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Cover Photo
Top Left: World's smallest coiled spring
designed with DNA

DNA-based nano-size spring that can be
connected to aliving or inorganic material
to enable ultra-high-sensitivity measure-
ment of the hardness and mechanical
properties of the surrounding environ-
ment.

Top Right: Electron microscopy image
of artificial beads introduced
into a cell

The formation of a special membrane

structure is seen covering the outer sur-

face of the spherical beads (the outermost
layer is black) introduced into the cell.

Bottom Left: Insulin neurons that pro-
tect life

Insulin neurons play key roles in metabolic

control and regulation of complex behav-

jors such as reproduction and tempera-

ture adaptation. Learn about their multi-

functional nature.

Bottom Right: “Feeding neuron,” the
feeding command neu-
rons of Drosophila brain

In the Memory Neurobiology Project,
memories formed on the feeding com-
mand neuron are being directly observed
for the first time, and the underlying prin-
ciples will be explored at the site of mem-
ory formation.
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Towards the Development of Ultra-Efficient Energy
Conversion Devices Inspired by Biological Systems

Holding of “NICT Diversity Day 2024,”
the First Event of the Diversity Promotion Office
Diversity Promotion Office

and Communications Technology
using Biological Systems

First, I would like to talk with Director
General Tanaka from the Kobe Frontier
Research Center (Kobe FRC). You are
conducting research into advanced funda-
mental technology that is expected to pro-
duce groundbreaking discoveries for the
next generation. What is the position of the
Kobe FRC in the Advanced ICT Research
Institute?

TANAKA At our institute, we are conduct-
ing research to create innovative ICT tech-
nology. In particular, the Kobe FRC mainly
undertakes basic research with the aim of cre-

The origins of information and communication technology (ICT) go back
to the start of wireless communication via electronic waves, which evolved to
light-based digital communication, leading to the affluent information soci-
ety of today where substantial information is exchanged via networks. How-
ever, a number of issues remain unresolved. For example, the amount of in-
formation processed will continue to increase, and the corresponding input
of electricity and other sources of energy will become enormous. How should
we manage and treat these difficult situations?

Possible solutions can be found in living organisms. Organisms survive in their
environment by efficiently adapting themselves using small amounts of energy.

Learning from organisms—the ICT of the future. The present article fea-
tures an interview with young researchers who are working at the Kobe Fron-
tier Research Center in the Advanced ICT Research Institute to make the best
use of biological mechanisms in the most advanced ICT.

OTANAKA'Shukichi

Leading the Kobe
Frontier Research Center

Creating cellular information
interface technology

Director General,

Kobe Frontier Research Center,

Director of Bio-ICT Laboratory

Advanced ICT Research Institute

ating a new paradigm for
information and commu-
nication.

For example, given
“Beyond 5G” that forms
the current mainstream
of research and develop-
ment in ICT, our goal might be “Beyond 6G,”
or even further technical innovations.

Basic research usually takes a long time
to produce the desired deliverables, and I
believe important achievements and their
social installations cannot be realized with-
out working to “thicken the trunk of research

Research Manager,
Bio-ICT Laboratory

Exploring the mechanism of
operation of the insect brain

Research Manager,
Neuro-ICT Laboratory

'\ d -
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Building and understanding
biological systems

Visualizing biological spaces
at the nanometer level

Research Manager,
Bio-ICT Laboratory
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nderstanding
ing system of neurons

Senior Researcher,

based on the roots of science and harvest the
fruit.” We have recently been focusing on the
creation of a new biotechnology-based par-
adigm for information and communication.
Accordingly, today’s interview features top-
ics on this paradigm shift.
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Communication Using Biological Systems

M The most advanced basic research

What types of research are being conduct-
ed by the researchers working here?

KOBAYASHI  Our Kobe FRC has two bio-
technological laboratories. One is the Bio-
ICT Laboratory, for which I am serving as
the Director. The other is the Neuro-ICT Lab-
oratory, to which Research Manager Kohatsu
and Senior Researcher Sakurai belong. At
the Bio-ICT Laboratory, I and my colleagues
are working on ICT using biomolecules pro-
duced by organisms. Our research focuses
on the manipulation of molecular commu-
nication for our use as ICT. Specifically, we
aim to establish a technology to measure and
sense molecular communication performed
by organisms. Another aim is to artificially
modify biological molecular communication
to produce easily operable devices by means
of the cellular capacity of information pro-
cessing and communication.

What is molecular communication?

KOBAYASHI In our body, various forms
of information are exchanged via molecules.
Hormones secreted in the brain, for example,
are transported to various organs to relay
information. This exchange of information
achieved by molecules is called molecular
communication. Molecular information is
exchanged in special environments such as
our body. To allow its efficient use for ICT,
it is important to elucidate the mechanism
of this molecular communication and to de-
velop technology to control it. Additionally,
this mechanism enables organisms to achieve
system control with extremely low levels of
energy. Therefore, if we can feedback such
knowledge to ICT, we can create an extreme-
ly efficient system.

TANAKA  The concept of molecular com-
munication for information exchange via
molecules emerged around 2008, and re-
search on this has been internationally active
just over the past decade.
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KOBAYASHI  We are now working to de-
velop a technology that controls cellular
functions via artificial materials incorporated
in the cell, which is the minimum function-
al unit of organisms, and a fundamental ex-
perimental system has just been formed. In
talking about research prospects, I plan to re-
alize something like a microrobot that works
in ICT environments such as in the body,
where molecular communication serves as
the major means of information transmission.

FURUTA While Dr. Kobayashi conducts
research at the cellular level, we start at the
component level for our research. A compo-
nent as mentioned herein refers to a molecu-
lar machine that constitutes cells. An exam-
ple is a molecular motor. It may be described
as an energy converter that converts chemical
energy in the body into physical motion and
force. It is characterized by extremely high
energy efficiency. I want to understand this
mechanism and link it to the development of
efficient devices.

In this field, recently emerging genera-
tive artificial intelligence (generative Al) is
accelerating research to allow us to predict
protein structures. However, the mechanism
behind the “motion” of proteins is not well
understood, so I think a more extensive un-
derstanding of this aspect will show us how
to design energy conversion functionality.

MATSUDA  An enormous number of mole-
cules are present in organisms, and their den-
sity is extremely high, and we are conducting
research to view them functioning in real
time. Such achievements are expected to re-
solve some of the long-standing mysteries in
bio-ICT that have yet to be uncovered. When
visualizing target biological molecules, we
usually use a fluorescence microscope, but
this does not allow us to watch living cells in
high resolution in real time. We are working
hard on this issue.

We are developing a new technology
known as computational adaptive optics,
which enables us to clearly observe cells in
a cell population that normally do not come

into focus, as they are located deep in the cell
population. The molecular motor under de-
velopment by Dr. Furuta measures less than
100 nanometers, and our goal for the time
being is to achieve at least this level of visi-
bility. I want to further increase resolution to
enable us to observe the motion of the molec-
ular motor in real time.

KOHATSU 1In our project, we are investi-
gating the functions of the brain of the fruit
fly Drosophila melanogaster. The field of
biomimicry has long focused on the body
structures of an organism and the physical
properties of biomaterials, but our interest is
in information processing in the insect brain.
The insect brain is capable of generating a
wide variety of behaviors relying on limited
information that can be processed by its lim-
ited computational resources. For example,
fruit flies use visual information captured by
their compound eyes, which consist of only
1,600 optical units (“pixels”) in total, for mo-
tor control such as flight, walking and escap-
ing from threats. We are trying to extract the
information processing algorithm that under-
lies such vision-dependent behaviors in the
small brain of an insect, and apply it to infor-
mation processing in small devices such as
Internet-of-Things sensors and microrobots.

SAKURAI My research interests include
the mechanisms of learning and memory uti-
lized by organisms. We have been exploring
phenomena that occur at the molecular level
in brain neurons during learning, using Dro-
sophila as an experimental model. We have
found that neurons with the role of governing
a given behavior form new linkages with oth-
erwise nonlinked neurons to form memory.
Thus, for the first time, we have become able
to analyze in real time the process of forma-
tion of new linkages between neurons as the
entity behind learning and memory in the
brain.

TANAKA  Research on the insect brain rep-
resents one of our important themes. Until
recently, what was happening at the synap-
tic and molecular level in the brain was un-

KOBE Frontier Research Center

The KOBE Frontier Research Center consists of five laboratories; the Stpercanductive =
ICT Device Laboratory, Nano-scale Functional Assembly ICT Laboratory, Bio-ICT:
Laboratory, Neuro-ICT Laboratory, and DUV ICT Device Laboratory.

known. However, recent advances in experi-
mental technology have increasingly enabled
us to topically observe phenomena that occur
in the brain at the level of a single synapse
in real time. Our research is positioned at the
edge of such a breakthrough. Attempts have
commenced to analyze and model brain func-
tions by linking acquired information and fly
dynamics to establish new principles of in-
formation processing.

Although there have been rapid advances
in Al research and development, the present
mainstream approach cannot avoid substan-
tial resource consumption, and I think it will
be difficult to create Al that functions in an
equivalent manner to a biological brain with-
out resolving this issue. What happens in the
biological brain? To answer this question,
it is necessary to thoroughly understand the
fundamentals. We believe we can create a
major paradigm shift by incorporating the
biological mechanism of information under-
standing therein.

M Research goal

What is your future goal?

KOBAYASHI  We aim to create a technolo-
gy using single cells to manipulate other cells
and control their population as a whole. If we
can move cells as desired to arrange them
in place, we will be able to apply them in
specific ways in the molecular communica-
tion environment. To this end, in addition to
using natural cells as they are, it is useful to
manipulate living cells in combination with
artificial materials.

FURUTA 1In talking about devices to aid
weak vision, hearing, or other sensations, it

matters how power sources are secured. A
large and heavy battery cannot always be
carried, and worrying about battery deple-
tion causes a great deal of stress. Hence, we
want to create devices that derive their elec-
tric power from inside the body, like those
that operate as we eat meals, and those that
operate even better if we eat delicious meals
(laughter).

MATSUDA 1 want to develop a technolo-
gy that produces stereoscopic images in high
resolution, including depth, from a single
photograph. At present, clear images in high
resolution are acquired from a large amount
of image data through complex processes,
and I want to achieve it in a single step.

KOHATSU Insects use their tiny brains to
recognize complex environments and per-
form adaptive behavior, but the mechanism
involved is not fully understood. I hope that
by applying the mechanism of information
processing in the insect brain, we will be able
to produce a highly efficient information pro-
cessing system, such as an autonomous mi-
crorobot that operates on very limited power.

SAKURAI  The mathematical model used in
current Al (McCulloch-Pitts Model 1943) is
based on the mechanisms of production and
transmission of electrical signals in neurons.
On the other hand, it is poorly understood as
to what is happening in the neurons during
learning. One of the keys to create new Al
may reside in the answer to this question.

TANAKA Al the young researchers here
will carry forward the future of our institute.
They have their own ideas and technical

expertise that are unique to them. I hope they
will maximize such talent to conduct research
and development that aims to realize a com-
pletely new paradigm of ICT using biological
mechanisms as leverage.
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Research and Development of Molecular
Communication Control Technology using
Biological-non-biological Hybrid Devices

|
KOBAYASHI Shouhei

Director of Bio-ICT Laboratory,
Kobe Frontier Research Center,
Advanced ICT Research Institute

After completing a doctoral course, Dr.
KOBAYASHI joined NICT in 2005. He has
been engaged in researches on under-
standing cellular responses against invad-
ing artificial materials.

Ph.D. (Engineering).

Living cell

3/

Microscopic observation

k Introduction

o ur lifestyles have changed dramati-
cally over the past few years. This is
due to the proliferation of various electron-
ic devices such as smartphones, the imple-
mentation of measures against COVID-19,
and the promotion of work style reform.
We now live in an era where an enormous
amount of information is generated and
used across all aspects of society. As ex-
isting information and communications
technology (ICT) based on radio waves and
light continues to evolve, we face increas-
ingly serious challenges related to infor-
mation explosion, energy shortages, and
other issues. As a new approach to radically
addressing these problems, research and
development of ICT that takes advantage
of the characteristic properties of living
organisms and biomaterials has recently
gained attention.

M Background

Towards the realization of Beyond 5G
(6G), research and development of ICT us-
ing electromagnetic waves such as radio
waves and light is progressing in various
fields. However, our daily lives contain a
vast amount of information that is challeng-
ing to handle directly with existing ICT, such
as that associated with chemical substances.
For example, quarantine dogs play an active

Biological-non-biological hybrid devic

Biomolecule
(e.g., DNA)

Polystyrene bead
(up to 3 um)

+ Bead size and composition Flexibly
Types and amounts of biomolecules designed
Beads available as observational markers

Advantages |*

Figure 1 Overview of technology for measuring cellular responses using a
biological-non-biological hybrid device
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role in airports. This is because it is difficult
for existing ICT systems to quickly and sen-
sitively detect and process information asso-
ciated with chemical substances as the source
of odors in real time. Another example is that
it is extremely difficult to apply existing ICT
to monitor intercellular exchanges of chem-
ical substances in living organisms because
electromagnetic waves are attenuated in
aqueous environments. Thus, ICT based on
information associated with chemical sub-
stances has not yet been fully established, al-
though such information is very familiar and
important.

In response to these circumstances, the
Bio-ICT Laboratory is advancing research
and development of ICT that learns from in-
formation and communication via molecules
(molecular communication) in living organ-
isms. Our efforts aim to enrich society by le-
veraging the information technology associ-
ated with chemical substances. Our research
is proceeding based on two main approach-
es: The first is related to the development of
measurement and evaluation technologies for
information associated with biomolecules;
and the second aims to create sensors, pro-
cessors, and actuators that can operate in an
environment where molecular communica-
tion takes place using molecules, cells, and
other biomaterials. This article presents the
results of “cellular ICT research” from our
research group, which focuses on cells, the
smallest functional unit of life, primarily us-
ing the latter approach.

W Research on Cell-artificial Material
Interfaces using Biological-non-
biological Hybrid Devices

Cells survive by constantly exchanging
information with the outside world. To un-
derstand the mechanisms of molecular com-
munication by cells, or the “language” of
cells, and to harness these mechanisms, it is
essential for humans to not only investigate
the cells themselves in detail but also to re-
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Figure 2 Schematicillustration of the regulation of cell population function through molecular
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Figure 3 Nuclear membrane-like structure formed around a
biological-non-biological hybrid device
Transmission electron microscope image of a nuclear
membrane-like structure artificially formed within a cell
using an artificial bead coated with nuclear membrane-
pore components (left), and a magnified view of part of
the structure (right)
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Figure 4 Artificial cell-type microrobots connecting existing ICT and innate ICT
environmentsFigure 4 Artificial cell-type microrobots connecting existing

ICT and innate ICT environments

search from an engineering perspective in
order to artificially manipulate cell functions.
For that purpose, we initially fabricated bi-
ological-non-biological hybrid devices by
combining various biomolecules and artifi-
cial materials. We introduced these devic-
es into cultured living cells (HeLa cells) to
analyze the outcome in detail (Figure 1). In
other words, we explored how to design the
interface between the cell and the artificial
device in order to manipulate cell function
using such devices. We mainly used poly-
styrene beads bound to biomolecules, such
as DNA and proteins, as models of biolog-
ical-non-biological hybrid devices. The key
advantage of this experimental system is the
use of non-degradable beads as observational
markers, which allows for detailed observa-
tions specific to the cellular response to the
biomolecules bound to the bead surface.

M Cellular Response to Biological-
non-biological Hybrid Devices

Once biomolecule-bound beads are intro-
duced into cells, various cellular responses
can be observed depending on the type of
biomolecule involved*. For example, when a
polystyrene bead coated with a protein called
avidin was introduced into a living cell, auto-
phagy—the process in which a cell digests its
own proteins—was induced around the bead.
This means that the cell attempts to degrade
the avidin-coated bead, believing it to be an
invader. However, subsequent studies have
indicated that this autophagic reaction does
not target the invading bead itself, but the cell
membrane that was ruptured when the bead
entered. This is an excellent defense mech-

anism in that the cell can respond to various
types of invaders.

Another example is a bead with DNA
bound to its surface. When such a bead was
introduced into the cell, DNA sensor mole-
cules present within the cell immediately de-
tected the bead and prevented it from being
degraded by autophagy. This means that cells
have a mechanism, apart from the autophagy
defense mechanism, to retain invaders if they
are recognized as DNA (or DNA-coated ma-
terials). We believe that if we can fully under-
stand the mechanisms by which cells flexibly
recognize and process foreign substances,
and then create cells with elements that can
freely control these functions, we can apply
them to regulate the behavior of cell popula-
tions and other systems (Figure 2).

M Constructing Artificial Structures
within Cells

In general, cell functions are modified by
altering the genome—rewriting life's blue-
print—using genome editing technologies.
However, these modifications are passed on
to subsequent generations through cell di-
vision and proliferation. In contrast, our re-
search focuses on creating artificial structures
(or spaces) with specific functions that do not
modify genomic information (i.e., outside the
genome or around a bead) and utilizing the
structures to manipulate cellular functions.
When cells with such beads undergo division
and proliferation, the beads do not increase in
number. Therefore, the effect on subsequent
generations of cells is minimized, and various
controls, such as killing only bead-containing
cells, are possible if needed. The nucleus is

responsible for controlling the genetic ON/
OFF state in the cell. We have already suc-
ceeded in artificially constructing nuclear
membrane-like structures, corresponding to
the “vessel” of the cell nucleus (Figure 3).

M Future Prospects

By using biological-non-biological hybrid
devices, we have successfully established a
fundamental technology for artificially con-
structing targeted structures within living
cells. We plan to develop technologies to
control the timing of bead entry into cells and
to induce gene expression around the beads.
Molecular communication is expected to take
place not only between cells but also between
microrobots composed of biomaterials. In the
future, we would like to take on the challenge
of creating artificial cell-type microrobots
with specialized functions that can connect
the existing ICT environment and the innate
ICT environment inherent to living organ-
isms, including the molecular communica-
tion environment (Figure 4).

Reference

* Shouhei Kobayashi, “Understanding and Control
of Cellular Functions Using a Biological-non-
biological Hybrid Device,” NICT Research Journal,
vol.66, pp.31-35, 2020 (in Japanese).
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Designing, Understanding, and Controlling the Mechanical

Information Processing Systems in Living Organisms
Aiming to develop ultra-energy-efficient computers and intra-body ICT

for hearing * touch sensation

IWAKI Mitsuhiro

Senior Researcher

Bio-ICT Laboratory,

Kobe Frontier Research Center,
Advanced ICT Research Institute

After completing graduate school, Dr.
IWAKI worked as an assistant professor, a
specially appointed associate professor at
Osaka University, and deputy team lead-
er at RIKEN before joining NICT in 2022.
Engaged in research and applications of
mechanical information processing in
biology. Also appointed as an associate
professor at Osaka University. He holds a
Ph.D.in Science.

B iological studies to date have un-

covered that in the course of evo-
lution, brain neural networks and similar
systems utilize electrical, molecular, and
mechanical information communication to
handle complex information processing in
an energy-efficient manner. Understand-
ing and applying these natural information
processing systems could revolutionize
society. To this end, we are aiming to de-
velop ultra-energy-efficient systems and
intra-body ICT for hearing and touch sen-
sations by designing and analyzing infor-
mation processing systems based on me-
chanical communication just as takes place
in muscles, as well as molecular-level elastic
components (nanosprings).

M Background

The electrical information communication
technology that emerged in the 18th century
and the optical communication technology of
the present day have become indispensable
in today’s society through telephones, tele-
vision, computers, and the Internet. On the
other hand, when it comes to living organ-
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isms, electrical information communication
utilized by brain neural networks, molecular
interactions (molecular communication), and
communication methods using mechanical
forces (mechanical communication) have
evolved over billions of years to achieve
complex information processing with min-
imal energy consumption. For example, the
human brain is considered to maintain its
system while consuming only about 20 W of
energy for complex information processing.
Technologies for understanding these natu-
ral ICT systems to devise a new information
processing concept and to design and control
their interior workings are unexplored fields
that have significant potential to evolve soci-
ety. One of the characteristics of natural ICT
is that due to the minimal energy available
to living organisms, it is difficult to suppress
thermal fluctuations in a system, causing in-
formation processing to become a complex
and probabilistic process. Despite ongoing
studies on probabilistic information pro-
cessing by the brain, an overview has yet to
be clarified due to its ultra-complex system
comprising a large number of nerve cells in
a network. Our research is therefore focused
on biomolecular systems, which are of a rel-
atively small scale in the layers of life, and
whose design has recently become possible.

I Designing Biomolecular Systems
and Analyzing the Internal
Operation Thereof

Inside living organisms, various biomol-
ecules self-assemble to comprise a system
and internally exchange information in a me-
chanical manner. For example, all animals
have muscles, in which a molecular system
referred to as “sarcomere” is present as the
smallest unit structure. In a sarcomere, bio-
logical molecular motors (“myosins”) co-
operatively function through mechanical
communication with one another. Individual
myosin molecules thermally fluctuate and
flexibly process their respective positional
information through mechanical communi-
cation inside and outside the system.

Therefore, a sarcomere can be referred to
as an intelligent microbot that handles infor-
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mation processing using mechanical commu-
nication. Because it moves utilizing thermal
fluctuation, high energy-efficiency can be
achieved at a level unparalleled to an artifi-
cial actuator. To understand and apply this
mechanism, we have artificially designed a
molecular system akin to a sarcomere (Fig-
ure 1) by utilizing DNA nanotechnology and
developed a technology to accurately observe
the internal operation of the designed system.
U1 At the same time, we have also established
a simulation model that quantitatively re-
produces the internal operation for analysis
from the viewpoints of operation forecasting
and information physics, thereby striving to
achieve comprehensive control and under-
standing of ultra-energy-efficient informa-
tion processing.

iDevelopment of Nanosprings
to Visualize Mechanical
Communication

The Nobel Prize in Physiology or Med-
icine 2021 was awarded for the discovery
of a mechanosensor molecule (‘“Piezo”), a
receiving and responding element for me-
chanical information in living organisms.
Myosins and other biological molecular
motors are also mechanosensor molecules.
It has recently been uncovered that a wide
variety of molecules function as mechano-
sensors. However, it is difficult to visualize
what types of mechanical information are ex-
changed by these molecules, causing delays
in the understanding of information process-
ing based on mechanical communication. We
have therefore designed the world’s smallest
coil-shaped spring (nanospring), close to the
size of a biomolecule (about 10 nm), and
developed a technology to use this spring
to connect between molecules and between
cells and the extracellular environment and

to sense changes in structure (stretching and
retraction) and direction with high sensitivity
(Figure 2). By assembling DNA molecules
in a bottom-up manner, we have succeed-
ed in exceeding miniaturization by several
dozen times compared to springs produced
by photolithography and other existing tech-
nologies. Because our spring uses biological
materials, it has high biocompatibility, and it
is expected to be incorporated into biomolec-
ular systems or inside living organisms with
no toxicity. As a demonstration experiment,
we connected our nanospring to an integrin
molecule, which senses the hardness of the
scaffold to which a cell adheres. Through ob-
servational analysis, for the first time in the
world, we succeeded identifying temporal
changes on the order of seconds in the size
and direction of miniature forces received
by the cell via a single molecule of integ-
rin (Figure 3).12J Mechanical signals, which
are not significantly different from thermal
fluctuations that become noises, are able to
be received and processed. By combining
this with analyses of molecular systems and
intracellular operations, we expect to gain a
more advanced understanding of ultra-ener-
gy-efficient information processing based on
probabilistic operation.

M Future Prospects

Among other natural ICT systems, our re-
search is focused on information processing
based on mechanical communication, which
is easier for evaluating energy consumption
and efficiency.

By understanding the operating principle
of ultra-energy-efficient information pro-
cessing through the design and analysis of
systems like muscles and by pursuing full
control thereof, we are exploring new pos-
sibilities for its societal implementation.

White arrowhead : Nanosprings extending in response

to mechanical signals

Figure 3 Ultra-high-sensitivity Detection of Mechanical Signals Received by
Integrin Molecules on the Cell Membrane

For example, we are seeking to obtain clues
to help design ultra-low-power computers
through an understanding of their operating
principle. Among the five senses of living
organisms, hearing and touch sensations de-
tect and process mechanical signals external
to the organism and communicate them to
the brain. By incorporating sarcomere-like
microbots that can be freely controlled into
hearing and touch systems, it may become
possible to increase sensitivity by multiply-
ing specific signals or to supplement senso-
ry functions that have been compromised
by disease or aging. Furthermore, because a
nanospring functions as a force sensor that
converts mechanical signals into fluorescent
signals, it may become possible to monitor
the hardness of skin tissues, blood vessels,
cancer tissues, etc., which is highly correlat-
ed with aging and malignancy, inside living
organisms by incorporating nanosprings into
a living body to detect fluorescent signals.
This technology therefore has the potential of
becoming a new intra-body ICT to diagnose
the condition inside the body.
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W e performed real time tracking of
memory as newly formed synaps-
es, or “acquired synapses,” created on Dro-
sophila feeding command neurons with
conditioning, which we published in Nature
in 2013. The first-ever direct observation of
memory allowed identification of the site
where two pieces of information link to
form memories. In addition, as a growing
body of evidence has recently supported
the “local feedback hypothesis,” a general
hypothesis for memory | proposed in an ar-
ticle in Science in 2005, the probability has
been growing that this hypothesis could be
established as the basic principle of mem-
ory. To take it one step further, we are cur-
rently attempting to verify this hypothesis
at the site where acquired synapses are
formed and obtain definitive evidence.

M Background

“Seeing is believing.” As pursuing the
phenomenon of memory, which has never
before been visualized, would appear to be
a wild-goose chase and an absurd endeavor,
unrealistic discussions and incorrect research
methods run rampant. Since the device that
stores information as an array of Os and 1s
and is freely read out and copied on a com-
puter was termed “memory,” a word original-
ly referring to brain memory, the brain mem-
ory system has tended to be misunderstood as
working in the same way as computer mem-
ory. I was stunned to hear even some neuro-
scientists seriously say that “brain memories
move from the hippocampus to the frontal
lobe,” which is impossible from a cell biology
perspective. Furthermore, since I had given a
warning, which was published in an editorial
in Nature due to its svverious implications('12],

meaningless biological papers based on
experiments performed using a framework
of faulty logic frequently appeared even in
leading journals. This tendency is the most
marked in current research being conducted

Conditioning

e

—

Metronome sound
(Conditioned stimulus)

[]

K
1]

Salivation

Feed
(Unconditioned stimulus)

Figure 1 Pavlovian Conditioning Experiment

on memory, for which methodology has not
been well established, and pseudoscience on
a massive scale is being passed onl3l. The fo-
cus of our memory neurobiology project is
on understanding the entity of memory and
establishing “memory neurobiology” that
can be analyzed by reliable methods. We
aimed to learn the basic principle of memory
by a novel and certain methodology and uti-
lize it to newly design information and com-
munication devices.

M Pavlov’s Dog and Hebb’s Rule

The first experiment on memory as a defini-
tive subject of experimental biology is the well-
known Pavlov's dog experiment (Figure 1), in
which dogs that had been fed after the sound
of a metronome led to salivate upon hear-
ing the metronome sound alone. Inspired by
this experiment, Donald Hebb!*], a Canadian
psychologist, assumed that reinforcement of
the synapses to feeding command neurons
underlies Pavlov’s dog experiments, as illus-
trated in Figure 2, and proposed that when
two neurons sequentially fire, the synapses
connecting those neurons are specifically
reinforced, with other synapses remaining
unreinforced—known as “Hebbian synapses”
(Figure 3A). He believed that many connec-
tions are successively formed in this way to
create the neural circuit carrying memory
(Figure 3B). Many people believed this to be
the case. However, the process had never ac-
tually been observed, and our first target was
to actually visualize this process for the first
time.

M Basic Principle of Memory—Local
Feedback Hypothesis

I thought out the local feedback hypoth-
esis to explain Hebb’s rule, and published it
in Sciencel! (Figure 4A). Under this hypoth-
esis, | assumed that two active cells release
substances to each other locally at the synaps-
es bridging them, thereby strengthening the
synapses immediately, as a short-term plas-

Pavlovian conditioning

-

(Unconditioned stimulu:

Metronome sound
(Conditioned stimulus)

Salivation
(Part of feeding behavior)

Conditioning

Feeding command neuron @

Pavlovian conditioning

v

Salivation

Figure 2 Change in the Neural Circuit in the Brain of Pavlov's Dog Presumed by Hebb

ticity. However, this hypothesis, although
well-consistent with previous findings, has
no way to be tested. We have to observe syn-
aptic changes at the micro level with being
linked to memory formation as behavior at
the macro level, and it is command neurons
that serve as the link between the micro-level

and macro-level.
lCommand Neurons and Pavlov’s Fly

The behavior screening conducted
through the all-out efforts of the whole
Yoshihara lab at the University of Massa-
chusetts Medical School led to the discovery
of the “feeding neuron,” a feeding command
neuron, as depicted in Figure 2 (2013, Na-
ture)ll. Based on this discovery, Dr. Akira
Sakurai, who worked at the laboratory as a
post-doctoral fellow researcher (currently a
senior researcher of the memory project at
NICT)], conducted Pavlovian conditioning
experiments with Drosophila brain using
“rod removal” instead of the metronome
sound for dogs as the conditioned stimulus
and found that the responsiveness of feeding
neurons in the Drosophila brain changed,
causing Drosophila to act in response to the
conditioned stimulus of “rod removal” (Fig-
ure 4B). Thus, it was demonstrated through
the use of a relatively simple fly experimental
system that the change in the neural circuit
as proposed by Hebb, which was difficult to
investigate in the complicated dog brain, had
actually taken place.

M On-site Observation of Memories
(“Acquired Synapse”) and
Hypothesis Verification

We discovered by carefully examining
the dendrites of feeding neurons upon con-
ditioning that new synapses are formed at
the same time as memory formation, and we
named those synapses “acquired synapses”
according to the term used by Hebb. Further-
more, we succeeded in witnessing the actual
moment when acquired synapses form in real

A B

¢
\
caze =

Local feedback
(Short-term memory)

Morphological change
(Long-term memory)

Figure 4

A “Local feedback hypothesis’[5] as a cell
mechanism that follows Hebb's rule
(reprinted with permission from Science)

B “Feeding neuron,’ a feeding command
neuron, connects the micro and macro
aspects of Pavlovian  conditioning[7]
(reprinted with permission from Current
Biology).

time, and thus achieved the target of “wit-
nessing the site of memory creation” (Yoshi-
hara, Sakurai, Yoshihara; in preparation).
Moreover, in search of the fundamental prin-
ciple of memory, we are attempting to verify
the “local feedback hypothesis” at the site of
formation of acquired synapses.

M Conclusion

The 50th anniversary of the Apollo 11
moon landing vividly brought that day back
to me when I was strongly moved by the
news as a kid. At the same time, I realized
that I had never experienced such a strong
impact in my scientific career, and I felt that
in order to feel so strongly moved, I would
have no choice but to succeed in witnessing
the “creation of memories.” Now that we
have finally made it here, a subsequent dis-
covery that would make a great impact akin
to the moon landing, not only on me but ev-
eryone, would be defining the basic principle
of memory. I started my own lab in the U.S.
to verify the “local feedback hypothesis” 1
conceived of 20 years ago and proposed in
the Science paper as a candidate for memory
principle, and every piece of recently accu-
mulated circumstantial evidence suggests
that my hypothesis represents the fundamen-
tal principle of memory. Even more decisive

. ) — Conditioned l Feeding
s stimulus
sytd .

Figure 3

A The memory rule, worked
out by Hebb, who was
inspired by  Pavlov's
experiment. Parts in red
indicate firing cells and
the reinforced synapses
connecting them.

B A series of cells linked
via reinforced synapses,
maintaining memory
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\
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(CS; Rod removal)

Ccs |

(CS; Rod removal)

Feeding behavior

§ US (focd)

<

Feeding behavior
(Proboscis extension)

Feeding behavior
) ‘
CS (Rod removal only)

hypothesis verification is possible through

CS (Rod removal)

observation of miniature synaptic currents,
which are currently undetectable in the brain,
at the time of memory formation, and a new
approach for this is gradually taking shape.
Now, elated that the “moon’s surface” is ap-
proaching, I relish the achievements of our
longstanding challenge.
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T he diversification of information
and communication technology
(ICT) applications in recent years has creat-
ed an urgent need to improve the function-
ality of compact information devices such
as drones and loT devices. These devices
pose severe constraints on computational
resources and motive power, which in turn
require technologies that can efficiently
perform a minimum number of tasks with
the least amount of computational over-
head. To tackle these challenges, we are
taking a unique approach to research and
development by looking into information
processing in the small brains of insects.

Background

Insects are the most thriving group of or-
ganisms on Earth today, numbering over 1
million species. This is mainly thanks to their
superb sensory and motor abilities, which
are supported by the functionality of their
nervous system. The brain of the fruit fly
Drosophila melanogaster is less than 1 mm?
in volume and contains only about 200,000
neurons, which is 100,000 times less than
the approximately 100 billion neurons in the
human brain. However, the extremely small
brains of insects are capable of a whole se-
ries of information processing operations,
which includes feature extraction from sen-
sory input, information integration for deci-
sion making and motion control (Figure 1).
Insects are capable of a wide range of behav-
iors such as exploration of the environment,
escaping from predators, mating, and social
interaction, to name but a few. Therefore,
despite their compact size, insect brains can
be likened to highly efficient information
devices capable of interacting with the envi-
ronment autonomously and in real time. We
believe that their operating principles hold
many clues that can be exploited for future
ICT applications.

Our current research focuses on the visual

system of Drosophila. The main visual or-
gans of the fly, consisting of two compound
eyes, have only about 1,600 ommatidia in
total. If we can elucidate the mechanism by
which the insect brain extracts information,
such as temporal and spatial patterns, from
these 1,600 "pixels" of visual input for be-
havioural control, it would be possible to
apply the findings to the development of
technologies that use visual information to
control micro-robots and drones, which have
severely limited computational resources
and motive power. With this in mind, we are
modeling the control mechanism of tracking
behavior in fly, for example, a fly chasing an-
other organism based on visual information.

Behavioral Analysis using a
Locomotion Simulator

The tracking behavior that we study in
our research is performed by males to court
females. When a male fly detects a female,
he quickly regulates the speed and direction
of his movement, mainly based on visual in-
formation, in order to track the female as she
moves. To establish a quantitative relation-
ship between visual input and motor output
during tracking, we use an experimental sys-
tem called a locomotion simulator, in which
a subject male fly "walks" while confined to
the apparatus (Figure 2). This system pres-
ents the fly in the apparatus with artificial
visual stimuli controlled with a degree of
precision that exceeds the temporal and spa-
tial resolution of the fly's visual organs, while
recording the speed of the fly as it walks for-
ward and backward, left and right. In princi-
ple, this system should enable us to analyze
the behavioral responses of the male fly to
various visual stimuli one by one. However,
visual stimuli alone will not cause the male
fly in the locomotion simulator to perform
tracking, as male flies are programmed to en-
gage in active tracking only when they detect
females. Therefore, in order to analyze track-
ing, test male flies must first be artificially in-
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(A) Neural activity manipulation by optogenetics

Irradiated light

(B) Regulation mechanism of tracking behavior

(C) P1 neurons (green); counterstained brain (blue) (D) A male fly on the locomotion simulator following artificial visual stimuli

duced into ‘mating mode’, mainly by female
pheromone stimulation.

Manipulation of Fly Behavior with
Artificial Stimuli

Female pheromones are chemical sub-
stances and therefore pose experimental
problems when used as stimuli, as they are
difficult to control in terms of intensity and
duration. Therefore, we have adopted the
method of artificially stimulating the neurons
in the brain that are activated when a male
is exposed to female pheromones, rather than
simply applying female pheromone stimula-
tion to the subject (Figure 3). To do this, we
use a technology called optogenetics, which
involves introducing light-sensitive function-
al molecules into the neurons of the male fly
so that the activity of the neurons of interest
can be remotely controlled using light. With
this approach, we successfully activated P1
neurons, a neuron group that triggers mating
behavior in response to female pheromone
information, for a male walking on a loco-
motion simulator. Thus, the two operations
of light irradiation on the male fly’s head
and presenting artificial visual stimuli enable

us to efficiently reproduce for analysis the
tracking behavior displayed by males only in
mating mode. Based on behavioral analysis
using this unique method, we are currently in
the process of elucidating in detail the effects
of the spatial distribution and moving pat-
terns of visual stimuli on tracking behavior.

Exploring the Neural Circuit
Mechanism Behind Tracking
Behavior

We are also analyzing the structure and
the function of the neural circuit that un-
derlie vision-dependent tracking behavior.
Behavioral screening using optogenetics has
enabled us to identify the multiple candidate
groups of neurons involved in both visual
information integration and locomotion con-
trol. Moreover, by using an original system
that combines the locomotion simulator and
functional imaging technology, we are able to
measure the neural activity that occurs during
tracking in real time. We are nearing the stage
where we can confirm that responses reflect-
ing the position and speed of the tracking tar-
get occur in the higher visual areas of the fly
brain. In the future, we expect to clarify the

circuit mechanism that translates visual in-
formation into walking by analyzing the rela-
tionship between visual input, motor output,
and neutral activity in greater detail.

Future Prospects

Using the behavioral and neural activity
data that we have obtained through our orig-
inal approach, we are currently modeling a
tracking control mechanism in collaboration
with a research group specialized in mathe-
matical modeling. In recent years, interest
has been growing in ICT research focusing
on information processing that occurs in the
small nervous systems of living organisms,
with a number of private businesses entering
this research domain. However, technology
development inspired by the functionality of
living organisms, or biomimicry, has so far
mainly focused on physical properties and
structures of biomaterials, and not much has
been done in the field of information process-
ing. We hope that our research activity will
contribute to the expansion of this under-ex-
plored research area.
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discoverer.

What are you interested in other
than research?

o | enjoy cooking using recipes shared
with my foodie friends. Since | live
near the Akashi coast, | would like
to try to catch fish and cook them
using good recipes.

What advice would you like to pass
on to people aspiring to be a researcher?

Q&As

What is the biggest failure in your life so far?

Q In my student days, | found myself in a poster presentation
hall, completely unaware that | was explaining the
intricacies of molecular motor cytoplasmic dynein to its

Immerse yourself in what interests you. Even if it's an
incredibly niche topic, having knowledge (or expertise)
that surpasses anyone else will undoubtedly be a strong
foundation for your career as a researcher.

s humans, we can walk around for
A about two hours with the energy from
just a single slice of bread. If you try to make
a battery-powered robot equipped with
electric motors walk around for about two
hours, the robot, being quite heavy including
control mechanisms and other equipment,
would stop in a few minutes using the same
amount of energy generated from that slice
of bread. But, if we were able to harness a sys-
tem that could perform this much work using
only one slice of bread, it might hold the po-
tential to address the energy consumption
challenge in modern info-communication,
which has resulted from an explosive increase
in the energy consumption of Al systems and,
for example, people who send videos to each
other. The driving force behind the move-
ment of living organisms lies in molecular
machines known as molecular motors, which
are about one thousandth the diameter of a
human hair. They perform a myriad of tasks
related to motion, including muscle contrac-
tions, cell division, and material transport.

NICT NEWS 2024 No.3

A molecular motor is very small. In muscle,
they are arranged at an incredible density of
2 trillion units per centimeter. They can direct-
ly convert chemical energy, called ATP, into
mechanical work without heat generation to
successfully minimize energy loss and obtain
a large amount of energy. Moreover, while ro-
bots are provided with an energy sourcein the
form of electrical energy, living things are pro-
vided with energy in the form of
substances like bread. They chew
it to break it into smaller pieces,
and then digest it with enzymes
to break it down to a molecular
level and extract energy from it.
To understand the design prin-
ciple of molecular machines, we
have established an experimen-
tal approach of assembling and
reconstructing these molecular
machines from the component
level, like playing with toy blocks.
To date, we have succeeded in

X . Figure
creating molecular motors with

new functions that do not exist in nature. And
through the approach of “create to under-
stand”, we are beginning to understand the
design principle of molecular motors. Moving
forward, we aspire to leverage the secrets of
molecular machinery to develop novel, ul-
tra-efficient information and communication
systems that harness the remarkable features
found in living organisms.

Simultaneous four-color fluorescence microscope system
under construction

EEI Holding of “NICT Diversity Day 2024,”
the First Event of the Diversity Promotion Office

Diversity Promotion Office

he Diversity Promotion Office, newly established in FY2023,
a held its first event, "NICT Diversity Day 2024," on March 8, Inter-
national Women's Day, at the NICT Innovation Center (Tokyo Nihon-
bashi Tower). About 200 NICT executives and personnel participated in
the event both at the venue and online.

At the opening of the event, Dr. TOKUDA Hideyuki, President, ex-
pressed his aim of not only acquiring excellent human resources and
international competitiveness by promoting diversity, but also of
strengthening NICT's creativity and innovative ability as a whole to en-
able NICT to become a more flexible organization. The president also
expressed his expectations for the activities of the Diversity Promotion
Office, saying that although the proportion of female personnel in the
ICT field is not particularly high or low at present, he hopes to achieve a
level of 30% or more in the future.

The next speaker, MORIAI Shiho, Senior Executive Director and Direc-
tor of the Diversity Promotion Office, reported on the results of a NICT
internal survey conducted by the Diversity Promotion Office in confor-
mity with the "Survey on Unconscious Assumptions Based on Gender
(Unconscious Gender Bias)" by the Gender Equality Bureau of the
Cabinet Office.

The average percentage of answers to the question on awareness of
unconscious gender bias for NICT was 10%, which is significantly lower
than the average (20.7%) in the Cabinet Office survey, indicating that
gender role awareness within NICT is much lower than the general fig-
ures for Japan. While this is evaluated as one of NICT’s strengths, there
was a large gender gap with regard to the experience of being assigned
gender-based roles by others or feeling that such an atmosphere exist-
ed (49.1% for females and 24.2% for males) . Furthermore, Senior Exec-
utive Director MORIAI pointed out that one difference among positions
was also observed in the lower scores for managerial positions com-
pared to career-track and general positions, indicating that gender role
awareness within NICT is low compared to the general public, but
nonetheless remains.

In addition to gender-related bias, as many asked for initiatives based
on diversity perspectives such as age, nationality, LGBTQ, and disability
status, Senior Executive Director MORIAI expressed her vision of
strengthening communication to gain the empathy of personnel with
diverse values.

The second half of the event featured a trialogue among President
TOKUDA, Senior Executive Director MORIAI, and Specially Appointed
Professor SASAKI Narie of the Institute for Gendered Innovations, Ocha-
nomizu University.

Gendered innovation is the concept that discoveries and innovations
can be made in the field of science and technology by incorporating
analyses of sex/gender differences into research and technological de-
velopment. Professor Sasaki introduced issues using examples of famil-
iar technologies such as seat belts and medical care, where sex and
gender analysis has not been incorporated to date. The panelists ex-
changed opinions on four themes, including gender bias latency in Al
technology, such as bias reproduction due to biased Al training data,

Surrounding Specially Appointed Professor Dr. SASAKI Narie, from the left are
Auditor Dr. DOV, Professor SASAKI, President Dr. TOKUDA, Senior Executive Director
Dr. MORIAI

and new innovations beyond measures to improve the proportion of
minorities in organizations. A lively Q&A session was held with partici-
pants at the venue and online.

Dr. DOI Miwako, Auditor, took the podium for the closing remarks,
concluding that she had wondered how scientists could contribute to
the Equity part of DE&I, but became convinced of the possibility when
she learned about the concept of Gendered Innovation, and would like
to share this knowledge with others.

Details of this event will be posted on the official NICT Diversity web-
site at a later date.
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