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Abstract

Regulatory mechanisms of life that are conserved among species are generally
considered to be the ones crucial for the organism, although each component of such
conserved biological regulatory mechanisms, i.e., genes, metabolites, and morphol ogy,
are not necessarily conserved among species. In mammals, the hypothal amic-pituitary-
gonadal (HPG) axis regulation is considered to be the essential regulatory mechanism of
reproduction. The hypothalamic gonadotropin releasing hormone (GnRH) neurons
induce release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) in
the pituitary, and LH and FSH thus secreted promote the growth of ovarian follicles.
Estrogen signaling from devel oped follicles mediates negative and positive feedback of
GnRH secretion. Recently, it has been widely accepted that a new player, kisspeptin
neuron, is pivotal for the HPG axis regulation by receiving estrogen feedback signals
and modulating GnRH neuron firing activities. However, it is unclear whether each
component of the HPG axis regulation is essential for reproduction throughout
vertebrates.

In the present thesis, | aimed to clarify what isimportant for the HPG axis regulation
in vertebrates, by focusing on the key components of the HPG axis regulation known in
mammals, i.e. GnRH, LH, FSH, and kisspeptin, with specia reference to the functional
conservation of its mechanisms. | chose to use ateleost, medaka, a model animal,
because tel eosts are one of the most distinctly evolved species from mammals, and they
often show interesting commonality and specificity.

First, in Chapter 1, | identified hypophysiotropic GnRH1 neurons localized in the
ventral POA and several non-hypophysiotropic subpopulations of GhRH neurons in

medaka by analyses of two newly generated transgenic medaka, gnrh1:EGFP and



gnrh3:EGFP using segmentation analysis of 3-D images. | aso clearly demonstrated
hypophysiotropic innervation of GhnRH1 neurons as early as 10 days post-hatching,
which is much earlier than they are supposed to function. In Chapter 2, | generated
knockout (KO) medaka lines for each gene, gnrhl, and b subunit genes of

gonadotropin, Ihb and fshb, and scrutinized their phenotypes, to examine essentiality of
the components for the HPG axis regulation using a genome editing technique, TALEN.
By histological, expression, and behavioral analyses, | clearly demonstrated that LH
release, which is strongly suggested to be triggered by GnRH1, is essential for ovulation
in female medaka, while FSH, release, which do not necessarily require GnRH
regulation, is essential for the folliculogenesis (growth of ovarian follicles). On the
other hand, | unexpectedly found that males of all KO medaka were fertile, meaning
that lack of either one of the gonadotropins is dispensable for reproduction in male
medaka. In Chapter 3, | demonstrated by using genome editing techniques, TALEN and
CRISPR/Cas9, that kissl/kiss2/gpr54-1/gpr54-2 KO, as well as double KO of kissl and
kiss2 medaka, show normal expression level of Ihb/fshb, gonadal development, and
fertility. These results clearly indicate that the HPG axis regulation in teleost is not
dependent on kisspeptin signaling, unlike that in mammals. In conclusion, |
demonstrated that FSH, LH, and GnRH functions are roughly similar between mammals
and teleosts, with newly found significant differences. | here describe the commonalities
and specificities of the HPG axis regulation | have shown in this study. In addition, |
propose from the kisspeptin KO study that non-mammalian species like medaka may

have an estrogen feedback |oop not dependent on kisspeptin neurons.
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General Introduction



Regulatory mechanisms of life that are conserved among species are generally
considered to be the ones crucial for the organism. However, each component of such
conserved biological regulatory mechanisms, i.e., genes, proteins, and metabolite, are
not necessarily conserved among species. For instance, animal behaviors, such as sex or
social behaviors, are often mediated by a mechanism in which pheromonal signals
activate certain neural circuitsin the brain. However, the key component of these
behaviors, e.g. pheromones, are species-specific, so that the animals can discriminate
pheromones of the same species from those of the other species (Cummins and Bowie
2012). Such robustness of the regulatory mechanisms per sein spite of the variationsin
the regulatory component may be explained by two different ways of compensations;
oneisthe functional compensation in the same pathway by other genes, and the other is
that by anovel or alternative metabolic pathways, which has been proposed in the study
of Arabidopsisthaliana (Hanada et al. 2011). Needless to say, for the elucidation of the
conserved mechanismsin the brain, in which numerous different neurons are
functionally connected as neural networks, we have to analyze their morphological
interactions in addition to the gene functions of particular neuronsin the network.
Interestingly, several neuronal circuits are reported to be conserved even though the
overall organization of the whole brain istotally different among species. For example,
although the cerebral neocortex of mammals and the telencephal on of teleosts appear
quite different at first glance, the neuronal circuit of visual information processing is
common between them are functionally equivalent: the mammalian visual pathway,
retina- superior colliculus -pulvinar-visual cortex of the cerebral neocortex, and the

teleost one retina-optic tectum-prethalamus-lateral part of the dorsal telencephalon



(Y oshimoto and Itoh., 2002). Thus, for the analysis of the morphological conservation,
we have to know the functional connections of the neural components very carefully.

In mammals, the hypothalamic-pituitary-gonadal (HPG) axisis considered to be
essential for the regulation of reproduction. The hypothalamic gonadotropin releasing
hormone (GnRH) neurons are believed to induce the release of luteinizing hormone
(LH) and follicle stimulating hormone (FSH) by stimulating gonadotrophs in the
pituitary, and LH and FSH thus secreted promote the growth of ovarian follicles (Sisk
and Foster 2004). Before ovulation, estrogen secreted from the developed follicles
exerts an inhibitory effect on GnRH release (negative feedback), while during the
preovulatory period, increase in the estrogen level triggers GnRH surge and subsequent
LH surge to induce ovulation in the ovary (positive feedback) (Couse et a. 2003,
Glidewell-Kenney et al. 2007, Ohkura et al. 2009, Smith 2013). Until recently,
however, there has been amissing link to explain the mechanisms of negative/positive
steroid feedback; it has been unclear how the GnRH neurons, which lack estrogen
receptor a (ERa), essential for the estrogen feedback (Couse et a. 2003, Glidewell-
Kenney et a. 2007), are regulated by estrogen feedback signaling. Recently, it iswidely
accepted that a new player, kisspeptin neuron, is pivotal in the HPG axis regulation by
receiving estrogen feedback signals and modulating GnRH neuron firing activities
(Ohkura et al. 2009, Smith 2013).

On the other hand, in non-mammalian vertebrates, there is no clear evidence how and
to what extent GhnRH, FSH, and LH play important roles in the regulation of
reproduction, although there are not afew lines of pharmacological evidence that these

hormones stimulate gonadal functions. There are severa reports that GnRH peptides



increase release and/or synthesis of LH and FSH in various species including
amphibians and teleosts (Daniels and Licht 1980, Breton et al. 1998, Mananos et al.
1999, Well et a. 1999, Dickey and Swanson 2000, Karigo et al. 2012a, Karigo et al.
2014). By using recombinant LH and FSH glycoproteins or human chorionic
gonadotropin, in vivo and in vitro studies showed that gonadotropins promote growth of
ovary and cause induction of ovulation (Reynhout et al. 1975, Kazeto et al. 2008,
Hagiwara et a. 2014). However, there has been no conclusive evidence for the
essentiality of GnRH, LH and FSH for reproduction. Furthermore, there are conflicting
reports of effect of kisspeptin on serum LH level, one reported increase (Chang et al.
2012), and the other reported no significant effect (Karigo et al., 2012a). Therefore, |
think that the critical examination of the commonality and specificity of the HPG axis
regul ation mechanisms in teleosts in comparison with that in mammals should give us
insights into the understanding of the evolutionary process of one of the most essential
regulatory mechanisms of life, reproduction.

In the present thesis, | chose to use a teleost, medaka, because teleosts are one of the
evolutionarily most distantly related species from mammals, and they often show
interesting commonality and specificity. | focused on the key components of the HPG
axis regulation, GnRH, LH, FSH, and kisspeptin, and analyzed what is important for the
HPG axis regulation. The schematic illustration in Figure 0-1 shows the aims of the
present thesis. Medaka is an especially useful and advantageous animal model for the
study of reproductive neuroendocrinology using multidisciplinary techniques, because it

is amenable to various state-of-the-art genetic manipulations and to experimental



manipulation of reproductive status by alteration of day length and rearing water
temperature.

First, | generated GFP-labeled GnRH transgenic medaka to scrutinize the morphology
of GnRH neurons, especially of larval fish. Here, | identified hypophysiotropic GhnRH
neurons that project their axons to the pituitary gland, the neural functions and
regulation, which are believed to be conserved between medaka and mammals (Chapter
1). Next, | analyzed functions of GnRH, LH and FSH by generating and analyzing gene
knockout (KO) medaka (Chapter 2). Finally, | generated and analyzed the phenotypes of

Kisspeptin KO and kisspeptin-receptor KO medaka (Chapter 3).

Figurelegend

Figure0-1
A schematic illustration showing the aims of the present thesis. The circled numbersin
the figure correspond to the Chaptersin thisthesis.



Figure 0-1
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Chapter 1

Morphological analysis of the early development of
telencephalic and diencephalic gonadotropin-releasing
hor mone neuronal systemsin the EGFP-expressing transgenic

medaka



| ntroduction

In mammals, gonadotropin releasing hormone (GnRidyens are considered to be
crucial for reproduction (Clayton 19833nRH peptides, released from GnRH neurons
in the hypothalamus (hypothalamic GhnRH neurond)yeied through hypophyseal
portal vessel and act on pituitary gonadotropesséintlilate the secretion of luteinizing
hormone (LH) and follicle stimulating hormone (FSH)mammal (Sisk and Foster
2004). On the other hands, the direct projecticiméopituitary of GnRH neurons were
detected in teleosts (Ishizaki and Oka 2001, Yataad. 2003). In addition to these
hypothalamic neurons, there are also extra-hypathial neuromodulatory GnRH
neurons. These neuromodulatory GnRH neurons rasithe ventral part of
telencephalic area and midbrain (Yamamoto et &5)19n all the vertebrates studied to
date, fibers from these neuromodulatory neuronsadqroject to the pituitary but
project to a wide variety of brain regions (Oka &matsushima 1993, Yamamoto et al.
1995, Karigo and Oka 2013). In addition, terminaiuwe (TN) GnRH neuronal
innervation has been detected in the retina (Beshaed Wagner 2004), and TN GnRH
neurons have been shown to regulate olfactiont{&mset al. 2000, Kawai et al. 2010)
and some reproductive behaviors (Yamamoto et 87 1Okuyama et al. 2014).

It is generally accepted that, in most vertebratesmajority of hypothalamic and TN
GnRH neurons originate from the olfactory placodd migrate to the brain during
development (Schwanzel-Fukuda and Pfaff 1989, Wta}. 1989, Daikoku-Ishido et
al. 1990, Murakami et al. 1991, Okubo et al. 204 evitch et al. 2007). The somata of
these neurons appear in the olfactory placode agata along the fibers of the

olfactory tracts until they reach their destinat(@ray 2010). In addition, it has been



suggested that the GnRH neurons can also origirateneural crest cells (Whitlock et
al. 2003, Forni et al. 2011).

Threegnrh paralogous genegnrhl, gnrh2 andgnrh3, have been identified in
vertebrates, althouginrh3 has only been found in teleosts. Expression di @acalog
shows characteristic distribution throughout theiforSome teleost species lagikhl
or gnrh3, while gnrh2 is evolutionary conserved (Okubo and Nagahama)2008
vertebrates studied to date, both hypothalamicT&&nRH neurons express one of
the two paralogous geneagyrhl or gnrh3 (Okubo and Nagahama 2008). In teleosts that
possess bothnrhl andgnrh3 genes, all hypophysiotropic GnRH neurons, generall
called preoptic area (POA) GnRH neurons in non-maham vertebrates, express
gnrhl. On the other hand, teleosts that have lost egghrdrl or gnrh3 gene, the
remaininggnrh gene are expressed in both hypophysiotropic an@mRH neurons.
On the other hand, midbrain GnRH neurons exped®; these midbrain GnRH2
neurons are considered to play neuromodulatorg (®anda et al. 2010).

Developmental analyses of GnRH neurons have beforped previously in several
teleost species using immunohistochemistry (Fragicad. 1994, White and Fernald
1998, Dubois et al. 2001). The developmental festof POA and TN GnRH neurons
in teleosts were studied using enhanced greeretigent protein (EGFP) transgenic
zebrafish gnrh3:EGFP) (Palevitch et al. 2007). However, it isidiift to distinguish
hypophysiotrophic GnRH neuronal populations frofarieephalic populations in
zebrafish, because the both populations exgas. Medaka Qryzas latipes), a
commonly used model teleost fish, possesses al tharalogougnrh genes and

synthesizes GnRH1 in POA GnRH neurons and GnRH3amMN and trigeminal
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ganglion (TG) (Okubo et al. 2006). These charasties mean that medaka is useful for
developmental analyses of each GnRH neuronal ptguojaitilizing genetic
engineering. Importantly, the peptide sequencer®®RI&BL shows diversity among
species, while the peptide sequence of GnRH3asgly conserved (Okubo and Aida
2001). In fact, the medaka GnRH1 peptide showsaiBo acid replacements
compared to those in other teleosts, and thus, momstochemical detection of
medaka GnRH1 using antibodies raised against GriRifii other animals has been
unsuccessful. Because a specific antibody raisashsignedaka GnRH1 demonstrated
relatively weak labeling of fibers, and anti-GnR&f®ibodies have low specificity
(cross-reaction with GnRH2), GnRH1 and GnRH3 nearamorphology has been
studied using transgenic medaka expressing huntnézella (hr) GFP under the
control ofgnrhl/gnrh3 gene promoters (Okubo et al. 2006); (Wayne €1G5).
However, the fluorescence intensity of the hrGF® dften been too weak for detailed
observation of fine dendritic morphology and axgmaljections. In addition, there are
no specific antibodies for immunohistochemicaluessletection of hrGFP. Therefore, |
here establisheghrh1l:EGFP andynrh3:EGFP transgenic medaka lines in order to
conduct a detailed morphological analysis of theettgment of GnRH1 and GnRH3
neuronal systems. | selected EGFP as a reporterlgggause a highly specific antibody
with very high affinity is available (Tamamaki dt 2000). Furthermore, EGFP
fluorescence is much brighter than that of hrGH# morphological characteristics and
cellular migratory pathways of GhnRH1 and GnRH3 nesrduring early development
were analyzed using EGFP fluorescence in combimatith EGFP

immunohistochemistry and confocal microscopy. Iditon, segmentation analysis of
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three dimensional (3-D) images using FluoRendebledaus to trace the intertwined
GnRH1 and GnRH3 neuronal fibers and accuratelyilda&r projections. This led us

to clearly identify the hypophysiotropic innervatiof GhRH1 neurons residing in the
ventral preoptic area (VPOA) from as early as & gmst hatching. Furthermore, these
analyses also revealed projections of non-hypoplygic GhnRH1 neurons in vPOA to

the retina or the optic tectum, and of GnRH3 nesiiarthe dorsal diencephalon.

Materials & Methods

Animals
Wild type strain (d-rR strain) medak@rfyzias latipes) were used for generation of

our transgenic lines. All fish and embryos werentaned under a 14 hour light/10
hour dark photoperiod cycle at 28 °C. Animals wmntained and used in accordance
with the guidelines of the University of Tokyo's &and Care of Experimental
Animals.
Generation of transgenic medaka lines

The transgene constructs used for generatignrdfl/gnrh3:EGFP medaka are
schematically illustrated in Figure 1-1. For getieraof DNA constructs, | replaced
hrGFP reporter gene ghrhl/gnrh3:hrGFP construct (Okubo et al. 2006); (Wayne et
al. 2005) with EGFP sequence. The constructgrionl/gnrh3:hrGFP were digested
with BamHI, and dephosphorylated. For EGFP cDNAfinant, BamHI recognition
sites were introduced in the both ends by PCR usisgt of primers (Fw
(CGCAAATGGGCGGTAGGCGTG); Rv

(GGATCCTGGAACAACACTCAACCCTATCTCG)) and a templateEGFP-N1;
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TaKaRa, Otu, Japan), and digested by BamHI. Thaasyhorylated backbone
fragments were ligated with the digested EGFP feagmr o facilitate screening in the
early developmental stages, the 5' -flanking re@iokb) ofcardiac myosin light chain

2 (cmlc2; accession number: AB458318) was inserted in tnedgson of the
gnrhl:EGFP construct. A recognition site of I-Scel, peyf meganuclease that
increases the efficiency of transgenesis in medadden injected with the construct
(Thermes et al. 2002), was inserted in the 5'-driden5’-flanking region ofnrhl.

DNA constructs (10-30 ngL) were injected into the cytoplasm of one- cedigst
fertilized eggs with intact chorion. Before injemtj thegnrhl:EGFP construct was
digested by I-Scel (New England Biolabs, IpswichA,N\USA) for 1 h at 37 °C.
Fluorescence was monitored at 3 days post-fetiimgdpf), and only embryos
displaying fluorescence in the heart were growaduolthood. | crossed candidates of
transgenic medaka with wild type fish to identigrmline transmission. Bright field
fluorescence microscopy was conducted using adkaence stereomicroscope
(MVX10; Olympus, Tokyo, Japan) with GFP filter (UBFPHQ; Olympus). Pairs of
sibling adults from F1 fish were intercrossed.lested fish with homozygous
transgenes from F2 fish.

Antibody Characterization

All the antibodies used in the present study atediin Table 1. The specificity of
rabbit anti-EGFP antibody (Tamamaki et al. 200@hiswn using
immunohistochemistry according to the method agdthelow (Figure 1-2C, 2D).
Although immunoreactivity was not detected in teet®n of wild type brain (Figure 1-

2C), immunoreactive neurons were detected in tbiaseofgnrhl:EGFP medaka brain
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(Figure 1-2D).The sensitivity and specificity obkat anti-salmon GnRH antibody
((Okuzawa et al. 1990); reactive with medaka GniRE@tide (Parhar et al. 1998));
generous gift of Dr. Okuzawa, National Fisheriesdech Agency) was shown by
radioimmunoassays in (Okuzawa et al. 1998gnthilkumaran et al. 1999).
Immunohistochemistry

Cryosections of adult brain from fish were prepagied immersed in 0.05 M
phosphate-buffered saline with 0.5 % Triton X-18@BET) and incubated for 8 hours
at RT with rabbit anti-EGFP antibody (1: 1000) ablbit anti-salmon GnRH (sGnRH)
antibody (1:10,000) diluted with PBST containingd@ormal goat serum. After
washout with PBST, the sections were incubated kikinylated goat anti-rabbit IgG
antibody (1:200; Vector Laboratories, Burlingamé,, ©SA) diluted in PBST for 2
hours at RT. They were then incubated with Veciadtite ABC (Vector
Laboratories) for 1 hour at RT, washed in PBST, thiedh incubated with 3,3'-
diaminobenzidine.
Whole mount immunohistochemistry

| labeled embryonic GnRH1 neurons expressing EGHiguwhole mount
immunohistochemistry with anti-EGFP antibody, bessathe EGFP expression of
gnrhl:EGFP medaka during the embryonic stage was mmg&nough for observation
of neurite morphology using EGFP fluorescence $sliit Embryos (2-6 dpf) and newly
hatched fry frongnrh1:EGFP fish were fixed with 4% paraformaldehyde (PH20.05
M phosphate-buffered saline (PBS) for 1 hour a€4The embryos were washed with
PBST and incubated for 8 hours with rabbit anti-PGtibody (1:1000) diluted with

PBST containing 10% goat serum. After washoutrst fantibody with PBST, the
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embryos were incubated for 2 hours at RT with AlEker 488-conjugated goat anti-
rabbit 1gG (1:200; Invitrogen) and Rhodamine-Phdllodiluted with PBST (2dpf,
Figure 1-3A2, 1:200; life technologies, CA, USAJ fabeling F-actin (Tsuda et al.,
2009). After washout of the excessive antibody WBS, the embryos were gradually
transferred to 50% glycerol in 0.05 M PBS and medrin slides. The brains of fry at
10 days post hatching were fixed with 4% PFA fdrolr, dissected, and treated in the
same way as for embryos. The 2.5 dpf embryapdi3:EGFP fish were incubated
with Rhodamine-Phalloidin (Figure 1-4B2, 1:200).eTémbryos and fry of
gnrh3:EGFP fish were gradually transferred to 50% glgtér mounting on slides
after fixation and PBS wash. Specimens were mounit#td10% polyvinyl alcohol in
2.5 mM Tris-HCI (pH 8.7) containing 2.5% 1,4-diaiatelo[2,2,2]octane and 5%
glycerol. Fluorescence of Alexa Fluor 4&Bu(h1:EGFP) or EGFPghrh3:EGFP) were
observed under a confocal laser-scanning microsc8pe710 (Carl Zeiss,
Oberkochen, Germany). Z-stacks were acquired ws#@x/1.1 NA water immersion
objective at a step size of 0.ah.
Image analysis

Images were analyzed and processed into 3-D amatigns using Fiji (Schindelin et
al. 2012) for stitching multiple z-stacks, and Femder

(https://github.com/SClInstitute/fluorendd&Van et al., 2009; Wan et al., 2012) for 3D

reconstructions and visualization of positionaatien of fibers and somata. FluoRender
is an open-source interactive rendering tool farfocoal microscopy data visualization.
3D volume rendering data were generated, and catigedibers and somata in volume

rendered data were semi-automatically labeled pggudo-colors to visually
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discriminate the different population of neuronsibyoRender. (Figure 1-5A2, 5A3,
7TA2, 7B2, 8B2-4; see figure legends in detail). jieg and trimming of images were
performed by using Photoshop (Adobe Systems Int J8ae, CA).

In situ hybridization

Three-month-old wild type and transgenic medakaevdeeply anesthetized with MS-
222 (Sigma, St. Louis, MO). Brains were fixed in #%A in 0.05 M PBS for 6 hours at
4 °C. Fixed specimens were immersed in diethyl pgroonate-treated PBS with 30 %
sucrose for 3—6 hours, embedded in 5% agarose I§¢pe Sigma) containing 20%
sucrose in PBS, then frozenrirhexane at —80 °C. Serial frontal sections wereat@0
pum thickness using a cryostat (Leica CM3050S, L&laaosystem Inc., IL).

To detecgnrh3 mRNA, | prepared gnrh3-specific digoxigenin (DIG)-labeled RNA
probe and performeiah situ hybridization, as previously described (Okubole2@06).
Briefly, every section from the olfactory bulb twetspinal cord was washed with PBS,
fixed with 4 % PFA, neutralized with 0.2 % glycimePBS, and then incubated with
0.25 % acetic anhydride in 0.1 M triethanolaminelf® min. Finally, the sections were
hybridized with Jug/mL DIG-labeled antisense RNA probes synthesireah imedaka
brain cDNA using DIG RNA Labeling Kit (T7, Roche &jnostics Corp, Mannheim,
Germany) diluted with hybridization buffer (50 %rfieamide, 3x saline sodium citrate
(SSC), 0.12 M phosphate buffer (pH 7.4), 1x Dentmblution, 125 g/ml tRNA, 0.1
mg/ml herring sperm DNA, and 10 % dextran sulfaternight at 58 °C. After
hybridization, they were washed twice with 2xSS@Gtaming 50 % formamide for 15
min at 58 °C. They were immersed sequentially, é&vgach, with 2x SSC and 0.5x SSC

for 15 min at 58 °C, and washed with DIG-1 buffet@@ mM Tris-HCI (pH 7.5), 150
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mM NacCl, and 0.1 % Tween 20) for 5 min at room teragure (RT). They were
immersed in 1.5 % blocking reagent (Roche) in DIGuffer for 30 min at RT and
incubated with alkaline phosphatase-conjugated@i@i antibody (1:3000; Roche) for
2 hour at RT. They were then washed with DIG-1 &uéind treated with DIG-3 buffer
(100 mM Tris-HCI (pH 9.5), 100 mM NaCl, and 50 mMVgllz). They were then
treated with a chromogen solution (337 mg/mL 4efitue tetrazolium chloride, 175
mg/mL 5-bromo-4-chloro-3-indoyl-phosphate in DIG3ffer) for 3—4 hours. The
reaction was stopped by adding reaction stop soi|{it0 mM Tris-HCI (pH 7.6) and 1
mM EDTA (pH 8.0)). The sections were observed uradiéght microscope. For a more
detailed examination of brain morphology, they wewanter-stained with neutral red. |
followed the Medaka Histological Atlas (Ishikawaag) to determine nomenclature of
medaka brain nuclei.
Double labeling by in situ hybridization & immunohistochemistry

Cryosections were prepared as described aboveséldti®ns were immersed in PBS
(RNase free) and incubated for 8 hour with rabbii-BGFP antibody (1: 1000) diluted
in PBS containing 10% goat serum. After washoubhWiBS, they were incubated with
biotinylated goat anti-rabbit IgG antibody (1:20@&ctor Laboratories) diluted in PBS
for 2 hours. After PBS wash, they were fixed wi% #FA. Neutralization and
acetylation were performed as mentioned above. Weg hybridized at 58 °C with 1
pug/mL DIG-labeled antisense RNA probgsrhl or gnrh3 (Okubo et al. 2006)) diluted
with hybridization buffer. After hybridization, tigevere washed twice with 50%
formamide and 2x SSC for 15 min each at 58 °C amdarsed in TNE (10 mm Tris-

HCI, pH 7.5; 500 mm NaCl; and 1 mm EDTA, pH 8.0) 1® min at 37 °C. They were
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incubated with 2@g/ml ribonuclease A (Sigma) in TNE for 30 min at°€7, and then
washed with TNE for 10 min at 37 °C to remove tibemuclease A. They were then
washed with 2x SSC twice, followed by 0.5x SSC éafiar 15 min each at 58 °C. They
were then incubated with Vectastain Elite ABC (\éedtaboratories) for 1 hour and
washed in PBST. They were incubated with Alexa FAR8 conjugated streptavidin
(1:500; Invitrogen) and alkaline phosphatase-caatjed anti-DIG antibody (1:1000;
Roche Diagnostics Corp) for 2 hours at RT. Aftesiiag with PBST, they were
incubated with HNPP Fluorescent Detection Set (Rd2iagnostics) according to the
manufacturer's instructions. The incubation corg@thuntil visible signals were detected
(up to overnight) and was stopped by washing in B&8aining 0.5 mM EDTA. After
washing with PBS, they were incubated with Hoe&83342 (1:1000; life technology)
for 5min at RT for nuclear counter-staining. Thegrevcoverslipped with CC/Mount
(Diagnostic BioSystems, Pleasanton, CA, USA). Fdgoence was observed using a
confocal laser-scanning microscope LSM-710 (Car$g)eor a light microscope

(BX53; OLYMPUS) with CCD camera (DXM 1200C; Nicohpkyo, Japan). The data

are presented as the mean * standard error oféha.m

Resaults

Generation of transgenic medaka lines and assessment of specificity of expression

| generated two transgenic medaka liggshl:EGFP andynrh3:EGFP expressing
EGFP under the control ghrhl andgnrh3 promoters, respectively. | assessed the
specificity of EGFP expression using double lalgebifiin situ hybridization forgnrhl

or gnrh3 and immunohistochemistry using an anti-EGFP adiybén vPOA of the adult

18



brain ofgnrhl:EGFP medaka, expressiongnirhl mRNA was detected in 96:13.3 %
(24.2+ 2.6 GNRH1 neurons/25.8 2.9 GFP-positive neurorisom 10 fish) of EGFP-
immunoreactive (ir) cells in the ventrolateral p@igure 1-2B6). A small number of
cells were also found in the ventral telencephalat ventral hypothalamus. Here, |
counted the cells with diameter 7¢&fi. On the other hand, the expression level of
gnrhlin the medial part of vPOA was not high enoughealbtected by double
labelingin situ hybridization & immunohistochemistry. In dorsal PQ#POA), EGFP
expression was detected in GnRH1 neurons by EGRRimohistochemistry, although
the EGFP fluorescence was faint. Expressiognofil mRNA was detected in 8216

7 % (21+ 4.2GnRH1 neurons/24.2 3.5 GFP-positive neurorisom 10 fish) of EGFP-
ir cells in dPOA of the adult brain ghrhl:EGFP medaka. Here, | counted the cells
with diameter of 3-um. Although | could detect two or three GnRH1 nesron the
adult optic tectum (OT) using situ hybridization, greater numbers of ectopic EGFP-ir
cells were detected in the OT from early developmalestage (Figure 1-4D, Figure 1-
5A1, orange arrowheads). Expressiomath3 mRNA was detected in 88461.2%
(54.5+ 8.4GnRH3 neurons/58.5 10.4EGFP-ir neurons from 8 fish) of EGFP-ir cells
in the TN ganglia (Figure 1-3B) and ventral regadrihe rostralmost portion of the
dorsal thalamus of adujnrh3:EGFP medaka (Figure 1-3C). Here, | counted thle cel
having diameter of 8-2@m (in the TN) or 3-1@um (in the thalamus) as one cell. EGFP
expression was also detected in retinal gangliahpdotoreceptor cells ghrh3:EGFP
medaka. Expression ghrh3 in the retina was detected using botkitu hybridization
and real time PCR (data not shown). The visuahsitg and immunoreactivity of

EGFP did not necessarily correlate with expreskiweals ofgnrh3 mRNA.
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Characteristicsof GnRH1 neurons (gnrh1:EGFP)

Usinggnrh1:EGFP transgenic medaka, | analyzed the develo@mhelmaracteristics of
GnRH1 neurons. | collected embryos at 2.5, 3.5, 4A%dpf, and 10 days post-hatching
(dph) fry ofgnrh1l:EGFP medaka. The developmental stages (st.) artiteyos were
determined according to lwamatsu (Iwamatsu et@32. | analyzed EGFP
iImmunoreactivity in the brains ghrh1:EGFP medaka using confocal microscopy.
Somata of EGFP-ir neurons appeared at 2.5 d@2§¢s27) in the olfactory placode
(Figure 1-4A1 and 2 white arrowheads). At 3.5 dypf 29-30), somata of GFP-
expressing neurons began to migrate to the forelatang their extended fibers (Figure
1-4B). At 4.5 dpf (st. 32—-33), somata were locatethe caudoventral forebrain (Figure
1-4C). There are two subgroups of GnRH1 neuromisaéradult brain; one is located
dorsally, and the other is located in the vPOA jrajects to the pituitary (Karigo et al.
2012a). During the embryonic period, however, thiesdl population could not be
definitely identified in this transgenic line. At57dpf, fibers from GnRH1 neurons
extended to the optic nerve and the caudal patiesicephalon (Figure 1-4D, cyan
arrowhead), and formed part of the anterior comunesgFigure 1-1-4D, magenta
arrowhead). At the same stage, a small, scattesétbdtion of EGFP-ir neurons was
observed in the midbrain, which remained visiblsubsequent stages (Figure 1-4D,
5A1, orange arrowheads). At 10 dph, | detectedegtmn of EGFP-ir fibers to the
pituitary (Figure 1-5A1). When compared with thaibrof an adult medaka (Figure 1-
5B), it appeared that the morphological charadies®f GnRH1 neurons projecting to
the pituitary are already evident at this earlgstal he fibers from EGFP-ir neurons

extended caudally through the ventrolateral midb(gigure 1-5A1, white arrowhead)
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and entered the pituitary from the caudal regiothefhypothalamus. A few EGFP-
expressing neurons were located along the fibefistofe vVPOA neurons, and they
projected to the pituitary at 10 dph and adulth@#idure 1-5A1, B). The EGFP-ir
neuronal population in the future vPOA could bedid into at least three subgroups.
One subpopulation possessed round somata andseriiliers to the pituitary (Figure
1-5A2, 5A3, shown in white using FluoRender). Dirpjection of individual EGFP-

ir neurons to the pituitary was also clearly visibAdditionally, some neurons appeared
to be on their way to the future vPOA during oeaftessation of migration; they were
spindle-shaped (Figure 1-5A2, 5A3, shown in gresingiFluoRender). A separate
subgroup of EGFP-ir neurons that projected topiséateral region of midbrain and
mainly to the contralateral optic nerve (and nahi® pituitary) is shown in cyan using
FluoRender (retinopetal GnRH1 neurons: Figure 1;5%38). Some of their fibers
extended to the caudal part of diencephalon andehtolateral region of diencephalon
(Figure 1-5A2, 5A3). These neurons were distribakxhg the medio-lateral axis to the
other type of GnRH1 neurons in the future POA atifb (Figure 1-5A1, cyan
arrowheads). At adult stage, the retinopetal GnRélirons became inconspicuous.
Characteristics of GnRH3 neurons (gnrh3:EGFP)

Usinggnrh3:EGFP transgenic medaka, | could analyze the denedofal
characteristics of GhRH3 neurons, owing to itsreireGFP fluorescence. EGFP
fluorescence was first detected at 1.5 dpf (st22)+4n the trigeminal nerve ganglion
(TG, Figure 1-6A, cyan arrowheads). At 2 dpf (g-25), GhnRH3 neurons appeared in
the olfactory placode (Figure 1-6B1, 6B2, whiteosrneads). These GnRH neurons

appeared to migrate to the brain at later stage®.57dpf (st. 27—-28), the somata of
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GnRH3 neurons located in the olfactory placodereded their fibers to the forebrain
(Figure 1-7A). At this stage, fibers of GnRH3 newsan the olfactory placode (Figure
1-7A2, white) could be distinguished from fiberstloé optic nerves, which also
contained EGFP-expressing neuronal fibers (Figuré2, green). There were two
other subgroups of non-migratory EGFP- expressegans derived from the area
outside of the olfactory placode. One subgroup dedscted in the thalamus, caudal to
the optic chiasm (Figure 1-7A1, 7A2 yellow arrowteaFigure 1-7A2, yellow). The
fibers of these neurons extended caudal to thiaipsal spinal cord and disappeared at
3.5 dpf (st. 30, Figure 1-7B1, 7B2). The other sohg was located medio-caudal to the
above mentioned population in the forebrain atdpb(Figure 1-7A2, cyan) and 3.5 dpf
(Figure 1-7B2, cyan). | could not detect EGFP-egpireg neuronal fibers from these
neurons. The both subgroups of neurons interminglédthe olfactory place-derived
neurons at later stages.

The GnRH3 neurons, which first appeared in thectdiy placode, migrated to the
forebrain along their extended fibers between 3dpfiFigure 1-7B1, 8A). The EGFP-
expressing neurites were incorporated in the otiges. Some EGFP-expressing cells
were distributed to the ventral olfactory bulb,liming the TN ganglion, and others
migrated more caudally to the thalamus. Just atérhing, three major populations of
GnRH3 neurons could be identified in the TN gandha thalamus, and the TG ganglia
(Figure 1-8B1). Some EGFP-expressing neurons veeaddd between the TN ganglion
and thalamus during migration. Around this stageéFB- expressing cells in the retina
(probably representing ectopic EGFP expressiorshe®w) became visible and

extended fibers to the OT to form reticulated fid@figure 1-8A, B1). The GFP signal
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of these reticulated fibers was too strong to areatile morphology of the GnRH3
neurons in the TN and thalamus. Therefore, | dividhe z-stack dataset from Figure 1-
8B1 into two sub-stacks, for detailed 3-D recorwtian analysis. The first sub-stack
was made by removing image planes from the doegpbn that contained the
reticulated fibers of the OT and part of the opicve. The 3-D reconstructed image of
the sub-stack suggested pathways for fibers frolRE=6xpressing neurons in the TN
ganglion and thalamus (Figure 1-8B2). EGFP-comagifibers of TN GnRH3 neurons
extended caudally and joined the anterior commés@eigure 1-8B2, magenta
arrowhead). GnRH3 neurons in the thalamus (FigeBB2, cyan arrowhead) extended
their fibers broadly to the caudal region. It wa#allt to distinguish fibers of GhnRH3
neurons in the TN from those in the thalamus. UsiiregFluoRender 3-D reconstruction
analysis, | could trace the optic nerve and TN&imat GnRH3 neuronal fibers
separately (Figure 1-8B3, optic nerve fibers, whaaRH3 neurons in TN ganglion and
thalamus, magenta). Fasciculi of the optic nervgsred the brain and branched into
two bundles (Figure 1-8B3; white arrowheads), wtiike reticulated fibers spread into
the dorsal (superficial) layers of the OT (Figur8B3, 8B4). On the other hand, fibers
from TN and thalamic GnRH3 neurons (magenta) spcaadally and laterally in the
deeper layer of the OT, beneath the reticulatedF=&¥pressing optic nerve fibers
(white) (Figure 1-8B3, 8B4). To examine whether B@FP positive retinal cells and
their optic fibers express GnRH or not, | perforn@&RH immunohistochemistry and
compared with GFP immunohistochemistry in the adtdin. Anti-EGFP
immunohistochemistry (Figure 1-8C1) labeled fiberboth the deep (stratum album

centrale, SAC; red arrowhead) and the superfistsh{um fibrosum et griseum
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superficiale, SFGS; blue arrowhead) layers, whili:@nRH immunohistochemistry
(Figure 1-8C2) only labeled the deeper one (reovdread). Therefore, the EGFP fibers
in the SFGS is considered to be projections frotapcally GFP-expressing retinal
cells (Figure 1-8C1).

Figure 1-9 shows a schematic drawing of the devedoyal pattern of GnRH1 and
GnRHS3 neurons. Both POA GnRH1 neurons and TN GniBons appeared in the
olfactory placode and migrated to the brain. GnRiEdrons migrated to the brain along
their fibers, and could be divided into two subgr®upon reaching the presumptive
vPOA. One subgroup was composed of neurons pnagetdithe pituitary
(hypophysiotropic), while the other was composedeafrons projecting to the lateral
region of OT and optic nerves (non-hypophysiotrpfsee below). Meanwhile, GhnRH3
neurons originating in the olfactory placode migdato the brain, reaching the TN and
thalamus.

Discussion

| generated two new transgenic medaka ligad)1:EGFP angnrh3:EGFP. In 2006,
Okubo et al. described GhnRH1 and GnRH3 neuronaldpment in medaka by
analyzing transgenic medaka that expressed hrGé&ér dime control ofjnrhl and
gnrh3 promoters (Okubo et al. 2006; Wayne et al. 2006he present study, |
generate@nrhl:EGFP andynrh3:EGFP medaka by replacing the hrGFP used by
Okubo with EGFP, for which a specific antibody vagable. During early
developmental stages, the expression of EGFP dmuttbtected by
immunohistochemistry ignrh1:EGFP line, although EGFP fluorescence was nohbrig

enough to be detected by itself. In the adult badignrhl:EGFP, GhnRH1 neurons
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expressing EGFP could be detected by its fluorescaiithout immunohistochemistry.
In accordance with this, the expression levegrohl was not high enough to be
detected byn situ hybridization during early developmental stagestated in Okubo

et al., 2006. Although the expression level of régrgprotein may not necessarily
reflect endogenous gene expression, the changles lavel of EGFP fluorescence in
gnrh1:EGFP line during development in the present stady parallel with
endogenous changes in the expression levghrdfl. Using these transgenic medaka, |
performed EGFP immunohistochemical examinatiorentdyze ontogeny and
projections of GnRH1 and GnRH3 neurons in moreildistan ever.

By using confocal laser scanning microscopy | retacted 3-D images of GnRH1
and GnRH3 neurons including their axonal projectitwoughout the brain during
early development. Furthermore, | performed segatmt analysis of 3-D images by
using FluoRender, which enabled us to trace thetimined GnRH1 and GnRH3
neuronal fibers and accurately assess their projextl could also eliminate ectopically
GFP-expressing retinal neurons (Figures 1-8 and THus, | newly found that GnRH1
and GnRH3 nervous systems consist of several neupopulations, respectively.
Based on the axonal projections, the GnRH1 neurounkl be mainly divided into two
populations, those with hypophysiotropic projecsioand those with retinopetal
projections and minor tectal projections. On theeohand, based on the origin and
migratory pathway, the GnRH3 neurons could be édiohto three populations, TN
population originating from the olfactory placod2R), thalamic population originating
from OP or thalamus, and TG population originafrmgn TG. The results of the

present study about the population and the morpgicabcharacteristics of GnRH
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neurons should provide important information toveaodr further understanding of the
functional diversities of the GnRH neuronal system.
Migration of GnRH neurons

In the present study, analysis of the EGFP flu@ese detailed the migration and
projection of GhRH1 and GnRH3 neurons during edelyelopment (1-7 dpf, 10 dph).
The migratory pathway of GnRH neurons has beenstailied in several species. GnRH
neurons located in the TN and vPOA have been reghdotoriginate from the olfactory
placode and migrate to the brain in mouse (Tiora).€2004), chicken (Murakami et al.
1991), zebrafish (Abraham et al. 2008), and me¢@kabo et al. 2006). It has been
suggested that neural crest cells are the othecesofiforebrain and diencephalic GnRH
neurons (Whitlock et al. 2006, Forni et al. 2014 the present study, on 2 dpf, EGFP-
expressing cells appeared in the thalamic argardi3:EGFP medaka. Ignrh1:EGFP
medaka, non-olfactory placodal EGFP- expressingomsuappeared at 4—7 dpf in the
caudodorsal midbrain. These non-olfactory plac@d@RH1 and GnRH3 neurons
remained in the region where they first appeaned,dad not seem to migrate to the
VPOA. There has been evidence of extra-olfactaaggadal origins of POA GnRH
neuronal progenitors in several animal speciesnfraral. 2011, Zhao et al. 2013).
However, in the present study, the extra placodd® @Gositive cells in
gnrhl/gnrh3:GFP medaka never migrated into the POA.

In adult medaka, it has been reported that therénar subgroups of GnRH1 neurons;
dPOA and vPOA GnRH1 neurons (Okubo et al. 2006véd@r, during embryonic and
juvenile stages, no GFP positive cells was detedatéie dPOA ofnrhl:EGFP

medaka. Accordingly, the ontogenetic origin of dPGARH1 neurons is unclear.
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Projections and possible functions of GnRH1 neurons

In the present study, our results suggest that vBORH1 neurons can be divided into
at least two subgroups according to their projestitiypophysiotropic and non-
hypophysiotropic (Figure 1-9). The former is coesat to form the HPG axis in the
adulthood. Namely, in adult medaka, vPOA GnRH1 oesihave been shown to project
directly to the pituitary (Karigo et al. 2012a).rBusingly, | found that EGFP signal of
some hypophysiotropic GnRH1 neurons can be detétfedeniles as early as 10 dph,
and these neurons possessed similar morpholodiaghcteristics to those of the adult
vPOA GnRH1 neurons. It has been suggested that GiiRdtial stages plays roles in
development and/or maturation of gonadotropests(kKudo et al. 1994). Therefore,
vPOA GnRHL1 neurons that send projections to thétpily in medaka are possibly
involved in development and/or maturation of gortemjzes during juvenile stages.

| clearly showed that a population of vPOA GnRHLImNs project to the pituitary
(hypophysiotropic GnRH1 neuron; see also (Karigal €2012a)), and that this
projection emerges as early as 10 dph.

On the other hand, the non-hypophysiotropic vPOARBh neurons projected to the
optic nerves and OT. These projections may indiaatessible role for the subpopulation
of GnRH1 neurons in the modulation of visual infatman processing (also see below).
In medaka, neurons projecting to the retina, anogtetal neurons, have been
previously identified in six brain nuclei (Degudadtial. 2005): the TN ganglion, so
called preoptic retinopetal nucleus, dorsolatdralamus, dorsal and ventral portions
of the pretectal area, and the nucleus of the gosteommissure. However, the

identity of these neurons has not been clarifigd lyenay be suggested that the vPOA
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GnRH1 neurons with retinopetal projections, whidms\irst identified in the present
study, may at least partly comprise the preoptioopetal nucleus.
Proj ections and possible functions of GnRH3 neurons

TN GnRH3 neurons project widely and are involvedéuromodulation including

visual information processing

In the present study, | demonstrated a wide ptiojeof TN GnRH3 neurons in the
deep layer of OT. The TN GnRH3 neurons have alen lsbown by GnRH
immunohistochemistry to project to the optic neraed to the OT (Oka and Ichikawa
1990), which was suggested to be involved in mdehrieof visual information
processing. Furthermore, an electrophysiologiaalysin the OT of rainbow trout
(Kinoshita et al. 2007) have shown that GnRH2/GnRidBlication facilitated
excitatory postsynaptic currents in the deep I&€meurons, which were evoked by
stimulation of retinal fibers, thus showing possibkeuromodulation of tectal visual
inputs. On the other hand, it has been reportedliNaGNRH3 neurons also project to
the retina (Oka and Ichikawa 1990), and GnRH rewsmre expressed in some types
of retinal cells (Grens et al. 2005) of severaddsks. In addition, it was shown that
GnRH peptide modulate light responses of horizoredk in the retina via dopamine
release from interplexiform cells (Umino and Dowgih991). Taken together, in the
medaka, TN GnRH3 neurons are suggested to modusatal information processing
similar to some other teleosts.

TN GnRH3 neurons of medaka also projected to thems involved in sensory
information processing other than visual, fromalfactory bulb to more caudal regions.

It has been suggested that TN GnRH neurons modhifatgory information processing
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in the olfaction bulb (goldfish, (Kawai et al. 2Q1@nd the olfactory epithelium
(salamander, (Eisthen et al. 2000)). The OT, winiak shown to have robust projections
from TN GnRH3 neurons, is also known to be involiredomatosensory information
processing in vertebrates in general (Drager arfteHLO75, Tsurudome et al. 2005).
Thus, TN GnRH3 neurons are suggested to modulateugasensory information
processing by these wide projections.

Possible functions of thalamic GnRH3 neurons

| detected other subpopulation of GhnRH3 neuronikerventral region of the
rostralmost portion of the dorsal thalamus. Thdatinas is generally considered to relay
a wide variety of sensory information. In holocetde, it has been reported that
retinofugal fibers run through and tectal efferaxdns terminate in the dorsolateral
thalamus (Ito and Vanegas 1983, 1984), which agpedre close to the thalamic
GnRH3 neurons in the present study. | also fouatl thalamic GhnRH3 neurons
widely project to the caudodorsal region of brdins therefore possible that thalamic
GnRH3 neurons relay various sensory information.

In summary, | detected several subpopulationsrdRi&l and GnRH3 neurons
classified by their projection and distribution feahs usinggnrhl:EGFP medaka and
gnrh3:EGFP medaka. Also, | clearly identified the sous€éypophysiotropic GnRH
neurons as the vPOA GnRHL1 neurons. These findingsld serve as a strong

anatomical basis for the future functional analpéithe GnRH neuronal system.
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Figurelegends
Figurel-1

Constructs used to generate the transgenic menhesagnrh1:EGFP (A) and
gnrh3:EGFP (B). EGFP-coding sequence and polyadenylatgmal of the SV40 T
antigen gene (SV40 polyA) was fused to the 5’ flagkegion ofgnrhl/gnrh3 (5.5
kbp/5.8 kbp) along with the first exon gifirhl/gnrh3. An ISce-I recognition site was
added into the 5’-end of the 5’-flanking regiongnfhl and the 5'-flanking region of

cmlc2 was inserted into the 3’-end of tgerhl: EGFP construct.

Figure1-2

Specificity of EGFP expression in the adult braigirhl: EGFP medaka. Section
levels are indicated in panel A (lateral view o thrain; anterior is to the left). A
schematic illustration of the frontal section, umtihg the preoptic area (POA) (B2-6).
The red box in B1 indicates the region shown in@2dthough no signal is detected by
rabbit anti-EGFP antibody in wild type brain (BEjymunoreactive somata or fibers are
labeled ingnrhl:EGFP (B3). Co-localization of EGFP-immunoreacyiiB4, green)
andgnrhl mRNA expression (B5, magenta) with nuclear coustaining by Hoechst
33342 (B5, blue) was detected in the braigrohl:EGFP medaka (B6, white in

overlaid image). Scale bars indicatel28. POA: preoptic area.

Figure1-3
Specificity of EGFP expression in the adult brdigrh3: EGFP medaka. Section

levels are indicated in panel A (lateral view cé thrain; anterior is to the left). Light
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photomicrographs ajnrh3 mRNA signals fromin situ hybridization in the medaka
brain, with counter staining using neutral red @&I), GhnRH3 neurons are located in
the TN (B1) and ventral region of the rostralmasttion of the dorsal thalamus (C1).
The red box in B1/C1 indicates the region showB2r4/C2-4. GFP fluorescence in the
TN/thalamus is shown in B2/C2 (greegirh3 expression detected hnysitu
hybridization is shown in B3/C3 (magenta) with ctarrstaining by hoechst (blue), and
the overlaid image of B2/C2 and B3/C3 is shown #4i@}. Scale bars indicate 10
(B1, C1), 20um (B2—4, C2-4). DM: dorsomedial thalamus, OT: ofgictum, tel:

telencephalon, VM: ventromedial thalamus.

Figure1-4

EGFP expression in tlggrh1:EGFP transgenic medaka from 2.5 to 7.5 dpf.
Immunohistochemical detection of EGFP (A-D). Theketos were processed by
merging the sum of confocal microscopy data usifiggkd Photoshop (Al, B-D). 2.5
dpf (A). White arrowhead indicates GnRH1 neuron)(AZactin was labeled by
Rhodamine-Phalloidin to detect the boundary ofstinecture of the olfactory placode
and the forebrain and is shown in magenta (A2)isféh overlay image of one slice of
EGFP fluorescence and of Rhodamine-Phalloidin iabeh the same region as Al. 3.5
dpf (B). 4.5dpf (C). 7.5 dpf (D). Cyan arrowheadicates EGFP positive neurons
extending to the optic nerve, the caudal part ehdephalon, and the dorsolateral region
of diencephalons (D). The commissural fibers of @hReurons was observed

(magenta arrowhead, D) at 7.5 dpf. Scale bars pgn®QA—-D). OP: olfactory placode,
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FB: forebrain, POA: preoptic area. White brokem$inndicate the outlines of the eye,

olfactory placode, left hemisphere of the brairg pituitary (A-D).

Figure 1-5

EGFP expression in thggrh1:EGFP transgenic medaka 10 dph fry (A) and aduaiinbr
(B). These photos were processed by merging thénmuax intensity projection of
confocal microscopy data using Fiji and Photoshdp) (Cyan arrowhead indicates
EGFP positive neurons extending to the optic nahacaudal part of diencephalon,
and the ventrolateral region of diencephalons (Mihite arrowhead indicates EGFP
positive neurons projecting to the pituitary. Orargrowheads indicate EGFP-
expressing neurons in the midbrain at 4—7 dpf (l@du4C, D). The area corresponding
to panels A2 (ventral view) and A3 (lateral view)ioxed in panel Al. Subpopulations
of neurons are shown in pseudo-color in accordattethe axonal projections
determined by FluoRender (A2, 3). White: EGFP-eggirgg neurons projecting to the
pituitary. Cyan: EGFP-expressing neurons projediintpe ipsilateral dorsolateral
region of OT and mainly to the contralateral optcve. Green: spindle-shaped somata,
which appear to be in the process of migrationametstopped migration. Ventral view
of adult brain frongnrhl: EGFP medaka (B). OT: optic tectum, m: medidhteral, d:
dorsal, v: ventral, Scale bars =@ (A), 100um (B). White broken lines indicate the

outlines of the brain, and pituitary (A, B).

Figure 1-6
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GFP fluorescence gnrh3:EGFP medaka at 1.5 dpf (A), 2 dpf (B). These pheotere
processed by merging the maximum intensity prapectif slices of confocal
microscopy data using Fiji and Photoshop (A, B)a@warrowheads indicates trigeminal
ganglion neurons expressing EGFP (A). The area&spanding to panels A2 is boxed
in panel A1. White arrowheads indicate EGFP paositigurons in the olfactory placode
(B). F-actin was labeled by Rhodamine-Phalloididlétect the boundary of the
structure of the olfactory placode and the forebeaid is shown in magenta (B2). B2 is
an overlay image of one slice of EGFP fluorescemmzkof Rhodamine-Phalloidin
labeling in the same region as B1. OP: olfactoacpte, FB: forebrain, MB: midbrain,
TG: trigeminal ganglion. Scale bar = afh (A, B, C1) White broken lines in A and B1

indicate the shape of eyes, olfactory placode aauh.

Figure1-7

GFP fluorescence @gnrh3:EGFP medaka at 2.5 dpf (A), 3.5 dpf (B). Thesetpho
were processed by merging the maximum intensitjeption of slices of confocal
microscopy data using Fiji and Photoshop (A, B)e Bineas corresponding to the panel
A2/B2 (dorsal view) are boxed in panel A1/B1. Yallarrowheads (A) and neurons
(pseudo-color, A2) indicate GnRH3 neurons locatetl peside the eyes and caudal
regions of the optic nerves. Cyan arrowheads (Agmig) neurons (pseudo-color, A2,
B2) indicate GhRH3 neurons derived from non-olfagfgacodal origins (A, B). Fibers
of EGFP positive neurons originating from the difag placode are shown in white
(pseudo-color, A2, B2). EGFP positive neurons ofgaaglion and ectopic EGFP

positive fibers from optic nervs are shown in gré&p, B2). OP: olfactory placode,
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FB: forebrain, MB: midbrain, TG: trigeminal gangliom: medial, I: lateral. Scale bar =
50um (A1, B1), 10um (A2, B2). White broken lines indicate the shapeyes and

brain.

Figure1-8

GFP expression @nrh3:EGFP medaka at 4.5 dpf (A), just after hatching é&d
adult (C). B2 represents the data processed fronthi@ldorsal region containing
reticulated fibers of the OT and part of the opigcve were removed from the stack. B3
represents the data processed from B1 without rahwd\slices; fibers from optic
nerves are shown in white, and GnRH3 neurons id dhganglion and thalamus are
shown in magenta (pseudo-color, B3, B4). The apegesponding to panel B4 is boxed
in panel B3. Magenta arrowhead (B2) indicates casaaral fibers of EGFP positive
neurons of TN ganglia. Cyan arrowhead (B2) inde&&FP positive neurons in the
thalamus. EGFP- expressing fibers (C1) or GnRH3tpedibers (C2) in the OT were
detected by immunohistochemistry (C1/C2). Red anemus indicate the stratum
album centrale, blue arrowheads indicate stratbno$um et griseum superficiale (C1,
C2). FB: forebrain, MB: midbrain, TG: trigeminalmgglion, OT: optic tectum, d: dorsal,
v: ventral. Scale bar = 50m (A, B), 100um (C). White broken lines in A and B1

indicate the shape of eyes, brain and pituitary.

Figure 1-9
Schematic diagram of the development of EGFP- eging neurons from

gnrhl:EGFP (A) andgnrh3:EGFP (B) medaka. (A) Magenta, neurons projectintné
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pituitary; cyan, neurons in the POA projectinghe bptic nerves and diencephalon. (B)
Red, GnRH3 neurons in TN and the thalamus origigdtiom the olfactory placode,
migrating to the brain, and projecting broadlyhe brain; blue, GhRH3 neurons in the
thalamus originating in the brain; green, GnRH3roes in the trigeminal ganglion;
gray, retinal neurons expressing EGFP ectopicBiause these ectopic retinal fiber
projections interfere with the illustration of GnRiHeuron projections (red), we only
indicated these fibers (gray) in the right halttudé brain. During the late stages of

development, red and blue neurons appeared tddrenimgled.
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) Description of Source, Host Species, Cat. #, ]
Antigen Concentration Used
Immunogen Cloneor Lot#, RRID

) Drs. Kaneko and Hioki [Kyoto
Glutathione S-transferase - ] .
) ) University], rabbit polyclonal,
EGFP GFP fusion protein ) ) ) 0.3pg/mL
) ) described in Tamamaki et
synthesized b¥. coli

al.,2000
Synthetic salmon GnRH Dr. Okuzawa, [National
GNRH3 (Peninsula Lab., Inc., Fisheries Research Agency], Antiserum was diluted
Belmont, CA) bound to  rabbit polyclonal, described in  in PBST (1:10000)
bovine serum albumin Okuzawa et al., 1990

Table 1-1. Table of Primary Antibodies Used

36



Figure 1-1
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Figure 1-2
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Figure 1-8
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Figure 1-9
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Chapter 2

Functional analysisof GnRH, LH, and FSH in the HPG axis

regulation by using knockout medaka
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I ntroduction

Gonadotropin releasing hormone (GnRH) is widelyeated to be essential for
regulation of reproduction by stimulating synthesisl release of luteinizing hormone
(LH) and follicle stimulating hormone (FSH) in marals. A natural mutation i@nrh
gene causes a decrease in serum LH and FSH caateamgr which leads to infertility
in both male and female mice (Cattanach et al. L9&fgeted gene knockout (KO) by
using ES cell lines in mice revealed that LH/FSH mice are sterile with immature
gonads (Kumar et al. 1997, Abel et al. 2000, Mal.€2004).

However, such clear results seem to be limitedite pand general functions of
GnRH, LH, and FSH in vertebrates still remain uacl@lthough many studies have
shown that GnRH peptides increase release anditinessis of LH and FSH in various
species including amphibians and teleosts (DanaigdsLicht 1980, Breton et al. 1998,
Mananos et al. 1999, Weil et al. 1999, Dickey andu$son 2000, Karigo et al. 2012a,
Karigo et al. 2014). Unlike in mammals, many caatks for hypothalamic
neurotransmitters that can be directly involvethia regulation of gonadotropin
secretion have been reported in nonmammalian spexigz dopamine and gamma-
aminobutyric acid (GABA) (Yaron et al. 2003). Thug even do not know for sure
whether GnRH is essential and play a critical mol#he regulation of reproduction or
not in nonmammalian species.

LH and FSH are complex glycoproteifigaenziger and Green 1988), and the
functional analysis have lagged behind other sirpplgtide/protein hormones. In non-
mammalian species, it has been reported that thression level ofshr (FSH receptor

gene) increase at mid-vitellogenic (MV) stage cfugan development and that of LH
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receptorgene increase at full-growth (FG) follicle stage@brafish (Kwok et al. 2005).
Recently, some research groups have establishedheadifor synthesizing recombinant
glycoprotein hormones of teleosts, using Chinesester ovary cells (Ogiwara et al.
2013) or insect cells (Kamei et al. 2003, Aizeale007, Cui et al. 2007, Ko et al.
2007). By using such recombinant LH and FSH glyotgins, in vivo and in vitro
studies were performed (Kazeto et al. 2008, Hagiveaal. 2014). It is suggested in
non-mammalian species that FSH and LH play a rothe ovarian development and
ovulation like in mammalian species. However, tinection(s) of LH and FSH have not
been clarified yet in detail.

Here, teleosts have some advantages for the etiondsaf the essential components of
reproduction in the hypothalamus and the pituifesyn the following reasons. First,
LH and FSH are secreted from distinct cell popatsithat express those hormones
separately (Yaron et al. 2003, Kanda et al. 2Byt Yaking advantage of this, it has
been demonstrated thiatl and FSH cells show different [E% responses to GnRH
(Karigo et al. 2014). Second, it is expected teatdres common to teleosts and
mammals may be also common to the other vertebaste®ll, because teleosts are
evolutionarily distant from mammals. Among othemedaka is especially useful
because of the ease of genetic manipulations anaehlth of knowledge on
reproduction.

In Chapter 2, | analyzed the function(s) of GnRH, land FSH and their interactions
in medaka by using recently developed genome gdiéichniques; | generated and
analyzedgnrhl KO medaka. As LH and FSH are heterodimeric glyotsns, which

consist of common subunit and functionally unigygsubunit, LH3 and FSHB
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(Baenziger and Green 1988), | generated and arthplzenotypes dhb/fshb KO
medaka. Taken together with the previous literatupeoposed a dynamic interaction

scheme among GnRH, LH, FSH, and gonads.

M aterials and M ethods

Animals

Male and female wild-type d-rR medakaryzas latipes), gnrhl KO medakalhb KO
medaka andshb KO medaka ( see below) were maintained under la light, 10-h
dark photoperiod (lights-on at 08:00 h and lightfsab 22:00 h) at a water temperature
of 27°C. Female subjects were sexually mature (dttbn 50 days post hatching (dph)).
All experiments were conducted in accordance wWighgrotocols approved by the
Animal Care and Use Committee of the Universityfokyo (permission number: 15—
3).
Generation of KO animals

gnrhl/Ihb/fshb gene KO medaka were generated using TALEN. SpgeCALEN
target site were identified using an online todHZ: supplied by ZINC FINGER

CONSORTIUM;http://www.zincfingers.org/default2.htm). 5’ region of exon2 of

gnrhl (Fig. 1), 5 region of T exon oflhb (Fig. 2), and 5’ region ofsiexon offshb

(Fig. 3) were selected for target regiongafhl, Ihb, andfshb TALENS pairs,
respectively. Gene-specific TALEN constructs wesseanbled using Joung Lab REAL
Assembly TALEN kit (Addgene, Cambridge MA, USA) @ascribed (Sander et al.
2011). Each left/right TALEN mRNA pairs were traribed in vitro using mMessage

mMachine T7 Transcription Kit (Life Technologies)accordance with a manufacture
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protocol. EGFP mRNA was transcribed using SP6 ptemno linearized pCS2+EGFP
vector. TALEN solution containing left TALEN mRNAQ ngfiL), right TALEN
MRNA (20 ngjiL), EGFP mRNA (1-5ngiL; for screening) and 0.02 % phenol red in 1
x PBS were injected into the cytoplasm of one- stge fertilized eggs with intact
chorion. For screening, genomic DNA of candidasé fivere extracted from their
caudal fins using prepGem-tissue (ZyGEM, Hamilfday Zealand) and were used as
a template of real-time PCR for melting curve, equsencing analyses using genome
PCR primers described in the primer list (Tablel).
Immunohistochemistry

Three-month-old wild type and KO medaka were deaplgsthetized with MS-222
(Sigma, St. Louis, MO). Brains with its pituitaryeve fixed in 4% paraformaldehyde
(PFA) in 0.05 M phosphate-buffered saline (PBS)deernight at 4 °C. Fixed
specimens were immersed in PBS with 30 % sucraseg-#® hours, embedded in 5%
agarose (type IX-A; Sigma) containing 20% sucroseBS, then frozen in-hexane at
—80 °C. Serial frontal sections were cut ag@® thickness using a cryostat (Leica
CM3050S, Leica Microsystem Inc., IL). The cryosens were rinsed with 0.05 M
PBS with 0.5 % Triton X-100 (PBST), and then incigoawith rabbit anti-medaka
GnRH antiserum (1:10,000, specific to medaka GnR&é#tigo et al. 2012a); generous
gift from Dr. Okubo, The University of Tokyo, Tokydapan), anti-medaka LH
antiserum (1:10,00qOgiwara et al. 2013) ; generous gift from Drs. @ayia and
Takahashi, ), or anti-medaka FSH antiserum (1:10,(0Dgiwara et al. 2013) ; generous
gift from Drs. Ogiwara and Takahashi, Hokkaido Umsity, Sapporo, Japan) diluted

with PBST containing 10% normal goat serum for 8risaat RT. After washout with

50



PBST, the sections were incubated with biotinylagedt anti-rabbit IgG antibody
(1:200; Vector Laboratories, Burlingame, CA, USAutkd in PBST for 2 hours at RT.
They were then incubated with Vectastain Elite A@@ctor Laboratories) for 1 hour
at RT, washed in PBST, and then immunoreactivitg waualized with 3,3'-
diaminobenzidine and 0.03 %Ek.
Hematoxylin and eosin staining

The ovaries and testes were fixed with Bouin'stiweaat 4 °C overnight. After
fixation, each tissue sample was routinely proakssel embedded in paraffin, and
sections of &m thickness were stained with hematoxylin and e@i$k). Photographs
were taken with a digital camera (DFC310FX; Leicendsystems, Wetzlar, Germany)
attached to an upright microscope (DM5000B; Leidarbbkystems).
Ovariectomy and estrogen replacement

Ovariectomy and estrogen replacement were perfoamgueviously described
(Kanda et al. 2012). After the fish were anestleetiwith 0.02% MS-222, the ovaries
were totally removed with forceps (OVX). After tbperation, the OVX fish were kept
in 0.7% NacCl for one day without feeding, and ttramsferred to an aquarium, where
they were kept under the breeding condition deedrdbove. They were fed with 37
estradiol (E; Sigma, St Louis, MO, USA)-containing flake foamt £strogen treatment
(0.1pug E/day) (Kanda et al. 2008) for three days. Th#uitaries were collected at
2hours after administration ot By feeding at 5 days after OVX for real time PCR
samples.

Quantitativerealtime PCR
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Three-month-old medaka were deeply anesthetizdd®it2% MS-222, and the
pituitaries were collected for real-time PCR analyd 10:00 h. For ovariectomy and
estrogen treatment, three-month-old medaka wenglylaeesthetized with 0.02% MS-
222. Total RNA was extracted from the pituitarisgng the NucleoSpin RNA XS
(Takara, Shiga, Japan) according to the manufdstpretocol. Genomic DNA was
removed by deoxyribonuclease | (Ambion, Applied Bstems, Foster City, CA)
treatment on a column membrane. Total RNA was seviEanscribed with a High
Capacity PrimeScript Reverse Transcriptase (Takaregrding to the manufacturer’'s
instructions. For real-time PCR, the cDNA was afigdi using &KAPA SYBR FAST
gPCR Kit (Nippon Genetics Co, LTD, Tokyo, Japanjivihe LightCycler 480 I
system (Rochéaylolecular Biochemicals GmbH, Mannheim, Germany)e Th
temperature profile of the reaction was 95 °C fonif, 45 cycles of denaturation at
95 °C for 10 s, annealing at 60 °C for 10 s, antéresion at 72 °C for 10 s. The PCR
product was verified using melting curve analy$ise data was normalized to a
housekeeping gene, ribosomal protein s13 (rps1®.pfimer pairs used in the real-
time PCR are listed in Tablel.

Recombinant medaka LH administration

Three month olgnrhl’ or Ihb” female medaka were anesthetized with 0.02 % MS-
222 and were administrated with fillrecombinant medaka LH (rLH; 1:10 in PBS
(Hagiwara et al. 2014)) or vehicle (PBS) by Intndjo@eal injection (IP) at 11:00-
15:00, the predicted time of LH surge, which is18h before ovulation (lwamatsu
1978Db). Injected fish were pared with wild type hdoale medaka overnight and

ovaries of that were observed by HE staining antisd morning.
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Data Analysis
All data were expressed as the mean + SEM. Thédtsasiithe experiments involving

three groups in the wgnrh1*-, andgnrhl” were analyzed using steel test.
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Results

Generation of KO medaka lines

After incross and/or outcross with wild type, semgeeanalyses of homozygous or
heterozygous KO individuals were performed in #trgéted genes ghrhl™”, Ihb”,
andfshb”’ medaka (Fig. 2-1A, 2A, 3A). Deduced amino acid sages from these
genomic sequence are shown in Fig. 2-1B, 2B, andrBBgnrh1’- medaka completely
lack GNRH peptide sequence. Thb” andfshb”’” medaka produce peptides that is
different from Lhb and Fshb, respectively. Thesptiges are considered to be
nonfunctional, according to the previous reportagiiziger and Green 1988). | have
also shown by immunohistochemistry that each K@ latks protein encoded by
respective gene (Fig. 2-4). GnRH1 immunoreactivers could be detected in the
pituitary ofgnrh1*", but not in that ofnrh1” (Fig. 2-4A, B). LH and FSH positive cells
could be detected in the pituitarylbb* (Fig. 2-4D) andshb*" (Fig. 2-4C), but not in
that oflhb” (Fig. 2-4C) andshb™ (Fig. 2-4D), respectively. These results demotestra
that none of the KO line of medaka can producetfanal protein encoded by the
respective gene.

Fertility of gnrh1/Ihb/fshb KO medaka lines

Although all male medaka ghrh1”, Ihb”", andfshb” were fertile, all female medaka
of gnrh1”, Ihb”", andfshb” were sterile. Meanwhile, all femalesgfrh1*", Ihb*", and
fshb*"- were fertile. For further analysis, gonads of Ki@$ were sectioned and were
histologically examined by HE staining (Fig. 2-By predicted by their fertility, the
testis of each line normally grew up. On the otiand, although ovaries ghrh1’ and

Ihb”- were fully developed to show full-growth (FG) até vitellogenic (LV) follicle at
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90 dph, ovulation was not detected in the ovarfestber line. The development of
ovary offshb” was insufficient and was halted at the yolk acdatinn stage. No FG
or LV ovum was observed ishb” ovary even at 90 dph, when ovaries of other KO
lines and wt showed FG or LV follicle (Fig. 2-5hdse results demonstrate that FSH,
but not LH, is necessary for follicular growth aheé yolk accumulation of oocytes,
whereas GnRH1 and LH are necessary for ovulation.
Expression level of gonadotropin genesin gnrhl KO medaka

The expression level dfib andfshb mRNA in the pituitary ofnrhl KO line were
measured by realtime PCR (Fig. 2-6). There wasgroficant difference in either the
expression level dhb or fshb of gnrhl” as well agnrh1*- male, compared with that
of wt (Fig. 2-6A, C). Although there were no sigo#nt difference in the expression
level offshb of gnrha”-or gnrh1*- or wt female (Fig. 2-6D), the expression leveltdf
in gnrhl” was significantly lower than that ghrh1*- or wt (Fig. 2-6B). To avoid the
secondary effects of serum estrogen, the expreksiets oflhb andfshb in gnrh
female were compared to those ofguth*’ under the condition of OVX+E (Fig. 2-6E,
F). It was shown that there is no significant difece in the expression levelfsiib
amonggnrhl”, gnrh1*-, and wt females (Fig. 2-6F). Meanwhile, the exgi@s level of
Ihb of gnrh1”’ was significantly lower than that of wt (Fig. 236Blthough there is no
significant difference between thatgfrh1*-and wt orgnrhl’. These results indicate
that GnRH1 plays an essential role in the stimoihatf LH secretion, while it is
dispensable for that of FSH secretion.
Sterility of gnrh1”- and Ihb’ wererescued by intraperitoneal (IP) injection of

medakarLH or PMSG
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As described above, bognrh1’ andlhb’ female failed to ovulate, although their
oocytes were full of accumulated yolk (Fig. 2-5A11,). On the other hand, the oocyte
development of the ovary &hb”- was halted at the yolk accumulation stage (Fig.
5H1). These data suggest that FSH alone is suffitoe full accumulation of yolk, but
insufficient release of LH ignrh1” andlhb’” medaka prevents ovulation. To verify this
hypothesis, | tested whether IP injection of PMS@®@L#1 induces ovulation ignrhl”
andlhb” medaka. It has been reported that rLH activates bitreceptor and FSH
receptor, whereas PMSG only activates LH receptonedaka (Ogiwara et al., 2013).
Although no ovulated ovum was detected in the owdignrhl” andlhb” after IP
injection of PBS as a control, ovulated ovum waeded in the ovary ajnrhl” and
Ihb”- after IP injection of PMSG or rLH (Fig. 2-7). Thubkese results strongly support

the above mentioned hypothesis.

Discussion

In Chapter 2, | used genome editing techniquesamee essentiality of the
component of the hypothalamo-pituitary-gonadal (MB&s regulation, i.e., GnRH and
two gonadotropins, LH, and FSH. Here, | generat@dritedaka lines for each gene and
scrutinized their phenotypes. | could clearly destrate that LH release, which is
strongly suggested to be directly triggered by GnRHhecessary for ovulation in
female medaka. | demonstrated that FSH is necefsattye folliculogenesis, but that it
does not require GnRH regulation. On the other handexpectedly found that males
of all KO medaka were fertile, meaning that neithidrnor FSH release induced by

GnRH is not essential in male medaka. Thus, therstanding of the hypothalamic
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regulation of gonadotropins in medaka may open nevawindow towards
understanding the mechanisms of regulation of goinapin release, some of which are
common to all vertebrates, and some of which ate no
Thefunction of LH and FSH in teleosts

In the present Chapter, | have shown that FSH &htdve distinct roles in female
gonadal maturation; FSH is necessary for the dewedmt of follicles, whereas LH is
necessary for ovulation. fshb KO female medaka, folliculogenesis is halted at pr
vitellogenic (PV) stage. On the other handhin KO females, ovulation did not occur,
although the oocytes developed up to the FG-statielés. Moreover, | showed that a
single injection of rLh or PMSG, which strongly ixetes medaka LH receptor
(Ogiwara et al. 2013), induced ovulation. Thesediof evidence indicate that FSH is
required for oocyte development, whereas LH isrggddor ovulation.
The phenotypes of I|hb/fshb medaka provide evidencefor LH and FSH functions

A previous report demonstrated that FSH receffishr) gene KO female medaka is
infertile from the failure of ovarian maturatiom,which folliculogenesis was halted at
the small-follicle stage (Murozumi et al. 2014) eTéuthors also showed bysitu
hybridization that the expressionfsfir was detected in the layer of small and medium
follicles but not the large follicles, whereas theression ofhr was detected in alll
sizes of growing follicles (Ogiwara et al. 2013Wrfhermore, rLH, PMSG or
mammalian gonadotropins induced the ovulation idake in vitro (Iwamatsu 1978a,
Ogiwara et al. 2013). The previous results and neggnt ones are spatiotemporally
consistent; FSH is required for gonadal developmehile LH is required for final

maturation of the gonad.
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Therelationship between gonadotropin and gonadotropin receptorsduring
ovarian development

It has been reported that feméte KO zebrafish is infertile, even though the ovary
develops normally. On the other hafsghp KO zebrafish can eventually ovulate after
delayed development of ovari€&hang et al. 2015b). It should be noted that the
folliculogenesis is halted at pre-growth (PG) or $tslge in théshr KO zebrafish ovary
(Zhang et al. 2015a). Furthermore, Zhan and caliea@lso report thitr KO
zebrafish is fertile. This apparent discrepancy tmagxplained by promiscuous
relationship between ligands and receptors. In deheests, it has been reported that
LH acts on FSH receptor promiscuously (Ge 2005, Ketoal. 2005). Therefore, it is
conceivable that LH acts through FSH receptor @itth KO zebrafish (Duan and Liu
2015). Meanwhile, there is a disagreement in tealte in zebrafish and medakshb
KO female zebrafish was fertile (Zhang et al. 2Q1bhtfshb KO female medaka was
infertile in present study. There is a reporibgitu hybridization that the expression of
bothlhr andfshr was detected in both granulosa cells and thet¢siiodboth early and
late vitellogenic follicles in salmon (Anderssora&t2009), unlike in medaka (Ogiwara
et al. 2013). Although there is no such study ioraBsh, it is possible that such
expressional deference in gonadotropin receptoegenpromiscuousness of them may
lead to the species differences in the phenotypgeradotropin gene KO animals. It
should be clarified by spatiotemporal analysithofandfshr expression in the ovaries
of zebrafish.
GnRH1 has an essential rolein theregulation of reproduction via stimulation of

LH secretion
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Thegnrhl KO female medaka showed infertility, which cleadlgmonstrates that
GnRH1 has an essential role in the regulation mfa@uction at least in female. The
gnrhl KO female showed significantly low expressiortdf, which is considered to
have caused disability of preovulatory LH surge hadce infertility. However, it
should be noted that the expression levdsidf was normal. From the histological
analysis, the late-vitellogenic (LV) and FG foleslwere detected in the ovaries of both
gnrhl andlhb KO female medaka. Furthermore, administratior_bfinduced
ovulation in the ovaries of botinrh1 andlhb KO female medaka. These results
indicate that GnRH1 is essential for LH secretighich causes ovulation, but not for
FSH secretion in female medaka. Recent study iamaratory demonstrated that the
serum estrogen-dependent upregulatiognofr (GnRH receptor gene) expression in
LH cells may be an important trigger for ovulatierhich occurs when gonad is fully
mature in medaka. (Arai et al., 2015). This is ¢stesit with the previous report of our
laboratory that théhb expression is positively, whikshb expression is negatively,
regulated by ovarian estrogen in medaka (Kandh 2041). Taken together, my
present results can be considered to suggestltbeiftg sequence of events occurring
in the intact ovary; low serum concentration of@g¢n upregulates FSH secretion via
the negative feedback at early folliculogenesigestavhich induces gradual oocyte and
follicle development, and then leads to the seratrogen increase. The high serum
estrogen may finally increase GnRH-mediated LHa®tevia the positive feedback, and
the ovulation occurs.

Regulation by GnRH isdispensable for FSH secretion

59



In teleosts, several reports have shown that adtration of GhRH increase the serum
concentration of both LH and FSH in the rainbowtr{Breton et al. 1998, Mananos et
al. 1999, Weill et al. 1999) and the coho salmorkBy and Swanson 2000), and the
expression level of botmb andfshb in the male striped bass (Hassin et al. 1998) and
the common carp (Kandel-Kfir et al. 2002). Furtherejin vitro experiments have also
shown that GnRH increase the release of LH and ifSke goldfish (Khakoo et al.
1994), salmon (Ando et al. 2006), trout (Mananoal €1999), tilapia (Gur et al. 2002),
and catfish (Bosma et al. 1997). On the other hamds been reported that
administration of GNnRH increase the expressionlleivkhb but not that ofshb in the
European sea bass (Mateos et al. 2002). Giveniffeestht functions of LH and FSH as
shown above, it seems probable that secretion cdbdHFSH is regulated by different
mechanisms. Furthermore, it has been reported thaells and FSH cells show
different C&* responses to GnRH peptide in medaka; LH cells daster rise and fall
of [C&*]i, compared to FSH cells (Karigo et al. 2014). Takgether with these
previous reports, the results of Chapter 2 inditzat there is an essential and robust
regulation of LH secretion by GnRH1 neurons, whdgulation by GnRH is
dispensable for FSH secretion. Yet, there may berdactors except GnRH that
regulates FSH secretion in the hypothalamus (Yatai. 2003).

Therole of gonadotropin in male teleosts

In medaka (present Chapter), it was shown that@limale medakafghb™, Ihb”,
gnrhl”) examined in the present study were fertile. loraish, it has been reported
that all the KO male fish examinesghb”, Ihb”", and double KOf¢hb”"; Ihb™), were

fertile, although spermatogenesis was delgy#@dng et al. 2015b). Mgnrhl KO
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medaka is the first report in non-mammalian ved&ds, it is reasonable that male
gnrhl KO medaka ashowed fertility, because GnRH is dispble for FSH secretion in
males.
Comparison of the functions of GnRH, LH, and FSH between mammals and
teleosts

In mammals, both LH and FSH is required for nordelelopment of the ovary and
testis (Abel et al. 2000, Ma et al. 2004). Moreo¥&nRH is required for the regulation
of secretion of both LH and FSH (Cattanach et@r.7). On the other hand, in teleosts,
FSH but neither LH nor GnRH is required for the @epment of ovary unlike in
mammals. Here, the tendency that FSH receptomisesged in follicles during the
early development of gonads, whereas LH receptmaisly expressed during the later
stages is widely observed in vertebrates includiagnmals and teleosts (Zhang et al.
1997, Donadeu and Ascoli 2005, Ogiwara et al. 20I8)s, the function of FSH and
LH receptors is considered to have been basicaltigerved, but the results of the
present KO medaka suggested a strategic differiertbe secretion of FSH and LH
between mammals and teleosts. In mammals, it hers dpenerally accepted that the
pulsatile gonadotropin release caused by puldatilRH release as the estrogen
negative feedback regulation is necessary for galrdel/elopment in both male and
female (Knobil 1980). This pulsatile GnRH releaseeicently suggested to be regulated
by kisspeptin neurons in mammals (Mayer et al. 200&kabayashi et al. 2010). On the
other hand, in teleosts, FSH is required for gohdeaelopment, whereas LH or
hypophysiotropic GnRH release is dispensable fariam development. These

differences can be explained by the emergencepairate FSH and LH cells in the
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teleost lineage, where FSH and LH release candadated completely independently
of each other, because they are expressed indisgil types (Yaron et al. 2003, Kanda
et al. 2011). It has been known thatt, fshb and thyroid stimulating hormorizgenes
(tshb) branched from the common ancesgigtoprotein hormon@ gene (Uchida et al.
2013). Presumably, the function of LH and FSH wifferdntiated during the
evolutionary process, but the differential regulatof their release expressed in the
same gonadotroph may have required more sophedicaéchanisms than the
functional differentiation of LH and FSH. In conslan, the differences in phenotypes
of gnrhl, fshb, and Ihb KO animals between teleosts and mammals may teéfec
evolutionary different strategies; teleosts hawtimct LH and FSH cells and their
differential regulation mechanisms, while mammasehdifferential release modes of

GnRH, pulsatile or surge, and their differentiguation mechanisms.
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Figurelegends
Figure2-1

Genomic and deduced amino acid sequence of wikel () and TALEN KOgnrhl
gene. A, Alignment of genomic DNA sequenceyaifhl open reading frame (ORF)
region of wt and gnrhl KO line. Underlines indicate left and right TALERrgets. B,
Alignment of deduced amino acid sequence of GnRidtypsor taken from genomic
data of wt an@nrhl KO line. Underline indicates a region in which amiacids were

mutated. Shaded region indicates GnRH peptide segque

Figure2-2

Genomic and deduced amino acid sequence of wt Ah&N KO |hb gene. A,
Alignment of genomic DNA sequencelbb ORF region of wt and kob KO line.
Underlines indicate left and right TALEN targets.Aignment of deduced amino acid
sequence of LHb from genomic data of wt and IhblKk®. Underline indicates a region

in which amino acids were mutated.

Figure 2-3

Genomic and deduced amino acid sequence of wt Ab&N KO fshb gene. A,
Alignment of genomic DNA sequence fshb ORF region of wt and b KO line. B,
Alignment of deduced amino acid sequence of FSbilmfgenomic data of wt arfehb

KO line. Underline indicates a region in which amarcids mutated.

Figure 2-4
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Immunohistochemistry indicates thgarhl KO, Ihb KO, orfshb KO lines of medaka
do not produce respective mature proteins. ApBnunohistochemistry for GnRH1
in the pituitary ofgnrh1” (A) and wt (B) medaka. Arrowheads indicate GnRieifs
labeled by rabbit anti-mdGnRH1 antibody. C,D. immbistochemistry for LHb in the
pituitary ofIhb” (C) and wt (D) medaka. E,F. immunohistochemistrySH in the

pituitary offshb” (E) and wt (F) medaka. Scale barsis0

Figure 2-5

Hematoxylin and eosin-stained ovaries (90 dph)taatks (90 dph) ajnrhl, Ihb, or
fshb KO medakaA-J, ovaries at 90 dph (1) and testes of 90 dpl{@hrh1’ (A),
gnrh1*+(B), gnrh1**(C), Inb”(D), Ihb*"-(E), Ihb**(F), fshb”(G), fshb*(H), and
fshb*’*(J). PG; primary growth stage, PV; previtellogestiage, LV; late vitellogenic
stage; FG; full-growth stage, sg; spermatogoniasgermatocyte, and sz; spermatozoa.

Scale bars of ovary images indicate pD@. Scale bars of testis images indicatq.50

Figure 2-6

Expression level of gonadotropin genegiimhl KO medaka. A, B, expression level
of Ihb mRNA in the pituitary ofjnrh1*’*, gnrh1*-, andgnrhl’” in male (A. and female
(B). C, D, Expression level déhb mRNA in the pituitary ofnrh1**, gnrh1*-, and
gnrhl” in male (C) and female (D). E, F, Effects of OVixdeestrogen treatment on the
expression ofhb (E) fshb (F) mRNA in the pituitary ofnrh1**, gnrh1*-, andgnrhl™.

*p<0.05
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Figure2-7

Recombinant LH protein (rLH) induces ovulationgmrh1”- and Ihb’- medaka. A,B.
Histological section o§nrh1” ovaries IP injected rLH (A), or saline (B). C. Nbart of
ovulated eggs in gnrhl-/- medaka with or without$®/injection. D,E. Histological
section ofihb” ovaries IP injected rLH (D), or saline (E). F. Noen of ovulated eggs
in IThb”- medaka with or without PMSG injection. Arrowheanidicate ovulated egg.

Scale bars, 50am.
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Primer name

pur pose

sequence

gnrhlTALcheckSE gnrhl genome PCR, 5-TGTGTTCTGCAGGAATGGTGGTA-3
sequence primer
gnrhlTALcheckAS gnrhl genome PCR 5- GATGCTTACATTTTCCAGTGTGTTTGG
-3’
gnrhiTAL1I7WTSE gnrhl genome PCR 5- GGGCTGCTGCCAGCACT -3’
check
rpsl3 SE ribosomal protein 5-GTGTTCCCACTTGGCTCAAGC-3
subunit 13 (rps13)
gRT PCR
rpsl3AS rps13 qRT PCR 5'-CACCAATTTGAGAGGGAGTGAGAC-3’
gPCR LHb Fwnew Ihb gRT PCR 5-AGGGTATGTGACTGACGGATCCAC-3’
gPCR LHb Rvnew Ihb gRT PCR 5-TGCCTTACCAAGGACCCCTTGATG-3’

gPCR FSHb Fw fshb gRT PCR 5-TGGAGATCTACAGGCGTCGGTAC-3
new
gPCR FSHb Fw fshb gRT PCR 5-AGCTCTCCACAGGGATGCTG-3
new
Table2-1

The list of primers.
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Figure 2-1

A. ORF sequence of gnrh1

10 20 30 40 50 60 70

T N R U IDRRRR IDRR IR IORPR IO IR I I

gnrhl wt ORF ATGGTGGTAAAAACGTGGATGCCGTGGCTGCTGETGAGCTCGGTCCTGTCACAGGGCTGCTGCCAGCACT
gnrhl KO 7bp deletion ORF ATGGTGGTAAAAACGTGGATGCCGTGGCTGCTGETGAGCTCGGTCCTGTCACAGGGCTGC ACT
80 90 100 113—ALEN Ie.I:t120 130 140

T [ R U IDRRRR IR IR IO IO IR I I

gnrhl wt ORF GGTCATTTGGTCTGAGTCCTGGAGGGAAGCGAGAACTGAAATACTTTCCAAACACACTGGAAAATCAGAT
gnrhl KO 7bp deletion ORF GGTCATTTGGTCTGAGTCCTGGAGGGAAGCGAGAACTGAAATACTTTCCAAACACACTGGAAAATCAGAT
TALEN rlght 150 160 170 180 190 200 210

T [ R PR IDURRRN IR IO IR IO IR I I

gnrhl wt ORF TAGACTCCTTAACAGCAATACACCCTGCAGTGACTTGAGCCACCTGGAGGAGTCATCTTTAGCAAAGATT

gnrhl KO 7bp deletion ORF TAGACTCCTTAACAGCAATACACCCTGCAGTGACTTGAGCCACCTGGAGGAGTCATCTTTAGCAAAGATT

220 230 240 250 260 270 280

P [ [ R RO IR IR IO IO I
gnrhl wt ORF TACAGAATAAAAGGGCTTCTTGGGAGTGTAACTGAAGCAAAAAACGGATACCGAACATACAAATGATGTC
gnrhl KO 7bp deletion ORF TACAGAATAAAAGGGCTTCTTGGGAGTGTAACTGAAGCAAAAAACGGATACCGAACATACAAATGATGTC

290 300 310 320 330 340 350

P S [ R RO IR ISRV IO IO I
gnrhl wt ORF TGGTAAAATAACAAAGTGTCTCTACTGTATGGGATATTTGACTTTGATTGCTAATCGTGAATAAAAGCTG
gnrhl KO 7bp deletion ORF TGGTAAAATAACAAAGTGTCTCTACTGTATGGGATATTTGACTTTGATTGCTAATCGTGAATAAAAGCTG

360

e
gnrhl wt ORF TTTCTTCTGC
gnrhl KO 7bp deletion ORF TTTCTTCTGC

B. deduced peptide sequence of GnRH1

10 20 30 40 50 60 70

B O O [ e O e T e
gnrhl wt MVVKTWMPWLLVSSVLSQGCCQHWSFGLSPGGKRELKYFPNTLENQIRLLNSNTPCSDLSHLEESSLAKI
gnrhl 7bp deletion MVVKTWMPWLLVSSVLSQGCTGHLV*

signal peptide GnRH peptide
80 90
R I U I

gnrhl wt YRIKGLLGSVTEAKNGYRTYK*
gnrhl 7bp deletion
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Figure 2-2

A. ORF sequence of /hb

10 20 30 40 50 60 70
e N R A KA IO IO IO IO IO IVPRNRN SO
1hb wt ORF ATGATTTCCCGGGTTAGCAGAGTGATGTTTCTCCTCATGTTGAGTTTTATTCTAGGAACCTCAACTTTCC
1hb KO 8bp deletion ORF ATGATTTCCCGGGTTAGCAGAGTGAT TCATGTTGAGTTTTATTCTAGGAACCTCAACTTTCC
TALEN left TALENr@ht
80 100 110 20 130 140
e A O IR PR VRPN (VRPN SO
1hb wt ORF TCTGETCCCTGGCCCCTGCAGCGGCCTTCCAGCTGCCTTACTGCCAGCCAGTCAAGCAGAAGTTGTCTCT

lhb KO 8bp deletion ORF TCTGGTCCCTGGCCCCTGCAGCGGCCTTCCAGCTGCCTTACTGCCAGCCAGTCAAGCAGAAGTTGTCTCT

150 160 170 180 190 200 210

T T T [ [ P RO
1hb wt ORF GCAGAAGGAGGGCTGCTCTGGCTGTCATACGGTGGAAACCACTGTCTGCAGTGGCCACTGCCTTACCAAG
1hb KO 8bp deletion ORF GCAGAAGGAGGGCTGCTCTGGCTGTCATACGGTGGAAACCACTGTCTGCAGTGGCCACTGCCTTACCAAG

220 230 240 250 260 270 280

T T (R IR AR IO IR IV ISP IV I
1lhb wt ORF GACCCCTTGATGAAGATACGATCAATTCAGTACCAGAATGTGTGTACGTACCGGGACTTTTACTACAAGA
1lhb KO 8bp deletion ORF GACCCCTTGATGAAGATACGATCAATTCAGTACCAGAATGTGTGTACGTACCGGGACTTTTACTACAAGA

290 300 310 320 330 340 350

O [ [ PP SO
1hb wt ORF CATTTGAGCTTCCTGACTGCCTGCCTGGCGTGGATCCGTCAGTCACATACCCTGTGGCTCTGAGTTGTCA
1hb KO 8bp deletion ORF CATTTGAGCTTCCTGACTGCCTGCCTGECGTGGATCCGTCAGTCACATACCCTGTGEGCTCTGAGTTGTCA

360 370 380 390 400 410 420

T s O S [ [ PP B
1hb wt ORF CTGTGGAGCCTGCATCATGAACGCGTCTGACTGCACCTTTGAGAGCCTGCCACCAGACTTCTGCGTGARA
1hb KO 8bp deletion ORF CTGTGGAGCCTGCATCATGAACGCGTCTGACTGCACCTTTGAGAGCCTGCCACCAGACTTCTGCGTGAAA

430 440

N P I
1hb wt ORF CATGATTCTTTTTATTATTAG
1hb KO 8bp deletion ORF CATGATTCTTTTTATTATTAG

B. deduced peptide sequence of LHb

10 20 30 40 50 60 70
T R R (R ISAUR IDUUN IR IO

LHb wt MISRVSRVMFLLMLSFILGTSTFLWSLAPAAAFQLPYCQPVKQKLSLQKEGCSGCHTVETTVCSGHCLTK

LEb KO 8bp deletion MISRVSRVIHVEFYSRNLNFPLVPGPCSGLPAALLPASQAEVVSAEGGLLWLSYGGNHCLOWPLPYQGPL

80 90 100 110 120 130 140
T A (A IRAUR DU IRV IO

LHb wt DPLMKIRSIQYQONVCTYRDFYYKTFELPDCLPGVDPSVTYPVALSCHCGACIMNASDCTFESLPPDFCVK

LHb KO 8bp deletion DEDTINSVPECVYVPGLLLQDI®*

R
LHb wt HDSFYY#*
LHb KO 8bp deletion
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Figure 2-3

A. ORF sequence of fshb

10 20 30 40 50 60 70

fshb wt ORF ATGCAGCTGGTTGTCATGGCAGCTGCGTTGGTGCTGGCGGAAGTGGGGCAGGTCTCCAGCTTTTCCTGTC
fshb KO 2bp deletion ORF ATGCAGCTGGTTGTCATGGCAGCTGC - TGGTGCTGGCGGAAGTGGGGCAGGTCTCCAGCTTTTCCTGTC
TALEN left TALEN right

80 100 110 120 130 140
e e [ e O T I P O

fshb wt ORF ATCCCAAAAACGTCAGCATCCCTGTGGAGAGCTGTGGCATCAGCGGGTGCGTCCACACCACCATATGCGA
fshb KO 2bp deletion ORF ATCCCAAAAACGTCAGCATCCCTGTGGAGAGCTGTGGCATCAGCGGGTGCGTCCACACCACCATATGCGA
150 160 170 180 190 200 210

T e T e e

fshb wt ORF AGGACGGTGCTACCATGAGGATCCCAACTACATCAGCTATGAAGACCACCCTAAAGAAAAGATCTGCAGT
fshb KO 2bp deletion ORF AGGACGGTGCTACCATGAGGATCCCAACTACATCAGCTATGAAGACCACCCTAAAGAAAAGATCTGCAGT
220 230 240 250 260 270 280

S T e e O A I P I

fshb wt ORF GGGGACTGGTCCTACGAAGTTAAATTCATTGAGGGATGTCCAGTGGGTTTCAAATATCCTGTGGCCAARA
fshb KO 2bp deletion ORF GGGGACTGGTCCTACGAAGTTAAATTCATTGAGGGATGTCCAGTGGGTTTCAAATATCCTGTGGCCAAAA
290 300 310 320 330 340 350

T O [ T A (A

fshb wt ORF GCTGCGAGTGCACTACATGCAACACAAGAACCACATACTGCGGCCGACTTTCTGCAGACATGCCGAGCTG
fshb KO 2bp deletion ORF GCTGCGAGTGCACTACATGCAACACAAGAACCACATACTGCGGCCGACTTTCTGCAGACATGCCGAGCTG

fshb wt ORF TTAA
fshb KO 2bp deletion ORF TTAA

B. deduced peptide sequence of FSHb

fshb
fshb

fshb
fshb

10 20 30 40 50 60 70

e U (U (S AR (SRR [N IS IR

wt ORF MQLVVMAAALVLAEVGQVSSFSCHPKNVSIPVESCGISGCVHTTICEGRCYHEDPNYISYEDHPKEKICS
KO 2bp deletion MQLVVMAAAGAGGSGAGLQLFLSSQKRQHPCGELWHQRVRPHHHMRRTVLP*

80 90 100 110

wt ORF GDWSYEVKFIEGCPVGFKYPVAKSCECTTCNTRTTYCGRLSADMPSC*

KO 2bp deletion
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Figure 2-4

Immunohistochemistry for GnRH1

Immunohistochemistry for LH

Immunohistochemistry for FSH




Figure 2-5

A. gnrh1'

B.gnrh1*"

C.gnrh1*

D. Ihb™*

E. Ihb*"

F. Inb*™*

H. fshb™

|. fshb*"

J. fshb**
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Figure 2-6
A Expression level of lhb mRNA

Expression level of lhb mRNA
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Figure 2-7

A

gnrh1”
C  The number of spawned eggs
After injection | day] day?2 day3
20 IU PMSG 0 9 6
PBS 0 0 0
D
Ihb™

F  The number of spawned eggs

After injection | day1 day2 day3
20 U PMSG 0 21 2
20 IU PMSG 0 15 12
201U PMSG 0 9 4
201U PMSG 0 11 6

PBS 0 0 0
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Chapter 3

Functional analysis of kisspeptin signaling by using knockout

medaka of kisspeptin and kisspeptin receptor genes
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I ntroduction

In Chapter 2, | demonstrated that folliculogenesid ovulation is elaborately
regulated by the essential players that are contmeartebrates in general:
hypothalamic gonadotropin-releasing hormone (GnReéd)rons, pituitary luteinizing
hormone (LH), and follicle stimulating hormone (FSkith some difference in the
regulation mechanisms between mammals and telédtgever, it remains unclear
how the GnRH1 neurons, which is generally consiéoebe the final common
pathway in the HPG axis regulation of vertebrabetuiding teleosts, receives inputs
from gonadal steroids and alters its regulatiog@madotrophs (feedback regulation by
estrogen). It has been suggested that estrogeptoeae(er @), which is essential for the
estrogen feedback (Couse et al. 2003, Glidewellr¢gret al. 2007), is not expressed in
GnRH neurons (Herbison and Pape 2001), and th@ngexpressingra and directly
regulates the GnRH1 neurons have been called tiesifig link” for the estrogen
feedback. Meanwhile, a neuropeptide kisspeptirbeas found to fulfill the criteria for
the missing link, based on the following body ofdewce. Kisspeptin, coded rssl
gene, is a ligand for a G-protein coupled rece@®#R54) that is coded by a causative
gene for hypogonadism in mammals (Kauffman et@0.72. It has been shown that
synthetic kisspeptin peptide increases the seruroertdration of luteinizing hormone
(LH) invivo in several mammals (Smith 2013) and directly dejmda GnRH neurons
invitro (Han et al. 2005, Zhang et al. 2008) by activa@pg54 expressed by them
(Irwig et al. 2004). Furthermore, the expressioKissl mMRNA in KISS1 neurons
changes according to the serum estrogen level S¥hil. 2005). In fact, it has been

demonstrated that knockout (KO) of &Rene specifically in KISS1 neurons suppress
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the increase in LH after ovariectomy (OVX), whicbrmally occurs in wild type mice
(Mayer et al. 2010). Furthermore, estrous cycliergs disturbed by acute ablation of
Kissl-expressing cells (Mayer and Boehm 2011). Thusastbeen widely accepted that
kisspeptin neurons play a key role in the hypothaapituitary-gonadal (HPG) axis by
receiving estrogen feedback signal and modulatinBl&neuron firing in mammals
(Ohkura et al. 2009, Smith 2013).

There are two homologous genes coding kisspdpssi, andkiss2, one or both of
which is conserved in vertebrates except the aspacies (Lee et al. 2009b, Akazome
et al. 2010). It is unclear whether the kisspegigmaling that is dependent on the HPG
axis regulation has been lost specifically in awspacies or has appeared in mammals.
This is a critical question for the elucidationre§ulatory mechanisms of reproduction
that may be common to various vertebrate species.

In teleosts, it has been reported that the expmesdikissl or kiss2 in specific
neuronal population is changed by the serum estr@iganda et al. 2008, Servili et al.
2011, Kanda et al. 2012). Moreover, Kiss1 or Kigefrons in the hypothalamus
project to the preoptic area (POA), where hypopdtyspic GnRH neurons are localized
in medaka and zebrafish brain (Servili et al. 2044sebe et al. 2014). However,
accumulating evidence suggests that kisspeptin nloaegulate GnRH neurons in
teleosts. First, intraperitoneal (i.p.) injectidrkesspeptin did not induce serum LH
increase in goldfish (Karigo et al., 2012b), althbouhere are some reports in other
teleosts that serum LH tinb mRNA increased after kisspeptin i.p. injectionl{f-et al.
2009, Chang et al. 2012, Ohga et al. 2014). Seamdlein situ hybridization studies

failed to show co-localization ginrhl andgpr54 mRNA in a wide variety of teleosts,
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e.g. medaka, cichlid, and seabass (Grone et a0, Hxcobar et al. 2013, Kanda et al.
2013). Thus, it is still controversial whether kisptin is involved in the reproductive
regulation in vertebrates other than mammals.

In Chapter 3, | generated and analyzed KO medakkigspeptin genesgjssl and

kiss2, and kisspeptin receptor gengpt54-1 andgpr54-21, to examine functional

significance of kisspeptin signaling in the regulatof reproduction.

M aterials and M ethods

Animals

Male and female wild-type (wt) d-rR medakaryzas latipes) and knockout medaka
lines, established as described below, were maiedaunder a 14-h light and 10-h dark
photoperiod (lights-on at 08:00 h and lights-of2at00 h) at a water temperature of
27°C. Female subjects were sexually mature (olwger 60 days post hatching (dph).
All experiments were conducted in accordance Wiehgdrotocols approved by the
Animal Care and Use Committee of the Universityfokyo (permission number: 15—
3)
Establishment of medaka knockout lines

| generatedkissl gene KO medaka using TALEN (Sander et al. 201h)lew
generatediss2, gpr54-1, gpr54-2 KO medaka using CRISPR/Cas9 (Hwang et al.

2013), because some of the TALEN pairs did not workhese genes. The specific

1 |t has been reported in various vertebrate species that there are two paralogous genes
for kisspeptin (kiss1 and kiss2) and its receptor (gpr54-1 and gpr54-2). Medaka is known to
have all of these paralogous genes ((Akazome et al. 2010)
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TALEN and CRISPR/Cas9 target sites were identifisithg an online tool (ZiFiT:

supplied by ZINC FINGER CONSORTIUMittp://www.zincfingers.org/default2.hjm

Exon 3 ofkissl gene and exon 2 &fss2 gene, which codes the core sequence of
kisspeptin, were selected for target sites (FijA32A). Exon 4 ofgpr54-1 gene,

which codes the transmembrane region, was selémtéide CRISPR target site (Fig. 3-
3A). Approximately 50bp downstream of the first mehine ofgpr54-2 was selected
for the CRISPR target site (Fig. 3-4A). Gene-spediALEN constructs were
assembled using Joung Lab REAL Assembly TALEN Addgene, Cambridge MA,
USA) as described (Sander et al. 2011). TALEN cgdéygion was transferred to pCold
Il (Takara), which contains the cold shock prompitis- tag, and polyadenylation
signal. NiCo21 (DE3) E. coli cells (NEByswich, MA, USA) were transfected by
TALEN expression plasmid. TALEN proteins were pief by His-bind column (BIO-
RAD, CA, USA) and by Heparin chromatography (QIAGHENIden, Germany). For
generation of gRNA, Oligo DNA {Z2M) for gRNA listed in Table 3-1 were annealed
and ligated with gRNA expression vector (DR274; §elde) digested by Bsal (NEB)
according to Hwang et al., 2013. After cloning amgestion by Dral (NEB), gRNA

was transcribed by T7 polymerase (Roche). The G&NA was transcribed using
Pmel-digested Cas9 expression vector (MLM 3613;gkahe) by mMessage mMachine
T7 ULTRA kit (Life technologies). EGFP mRNA wasisxribed using SP6 promoter
in linearized pCS2+EGFP vector. TALEN solution @ning left and right TALEN
protein, or CRISPR/Cas9 solution containing gRNA.§IngfiL) and Cas9 mRNA

(300 ngpL), with EGFP mRNA (1-5ngiL; for validation of successful microinjection)

and 0.02 % phenol red in 1 x PBS were injectedtimocytoplasm of fertilized one-cell
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stage medaka eggs with intact chorion. Genomic NRA1 fish was extracted from the
caudal fin using Mag Extractor -Genome- (TOYOBO J©kyo, Japan) or prepGem-
tissue (ZyGEM, Hamilton, New Zealand) accordinghe respective manufacturer’s
instructions. Amplicon that include the target oegof each gene was generated by
PCR using LightCycler 480 SYBER Green | Master ()¢ Thunderbird SYBR gPCR
Mix (TOYOBO CO) and corresponding primers (Tabl8)3Candidate fish were
chosen by comparing the peaks of the melting curetseen wild type and F1 fish.
After PCR reaction, primers were digested by Extease | (Takara, Shiga, Japan), and
dNTPs were dephosphorylated by Shrimp Alkaline Bhatase (Takara). Amplicons of
the candidate fish were sequenced. F1 fish thatrhadtion were intercrossed.
Homozygous KO F2 fish were selected by genome seguas described above.
Quantitativereal-time PCR

Three-month-old medaka were deeply anesthetizdd®it2% MS-222, and the
pituitaries were collected for real-time PCR aneslyg 10:00 h. Total RNA was
extracted from the pituitaries using the NucleoSpitA XS (Takara, Shiga, Japan) or
the brain using the NucleoSpin Il (Takara) accagdmthe manufacture’s protocol.
Genomic DNA was removed by deoxyribonuclease | (fmpApplied Biosystems,
Foster City, CA) treatment on a column membran¢alT®NA was reverse transcribed
with High Capacity PrimeScript Reverse Transcript@&akara) according to the
manufacturer’s instructions. For real-time PCR,dD&A was amplified using
Thunderbird SYBR gPCR Mix (TOYOBO CO) &APA SYBR FAST gPCR Kit
(Nippon Genetics Co, LTD, Tokyo, Japan) with thghtiCycler 480 Il system (Roche,

Molecular Biochemicals GmbH, Mannheim, Germany)e Témperature profile of the
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reaction was 95 °C for 5 min, 45 cycles of dendionaat 95 °C for 10 s, annealing at
60 °C for 10 s, and extension at 72 °C for 10 € PER product was verified using the
melting curve analysis. The data was normalizeal housekeeping gene, ribosomal
protein s13 (rps13). The primer pairs used in #da-time PCR are listed in Table 3-3.
Hematoxylin and eosin (HE) staining

The ovaries and testes were fixed with Bouin'stiweaat 4 °C overnight. After
fixation, each tissue sample was routinely proakssel embedded in paraffin, and
sections of &m thickness were stained with hematoxylin and e@sk). Photographs
were taken with a digital camera (DFC310FX; Leicaidsystems, Wetzlar, Germany)
attached to an upright microscope (DM5000B; Leidarbbkystems).
Observation of courtship behavior

Circle dance, which is a specific and remarkabletship behavior of medak®no
and Uematsu 1957), of each pair was observed fomif@Gfter start of mating, which
was initiated by removing a transparent separagtwden male and female that had
been set from the previous night. Behavioral otetéya was done between 10:00 to
11:00 AM. The fertilization rate was calculatednréhe total number of fertilized eggs
divided by that of spawned eggs.
Open field test and diving test

Two types of white acrylic resin tanks were useteastanks in open-field and diving
test experiments: open field test tank (size ofitiner side, 15 cm square, water depth,
3cm, center region was defined as 7.5 cm squard)dizing test tank (size of the inner
side, 15 cm x 3 cm rectangle, water depth 15 cnfiasel region was defined as 6 cm

top of the tank). The temperature of the tank watzs at 23-25C. Medaka was softly
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put into the tank by using net. Animal behavior wesorded from above (open field
test) or from the side (diving test) using web cearend analyzed using software for
analysis of locus of movement (QtFish6; providednyHosokawa (Kyoto
University)).
Statistical analysis

All values are shown as mean = SEM. Expressiondaneasured by real-time PCR

were analyzed using Mann—-Whitney U test.

Results

Generation of KO medaka lines

After incross and/or outcross with wild type, semgeeanalyses of homozygous or
heterozygous KO individuals were performed in #trgéted genes éfssl™”, kiss2™,
gpr54-17, andgpr54-2- medaka (Fig. 3-1A, 2A, 3A, 4A). The sequence ahea
MRNA transcribed from respective gene was estimayegading PCR product of
cDNA reverse-transcribed from mRNA extracted frash forain of each KO line.
These changes in mMRNA sequence coincided withdhresponding genomic data (data
not shown). Deduced amino acid sequences from tiezsemic sequences are shown in
Fig. 3-1B, 2B, 3B and 4B. Thessl” andkiss2” medaka lacked kisspeptin core-
peptide sequence. Tlypr54-17- andgpr54-27- medaka produced peptides that are
different from Gpr54-1 or Gpr54-2 and lacked typicdaransmembrain structure,
respectively. These peptides are considered t@bfinctional, according to the
previous reports (Lee et al. 2009a). | used thetfist showed 11 base pair (bp)

deletion/2 bp deletion/10 bp deletion and 2 bpaegient/1 bp insertion in
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kiss1/kiss2/gpr54-1/gpr54-2 genes as representative knockout lines for
kiss1/kiss2/gpr54-1/gpr54-2, respectively.
Kisspeptin signaling is not necessary for the HPG axisregulation

To reveal the role of kisspeptin in the HPG axgputation of teleosts, | analyzed the
expression levels of gonadotropin genes, histotdgyonad, courtship behavior, and
fertility of each KO line medaka.

The expression level of gonadotropin genes

There was no significant difference in the exp@s$evel oflhb norfshb among all
generated KO lines of medaka (Fig. 3-5A-F).

M or phological analysis of gonads

The histology of HE-stained gonad of each KO lifésh and of wt fish is shown in
Fig. 3-6. The ovary of each KO fish normally deyed, with no difference from that
of wt (Fig. 3-6A1-F1). Full-growth follicle (FG) ahlate-vitellogenic follicle (LV) were
observed in the ovary of each KO fish. Also, tretiseof each KO line of fish normally
developed, compared with that of wt (Fig. 3-6A2-F2)ermatozoa (SZ) were observed
in the testis of each KO fish.

Fertility

To examine the fertility of each KO line of fishpbserved the courtship behavior,
spawning, and the ratio of fertilized eggs (Tab{) 3Each KO male medaka showed
circle dance, a characteristic courtship behavienedaka, toward its partner female
(Table 3-2). Moreover, spawning was observed i é&X@ medaka pair.

All of these results indicate that Kisspeptin sigiis not necessary for the HPG axis

regulation at least in medaka.
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Exploration of functions of kisspeptin neuronal system

In teleosts, the kiss1 neurons are roughly diviskemlanatomically distinct
populations, the one in habenula and the otheypothalamus/POA. kiss1 is reported
to be expressed in the habenular neurons thatgbttoj¢he interpeduncular nucleus
(IPN) (Ogawa et al., 2012, Hasebe et al., 2014)¢chvis suggested to be involved in the
emotional behavior (Matsumoto and Hikosaka, 200§ axon projections of Kiss1
neurons could be detected in the hypothalamus,hakiknown to be involved in
homeostatic regulations and the pituitary functiffgawa et al. 2012, Hasebe et al.
2014).

Observation of behavior

To explore functions of kisspeptin neuronal systemmotional behavior, | observed
behavior of KO medaka by open field test and divesj, and examined the change of
serotonin-related gengstl and solute carrier family 6, memberdic6ad), which are
reported to be changed by administration of Kig€3dawa et al. 2014). However there
is no significant difference in behavior (Figurg ®) and expression level of serotonin-
related genes (Figure 3-9).

Exploration of changesin gene expression in KO medaka

| examined changes in gene expressions in the bf&® medaka of genes for
Kisspeptin and their receptors by using real-tir@&PAmMong the genes in the pituitary
and the brain related to homeostasis, | foundttieexpression level of thyroid
stimulating hormone b2aghb2; Kitano et al. 2010) was increased in maks2/gpr54-2

KO medaka, compared with the wild type medaka (f@di10).
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Discussion

In Chapter 3, | used genome editing techniques,HMland CRISPR, and generated
KO medaka lines for kisspeptin-related genes. |aestrated thakissl/kiss2/gpr54-
1l/gpr54-2 KO medaka show normal expression levdhbffshb, gonadal development,
and fertility. These results clearly show that HfeG axis regulation in teleost is not
dependent on kisspeptin signaling, unlike that ammals.
The HPG axisregulation in teleostsis not dependent on kisspeptin signaling

Compared to the conventional knockdown methodstwibegenome editing
techniques mentioned above are reported to beichliygimproved in specificity and
reproducibility(Kok et al. 2015). Especially for the analysis dtih phenotypes, such
as reproduction, it is virtually impossible to apptorpholino oligo, because it is
reported to be digested within ~10 days after tigec Thus, at present,
TALEN/CRISPR should be the best method of choiceHe loss-of-function analysis
of kisspeptin signaling. There is only one knockdastudy of medakkissl andkiss2
during the developmental stagétodne et al. 2013). The present knockout medaka
study did not replicate the lethal phenotype obsgim the knockdown study. Although
we cannot rule out a possibility that functionalmensation occurred in
TALEN/CRISPR during development, it is more likehgcording to the previous
comparison of these methods (Kanda et al. 200&rividt al. 2010, Kok et al. 2015),
that small fragment(s) of artificial nucleotide®guced off-target effects. The
possibility of compensation ikissl or kiss2 KO medaka by their respective paralogue

is excluded by the results tHassl andkiss2 double KO medaka also showed normal
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fertility. The expression level dhb in each KO medaka showed no significant
difference from that in wt, unlike in mammals.

My present conclusion that the HPG axis regulaitioieleost is not dependent on the
kisspeptin signaling is also supported by resulth® morphological studies that the
expression ofjpr54-1 andgpr54-2 are not detected in hypophysiotropic GhnRH neurons
in teleosts (Grone et al. 2010, Escobar et al. 2Ra8Bda et al. 2013), and those of i.p.
Kisspeptin administration studies that it did matrease the serum concentration of LH
in goldfish (Karigo et al., 2012b). Furthermore zebrafish, which is phylogenetically
distinct from medaka (diverged ~245 million yeage aBroughton et al. 2013)),
knockout animals fokissl/kiss2/gpr54-1/gpr54-2 also showed normal reproduction
(Tang et al. 2015). Given these lines of evideitaeay be further suggested that
kisspeptin have minimum influence, if any, on tekle@production in general.

The HPG axisregulation by kisspeptin signaling may be specific to mammals

In mammals, kisspeptin neurons play an essentaimdhe HPG axis regulation by
receiving estrogen feedback signal and modulatinBl&release (Ohkura et al. 2009,
Smith 2013). On the other hand, my present reaunltisprevious ones in teleosts,
together with the fact that avian species comptdsalk kisspeptin-related genes,
strongly suggest that the HPG axis regulation Bgpeptin signaling may not be
common to vertebrates in general, but may have gadenather specifically in
mammalian lineage. Interestingly, in teleosts, Whian reproduce normally without
kisspeptin, kisspeptin expression of the kisspemtiron drastically changes in
accordance with serum estroggtanda et al. 2008, Servili et al. 2011), and tlaegions

project to the brain region near the GnRH neur&es\(li et al. 2011, Hasebe et al.
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2014). Thus, the only large difference in the kéggm systems in teleosts and
mammals is gpr54 expression in GNRH neurons. larotlords, the kisspeptin neurons
in non-mammalian species could contribute to repetidn only if gpr54 were
somehow expressed in GNRH neurons. As mammalsdkisgpeptin regulation of
GnRH neurons, they may have lost other importagulegory mechanism of
reproduction, which is important for the non-mamiaraliertebrates, and this may have
led to the essentiality of kisspeptin genes for mmatran reproduction. Several
regulator of GnRH and gonadotropins have been faundrious teleosts, such as
dopamine (Chang et al. 1984a, Chang et al. 198%4nI&wvska et al. 1985) and
gamma-aminobutyric acid (GABA) (Trudeau et al. 189Brudeau et al. 1993b). In
addition, inhibitory regulation of the secretion@hRH and gonadotropins by
gonadotropin-inhibitory hormone (GnlH; GnlH codiggne is the orthologous gene of
RF amide-related peptide 3 of mammals) is constrde important for the HPG axis
regulation in the avian speciébsutsui et al. 2010), which have completely lost
Kisspeptin genes. Becaudsep gene was shown to be dispensable for medaka
reproduction (Kaise et al., unpublished), anothgyartant regulatory system may exist
in medaka. Thus, the gene knockout technique afopeyptides is a very clear method
to find the essential regulatory component(s) pfeduction, which was actually used
to demonstrate the essentiality of GnRH1 in Chaptén summary, | propose that the
HPG axis regulation through kisspeptin signalinggscific to mammals, and that there
may be more ancestral and more conservative mexshés)iin the HPG axis regulation
that are common to various vertebrates.

Exploration of the unknown function(s) of kisspeptin
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Because the kisspeptin neurons were suggested hetitivolved in the HPG axis
regulation in non-mammalian species, the queshien arises: what are the unknown
functions of kisspeptin that are common to a widgety of vertebrates?

In teleosts, thé&issl neurons are roughly divided two anatomically distipopulations,
the one in habenula and the other in hypothalams/Rissl is reported to be
expressed in the habenular neurons that projebeté®N (Ogawa et al. 2012, Hasebe
et al. 2014), which is suggested to be involvethenemotional behavior (Matsumoto
and Hikosaka 2007). However riyssl KO medaka showed no significant difference
from the wild type in two typical “habituation testo examine the emotional change
(Karl et al. 2003, Matsunaga and Watanabe 201Q@haropen field test and the diving
test (Fig. 3-7, 8). It should be noted that loskisfl expression in the habenula was not
compensated biiss2, becaus&iss2 MRNA was not detected g situ hybridization in
the habenula ikissl KO medaka (data not shown)Kissl KO medaka, there was no
significant difference in serotonin-related genges] or slc6a4 (Fig. 3-9). My present
result thus apparently disagrees with a previopsrtén zebrafish thatissl is

important for the emotional changes and the ineréaserotonin-related gene
expression (Ogawa et al. 2014). However, this digmncy may be explained by the
difference in the method; they ablated Kiss1 nesiiaorthe habenula by using saporin,
whereas | eliminated Kiss1 expression in habenylkidsl knockout. In their
behavioral test, they used Kiss1 peptide injectibextremely low dose (£dmol in
~350 mg body weight) to cause suppression of aldrstance-induced fear response.
Unfortunately, the alert substance-induced fegyarse could not be observed in

medaka, and | could not perform similar behaviesgderiment in medaka. Behavioral
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experiments usingissl andgpr54-1 KO zebrafish may elucidate reasons for the
puzzling discrepancy mentioned above. Anyway, n@sent results indicate that Kissl
is not a major regulator of fear behavior at leéashedaka.

The axon projections of Kiss1 neurons could bedetkein the hypothalamus, which
is known to be involved in homeostatic regulatiang the pituitary functions (Ogawa
et al. 2012, Hasebe et al. 2014). By real-time R@&ysis, among the genes in the
pituitary and the brain, | found that the expressavel oftshb2 (Kitano et al. 2010)
was increased in makess2/gpr54-2 KO medaka, compared with the wild type medaka
(Figure 3-10). It has been reported that the esprasoftshb2 in the pituitary is
changed by day length, atathb2 has been suggested to be involved in seasonal
breeding of the stickleback (Kitano et al. 20103cBuse this increase was detected
even in the heterogenic KO medaka of these geadbef analysis is necessary. It has
also been reported that kisspeptin increase tkage| but not transcription, of
somatolactin in the pituitary of the goldfish (Jjeet al. 2014). Further analysis of the
present KO medaka should be the key to revealnkeawn functions of the kisspeptin

neurons that may be common to a wide variety debeates.
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Figure legends

Table 3-1

The list of oligo DNA for gRNA.
Table 3-2

Properties of reproductive functions of KO medakad.
Table3-3

List of primers for quantitative reverse transadptrealtime PCR (gRT PCR).
Figure3-1

Genomic and deduced amino acids sequence of witl(iyt) and TALEN knockout
kissl gene. A, Alignment of genomic DNA sequence of kiespen reading frame
(ORF) region of wt and kissl KO line. Underlines indicate left and right TALEN
targets. B, Alignment of deduced amino acids secgi@h precursor of Kiss1 from
genomic data of wt arkissl KO line. Shaded region indicates kisspeptin captipge
sequence. D; deletion, I; insertion, R; replacement
Figure 3-2

Genomic and deduced amino acids sequence of vkl (tyt) and CRISPR/Cas9
knockoutkiss2 gene. A, Alignment of genomic DNA sequencé&is$2 open reading
frame (ORF) region of wt andkéss2 KO line. Underline indicates gRNA target. B,
Alignment of deduced amino acids sequence of psecwf Kiss2 from genomic data
of wt andkiss2 KO medaka. Shaded region indicates kisspeptingeepequence. D;
deletion.

Figure 3-3
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Genomic and deduced amino acids sequence of wikl(iyt) and CRISPR/Cas9 KO
gpr54-1 gene. A, Alignment of genomic DNA sequencegpf54-1 open reading frame
(ORF) region of wt and gpr54-1 KO line. Underline indicates gRNA target. B,
Alignment of deduced amino acids sequence of psecwf Gpr54-1 from genomic
data of wt andjpr54-1 KO line. Shaded region indicates transmembraneagto (i M).
D; deletion.

Figure 3-4

Genomic and deduced amino acids sequence of witel(iyt) and CRISPR/Cas9 KO
gpr54-2 gene. A, Alignment of genomic DNA sequenceyaf54-2 open reading frame
(ORF) region of wt and gpr54-2 KO line. Underline indicates gRNA target. B,
Alignment of deduced amino acids sequence of psecwf Gpr54-2 from genomic
data of wt and@)pr54-2 KO line. Shaded region indicates transmembraneago (i M).
D; deletion, R; replacement.

Figure 3-5

Expression level of gonadotropin genes in KO medikaression level dhb (A)
andfshb (B) mRNA in the pituitary of wt maléissl” male, wt female, ankiss1™
female. Expression level tib mRNA in the pituitary okissl* kiss2”", kiss1* kiss2*",
kiss1’kiss2”, gpr54-1", gpr54-1*", gpr54-27-, andgpr54-2*"- male (C) and female (D).
Expression level oshb mRNA in the pituitary okiss1*kiss2”, kiss1*kiss2*", kiss1™
kiss2”, gpr54-17, gpr54-1*", gpr54-27, andgpr54-2- male (E) and female (F).
Figure 3-6

Hematoxylin and eoxin stained sections of ovar®&sdph) or testes (90 dph) kigsl,

kiss2, gpr54-1, or gpr54-2 knockoutmedakaA-F, Ovaries at 90 dph (1) and testes of 90
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dph (2) of wiA), kiss1”(B), kiss2’-(C), kiss1”" kiss2’- (D), gpr54-1"7-(E), andgpr54-2"-
(F). PG; primary growth, PV; previtellogenic, L\4té vitellogenic; FG; full-growth, sg;
spermatogonia, sc; spermatocyte, and sz; spernatSzale bars of ovary images
indicate 50Qum. Scale bars of testis images indicatq60
Figure 3-7

Open field test. A, Moving distance of lateral neotin one minute (min) for 10 min
of wt andkiss1”- medaka. B, Center stay time (seconds, s) for T0afivt andkissl™”
medaka.
Figure 3-8

Diving test. A, Moving distance of vertical motiaomone minute (min) for 10 min of
wt andkissl” medaka. B, Surface stay time (s) for 10 min ofwdkissl” medaka.
Figure 3-9

Expression level of serotonin-related gemet] andsic6a4, in kiss1”- medaka.
Expression level gpetl (A) andslc6a4 (B) mRNA in the brain of wt maléjssl”
male, wt female, ankissl’- female.
Figure 3-10
Expression level aishb2 genes in KO medaka. Expression levetishb2 mRNA in the
pituitary of male (A) and female (B). Aiss1”, kiss1*"kiss2”, kiss1* kiss2*", kissl”
kiss2”, gpr54-27-, gpr54-2*", gpr54-17, gpr54-1*, and wt male. Bkissl”, kiss1*"

kiss2™", kiss1*kiss2*", kiss1'kiss2”, gpr54-27, gpr54-2*", gprs54-1", and wt female.
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name purpose sequence

kiss2casoligo_2 1 kiss2 gRNA template 5-TAGGACGACTCTGCGGCAGGGG-3’

kiss2casoligo_2 2 kiss2 gRNA template 5-AAACCCCCTGCCGCAGAGTCGT-3

gpr54-1ex3-R-1 gpr54-1 gRNA 5-TAGGTCCACGCTCATGGCAGAC-3
template

gpr54-1ex3-R-2 gpr54-1 gRNA 5-AAACGTCTGCCATGAGCGTGGA-3
template

gpr54-2ex1 1F gpr54-2 gRNA 5-TAGGTGGGGGTCAACAGATCCG-3
template

gpr54-2ex1_1R gpr54-2 gRNA 5'-AAACCGGATCTGTTGACCCCCA-3’
template

Table 3-1. Oligo DNA list for gRNA.

genotype
male female male courtship number of pairs fertilization rate
behavior (number that laid eggs
of circle dance)
in 10 min

kiss1” kiss1” 3.5+1.6 (n=7) 417 97 % (n=4)
kiss2" kiss2” 3.2+1.2 (n=5) 3/5 100 % (n=3)
kissl” kiss2”~  kissl™” kiss2™" 2.240.90 (n=6) 3/9 100 % (n=3)
gpr54-17 gpr54-1" 8.1+2.5 (n=7) 3/7 78 % (n=3)
gpr54-27- gpr54-27 4.0+2.0 (n=6) 4/6 93 % (n=4)
wt wt 5.5+1.6 (n=4) 3/4 96 % (n=3)

Table 3-2
Properties of reproductive functions of KO medaka.
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Primer name

sequence

mdkissl check F1

kissl genome PCR,

sequence primer

5-CATGTGTTTCTCCTGCAGATAATGC-3

mdkissl check R1

kissl genome PCR

5-CGTTTCTTTATAGCCACAGGGTG-3

kisslhcheck11bpf2

kissl genome PCR

5-GAAGGAGTGGCCAAAGAGTG-3

check
Kiss2seq-3f kiss2 genome PCR 5-GGTAAAGTCTCCGCCTCCTC-3’
kiss2_check r3 kiss2 genome PCR, 5-AACGGGTTGTAGTTAAACTTGCTG-3

sequence primer

gpr54-1_check_f3

gpr54-1 genome
PCR

5- CAAAGACAAGAATTCTGTGTAAACTG-
31

gpr54-1 _check_rl

gpr54-1 genome
PCR, sequence

primer

5'- ATGGACACAGAGACGGCCAGAG -3’

gpr54-2-f2

gpr54-2 genome
PCR

5'- CCTGACACCATGCACTCCTC-3

gpr54-2_check rl

gpr54-2 genome

PCR, sequence

5-CTCCTTCCTCCTCATCCTCGT-3’

primer
rpsl3 SE ribosomal protein  5-GTGTTCCCACTTGGCTCAAGC-3’
subunit 13 (rps13)
gRT PCR
rpsl3AS rps13 qRT PC 5'-CACCAATTTGAGAGGGAGTGAGAC-3’
gPCR LHb Fw new Ihb gRT PCR 5-AGGGTATGTGACTGACGGATCCAC-3’
gPCR LHb Rv new Ihb gRT PCR 5-TGCCTTACCAAGGACCCCTTGATG-3

gPCR FSHb Fw new

fshb qRT PCR

5-TGGAGATCTACAGGCGTCGGTAC-3

gPCR FSHb Fw new

fshb gqRT PCR

5-AGCTCTCCACAGGGATGCTG-3

TSHb2-rt-SE tshb gRT PCR 5-ACTGCTACTCAAGGGATACC-3

TSHb2-rt-AS tshb gRT PCR 5-GAGGGCAGCCAGGAATATGAG-3

petl se gRT PCR 5'- GCGGAGGAAAGCTCATGTTC-3

petl as gRT PCR 5-AGGAACTGCCACAGCTGGAT-3

slc6ad se gRT PCR 5-CGTGACTTGGTCCAACTTATCC-3

slc6ad as gRT PCR 5-AGCTGGTGCAGACCTGATGA-3
Table3-3

The list of primers.
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Figure 3-1

A. ORF sequence of kiss1

kissl
kissl
kissl

kissl
kissl
kissl

kissl
kissl
kissl

kissl
kissl
kissl

kissl
kissl
kissl

kissl
kissl
kissl

wt ORF
11bp D ORF
5bp R & 7bp
wt ORF
11bp D ORF
5bp R & 7bp

wt ORF
11bp D ORF
5bp R & 7bp
wt ORF
11bp D ORF
5bp R & 7bp
wt ORF
11bp D ORF
5bp R & 7bp
wt ORF
11bp D ORF
5bp R & 7bp

ORF

ORF

ORF

ORF

ORF

ORF

10 20 30 40 50 60 70
R A RN ISR ISR IR IR IR NP (R
ATGGCGGCTCCACTAATAGTTGCTGTGATAATGGGGGCTGTGTTGGCACAGGTGTGGACCGCCCACCACC
ATGGCGGCTCCACTAATAGTTGCTGTGATAATGGGGECTGTGTTGGCACAGETGTGGACCGCCCACCACC
ATGGCGGCTCCACTAATAGTTGCTGTGATAATGGGGECTGTGTTGGCACAGGTGTGGACCGCCCACCACC

80 90 100 110 120 130 140

O O (Ot S AR IR ISR (VAR IO IV IV I
GCCATCAGTCCACCATCCACACTGAAGATAATGCTCTGCTCAAGATGCTGAGGAATTTCAACTACCTCTC
GCCATCAGTCCACCATCCACACTGAAGATAATGCTCTGCTCAAGATGCTGAGGAATTTCAACTACCTCTC.
GCCATCAGTCCACCATCCACACTGAAGATAATGCTCTGCTCAAGATGCTGAGGAATTTCAACTACCTCTC

150 160 170 180 190 200 210

S S R IR ISR (VAU ISR ISP IS I
TTCCTCCATGAAGGAGTGGCCAA AGAGTGATCGTTCATCTGATGGAGGGACTCCAATGGTGGG
TTCCTCCATGAAGGAGTG ATCGTTCATCTGATGGAGGGACTCCAATGGTGGE
TTCCTCCATGAAGGAGTGGCCAATCGTTCATCGGCGATCGTTCATCTGATGGAGGGACTCCAATGGTGGE
TALENZIZeOft 230 240 250 TAL%N rlght 270 280

P R O AR IR IR IR IR [P VPN (R
ATGCTGGATGGTGAAGGCGCTCCACCCTGTGGCTATAAAGAAACGCCAGGACTTGTCCTCATACAACCTA
ATGCTGGATGGTGAAGGCGCTCCACCCTGTGGCTATAAAGAAACGCCAGGACTTGTCCTCATACAACCTA
ATGCTGGATGGTGAAGGCGCTCCACCCTGTGGCTATAAAGAAACGCCAGGACTTGTCCTCATACAACCTA

290 300 310 320 330 340 350

P R A SRR ISR IR IR IR IO NP (R
AACTCTTTTGGTCTCCGTTATGGAAAATGACAGGTGTCTGCTTGTTTTCTCCTGGTTTGTTTGTTTCTGT
AACTCTTTTGGTCTCCGTTATGGAAAATGACAGGTGTCTGCTTGTTTTCTCCTGGTTTGTTTGTTTCTGT
AACTCTTTTGGTCTCCGTTATGGAAAATGACAGGTGTCTGCTTGTTTTCTCCTGGTTTGTTTGTTTCTGT

360
slosis]amas]
AAAATAAAATATTCA
AAAATAAAATATTCA
AAAATAAAATATTCA

B. deduced amino acid sequence of Kiss1

kissl
kissl
kissl

kissl
kissl
kissl

wt
1lbp D
5bp R 7bp T

wt
11bp D
5bp R 7bp T

10 20 30 40 50 60 70

MAAPLIVAVIMGAVLAQVWTAHHRHQSTIHTEDNALLKMLRNFNYLSSSMKEWPKSDRSSDGGTPMVGCW
MAAPLIVAVIMGAVLAQVWTAHHRHQSTIHTEDNALLKMLRNFNYLSSSMKE*
MAAPLIVAVIMGAVLAQVWTAHHRHQSTIHTEDNALLKMLRNFNYLSSSMKEWPIVHRRSFI*I

80 90 100

MVKALHPVATKKRQDLSSYNLNSFGLRYGK*

kisspeptin
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Figure 3-2

A. ORF sequence of kiss2

kiss2
kiss2
kiss2

kiss2
kiss2
kiss2

kiss2
kiss2
kiss2

kiss2
kiss2
kiss2

kiss2
kiss2
kiss2

kiss2
kiss2
kiss2

kiss2
kiss2
kiss2

wt ORF
2bp D ORF
5bp D ORF

wt ORF
2bp D ORF
5bp D ORF

wt ORF
2bp D ORF
5bp D ORF

wt ORF
2bp D ORF
5bp D ORF

wt ORF
2bp D ORF
5bp D ORF

wt ORF
2bp D ORF
5bp D ORF

wt ORF
2bp D ORF
5bp D ORF

10 20 30 40 50 60 70

T N (PR (R AR IR ISRRPUR IO ISR IR IO ISR
ATGACACGTGCGGTTGTGCTCGTGCTGTGCGCGCTGATCGCAGCTCAGGACGGEGGECGCGCGGCTGCTE
ATGACACGTGCGGTTGTGCTCGTGCTGTGCGCGCTGATCGCAGCTCAGGACGGEGGECGCGCGGCTGCTE
ATGACACGTGCGGTTGTGCTCGTGCTGTGCGCGCTGATCGCAGCTCAGGACGGEGGECGCGCGGCTGCTE

80 90 100 110 120 130 140

T e N (RO (U AR IR IORRPU IR ISR ISP IR IR
GTCTGGCCGCGCGGGACTCTGEGCAGCGGGACACACGCGACAGGTGTGCTGTGGATCCTCCGCAGGAGCGA
GTCTGGCCGCGCGGGACTCTGEGCACGGGACACACGCGACAGGTGTGCTGTGGATCCTCCGCAGGAGCGA
GTCTGGCCGCGCGGGACTCTGEGCACGGGACACACGCGACAGGTGTGCTGTGGATCCTCCGCAGGAGCGA

150 160 170 180 190 200 210

T N (U (U AR IR ISRRRR IR IV IR ISP IO
GGACGACTCTGCGGCAGGEGGEGCCGEECTGTGCTCGTCCCTGCGGGAGGACGACGAGCAGCTGCTGTGC
GGACGACTCTGCGGCA - - GGGEGCCGEECTGTGCTCGTCCCTGCGGGAGGACGACGAGCAGCTGCTGTGC
GGACGACTCTGCGG GGGGCCGEGCTGTGCTCGTCCCTGCGEGAGGACGACGAGCAGCTGCTGTGC

gRNAtmgm
220 230 240 250 260 270 280

S A A (RO (RN AU IR ISR IO ISR P ISP ISR

GCCGACCGCCGCAGCAAGTTTAACTACAACCCGTTTGEGGCTGCGCTTCGGGAAACGAGCTCCGCCCCCCA
GCCGACCGCCGCAGCAAGTTTAACTACAACCCGTTTGEGGCTGCGCTTCGGGAAACGAGCTCCGCCCCCCA
GCCGACCGCCGCAGCAAGTTTAACTACAACCCGTTTGEGGCTGCGCTTCGGGAAACGAGCTCCGCCCCCCA

290 300 310 320 330 340 350

S A R (RN (RN ENRR IR ISR IO ISR ISP IO IR
GAGGAGCGCACCGAGCGCGCGCCATGAAGCTCCCTCTGATGTCCCTGTTTCAGGAGGTGCCCACCTGAAC
GAGGAGCGCACCGAGCGCGCGCCATGAAGCTCCCTCTGATGTCCCTGTTTCAGGAGGTGCCCACCTGAAC
GAGGAGCGCACCGAGCGCGCGCCATGAAGCTCCCTCTGATGTCCCTGTTTCAGGAGGTGCCCACCTGAAC

360 370 380 390 400 410 420

N [ e T e T Y T e e P T T T T T
ACCCCCCCCCCCAGGATGTCAAGGACATGTGGGTGGGGAGGTGGGGGGTTAAAGGGTCACCCTTTTTGTA
ACCCCCCCCCCCAGGATGTCAAGGACATGTGGGTGGGGAGGTGGGGGGTTAAAGGGTCACCCTTTTTGTA
ACCCCCCCCCCCAGGATGTCAAGGACATGTGGGTGGGGAGGTGGGGGGTTAAAGGGTCACCCTTTTTGTA

430 440 450 460 470
O O [ RO RO AN VOPRUPRN EPRRPRRY PR (VUPRPIPRS [PV [P
CAGTGTTTGTGAAATTATTCCTAATCAAATCAACATGGAAATAAAAGAAAAAAAGTGA
CAGTGTTTGTGAAATTATTCCTAATCAAATCAACATGGAAATAAAAGAAAAAAAGTGA
CAGTGTTTGTGAAATTATTCCTAATCAAATCAACATGGAAATAAAAGAAAAAAAGTGA

B. deduced amino acid sequence of Kiss2

10 20 30 40 50 60

70

kiss2 wt MTRAVVLVLCALIAAQDGGRAAAGLAARDSGRGTHATGVLWILRRSEDDSAAGGAGLCSSLREDDEQLLC
kiss2 2bp D MTRAVVLVLCALIAAQDGGRAAAGLAARDSGRGTHATGVLWILRRSEDDSAAGGRAVLVPAGGRRAAAVR
kiss2 5bp D MTRAVVLVLCALIAAQDGGRAAAGLAARDSGRGTHATGVLWILRRSEDDSAGGRAVLVPAGGRRAAAVRR
80 90 100 110

T S [ IR ERORN [PPSR
kiss2 wt ADRRSKFNYNPFGLRFGKRAPPPRGAHRARAMKLPLMSLFQEVPT*
kiss2 2bp D RPPQQV*
kiss2 5bp D PPQQV*

kisspeptin
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Figure 3-3

A. ORF sequence of gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1
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gpr54-1
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gpr54-1
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gpr54-1
gpr54-1
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gpr54-1
gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

2bp

2bp

2bp

2bp

2bp

2bp

2bp

2bp

2bp

2bp

2bp

2bp

2bp

2bp

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

10 20 30 40 50 60 70

S T O (AR RN IR EOUURN IVUPRPR IDUPNY ISR VPPN [P IO
ATGTCTGCAGAACCGGCGACCATTGGGAGTCCGAACTGTGECTCTGCGTGCAACCTTTCCCTGGAGATCC
ATGTCTGCAGAACCGGCGACCATTGGGAGTCCGAACTGTGECTCTGCAGTGCAACCTTTCCCTGGAGATCC

80 90 100 110 120 130 140

S S T O (R SR IR SRR IVUPRR IDUPRNY ISR VPR IO IO
CAACGCCACCGCAGCTGGTCGACGCCTGETTGGTGCCCACTTTCTTCTGCCTCATCATGCTGGTCGGTCT
CAACGCCACCGCAGCTGGTCGACGCCTGETTGGTGCCCACTTTCTTCTGCCTCATCATGCTGGTCGGTCT

150 160 170 180 190 200 210

T O (AR RN IR SO IVUPRR IDUPRNY ISR VPPN [P IO
GGTCGGGAACTCGCTGGTCATACATGTGATCACGAAGCATCAGCAGATGAAGACTGTCACCAATTTCTAC
GGTCGGGAACTCGCTGGTCATACATGTGATCACGAAGCATCAGCAGATGAAGACTGTCACCAATTTCTAC

220 230 240 250 260 270 280

T S O (AR VAR IR SOV [PRPR IO
ATAGTCAATCTGGCTACTACTGACATCTTGTTCCTGGTGTGCTGCGTTCCCTTCACCGCCACTCTGTACC
ATAGTCAATCTGGCTACTACTGACATCTTGTTCCTGGTGTGCTGCGTTCCCTTCACCGCCACTCTGTACC

290 300 310 320 330 340 350

T T O (AR SR IR SO IVUPRR IDUPRNY ISR NP IR IO
CTCTGCCCAGCTGGATCTTTGGGGAGTTCATGTGCCGTCTGGTCAATTATCTACAACAGGTGACTGCGCA
CTCTGCCCAGCTGGATCTTTGGGGAGTTCATGTGCCGTCTGGTCAATTATCTACAACAGGTGACTGCGCA

360 370 380 390 400 410 420

T T O (AR SR IR SR IVUPRR IDURY ISR VPPN [P IO
GGCGACTTGCATCACCCTGTCTGCCATGAGCGTGGACCGCTGCTATGTGACGGTCTATCCTCTGCAGTCG
GGCGACTTGCATCACCCTGTG ATGGACCGCTGCTATGTGACGGTCTATCCTCTGCAGTCG

gRNA target
430 440 45 460 470 480 490

S T O (AR SR IR EOUARN IVUPRPR IDUPRRY ISR VPPN IR IO
CTGCGACACCGCACCCCCTGCTTGGCTCTGGCCGTCTCTGTGTCCATCTGGATAAGCTCCTTGCTTCTGT
CTGCGACACCGCACCCCCTGCTTGGCTCTGGCCGTCTCTGTGTCCATCTGGATAAGCTCCTTGCTTCTGT

500 510 520 530 540 550 560

TS A O (AR [PUPRY IO NP IO
CCATCCCTGTGGTCGTGTACACCCGTCTAGAGGAAGGATACTGGT TTGGCCCACAGATTTACTGCAGCGA
CCATCCCTGTGGTCGTGTACACCCGTCTAGAGGAAGGATACTGGTTTGGCCCACAGATTTACTGCAGCGA

570 580 590 600 610 620 630

T A [ IR AR VU IR ISR SN IO
GGTCTTCCCCTCTGCTTTTGTCCAGAGAGCCTTCATCATTTACAACTTTTTGGCCATCTACCTCCTCCCC
GGTCTTCCCCTCTGCTTTTGTCCAGAGAGCCTTCATCATTTACAACTTTTTGGCCATCTACCTCCTCCCC

640 650 660 670 680 690 700

T A [ IR AU VORI IR ISR SN IO
CTTCTGACCATCGTTGCCTGTTACACCTTCATGCTCAAGCGCATTGGCCGACCCAGTGTGAATCCCATCG
CTTCTGACCATCGTTGCCTGTTACACCTTCATGCTCAAGCGCATTGGCCGACCCAGTGTGAATCCCATCG

710 720 730 740 750 760 770

T T O (R SR IR SO IVUPRR IDUPNY ISR SNV IR IO
ACGGCAGCTACCAACTCCAGGCTCAGGCGGAGCGAGCAGCAGCCGTCCGAGCTCGAGTCTCCCACATGGT
ACGGCAGCTACCAACTCCAGGCTCAGGCGGAGCGAGCAGCAGCCGTCCGAGCTCGAGTCTCCCACATGGT

780 790 800 810 820 830 840

S T O (AR SR IR SRR IVUPRR IDURNY ISR VPPN [P IO
GAAGGTTATAGTGGTCCTCTTCCTCATCTGCTGGGGCCCCATCCAGTTCTGTGGGCTGCTGCAAGCTTTT
GAAGGTTATAGTGGTCCTCTTCCTCATCTGCTGGGECCCCATCCAGTTCTGTGGECTGCTGCAAGCTTTT

850 860 870 880 890 900 910

O (S A IO VAU IV ISR NP IV
GGCCTCCACAGCTACTTTCTATACAAACTAAAGATTTGGGGCCACTGCTTGTCCTACTGCAACTCCTCCA
GGCCTCCACAGCTACTTTCTATACAAACTAAAGATTTGGGGCCACTGCTTGTCCTACTGCAACTCCTCCA

920 930 940 950 960 970 980

T A [ IR AR VORI IR ISR SN IO
TCAACCCACTGGTTTATGCCTTCATGGGCAACAACTTCAAGAAGGCTTTCAAACATGCTTTCCCAGCCTT
TCAACCCACTGGTTTATGCCTTCATGGGCAACAACTTCAAGAAGGCTTTCAAACATGCTTTCCCAGCCTT
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gpr54-1
gprb54-1

gprb54-1
gpr54-1

gpr54-1
gprb54-1

gpr54-1
gprb54-1

gpr54-1
gprb54-1

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

wt ORF
10bp D

2bp R

2bp R

2bp R

2bp R

2bp R

990 1000 1010 1020 1030 1040 1050

P O R R VAN VRN VAP NP
TCTTCTGTGGCGCGCCAGGAGAAGAGTCCGGGTGGGACATTTAGACACGGAGGACGGCAGAGTCAGCAAC

ORF TCTTCTGTGGCGCGCCAGGAGAAGAGTCCGGGTGGGACATTTAGACACGGAGGACGGCAGAGTCAGCAAC

1060 1070 1080 1090 1100 1110 1120

T T S AR DR IR VRPN IO RPN IDRPRN IO IV
CACCCAAAGGAGAAGCTGAGCTGCATTTCCTTTCATCTGAGTCCTAAAGGCCACGCAGGCCGTTCATGCG

ORF CACCCAAAGGAGAAGCTGAGCTIGCATTTCCTITTCATCTGAGTCCTAAAGGCCACGCAGGCCGTTCATGCG

1130 1140 1150 1160 1170 1180 1190

P T T [ (O A I I I
GTGCGCTCATTTTTTATTAATAAACCTGCTCTGGAGTGGTGTGAACATAAACACATGATCAGAAAAGAGG

ORF GTGCGCTCATTTTTTATTAATAAACCTGCTCTGGAGTGGTGTGAACATAAACACATGATCAGAAAAGAGG

1200 1210 1220 1230 1240 1250 1260

P S A [ (AN PN PP IR I
AATATTTGTTCAAAGTTTCTAAAAGTCTGACAGACTTTAAGTCCTTGAAGCAGAAGCACACAGCCTCACA

ORF AATATTTGTITCAAAGTTTCTAAAAGTCTGACAGACTTTAAGTCCTTGAAGCAGAAGCACACAGCCTCACA

R P
TGATTCTT

ORF TGATTCTT

B. deduced amino acid sequence of Gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1

gpr54-1
gpr54-1

wt
10bp

wt
10bp

wt
10bp

wt
10bp

wt
10bp

wt
10bp

2bp

2bp

2bp

2bp

2bp

2bp

10 20 30 40 50 60 70

R R R (U (RN ERPRPRY IOUUPUN IR IV VPPN RPN IR
MSAEPATIGSPNCGSACNLSLEIPTPPQLVDAWLVPTFFCLIMLVGLVGNSLVIHVITKHQQMKTVTNFY
MSAEPATIGSPNCGSACNLSLEIPTPPQLVDAWLVPTFFCLIMLVGLVGNSLVIHVITKHQQMKTVTNFY

TMT

80 90 100 110 120 130 140

R R R (U (RN ERPRPRY IOUUPUN IR IV VPPN RPN IR
IVNLATTDILFLVCCVPFTATLYPLPSWIFGEFMCRLVNYLQOVTAQATCITLSAMSVDRCYVTVYPLQS
IVNLATTDILFLVCCVPFTATLYPLPSWIFGEFMCRLVNYLQQVTAQATCITL*

T™M2 ™3

150 160 170 180 190 200 210

R R R (U (RN ERPRPRY IOUUPUN IR IV VPPN RPN IR
LRHRTPCLALAVSVSIWISSLLLSIPVVVYTRLEEGYWFGPQIYCSEVFPSAFVQRAFIIYNFLAIYLLD

TM4 T™M5

220 230 240 250 260 270 280

T e O (U PR AN PPN [P IR
LLTIVACYTFMLKRIGRPSVNPIDGSYQLQAQAERAAAVRARVSHMVKVIVVLFLICWGPIQFCGLLQAF

T™M6

290 300 310 320 330 340 350

T e O (U PR AN PPN [P IR
GLHSYFLYKLK IWGHCLSYCNSSINPLVYAFMGNNFKKAFKHAFPAFLLWRARRRVRVGHLDTEDGRVSN

TM7

360 370 380

T R I IO IV
HPKEKLSCISFHLSPKGHAGRSCGALIFY*
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Figure 3-4
ORF sequence of gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

wt ORF
lbp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

wt ORF
1lbp I ORF
4bp D & 2bp

wt ORF
1lbp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

wt ORF
1bp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

wt ORF
1lbp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

wt ORF
1bp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

ORF

10 20 30 40 50 60 70

S T [ RN IO IOURRN IO IORIDR ISR IO IO IO IO
ATGCACTCCTCCTCCTCCAACGGGCTCTGGAACTCCACCGAGCAGGTGGGGGTCAACAGAT CCGAGGGC
ATGCACTCCTCCTCCTCCAACGGGCTCTGGAACTCCACCGAGCAGGTGGGGGTCAACAGATTCCGAGGGC
ATGCACTCCTCCTCCTCCAACGGGCTCTGGAACTCCACCGAGCAGGTGGGGE CAACGA CGAGGGC

gRNA target

80 90 100 110 120 130 140
T T O O O A O RO RPN AP ISP R
AACGTCTCCGGAGGGATGCATCTGGACGAGGATGAGGAGGAAGGAGATCAGCATCCCTTCCTGACCGATG
AACGTCTCCGGAGGGATGCATCTGGACGAGGATGAGGAGGAAGGAGATCAGCATCCCTTCCTGACCGATG
AACGTCTCCGGAGGGATGCATCTGGACGAGGATGAGGAGGAAGGAGATCAGCATCCCTTCCTGACCGATG

150 160 170 180 190 200 210

T RN VU ISR IORPNRY AR ISR ISR IVDY PN IV
CCTGGCTGGTCCCTTTGTTCTTCTCGCTCATCATGCTGGTTGGACTTGTCGGCAACTCTCTGGTTATCTA
CCTGGCTGGTCCCTTTGTTCTTCTCGCTCATCATGCTGGTTGGACTTGTCGGCAACTCTCTGGTTATCTA
CCTGGCTGGTCCCTTTGTTCTTCTCGCTCATCATGCTGGTTGGACTTGTCGGCAACTCTCTGGTTATCTA

220 230 240 250 260 270 280

P N PSP VR IPROR IPRAPR IR IV [PV IO IO I
TGTGATTTCTAAACACAGACAGATGAGGACGGCCACTAACTTCTACATAGCAAACCTGGCTGCCACTGAT
TGTGATTTCTAAACACAGACAGATGAGGACGGCCACTAACTTCTACATAGCAAACCTGGCTGCCACTGAT
TGTGATTTCTAAACACAGACAGATGAGGACGGCCACTAACTTCTACATAGCAAACCTGGCTGCCACTGAT

290 300 310 320 330 340 350

T T T T T (P e
ATCATCTTCTTGGTGTGCTGCGTCCCCTTCACCGCCACCCTGTACCCCCTACCTGGATGGATCTTCGGCA
ATCATCTTCTTGGTGTGCTGCGTCCCCTTCACCGCCACCCTGTACCCCCTACCTGGATGGATCTTCGGCA
ATCATCTTCTTGGTGTGCTGCGTCCCCTTCACCGCCACCCTGTACCCCCTACCTGGATGGATCTTCGGCA

360 370 380 390 400 410 420

P A PSR RO IPROPR IR IR IR IO I I
CATTTATGTGCAAGTTTGTTGCTTTTTTGCAGCAGGTGACAGTGCAGGCTACTTGTATCACCCTGACTGC
CATTTATGTGCAAGTTTGTTGCTTTTTTGCAGCAGGTGACAGTGCAGGCTACTTGTATCACCCTGACTGC
CATTTATGTGCAAGTTTGTTGCTTTTTTGCAGCAGGTGACAGTGCAGGCTACTTGTATCACCCTGACTGC

430 440 450 460 470 480 490
T T T T T P R
AATGAGTGGCGATCGTTGTTATGTGACCGTCTACCCCCTGAAATCTCTCCGCCACCGTACCCCAAAAGTA
AATGAGTGGCGATCGTTGTTATGTGACCGTCTACCCCCTGAAATCTCTCCGCCACCGTACCCCAAAAGTA
AATGAGTGGCGATCGTTGTTATGTGACCGTCTACCCCCTGAAATCTCTCCGCCACCGTACCCCAAAAGTA

500 510 520 530 540 550 560
T T O O O A PR IO IPUPRN PPN PPN IS
GCCATGATTGTCAGTATCTGCATTTGGATAAGCTCTTTCATACTGTCATCTCCGATCCTAATTTACCAAC
GCCATGATTGTCAGTATCTGCATTTGGATAAGCTCTTTCATACTGTCATCTCCGATCCTAATTTACCAAC
GCCATGATTGTCAGTATCTGCATTTGGATAAGCTCTTTCATACTGTCATCTCCGATCCTAATTTACCAAC

570 580 590 600 610 620 630
T N (U ISR EDUURRY AR IV ISR IV PN IO
GACTAGAGGAGGGATATTGGTACGGCCCGAGACAATACTGCGTGGAAAGATTTCCCTCAAAGCTTCACGA
GACTAGAGGAGGGATATTGGTACGGCCCGAGACAATACTGCGTGGAAAGATTTCCCTCAAAGCTTCACGA
GACTAGAGGAGGGATATTGGTACGGCCCGAGACAATACTGCGTGGAAAGATTTCCCTCAAAGCTTCACGA

640 650 660 670 680 690 700
S S (AR ISR VRN IR IDUPRPRY ISP IVRPRY ISP IO
GAGGGCCTTCATCCTCTACCAGTTCATAGCTGCGTACCTGCTGCCGGTGCTGACGATCTCCTTCTGCTAC
GAGGGCCTTCATCCTCTACCAGTTCATAGCTGCGTACCTGCTGCCGGTGCTGACGATCTCCTTCTGCTAC
GAGGGCCTTCATCCTCTACCAGTTCATAGCTGCGTACCTGCTGCCGGTGCTGACGATCTCCTTCTGCTAC

710 720 730 740 750 760 770
T O R R ISR VRN AR IR ISR IV PN IO
ACTCTGATGGTAAAAAGGGTTGGTCAGCCCACAGTGGAACCAATAGACCACCACTATCAGGTCAACCTTC
ACTCTGATGGTAAAAAGGGTTGGTCAGCCCACAGTGGAACCAATAGACCACCACTATCAGGTCAACCTTC
ACTCTGATGGTAAAAAGGGTTGGTCAGCCCACAGTGGAACCAATAGACCACCACTATCAGGTCAACCTTC

780 790 800 810 820 830 840

B T T T e T L T e T I

TGTCTGAAAGAACAATCAGCATCAGGAGCAAAGTCTCCAAGATGGTGGTGGTGATCGTTCTACTCTTCGC
TGTCTGAAAGAACAATCAGCATCAGGAGCAAAGTCTCCAAGATGGTGGTGGTGATCGTTCTACTCTTCGC
TGTCTGAAAGAACAATCAGCATCAGGAGCAAAGTCTCCAAGATGGTGGTGGTGATCGTTCTACTCTTCGC

850 860 870 880 890 900 910
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gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

wt ORF
1bp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

wt ORF
1lbp I ORF
4bp D & 2bp

wt ORF
lbp I ORF
4bp D & 2bp

T N R RN (AR AR IO IV IR ISP IO
CATCTGCTGGGGTCCCATCCAGATATTTGTCCTTTTTCAATCCTTCTACCCAAACTACCGTCCAAACTAC
CATCTGCTGGGGTCCCATCCAGATATTTGTCCTTTTTCAATCCTTCTACCCAAACTACCGTCCAAACTAC

ORF CATCTGCTGGGGTCCCATCCAGATATTTGTICCTITTTTCAATCCTTCTACCCAAACTACCGTCCAAACTAC

920 930 940 950 960 970 980

P T (O PO IR IR IR ISP (VPN I
ACAACCTACAAGATCAAGACATGGGCCAACTGCATGTCCTACGCTAACTCTTCAGTCAACCCCATCATCT
ACAACCTACAAGATCAAGACATGGGCCAACTGCATGTCCTACGCTAACTCTTCAGTCAACCCCATCATCT

ORF ACAACCTACAAGATCAAGACATGGGCCAACTGCATGTCCTACGCTAACTCTTCAGTCAACCCCATCATCT

990 1000 1010 1020 1030 1040 1050
P T POy A R AN AP SN [P
ATGGATTCATGGGGGCCAGCTTTCAGAAGTCCTTCAGGAAAATCTTCCCCTTCCTGTTTAAGCACAAGGT
ATGGATTCATGGGGGCCAGCTTTCAGAAGTCCTTCAGGAAAATCTTCCCCTTCCTGTTTAAGCACAAGGT

ORF ATGGATTCATGGGGGCCAGCTTTCAGAAGTCCTTCAGGAAAATCTTCCCCTTCCTGTTTAAGCACAAGGT

1060 1070 1080 1090 1100 1110 1120

T P A R [ AR IR IV IR ISP IO
CCGAGATAGCAGCATGGCCTCAAGGACCGCCAATGCCGAAATCAAGTTTGTGGCTGCAGAGGACGGGAAC
CCGAGATAGCAGCATGGCCTCAAGGACCGCCAATGCCGAAATCAAGT TTGTGGCTGCAGAGGACGGGAAC

ORF CCGAGATAGCAGCATGGCCTCAAGGACCGCCAATGCCGAAATCAAGTTTGTGGCTGCAGAGGACGGGAAC

1130

R [P
AATAATGACTGA
AATAATGACTGA

ORF AATAATGACTGA

B. deduced amino acid sequence of Gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gprb54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gprb54-2
gpr54-2

gpr54-2
gpr54-2
gpr54-2

gpr54-2
gprb54-2
gpr54-2

wt
l1bp I

wt
l1bp T
4bp D

wt
l1bp I

wt

4bp D

wt
l1bp I

wt
l1bp T
4bp D

2bp R

2bp R

2bp R

2bp R

2bp R

2bp R

10 20 30 40 50 60 70

U R U IDURRRN EVRURN IV IO IR IR IR IR
MHSSSSNGLWNSTEQVGVNRSEGNVSGGMHLDEDEEEGDQHPFLTDAWLVPLEFFSLIMLVGLVENSLVI Y
MHSSLCPDTMHS S SSNGLWNSTEQVGVNRFRGQRLRRDASGRG*
MHSSSSNGLWNSTEQVGATTRATSPEGCIWTRMRRKEISIPS*

80 90 100 110 120 TMZJBO 140

T e S S ISR VAR ISR [P B
VISKHRQMRTATNFYIGNLAATDIIFLVCCVPFTATLYPLEGWIFGTFMCKFVAFLOQVTVQATCITLTA

T™M2 T™M3

150 160 170 180 190 200 210

U R U IDURRRN EVRURN IV IO IR IR IR IR
MSCGDRCYVTVYPLKSLRHRTPKVAMIVSICIWISSFILSSPILIYQRLEEGYWYGPRQYCVERFPSKLHE

220 230 240TM4 250 260 270 280

T e S S IR AR ISR IO B
RAFILYQFIAAVLLPVLTISFCYTLMVKRVGQPTVEPIDHHYQVNLLSERTISIRSKVSKMVVVIVLLEA

TMS

290 300 310 320 330 340 TM6 350

T R RN VRN VRN IDUPURPRN IVRRPRN IDUPRPRN IR [P IR IR IR
ICWGPIQIFVLFQSFYPNYRPNYTTYKIKTWANCMS VANSSVNPIIVYGFMGASFORKSFRKIFPLFKHKVR

T™M7

360 370

R [P R
DSSMASRTANAEIKFVAAEDGNNND*
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Figure 3-5
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Figure 3-6
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Figure 3-7
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Figure 3-8

Diving test

moving distance in one minute
(mm)

surface stay time (s)

5000 -

4000 +

3000

2000 -+

® QXS Q9 0

N

7 A'/SS ””2‘9 47&8 “'2‘3 /f/ss “’z‘q '4/88 ””2‘5 47&8 ””2‘5 '4'/88 “’z‘) '47\98 Z’z‘e 4/\9\9 :'?z‘g '4'/88 "l’z‘/o I8 7,
0

0%&8&\,6%% ®

i

ﬁ”‘»u
< ) o*ooﬁ oo

time (min)

ey '4’/\9@ "Vz‘g é’@s Z’z‘y é/se 2”’2‘;{ é/ss “’2‘5 s "Zg '47&8/.“'2‘) '476\8/ *Vz‘@ '4'/\96\ :')2‘9 Hiss ”’z‘;oé’ss 7,

time (min)

103



Figure 3-9
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Figure 3-10
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General Discussion
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In the present thesis, | aimed to clarify what isimportant for the HPG axis regulation
in vertebrates, by focusing on the key components of the HPG axis regulation known in
mammals, i.e. GnRH, LH, FSH, and kisspeptin, with specia reference to the functional
conservation of its mechanisms. | demonstrated that FSH, LH, and GnRH functions are
roughly similar between mammals and tel eosts, with newly found significant
differences. | here emphasize the commonalities and specificities of the HPG axis
regulation | have shown in this study. In addition, | propose from the kisspeptin
knockout (KO) study that non-mammalian species like medaka may have an estrogen
feedback loop not dependent on kisspeptin neurons. These points will be discussed here
in General Discussion.

The commonality and specificity of the HPG axisregulation in vertebrates

| demonstrated that LH release triggered by GnRH is necessary for ovulation, and that
FSH is necessary for folliculogenesisin medaka. These observations were basically
consistent with their function, as suggested by their names. Given that the expression
level of Ihb and fshb is changed by serum estrogen level in fish (Yaron et al. 2003) asin
mammals, it is suggested that the basic HPG axis regulation mechanism may be highly
conserved in vertebrates especially in female. However, there are also severa
differencesin their functions. (1) GnRH effect on gonadotropin release is mediated by
hypophyseal portal vessel in mammals, whereas GnRH neurons directly innervate
gonadotrophs in medaka. (2) GnRH and LH are also essential for folliculogenesisin
mammals, whereas they are not essential in medaka. (3) Kisspeptin neurons are the
essential mediator of estrogen signal to GNRH neurons in mammals, whereas they are

not essential in medaka.
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While mammalian GnRH neurons project to the median eminence and release GnRH
peptide, which reach the gonadotrophs through the hypophyseal portal vessel (Charlton
2008), medaka GnRH1 neurons directly project to the pituitary, asin other teleosts
(Dubois et a. 2000, Ishizaki and Oka 2001). However, my analyses in both morphol ogy
and knockout phenotypes indicated that this difference does not change the function of
hypophysiotropic GnRH neuronsin stimulating LH secretion. | demonstrated that the
regulation of LH cells by GnRH neuron is essential regardless of their drastic
morphological changes.

In mammals, mutant of GnRH genes showed a striking decrease in expression level
and release of not only LH but also FSH (Cattanach et a. 1977) and insufficient
folliculogenesis. In contrast, my gnrhl KO medaka showed a decrease in |hb expression
level, but no change in fshb expression level and showed apparently intact preovulatory
follicles. It indicates that the GnRH regulation is not required for physiological level of
secretion of FSH in teleosts, unlike in mammals. Moreover, it should be noted that |hb
KO medaka as shown in the present study showed well developed gonad with
preovulatory follicles, while LH null mice showed insufficient gonadal development
(Maet a. 2004). Thus, | suggest that the function of FSH and LH is differentiated more
clearly in teleosts, compared to that in mammals.

Furthermore, | demonstrated that, unlike in mammals, kisspeptin signaling is not
necessary for norma HPG axis functions in medaka. However, it is presumable that
estrogen feedback regulation is conserved aso in teleosts including medaka, because
there are several literature reporting that the expression level of gonadotropin genes are

changed by serum estrogen level in several teleost species (Yaron et al. 2003, Kanda et
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al. 2011). Recent study in our laboratory also demonstrated that the serum estrogen-
dependent upregulation of gnrhr (GnRH receptor gene) expression in LH cells may be
an important trigger for ovulation, which occurs when gonad is fully mature in medaka
(Aral et a., 2015). This regulation can be one of the candidates for estrogen feedback
regulation in teleosts. They reported that GnRH neuron firing and probably GnRH
release do not change between breeding and non-breeding conditions, while GnRH
sensitivity of LH cells are the important switch for LH release. Thus, current results
indicate that in spite of high level of conservation of the mechanism of HPG axis
regulation as aregulatory system of reproduction in vertebrates, especialy in females,
thereis also adiversity between mammals and teleosts in the role of each component of
the HPG axis in gonadal regulation (Figure 4-1).

Estrogen negative feedback signaling for gonadal development and positive
feedback signaling for ovulation

In mammals, kisspeptin neuronsin the arcuate nucleus, which is also known as KNDy
neurons because they co-express neurokinin B and dynorphin in addition to kisspeptin,
are involved in the negative estrogen feedback and regulate pulsatile GnRH release,
which is suggested to be important for folliculogenesis in mammals (Wakabayashi et al.
2010). On the other hand, in contrast to many reports for the occurrence of LH surgein
mammals, (Ching 1982, Hatanaka and Wada 1988, Canosa et al. 2008), there has been
no clear evidence for pulsatile LH secretion in non-mammalian species. This difference
between mammalian and non-mammalian species may be related to the reason why
pulsatile LH release is essential for follicular growth in mammalian species but not in

non-mammalian species (chapter 2) as follows. From the results of my thesis, | assume
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that the HPG axis through kisspeptin signaling is required for the pulsatile LH release
during gonadal development only in tetrapod, because Lhb and Fshb are expressed in
the same cell in mammals. During immature stage of ovaries in mammalian species,
FSH regulation and pulsatile LH release simultaneously occur by the action of negative
estrogen feedback through kisspeptin-GnRH signaling, both of which promotes the
ovarian development (Mayer and Boehm 2011). After the development of the ovary,
surge release of GnRH and subsequent LH induces ovulation, by the action of positive
estrogen feedback (Smith 2013). By taking advantage of these differential modes of
GnRH release, pulse and surge, mammalian species successfully separate the regulation
of ovarian development and ovulation. On the other hand, in non-mammalian species
including teleosts (Yaron et al. 2003) , FSH and LH are distinctly expressed in separate
cellsin the pituitary, so that they can take advantage of it to use different regulatory
pathways. | propose that this may be the reason why teleosts do not need kisspeptin for
reproduction. It is strongly suggested that |hb and fshb may have been expressed in the
same cell in the common ancestor of teleosts and mammals, because Ihb and fshb were
originally duplicated from the ancestral glycoprotein hormone b gene (Uchida et al.
2013), and they should be expressed in asingle cell at the time of duplication. In fact,
LH and FSH are detected in the same cell in frogs (Pinelli et al. 1996) and some
tetrapods, leaving an exception, birds (Proudman et al. 1999). Given that kisspeptin
neurons express er a and project to the POA in medaka (Hasebe et a. 2014), where
GnRH neurons are localized (Chapter 1, (Abraham et al. 2010)) but not the kisspeptin
receptors in medaka (Kanda et a. 2013), it is presumable that the mammalian type of

Kisspeptin neuron-GnRH neuron circuitry should be complete only if kisspeptin
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receptor genes are expressed in GNRH neurons. Further studies of kisspeptin neuronsin
non-mammalian tetrapods should reveal the ancestral regulatory mechanisms and the
timing when Kisspeptin became essentia for reproductive regulation during the tetrapod
lineage.

Exploration of functions of kisspeptin neurons

Because | demonstrated that kisspeptin neurons are not involved in the HPG axis
regulation in non-mammalian vertebrates, the question then arises; what are the
unknown functions of kisspeptin that are common to awide variety of vertebrates?
| also demonstrated by real-time PCR analysis of multiple genesin pituitary and brain
that the pituitary expression of thyroid stimulating hormone b2 (tshb2) was increased in
kiss1/kiss2/gpr54-2 KO medaka compared to the wild type medaka. tshb2 in the
pituitary changes with day length and suggested to be involved in seasonal breeding in
stickleback (Kitano et a. 2010). Because this increase was detected even in heterogenic
KO of these genes, further analysisis necessary. Further analysis of these KO medaka
will be the key to finding the unknown functions of kisspeptin that are widely common
to awide variety of vertebrates.

In summary, by making the most of genetically modified animals, | elucidated the
essential components of the HPG axis. By comparing my results with those of the
previous reports, | proposed a hypothetical prototype of the HPG axis regulation of
common ancestors of teleosts and mammals. The commonalities and specificitiesin the
HPG axis regulation of reproduction | found in the present thesis will giveinsightsinto
the understanding of the evolutionary process of one of the most essential regulatory

mechanisms of life, reproduction.
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Figurelegend
Figure4-1

Schematic illustration of the HPG axis regulatory pathway of female reproduction in
mammal s and medaka (tel eosts). The circled numbers in the figure correspond to the
Chaptersin thisthesis. In mammals, GnRH increases secretion of FSH, which promotes
the early folliculogenesis and generation of LH pulse, which promotes the late
folliculogenesis (Kumar 2005). This GnRH release is negatively regulated by kisspeptin
neurons (negative feedback), in accordance with the increase of serum estrogen (Mayer
and Boehm 2011). On the other hand, in teleosts, FSH, instead of LH pulse, promotes
folliculogenesis up to the preovulatory follicle stage, which is not dependent on GnRH
(Chapter 2). After the increase of serum estrogen, LH surge, which istriggered by the
ventrolateral POA GnRH neurons (Chapter 1), induces ovulation. Kisspeptin was
demonstrated to be dispensable for folliculogenesis as well as for ovulation in medaka
(Chapter 3). Kisspeptin signaling may have other functions, e.g. expressional change of

tshb2 (Chapter 3).
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Figure 4-1
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