of 

responding to TCDD (2. 3. 7. 8-te tra-chlorodiben zo­

j)-dioxin) and thus may be used as a biomonitoring 

syste m [or detecting xenobiotic toxicants in 

the environment. Blechinger et al. (2002) used a 

heat-shock-inducible hsp70: GFP transgenic zebrafish 

line to s tudy cadmium toxicity and demonstrated 

cadmium -inducible GFP expression that can be 

used in biomonitoring systems. Kurauchi e/ al. 

(2005) produced a transgenic medaka line harboring 

the GFP gene driven by a regulatory region of 

the choriogenin H gene. one o( the precursors to 

egg envelope proteins (Nlu rata et al., 1997). They 

obser ved CFP express ion in the li ver of mal e 

medaka in response to estrogens and indicated that 

the transgenic line was suffic ient for application as 

an alternative model in monitoring environmental 

water samples. Other transgenic lines for this lise 

have been established using choriogenin L (Ueno el 

at., 2004) andmedah:a Vtg-l (Zeng et (II. , 2005). 

In 2001. Tan,lka el al. est<lblished a transgenic 

medak a line by microinjecting an olvas-GFP 

construc.:t containing the coding region of the GFP 

gene fused to the regulatory regions of the medaka 

homolog of the DrosojJ/zila vasa gene (olvas . from 

Oryzias [alij)es vasa) (Fig. I-I). and demonstrated 

GFP expression exclusively in the germ cells of 

medaka (Shinomiya el al., 2000). This line is the first 

model to visualize germ cells using GFP fluorescence 

and offer a useful model for analyzing gonadal 

development in a living vertebrate. A drawback of 

this model. however. is that direct observation with 

the naked eye is possible only during juvenile stages 

because the peritoneum is covered with pigments 

such as iridophore and melanophore (Wakam atsu 

et a[., 2001) during the later stages of life. To solve 

the problem. Wakamatsu et a/. (2001) generatecl 

a see-through (STIl) medaka that is transparent 

throughout its life (Fig. 1- 2). by genetically removing 

most of the pigmen ts from the en tire bod y of the 

organism using a combination of recessi ve alleles at 

4 loci (melanophores. iridophores. le ucophorcs. and 

xanthophores). 

The olvas·GFPI STII -Y I strain used in this 

study was produced by introducing o!l'(/s -GFP 

into the genome of STU med aka. In this strain. 

germ-cell-specific expression was confirmed by the 

observation of GFP through the transparent body 

wall of the living fish throughout life. Furthermore. 

matUl'ecl testes and ovaries are easily distinguishable 

with the naked eye under fluorescence microscop y 

(Fig. 1-3). The apparent sexual dimorphism of 

the gonads indicated by GFP fluorescence can 

also provide a useful indica tor of the effect of 

environmental substances on gonadal development. 

This strain carri es 2 genotypic sex markers: 

leucophore (if; vVakamatsu et al., 2003) and sex-linked 

1 (SL1 ; f\/Iatsuda et ai., 1997). The leucophore marker 

appears in the skin of 2-day-olcl males but not in 

that of fema les (Fig. 1-4). The SLl DNA marker. 

which exists on sex chromosomes. is detected as 

1 band in females and as 2 bands in males. using 

agarose electrophoresis after polymerase chain 

reac tion (PCR) (Fig. 1-5). Therci'ore. we can use 

these markers to discriminate genotypic males (X Y ) 

from genotypic females (XX). which facilitates the 

detection of abnormal sex ual differentiation caused 

by EDCs. 

In th is study. EE2 and NP were selected as test 

chemicals (Fig. 1-6) due to their estrogenic potency 

(Folmar et at., 2002). Because t he y have been 
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medaka vasa 
5 12 

, !! !!! 1 ! : 1 ! , 

11111 11111. 

/ 

O/V(ls-GFPstrain STII-YI strain . 

~ 
(o/vas-GFP / STIT-YI strain) 

Fig. 1-1. Establishment of the o!vas-(;FP/ STII-YI strain. GFP. green fluorescent 
protein: STII. see-through II.(Tanaka e/ a/., 2001: INakamatsu et a/., 2001) 

Fig. 1-2. The left (A) and right (B) sides of a female see-through 
medaka. The dark color of the gut comes from ingested food. 
a. air bladder: b. brain: bv. blood vessels: f. fat tissue: g. gill: gu. 
gut: h. heart: k. kidney: Ii. liver: o. ovary: s. spleen: sc. spinal cord. 
Reprinted from Wakamatsu et al. (2001). 
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Fig. 1-3. Right lateral sides of gonads demonstrating green fluorescen t 

protein (GFP) in o!vas-CFPI STII-YI adults. ( ) testis. and (B) ovary; 

arrow: leucophore. a male-specific pigment. STII. see-through II. 

detected in aquatic environment. they are suspected 

causes of estrogenic effects observed in wild fish 

(Holthaus et at., 2002). 

EE~ is used in contraceptive formulations (Folmar 

e/ at. , 2002) and has been detected in su rfa ce 

waters and sewage treatment plant effluents. The 

concentrations of EE~ in river surface waters were 

t'elatively low -a few nanograms per liter (Belfoid 

e/ al., 1999). Adverse effects of EE~ demonstrated 

in laboratory experiments include sex-reversal 

followed by a skewed sex ratio toward females. 

Vtg induction. and intersex gonads in male fish 

a t extremely low concentrations. Skewing of the 

sex ratio toward females was observed in medaka 

exposed to 100 ng / L for 2 months (Scholz and 

Gutzeit. 2000). in fathead minnow exposed to ~ 

4.0 ngl L for 56 days (Lange el al., 2001). and in 

sheepshead minnow exposed to ~200 ng/ L for 73 

days (Zillioux e/ al., 2001). Purclom et al. (1994) found 

that a lO-day immersion exposure of male rainbow 

trou t (077cor17.\'1Icl1 liS myhiss) to EE2 in d uced the 

dose-dependent Vtg response. ranging from 0.1 to 

10 ng/ L. \ IIetcalfe et al. (2001) reported thaL the 

lowest observable effective concentration (LOEC) for 

testis-ova induction in male medaka during 100 clays 

of exposure \Vas 0.1 ng/ L. which was well within the 

concentrations detected in many sewage treatment 

plant effluents. EE2 also impaired reproduction in 

adult medaka at concentrations of 488 ng/ L for 21 

days and induced a high prevalences of connective 

tissue in male testes (Seki el al., 2002). 

f\ onylphenol etboxylates (NPEOs) are widely 

used as cleaning agents and nonionic surfactanls 

in a variety of industrial and agricultural processes 

(Tolls et al., 1994). They are relatively hydrophilic 

and nontoxic (Giger e/ al., 1984). but their bacterial 

degradation product. nonylphenols. are toxic 

and hydrophobic compounds produced mainly 

du ri n g sevvage trea tmen 1'. Non y Iphenols have 

been detected at microgram,per-liter levels in the 

aquatic environmel1l (Rudel et aI. , 1998: Blackburn 

et al. , 1999: Tsuda e/ al., 2000). Several in vivo 

studies have confirmed that l\P has physiological 

and de velopmental effects related to its estrogenic 

potency. Reproducti v e failure and testis-ova 

induction as well as elevated Vtg have been 

observed in NP-exposed medaka (Kang e/ al., 2003) 

and fathead minnow (Harries et al., 2000). Exposure 

of meclaka to l\P for 60 da ys beginning at 0 days 

post-fertilization resulted in a significant decrease 

in hatchability and successful swim-up of hatched 

larvae at concentrations of 183 J.l gi L (Yokota et aI., 

2001) and skewed the sex ratio toward females at 

23.5 J.l gi L (Seki et al., 2003). In a full life cycle test 

using medaka. Yokota e/ al. (2001) showed that NP 

induced testis-ova in both parental medaka (Fo) at 
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Fig_ 1-4_ One day posthatch (..-\) genotypic male and (13) genotypic female juveniles of 

o/vas-(;FP/ STII-YI strain_ ?lIagnified image of (e) genotypic male and (D) genotypic female. 

a rrow: leucophore. a male-specific pigment. GFP. green fluorescent protein: STH. see-through 

U. 

XY medaka 
X y 

Male determining 
genc (/]Ml) 

su - - SLI 

SL I sequence on X 

SL I scquence on Y 

leucophore 
gcnc 

XY XX 

XX medaka 
X X 

SU~ -SLI 

¥" SL I sequence on X 

Fig. 1-5. Identification of genotypic sex by detecting a sex-linked 1 (SL1) marker sequence 

in the o!vas-GFPI STII-YI strain. 
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011 
---=CI-I 

17u-cthinylcstradiol (£ E2) nonylphcnol (NP) 

Fig. 1-6. Structural formula of test chemicals used in this study. 

~17.7 /-l gI L and their progeny (PI) at ~8.2 /-l gi L. 

Given these findings. EE2 and NP could be major 

contributors to the estrogenic response obsen·ed in 

fish exposed to sevvage treatment plant effluents. 

In this study. we aimed to evaluate the application 

of olvas-GFPISTII-YT strain to models for detecting 

the effect of EDCs. The transgenic medaka were 

exposed to known doses of con taminan ts. and we 

examined whether effects on sexual differentiation 

including germ cell proliferation and matured 

gonad could be detected using GFP fluorescence. 

To assess the potential of the olvas-GFP/ STII-YI 

strain. we used a four-part experiment: first. we 

established a method to monitor sexual dimorphism 

on approximately the day of hatching using GFP 

fluorescence. Second. we examined the effect of EE2 

on sexual differentiation after ill Oli O and waterborne 

exposures. 111 ovo exposure was performed using 

a nanoinjection method in which chemicals were 

directly injected into the embryo. Third. we 

examined the effect of NP on sexual differentiation 

and embryonic development after via ill o/.'o 

exposure. Finally. we examined the effects of EE2 

on the gonads of mature. living medaka and the 

recovery of the fl uoresccn t area in the testis after 

the transfer of exposed males to clean water. 

Chapter 2. Detection of sexual dimorphism as 

estimated by proliferative activity of germ 

cells in the o/vas-GFPISTII-YI strain 

2.1. Introduction 

In medaka (Oryzias fatipes). male and female 

phenotypes can first be distinguished by the 

proliferative activity of germ cells on approximately 

the day of hatching (Satoh and Egami. 1972). Germ 

cells in female fry enter meiotic cell di vision within 

24 h after hatching. whereas in males. germ cells 

proliferate much later -15 days posthatch (dph)­

which facilitates sexing very young fry. However. 

detection of the sexual dimorphism in the normal 

fish has the demand for prcparaing the serial 

sections to count the germ cell numbers. which 

is generally labor-intensive and time-consuming 

work. IIere. we established a facili ta ted method 

to detect sexual dimorphism by both calculating 

GFP-fluorescent germ cells and measuring the area 

of green fluorescent protein (GFP) fluorescence in 

the ofvas-GFPISTII-YI strain. 

2.2. Materials and Methods 

2.2.1. Test organism 

The olvas-GFPISTII-YI strain was provided by Y. 

II' akamatsu. Bioscience Center. Nagoya University. 

Japan and was bred in our laboratory. Each pair was 

placed in a 2-L glass chamber (20 x 10 x 15 cm) 

filled with static water at 25-27l: . The fish were 

kept under a constant 16:8-h lightdark photoperiod 

and were fed with A riemia nauplii « 24 h after 

hatching) twice a day. Half the water was replaced 

once a day with dechlorinated lap water. 

2.2.2. Determination of genotypic sex 

As mentioned in Chapter 1. this strain carries 2 

genotypic sex markers: leucophore Uf; Wakamatsu 

et af .. 2003) and sex-linked 1 (SL1; IvI atsuda et 

al .. 1997). However. the recombination frequency 

between the ~f locus. which determines leucophore 

expression in the skin. and sex-determinan t (SD) 

locus is about 1.4% in FLF stock and 4.2% in FLFIl 

stock (IVakamatsu et al .. 2003). that is. an error of 
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1.4-4.2% is unavoidable in sex identification based 

on this color marker. In contrast. SLl is knovvn to 

closely link to the SD locus (Wakamatsu et at., 2003). 

Because of the close linkage of the SLl locus to 

the SD locus. identificaLion of genotypic sex in each 

individual was performed \\'ith polymerase chain 

reaction (PCR) analysis of SLl. 

SLl sequence \vas amplified according to the 

methods of iVlatsu da et at., (1997) with slight 

modifications. After removal of the gonad from each 

specimen. part of the c,ludal fin (approximately 1 

x 1 111111) was excised with a razor. and DNA was 

extracted from the piece of fin w ith a Dneasy 

Tissue kit ' (QI AGEN GmbH. Hilden. Germany). 

Amplification of the SLI gene was carried out by 

PCR. PCR primers were sense (5' -CCT GCA A TG 

GGA iL T TAT TCT GCT C3') and antisense (5' 

-CTT TTG TGT CTT TGC TTA TGA AAC GAT 

G-3'). The reaction mixture was composed of 25 Ji 

L of 10 x Ex Taq Buffer (Takara. Tokyo. Japan). 0.2 

m1v1 dNTPs. 0.2 Ji lV1 c!J'TPs. 0.2 Ji M of each primer. 

1 Ji L of template DJ\A . and 0.6 unit of Ex Taq 

polymerase (Takara. Tokyo. Japan) in a final volume 

of 25 Ji L. The thermal cycling involved 30 repeats 

of denaturation at 95 LC for 30 s. annealing at 57"C 

for 60 s. and extension at 90°C for 120 s. The SLl 

genoty pe was idemified by electrophoresis on a 2% 

agarose gel. 

2.2.3. Measurement of GFP area and counting the 

number of germ cells in GFP-positive juvenile 

Em bryos were collected from breeding females 

in the morning. and heal thy embryos were selected. 

The embryos were sterilized in 0.9% H20 2 for 

10 min to minimize the likelihood of fungal and 

bacterial infections and washed with embryo rearing 

medium (0.1 90 NaCI. 0.003% KCI. 0.004% CaCV 

2H20. 0.008% MgSO j adjusted to pH 7.0-7.2 with 

NaHC03 dissolved in deionized water) and h,ltched 

juveniles were maintained in dechlorinated water 

for 15 dph. At 1. 5. 10. and IS dph. the juveniles 

were anesthetized by cooling them in ice water for 

10 to 15 s. Then each juvenile that showed GFP 

fluorescence in its germ ce lls was se lected and 

the fluorescence was measured with an inverted 

fluorescence microscope (Eclipse TE300: :J ikon. 

Tokyo. Japan) equ ipped with a filter se t composed 

of a 460-490 nm exci ta tion filter and a 51 O-n m 

barrier filter. Fluorescent images of the gonad were 

recorded with a digital camera (Coolpix950. Nikon. 

Tokyo. Japan). We created image of extracted 

green fluorescent area from each image by green 

red blue (RGB) processing (Adob e systems Corp .. 

Tokyo. Japan) and then manually outlined its shape 

that corresponds to the gonad. Then the area of 

the shape was measured with an image-processing 

system (Luminavision. lvlitani Corp .. Fukui. Japan). 

After recording the GFP fluorescenc e. each 

specimen was dissected out its gonad with a razor 

under a stereoscopic microscope (SlXI2. Olympus 

Co .. Tokyo. Japan). and laid on a glass slide. Caudal 

fin from each specimen was then remove d and 

was subjected to SLl extract ion for determ inin g 

geno typic sex of each individual. Then 20 Ji L of 

trypsin solution (0.2% trypsin. 0.02% EDT A in PBS 

(-)) was dripped onto the gonad: 10 min later. germ 

cells were completely dissociated. which enabled us 

to count them (Fig. 2-1). Counting the germ cells 

[rom the same gonad was repeated three times for 

accuracy. 

2.2.4 . Statistical analysis 

Statistical differences of germ cells number 

bet ween mal e and females at 1. S. 10 and 15 

dph ju veniles were analyzed by a two-sample 

t-tesl (parametric data) and a :v1ann-Whitney 

lest (nonparametric dara). Correlation between 

GFP-f]uorescent area and germ cell numb er was 

assessed by Kendall's pie test. All statistical 

analyses were performed with the SPSS Base 10.0] 

(SPSS Inc .. Chicago. IL. US A). Differences were 

considered significant at /; < 0.05. 

2.3. Results and Discussion 

Changes in GFP-florescent area and number 

of germ cells in o!vas-(;FP/ STII-YI strain are 

shown in Table 2-1. In XX females <It 15 clph. 1"l1e 

a\"erage fluorescent area dramatically increased 

approximately 10-fold and the averaged germ cel! 

numbers increased by almost 20-fold compared with 

those of 1 dph XX females. In contrast to female. the 

average fluorescent area and the ave rage number 

of germ cells in XY males were constant and did 

not significantly change throughout the experiment 


