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Background & O

tline

As our society is graying and increasing its diversity and
complexity, the societal expectations for the brain science are
growing. People look forward to this field as a key to solving
various problems confronting modern society.

“Strategic Research Program for Brain Sciences (SRPBS)” was
launched in fiscal 2008, based on the proposal by the Brain

Brain Science Committee

Science Committee of the Ministry of Education, Culture,
Sports, Science and Technology.

The objective of this program is to strategically promote
brain science research that aims at passing and returning the
benefits of research results to society as a whole.

In October 2007, MEXT Minister requested the report “Long-term Vision
and Promotion Measures for Brain Science Research” to the Council for
Science and Technology.

As a result, the Brain Science Committee was formed within the
Council, and deliberations are being conducted by the Committee in

O Targeted Research Areas

Brain Science for a Healthier Life
(Health)

|
~ Brain Science for Safety, Security, Comfort
. (Information)

preparation for a draft response. In Initial Report prepared in June 2009
by the Council, topic areas which require a more concentrated effort,
especially those of great significance for society.

Research topics are being sought in strategic areas which address
challenging policy issues.

O Research Topics of SRPBS

Understanding of Integrated Research on
Molecular and Neuropsychiatric
Environmental Bases Disorders

for Brain Health

Primate gor][Str:JfCt'r? ?f Al Bioinformatics
YRRy SYstem ior opread o for Brain Sciences
Primate Model Animals

SRPBS History

(fiscal) 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017~

Brain Machine Interface Development

Field A

513/ | 2§ Brain Machine Interface Development

Field C | @isa, Tadashi (NIn)

i Development of Biomarker Candidates for Social Behavior
Field D
Promoting
Brain Science
which
Contributes to
Society

Field E

© MIZUSAWA, Hidehiro (Tokyo Medi

Field F

Field G

Development of BMI Technologies for
[Yd W Clinical Application

Primate Models

(@) S+SAKI,Erika(Cen‘ral Institute for Lperimental An1mals)
O:Field Leader
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[ Field G Outline

Mission, Objectives

Building Bioinformatics for Brain Sciences to Elucidate the Mechanisms that Control Emotions

The aim of Field G "bioinformatics for brain sciences" is to
understand specific function of the brain by re-constructing
in silico. To achieve this aim, brain activity is comprehensively
measured by using cutting edge technology. And obtained
data is stored to create database. In the future, we apply this in
silico simulation model to human brain to analyze brain activity.

We use various kinds of model organism to study how
information is exchanged between neurons in different level,
such as a molecule, a cell and a neural circuit.

Then we theoretically integrate and analyze obtained huge
amount of biological data by advanced information processing
technology. Offering these useful data to researchers, we help
to promote brain scientific research.

Summary of Research Promotion Organization

Increased psycho-neurologic disease has become a large
social problem, we focus on emotion related to these disorders.

Emotions such as pleasure, displeasure and fear are controlled
by monoaminergic neurons. The monoamine-mediated reward
process is broadly conserved from nematodes to humans.
Although the roles of some intracellular signals of monoamines
or glutamic acid are becoming clear, many questions about the
intracellular signals that are relevant to emotions remain largely
unknown.

We aim to uncover information that will allow us to understand
the mechanisms that control emotions, thereby clarifying the
machineries that regulate the operating principles of neural
circuits and their restructuring.

Three research groups, investigating “Functional Analysis of Neural Circuits”, “Proteomics” and “Computation”, work together

to carry out this data-driven research.

O Research Group for
Functional Analysis
of Neural Circuits

To analyze the mechanisms that
control pleasant and unpleasant
emotions, the group identifies specific
neurons that receive emotional
information in the amygdala and
nucleus accumbensin mice. This work
provides a better understanding of
the characteristics of the intracellular
signaling pathways (especially the
monoaminergic system) involved in
the regulation of emotion and the
operating principles of the neural
circuitries. Recent studies have
shown that the neural circuitries
that control the purposeful action
program through monoamines are
evolutionally ~ conserved among
model laboratory animals, such as
the zebrafish, fruit fly and nematode.
Using these model organisms,
this group identifies some critical
properties of the neural circuitries
that are regulated by monoamines,
contributing to our understanding of
the operating principles of the neural
circuitry.

O Research Group for
Proteomics

The  group  comprehensively
analyzes phosphorylation reactions
in specific brain regions, such as the
nucleus accumbens and amygdala,
upon pleasant sensations or fear and
specifies the signaling pathways
involved in emotion control. This
group explores the roles of various
signaling pathways in  neural
functions, neural circuitry operation
and circuitry restructuring using
genetically engineered mice or
gene transfection technologies,
in collaboration with the other
groups. Moreover, this group
performs phosphoproteomic and
interactome analyses centered on
functional molecules in the model
organisms. The group synthesizes
the above information to increase
our cumulative knowledge about
the molecular basis of emotional
reactions.

O Research Group for
Computation

The basal nuclei of the cerebrum
and the amygdala manage
emotions such as displeasure and
fear and are the most important
systems for adaptation to the
environment. Although it is well
known that emotions are driven by
monoaminergic neurotransmitters,
such as dopamine, serotonin and
adrenaline, the control of these
emotions remains a mystery. The
group aims to computationally clarify
the multilayered nerve mechanism
that connects the molecules,
neurons, and circuitries that govern
animal behaviors that are driven
by emotions. Furthermore, this
group designs the database and
develops simulation and analysis
tools that can be used to further our
experimental research.

cooperation with each other

6
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"Research Group for Proteomics" comprehensively analyzes
the phosphorylation reactions not only in the amygdala and
nucleus accumbens in mice but also in other model organisms,
including the nematode, fruit fly, and zebrafish, in cooperation
with "Research Group for Functional Analysis of Neural Circuits".
Furthermore, this group collaborates with "Research Group for
Computation" to produce the phosphoproteomics database.
"Research Group for Computation" builds the simulation
models of intracellular signaling pathways and of the neural

B A

Cooperation
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circuitries based on the phosphoproteomic data generated
by "Research Group for Proteomics" and the neural circuitry
data obtained from "Research Group for Functional Analysis
of Neural Circuits". "Research Group for Functional Analysis of
Neural Circuits" clarifies the mechanisms that control the neural
circuitries and synaptic plasticity relevant to emotions using the
phosphoproteomic data from "Research Group for Proteomics"
and experimentally verifies the simulation models made by

"Research Group for Computation".
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S~

1) VEAL R G DR R

s :

158 (R - i) 1KY A2 - RIMEATEZ %

/ Phosphoproteomic analysis in amygdala and nucleus accumbens

DBk —%
Phosphoproteomic data

T — 3 ERENEUERZE
Data driven research

Cooperation with each other

37I1b—TD
B - BHRAE

R L) VB T OT AT VR T—E2R—2R

Phosphoproteomic database for brain

. -

BB HIEIEIE DA

Analyzing control mechanisms of emotions
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Development of Model Animals for constructing bioinformatics for brain sciences of Emotional

System
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MATSUOQO, Naoki, PhD

Associate Professor, The Hakubi Center,
Kyoto University

1995 Graduated from Osaka University Faculty of Science. Ph.D.
degree in medical science from Kyoto University in 2002, served
as Research Associate of The Scripps Research Institute from 2003,
Senior Assistant Professor of Fujita Health University from 2008,
and was transferred to the current position in 2010.
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Emotional system is one of the most important
brain system for animals survive, and the plasticity
there is indispensable for the adaptations to a changing
environment. Although many studies using animal
models such as fear conditioning and reward behaviors
have identified brain regions involved in emotions, the
underlying mechanisms still remain unclear. One of
the critical problem to investigate the brain function
including emotional system is that a given behavior is
believed to be controlled by a small subset of neurons
sparsely distributed in the brain. Therefore, the analyses
of the molecular, morphological, and physiological
properties of cells and synapses should be performed
in the cells actually activated by emotional stimuli. For
this aim, we will develop genetically engineered mice
by using a combination of neuronal activity-dependent
promoter and tetracycline-inducible expression system
to manipulate behaviorally activated neurons. The
mice will be shared with research group for functional
analysis of neural circuits and proteomics. The obtained
data will be analyzed and simulated by a computation
group for integrative understanding of the molecular
and cellular mechanisms involved in emotion.

CATENRIIC KOTEEY L 7oAl O A
Fig. Labeling of behaviorally activated neurons.

Kyoto University
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Spatiotemporal analysis of signal transduction pathway implicated in emotional regulation

X H R

2o BRI e e R SERY
BRI - E DR R B
FEHIER

B, Wt (E%)

1998 FELA PR F P A3, 2000 4 IRRFRF P ST
MFZERHME T, &+ (GR5), 2003 4£4 5 B RKFEKFERBE
FRFERHE T, L (B, 4GB REESSHER
BE ST R F R, B RR KA RE B AR AR SRR B F
2 B F KB R e R A SR R R T RE Rl 22 C, 2010 4F
1 H X0EL,

NAGAI, Taku, PhD

Associate Professor, Department of
Neuropsychopharmacology and Hospital
Pharmacy, Nagoya University Graduate School of
Medicine

1998 Graduated from Meijo University Faculty of Pharmacy.
2003 Ph.D. degree in Neuropsychopharmacology from Nagoya
University. 2003 Clinical Pharmacist in Nagoya University Hospital.
2004 Research Associate in Kanazawa University. 2006 Assistant
Professor, 2010 Associate Professor in Nagoya University Graduate
School of Medicine.
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Distinctive neuronal nuclei and networks play
crucial roles in higher brain function (e.g. learning,
memory and cognition) and emotion (e.g. pleasant,
unpleasant and anxiety). Drug dependence is
widely preserved beyond species. Activation of the
mesolimbic dopamine system, which originates in the
midbrain ventral tegmental area and projects to the
nucleus accumbens, has been implicated in the positive
reinforcing (rewarding) effects of abused drugs.
Alternatively, synaptic plasticity in the amygdala and
hippocampus contribute to fear memory. Although the
molecular mechanism is becoming clarified, the kinetics
of signal substrates that are involved in emotional brain
function remain unclear. In the research supported by
the SRPBS, we focus on the spatiotemporal analysis of
signal transduction pathways implicated in emotional
regulation. Tothisend, we examine time-course changes
in protein kinase activity and its expression pattern in
the brain of rodents after presentation of emotional
stimulus. In collaboration with the proteomics
group, we attempt to characterize neurochemical and
behavioral significance of phosphorylated substrates
that are identified by phosphoproteomic approach.
Finally, we provide these findings for proteomics and
computation groups to develop a database.

: WFZEET ORI
Fig. Outline of working scheme.
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Structural plastitiy of dendritic spine in the nucleus of accumbens
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The nucleus accumbens is a major brain center for
pleasant emotion and memory. The nucleus accumbens
receives glutamatergic input from the cortex and
thalamus, and dopaminergic input from the ventral
tegmental area (VTA). Although the dopaminergic
input appears to code reward information, it is unclear
how the dopamine signals interacts with the plasticity
of glutamatergic synaptic transmission. In the cerebral
cortex, it has been well established that excitatory
synapses are made on small protrusions of dendrites,
dendritic spines, which act as memory elements, and
their structures have given valuable clues to understand
the memory mechanisms. Although the principal
neurons of the nucleus accumbens, the medium spiny
neurons, receive glutamatergic input on their dendritic
spines, the properties of the spines in the accumbens
have not been investigated. We therefore apply two-
photon microscope and optogenetics to the nucleus
accumbens to examine the plasticity mechanisms
of spine synapses in the medium spiny neurons in
the accumbens and interactions of glutamatergic and
dopaminergic signals. We aim at clarifying the cellular
basis of the reinforcement learning and the interactions
of glutamate/dopamine synapses during emotional
activities of the brain. We will also perform imaging
study of the molecular basis of synaptic plasticity in the
accumbens to identify the key molecules characterized
by the proteomic analysis in the other laboratories of
this research project.

s ARIAE R R AR 0D A S A L TR RE AT A
Fig. The structural plasticity of dendritic spines in the
medium spiny neurons of the nucleus accumbens.
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Establishment of bioinformatics for brain sciences of emotional regulation in model animals
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It has recently been revealed that the basic structure of the
brain including the telencephalon has been conserved at much
higher degrees than was previously thought. This includes
the basic design of the neural circuits that enable the goal-
directed behaviors based on the evaluated saliency of given
environments. Although monoaminergic neurons have been
implicated in these behaviors, our understanding at the neural
circuitand synapse levels on how the activities of these neurons
are regulated and how they contribute to the establishment of
the proper behavioral programs are still poor. Zebrafishis a very
useful genetic model animal to address these issues. \We have
already shown that zebrafish is capable of learning classic fear
conditioning and active avoidance behavior, have succeeded in
visualization of the neural activities relevant to such behavioral
learnings, and are establishing various transgenic lines for
manipulation of the neural circuits including monoaminergic
neurons. In this research project, we will make the best use of
these lines for identifying the neural circuits controlling the
adaptive fear behaviors, and observe the dynamic behaviors of
them both at the levels of synapses and the neural ensembles,
and elucidate the underlying principles for these behaviors. In
addition, in collaboration with Dr. Joshua Johansen, we will
compare the functions of monoamines in regulation of the
neural circuits controlling emotion between zebrafish and rat.

BT N OP S TR iAo KA ¥ 4 YT
Fig. The neural circuits regulating adaptive fear behaviors.
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Systematic analysis of monoaminergic neural network in the adult Drosophila brain
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The basic architecture of the neural network in the
brain had been established about 600 million years
ago before the Cambrian Explosion. Brains of most
animals share a common scheme in which the activities
of excitatory and inhibitory neurons are coordinatedly
regulated by a few type of monoaminergic neural
network. Given this circumstances, efforts to explore
the similarity and differences in the brain of different
types of animals is indispensable to understand
the characteristics of our own brain. The fruit fly
Drosophila, which is one of the most recent species
evolved in the clade of arthropods, exhibits highly
similar repertoire of behaviors with that of mammals
through elaborate control of their wings and legs in
spite of its simpler neural network with much fewer
neurons in the brain. Three types of monoaminergic
neural network control this brain function; they are
as few as several hundreds in total and can therefore
be identified at single cell level. Using elaborated
molecular genetic and mechatronic techniques, we
analyze the behavior of Drosophila with unprecedented
precision and perform the projectome analysis to
understand where and how the monoaminergic neurons
gather information to define their activity and regulate
the functions of other neurons.

DAy YAy TR O R — IR EEO ML A,
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Fig. Distribution of cell bodies, fibers and output
synapses of dopaminergic neurons in the Drosophila
brain.
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Research on Molecular and Cellular Bases for Functional Modulations of the Decision Making

Circuits
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The behavior of animals including human beings is
flexible and can be changed dramatically in response
to the environment, nutritional state, or even age,
among other factors. However, the neural basis of how
external and internal cues modify the innate behaviors
is not clearly understood. Appropriate preferences for
light or dark conditions can be critical for an animal’s
survival. Innate light preferences are not static in some
animals, including the fruit fly Drosophila, which
prefers darkness in the feeding larval stage but prefers
light in adulthood. This suggests that the neuronal
circuits that determine the light preference have
been modified during metamorphosis. To elucidate
the neuronal mechanisms underlying the preference
change, we examine neurons involved in larval
phototactic behaviors by regulating neuronal functions.
To do that, we have established a quantitative assay
system for larval phototaxis and conducted a couple
of genetic screens. Through these studies, we would
like to understand how the brain makes decision and
also change the decision against the same sensory
information.

D avYay A BRI I TEI O
Fig. Innate behavioral changes in Drosophila
metamorphosis.
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Temperature memory, decision making and monoamine regulations in the nematode C. elegans

thermotaxis
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Human behavior is often motivated by emotional
responses in basal ganglia of the brain. Recent studies
illuminated that monoamines act as neurotransmittors
or neuromodulators, thereby controlling emotion. A
variety of behaviors in the nematode C. elegans are
substantially affected by monoamines, thus implicating
the importance of monoamines in the nervous system
throughout  evolution.  Particularly, thermotaxis
behavior of C. elegans is a suitable model in which to
study the roles of monoamines in the neuronal circuits.
After cultivation at a certain temperature with food,
the animals migrate to the cultivation temperature on
a temperature gradient, whereas they do not migrate
to that temperature after cultivation without food. We
have shown that temperature is sensed and memorized
in sensory neuron and that the memorized temperature
information is transmitted to the downstream
interneurons, where temperature memory is associated
with the past feeding state. Our research aim is three-
fold. First, in collaboration with the proteomics
group, we will identify target molecules that could
be phosphorylated by protein kinases (PKC, ERK,
CMKI/IV) essential for temperature sensing and/or
memory. Second, we will find components important
for temperature memory-dependent decision making.
Third, by collaborating with computation group,
theoretical modeling for the thermotaxis circuit will be
constructed.

AFD
Temperature
Sensing-Memory
Neuron

R -
AR

Fig. Proteomics analysis of molecules essential for
memory.
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Proteomic analysis of molecules involved in emotion control
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Emotions such as pleasure, displeasure and fear
are controlled by monoaminergic neurons. The mono-
amine-mediated reward process is broadly conserved
from nematodes to humans. Although the roles of
some intracellular signals of monoamines or glutamic
acid are becoming clear, many questions about the
intracellular signals that are relevant to emotions
remain largely unknown. In field G of the SRPBS,
we aim to uncover bioinformatics for brain sciences
that will allow us to understand the mechanisms that
control emotions, thereby clarifying the machineries
that regulate the operating principles of neural circuits
and their re-structuring. Three research groups,
investigating “Functional Analysis of Neural Circuits”,
“Proteomics” and “Computation”, work together to
carry out this data-driven research. Nagoya University,
as the proteomics group, comprehensively analyzes
phosphorylation reactions in specific brain regions, such
as the nucleus accumbens and amygdala, upon pleasant
sensations or fear and specifies the signaling pathways
involved in emotion control. This group explores the
roles of various signaling pathways in neural functions,
neural circuitry operation and circuitry restructuring
using genetically engineered mice or gene transfection
technologies, in collaboration with the other groups.
Moreover, this group performs phosphoproteomic
and interactome analyses centered on functional
molecules in the model organisms. The proteomics
group synthesizes the above information to increase
our cumulative knowledge about the molecular basis
of emotional reactions.

: BB B RS E A OV R b7 T A I A
Fig. Phosphoproteomics of the brain region relating to
emotion.

Nagoya University



MESRERIFREBBED-ODHERNFELS L VOCRRBYOFHRE]

Developments of computational methods and model animals to establish bioinformatics for
brain sciences for elucidating the mechanism in emotional systems
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Emotional systems are crucial for animals’ survival,
and their plastic phenomena are essential for animals to
adapt to changing environments. So far, understanding
computational mechanisms in basal ganglia (BG)
circuits has been accelerated under the hypothesis that
the BG system is involved in instrumental conditioning
and reinforcement learning. Recent studies have
suggested that in the amygdala circuit, the basal-lateral
and central nuclei could functionally correspond to
the cerebral cortex and basal ganglia, respectively.
Based on these backgrounds, we aim to construct
a hierarchical model from molecules to circuits of
the amygdala, which is a responsible region for fear
conditioning and its extinction; such a hierarchical
model would clarify the computational roles of the
constituents there and become the important step to
fully elucidate the mechanism of the animal’s whole
emotional system. For this purpose, we also perform
bioinformatics studies to seamlessly incorporate
neuroscience data into the hierarchical model; they are
circuit identification method from electrophysiological
data, high-resolution imaging methods which can
observe local changes of spiny neurons in nucleus
accumbens and central amygdala, and a biochemical
simulation platform collaborating with the proteomic
database.

LI AT A T — T DRSS
Fig. The research scheme of the computation group.
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An informatic approach to understanding the neural mechanism of emotion regulation
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Emotion is strongly associated with basic behaviors
such as feeding and avoidance from danger, and
plays a critical role in the survival of aminals. Recent
findings support the hypothesis that the reward
system implements a computational model called
reinforcement learning, involved in the plasticity
of the cortico-basal ganglia circuit via monoamine
neuromodulators. However, little is understood about
how the neuromodulators really change the states
of molecules, cells and cuicuits in the besal ganglia,
and how they are integrated to regulate the behavior
of animals. The Okinawa Institute of Science and
Technology is developping 1) a database system that
can effectively manage diverse emotion-regrated
neuronal data obtained as outcomes under Theme G;
and 2) a computational model of the basal gangulia
circuit. In the latter study, we focus on a kinetic model
of intracellular signal cascades and the neuronal
plasticity depending on cell types. Then, we develop
a neural network model consisting of the avobe-
mentioned models and conduct a simulation study to
reproduce the reward-dependent decision making of
animals. Through this research, we aim to understand
the neural mechanism of reward-regulated behavioral
learning as an information processing system.
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Fig. A rough sketch of the signal transduction model
in D1-type striatal medium spiny neurons. (Nakano,
PLoS Comp. Biolo., 2010)
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Construction of a neuroinformatics database for neural basis of emotional system
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To construct a neuroinformatics database to support
data-driven research for efficiently deriving meaningful
knowledge by accumulating and integrating multi-
layer/multi-species experimental data of emotional
system obtained from the experiment groups of the
mission G. We will organize the characteristics of
the experimental data such as proteomics, cell shape,
behavior and imaging data provided from research
group for proteomics and functional analysis of neural
circuits. In cooperation with each group, we will define
the requirements specifications for data structure and
interface. Database will be constructed by adding
interfaces implementing the required functions on the
neuroinformatics base platform XooNIps that we have
developed. We will test as a shared database among the
groups, and perform evaluation and improvements in
order to increase the completion degree of the database.
In addition, to minimize the load on data registration and
improve the quantity and quality of the database, we will
develop a data registration interface in accordance with
actual processing of the experimental data. Furthermore,
we will provide the application program interface that
enables cross-modal search and data acquisition of
multi-layer/multi-species experimental data directly on
our database and relevant external database in order to
facilitate the data-driven research. Database is expected
to open to public in cooperation with NBDC (National
Bioscience Database Center) and INCF (International
Neuroinformatics Coordinating Facility).

: XooNIps A1k
Fig. XooNIps Official Site, http://xoonips.sourceforge.jp
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