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Abstract

Reproduction is one of the most important and vital biological phenomena for all animals. In
most of vertebrate species, there are two sexes, female and male, and successful reproduction is
accomplished by coordinated occurrence of gonadal maturation for attaining fertility and smooth
execution of sexual behavior in conspecific individuals of other sex. For the regulation of such
phenomenon, sex steroid hormones released from mature gonads are supposed to serve as the
signals to convey the gonadal status to the brain in order to synchronize the activation of sexual
behavior with gonadal maturation, which is widely observed among vertebrate species. The
neuroendocrine regulatory mechanisms have been unraveled at neural/molecular levels in
mammalian species, on the other hand, little is understood in non-mammalian vertebrates
including teleosts.

In the present thesis, | aimed to elucidate the neuroendocrine mechanism that elicits the female
sexual behavior, using medaka as a teleost model, which have many advantageous features for
this study.

In chapter 1, I established open-source semi-automated behavioral recording/analysis suite for
analysis of sexual behavior of medaka. This analysis suite drastically reduced the time for the
analysis, and behavioral analyses can be performed more efficiently and sophisticatedly. It should
be noted that it is possible to apply it for almost all behavioral analysis, which contributes to the
progress of various fields of biology.

In chapter 2, I examined the possible involvement of a sex steroid hormone estrogen, which is
released from mature ovary, in the control of female sexual behavior. From the observation of
female sexual behavior after ovariectomy or pharmacological treatment, I found that estrogen has
an important and essential role in the activation of female receptivity. I also found that one of the

estrogen receptor subtypes esr2b deficiency caused severe defect in the female receptivity,



although esr2b-deficient female medaka shows normal gonadal function. Considering the
previous studies demonstrated that es»2b is expressed in the brain, it is suggested that esr2b-
expressing neurons play a crucial role in the activation of female receptivity in accordance with
signals from the gonadal estrogen.

In chapter 3, I explored the neural circuitry that elicits the female sexual behavior. Activity
mapping with an immediate early gene revealed that the neurons in ventral telencephalon
specifically show high neural activity during the spawning behavior but not during the reception
of courtship by male, and this neurons expressed a GABA marker gene, gadl.1, suggesting that
GABAergic inhibitory neurotransmission is involved in the spawning behavior in female, but not
in female receptivity. Furthermore, I found that esr2b-expressing neurons are closely located in
the GABAergic neurons and supposed to release the neuropeptides, NPB, CCK, and CNPI.
Interestingly, the genes of receptors for CCK and CNP1 were expressed in the ventral
telencephalic region where the above-mentioned GABAergic neurons were located. These
findings may suggest that the existence of local peptidergic neuromodulation between these two
populations in the ventral telencephalon, which contribute to facilitate the spawning behavior in
response to estrogenic signal.

Using medaka as teleost model animal, the present thesis revealed the neuroendocrine
regulatory mechanism that elicits the female sexual behavior in teleosts, which independently

controls the activation of female receptivity and facilitation of spawning behavior.
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General Introduction



Reproduction is one of the most vital and essential phenomena for all animals to leave the
offspring. Most of vertebrate species have two sexes, female and male, and successful
reproduction is accomplished by gonadal maturation for attaining fertility and smooth execution
of the sexual behavior at the best timing for fertilization. Such coordinated occurrence of gonadal
maturation and activation of sexual behavior is supposed to be precisely regulated by the central
nervous and endocrine systems that integrate and process various information from external
environments and physiological status of each individual. Actually, many vertebrate species show
seasonal breeding, during which animals perform sexual behavior in accordance with their
gonadal maturation [1, 2]. For such regulation, the sex steroid hormones released from mature
gonads are supposed to serve as signals for tuning the regulatory mechanism of sexual behavior
for successful reproduction in the brain. Thus, the sex steroid hormones play pivotal roles in such
neuroendocrine regulatory mechanisms to synchronize behaviors with the physiological
conditions, and this phenomenon is widely observed among vertebrates even though there is an
enormous diversity in the ecological niche, life history, physiological feature, morphology, and
behaviors.

For the regulation of the gonadal functions, hypothalamic(hypothalamo)-pituitary-gonadal
(HPG) axis is regarded as an important neuroendocrine and endocrine regulatory system in
vertebrates. Here, a well-known phenomenon called the sex steroid feedback is operative in which
sex steroid, especially estrogen, released from gonads regulates the upstream regulator in
hypothalamus as a feedback signal. In mammals, hypothalamic Kisspeptin neurons are considered
to directly regulate the neural activities of gonadotropin-releasing hormone (GnRH) neurons in
an estrogen-dependent manner [3-8], which results in the periodical folliculogenesis and
ovulation in female [9-11]. Although there are some differences in the precise mechanism,

accumulating evidence strongly suggests the importance of estrogen in the HPG axis regulation



in non-mammalian species as well [12-17].

It has also been suggested that the sex steroid hormones, especially estrogen, contributes to the
neural control of female sexual behavior, and not a few studies have been carried out to elucidate
that mechanism mainly using mammalian species. In 1968, Davidson et al. demonstrated that
estrogen administration reinstates lordosis behavior, a female-specific sexual behavior, in
ovariectomized-adrenalectomized female rats, which are devoid of sex steroid hormones and does
not perform lordosis behavior [18], suggesting that estrogen plays some crucial roles in the
activation of lordosis behavior in rats. In addition, the ventromedial hypothalamic nucleus (VMH)
has been suggested to be the target for the estrogenic signals, because VMH neurons express
estrogen receptors, and the electrolytic lesion of VMH disrupts, while electrical stimulation
facilitates, lordosis behavior in rats [19, 20]. It is revealed that estrogen receptor 1 (esrl)-
expressing neurons is involved in the activation of lordosis behavior in mice [21], and recent
studies using mice suggested that estrogen receptor 1 (esrl)-expressing neurons in the
ventrolateral part of VMH (VMHuI) are involved in promoting the lordosis behavior, although
optogenetic/chemogenetic acute stimulation of these neurons in ovariectomized female does not
elicit the lordosis behavior, suggesting that activation of stimulated neurons does not directly elicit
the lordosis behavior [22]. It has also been revealed that estrogen/esrl signaling is involved in
the activation of lordosis behavior by modification of the gene expression patterns and synaptic
connection of this neural population [22, 23]. As described above, in mammals, the neural
mechanisms that elicit the female sexual behavior, especially lordosis behavior, and its essential
modulation by estrogen, have been gradually unraveled at the neural circuit/cellular level.

On the other hand, in non-mammalian species, search for the neuroendocrine mechanisms
involved in the control of sexual behaviors have been conducted mainly using teleost fishes. Many

teleosts are seasonal breeder, which suggests the existence of a principal regulatory mechanisms



that synchronize the activation of sexual behavior with gonadal maturation in teleosts, probably
mediated by sex steroid hormones, although there are the diverse habitats and patterns of sexual
behavior in teleosts. Thus, it may be worth analyzing the neuroendocrine mechanism of a model
teleost for understanding the evolution of neuroendocrine mechanisms that control the sexual
behavior in teleosts. In addition to this, teleosts have been frequently used since the era of
Tinbergen and Lorenz, and neural mechanisms of teleost behavior have been interested for a long
time.

Unfortunately, however, available information is still limited compared to that in mammals. In
1980s, a couple of studies indicated that ventral telencephalon and preoptic area are involved in
the activation of sexual behavior in male goldfish (Carassius auratus) and female himé/kokanee
salmon (Oncorhynchus nerka), which are useful for such studies due to their steleotypical and
obvious patterns of sexual behavior [24-26]. Because recent studies have demonstrated in some
teleost species that these areas express genes for sex steroid hormone receptors [27-30], it may be
speculated that these nuclei contain neurons that play important roles in the activation of sexual
behaviors by receiving sex steroid signals in teleost. However, goldfish and himé/kokanee salmon,
which has were used for studying the brain regions involved in the activation of sexual behavior,
may have some technical limitations for further mechanistic analyses, mainly because of the
difficulty of applying various molecular genetic tools to these fish. Although zebrafish has most
frequently been used in the field of neuroscience because of its easy accessibility to various
molecular genetic tools, gene-knockout (KO) of sex steroid hormone receptors causes sex-
reversal [31], which makes it difficult to simply analyze the intrinsic effects of sex steroid
hormones on the brain functions that are involved in the female sexual behavior. Thus, further
analyses of the neural mechanisms that elicit sexual behaviors in female teleost have been difficult.

In order to overcome these technical limitations in the studies using teleost fishes, I used a model



teleost, medaka (Oryzias latipes), which has recently been intensively used for
neuroendocrinological analyses. Medaka has many advantageous features for the
neuroendocrinological studies; for instance, a wealth of information about their genome,
accumulating information on the mechanisms of neuroendocrine regulation of reproduction by
sex steroid hormones, and sophisticated experimental methods including various molecular
genetic tools [32, 33]. Furthermore, medaka shows stereotypic patterns of sexual behavior [34,
35], which gives us an easy access to quantitative behavioral analyses. By taking advantage of
these features of medaka, | performed multidisciplinary analyses to elucidate neural mechanisms
regulating the female sexual behavior in medaka.

In chapter 1, | established a suite of experimental system for behavioral analyses that should
enables us to perform efficient and sophisticated analyses by alleviating tasks and eliminating
human errors, using a single-board computer, Raspberry Pi™ in combination with Microsoft
Excel Macro. The analysis suite drastically reduced the times and laboriousness of the behavioral
analysis. By using this suite, | analyzed the sexual behavior of laboratory and wild strain medaka
and found a difference in sexual motivation in male, perhaps resulting from the influence of
domestication [36].

In chapter 2, | examined the possible involvement of estrogen and one of its receptors, estrogen
receptor 2b (Esr2b) in the activation of female sexual behavior in medaka by behavioral analyses
using the analysis suite established in chapter 2. | found that esr2b KO female medaka refused to
be clasped by male, thus did not perform the subsequent spawning behavior, egg release, although
they have normal gonadal function. The results suggest that esr2b-expressing neurons in the
female brain are involved in the activation of female receptivity.

In chapter 3, | explored the neural circuit that elicits female sexual behavior of medaka. |

histologically analyzed the gene expression patterns of the immediate early gene egrl during the



female sexual behavior in some experimental groups, and found an increase in egrl expression
in the ventral telencephalic region specifically in the individual that showed oviposition. RNA-
sequencing followed by histological analysis revealed that this neural population is GABAergic,
which suggests that tail-bending/oviposition behavior are activated by GABAergic neurons in the
ventral telencephalon. Interestingly, esr2b-expressing neurons, which are supposed to be involved
in the control of female sexual behavior, are closely located to these GABAergic neurons. In
addition, | obtained histological evidence to suggest the existence of functional anatomical
relationship (perhaps neuromodulatory) between these two neural populations. These findings
suggest that there is a local neural circuit in ventral telencephalon that is involved in the control

of spawning behavior for oviposition following activation of estrogenic signaling.
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Chapter 1

Establishment of open-source semi-automated
behavioral analysis system and
quantification of the difference of sexual

motivation between laboratory and wild strains
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Abstract

Behavioral analysis plays an important role in wide variety of biological studies, but behavioral
recordings often tend to be laborious and are associated with inevitable human-errors. It also takes
much time to perform manual behavioral analyses while replaying the videos. On the other hand,
presently available automated recording/analysis systems are often specialized for certain types
of behavior of specific animals. Here, I established an open-source behavioral recording system
using Raspberry Pi, which automatically performs video-recording and systematic file-sorting,
and the behavioral recording can be performed more efficiently, without unintentional human
operational errors. I also developed an Excel macro for behavioral annotation, which enables us
to easily perform behavioral analysis with simple manipulation. Thus, I succeeded in developing
an analysis suite that mitigates human tasks and thus reduces human errors. By using this suite, I
analyzed the sexual behavior of a laboratory and a wild medaka strain and found a difference in

sexual motivation presumably resulting from domestication.

12



Introduction

Animal behavior is one of the most important factors that represent the animal’s features, and
the behavioral analysis often gives a lot of information complementally to the other analyses using
methods in physiology, in vitro biochemistry, etc. In addition to the behavioral analyses of
wildtype animals, the recent development of genetic tools such as genome editing technology [37-
40] has increased the importance of analyzing behaviors of genetically modified animals as the
most salient phenotypes. Thus, the demands of behavioral analyses are increasing, and the easier
and more efficient method has been awaited.

So far, the majority of researchers have recorded the videos of animal behavior by using video
camera and manually annotated the behavioral events while replaying the videos [41-47].
However, simultaneous video-recording inevitably tends to be associated with human-errors with
increasing number of cameras. After video recording, it is also a confusing task to transfer the
data from multiple video cameras to a storage, change their filenames systematically, and
sometimes encode them. Furthermore, it is also painstaking to replay the entire video, pause and
identify each behavioral event, and manually record the timing and/or duration of each behavioral
event. Thus, the manual behavioral annotation takes much time. While there are some automated
recording/analysis systems for the solution of these problems [48-57], these are exclusively
designed for certain species and/or behavior, and such systems often may not be applicable to the
studies of non-model animals or rare behaviors. In addition, although commercially available
systems are convenient and sophisticated, they are often expensive. Thus, such conventional
onerous methods have been the only choice to analyze behaviors for many researchers.

In the present study, I established an open-source automated behavioral recording/file-sorting

system with a single-board computer, Raspberry Pi and performed behavioral analysis efficiently
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without unintentional human errors caused by experimental operations. Raspberry Pi is an
inexpensive credit card-sized computer, and we can remotely operate multiple Raspberry Pi at the
same time via wireless local area network (WLAN) connections. By utilizing them, I have
succeeded in automating a large part of experimental procedure of behavioral analysis: video-
recording by multiple cameras, file-naming, encoding, and transferring video data from multiple
cameras to a network-attached storage (NAS). In addition, Raspberry Pi can switch on and off
external devices via general-purpose input/output (GPIO) pins and a simple relay circuit, which
enables to automate simple experimental manipulations, such as feeding and illumination. This
customization reduced the experimental procedures and made efficient/reproducible analyses of
behaviors at low cost.

Furthermore, 1 established a Microsoft Excel macro for behavioral annotation. By using this
tool, it became possible to annotate the behavioral events by only pressing the assigned PC keys
when the behaviors of interest occur. As this tool makes manual notetaking unnecessary, the time
taken for quantification of the behaviors was drastically shortened. This tool also enables the
generation of raster plots that indicates the time course of the behaviors, thereby making it easier
to get an overview of the behavioral transition.

Using the combination of these two, the behavioral analyses can be carried out more efficiently,
and consequently it may mitigate human errors. In the present study, I analyzed and compared the
sexual behaviors of a laboratory and a wild strain of teleost medaka, and the time spent for the
analysis was drastically shortened compared to the conventional method. Here, 1 found a
difference in the sexual motivation between the strains probably caused by the different selection

pressure in the laboratory and the wild environments.
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Materials and Methods

Hardware

Two versions of Raspberry Pi, Raspberry Pi Zero W (Raspberry Pi Foundation, Cambridge,
UK) and Raspberry pi 3B (Raspberry Pi Foundation) installed with Raspbian (ver.3.1.1; latest
version of which is called Raspberry Pi OS) were used in the present study. Each component of
video-recording (hereafter “RP-units”) consists of a Raspberry Pi Zero W and a Raspberry Pi
Camera V2 (Raspberry Pi Foundation), which is a camera module designated for Raspberry Pi
(Figure 1-1A). I put them in the designated case for Raspberry Pi Zero W, Raspberry Pi Zero Case
(Raspberry Pi Foundation). To remotely operate RP-units, I built a WLAN including 16 RP-units
and a wireless rooter, WARPSTAR Aterm WR8370N (NEC, Tokyo, Japan) (Figure 1-1B). ANAS
(LS210DC; Buffalo INC., Nagoya, Japan) was also connected to this WLAN through an Ethernet
cable. I accessed and operated the RP-units through Secure Shell (SSH) remote login by using a
Windows PC that is connected to this WLAN.

For developing a system that operates external devices, Raspberry pi 3B, which is equipped
with GPIO pins, was used (Figure 1-1C). In the present study, I used a green LED lamp, an auto-
feeding device (Eheim auto feeder, Eheim, Deizisau, Germany), and an electric circuit including
9 V alkaline battery (6LR61Y(XJ), Panasonic, Kadoma, Japan) as external devices, and I
connected some of GPIO-output pins to a custom-made relay unit, which switches on and off
external devices by turning on and off the power to the circuit. The block diagram of the relay

unit is described in Figure 1-D. Video-recording was carried out by Raspberry Pi Camera V2.
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Software

All of the shell script for operating Raspberry Pi were Bash Unix shell, and the Python script
was written in Python (ver.2.7.13). For video-recording and file-sorting, I created a shell script
“Record.sh” (Figure 1-2). Record.sh runs a Python script “Camera.py”, which executes video-
recording during the recording period and with a camera resolution defined in it. Camera.py also
defines the file-names and saves the temporary files in a storage of the Raspberry Pi. By default
setting, each file-name of contains machine ID, date and time to run Record.sh. Machine ID is an
assigned number of each RP-unit written in a text-file “MachinelD”. Furthermore, Camera.py
includes scripts to operate external devices through GPIO. In this part, the trigger settings for
GPIO pins (signal output, the timing and duration of the signal) can be configured. Hence, once
Camera.py is run, video-recording, file-naming and GPIO interfacing are carried out according
to the script. After running Camera.py, recorded files in each RP-unit are moved to the NAS
storage. Note that conversion of the video file to another format was designed to be done
automatically by the main PC in this study. In case of Raspberry Pi 3B, this conversion can be
done in the Raspberry Pi itself before moving the video to the NAS. In my experience, Raspberry
Pi Zero W takes too much time to achieve format conversion because of its smaller CPU power.
I also created a shell script Setup.sh for cloning the RP-units easily. When Setup.sh is run,
interactive command line for setting the machine ID and IP-address appear in the terminal window.
After filling them in, Record.sh and MachinelD will be automatically generated. Although a PC
keyboard and a display are initially required during this step, they become unnecessary after that,
since all operations can be done via SSH remote login (See RP-units instruction web site

(https://github.com/Neuroendo-mdL ab/RP-units)).

I made a tool for behavioral annotation by using an Excel macro written in Visual Basic for

Applications (VBA), which is here called “Ethogramer”. In the worksheet- “SheetI” of the Excel
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macro, I made four columns and a cell for filling in the following settings: names of behavioral
repertoires indicating what we want to analyze (‘“Repertoires Name”), duration of behavioral
repertoires (“Continuous/Intermittent”), Color for drawing raster plots (“Color”), key for
recording behavioral repertoires (“Key”), and total time duration of the analysis (“Time (s)”)
(Figure 1-3A). For the behavioral annotation, I made a user-form (GUI window) “Analyze” that
was programmed to generate a worksheet (by default, sheet2,3,4...) for recording the data, based
on the settings defined in the worksheet “Sheetl”. After pressing “.” to reset the time, the
behavioral annotation was carried out by pressing the assigned PC keys based on the worksheet
“Sheet1”. After completing the behavioral annotation, the raster plot is generated by running
another user-form “Draw_Rasterplot”. The output for the raster plot was made in Encapsulated

Postscript (EPS) format. Since EPS is a text-based format for drawing a graphic, I converted the

timing information of each behavioral events to the line widths of the raster plots (Figure 1-3B).

Animals

Two strains of medaka (Oryzias latipes), d-rR and Kiyosu were used in the present study. Since
d-rR strain has been inbred over 50 years by the researchers, I treated them as a laboratory strain
that is influenced by the selection under the breeding environments. In contrast, Kiyosu was the
Sth generation of inbreeding of wild fish that had been caught in Toyohashi City, Aichi Prefecture,
Japan, and I treated them as a wild strain. In the both strains, female and male were paired and
maintained in fish tanks with water circulation (Labreed, IWAKI Co., Ltd., Tokyo, Japan) under
14-hour light/10-hour dark photoperiod (light on at 08:00 and off at 22:00) condition at a water
temperature of 27 + 2 °C. These were fed three or four times per day with live brine shrimp and/or
commercial flake food (Tetra Medaka-bijin; Spectrum Brands, Yokohama, Japan). All of the fish

maintenance and the experiments were conducted in accordance with the protocols approved by
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the Animal Care and Use Committee of the University of Tokyo (permission number 17-1).

Analysis of sexual behavior

The pairs of medaka that showed spawning for three consecutive days before the experimental
day were used. On the day before behavioral testing, the pairs were placed and habituated to
experimental tanks which had transparent bottom (15 % 15 cm) and white walls (Figures 1-4A-
C). The water depth was maintained at ~5 cm. Each pair of female and male were kept separated
until the analysis by putting a transparent perforated partition diagonally set across the tank. These
tanks were placed on a transparent acrylic plate, and their upper side was covered with a thin
white paper to spread the light evenly from above. The RP-units were put 20 cm under the acrylic
plate for each tank to record the behavior from ventral side of medaka. At 9:00 (1.0 hour after the
onset of the light period) of the following day, I ran Record.sh for each RP-unit by SSH remote
login. The camera resolution and framerate were set to 640 x 480 pixels and 15 frames per second
(fps), respectively in Camera.py. The partitions were slowly removed, then the interactions of
female and male were recorded for one hour.

By using Ethogramer, 1 identified the behavioral repertoires and annotated four behavioral
repertoires during the sexual behavior: following, courtship, clasping, and spawning (Figure 1-
4D), while replaying the first 30 minutes of the videos from the time the partition was removed,
with a playing speed of %2 (actual time required for playing is 15 minutes per videos). Each
behavioral repetoire was identified by referring to the previous studies [34, 35] (also see a brief
description of each behavioral repertoire in the Results section). I regarded and set following and
clasping as continuous behavior, while courtship and spawning as intermittent behavior when
using Ethogramer. After behavioral annotation for all four behavioral repertoires, I calculated the

following behavioral parameters: the latency to first following, the percentage of the time spent
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for following before spawning, the frequency of courtship before spawning, the percentage of
following with successful courtship before spawning, the number of clasping ceased by female
before spawning, and the latency to spawning. The parameters were calculated according to the

following formulae.

Percentage of time spent for following before spawning (%)

_ Cumulative time for following before spawning (min.) < 100
- Latency to spawning (min.)

Number of courtship

Frequency of courtship before spawning (min.”1) = Latency o spawning (min.)

Percentage of following with successful courtship before spawning (%)

_ Number of following with courtship in rapid succession % 100
- Total number of following

All of the analysis was performed by blind test.

Statistical analysis

All the values are presented as mean + standard error of the mean (SEM). Statistical analyses
and graph drawing were performed by using R (R Core Team 2020). All of the parameters except
for the latency to the first following/spawning were analyzed by Mann-Whitney U test and are
shown by the whisker and scatter plot. | used the beeswarm package (https://cran.r-
project.org/web/packages/beeswarm/index.html) to perform the scatter plot. The latency to the
first following/spawning was analyzed using Kaplan-Meier plot, and the differences between each

Kaplan-Meier curve were tested for statistical significance using Log-Rank test. The survival
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package (https://cran.r-project.org/web/packages/survival/index.html) was used to conduct

Kaplan-Meier plots. A P-value less than 0.05 was considered statistically significant.
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Results

Automated behavior recording system with Raspberry Pi enables efficient and reproducible
video-recordings

| established an automated behavioral recording system by using Raspberry Pi. Behavioral
recording was performed by running Record.sh through SSH remote login. In the present study,
I simultaneously accessed 16 RP-units and ran Record.sh for recording the sexual behavior of
medaka (described below in detail). After 1-hour video-recording, it only took approximately 30
minutes to perform required operatations automatically for all 16 videos, such as file-naming,
encoding and transferring data to the NAS storage (Figure 1-5). The 16 video files encoded in the
mp4 format were correctly named with the machine ID number and the current timestamp, and
stored in the NAS storage. The remote video-recording reduces unintentional human disturbances
against the animal behavior, and the automated systematic file-sorting function removes the risk
of the erroneous video data storage. In addition, since RP-units are small and easy to install, it
requires less space to perform behavioral experiments. In the present study,  made wooden frames
that can accommodate twelve tanks and RP-units and carried out simultaneous video-recording

of the sexual behavior of twelve medaka pairs in only 100 % 45 cm space (Figures 1-4A and B).

Behavioral annotation tool, Ethogramer enables easier and more informative behavioral
analysis

I developed Ethogramer, which enables behavioral annotation for all behavioral events of
interest by only pressing the assigned PC keys while replaying the video. | performed the
behavioral annotation of sexual behaviors of 16 pairs of medaka while replaying the first 30

minutes of the videos played at double speed (Figure 1-5). Also, | successfully analyzed the
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behavioral repertoires that last for certain time, following and clasping, by continuously pressing
the assigned key during these two behavioral repertoires. Since I gave the macro the function to
record the pressed time and duration of 40 keys (26 alphabet keys (a-to-z), ten numeric keys (0-
to-9) and four cross-keys (left/right/up/down)), the observers can assign up to 40 behavioral
repertoires and then theoretically annotate up to 40 behavioral repertories during the video replay.
Moreover, the raster plots that visualize the behavioral transition along the accurate time scale are
generated by only pressing the button. Also, I roughly estimated the time spent for the analysis
with or without these systems. In the conventional manual method, video-recording was
performed by home-video cameras, and I manually annotated the behavioral events. It was
painstaking to annotate the continuous behavior, following and clasping, because I must record
both the start and end timing of each behavioral event and calcurate the duration. It took
approximately 40 minutes per 30-minite videos, and then it is estimated that it should take more
than ten hours for the annotation of all 16 videos. In addition, since it is difficult to genereate the
raster plots by manual behavioral annotation, it will result in the lack of information to get an
overview of the behavioral transition. On the other hand, by using the system established in this
study, it is not necessary to switch on each video camera, transfer the video data and rename the
filenames. Behavioral annotation took approximately four hours, which is the same as the time
for replaying the 16 videos at double speed. Also, the present system allowed me to generate 16
raster plots indicating the behavioral transition of each pair, which makes the behavioral data

more informative. Thus, Ethogramer enables efficient and informative analysis of behaviors.
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The combination of the Raspberry Pi system and Excel macro enabled an efficient and
informative comparative analysis of the sexual behavior of medaka between laboratory and
wild strains

Here, | show the result of the comparative analysis of the sexual behavior of a teleost medaka
as a successful application of the combination of the Raspberry Pi system and Excel macro. Adult
medaka is a useful animal model for the studies of reproductive biology, behavioral neuroscience,
etc [6, 7]. Since the d-rR (domesticated rR) strain of medaka, which is one of the most frequently
used laboratory strains, have been empirically recognized to spawn readily compared with the
wild strain, and there is an anecdotal report that laboratory strain spawns more readily than the
wild ones, | compared the sexual behavior between the two strains, d-rR and Kiyosu as a wild
strain.

Male and female medaka pairs show stereotypical sequence of sexual behavior repertoires [34,
35]. This sequence begins with the male approaching the female closely from behind and
following at the same speed (termed ‘following’), and the male performs courtship display
(swimming in front of the female by making a quick circular turn) only when the female slows
down swimming (termed ‘courtship’). If the female accepts the male’s courtship, the male wraps
the female body by using dorsal and anal fins and quivers their body to promote spawning (termed
‘clasping’). After the successful clasping, the male and female spawn sperms or eggs respectively,
resulting in fertilization (termed ‘spawning’). If the female is not receptive, however, she does
not slow down nor accept the male’s courtship but changes direction and rapidly swims away
from the male. The female also shows unreceptive behavior in which she ceases clasping before
successful spawning. I recorded such behavior repertoires by using RP-units, quantified and
analyzed by using Ethogramer (Figure 1-6). Figure 1-6A shows the raster plots that indicate the

transition of the sexual behavior in the present observation. I found that the latencies to first
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following and spawning of d-rR were shorter than those of Kiyosu (Figures 1-6B and C). It was
found that the latency to first following approached significance, suggesting a difference (Figure
1-6B). Also, significant difference was detected in the latency to spawning (Figure 1-6C). I further
analyzed some indices that reflect male motivation of sexual behavior (Figures 1-6D and E), and
found that the frequency of courtship before spawning of d-rR is significantly higher than that of
Kiyosu (Figure 1-6E), while there was no significant difference in the percentage of the time spent
for following before spawning (Figure 1-6D). This result suggests that the d-rR males perform
courtship display more frequently than the Kiyosu males. On the other hand, I did not find
differences in the indices that reflect female receptivity (Figures 1-6F and G). There was no
significant difference in the percentage of following with successful courtship before spawning
(Figure 1-6F) and the number of clasping ceased by female before spawning (Figure 1-6G). These
results suggest that the d-rR male is more motivated and tends to get more chances of mating
compared to the Kiyosu male, and therefore d-rR pairs spawn more readily than Kiyosu, as shown

in Figure 1-6C.
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Discussion

In the present study, | established an open-source automated behavioral recording system by
using Raspberry Pi. I also used Raspberry Pi for automation of simple experimental treatments
such as feeding and illumination by operating external devices through GPIO interfacing. This
system drastically reduced experimental operation and enabled us to carry out the efficient and
reproducible behavioral recording, which may result in improved quality of behavioral analysis.
In addition, I developed the behavioral annotation tool, Ethogramer, by using Microsoft Excel
macro. It became possible to easily annotate the behavioral events and automatically generate the
raster plots, and thus the behavioral analysis became more efficient and informative than the
conventional one. | could successfully apply this system to the comparative analysis of the sexual
behavior of medaka between laboratory and wild strains and found that the laboratory strain
spawn more readily than the wild strain, which is probably caused by the increase in the sexual

motivation in males of the laboratory strain.

Establishment of efficient and sophisticated tools for behavioral analysis

Since the animals respond to many cues from external environments and change their behavior
accordingly, it is essential to minimize human errors caused by experimental operations.
Behavioral recording system established in the present study succeeded in automating the greater
parts of behavioral experiments including video-recording and in minimizing human errors. Also,
the shell script Record.sh were programmed to perform not only video-recording but also file-
naming, encoding and transferring to the storage, which freed us from such laborious procedures,
and the behavioral recordings could be performed more efficiently. In fact, the time spent for

video-recording and file-sorting of 16 pairs of medaka was drastically shortened compared to the
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conventional method. In addition, RP-units is very small and its smallness also enables us to
perform behavioral experiment with less space.

Furthermore, external devices could be controlled by GPIO interfacing with Raspberry Pi,
which make it possible to automate various experimental protocols. For the future application, |
examined practical ability of the GPIO interfacing. First, I examined the control of external
devices via a custom-made relay unit connected to GPIO pins on Raspberry Pi (Figure 1-7). My
system enabled switching on/off the auto-feeding device and green LED lamp as described in
Materials and Methods section (Data not shown). Next, to check the time resolution of the relay-
switching, | generated the rectangular voltages by changing the timing of switching on the power
to the circuit connected to 9 V alkaline battery to switch on/off the relay for various durations
(5/10/25/50 milliseconds) and examined the waveform of the rectangular voltages. The
rectangular waves with amplitudes of 9 V at 10/20/50/100 Hz were faithfully observed (Figure 1-
8). In the present study, I used the relay with 5.0 milliseconds recovery time, so that the result
indicated that this relay unit worked as I programmed, without impairing functionality of the relay.
Thus, the external devices could be regulated with high time resolution via GPIO interfacing. The
system that switches on/off the auto-feeding device and LED lamp can be applied to the learning
experiment in which the LED light serves as the signal for feeding synchronized to the timing of
switching on the auto-feeding device. While these learning experiments require repetitive
conditioning trials, it is possible to automatically execute such trials anytime we want by using
“cron”, which is one of the daemons of Raspberry Pi and can be scheduled to run the shell scripts.
This option drastically reduce human-tasks in repetitive experiments such as daily observation
and repetitive learning. Furthermore, it is also possible to output pseudo-analog signals by using
pulse width modulation (PWM) method, which enables us to perform the operations in a manner

other than all-or-none. On the other hand, GPIO pins can not only perform signal output but also
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signal input. Since the most of biological signaling are analog, it is necessary to convert analog
to digital signals, which can be accomplished by connecting an analog-to-digital (A/D) converter
to GPIO pins on Raspberry Pi. Thus, by customizing Raspberry Pi, it will be possible to develop
various experimental systems. In addition, Raspberry Pi can be remotely operated via WLAN, so
that it is possible to perform efficient and reproducible analyses by applying the system proposed
in the present study. I also create a shell script “Setup.sh” for easy setup and cloning RP-units, so
that it became easier to start behavioral recording by using RP-units. All the source codes for

operating Raspberry Pi are publicly available on GitHub at https://github.com/Neuroendo-

mdLab/RP-units.

One of the most important parts of the behavioral analyses is the quantification of the behavior.
For this step, there are some full-automated behavioral analysis systems applied for the model
animals in which their behavior has been frequently studied, such as rodents [48-52] or fruit flies
[53-57]. Although these systems are useful, these can be applied exclusively for certain behavioral
repertoires of specific species and are thus less flexible. On the other hand, we are often faced
with experimental needs for analyzing unique/rare behaviors or for using non-model animals. In
such cases, we are forced to perform painstaking behavioral annotation that require pausing the
video and record the timing and duration manually every time the behaviors occur. However, by
using the macro developed in the present study, Ethogramer, it is possible to perform behavioral
annotation by only pressing the PC keys. It frees us from laborious analyses described above, and
the behavioral quantification will be performed much easier. In addition, Ethogramer enables us
to simultaneously analyze multiple and/or continuous behavioral repertoires, so that such multi-
directional perspective makes behavioral analysis more informative. Thus, Ethogramer will be
especially useful in such situations where the above-mentioned full-automated systems cannot be

applied. Moreover, since Ethogramer automatically generates raster plots showing the behavioral
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time course, we can also visually understand the temporal transition of the behavior. Therefore,
by using Ethogramer, it will be possible to quantify and analyze the behaviors that are difficult
to analyze by using conventional analysis methods.

Recently, automated behavioral annotation systems have been established by using machine
learning method. For example, JAABA is a behavioral annotation tool using a supervised learning
method, which can annotate any behaviors that the observer want to analyze [58]. Also,
DeepLabCut is a sophisticated animal tracking system, which enables us to track the trajectory of
animal movement regardless of the animal species [59]. These are very useful tools when the
supervised learning is successfully performed. However, these systems require a certain level of
knowledge or skills of computing to utilize. In addition, these kinds of machine learning tools
often require consistent background and high contrast images for precise tracking. For this reason,
it is difficult to apply them to the videos taken in the natural environment, in which many
movements other than the objective animal are contaminated. Furthermore, supervised learning
systems often require highly repetitive training to perform the appropriate annotation of the
behavior that can distinguish subtle differences of animal movement, and the researchers must
verify whether the behavioral annotation has been correctly performed by manually checking the
video and annotated data. On the other hand, the macro in the present study supports behavioral
annotation by human, and it can be applied in any condition as long as human can judge the

behaviors. An instruction for Ethogramer is described in Supplementary Note 1-1.

Difference of sexual motivation between wild and laboratory strains of medaka perhaps
resulting from domestication
By using the combination of Raspberry Pi and Excel macro in the present study, | analyzed

sexual behavior of two strains of medaka. While there is an anecdotal report that laboratory strain
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spawns more readily than the wild strain, the latency to spawning was significantly shorter in d-
rR compared to Kiyosu (Figure 1-6C). The latency to first following was shorter almost
significantly (Figure 1-6B) and the frequency of courtship before spawning were significantly
higher in d-rR (Figure 1-6E). | analyzed two indices that reflect male motivation of sexual
behavior; the percentage of the time spent for following before spawning and the frequency of
courtship before spawning, and it was found a significant increase in the frequency of courtship
before spawning for d-rR as compared with Kiyosu (Figure 1-6D). These data suggest that the d-
rR male is more motivated for mating and court more frequently to female compared to Kiyosu
male. Medaka is a commonly used teleost fish in various fields of biology, and d-rR is one of the
most frequently used laboratory strains of medaka. d-rR has been maintained for decades, and it
is well-known among the researchers of medaka that egg collection from d-rR is much easier than
that from wild medaka. However, it has been unclear whether d-rR actually spawn more readily
than the wild medaka and what underlies this phenomenon. In the present study, the analysis by
using the present systems revealed that d-rR male is more motivated for mating compared to the
male of wild strain Kiyosu, which are suggested to have afforded more scientifically verifiable
hypothesis to the anecdotal reports of the difference in the sexual behavior between laboratory
strain and wild individuals. It may be caused by the evolutionary pressure, which is an
unconscious selection by researchers for easiness of egg collection. While | did not detect
significant difference in the indices that reflect female receptivity in contrast with the indices that
reflect male motivation of sexual behavior (Figures 1-6F and G), it cannot be sure that there is no
difference in female receptivity by only analyzing these two indices in the present study, which
were susceptible to male behavior that is different between two strains. To verify this, it is required
to analyze these two indices by using F1 hybrid male as mating partner for mitigating the

influence of genomic background of mating partner. Since | have been maintaining d-rR and
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Kiyosu in the completely same breeding method (described in the “Materials and Methods”
section), the phenomenon found in the present study is unlikely to be caused by epigenetic factors,
but rather by genetic factors, and it can be called “domestication.” It is well known that
domestication can affect various animal behaviors [60-64] including fishes [65, 66]. However, to
our knowledge, the effect of laboratory domestication on the sexual behavior in fishes have not
been clarified yet. Thus, the present study is the first report to suggest a possible effect of
domestication on the sexual motivation in a teleost, medaka and there is no doubt that the
behavioral recording/analysis system established here has made a substantial contribution to this
finding. It can be an important future topic to quantify sexual motivation of multiple laboratory
and wild strains to determine whether differences observed in this study is due to domestication

effects or not.

In summary, I established automated behavioral recording systems and behavioral annotation
tool by using Raspberry Pi and Microsoft Excel macro, respectively. Using the combination of
these two, behavioral analysis will be performed more efficiently, which will bring us more

informative results and contribute to the progress of various fields of biology.
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Figure legends

Figure 1-1

Hardware setup. (A) Photograph of RP-unit with their cases open. Raspberry Pi Camera V2 is
connected to Raspberry Pi Zero W through the flat flexible cable. Scale bar indicates 1 cm. (B)
Connection diagram of automated behavioral recording system. 16 RP-units are wirelessly
connected to WLAN, while NAS is connected to WLAN router through Ethernet cable. I accessed
and operated RP-units through SSH remote login by using a Windows PC, which is represented
as “Main PC for analysis” on this figure. (C) Schematic diagram of another RP-unit for automated
switching of LED lamp, auto-feeding device, and the electric circuit including 9 V alkaline battery.
These external devices are connected a custom-made relay unit that is connected to GPIO pins on
Raspberry Pi 3B. Raspberry Pi Camera V2 is also connected to Raspberry Pi 3B for video-
recording. This unit can be replaced to each RP-unit drawn in B. (D) Block diagram of the system
for operating external devices. The electric current is passed through the relay, accompanied with
driving the transistor by the current from GPIO pins (GPIO.Voltage / GP1O.Feeding). At this time,
the relay makes a connection with a fixed contact, and the current flows to the entire the circuit.
Since current supplied from GPIO is not enough to run the relay, this circuit containing transistor
applies current from PW in response to GPIO current flow. GPIO.Voltage, GPIO.LED,
GPIO.Feeding indicate the pins that connected to the GPIO pins on Raspberry Pi 3B for operating
the electric circuit including the battery, LED lamps and auto-feeding device, respectively. To

absorb coil surge to the transistor, diodes are connected between the relay and the transistor.

Figure 1-2

Flowchart of Record.sh. Running Record.sh, Python script Camera.py is run. It executes video-
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recording, file-naming and GPIO interfacing with the setting in itself. After running Camera.py,
recorded file in each RP-unit is encoded to mp4 format and transferred to the NAS storage. In this
step, the letters “converted.mp4” is added to the end of the file-name for distinguishing files that

are completed to be encoded.

Figure 1-3

Conceptual diagram of Ethogramer. (A) Diagram that represents some indices for setting that
filled in worksheet- “Sheetl” are reflected to each function for behavioral annotation. Data in
columns- “Repertoire name” and “Continuous/Intermittent” in worksheet- “Sheet1” configure the
setting of columns for annotations of the timing of the behavior in worksheet- “Sheet2...”. Key
assigning is performed by filling in the letters in column- “Key”. Available keys are shown in
Supplementary Note 1-1. Color information of the cells in column- “Color” are reflected in
drawing raster plots. Filled in Data in cell- “Time (s)” is defined the length of raster plots. After
setting these indices, it enabled to perform behavioral annotation by pressing assigned keys. (B)
Image representing the example of the text-based data exported in EPS format (left, “Text data”)
and the graphical image actually outputted when opened by vector graphics editor (right,
“Graphical output”). Time information of each behavioral event obtained by pressing keys (for
example: a behavioral event is observed from t to t + At) are substituted like in the left box, and
these text-based data define the coordinates for drawing a square in a raster plot like in the right

box.

Figure 1-4
Experimental design for sexual behavior analysis. (A) Photograph of the whole experimental

equipment for recording the sexual behavior of medaka. Wooden frame that was attached
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transparent acrylic plate was placed onto the 100 x 45 cm stainless rack. Twelve tanks, which
were covered their upper side by thin white paper, were put on the acrylic plate, and RP-units
were placed inside the wooden frame. (B) Photograph of a part of experimental equipment taken
from diagonally above. When performing experiments, thin white papers were put onto each tank,
like the left tank of this figure. RP-units were placed directly below each tank. (C) Schematic
illustrating of the experimental equipment. Since both the bottom of the tank and acrylic plate
were transparent, it is possible for RP-units to record the videos from ventral side of the medaka.
(D) Schematic diagram of the sexual behavior sequence of medaka. Images of each four
behavioral repertoires were captured from the video data of one pair of d-rR. Colored frames and

words in parentheses are corresponding with the setting of the Ethogramer.

Figure 1-5

Conceptual diagram of the experimental procedures and their estimated time required for the
behavioral analysis with or without the systems. By using the combination of the two systems
established in this study, video-recording and their organization were completely automated, and
behavioral annotation was drastically shortened and became easier compared to conventional
manual behavioral annotation. Without the systems, the observer is forced to manually switch on
16 video cameras. Also, it is necessary to manually perform file-naming/encoding/transferring to
strage, which takes approximately 30 minutes. Furthermore, the behavioral annotation without
the Ethogramer took 40 minutes per video. Accordingly, it is expected that behavioral annotation
for 16 pairs takes approximately more than ten hours. On the other hand, with the systems, video-
recording of 16 pairs of medaka was automatically/simultaneously performed by running
Record.sh via SSH remote login. Immediately after recording, file-naming, encoding, and

transferring to storage were automatically performed, and it took approximately 30 minutes. Since
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the behavioral annotation was performed while replaying the first 30 minutes of each video at
double speed by using Ethogramer, the time spent for the behavioral annotation of 16 pairs of

medaka was only 4 hours.

Figure 1-6

d-rR pairs spawn earlier than Kiyosu pairs, probably because d-rR male is more motivative to
mating than Kiyosu male. (A) Time-course data of 30-minute analyses of sexual behavior are
shown as raster plots. Yellow, black, cyan and red bands represent the timing and duration of
following, courtship, clasping and spawning, respectively. Red triangles are put on the right of
each red bands for easy detection of them. (B, C) The latency data were further analyzed using
Kaplan-Meier plots. Yellow and blue curves represent Kiyosu and d-rR, respectively. d-rR pairs
showed first following and spawning earlier than Kiyosu pairs (Latency to first following: Kiyosu;
2.763 + 0.602, d-rR; 0.963 £ 0.540, P = 0.070 (B), Latency to first following: Kiyosu; 8.779 +
1.492, d-rR; 3.979 £+ 0.556, **P = 0.009 (C)). (D-G) Various parameters were measured and
compared between Kiyosu and d-rR. Yellow and blue dots represent Kiyosu and d-rR, respectively.
The frequency of courtship before spawning was significantly higher in d-rR than Kiyosu
(Kiyosu; 0.435 + 0.085, d-rR; 0.874 £ 0.128, *P = 0.0148 (E)), while no significant difference
was detected in the percentage of the time spent for following before spawning (Kiyosu; 18.674
+3.80, d-rR; 31.581 £ 7.18, P=0.235 (D)), the percentage of following with successful courtship
before spawning (Kiyosu; 39.221 + 8.647, d-rR; 24.474 + 4.376, P = 0.195 (F)), or the number of
clasping ceased by female before spawning (Kiyosu; 0.875 + 0.398, d-rR; 0.750 + 0.313, P =

0.957 (G)).
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Figure 1-7

Experimental design for operating external devices by GPIO interfacing. (A) Photograph of the
experimental systems for operating external devices. External devices, LED lamp and auto-
feeding device were connected to the relay unit via red-and-black leads and switched on/off via
GPIO pins and the relay unit. (B) Schematic illustrating of the system of (A). This figure is
represented in two dimensions, the width information is omitted. Also, red-and-black leads that
connect external devices and the relay unit are omitted for not being complicated. (C) Schematic
diagram of the system for testing the performance of relay unit. The rectangular voltages that have
various wavelengths were generated by changing the duration of turning on the electricity, and
the performance of relay unit was validated. Voltmeter and resistor were connected in parallel in

order to decline the current flowed to the voltmeter.

Figure 1-8

Representative waveforms of voltage generated from the circuit that include the battery and was
operated via GPIO pins and custom-made relay unit. Left numbers (10/20/50/100 Hz) represent
the wavelengths that were set in the Python script, Camera.py. Each waveform was reflected the

settings for generating the rectangular waves that have specific wavelength.

35



Figure 1-1

~
w— RP-UNit ! | Nas
1 1 1
| | |
| | |
Ethernet cable WLAN router B

= === \Vireless connection

C Green LED lamp
=

9V alkaline battery ‘

.r .»

AUTO FEEDER

Auto-feeding device

Raspberry Pi Camera V2 (J ]

36



Figure 1-1
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Figure 1-2
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Figure 1-3

A Worksheet-" Sheet1”

Repertoire name Continuous/Intermittent | Color Key Time (s)

behgviorA Contipuous o

39
\ Set u;f

Mo

behaviorA
Start End Duration

Worksheet-"Sheet2...“ Assigned keys Raster plot

B Text data Graphical output

newpath

t 0 moveto
t+At 0 lineto
t+At 50 lineto
t 50 lineto

t 0 lineto

closepath
gsave

255 204 0 setrgbcolor
fill grebstore

(t, 50) (t+At, 50)

(t,0) (t+At, 0)

39



Figure 1-4
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Figure 1-5

| Simultaneous recording of 16 pairs of medaka for 1 hour and behavioral annotation for the first 30 minutes of the videos with replaying at x2 speed |
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Figure 1-6
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Figure 1-7
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Figure 1-8
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Supplementary Note 1-1

How to use Ethogramer

Before using
- This macro runs on Microsoft Excel.
- Install the Microsoft (MS) Excel. We had confirmed that this macro runs on version.2010 or

later.
- Enable macros in Excel.

- The raster plots are output in the Encapsulated PostScript (EPS) format. Prepare the software

that support to open EPS files (e.g. Adobe Illustrator, Affinity Designer).
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How to use

1. Fill in the name of behavioral repertoires that indicate what you want to analyze in the

Column A (Repertoires name).

A B C D F
1 | Repertoire name Continuous/Intermittent Color Key ‘Time (s) ‘
2 behaviorA ‘ ‘
3 |behaviorB|
4 Set up

5

2. Select either “Continuous” or “Intermittent” according to the repertoires in the pull-

down menu in the Column B (Continuous/Intermittent). If the behavior lasts for a

certain time, select “Continuous.” In contrast, select “Intermittent” in case the

behavioral repertoire is recorded as instantaneous event. If you choose “Continuous,”

macro records the time during you are pressing a key.

A B © D F
1 Repertoire name Continuous/Intermittent Color Key ‘Time{s) ‘
2 behaviorA Continuous ‘ ‘
3 |behavi0rB Intermittent -
Set up

4 Continuous
2

3. Assign color for drawing raster plots by changing the color of cell in the Column C

(Color). The theme color of raster plots is set to gray (#E6E6E6) by default and we do

not recommend to select colors close to gray.

A
Characteristics name

B
Continuous/Intermittent

C
|Co|0r

behaviorA

Continuous

Intermittent

1
2
3 |BehaviorB
4
5
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4. Register the keyboard’s key to each behavioral repertoire in the Column D (Key). You
can use 26 alphabet keys (A-Z), 10 numeric keys (0~9) and 4 cross-key

(left/right/up/down). See the Table 1-1 (at the end of Supplementary Note 1-1) for how

to assign keys.

A B C D F
1 |Repertoire name Continuous/Intermittent ‘Color ‘Key |Time (s)
2 |behaviorA Continuous la |
3 |behaviorB Intermittent b‘
4 ‘ Set up
5 \ \

5. Fill in the time for analysis. This information is used for setting of the length of raster

plots.
A B C D F
1 |Repertoire name Continuous/Intermittent |Co|or ‘Key Time (s)
2 |behaviorA Continuous a |300| |
3 |behaviorB Intermittent b
4 Set up
5 | \

6. Double-click the “Set up” cell. Another worksheet and a pop-up (“Analyze”) window

for analysis will appear.

A C D E F G 1
1 |behaviorA behaviorB Analyze %
2 |Start End Duration
3
4
5 -
]
7 Presz " to start.
3
9
10 Diraw raster plot
11
12
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7. Start analysis by pressing period (“.”)-key. Watch the movies and press the registered
keys when each behavioral repertoire is shown. When the continuous behavior is

observed, keep pressing the key while observing.

A B C D E F G H |
1 |behaviorA behaviorB
2 |Start End Duration
3 18 23 5
4 25
5 27 35 8| 00
6 38
7 41 Press " to start.
g L 54
9 57 39
10 62 Drawe raster plot
11 23 95 12|
12 103

8. Click the “Draw raster plot” button in the Analyze window. Another pop-up window
( ”Draw_rasterplots™) for generating raster plots appears. Then, click the “Save” button
to generate raster plot data in the large box below and dialog box for file-saving

appears. Note that these generated texts are the content of raster plot EPS file.

Draw_Rasterplot X

Save

MPS

¥BoundingBox: 00 300 80
¥¥Title: rasterplotz eps
hCreationDate: 2020-07-24
KDocument Fonts: {atend)
WHOrientation: Portrait
MhPages: 0
¥¥EndComments

nevupath

00 moveto
300 0 lineto
300 80 lineto
080 lineto
00 lineto
clozepath
gsave

09 seteray
fill

erestore
nevupath
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9. Open the EPS file with a vector graphics software and edit.
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Chapter 2

Detailed behavioral analysis revealed
that estrogen/esr2b signaling plays a crucial role

in the activation of female receptivity
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Abstract

Sexual behavior is evoked in accordance with the gonadal maturation, although little is known
about the neuroendocrine mechanisms that mediate such regulation in teleosts. In the present
study, I used medaka to examine possible involvement of a sex steroid hormone, estrogen, which
is secreted from mature ovaries, in the regulation of female sexual behavior. Pharmacological
inhibition of estrogen synthesis suppressed the receptive behavior of the male by female (defined
as female’s acceptance of male courtship and clasping), which culminated in the failure of
spawning behavior. Next, ovariectomized females, which are deprived of all the gonadal
substances, failed to show receptive behavior, Furthermore, estrogen administration to the
ovariectomized females partially reinstated the receptive behavior. These results suggest that
estrogen has an important and essential role in the activation of acceptance behavior, which is
supposed to reflect the female receptivity. Next, [ examined the contribution of estrogen receptors
for the behavioral activation by analyzing the phenotypes of female medaka in which estrogen
receptor 2b (esr2b) gene was knocked out (KO) and found that es»2b KO females failed to show
receptive behavior, although males also tried to court es»2b KO female. Interestingly. esr2b KO
females showed normal gonadal functions and secondary sex characteristics, suggesting that
esr2b KO females synthesize estrogen normally. Because it has been previously shown that esr2b
is expressed by certain populations of neurons in the brain, it is reasonable that esr2b-expressing
neurons play a crucial role in the activation of female receptivity in accordance with signals from

the gonadal estrogen.
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Introduction

Sexual behavior is specifically observed in the animals with mature gonad. For example, the
breeding season is considered to represent the phenomena that reflects such synchrony. During
the breeding season, females and males perform gametogenesis together with expression of the
external morphology such as secondary sex characteristics or nuptial coloration, and not a few
animals are known to release pheromones to attract the conspecific heterosexual mates. In
addition to these physiological changes, species-specific sexual behaviors are displayed during
this season.

For the appropriate synchronization of physiological conditions of the animals with sexual
behaviors, it has been suggested that the sex steroid hormones, especially estrogen are involved
in signaling gonadal status to the brain, which tunes the regulation of gonadal function and the
activation of sexual behavior [67-69]. The central mechanisms of reproductive control have been
called as the hypothalamic-pituitary-gonadal (HPG) axis in vertebrates, and estrogen is
considered to play crucial roles in the neuroendocrine regulatory systems for gonadal maturation,
by directly and indirectly modifying gonadotropin release from the pituitary [9-11, 13-17, 70]. In
mammals, accumulating experimental results have shown that the hypothalamic kisspeptin
neurons play the most essential roles in the HPG axis, by regulating the neural activities of
gonadotropin-releasing hormone (GnRH) neurons via the kisspeptin receptors, Gpr54, in an
estrogen dependent manner [3-8]. Also in non-mammalian vertebrates including teleosts, it has
been suggested that estrogen is involved in the regulation of gonadotropin release from the
pituitary, although the neural mechanisms appeared to be quite different from that of mammals
[16, 17, 71]. As described above, it has been strongly suggested that estrogen play pivotal roles

in the regulation of gonadal functions at the cellular/neural circuit levels. Also, numerous studies
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have reported the effects of estrogen in the activation of sexual behavior in mammalian studies.
For example, estrogen plays important roles in the activation of proceptive/solicitatory behavior
and lordosis behavior via estrogen-receptive neurons in the brain in rodents [18, 21, 72-76]. On
the other hand, relatively little is known about such mechanisms in non-mammalian vertebrates.

In the present thesis, I aimed to elucidate the neuroendocrine mechanisms for the synchronized
and coordinated regulation of sexual behaviors in relation with the gonadal maturation, by
focusing on estrogen and estrogen-receptive neurons by using a teleost, medaka (Oryzias latipes).
Medaka has frequently been used as a teleost model organism in reproductive biology [33], which
is one of the most widely used seasonal breeder, and many sophisticated experimental methods
for validation of the effect of sex steroid hormones have been successfully applied [77, 78]. In
addition, previous studies have shown that there are estrogen-receptive neurons in the medaka
brain [29, 30], which can be considered as candidate neurons for the activation of sexual behavior.
Also, medaka performs stereotypical patterns of sexual behaviors [34, 35], and it is therefore easy
to perform quantitative analysis of sexual behaviors [36]. Here, I performed the behavioral
analyses using female medaka and found that estrogen has an important role in the activation of
specific repertoires of the female sexual behaviors to accept the male courtship behavior and
clasping before spawning, which is supposed to reflect the female’s sexual receptivity. I also
demonstrated that female medaka whose esr2b gene, one of the estrogen receptor subtypes
expressed in the brain, was knocked out failed to accept the courtship display and clasping
behavior by male, which suggests that esr2b-expressing neuron in the brain plays a crucial role
in the activation of female receptivity. This may be one of the most important mechanisms that

elicit the sexual behavior in synchrony with the gonadal maturation.
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Materials and methods

Animals

Female and male wild type (WT) d-rR medaka (Oryzias latipes) and the gene-knockout (KO)
lines of esr2b (esr2b™" and esr2b™"), which were generated in Kayo et al., 2019 [17]) were used
in this study. I collected the eggs of esr2b™ from the pairs or harems that consisted of esr2b""
females and esr2b""/ esr2b”" males. All fish were maintained in shoals until it was possible to
distinguish their sex by their sexually dimorphic appearance. After breeding in shoals, I made the
pair (one female and one male) or the harem (two to three females and one male) in fish tanks
with water circulation (Labreed, IWAKI Co., Ltd., Tokyo, Japan) under 14-h light/10-h dark
photoperiod (light on at 08:00 and off at 22:00) condition at a water temperature of 27 +2 °C. |
fed live brine shrimp and/or commercial flake food (Tetra Medaka-bijin; Spectrum Brands,
Yokohama, Japan) for three or four times per day. All experiments were performed using sexually
matured 3-6 months aged females and males. All of the fish maintenance and the experiments
were conducted in accordance with the protocols approved by the Animal Care and Use

Committee of the University of Tokyo (permission number 17-1).

Genotyping and screening of esr2b KO medaka

To confirm the genotype of esr2b KO line medaka, I fin-clipped their caudal fin and put the
fragments in 20 pL 20 pg/mL Protein-kinase K (KANTO CHEMICAL Co., INC., Tokyo, Japan)
in TE buffer (10 mM Tris-HCl and 1 mM EDTA, pHS.0). After incubate it for 20 minutes at 75 °C,
I added 80 uL water to dilute 5 times and use it as a template genome for PCR. For real-time PCR,
the cDNA was amplified using KAPA SYBR FAST qPCR Kit (KAPA Biosystems, Nippon

Genetics) with the LightCycler 96 system (Roche, Applied Science, Penzberg, Germany). The
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temperature profile of the reaction was 95 °C for 3 minutes, 40 cycles of denaturation at 95 °C
for 10 seconds, annealing at 60 °C for 10 seconds, and extension at 72 °C for 15 seconds. The
gPCR product was verified using melting curve analysis (95 °C for 10 seconds, 65 °C for 60

seconds, and 97 °C for 1 second). The primer pairs used in the qPCR are listed in Table 2-1.

Fadrozole hydrochloride administration

An aromatese inhibitor, fadrozole hydrochloride (Fad) administration was performed by water
exposure. I prepared 50 ug/L Fad water by dispensing 2 pL of Fad aliquot (25 g/L Fad in dimethyl
sulfoxide (DMSQO)) and placed the pair of WT medaka that showed spawning for three
consecutive days before the administration. Behavioral recording was conducted three times for
each pair. At first, behavioral recording was conducted one day after moving the pairs to the
experimental tank (“Before”), which females were not administered Fad. Next, I administered
Fad for three days and confirmed that all of the pairs (9 pairs) did not spawn. Behavioral recording
was performed on the third day of Fad-administration (“During”). Finally, I suspended Fad-
administration and record their behavior three days after suspension (“After”). All of the females
were paired with a WT male (mating partner) and administrated in the experimental tank for the
analysis of sexual behavior that was described in chapter 1.

For analyzing ovarian morphology, I administered Fad to different individuals for behavioral

analysis, although by the administration method was same with behavioral analysis.

Ovariectomy and estradiol administration
Ovariectomy (OVX) was carried out by following the previous studies [77, 78]. Before the
surgery, I deeply anesthetized the female fish with 0.02 % MS222 (Sigma-Aldrich, St. Louis,

MO) and excise their ovary via intraperitoneal operation. After the removal of ovary, I sutured
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the incision with a nylon thread. Post-surgery females were recovered in 0.8 % NaCl water for
three days. Sham surgery was performed by insertion the forceps once, instead of the excision of
ovary.

For estradiol (E2) administration, I prepared 10 nM (2.72 ng/ml) E2 water by dispensing 2.72
pL of E2 aliquot (1 mg/mL E2 in dimethyl sulfoxide (DMSO)) to 1 L water and place three OVX
females in it. E2 administration was performed for 5 days by changing the water at the evening
per day. The water for control group was made by dispensing DMSO at the same volume of E2
aliquot. All of the females were paired with a WT male and administrated by water exposure in

the experimental tank for the analysis of sexual behavior that was described in chapter 1.

Analysis of sexual behavior

Analyses of sexual behavior were performed as described in chapter 1. On the day before the
behavioral testing, I changed the water for the pairs that were exposed E2/Fad to intact water. The
water depth was maintained at ~5 cm. Each pair of female and male were kept partitioned until
the analysis by putting a transparent perforated partition diagonally across the tank. For the
behavioral recording, I applied the RP-units [36] and set them and the tanks as described in
chapter 1. At 9:00 of the testing day, the partition was removed and Record.sh was run with same
recording setting with chapter 1.

After obtaining behavioral videos, I identified the behavioral repertoires and annotated four
behavioral repertoires during sexual behavior; following, courtship, clasping, and spawning by
using Ethogramer, while replaying the first 30 minutes of the videos from the time the partition
was removed, and female and male started to interact. Each repertoire was referred to as
approaching to courting orientation, head-up I to courting round dance, head up Il to copulation,

and spawning, respectively in the previous manuscript [34, 35]. After behavioral annotation, |
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calculated the following behavioral parameters as described below:

For Fad-administration analysis (Figure 2-1)
- latency to first following (min.)
- latency to first clasping (min)
- percentage of the time spent for following (%)
- frequency of courtship (/min.)
- percentage of following with successful courtship (%)

- percentage of the females that spawned (%)

For OVX analysis (Figure 2-2) and esr2b KO female analysis (Figure 2-4)
- latency to first following (min.)
- latency to first clasping (min)
- percentage of the time spent for following (%)
- Number of following trials
- frequency of courtship (/min.)

- percentage of following with successful courtship (%)

Quantitative real-time PCR

Female medaka of esr2b*" and esr2b™" were deeply anesthetized with 0.02 % MS222, and their
pituitaries were collected for quantitative real-time PCR (qRT-PCR) analysis. Total RNA was
extracted by using the FastGene™ RNA Basic Kit (Nippon Genetics Co, Ltd, Tokyo, Japan)
according to the manufacture’s instruction. Total RNA was reverse-transcribed with

PrimeScript™ RT Master Mix (TaKaRa, Kusatsu, Japan) or FastGene Scriptasell 5x Ready Mix
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OdT (Nippon Genetics) according to the manufacture’s instruction. For real-time PCR, the cDNA
was amplified using KAPA SYBR FAST qPCR Kit with the LightCycler 96 system. The
temperature profile of the reaction was 95 °C for 90 seconds, 40 cycles of denaturation at 95 °C
for 10 seconds, annealing at 60 °C for 10 seconds, and extension at 72 °C for 10 seconds. The
gPCR product was verified using melting curve analysis (95 °C for 10 seconds, 65 °C for 60
seconds, and 97 °C for 1 second). The data were normalized to a housekeeping gene, ribosomal

protein s13 (rpsi3). The primer pairs used in the qPCR are listed in Table 2-1.

Observation of secondary sex characteristics

To observe the female secondary sex characteristics, female medaka of esr2b" and esr2b™ were
anesthetized and lain down on the black board with their left side up. Dorsal/anal fin and
urogenital papilla (UGP) were photographed under a Leica S9D (Leica Microsystems, Wetzlar,

Germany) equipped with a digital camera Leica MC120HD (Leica).

Gonadal analysis

Female medaka of es¥2b™" and esr2b™ were deeply anesthetized with 0.02 % MS222 and their
body weight was recorded. After that, their ovaries were removed, weighed, and photographed
under a Leica equipped with Leica MC120HD. Immediately after photographed, the ovaries were
fixed overnight with Bouin’s solution (picric acid saturated solution : formaldehyde : acetic acid
=15:5:1)at 4 °C. After fixation, specimens were dehydrated with ethanol, permeated with
xylene, and embedded in paraffin (Histprep568, Wako Chemical CO., Tokyo, Japan). Embedded
specimens were sectioned serially at a thickness of 5 um and stained with hematoxylin and eosin.
Photo images were acquired using OLYMPUS BX53 (OLYMPUS, Tokyo, Japan) equipped with

OLYMPUS DP70 (OLYMPUS).
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The gonadosomatic index (GSI) was calculated as the ovary weight / body weight X100 (%).

Statistical analysis

All the values are presented as mean =+ standard error of the mean (SEM). Statistical analyses
and graph drawing were performed by using R (R Core Team 2020). For comparing between two
groups, all of the parameters except for the latency to the first following/spawning were analyzed
by Mann—Whitney U test. On the other hand, data were analyzed by the non-parametric Kruskal-
Wallis test followed by Steel-Dwass test for more than two groups. Data were shown by the
whisker and scatter plot using the beeswarm package. The latency to the first following/spawning
was analyzed using Kaplan—Meier plot, and the differences between each Kaplan—Meier curve
were tested for statistical significance using Log-Rank test. The survival package was used to

conduct Kaplan—Meier plots. A P-value less than 0.05 was considered statistically significant.
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Results

Estrogen-deficient female normally received male courtship but did not show the clasping
behavior with male

To examine whether estrogen is involved in the activation of female sexual behavior, I first
analyzed the sexual behavior of female medaka whose estrogen synthesis was inhibited by Fad-
administration (Fig.2-1). WT males that were paired with Fad-administered ("During”) female
showed following/courtship behavior equivalent to the males with non-administered (“Before”
and “After”) female (Figures 2-1B, D-F). These results indicate that male approach to female
occurs regardless of the presence/absence of estrogen in female, and estrogen-deficient female
normally accept the male approach. However, significant difference was found in the latency to
first clasping (Figure 2-1C), and the percentage of the spawned pair was decreased in Fad-
administered female (Figure 2-1G). This result suggests that estrogen is involved in the activation
of female receptivity, which is essential for the acceptance of male courtship display and clasping
to culminate in female spawning (receptive behavior). It should be noted that Fad-administered
females had abnormal ovary that did not contain oocytes with accumulated yolk (Figure 2-1H),
which indicates that estrogen-deficiency not only affected the activation of sexual behavior, but
also the regulation of gonadal functions. In fact, it is known that estrogen promotes vitellogenesis
in the liver [79]. Therefore, it is reasonable that yolk accumulation was not observed in the ovaries
of Fad-administered female. Then, the behavioral phenotype of Fad-administered females may be
the secondary effect of the dysregulation of gonadal functions, and further analysis for revealing

estrogenic actions on the sexual behavior is required.
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Ovariectomized female refused male following and courtship, while estrogen administration
partially reinstated the receptive behavior

Next, [ performed the estrogen administration to ovariectomized (OVX) females and analyzed
their sexual behavior (Figure 2-2). I did not find any significant differences in the latency to the
first following and the percentage of the time spent for following among all groups
(Sham/OVX/OVX+E) (Figures 2-2B and D). On the other hand, the number of following trials
of Sham was significantly lower than that of OVX/OVX+E (Figure 2-2E), while the frequency of
courtship and percentage of following with successful courtship of Sham was significantly higher
than these of OVX/OVX+E (Figures 2-2F and G). These results indicate that males also tried to
approach and court OVX/OVX+E females, which is equivalent to Sham females, but
OVX/OVX+E females refused males’ approaching; in other words it suggests that they showed
avoidance behavior. However, some of OVX+E females performed the clasping behavior (Figure
2-2C), which occurred later and lasted for shorter period than that of Sham, whereas they refused
male following/courtship to a similar extent as OVX female. It suggests that estrogen is necessary

for the female receptivity, although it may not be sufficient to accomplish the sexual behavior.

esr2b KO female has normal gonadal function and shows normal secondary sex
characteristics

Since it is suggested that estrogen is involved in the activation of female receptivity, I focused
on the estrogen receptor (Esr). Medaka have three subtypes of Esrs, Esrl, Esr2a, and Esr2b [80].
Recently, gene KO analysis revealed that Esrl is dispensable for sexual development and
reproductive function [81]. Also, esr2a KO females have dysfunction in follicle stimulating
hormone (FSH) negative-feedback regulation and also show oviduct atresia, while they show

apparently normal sexual behavior but without oviposition because of their oviductal atresia [17].

62



However, since the function of esr2b remained unclear, I performed detailed analysis of the esr2b
" female.

First of all, I performed qRT-PCR to analyze gonadotropin genes fshb and /hb (Figures 2-3A
and B), which are expressed in the pituitary and play roles in folliculogenesis and ovulation,
respectively in teleosts [15]. Significant differences between esr2bh™" and esr2b™ female were not
observed in either /hb nor fshb expressions, suggesting that esr2b is not involved in the regulation
of gonadotropin genes expression.

Next, I analyzed the expression of female secondary sex characteristics, which is thought to be
expressed depending on the sex steroid hormones, especially estrogen (Figure 2-3C). Female
medaka show some secondary sex characteristics such as triangular anal fin, non-notched dorsal
fin, and thickened UGP, which is a fleshy protrusion behind the anus and is developed in an
estrogen dependent manner [82-85]. I found that esr2bh”- females showed normal female
secondary sex characteristics, similar to that of esr2b”" females, which suggests that esr2b™
female normally secreted estrogen and received it in the peripheral tissues such as UGP, via blood
circulation.

In addition, there was no distinguishable differences in the external appearance of the ovaries
(Figures 2-3D), and significant difference was not found in the GSI between the genotypes
(Figures 2-3E). To further understanding the ovarian architecture, I performed histological
examination and found that esr2b” ovaries had stem cells, oocyte like cells at
zygotene/pachytene/diplotene, and oocytes filled with accumulated yolk were enclosed by
follicular cells, namely, granulosa/theca cell. Also, the ovarian cavity was normally formed in the
esr2b” ovaries (Figures 2-3F).

These results indicate that es72b KO does not influence the expression of secondary sex

characteristics and ovarian formation.
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esr2b KO females did not show transition to the clasping behavior, although they were
normally approached by males

Next, I analyzed the sexual behavior of esr2b”- female. There were no significant differences in
the indices of following behavior (Figures 2-4B, D, and E), suggesting that WT males can perform
the following behavior toward the esr2b”- female as frequently as toward the esr2b”" female, and
esr2b” females normally accepted the following behavior. On the other hand, the significant
difference was detected in the latency to first clasping, the frequency of courtship, and the
percentage of following with successful courtship (Figures 2-4C, F, and G), which indicate that
esr2b” female avoided the courtship display by male and failed to be clasped by male. Taken
together, these results suggest that esr2b KO females shows the decline of female receptivity,

therefore they refuses male courtship, which results in failure in spawning.
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Discussion

In the present chapter, I examined the possible involvement of estrogen and its receptor esr2b
in the activation of female sexual behavior by pharmacological manipulation of the internal
estrogen levels and analyzed the esr2b KO female. I showed by behavioral analysis of the female
medaka treated with pharmacological inhibitor of estrogen synthesis that estrogen is essential for
promoting the clasping behavior. This result is consistent with the other result that estrogen
administration partially reinstated the clasping behavior of ovariectomized female. Also, |
demonstrated that esr2b KO females did not show spawning behavior, although they were
normally approached by male. It should be noted that es#2bh KO females showed normal ovarian
function and secondary sex characteristics. In the previous study, it was shown that esr2b is
expressed in the brain [29, 30]. Taken together, it is suggested that esr2b-expressing neuron in the

brain plays a pivotal role in the activation of female receptivity.

Female receptivity is facilitated by estrogen, probably via esr2b-expressing neurons in the
brain

I showed by pharmacological analysis using estrogen synthesis inhibitors (Figure 2-1) and
estrogen administration to ovariectomized females (Figure 2-3) that female medaka performs
spawning behavior in an estrogen-dependent manner. By using a gene knocked out medaka, I also
obtained evidence to suggest that one of the estrogen receptors, Esr2b play a key role in the
activation of female receptivity (Figure 2-3). This is consistent with the previous studies which
showed that esr2b is expressed in some brain nuclei that are supposed to be involved in the
regulation of sexual behavior in teleosts [29, 30]. Sex steroid hormones modulate the neural

architecture and neurosecretory properties in various vertebrate species [86-94], and some studies
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in mice show that these modulations actually function to drive female receptivity [22, 23]. Also,
it has been reported that some estrogen-receptive neurons in the female medaka brain can change
their cellular size, transcriptional properties, and spontaneous firing activity in an estrogen
dependent manner [95-99]. Thus, it is suggested that esr2b-expressing neurons in the female
medaka brain contribute to the activation of female receptivity by changing the release of
neurotransmitters in an estrogen-dependent manner. Further analysis in the future is expected to
elucidate the contribution of the estrogen/esr2b signaling. It should be noted that Fad-
administered female showed normal acceptance of courtship display (Figures 2-1E and F),
although significant decrease was found in the acceptance of courtship display in esr2b”" female
(Figures 2-4F and G). I speculated that this discrepancy was caused by the difference in the
periods of inhibition of estrogen/esr2b signaling. In Fad-administered females, estrogen/esr2b
signaling was inhibited only during three-day period, whereas the estrogen/ esr2b signaling never
worked in esr2b™" female.

Recently, Nishiike et al. (2021) described the phenotype of esr2b KO female medaka [100],
which is basically similar to that of the present study; esr2b-deficient female medaka showed
dysfunction in the activation of female receptivity but not in the ovarian function and the sex

steroid milieu.

Some unknown ovarian factors in addition to estrogen should be involved in the activation
of female receptivity

As described above, estrogen/esr2b signaling plays a key role in the female receptivity, but it
does not mean that estrogen is necessary and sufficient to accomplish the entire female sexual
behavior. Sexual behavior of medaka consists of several sequentially occurring stereotypical

repertoires; following, courtship, clasping, and spawning, and sometimes these are halted by
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female when female is not receptive. In the present chapter, I showed that Fad-administered
(estrogen-deficient) and esr2b KO females showed normal acceptance of the male following
behavior (Figures 2-1B and D, 2-4B, D, and E), although there was some difference in the
courtship acceptance between these two female groups (Figures 2-1E and F, 2-4F and G). On the
other hand, OVX failed to accept not only the courtship display but also the following behavior
by male (Figure 2-2), which is more severe phenotype than the Fad-administered and es»2b KO
females. Furthermore, estrogen administration to OVX females partially reinstated clasping
behavior alone (Figure 2-2C), while kept failing to accept the male following behavior (Figures
2-2D and E). These results suggest that some ovarian factor(s) other than estrogen may affect the
male receptive behavior prior to the courtship behavior.

Although the nature of the ovarian substance that is involved in the acceptance of following
behavior by male has yet to be determined, several studies have suggested that substances other
than estrogen may also play a role in female sexual behavior. Unpublished study in our laboratory
have shown that female medaka whose gnrh/lhb genes had been knocked out and have never
ovulated do not show the clasping behavior in spite of normal reception of male courtship display,
and administration of progesterone, which is one of the ovarian sex steroid hormones, reinstated
the clasping behavior (Shimomai, unpublished). This finding may suggest that 170,2083-
dihydroxy-4-pregnen-3-one (DHP), which is considered to be equivalent to progesterone in
telsosts, is also involved in some process(es) of the clasping behavior. Also, preliminary
experiments in our lab showed that intracellular nuclear progesterone receptor, pr is expressed in
some brain nuclei that are supposed to be involved in the control of sexual behavior (Shimomai
and Tomihara, unpublished), and I found that some of the membrane-bound progesterone receptor
subtypes, paqr3, paqr6, paqr7b are highly expressed in the brain (data not shown). These results

suggest that ovarian progesterone, which is secreted concomitantly with the ovulation, contributes
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to the facilitation of female receptivity and/or activation of the clasping behavior, perhaps via
progesterone receptors that are expressed in the brain. Since it has been reported that pr-
expressing neurons is essential for the female sexual behavior in mice [101, 102], and
progesterone administration reinforces the estrogen effect on the activation of lordosis behavior
in female rats [103], it is likely that both estrogen and progesterone may activate the female sexual
behavior also in the teleosts.

In addition, there is some evidence that non-steroid factor is also involved in the activation of
the sexual behavior in other teleost species. Prostaglandin F2a (PGF2a.), a kind of physiologically
active lipid, elicits female sexual behavior in goldfish, cichlid and zebrafish [43, 104-106].
However, it is revealed that another prostaglandin subtype PGE2, which is functionally equivalent
to goldfish PGF2a in medaka ovulation, failed to activate female sexual behavior (Mori,
unpublished). Furthermore, because prostaglandins are generally considered to function locally
because of its rapid elimination (e.g. pain signals), it is presumable that PGF2a synthesized in the

brain locally activate sexual behavior, even if it acts also in medaka.

Evolutionary insights into the function of estrogen and its receptor signaling

Taken together with the present results, the importance of estrogen in the activation of female
sexual behavior is considered to be conserved in mammals and teleosts. Importantly, I
demonstrated that estrogen/esr2b signaling is involved in the activation of female receptivity but
does not contribute to the ovarian functions, at least in a teleost, medaka. Teleosts generally
possess three Esr subtypes, esrl, esr2a, and esr2b, which are generated by gene duplication of
ancestral Esr genes in the early gnathostome lineage (when esr/ and esr2 were generated), and
another gene duplication of es72 in the third-round whole genome duplication that has occurred

specifically in teleost ancestors (esr2a and esr2b were generated) [80, 107, 108]. In a recent study,
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it has been reported that esr/ is dispensable for reproductive function including the activation of
sexual behavior in medaka [81], and esr2a is involved in the negative sex steroid feedback
regulation of gonadotropin secretion in the pituitary [17]. Although there are some different
phenotypes among the species, it is known that esr2a and esr2b deficiencies cause severe
dysregulation of reproductive function, but esr/-deficiency does not induce any dysfunction that
causes infertility in other teleost species [31, 109, 110]. Taken together, it is suggested that esr2a
and/or esr2b are mainly involved in the female reproductive functions in teleosts, with a possible
sub-functionalization between the two genes. Also, recent studies demonstrated that esr2 but not
esrl is responsible for the activation of sexual behavior in avian species [111]. Taken together, it
is suggested that esr2 rather than esr/ is involved in reproductive functions in non-mammalian
species.

In contrast, esr! plays more important roles than esr2 in female reproductive functions in
mammals. Actually, esr/ KO mice shows severe gonadal defect and behavioral dysfunction
leading to infertility [21, 112, 113], whereas Esr2-deficiency reduces litter sizes but does not cause
complete infertility [114-116].

These findings suggest that swapping of the main functions of Esr subtypes as to the control of
physiological functions and sexual behavior may have occurred in mammalian and
nonmammalian species during evolution, and it may be speculated that this swapping of Esr
subtypes may have been caused by difference in neural circuitries involved in reproductive
regulations. Kisspeptin neural system may be the prime example of this phenomenon. In
mammals, a neuropeptide kisspeptin play a pivotal role in the regulation of HPG axis by modyfing
the neuronal activity of GnRH-releasing neurons. Kisspeptin neurons express esr/, and are
supposed to be the target of well-known sex steroid feedback regulation [3-8]. However, growing

body of evidence suggests that kisspeptin is not involved in the HPG axis regulation in non-
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mammalian vertebrates [16, 71], although estrogen itself should have a role in the feedback
regulation of GnRH neurons via non-kisspeptin neural system [117], suggesting that the site of
the action of steroid feedback regulation in the hypothalamus are different between mammalian
and non-mammalian species, although estrogen/Esr feedback as a phenomenone seems to be
commonly exist in veretebrates. The result in this chapter demonstrated that esr2b but not esr/ is
involved in the control of sexual behavior in teleost medaka. It suggests that the neurons receives
estrogen to avtivate sexual behavior should be different between mammals and teleost, which is
in a similar situation to the in HPG axis regulation as described above. Further analysis of the
estrogen/esr2b neuroendocrine mechanism will contribute to elucidate the evolution of estrogen-

related neural mechanism activating the sexual behavior among vertebrates.

In summary, I have shown in chapter2 that estrogen/esr2b signaling in the brain plays a crucial

role in the activation of female receptivity. This process may be considered as one of the most

important mechanisms eliciting the sexual behavior in synchrony with the gonadal maturation.
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Table 2-1

The list of primers used for probe preparations in chapter 2. the primers for genotyping of esr2b
KO were gifted by Dr. Daichi Kayo (The University of Tokyo). Also, the sequences of primers
for qRT-PCR were also described in Kayo et al., 2019 [17].

erb2 melt se Genotyping of esr2b KO 5'-CTTTTGCCTGCCATGTACAGCC-3’

erb2 melt as2 Genotyping of esr2b KO 5'-GGACTATAGAAGGTCAACGGTCCAG-3'
erb2 Wtonly AS2  Genotyping of esr2b KO 5'-TAGTCATGGCTGCTGTCCGT-3'

gPCR LHb F new RT-PCR for Ihb gene 5'-TGCCTTACCAAGGACCCCTTGATG-3'
gPCR LHb R new qRT-PCR for Ihb gene 5'-AGGGTATGTGACTGACGGATCCAC-3'
gPCR FSHb Fw new qRT-PCR for fshb gene 5'-TGGAGATCTACAGGCGTCGGTAC-3'
gPCR FSHb Rv new gRT-PCR for fshb gene 5'-AGCTCTCCACAGGGATGCTG-3'
RPS13-SE qRT-PCR for Ihb /fshb 5'-GTGTTCCCACTTGGCTCAAGC-3'
RPS13-AS qRT-PCR for Ihb /fshb 5'-CACCAATTTGAGAGGGAGTGAGAC-3’
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Figure legends

Figure 2-1

Female receptivity is decreased in the females whose estrogen synthesis was pharmacologically
inhibited. (A) Time-courses of behavioral sequences during 30-minute period observation of
sexual behavior are shown as raster plots. Each trace represents data from a single pair of male
and female. “Before”, “During”, and “After” indicates before Fad-administration, during Fad-
administration, and after Fad-administration, respectively. Yellow, black, cyan and red bands
indicates the period of following, courtship, clasping and spawning, respectively. A red triangle
is placed on the right side of each red band for the sake of easier detection of the occurrence of
spawning (red band, which is very short). (B, C) The latency data were further analyzed using
Kaplan-Meier plots. Red, khaki, and blue curves indicates “Before”, “During”, and “After”,
respectively. (B) The females during administration received the first following by males later
than the females before/after administration (Latency to the first following (min.): Before; 95.33
+29.87, During; 49.11 + 15.76, After; 59.56 = 11.18, P = 0.2626 by Log-Rank Test, (C) Latency
to the first clasping (min.): Before; 218.78 = 67.11, During; 1485.00 + 189.00, After; 489.67 +
193.01, **P = 0.001422 between Before and During, ***P = 0.00018 between During and After
by Log-Rank Test). (D-G) Various parameters were measured and compared among the data for
three periods. Red, khaki, and blue dots represent “Before”, “During”, and “After”, respectively.
(D) There was no significant difference among the data for three periods in the percentage of time
spent for following (%) (Before; 27.81 + 4.56, During; 41.44 + 3.55, After; 40.66 + 6.93, P =
0.1043 by Kruskal-Wallis Test), (E) frequency of courtship (/min.) (Before; 0.707 + 0.165,
During; 0.715 £ 0.150, After; 1.078 £ 0.262, P = 0.4942 by Kruskal-Wallis Test (E)), and (F)
percentage of following with successful courtship (%) (Before; 48.25 + 5.92, During; 42.36 +

6.05, After; 49.68 £ 7.66, P = 0.4326 by Kruskal-Wallis Test). (G) The percentage of spawned
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female. The females during administration rarely spawned. (H) Representative photographs of
ovaries. There are many oocytes with accumulated yolk (arrowheads) in the ovary of DMSO-
administered females (+DMSO), although they were not observed in the ovary of Fad-

administered females (+Fad). Scale bar = 200 um.

Figure 2-2

Ovariectomized (OVX) females failed to accept (or rather appeared to actively refuse) the
following by male, and estrogen administration partially reinstated the clasping behavior. (A)
Time-courses of behavioral sequences during 30-minute period observation of sexual behavior
are shown as raster plots. Yellow, black, cyan and red bands represent the timing and duration of
following, courtship, clasping and spawning, respectively. The red triangles are the same as in
Figure 2-1. (B, C) The latency data were further analyzed using Kaplan-Meier plots. Blue, Red,
and khaki curves represent Sham, OVX, OVX+E, respectively. (C) OVX females never perform
clasping behavior with male, although a part of OVX+E females (3/5 females) showed the
clasping behavior that occurred significantly late (Latency to first following (min.): Sham; 1.69
+ 0.47, OVX; 2.22 £ 0.35, OVX+E; 1.58 + 0.24, P = 0.4288, Latency to first clasping (min.):
Sham; 12.48 £ 0.81, OVX; not detected, OVX+E; 26.18 + 6.47 (n = 3), **P = 0.00552 between
Sham and OVX, **P = 0.00552 between Sham and OVX+E, by Log-Rank Tests). (D-G) Various
parameters were measured and compared among Sham, OVX, and OVX+E, which are
represented as blue, red, and khaki dots, respectively. It was not found the significant difference
in percentage of the time spent for following (%) (Sham; 42.77 + 1.63, OVX; 52.14 £+ 7.28,
OVX+E; 51.62 £ 2.68, P = 0.1583 by Kruskal-Wallis Test (D)), although number of following
trial was significantly higher in OVX and OVX+E compared to Sham (Sham; 43.2 +2.63, OVX;

87.2 £ 11.50, OVX+E; 104.0 + 7.93, **P = 0.02449 between Sham and OVX, **P = 0.02449
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between Sham and OVX+E by Steel-Dwass Tests (E)), and frequency of courtship (/min.) (Sham;
1.44+0.088,0VX;2.91+0.383, OVX+E; 3.47+0.264, **P=0.02341 between Sham and OVX,
P =0.02395 between Sham and OVX+E by Steel-Dwass Tests (F)) and percentage of following
with successful courtship (%) (Sham; 82.82 + 3.56, OVX; 31.02 + 4.36, OVX+E; 23.90 + 2.17,
**P = 0.02449 between Sham and OVX, **P = 0.02449 between Sham and OVX+E by Steel-

Dwass Tests (G)) were significantly lower in OVX and OVX+E compared to Sham.

Figure 2-3

Various analyses on the physiological functions of esr2b KO female. “+/-” and “-/-* indicate
the data of esr2b™" and esr2b”" female, respectively. (A, B) Expression levels of hb (A) and fshb
(B) in the pituitary. Significant difference between esr2b™" and esr2b”~ female was not detected
in either /b or fshb expression (lhb: +/-;29.4 +£4.01, -/-; 16.7 + 3.46, P = 0.0601, fshb: +/-; 74.6
+ 8.06, -/-; 50.8 = 10.2, P = 0.173, by Mann-Whitney U Tests), which is consistent with the
previous study [17]. (C) Representative photographs of caudal part of the body of esr2b"" and
esr2b™" female. There was no visible difference in the appearance of secondary sex characteristics:
dorsal fin, anal fin, and UGP (arrowhead). Scale bar =5 mm. (D-F) Morphological features of the
ovaries. There was no discernible difference in gross morphology (D) and histological

architecture (F), and GSI (%) (+/-; 6.31 = 0.67, -/-; 6.61 % 1.64, P = 0.5827 (E)).

Figure 2-4

esr2b”" female shows lower receptivity. “+/-> and “-/-* indicate the data of esr2bh™" and esr2b™
female, respectively. (A) Time-courses of behavioral sequences during 30-minute period
observation of sexual behavior are shown as raster plots. Yellow, black, cyan and red bands

represent the timing and duration of following, courtship, clasping and spawning, respectively.
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The red triangles are the same as in Figure 2-1. (B, C) The latency data were further analyzed
using Kaplan-Meier plots. Red and blue curves represent esr2b"" and esr2b™, respectively. (C)
The latency data of first clasping indicated that esr2bh”- female rarely performed clasping behavior
(Latency to first following (min.): +/-; 1.77 + 0.80, -/-; 1.08 = 0.41, P = 0.4426, Latency to first
clasping (min.): +/-; 6.61 £ 2.07, -/-; 16.08 + 7.08 (n = 2), ***P = 0.0005 by Log-Rank Tests).
(D-G) Various parameters were measured and compared between esr2b™ and esr2b” female,
which were represented as red and blue dots, respectively. From the result that there was no
significant difference in percentage of the time spent for following (%) (+/-; 33.1 £ 5.46, -/-; 44.3
+5.29, P=0.2298 (D) by Mann-Whitney U Test) and number of following trials (+/-; 61.2 + 7.04,
-/-; 54.2 £ 6.50, P = 0.5752 (E) by Mann-Whitney U Test), esr2b”" female suggested to be
normally followed by male, although frequency of courtship (/min.) (+/-; 1.16 £ 0.12, -/-; 0.73 £
0.16, *P = 0.03006 (F) by Mann-Whitney U Test) and percentage of following with successful
courtship (%) (+/-; 58.1 £ 3.68, -/-; 38.6 £ 4.68, *P = 0.01307 (G) by Mann-Whitney U Test) was

significantly lower than that of es#2b"" female.

75



Figure 2-1
Hll I \‘Hl IHIH \II III‘ I 0w :

A Em:‘\\llllfmh NN \H

Before |
101 - | |
th HIHIIHH IHHI‘\HIIHIHII | Hl\ i1

f\l J ‘I‘LH | ! I II- II+HI\III II\I \

||\I Nl .l | ’ ‘I“’HI I \

””HHHH‘ [l Hl ‘ ‘:IHII‘I W‘:I‘JHIHIII [ \| I (EL0L HllH I‘\

HIHIIIIHIIHH U‘ I‘“MI# ”M” II\Illl‘IHII ||hIIHJIIHIHIII (RNl \ [ II I \

HI#‘ III‘Illl ‘I \' I

‘I |
II|'\|III -

During

After | \H w f

1y | H II‘
Il ‘ I I\ | \’ ‘ L‘II
| (51T \ {11 I\ | \’ M n I\I | i IIIII\HIII
0 Time (mln.) 30
- Following -Courtship |  -Clasping M -Spawning
£ 100 £100 |
o o
2§ 80 g5 80
T = <8
& 60 £o 60
g5 R E —— Before |
L‘5“: 40 Before E; 40 Dur\nglﬂ
&s ——— During &= 20 —— Adter
§o 20 g o |_
€ £ —— After £ £
§§ 0 . : : — 5% 0 . . : . : :
c B 1 2 3 4 30 c¢ 0 5 10 15 20 25 30
Latency to first following (min.) Latency to first clasping (min.)
100+ ~ 3.0 100 R
c —
. E 25] &
25 80 . ’ S
ie & 20 ‘ g | .
=z J o 4
“5§ 60 . 3 15l . . Eg 60 .
32 a0 4 : 27 0. ';'
g ] g 1.0 : g8 .
o5 ' 3 _L £3 oo
e & 204 ] g 0.5 M Se 209 ,
H = . - oz .
0. 0- . 0
) = 5] e 2 o] @ =3 5
g £ £ 2 £ 2 s £ 2
& ] o a 2 a <
100 4
@
g 80 -
2
© ~
:‘-:-_z\u, 60
o8
@
g5 40
3
8 @
£2 20
0- i} j=)]
s £
& &

76



Figure 2-2
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Figure 2-3
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Chapter 3
Neural circuit for eliciting

female spawning behavior following activation of

estrogenic signaling via esr2b-expressing neurons
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Abstract

Vertebrates perform sexual behavior as an innate behavior for generating offspring, which is
regulated to be activated in a flexible manner according to the internal and external environments
by neuroendocrinological/neuroethological mechanisms. For such regulation, it has generally
been suggested that estrogen, one of the sex steroid hormones, plays pivotal roles by controlling
the neural circuit for the sexual behavior, which should involve neurons expressing estrogen
receptors. Although many studies have been conducted about this circuit in mammals, there are
only a few studies on the circuitry system of non-mammalian species including teleosts.

In chapter 3, I used a teleost, medaka, and explored the neural circuit that elicits the female
sexual behavior following activation of estrogenic signaling by using brain activity mapping with
immediate early gene (IEG) and histological techniques. I found a neural population in Vd/Vs/Vp
brain region of females that shows high neural activity during spawning behavior culminating in
oviposition. This population of neurons expressed a GABA marker gene, gad|.1, suggesting that
GABAergic inhibitory neurotransmission is involved in the female sexual behavior for successful
spawning. In addition, estrogen receptor 2b (esr2b)— expressing neurons, which are suggested to
be involved in female sexual behavior, was located adjacent to the the GABAergic neurons, which
were shown to be active during spawning. Furthermore, by using LMD/RNA-seq analysis
followed by dual ISH analysis, I identified neuropeptide B, cholecystokinin, and C-type
natriuretic peptide 1 as the candidate neuropeptides expressed by those neurons, which are most
probably used as neuromodulators activating their specific receptors expressed by the target
neurons. Interestingly, the genes of receptors for these peptides were expressed in the ventral
telencephalic region where the above-mentioned GABAergic neurons were located. These

anatomical results may suggest the existence of local peptidergic neuromodulation between these
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two populations in the ventral telencephalon. Because the ventral telencephalic region described
in this chapter closely corresponds to the brain regions in himé/kokanee salmon and goldfish that
have been shown to trigger specific sexual behaviors in these fish when they received local
electrical stimulations, the findings in chapter 3 may give us important general insights into the

neural circuit for activating the sexual behavior of female teleosts in general.

82



Introduction

Sexual behavior is the innate behavior for reproduction in animals, which exhibits sexually
dimorphic behavioral patterns. In many cases, male shows the courtship behavior, in some cases
accompanied by clasping, and if female accepts the male as a mating partner, they both culminate
in spawning behaviors to release sperms and eggs. These sequential behaviors are supposed to be
regulated by the neural circuits that are also modulated by physiological conditions of the
individual [118]. Among the modulators, gonadal sex steroids are ones of the most important
factors for activating the sexual behavior [119, 120], which is also evidenced by the strong
correlation between the occurrence of sexual behavior and gonadal maturation.

In females, estrogen, which is secreted from mature ovary, has been supposed to play crucial
roles in this neuroendocrine signaling in many vertebrate species [120, 121]. Regarding such
regulatory systems, it has been investigated in many studies using mammalian species, especially
rodents. In mammalian species that show lordosis behavior, which is a female sexual behavior
observed mainly in rodents, rising up their posterior pelvis for facilitating penis intromission into
vagina, the lordosis behavior has been suggested to be elicited in an estrogen-dependent manner
[18, 74, 76]. It has been also elucidated that estrogen is directly received by estrogen-receptive
neurons in the brain, which express estrogen receptors (Esr), and these neurons are involved in
the activation of lordosis. Actually, electrolytic lesion of VMH or Esr-knock out (KO) or genetic
ablation of Esrl (one of the Esr subtypes)-expressing neurons in the ventrolateral part of
ventromedial hypothalamus (VMHv]) resulted in severe defects in lordosis [19, 21, 44, 101].
Moreover, it has been reported that estrogen/Esr1 signaling modifies the gene expression patterns
and synaptic connection of VMHVI neurons [22, 23]. Thus, there are accumulating evidence for

the neural circuits of estrogen-dependent regulation of sexual behaviors in mammals, especially
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in rodents. However, in non-mammalian species, the neural mechanisms of estrogen-dependent
control of sexual behaviors still remain unclear compared to these of mammals, and experimental
analyses on this topic have been long awaited.

In chapter 3, I focused on a teleost medaka for the studies of the neural mechanisms activating
sexual behavior, because such studies in non-mammalian vertebrates have mostly used teleosts.
In the 1980s, several studies using electrolytic local brain lesions and electrical stimulation of
local brain regions suggested that ventral telencephalon and preoptic area are involved in the
activation of sexual behavior in several teleost species [24-26]. In more recent studies, expression
of the genes of sex steroid hormone receptors have been localized to such brain regions [27-30].
These studies suggest that there is a neural circuit that receives the sex steroid signals and
promotes the sexual behaviors that are functionally equivalent to those in mammals. To elucidate
this neural mechanism, I used a teleost medaka in the present study. Medaka is an advantageous
model for experiments in the neuroendocrinological studies. There is an accumulating
information about their genome, mechanisms of neuroendocrine regulation of reproduction
including the sex steroid hormones, and sophisticated experimental methods, such as molecular
genetic techniques [33]. Also, medaka shows stereotypical patterns of sexual behavior, which
makes it easy to quantitatively analyze the behavior (Chapter 1) [36]. Moreover, I have shown in
chapter 2 that some components of female sexual behaviors are severely affected by gene KO of
estrogen receptor 2b (esr2b), one of the estrogen receptor subtypes expressed in the brain, which
suggests that esr2b-expressing neurons may be involved in the activation of sexual behavior
(Chapter 2) [100].

In the present chapter, I first identified GABAergic neurons in the ventral telencephalon that are
activated during spawning behavior leading to oviposition in female, which is supposed to be one

of the major components in the neural circuit for activation of female sexual behavior. Also, my
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results suggested that esr2b-expressing neurons closely located to these neurons use local
neuromodulatory signaling to facilitate the GABAergic neurons to trigger the motor pattern

generator circuitries for spawning behavior.

85



Materials and Methods

Animals

Female and male wild type (WT) d-rR medaka (Oryzias latipes) and the transgenic (Tg) lines
of esrl:egfp, which were generated in Zempo et al., 2018 [122] were used in this study. All fish
were maintained in shoals until it was possible to distinguish their sex by their sexually dimorphic
appearance. After breeding in shoals, I made the pairs (one female and one male) or the harems
(two to three females and one male) in fish tank with water circulation (Labreed, IWAKI Co.,
Ltd., Tokyo, Japan) under 14-h light/10-h dark photoperiod (light on at 08:00 and off at 22:00)
condition at a water temperature of 27+2 °C. | fed live brine shrimp and/or commercial flake
food (Tetra Medaka-bijin; Spectrum Brands, Yokohama, Japan) for three or four times per day.
All of the fish maintenance and the experiments were conducted in accordance with the protocols
approved by the Animal Care and Use Committee of the University of Tokyo (permission number

17-1).

Quantification of tail-bending behavior

To quantitatively comparing the tail-bending behavior performed during the clasping behavior
culminating/not culminating in oviposition, I obtained the video-captures at the timing of clasping
behavior from the video of intact female and male pairs (Figure 3-1). I traced the posture by
drawing two lines from anus (This point is called “point P”) to the rostral edge (This point is
called “point Q) and the root of the tail fin (This point is called “point R”). Then I quantified the
angles of ZQPR for each capture of clasping by using Imagel, subtracted it from 180 °, and
compared this value (termed as “tail angle”) between the clasping culminating/not culminating in

oviposition.
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Behavioral experiment

The day before the experimental day, I prepared the several pairs of medaka describes below
(Figure 3-2). I used sexually matured females that were confirmed to show the spawning for three
consecutive days before preparation. I placed the pairs to the experimental tank (described in
chapter 1) [36], separated individually until the analysis by putting a transparent perforated
partition diagonally across the tank. The behavioral experiments were carried out the next
morning. After experiment session, I anesthetized the females by immersion in 0.02 % tricaine
methanesulfonate (MS-222) and perform the tissue preparation steps.

The flow of conditioning sessions is described below.

Female and male pair

I paired the female with the intact male and placed the pairs to the experimental tank with
partition (Figure 3-2A). At 9:00-10:00 of the experimental day, I removed the partition to allow
females and males to interact, then picked up the females 25 minutes after they showed spawning
behavior. They were immediately anesthetized and performed the tissue preparation steps

described below.

Female and female pair

I paired the female with the intact female and placed the pairs to the experimental tank with
partition (Figure 3-2B). At 9:00-10:00 of the experimental day, I removed the partition to allow
females to interact. [ picked up the females 60 minutes after partition-removal, then I immediately

anesthetized and performed the tissue preparation steps.
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Female and fin-removed male pair

In the previous studies, males embrace females using their dorsal and anal fins when clasping;
wrapping female and quivering together [34]. Actually, the pairs of which the male is removed
their dorsal and anal fins impair the spawning behavior and consequently cannot obtain fertilized
eggs [123]. I excised male’s dorsal and anal fins using surgical razor and recovered them overnight
in 0.8 % NaCl water. The day before conditioning, I paired them with intact female and placed
the pairs to the experimental tank with partition (Figure 3-2C). At 9:00-10:00 of the experimental
day, I removed the partition to allow females and males to interact, then picked up the females I
picked up the females 60 minutes after partition-removal, then I immediately anesthetized and

performed the tissue preparation steps.

Partitioned female and male

The pairs are prepared by the same method of female and male pair. Until 10:00-11:00 of the
experimental day, the females and males were remained separated, then females were picked up,
immediately anesthetized by immersion in 0.02 % MS-222, and carried on the tissue preparation

steps (Figure 3-2D).

In situ hybridization

Immediately after anesthetizing of females, I quickly fixed them by perfusion with 4 %
paraformaldehyde (Nakarai Tesque, Kyoto, Japan) in 1.0 x phosphate-buffered saline (PBS)
(Takara Bio, Shiga, Japan) for 30 seconds from the bulbus arteriosus using a borosilicate glass
pipette made from capillaries with 1.5-mm outer diameters (GD-1.5; Narishige, Tokyo, Japan).
After perfusion, I decapitated, dissected out the whole brain, and soaked it in 4 % PFA in 1.0 x

PBS for ten minutes at room temperature. And then I substituted with 30 % (w/v) sucrose
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(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) in 1.0 x PBS overnight at 4 °C. |
embedded the brain with 5 % ultra-low melting agarose (Sigma-Aldrich, Darmstadt, Germany) /
20 % sucrose (w/v) in 1.0 x PBS and prepared cryosections by frontal cutting serially at 25 pm
intervals by using a cryostat (CM 3050S; Leica Microsystems, Wetzlar, Germany). The sections
were mounted onto CREST-coated glass slides (Matsunami, Osaka Japan).

I prepared digoxigenin (DIG)-labeled sense and anti-sense cRNA probes. Template cDNA was
prepared from the female brain by reverse-transcription PCR. The primer sequences for this
reaction are described in Table 3-1. PCR product was inserted in a pCR®2.1-TOPO® Vector
(Invitrogen, Waltham, MA) and transcribed in vitro for three hours at 37 °C, using a DIG labeling
kit (Roche Applied Science, Manheim, Germany). Transcription products were extracted, which
were used as cRNA probes.

In situ hybridization (ISH) was performed on the brain cryosections. All the specimens were
washed with 3 % Triton X-100 (FUJIFILM) in 1.0 x PBS (1.0 xPBST), postfixed with 4 % PFA
in 1.0 x PBS for ten minutes, treated with 2 mg/mL glycine in 1.0 x PBS, and incubated with
0.25 % acetic anhydride in 0.1 M triethanolamine for ten minutes. Then the specimens were
incubated for 90 minutes at 58 °C with hybridization buffer containing 50 % formamide, 3.0 x
saline sodium citrate (SSC), 0.12 M phosphate buffer, 1.0 x Denharldt’s solution (Sigma-Aldrich),
100 ug/mL calf thymus DNA solution (Invitrogen), 10 % Dextran sulfate (Sigma-Aldrich), and
125 pg/mL tRNA solution (Roche). The specimens were incubated overnight at 58 °C with
hybridization buffer containing 100 ng/mL DIG-labeled egr! cRNA probe. After hybridization,
the specimens were twice washed with 50 % formamide in 2.0 x SSC for 15 minutes at 58 °C and
incubated with 20 pg/mL RNase A for 30 minutes at 37 °C in TNE buffer (1 % 1M Tris-HCI (pH
7.5)/10 % 5 M NaCl/ 0.2 % 0.5 M EDTA (v/v)). The slides were washed for ten minutes at

37 °C once, 2.0 x SSC for 15 minutes at 58 °C twice, 0.5 x SSC for 15 minutes at 58 °C, and then
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soaked in pH 7.6 Tris buffered saline with Tween 20 (TBS-T) (Sigma-Aldrich) for five minutes.
Blocking treatment was performed with 1.5 % blocking reagent (Roche) in TBS-T for 30 minutes.

For the detection of egr/ mRNA, DIG signals are fluorescently visualized. I incubated the slides
with a horseradish peroxidase-conjugated anti-DIG antibody (Roche) diluted 1:500 with TBS-T
for 2 hours, washed with TBS-T, then applied Tyramide Signal Amplification / Cyanine 3
(TSA/Cy3) detection kit (Perkin Elmer, Waltham, MA) for ten minutes at room temperature. After
washing the slides with 1.0 x PBST, I applied 4',6-diamidino-2-phenylindole (DAPI) (Dojindo
laboratories, Kumamoto, Japan) diluted 1:1,000 with 1.0 x PBS for the fluorescent visualization
of nucleus localization. The slides were observed and photographed the brain nuclei, which are
known to express esr2b; ventral telencephalon pars dorsalis/supracommissuralis/posterior
(Vd/Vs/Vp), rostral part of nucleus preopticus pars parvocellularis (rPOp), nucleus preopticus
pars magnocellularis (POm), nucleus posterioris peroventricularis (NPPv), nucleus ventralis
tuberis (NVT) [29, 30] under a LSM-710 confocal laser-scanning microscope (Carl Zeiss,
Oberkochen, Germany). The nomenclature of the medaka brain nuclei was identified following
the previous study [124], while it should be noted that Vd/Vs/Vp is regarded as the ventral
telencephlic region of posterior-Vd to Vp in the present study.

On the other hand, I detected the signals of other genes except for egr/ by chemogenic detection.
After blocking step, I incubated the slides with an alkaline phosphatase-conjugated anti-DIG
antibody diluted 1:1000 with TBS-T (Roche) for 1 hours, washed with TBS-T, then applied
NBT/BCIP as chemogenic substrates. The slides were observed and photographed the region
containing Vd/Vs/Vp under a Leica DM5000 B equipped with a digital camera Leica DFC310
FX (Leica).

I counted the number of signal-positive cells and by using a plugin function “Cell Counter” of

ImagelJ (https://imagej.nih.gov/ij/). Cell counting was performed by blind test.
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Dual in situ hybridization

To analyze the co-expression of two genes, whether I performed dual in situ hybridization. The
brain samples were obtained from the females that were confirmed to show the spawning for three
consecutive days before sampling. Also, for dual ISH for egr/ and another gene, behavioral
conditionings were performed as well as single ISH for egr/ in the female that interact with
female/male. Slide preparation and cRNA probe preparation were performed in the same methods
for single ISH, while cRNA probes for another gene were labeled with fluorescein (FL), using a
FL labeling kit (Roche) The primer sequences for probe preparation are described in Table 3-1.
All the procedures up to the DIG signal detection step were performed as described in the previous
section (in situ hybridization), except for the hybridization step that the sections were incubated
overnight at 58 °C with hybridization buffer containing 100 ng/mL DIG-labeled cRNA probe /
200 ng/mL FL-labeled cRNA probe. After the detection of DIG signal, I incubated the slides with
3 % H;021in 1.0 x PBS for 60 minutes in order to quenching the peroxidase activity for the
detection of DIG signal. Blocking treatment was performed with 1.5 % blocking reagent in TBS-
T for 30 minutes, and I incubated the slides with a horseradish peroxidase-conjugated anti-FL
antibody (Roche) diluted 1:500 with TBS-T for two hours, then applied Tyramide Signal
Amplification / Plus Biotin (TSA/biotin) detection kit (Akoya Biosciences, Marlborough, MA)
for ten minutes at room temperature. I applied VECTASTAIN ABC Elite kit for signal-
amplification (Vector laboratories, Burlingame, CA) before visualization with Alexa Fluor 488-
conjugated streptavidin (Invitrogen).

The slides were observed and photographed the region containing Vd/Vs/Vp under a LSM-710
confocal laser-scanning microscope, with visualization DIG/FL signals to magenta/green,
respectively. Cell counting was performed by the same method described in the session “in situ

hybridization”.
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Laser microdissection microscopy

At 10:00-11:00, 1 deeply anesthetized esrl:egfp Tg female medaka with 0.02 % MS-222,
decapitated and dissected out the whole brain. Then I quickly rinsed the brain with 1.0 x PBS,
embedded in 5 % ultra-low melting agarose / 20 % sucrose (w/v) in 1.0 x PBS, and prepared
cryosections by frontal cutting serially at 8 pm intervals by using a cryostat (CM 3050S). The
sections were mounted onto polyethylene naphthalate film-coated glass slides (Leica) and stored
at —80 °C until laser-microdissection (LMD).

Before LMD, the slides were immediately air dried using a blower. The regions express egrl or
esr2b in Vd/Vs/Vp were laser-microdissected using the LMD7000 (Leica) with observing GFP
fluorescence expressed in esr2b-expressing neuron as a landmark, and collected into the cap of a
0.2 mL microtube (Ina-Optika, Osaka, Japan). Six serial sections were collected from each female,
and I prepared three tubes that were pooled samples for two individuals. The tissue samples were

spun down to the bottom of microtubes by centrifugation at 15,000 % g for one minute.

RNA-sequencing and data analysis

I applied NEBNext Single Cell/Low Input RNA Library Prep Kit for [llumina (New England
Biolabs, Ipswich, MA) for the preparation of the sequencing libraries. The laser-microdissected
tissue samples were dissolved in lysis buffer and then used as template for reverse-transcription.
Sequencing libraries were prepared according to the manufacture’s protocols. Barcode-sequence
ligation was conducted with using NEBNext Multiplex Oligos for Illumina (New England
Biolabs). The concentration and length of sequencing libraries were measured using Qubit
Fluorometer (Thermo Fisher Scientific, Waltham, MA) and Tapestation (Agilent Technologies,
Santa Clara, CA), respectively. Sequencing was performed using the illumina NovaSeq 6000 (2

x 150) at Nippon Genetics (Tokyo, Japan).
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The obtained reads were trimmed using PRINSEQ++ v0.20.4 [125] and mapped on the O.
latipes reference assembly using STAR v2.7.9a [126] with default parameters. The mapped read
numbers and TPM (transcripts per kilobase million) value of each gene were counted using RSEM

v1.3.3 [127]. I selected the candidate genes judging from TPM values in the obtained data.

Quantification of tail-bending behavior

To quantitatively comparing the tail-bending behavior performed during the clasping that
showed/did not oviposition, I obtained the video-capture at the timing of clasping behavior from
the video of intact female and male pairs (Figure 3-2). I traced the posture by drawing two lines
from anus (This point is called “point P”’) to the rostral edge (This point is called “point Q") and
the root of the tail fin (This point is called “point R”). Then I quantified the angles of ZQPR are
quantified for each capture of clasping by using ImagelJ, subtracted it from 180 °, and compared

this value (termed as “tail angle”) between the clasping that showed/did not show oviposition.

GFP immunohistochemistry

I deeply anesthetized esrl:egfp Tg female medaka with 0.02 % MS-222, quickly fixed them by
perfusion with 4 % PFA in 1.0 x PBS, decapitated, and dissected out their whole brain.
Cryosections were obtained by the same methods for ISH, washed by 1.0 x PBST, and incubated
with anti-GFP rabbit IgG diluted 1:2000 with 5 % normal goat serum in 1.0 x PBST overnight.
The sections were washed with 1.0 x PBST, and applied biotinylated anti-rabbit IgG goat I1gG
diluted 1:200 with 1.0 x PBST at room temperature for two hours. Then I washed the specimens,
applied VECTASTAIN ABC Elite kit for signal-amplification, and visualized signals with Alexa
Fluor 488-conjugated streptavidin (Invitrogen). The slides were observed and photographed the

region containing Vd/Vs/Vp under a LSM-710 confocal laser-scanning microscope.
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Dual labeling of esr2b in situ hybridization and GFP immunohistochemistry

All the procedures up to the application of biotinylated anti-rabbit IgG antibody were performed
as described in the previous section (GFP immunohistochemistry), then I perform the ISH steps
from washing the specimen with 1.0 xPBST, to fluorescent visualization of es¥2b mRNA signals
by using esr2b-specific DIG-labeled cRNA probe and TSA/Cy3. After washing specimen, applied
VECTASTAIN ABC Elite kit for signal-amplification, and visualized GFP-immunoreactive (ir)
signals with Alexa Fluor 488-conjugated streptavidin (Invitrogen). The slides were observed and
photographed the region containing Vd/Vs/Vp under a LSM-710 confocal laser-scanning

microscope with visualization esr2b mRNA/GFP-ir signals to magenta/green, respectively.

Statistical analysis

All the values are presented as mean + standard error of the mean (SEM). Statistical analyses
and graph drawing were performed by using R (R Core Team 2020). For comparing between two
groups, Mann—Whitney U test was employed, except for the analysis of tail-bending behavior,
which was analyzed by Welch’s ¢ test. On the other hand, data were analyzed by the non-
parametric Kruskal-Wallis test followed by Dunn-Bonferroni test using the Dunn.test package

(https://cran.r-project.org/web/packages/dunn.test/index.html) for more than two groups. All

parameters are shown by the whisker and scatter plot. We used the beeswarm package to perform

the scatter plot. A P-value less than 0.05 was considered statistically significant.
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Results

Female medaka bend their body during the spawning behavior culminating in oviposition
First of all, for better understanding of the phases of female sexual behaviors, I observed the
postures of female during the clasping behavior (Figure 3-1). I quantified the maximum angle of
the female tail-bending while it is clasped by a male. Here I found a clear difference in this
maximum angle between the clasping culminating in spawning (termed as “Culminating (in
spawning)”) and clapsing that failed to spawn (termed as “Not culminating (in spawning)”)
(Figures 3-1A and B). This result suggests that females bend and thrust their body to the male
(termed as “tail-bending”) only during the successful spawning behavior leading to oviposition.
Thus, the tail-bending can be regarded as a fixed action pattern of spawning behavior for

oviposition (egg release).

Neurons in the ventral telencephalon showed higher expression of egrl in the female that
performed tail-bending behavior

To identify neural populations that are involved in female clasping behavior, I performed in situ
hybridization (ISH) for an immediate early gene (IEG), egr!, with special reference to the brain
nuclei, ventral telencephalon, preoptic area, and hypothalamic region, where esr2b, an estrogen
receptor subtype involved in sexual behavior is expressed (Figure 3-3). Here, I found that
significantly more egr-expressing cells were found in Vd/Vs/Vp of females paired with males
(that had physical contacts and received various sensory stimuli from males, and performed sexual
behaviors) compared to those of females paired with females (that did not perform sexual
behaviors), suggesting that this egr/ expression may be associated with the sexual behavior

(Figures 3-3A and B).
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For detecting more precise timing of egr/ induction in Vd/Vs/Vp during sexual behavior in
female, I further performed egr/ ISH in the control females who were partitioned with an intact
male, those who interacted with a dorsal and anal fin-removed male, and those who interacted
with an intact male (Figures 3-3C and D). Female separated from male was not able to physically
interact with the male, so they were only courted by the male from the opposite side of the
partition. On the other hand, since the fin-removed males could not clasp the female for successful
spawning, the females were clasped by fin-removed male for a much shorter time. Therefore, the
females rarely showed tail-bending and subsequent spawning leading to oviposition. Actually, in
the present experiment, four out of six females did not show tail-bending behavior accompanied
by oviposition. The number of egr/-expressing cells were significantly higher in the females who
interacted with the intact male (group A in Figure 3-2) than in the females separated from the male
(group D in Figure 3-2) and that in females with fin-removed male (group C in Figure 3-2)
(Figures 3-3C and D). It should be noted that more egr/-expressing cells were found in females
that clasped and spawned with fin-removed male than that in females did not spawned with fin-
removed male, which appeared to resemble those expression in females interacted with intact
male. These findings indicate that Vd/Vs/Vp neurons show high neural activity with egrl/
expression in females that performed persistent clasping leading to oviposition, which was

manifested by tail-bending behavior. Hereafter, these neurons are termed as egr/VYV¥VP neurons.

egr1VYVsV? neurons did not express esr2b

From the expression pattern of egrl, it is suggested that the neural population involved in the
female spawning behavior is located in Vd/Vs/Vp, which was shown to express esr2b [29, 30].
Considering this fact, | next performed dual ISH for egr/ and esr2b to investigate whether

egr1VYVs'VP neurons also express esr2b (Figure 3-4). I found that the egrl-positive signals were
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located in dorsolateral subpopulation of Vd/Vs/Vp, wheareas esr2b signals were located in the
ventromedial subpopulation of Vd/Vs/Vp. The cells that showed both egr/ and esr2b signals were
barely found. It suggests that the egriV¥VVP neurons are distinct from the esr2b-expressing

neurons in Vd/Vs/Vp (hereafter called the esr2bY¥V*V? neurons).

RNA-seq analysis identified the candidate neurotransmitter/neuromodulators of egr1¥¥Vs'Vp
and esr2bYYV*VP neurons

For characterization of egrlV¥V¥VP and esr2bVYV¥VP neurons, I performed gene-expression
RNA-sequencing (RNA-seq) analysis of the micro-dissected brain area including egr/¥¥V¥VP or
esr2bVYVs'VP neurons by using laser-microdissection microscopy (LMD). Results of the RNA-seq
of the brain area including egr/¥¥V¥V? neurons (Total reads: 20737172.67 + 223235.75, aligned
base rate (%): 42.85 + 0.92) showed approximately 130 genes that have high TPM values (> 1000)
regarded as the candidate gene for their neurotransmitters/neuromodulators or markers. Among
these genes, I found that gadl.l, which is a gene coding an enzyme for y-aminobutanoic acid
(GABA) synthesis (ENSORLG ID: ENSORLG00000009208) was highly expressed in this region
(TPM value; 1017 + 116.67). Subsequent analysis of the co-expression of gadl.l and egrl by
dual ISH in the female that clasped with male indicated that almost 80 % of egr/-positive cells
co-express gadl.l (Figures 3-5A-C), which suggests that most of egrlV¥V¥VP neurons are
GABAergic (gadl. I/egr1V¥V¥V? neurons).
Also, I analyzed the RNA-seq results of the area including esr2bVYV¥'VP neurons (Total reads:
22377249.33 + 3243901.34, aligned base rate (%): 41.34 + 3.77) aiming at identifying the
neurotransmitters/neuromodulators or markers of these neurons. I found that several genes coding
for neuropeptides, such as neuropeptide B (npb, ENSORLG ID: ENSORLG00000025130),

cholecystokinin (cck, ENSORLG ID: ENSORLG00000005949), and C-type natriuretic peptide-
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1 (cnpl, ENSORLG ID: ENSORLG00000012204) showed high TPM values (TPM value: npb;
34209.65 + 7019.55, cck; 1475.63 + 293.61, cnpl; 2003.01 + 317.08). To confirm the co-
expression of these candidate genes and esr2b in Vd/Vs/Vp, I conducted dual ISH for npb / cck /
cnpl and esr2b and found that mRNA signals of all these three genes were clearly co-localized
with es¥2b mRNA signal (Figure 3-5D). From these results, NPB / CCK / CNP1 were identified
as neuromodulators that are released from esr2bY¥Vs'VP neurons; I here prefer neuromodulator to
neurotransmitter, since these are considered to be neuropeptides whose receptors are GPCR or
guanylyl cyclase. Among them, npb has been also reported to show female-biased expression in

esr2b expressing neurons [100, 128], which is consistent with my dual ISH results here.

Some of the esr2bY¥V¥VP neurons appear to project to the lateral region of Vd/Vs/Vp in which
gadl.1/egrI¥YV*V? neurons are located

Next, [ performed EGFP immunohistochemistry (IHC) in the brain of esr/:egfp transgenic (Tg)
female medaka in which most of the EGFP-ir neurons express esr2b, and the IHC signals in the
neurites may be regarded as the neurites of esr2bY¥V¥V? neurons (Figure 3-6A). It sould be noted
that some neurons in Vd/Vs/Vp co-express several subtypes of Esr [122], which is consistent with
the results here that EGFP-ir neurons in Vd/Vs/Vp co-express esr2b. 1 observed axonal
projections of EGFP-positive neurons in Vd/Vs/Vp and found that a part of EGFP-positive fibers
was detected in ventral part from Vd/Vs/Vp. However, EGFP-positive fibers were also detected
in lateral part of Vd/Vs/Vp, which is a region that gad1.1/egr1¥¥V¥V? neurons are located (Figure
3-6B). In addition, I observed several varicosities along the neurites arising from the cell bodies
(Figure 3-6C, arrowheads), which have been considered to represent structures for the
accumulation and release of neuromodulators. Taken together, it may be suggested that at least

some of the esr2bV¥VVP neurons may release the above-mentioned neuropeptides to act as
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neuromodulators affecting neurons including the gad].1/egri¥¥VsV? neurons.

GABAergic neurons in Vd/Vs/Vp appear to express cckbr and olgc7, receptor genes for CCK
and CNP1

I analyzed the data for RNA-seq of egriV¥V¥VP again and searched for the receptor genes for
the neuropeptides, NPB / CCK / CNPI1, assuming a possible existence of peptidergic
neuromodulatory signaling from esr2bY¥V¥V? neurons to the gadI.1/egri¥¥VV? neurons. 1 found
that cckbr (ENSORLG ID: ENSORLGO00000024681) and olgc7 (ENSORLG ID:
ENSORLGO00000001459), which are receptor gene for CCK, and CNP1, respectively, were
possibly expressed in egrlVYVVP neurons, whereas NPB receptor npbwr2 (ENSORLG ID:
ENSORLGO00000016815) did not appear to be expressed considering the TPM values (npbwr2;
4.44 £+ 2.51, cckbr; 95.43 + 9.86, olgc7; 33.70 = 10.56). Although it is preliminary, single ISH
results showed that mRNA signals of cckbr/olgc7 were located in the ventrolateral part of
Vd/Vs/Vp in which gadl. 1-expressing neurons are located (Figure 3-7). Taken together with this
result and the properties of gadl.l/egriV¥V¥VP neuron, it is conceivable to be exist the
neuromodulatory signaling from the esr2bYYV¥VP neurons to the gadl.1/egr1¥¥V¥V? neurons via

neuropeptides such as CCK, and/or CNP1.
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Discussion

In this chapter, I quantitatively analyzed the female sexual behavior “tail-bending”, which is
actively performed by female medaka during the successful spawning behavior leading to
oviposition. [ also performed histological analysis and found that a neural population in Vd/Vs/Vp
is activated during the spawning behavior. Interestingly, these neurons were distinct from esr2b-
expressing neurons that has been suggested to play a role in female specific sexual behavior.
LMD/RNA-seq analysis followed by dual ISH analysis identified GABA and NPB/CCK/CNP1
as neurotransmitter/neuromodulators used by the egr/ and esr2b -expressing neurons in
Vd/Vs/Vp, respectively. Further analysis suggested the existence of peptidergic neuromodulatory
signaling using CCK and/or CNP1 from esr2b-expressing neurons to the egr/-expressing neurons

in Vd/Vs/Vp.

Quantitative description of the active repertoires of sexual behavior in female medaka
Sexual behavior of medaka can be largely divided into four behavioral repertoires: following,
courtship, clasping, and spawning (each repertoire was referred to as approaching to courting
orientation, head-up I to courting round dance, head up II to copulation, and spawning,
respectively in the previous literature [34] ). Following and courtship is initiated by a male, and a
female perceives these behaviors and appear to “make decision” as to accept or refuse the male.
Including these two behavioral repertoires, males appear to start the clasping behavior by
wrapping the female with their dorsal and anal fins. After this wrapping by a male, the female and
male quiver their bodies and start spawning, and I follow this nomenclature in the present thesis.
Although these sequential behaviors mainly lead by males have been well investigated previously,

there are a few reports that mentioned an active behavior by female as short descriptions and did
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not quantitatively analyze them [129]. In the present study, I identified and quantitatively analyzed
a behavioral repertoire actively performed by female, and termed it as “tail bending”, bending
their caudal body during clasping behavior leading to spawning, simultaneously with the male
(Figure 3-2). Tail-bending is considered to be equivalent to the repertoire termed “quivering” in
the previous studies [34], judging from the order of the behavioral repertoires. However, quivering
behavior and its importance in the behavioral context have never been analyzed in detail because
of its difficulty in quantification. The present study enabled quantifying quivering behavior by
measuring tail angles. It is suggested that the tail-bending behavior is prerequisite for spawning
leading to oviposition, which also agrees well with the previous study [129]. Taken together, it is
natural that not only male but also female actively perform the sexual behavior for successful

reproduction also in medaka.

GABAergic neurons in ventral telencephalon appear to elicit the tail-bending and/or
oviposition in female

Ventral telencephalon has been suggested to play a pivotal role in the activation of sexual
behavior in some teleosts. Local electrolytic lesion of this region disrupted the male sexual
behavior in goldfish (Carassius auratus) [24]. Also, local electrical stimulation of Vd/Vs/Vp of
himé/kokanee salmon (Oncorhynchus nerka) and goldfish elicits the sexual behavior in both
female and male [25, 26]. It should be noted that himé/kokanee salmon female performed
“spawning act” immediately after stimulation, which suggests that the neurons in the ventral
telencephalon directly activates spawning behavior by rapid neural transmission. In the present
study, I used one of the IEGs, egrl expression for labeling the neurons that are activated during
the sexual behavior. Although IEGs generally have low time resolution (minutes to tens of

minutes), | succeeded in labeling specific neural population that is responsible for a specific
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behavior by using the experimental protocol used in the present thesis. egr/ was increased
specifically in some neurons in Vd/Vs/Vp of female medaka that performed tail-bending and
subsequent spawning/oviposition (Figure 3-3). Interestingly, such egr/ induction was not
observed in the females that were separated from male or in the females who interacted with fin-
removed males (Figure 3-3C and D), suggesting that egr/ expression in Vd/Vs/Vp is enhanced in
females that perform spawning behavior, not in the females that approached by male and
considered to have increased their sexual motivation. Considering results of the previous studies
in the other species of teleosts described above, my present results suggests that the egrl neurons
in Vd/Vs/Vp may be responsible for tail-bending/spawning in female medaka.

The results of RNA-seq and dual ISH for egr/ and gadI.l indicated that egrlV¥V¥VP neurons
are GABAergic (Figures 3-5A-C). GABA is a major neurotransmitter for fast inhibitory
transmission in the central nervous system. It is consistent with the present hypothesis that the
neurons in Vd/Vs/Vp can evoke instantaneous and acute activation of the sexual behavior,
although the neural target to be inhibited is yet to be identified.

To my knowledge, the identified neurons in the present study were the first reported GABAergic
neurons involved in the sexual behavior in teleost. Taken together with the previous studies in
other teleost species reporting the importance of Vd/Vs/Vp in sexual behavior, it is conceivable
that GABAergic neurons in medaka Vd/Vs/Vp are one of the major components of the neural

circuit for promoting female spawning behavior, which may be conserved in teleost species.

Vd/Vs/Vp GABAergic neural subpopulation possibly receive the peptidergic signaling from
the adjacent estrogen-receptive neurons
In the present study, I showed that GABAergic neurons in Vd/Vs/Vp showed high neural

activity labeling with egrl during female tail-bending / spawning behavior (gadl.1/egri¥V¥VsVe
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neurons). However, this subpopulation did not express esr2b, and esr2b-expressing neural
subpopulation (esr2bV¥VYVP neurons) are located adjacent to gadl.1/egrl¥¥V¥V? neurons (Figure
3-4). esr2b-expressing neurons is considered to be important for female receptivity, because KO
female medaka avoid the courtship display by male and do not show clasping behavior despite
their normal gonadal maturation (Chapter 2) [100]. Thus, it is suggested that esr2b-expressing
neurons and gadl.1/egri¥VYV¥V?P neurons are involved in different phase of the female sexual
behavior, female receptivity and spawning behavior leading to oviposition, respectively, which is
consistent with the present results that gadl.1/egr1¥¥V¥V? neurons are anatomically distinct from
esr2b-expressing neurons. Although esr2b-expressing neurons were not labeled by egr/ ISH, it
does not mean they are not activated, because immediate early genes including egrl are
considered to label not all, but only a small portion of, the activated neurons. Because esr2b plays
an important role in the female receptivity, they should rather be considered to be activated at
some phase of sexual behavior. Recently, it was shown that the gene for NPB, npb is expressed
in esr2b-expressing neurons in Vd/Vs/Vp and POm in mature female medaka [97, 100, 128],
which is consistent with my present result of RNA-seq and dual ISH analysis that showed co-
expression of esr2b and npb (Figure 3-5D). Also, regarding npb and npbwr2, which is a NPB
receptor gene, KO females of either of these genes showed the delay in the first clasping and
spawning, which indicates that estrogen/esr2b-regulated NPB/NPBWR?2 signaling partially
contributes to the female receptivity in medaka [128], while the neural circuit involved in
NPB/NPBWR2 signaling remains unclear.

On the other hand, histological analysis indicated that some of esr2bV¥V¥VP neurons appeared
to extend neurites with varicosity-like structures to the region where gadl.1/egri¥¥V¥V? neurons
are localized (Figure 3-6). I further identified candidates of ligand-receptor combinations for this

peptidergic signaling, cck/cckbr and cnpl/olge7 by RNA-seq from laser-microdissected tissues.

103



Subsequent analysis by in situ hybridization indicated that cck and cmpl are expressed in
esr2bVYV¥VP neurons (Figure 3-5D). In addition to this, my preliminary experiments showed that

] Vd/Vs/Vp

cckbr/olge7 were expressed in the dorsolateral part of Vd/Vs/Vp in which gadl.1/egr
neurons are localized (Figure 3-7). From these findings, I hypothesized that gadl.1/egriV¥VsVe
neurons may receive peptidergic signaling from esr2b"¥V¥VP neurons via CCK and/or CNP1. This
peptidergic signaling probably results in some kinds of neuromodulatory effects on the activation
of tail-bending/spawning behavior. Contrary to CCK and CNP1, NPB are not considered to
contribute to the neural pathway from esr2bY¥V¥VP neuron to gadl.1/egr1¥¥V¥V? neuron, because
gene-expression level of npbwr2 was very low in the laser-microdissected tissue including
gadl.1/egr1¥¥V¥V?P neuron (TPM value was shown in the Results section). Although the previous
study demonstrated that npbwr?2 is expressed in Vs/Vp [128], my RNA-seq analysis of either
dorsal or ventral part of Vd/Vs/Vp in the present study showed a low level of npbwr2 transcripts.
This discrepancy may be explained by a possibility that the area examined are different between
these two studies along the rostro-caudal axis.

While CCK was first identified as one of the gastrointestinal hormones [130], another CCK
subtype consisting of 8 amino acids is expressed in the brain and supposed to serve as a
neurotransmitter that is associated with anxiety and social behavior [131-134]. Furthermore, it
has been reported that the gene expression of CCK and their receptor is regulated by estrogen and
is supposed to be involved also in female sexual behavior in rodent species [23, 135]. In the
present study, I have shown that esr2bV¥V¥VP neurons appear to release CCK as a neuromodulator.
Thus, CCK may contribute to female sexual behavior in an estrogen-dependent manner also in
medaka, and this mechanism may be conserved among vertebrates. Further analyses of CCK and
CCK-releasing neurons may prove this possible functions of this neural system in medaka.

In addition to CCK, I identified CNP1 as another candidate neuromodulator for the neural
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circuit consisting of esr2bVYVVP neuron and gad].1/egr1¥V¥V¥V? neuron. CNP is a neuropeptide
that belongs to the same family as atrial natriuretic peptide (ANP) and B-type natriuretic peptide
(BNP), which regulates circulatory and fluid homeostasis in vertebrates [136]. In medaka, CNP1
is specifically expressed in the central nervous system [137], although its function is yet to be
determined. Preliminary analysis indicated that OlGC7, which is one of the CNP receptor
subtypes, is expressed in the Vd/Vs/Vp of female medaka (Figure 3-7). OIGC7 is a membrane-
bound guanylate cyclase, which eventually modifies the properties of ion channels the second
messenger, cyclic GMP (cGMP) [137-139]. Considering these results, it is suggested that
esr2bYYVVP neurons may modulate firing activity or excitability of gadl.1/egri¥¥V¥V? neurons.
For the elucidation of the existence of such neuromodulatory effect, further multidisciplinary
analyses are required; for example, IHC using anti-CCK/CNP1 antibody, electrophysiological
examination of the effects of these peptides on the gadl.l/egri¥¥V¥V?P neurons. By performing
these lines of multidisciplinary analyses, it is hoped that the functional characteristics of the
estrogenic neuromodulation on the neural circuit for activation of tail-bending/spawning behavior

will be unraveled in the near future.

In summary, I identified GABAergic neurons in the ventral telencephalon Vd/Vs/Vp that show
high level of neural activity labeling with egrl during female spawning behavior
(gadl.1/egr1VVVVP neuron), which are probably involved in the activation of tail-
bending/spawning behavior in female. These neurons are distinct from the esr2b-expressing
neurons, which are also distributed in Vd/Vs/Vp (esr2bV¥V¥¥P neuron), which is located close to
the gadl.1/egri¥V¥YV¥V? neurons. In addition, histological analyses suggested that there may be a
local neural circuit consist of esr2bV¥VYVP and gadl.1/egr1V¥V9V? neurons using neuropeptide,

CCK and/or CNP1 for neuromodulation, which may contribute to the sensing and signaling of
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the gonadal status. Further analysis of this neural circuitry will reveal the neural mechanisms by

which the female sexual behavior is activated in synchrony with gonadal maturation in teleosts.
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Table 3-1

The list of primers used for probe preparations in Chapter 3. esr2b probes and the constructs for
npb probe preparation were gifted by Drs. Daichi Kayo and Kataaki Okubo (The University of
Tokyo), respectively. Also, primer sequences of cck probes are described in Nakajo et al., 2018

[71].

egrl cds-F70 Preparation of egrl probes for ISH 5'-GAAGGTGCAGGCTTTGGCTC-3'

egrl cds-R1293 Preparation of egrl probes for ISH 5'-GATGGTGGATGCAACCGAGG-3'

esr2b-F Preparation of esr2b probes forISH  5-AAGAGGTAGATGCCAGCAAAGC-3’

esr2b-R Preparation of esr2b probes forISH  5-GGATCTTCTTGGCCCAGCTGA-3'

MfGAD1-1SE Preparation of gad1.1 probes for ISH 5'-GAGGCTGTGACTCATGGGTG-3'

MfGAD1-1AS Preparation of gad1.1 probes for ISH 5'-TGGTCGGACAGCTCCAGGTTG-3'

npb-F1 Preparation of npb probes for ISH 5'-AGCACACAGCCGTTTCCACTGAG-3'

npb-R1 Preparation of npb probes for ISH 5'-GAAATTACAGCTCACATATGTACATTCATC-3'

mf_SP6-CCK_Fw Preparation of cck probes for ISH 5-TTATTTAGGTGACACTATAGATCACACGCTCAACTTCTCTCC-3'
mf_SP6-CCK_Rev  Preparation of cck probes for ISH 5-AATTCTAATACGACTCACTATAGGGAACCTTCTCCATCCCAAATGATTAAG-3'

cnpl_probe_Fwdl Preparation of cnpl probes for ISH 5'-ATGCTGTGTCCTGTGCTGC-3'
cnpl_probe_Revl Preparation of cnpl probes for ISH 5'-CTAACAGCCCAGTCCACTCATTG-3'
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Figure legends

Figure 3-1

Tail-bending behavior analysis. (A) Snapshots of tail-bending behavior leading to oviposition
(successful spawning) and unsuccessful spawning that failed to lead to oviposition. Tail angle was
defined as the acute angle made by the bent body lines. (B) Tail angle shown during clasping
leading to oviposition (Culminating (in spawning)) showed significantly larger than that which
failed to show spawning (Not Culminating (in spawning)) (Culminating; 54.41 + 3.98 °, Not

culminating; 12.80 = 2.56 °, ***P =(.00000144).

Figure 3-2

Schematic diagram of the behavioral experiment. Four experimental groups were prepared as
described below. (A) A female was allowed to interact with intact male. Twenty-five minutes after
they showed spawning leading to oviposition, the female was removed. (B) A female who
interacted with a female. In this condition, both of the two females never exhibited any sexual
behavior. Sixty minutes after partition-removal, the females were removed and was subjected to
histological analysis. (C) The pair of a male whose dorsal and anal fins were removed frequently
failed to show spawning. Four out of six pairs did not spawn in the present study. The female was
removed 60 minutes after removal of the partition, regardless of the occurrence of spawning. (D)
A female was partitioned from an intact male with transparent perforated partition; the female can
‘see’ the male’s courtship display (or perhaps can also receive the male’s pheromonal signal) but
cannot interact physically. The female was removed and was subjected to histological analysis at

the same time when (B, C) females were removed.
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Figure 3-3

In situ hybridization (ISH) for egr/ in the brain areas that have been reported to express esr2b.
(A) Representative ISH images for egr/ (red channel) after behavioral experiment counterstained
with DAPI (blue channel) (scale bar: 20 um). Behavioral experiment was conducted by allowing
females to interact with male or female. (B) Number of egr/-expressing cells in the brain nuclei
of interest (aligned from left to right, rostral to caudal) in the females that were allowed to interact
with male (navy dots) and those with female (khaki dots) (n = 5, each group). Significantly more
egrl-expressing cells were detected only in Vd/Vs/Vp (Vd/Vs/Vp: with male; 108.6 + 12.64, with
female; 57.6 + 6.40, P = 0.01219, rPOp: with male; 27.8 + 13.45, with female; 18.2 £4.27, P =
0.6714, POm: with male; 12.4 + 2.84, with female; 5.6 = 1.69, P = 0.07491, NPPv: with male;
16.4 + 7.00, with female; 18.8 + 4.60, P = 0.6004, NVT: with male; 17.2 £ 6.51, with female;
14.4 £ 4.45, P = 0.6752). (C) Representative ISH images for egr/ in Vd/Vs/Vp of the females
that had been differentially conditioned behavior. The behavioral experiment was conducted by
allowing females to interact with intact male (Figure 3-2A), fin-removed male (Figure 3-2C), and
partitioned with intact male (Figure 3-2D). (D) Number of egr/-expressing cells in Vd/Vs/Vp of
the females who interacted with intact male (navy dots, n = 4), females who interacted with fin-
removed male (spawned: blue dots, n = 2; not spawned: sky blue dots, n = 4), and females
partitioned from female (green dots, n = 4). Number of egr/-expressing cells is significantly
higher in the female who interacted with intact male than the female partitioned from female, and
who interacted with fin-removed male (separated with male; 64.5 = 4.52, with fin-removed male;
68.5 £ 15.21, with intact male; 155.0 + 11.58, *P = 0.0337 between separated with male and with
intact male, *P = 0.0222 between with fin-removed male and with intact male by Dunn-
Bonferroni test). Note that females that spawned together with fin-removed male showed the

number of egrl-expressing cells same as the female that interacted with intact male.
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Figure 3-4

Representative dual in situ hybridization photographs showing the localization of egri
(magenta) and esr2b (green) expression in the females who interacted with intact male and female
(scale bar: 20 um). Although egri-expressing cells appears to be increased in the females who
interacted with female, the cells that express both egr/ and esr2b signals were barely found,
suggesting that egrl-expressing cells can be distinguished from the esr2b-expressing neuron in

Vd/Vs/Vp.

Figure 3-5

Dual in situ hybridization (ISH) for the two genes. (A) Representative dual ISH images showing
colocalization of egr/ (magenta) and gadl.l (green) counterstained with DAPI (blue) in
Vd/Vs/Vp of the female who interacted with intact male (scale bar: 20 um). The inset in the
overlay image shows an enlarged image of the region in square with 10 um sides. (B) Number of
egrl-expressing cells (magenta), number of egri/gadl.l-co-expressing cells (green) after
interaction with intact male (n = 3). Magenta and green bar represents the average number
respectively. Circle, triangles, and squares correspond to each individuals. (C) The percentage of
egrl-expressing cells colocalized with gadl.1. Approximately 75 % of egrl-expressing cells co-
expressed gadl.1 (103.67 £ 10.92 / 130 £+ 11.53), which suggests that most of highly activated
neurons with egr/ activity labeling were GABAergic. (D) Representative dual ISH photographs
showing colocalization of candidate genes for neurotransmitters of esr2bY¥V¥VP neuron (magenta)
and esr2b (green) (scale bar: 20 um). The insets in the overlay photograph show enlarged images
of the region in squares with 20 um sides. mRNA signals of npb, cck, and cnp1 as candidate genes

were clearly colocalized with esr2b mRNA signal.
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Figure 3-6

EGFP immunohistochemistry (IHC) in esr/:egfp Tg female medaka (scale bar: 20 um). (A)
Representative photograph of dual labeling by es»2b ISH and EGFP IHC. Most of the EGFP-ir
cells express esr2b (arrows). (B) Representative image of EGFP IHC of left side of Vd/Vs/Vp of
esrl:egfp Tg female. The area on the lower left/upper right across the dotted line are regarded as
ventromedial/lateral part of Vd/Vs/Vp, respectively. EGFP-immunoreactive (ir) signals shows
that neurons located in ventromedial part of Vd/Vs/Vp send neurites to the lateral part of
Vd/Vs/Vp where the gadl.1/egr1VYVV? neurons are located. (C) Enlarged microphotograph of
the square in (B). The existance of several varicose structures (arrowheads) on the neurites arising

from the EGFP-ir neurons indicate that these neurons have varicosities on their neurites.

Figure 3-7

Representative photographs of ISH for cckbr and olgc7 in Vd/Vs/Vp of females. Both cckbr
and olgc7 signals were detected in Vd/Vs/Vp. The region was identified, judging from the
anatomical relationship with the anterior commissure, which was located below the photographed

arcas.
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Figure 3-3
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Figure 3-3
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Figure 3-4
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Figure 3-5
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Figure 3-5
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Figure 3-6
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General Discussion
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The present thesis aimed to elucidate the neuroendocrine mechanisms that elicit the female
sexual behavior in teleosts, using medaka as a teleost model, which have many experimental
advantages for the analysis. In chapter 1, I established an open-source analysis suite for behavioral
recording/annotation by using a single-board computer Raspberry Pi and Microsoft Excel Macro,
which allows us to perform efficient and sophisticated analyses of animal behaviors, including
sexual behavior of medaka. In chapter 2, I focused on one of the sex steroid hormones, estrogen,
and examined its possible involvement in the activation of female sexual behavior in medaka.
Behavioral analysis revealed that Esr2b, one of the estrogen receptor subtypes is necessary for
the activation of female receptivity. In chapter 3, I explored the neural circuitry for activating
female sexual behavior by IEG activity mapping and found evidence to suggest that neurons in
the ventral telencephalon may play important roles in triggering the spawning behavior leading
to the oviposition. Furthermore, I obtained histological results to suggest that esr2b-expressing
neural population may activate these neurons (probably by neuromodulatory actions) via
peptidergic signaling. These results suggest the existence of local neural circuitry for the estrogen-

dependent neuromodulatory activation of the motor pattern generators leading to oviposition.

Behavioral analysis system that can be widely applied to the analyses of various animal
behaviors

Since animals flexibly change their behaviors in response to various signals from the external
environment, it is important for behavioral analyses to minimize the unintentional disturbances
of their behavior by the observers. To overcome such problems, I established an open-source
automated behavioral recording system using the Raspberry Pi, which can also be applied to the
automation of simple experimental operations such as feeding and electrical stimulation by

manipulating appropriate external devices via GPIO interface (Figures 1-1, 2, and 7). Since we
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can remotely operate this system, the time required for the observation near the behaving animals
could be minimized, which resulted in the reduction of human errors. In addition, the system
automates not only recording but also the subsequent file-sorting and encoding, which are
laborious and usually take much time. Thus, the behavioral analyses can be carried out more
efficiently and systematically. Actually, the time spent for video-recording and file-sorting of 16
pairs of medaka was drastically shortened compared to the conventional method (Figure 1-5).

Difficulty of behavioral analysis tends to increase as the behavioral annotation becomes
laborious. Although there are several automated behavioral annotation systems, most of them are
specialized for specific behaviors of certain animals such as rodents [48-52] and fruit flies [53-
57], which are less flexible for application to various animal behaviors. Therefore, for the analyses
of unique behaviors of various animal species including non-model animals, we are forced to
perform painstaking behavioral annotation that requires, e.g., video-recoding of behavioral
sequences and pausing the video and note-taking the timing and duration manually, each time the
behavior occurs. The Microsoft Excel macro “Ethogramer”, which 1 developed in the present
study, may be one of the possible solutions for such problem (Figure 1-3). Ethogramer enables
us to perform behavioral annotation by only pressing the PC keys, while watching the videos of
animal behavior, then frees us from laborious annotation procedure as described above.
Furthermore, since Ethogramer has the function for generating raster plots showing the
behavioral time course, we can also visually understand the temporal transition of the behavior.
Recetly, automated behavioral annotation systems have been established by using machine
learning method [58, 59], which may become frequently used in the future. However, since
current studies that cannot apply these methods require manual analyses, the present study helps
researchers to perform these manual analyses.

By using the analysis suite, I succeeded in efficiently and quantitatively analyzing the sexual
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behavior in medaka and found a difference in sexual motivation between laboratory and wild
strain, presumably resulting from domestication (Figure 1-6). I applied this suite for the

behavioral analyses in chapters 2 and 3 (Chapter. 1).

Neuroendocrine mechanisms that elicit the female sexual behavior in teleosts

Available evidence concerning the mechanisms of coordinated occurrence of gonadal
maturation and activation of sexual behavior seem to suggest that the substance(s) released from
mature gonads, mainly sex steroid hormones, may play an important role in signaling the gonadal
status to the brain. However, the neuroendocrine mechanism for coordinated regulation for
activation of sexual behavior and gonadal maturation is poorly understood. In chapter 2, I
examined the contribution of estrogen, one of the sex steroid hormones secreted from mature
ovary, to the activation of female sexual behavior by using ovariectomy and estrogen-receptor
gene knockout models. In addition, in chapter 3, I explored neurons that are activated during

female sexual behavior.

Estrogen/esr2b signaling is essential for the activation of female sexual behavior, presumably
by driving female receptivity

In chapter 2, I demonstrated that the activation of female sexual behavior is regulated in an
estrogen-dependent manner, in which estrogen receptor 2b (esr2b) plays a role. Administration of
fadrozole hydrochloride, an inhibitor of estrogen synthesis, disrupted the clasping behavior
despite normal acceptance of courtship display by male (Figure 2-1). However, it should be noted
that this result may also arise from secondary effects of unexpected changes in the other ovarian
sex steroids (Figure 2-1H). On the other hand, removal of the entire gonad by ovariectomy (OVX)

elicited avoidance behavior of females from males (Figures 2-2D-G), and estrogen administration
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to OVX (OVX+E) females reinstated the clasping behavior (Figures 2-2C), although the
subsequent process of the sexual behavior (e.g. oviposition) was eliminated by OVX. These
results suggest that estrogen may play a role in the female’s acceptance of male. This suggestion
is consistent with the observation that esr2b” female refused courtship behavior by male and
failed to perform clasping behavior with male, although they did not escape from following
behavior by male (Figure 2-4). Therefore, it is suggested that estrogen/esr2b signaling contributes
to the regulation of the female receptivity.

On the other hand, OVX females were not receptive and apparently avoided the male following
and courtship, which is more severe phenotype of avoidance behavior compared with that of
esr2b” female. Also, estrogen administration did not alleviate this avoiding behavior, which
suggests that some ovarian substance(s) other than estrogen may be involved in the regulation of
the acceptance behavior of male courtship. Although the identity of the substance remains unclear
so far, it is interesting to note that fshh KO females, which are supposed to be unable to secrete
the sex steroid hormones from their immature ovary, do not show such severe avoidance behavior
(Shimomai, unpublished), suggesting that the substance may be something other than the steroid

hormones.

The difference between mammals and teleosts in the contribution of estrogen receptors for
the reproductive functions

Analysis of esr2b KO female revealed that esr2b-expressing neurons in the brain are essential
for the activation of female sexual behavior. esr2a and esr2b are the duplicates of the ancestral
esr2 generated during the third-round whole genome duplication, which are considered to have
occurred in the common ancestor of teleosts [80, 107, 108]. However, mammalian Esr2, the

ortholog of teleost esr2a and esr2b, has been shown to lack critical functions in the female sexual
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behaviors in mammals [116]. Instead, esr/ has been shown to be mainly involved in the female
sexual behavior in mammals [21, 112, 113]. Thus, replacement of the main functional subtype of
Esr for sexual behavior may have occurred during evolution. The replacement of the main
functional Esr may have also occurred in the HPG axis regulation for gonadal functions. esr/ and
esr2a are mainly involved in the estrogen feedback regulation of HPG axis in mammals [3-8] and
teleost [12-17], respectively. While the importance of estrogen has been conserved during
evolution of vertebrates, it is interesting to note that the main functional Esr subtypes appear to
have been exchanged between esr/ and esr2, which may be due to the difference in the neural

circuitry that is involved in reproductive functions (Chapter. 2).

Elucidation of the neural circuitry for the activation of female spawning behavior

A working hypothesis of the neural circuitry for the activation of female spawning behavior is
shown in Figure 4-1. In chapter 3, I identified gad].1/egr1VVVsV? neurons as the neurons eliciting
the female spawning behavior, the final trigger for the oviposition. Here, RNA-seq followed by
histological analysis suggested that the neurons in the ventral telencephalon are GABAergic
(Figures 3-5A-C). The tail-bending behavior of female medaka observed in chapter 3 is a fixed
action pattern leading to oviposition and is equivalent to the spawning behavior, which has been
described in the other teleost species, such as the dwarf gourami and himé/kokanee salmon [25,
42]. It is intriguing to note that in himé/kokanee salmon, electrical stimulation of the ventral
telencephalon rapidly elicits the spawning act leading to oviposition, suggesting that the neurons
in the ventral telencephalon may play a role in the immediate triggering of the spawning behavior
[25]. Taken together, it is speculated that GABAergic gad].1/egr1V¥VsV? neurons in medaka may
be involved in the simultaneous triggering of the motor pattern generator (MPQ) circuitries that

elicit the stereotypical pattern of spawning behavior including tail-bending and egg release. Since
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the GABAergic neurotransmission is usually inhibitory, it may be postulated that these key
neurons in medaka (Figures 3-5A-C) have a disinhibitory action on the MPG circuitries for the
female spawning behavior (Figure 4-1).

I also found in chapter 3 that esr2b-expressing neurons are closely located in gad1.1/egriVYVs'Vp
neurons (esr2bVYVVP neurons) (Figure 3-4), which appeared to send axonal projections to the
lateral part of Vd/Vs/Vp, in which gadl.1/egr1¥¥V¥"V? neurons are localized (Figures 3-6B and C).
Furthermore, my preliminary RNA-seq followed by histological analysis also suggested the
existence of peptidergic neuromodulation, by using CCK and/or CNP1, from esr»2bVYV*'¥P neurons
to gadl.1/egr1VYVV? neurons (Figures 3-5D and 7). This peptidergic neuromodulation may be
involved in sensing and relaying the information on the presence of ovulated eggs in the mature
ovary via estrogen/esr2b signaling (green arrows in Figure 4-1) and lowering threshold for
triggering sexual behaviors in females in response to the key stimuli, the nature of which remains

to be determined. This process may be equivalent to the neurophysiological notion of

"facilitation".

Independent mechanisms controlling reception of male and facilitation of spawning
behavior

As described in chapter 2, estrogen/esr2b signaling contributes to the regulation of the
receptivity in which the female accepts male courtship/clasping, which is displayed prior to
oviposition, and it is conceivable that the proceptive behavior reflects the sexual
motivation/receptivity of females. On the other hand, in chapter 3, I suggested that
gadl.1/egrIY¥V¥VP neurons elicits spawning behavior, and this action was suggested to be
modulated by esr2bY¥VVP neurons. These findings suggest a possibility that esr2b-expressing

neurons in Vd/Vs/Vp are involved in both facilitation of spawning behavior (see the preceding
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paragraph) and receptivity of males. It may also be possible that different populations of esr2b-
expressing neurons play a role in facilitation of spawning behavior of female medaka (Vd/Vs/Vp
neurons) and regulation of receptivity (neurons in the other regions), respectively. This is because
esr2b is also expressed in the brain nuclei other than Vd/Vs/Vp [29, 30], and esr2bV¥V¥'VP neurons
also project to the regions other than the lateral part of Vd/Vs/Vp where gadl.l/egri¥¥Vs'V
neurons are located (data not shown). Several studies in female rodents suggested that closely
located different subpopulations are involved in proceptive/solicitatory behavior and lordosis
behavior, respectively [72, 73], which may be a similar situation with gad].1/egri¥¥V¥VP neurons

and esr2bVYVVP neurons suggested here in medaka (Chapter. 3).

In conclusion, from the results of chapters 1, 2, and 3, I propose a working hypothesis of the
neural circuitries for activation of female sexual behavior in medaka in response to ovarian
maturation. Previous behavioral studies using brain stimulation and lesioning in teleosts, such as
himé/kokanee salmon and goldfish [24-26], have identified the brain nuclei for activating sexual
behavior. However, the cellular and molecular mechanisms of the neural circuitry involved in the
control of sexual behavior have not previously been elucidated. In the present thesis, I identified
neurons that are considered to elicit spawning behavior leading to oviposition (gad1.1/egr1V¥VsVp
neurons) by using the IEG brain activity mapping. I also found estrogen-receptive neurons
(esr2bY¥V¥VP neurons) that are considered to play a role in sensing and relaying the information
on the presence of ovulated eggs in the mature ovary via estrogen/esr2b signaling. Furthermore,
I found possible local neural circuitry from esr2bVYVYVP neurons to gadl.1/egri¥¥V¥V? neurons
that are considered to modulate the excitability of the latter via peptides such as CCK and CNP1.
Since the ventral telencephalon is suggested to be involved in the immediate activation of sexual

behavior in some teleost species , the neural circuit described above may facilitate the key
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stimulus input from male to trigger MPG circuitries for the spawning behavior of female medaka.
Furthermore, 1 propose that estrogen/esr2b signaling of the same or the other populations of
neurons may be involved in the receptivity of males by females (see Figure 4-1). Considering the
involvement of neurons in the ventral telencephalon in the control of sexual behaviors in goldfish,
himé/kokanee salmon, and medaka, such neural circuitry may be common to many species of
teleost as well.

I wish that the present thesis paves the way towards understanding the neuroethological/neuro-
endocrinological mechanisms for the regulation of female sexual behavior generally in teleost

that have enormous diversity.
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Figure 4-1

Working hypothesis of the neuroendocrinological/neuroethological mechanism that regulate the
female sexual behavior in medaka in response to ovarian maturation. Speculated parts are
illustrated by gray and dotted lines. gadl.1/egri¥¥V¥V? neurons in medaka may be involved in
triggering the motor pattern generator (MPQG) circuitries via GABAergic signaling, which has
disinhibitory action on the MPG circuitries for the female spawning behavior. In addition, it is
suggested that there is a peptidergic neuromodulation using CCK and/or CNP1, from esr2bV9Vs'Vp
neurons to gadl. I/egr1¥¥V¥V? neurons for facilitation, lowering threshold for triggering spawning
behavior on the presence of ovulated eggs in the mature ovary via estrogen/esr2b signaling (green
arrows). On the other hand, esr2b-expressing neurons also contribute to the regulation of female

receptivity in which NPB is supposed to play a role. Also, there may be other ovarian substance(s)

that is involved in the regulation of receptivity (deep-pink arrow).
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Figure 4-1
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