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Project Goals in 2040 (1):
Sleep and Hibernation: Most challenging mysteries in neuroscience :

(4"3\ Awake

Acti ' g Hibernation period
ve period | Qb EE BR _p“.w
T

Sleep: hypomobile behavior
occurring along the rotation of
the earth (day and night)

Hibernation: hypomobile state
triggered by the seasonal cues
from the revolution of the earth

Sleep

183 species in 7 orders hibernate,

Sleep duration varies by species out of the 4,070 mammalian species

Species QLZ;?,Z Species g;gsiﬂz Order Family Number Typical species
Time Time
Tiger 15.8 Sheep 38 Primate | Cheirogaleidae 3 Fat-tailed dwarf
Cat 12.1 Elephant 3.3 Gamivores |  Bear family 4 Asiatic bI:\ck bear, Polar bear
Chimpanzee | 9.7 Horse 2.9 (female only)
Human 8.0 Giraffe 1.9 Rodents Squirrel family 58 Thirteen-lined squirrel
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Project Goals in 2040 (2):
I Sleep & Hibernation: Phylogeny @IHS

“Phylogenetic signal” in daily Hibernationor / torpor species
sleep time in terrestrial mammals in the mammalian phylogeny

Fruitbat Little brown bat w

Fat-tailed lemur

Total daily sleep duration (hrs)
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REM sleep L

Hibernation
Daily torpor
Starvation torpor
Estivation

McNamara, Barton, Nunn (ed.) “Evolution of Sleep” Melvin, Andrews, Trends Endocrinol Metab 20:490-498 (2009)
Cambridge University Press (2010)
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I Project Goals in 2040 (3):

Economic and social impact of sleep debt

Japan loses ~15 trillion yen annually due to insufficient sleep
(worst in developed countries per GDP)

Average time

in bed, hours Sleep duration v GDP per person
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¥ : 2 Middle East/ North America/
Region @ Americas Asla Europe @ Afica ® i

https://lwww.weforum.org/agenda/2019/04/which-countries-get-

the-most-sleep-and-how-much-do-we-really-need/

Canada i i
N United Kingdom
$21.4billion $50 billion

GDP Germany

- $60 billion -

United States Japan

411 billion
$ It $138 billion

Hafner et al. (2016) “Why Sleep Matters — The Economic Costs of
Insufficient Sleep: A Cross-Country Comparative Analysis”

v
RAND

Data from RAND Europe survey
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I Project Goals in 2040 (4):
Effects of insufficient sleep on performance
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Dawson, D. & Reid, K. Nature 388:235 (1997)
Objective performance Subjective sleepiness

PVT lapses

SSS sleepiness score

BL 2 4 6 8 10 12 14 BL 2 4 6 8 10 12 14
days of sleep restriction days of sleep restriction
Van Dongen, Dinges, et al. Sleep 26:117-126 (2003)
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I Project Goals in 2040 (5):
Sleep debt increases risk of diseases

"% Comparison of sleep time in (Sieey Sleap
. (eprivs P [ Sleep Dement, 2005.
“" OECD countries ‘d-e;:;“- \ de;ir‘.v J | debt> ement,
&\ /& R fni(d
= ROR sl debt
W/ R ) e
i \\ /
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Sleep Debt = Accumulated sleep deprivation
U e Breakdown of CNS-immune system crosstalk
£ é PESETE SR SEREETSEREESSRESSE  Dysregulation of autonomous nervous system
<1.>Z-<<DU—°)£2 L3 2+ & 200 § Fu ¢ d d :
§=" 8382 = . ‘an endocrine system
§ 2
Increase in diseases risks with daily Increase in mortality rate with reduced
sleep time <7 h REM sleep
100
| | | X
Depression | 31% = s
1 1 = |
Obesity | 25% 2
1 1 ] © 50 1| ——Ql:<14.8%
Diabetes | 28% = - Q2: 14.8%-19.4%
=
:::l Z o5 ——— Q3:19.5%-23.6%
Stroke 15% £ Q4: >23.6%
v
Heart failure | 48% 0 ' r l
I I I I 0 5 10 15
Kecklund & Axelsson, 2016 Follow-up time (y) Leavy et al., 2020
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Project Goals in 2040 (6):
Possible application of artificial hibernation to emergency @IIIS
and critical care medicine

Active period Hibernation period
™ s

Ictidomys tridecemlineatus

400 Heart Rate <10
200 Respirationrate 1~5
37°C Body temperature 5°C

O2 consumption and energy
metabolism reduced to 13%

Application of synthetic

hibernation to humans ‘
-7

Suppression of inflammation, immune

Reduced tissue oxygen
¥ response, shock, tissue damage, and

consumption :
cell damage is expected
Life-saving medical care for [ \
Hypometabolic Therapy Traditional Therapy

myocardial infarction / stroke /
. . . Basal Metaboli 02 Suppl i
ischemia / traumatic shock / eI memeery  Basailelabolsm 02 Supely

severe infectious diseases O‘ T Q {;}
(COVID-19, etc.) - o o
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I Project Goals in 2040 (7):
Our MS project achieves...

R&D Goal 1

Technologies to
manipulate sleep need
set-point

R&D Goal 2
Technologies to prevent ‘ _

diseases caused by Economic effect of

sleep.debt. mﬂ@ trillion yen / year a88liong and healthy lives freediup)

R&D Goal 3 \ misleep,problems

——

Disease risk prediction and
prevention based on sleep

R&D Goal 4

Nationwide expansion of /

sleep medicne network %
Reduce mortality and morbidity,
in emergencies and disasters

R&D Goal 5 -
Synthetic hibernation > Interplanetary*flights and
technology expleitationlintolsgac-:
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I Five R&D goals to achieve Moonshot

sub-objectives 1 and 2

Major goal of MS7 : Realization of sustainable care systems to overcome major

diseases by 2040, for enjoying one's life with relief and release from health concerns

until 100 years old

Sub-objective 1: Realization of a society | Sub-objective 2: Realization of a medical

where everyone can prevent diseases
spontaneously in daily life

network accessible for anyone from
anywhere in the world

R&D Goal 1: Release from the strict
needs of sleep time

R&D Goal 4: Make sleep healthcare
networks accessible anytime and anywhere

even under disasters

R&D Goal 2: Prevention of the disease
onset/progression caused by sleep debt

R&D Goal 5: Reduce mortality and
sequelae drastically by synthetic hibernation

R&D Goal 3: Prediction of the disease
onset/progression caused by sleep debt
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Research breakthroughs from IS (1)
Discovery of genes regulating sleep :
Dreamless (NALCN)

Mapping of mutant genes

ENU

¥
—C 8 x alp—
E l mr e 48— - C57BL/6J
O% 86\_] l %_- &I = Mixed
o — o —
Random #F et pE e
N2 E— 00— a0— a—
Mu’FageneS|s (5% B6Y) .. o — —
with ENU
m/+ & e m/+ e )

Screenlng of sleep phenotype > 8,000 mice
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-
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Mutant mouse = - - - mouse s -

Funato et al., Nature 2016
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I Research breakthroughs from IlIS (2) :
SNIIPPS: Molecular substrates of sleep need S

Slept vesrus Sleep-deprived mouse Wild type versus Sleepy mouse
SDO haur_gameyAd i et Widtyne gl iimaes Molecular signatures of

S > U e . U synaptic homeostasis

v 4 and sleep/wake homeostasis
SD 6 hour sleep deprived X Sleepy mouse™ Ad libitum sleep
: ‘ 4
2.2 (332 L X <. > LX) W k
a e SLEEPY

NMDAR

Sleep loss
SD1/SD0 Phosphoproteome ). SD3/SD0 Phosphoproteome ). SD6/SD0 Phosphoproteome |nh|b|t|on \ P

21 : : :
n=20,815 : n=20,797 P n=20,865 :
In=50 In=475 Pl In=816
3 |De=0 T |De=2t T [De=8 S Hyper
3 P 5 . 3 ey ﬂ '
> : > P > : :
1 P =1 R =1 :
=) ;.." ) L ) . P 4
o L o o c * : g
o : o )
Sleep Need
. 0 0 SNIPPs
2 0 2 2 0 2 2 0 2 B P T ‘1
log, (fold change) log, (fold change) log, (fold change) (P
9.6 s : Neurotransmitter Release ni GTPases Regulationi Microtubule Scdfolding Protein :Undetermined
00 i i Regulati ; i
% 72_§ I I ' egulation ! I Hypo
© 4.8 % 0: 05 "E i ° E ? ’: b i
> Ig I [ L] o I P e ? ! . [ ] ”i P e ] ? 05 o
DU_) 2_4-...0.;..."’ ..... ,";o .................. :0 ........... 0 ............ E ....... b....'.‘......w; .............. "00 ....... : ............. e S|K3/SLEEPY
4 0.0 ; o _0 : 0 0; o o; o /e : J esd inhibition S | ee p
P PR L I IL IR ILDDL IR 2L oo
# TFTE T I IS TSIV FES Wang et al., Nature 2018
S

10 International Institute for Integrative Sleep Medicine



Research Breakthroughs from [IIS (3) :

Mechanistic therapy of narcolepsy with orexin agonists

HTS for OX,R agonists and
optimization of selected hits

Further optimization of the
lead structure

\\/

Identification of OX,R as
drug target for
narcolepsy treatment

|dentification of the first
lead compound of OX,R
agonist (YNT-185)

Identification of a
development candidate

Discovery of orexin and
study of orexin KO mouse
phenotype

Pharmacological assays
and evaluation of
physicochemical
properties including PK

(YNT-X)

PO arousal promoting effect in wiId-tyW

Total wake time (% of Vehicle)

400

300

200

100

P=0.02 P=0.052
P=0.02 l
I l 7
i |
60 min 120 min

I Vehicle

B YNT-X (0.25 mg/kg)
YNT-X (1.25 mg/kg)
YNT-X (2.5 mg/kg)

B YNT-X (5 mg/kg)

B YNT-X (10 mg/kg)

B YNT-X (25 mg/kg)

180 min
Nagahara et al., J Med Chem 2015; Irukayama-Tomobe et al., PNAS 2017; Unpublished

No arousal effect in

orexin receptor KO mice
400

M Vehicle

300 B YNT-X (5 mg/kg)

200

NS. NS. NS.

60 min 120 min 180 min

100

Total wake time (% of Vehicle)

o
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Research Breakthroughs from IS (4) :
Identification of neural circuits regulating REM sleep

SIS

A subset of neurons in the pons that projects
to the medulla induces REM sleep

" Medulla

40+
— Control
32; * — Neural activation
REM . *
< Sleep 24
) 164 =
8-
0 T T T T T
1 2 3 4 5 6
Time after stimulation(h)
These neurons are very sparse and small in number, Artificial activation of these neurons
thus remained unknown for a long time. However, strongly increases REM sleep!
we finally succeed in identifying these REM sleep- H hi ot al. Sci 2015: Unoublished
specific neurons. ayashi et al., Science 5; Unpublishe
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Research Breakthroughs from IS (5) :
I Development of in-home sleep EEG device and
automatic sleep staging in cloud Al

Eecreia \m_n\‘_,«‘\‘\w»«\-\_.»“:'\vhx,mmh_a‘-“mmm-rm"\wf"‘v

L T e s I e e p E E G
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Wearable EEG device

Global Pooling (Max, Ave, etc.)
v
Dense + 5 Soft-max

¥ ¥ y
Convolution (narrow) Convolution (wide) 4
v v c
Convolution (narrow) Convolution (wide) '%
v L 2 ©
- . o
Convolution (narrow) Convolution (wide) | & A(_:curacy. 82.0%
v ¥ o k-index: 0.75
Max-pooling Max-pooling ‘3 - Engineer System
v v I.?., NS
Normalization Normalization w | _
I »De I ‘ ' | ‘ ‘ : ‘
L v REM l : !\ | U | ’ H/\
Convolution N1 ’ || \’ | | [
rDe | ‘ ‘
) N2 - | ‘Hl | _m ||

200 400 600 800 1000 1200

Number of the Epock
Yamabe et al., Sci Rep 2019

lSIeep staging
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I Research Breakthroughs from IS (6) :
Mobile sleep lab based on a fuel cell bus

AUR

SIS  imorsions msie rinegriv &%&, Converted fuel cell bus into a mobile sleep lab

Sleep Medicine

SR 2 s A BE R S B2 TS A @

‘ Right
= R&D C r for Frontiers of 72 l:f_sb-_:] 72
ﬁ F MIHA' MlRAlc:ll:cPolicy andl'lszchnoiogy - LT L
— = - . ﬂ . - . . z 3
I - 2% e DT 25 ze Lk n b ;.8 %8 . i
B AR R L TR LS S s I NS 0 S Iy~ ) S

Soundproof sleep measurement compartment (2 rooms)

- Efficient power supply is possible for sleep recording
(PSG test) without noise and vibration during parking.

- Monitor sleep in subjects/patients who live in various
places all over Japan.

"Toward the realization of Society 5.0 with the Tsukuba model" o
Nature Digest, April 2020. Standard method of human sleep recording: PSG test
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Research Breakthroughs from IS (7) :
Discovery of a novel group of neurons that induces

hibernation-like states in rodents

Takahashi et al., Nature, 2020
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15 International Institute for Integrative Sleep Medicine



| Milestones and R&D goals

Sub-Objective 1

Research result

Sleep homeostasis
regulator SIK3 &
molecular substrate of
sleep need identified

Sleep homeostasis determinant

REMS regulator NALCN &
REMS-inducing neurons
identified

Ongoing integrative
studies for the role of
sleep & its regulation

Sub-Objective 2

Wearable EEG device &
Al-assisted sleep staging
launched

Mobile Sleep Lab based
on a fuel cell bus

~

N

understood & drug target for sleep
time setting identified

REMS induction mechanism
understood & drug target for
REMS control identified

PR Rg

Origin of sleep-wake rhythm &
motivation dependent sleep

regulation understood
(L4 Ll

A, /’

Peripheral metabolism regulation
4 by CNS during sleep understood

EEG-epidemiology association
from 100K individuals analyzed

4;‘\ -

Establish an operational system for

An invasive method
inducing hibernation-like

state developed in mice

A 4

Lead compound of sleep time
adjusting drug identified

IS TERNATHINA
SLEER MELNCINE

Sleep-time set point

wv| adjusting method launched

a X

Lead compound of REMS
modifying drug identified

Neural & molecular
mechanisms underlying
physiological function of sleep
understood

Central-peripheral interaction
controlling metabolism during
sleep/hibernation understood

EEG-epidemiology association
from 1M individuals analyzed

Building up regional sleep

mobile sleep labs
- -
\\ ~\

Peripheral metabolism regulation
by CNS during hibernation
understood

S

Neural & molecular mechanisms of

» medical network (Ibaraki
prefecture model)

(1) To release from the strict
needs of sleep time

Technology of prevention
from sleep debt-derived
diseases developed

(2) To prevent the disease
onset/progression caused by
sleep debts

Prediction and prevention of
sleep debt-derived diseases
combinedly provided

(3) To develop methods to
predict risks of diseases
based on sleep trends

Nationwide sleep medical
network on disaster

Non-invasive method inducing

hibernation understood

An invasive method inducing

» synthetic hibernation
developed

(4) To make medical networks
offering sufficient cares for sleep
disorders even in emergency

" | hibernation in humans

Application of synthetic

Synthetic hibernation by less

hibernation-like state developed in
non-human primates

» invasive method in non-human
primates succeeded

(5) To reduce mortality and
sequalae drastically by
synthetic hibernation
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I R&D Goal 1 : Release from the strict need of sleep time IHS

Practical use of sleep-time set point adjustment technology* Eis

Dlscovery of sleep regulatory genes by large-scale human genetics research’

|dentify
families with
extreme sleep
phenotypes’

Gui de Chauliac Hospital

genome-
analysis

7_ .9_. SIIVIIN—

Sleepis the Ultimate Intelligent Mechan

Mouse reverse genetics
for validation

Sleep monitoring with the
wearable device in home

*Breakthrough, TMilestone
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I R&D Goal 1 : Release from the need of sleep

Technology to manipulate sleep-time set point*

=

Elucidation of the molecular mechanism
of sleep homeostasis™®

Clarification of SIK3 signaling pathway

Upstream factor

SIK3(SLP sma(sssm; s:x3(3551 D)

A!tered downstream s(gnalmg

A

l Normal Sleep Need ‘ {

Q SIK3

Downstream factor ¥
I I

Excessive Sleep Need ‘

Discover suitable target molecules
(GPCRs, enzymes, nuclear receptors,
etc.) and markers for interventiont

4

Development of lead compounds,
antibody, virus vector

|dentification of the neuronal groups
and networks responsible for sleep
homeostasis

" Cell type specific Cre
Virus Vector Cre

Conducted non-clinical development and cllnlcal
trials of sleep-time set point adjustment technology?®

® -
Ty JI‘ / .

“» -

*Breakthrough, TMilestone
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R&D Goal 2 : Realizing a society free from sickness @IHS

due to sleep debt
Preventive technology for the disease onset/progression caused by sleep debt*

Awake decrease Early appearance
REM , ‘ Dementia risk - REM Sleep ‘ Depression
’?» =)
| :

N2
N3

0 1 2 3 q 5 & 7 g
Hours of Sleep

REM sleep, which tends to decrease with age, can be at risk for if it
decreases excessively, while patients with depression have its shorter latency.

Developed
interventions treatment
Discover molecular to increase
/ targets (GPCRs, REM sleept
/ enzymes, nuclear
/ receptors, etc.) and Sevalban
: ’ markers suitable . .
$ . / . . t t t .
‘ . for interventions Ljnelear;/etgelons © Depression
‘e . sleep REM sleep and
Identlf!cat|op of REM increase deep
sleep-inducing neurons Hayashi et al., Science 2015 sleepf *Breakthrough, TMilestone
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R&D Goal 3 : Sleep trend-driven tailor-made @IHS

I preventive care
Disease risk prediction and preventive technologies®

P e /J\ ’)‘ . j ‘”(\‘ | w | ,‘\ “ f\’jhr NJ‘ \ " 8
;g w\!rw”\vfmh Jﬂv{\\ \ / \ ].'W]\’ //l\’P ’j / \ M ‘,/\ J\ // \r\ /‘1”\(\ Jf b ]F,' l\ AJ\] . M\‘;\ 1ﬁ
w3 b i . | ‘!“w/‘ - ‘rv
Sleep test at home | = }g,qm i /””1(‘5’/ e ,4\‘“\,;/,‘ i //”“«n»"‘h{w’f”‘/g «“;fﬂ,c};“\ P
. . PRIV QoW M W A ' R i S Sy "n\"
Medical checkup (optional test) B LA, Bl L A LY
. © \\JI \’/ \‘ ) LlLJM/ b \Lf \I ‘"1»’ U\,‘\ Yy L ‘Vw \‘( \( W \\“’N \\M’[J l\‘
Ty T ‘\) v : n
S EEG data
S
ypnogram
; Big data constructiont
@ \“ A / (100,000 — 1,000,000) of
~ N sleep and epidemiology
™
: ] ‘o, -
@‘) S UHIVIIL - |
Sleep is the Ultimate Intelligent Mechanism In Nature
In-home sleep | Medical records ]

measurement system (
(wearable EEG device |
/ EEG analysis by Al) 1=
developed by a venture
company of llIS

Development of a risk
prediction algorithm for
diseases caused by
sleep disorderst

&
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I R&D Goal 5 : Reduction of mortality & morbidity in @IIIS

emergency and critical care through synthetic hibernation :
Application of synthetic hibernation technology* (1)

Applying Q-neuron-induced hypothermia / hypometabolism (QIH) to primatest
and even to humanst

Less or
non-

invasive
methods

QIH in mice QIH in rats QIH in non-human primates QIH in_human
Clinical application of short-term QIH Enables manned planetary exploration

beneficial for critical caret

*Breakthrough, TMilestone
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R&D Goal 5 : Realizing a society where mortality & sequelae @IIIS

I can be dramatically reduced by synthetic hibernation
Application of synthetic hibernation technology* (2)

Identification of
signal molecules,
receptors
(GPCRs,
enzymes, nuclear
receptors, etc.)
Bulk RNA input and markers for

. ~y —. RNAseq interventiont

Identification of novel hypo- Single-cell | &7 &
thalamic neurons (Q neurons) ourification == SCRNAseq
inducing hibernation wad, * 4

Q ) B o
?&Y’m-“%?o-\ 080 g9 AN

Single-cell input VS

D

Q neurons w .
. \ ‘
Bulk analysis \ “\“)\\

High throughput screening
Lead compounds, antibodies, viral vectors
etc. acting on targett

Deep brain
stimulation
a“
Minimally invasive interventiont to induce Medicinal chémistry
hibernation (e.g., TMS, tDCS, DBS etc.) “ Applying non-invasive methods inducing

synthetic hibernation for clinical trialst
*Breakthrough, TMilestone

and conduct clinical trialst
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IS TERNATHIMAL IRSTITUTH Fu |
SLEER MEDICINE

,." o P

Molecular Genetics of Sleep Regulation Sleep & Molecular Genetics Hibernation, Circadian Rhythms Motivation & Sleep
Brain Plasticity & Neuroscience Emotional Memory & Sleep

Data science of sleep Fear, Sex & Sleep Neuronal Circuitry of Sleep/Wake REM Sleep,
Sleep Homeostasis Evolutions
Human of Sleep
e Physiology

g
—
a =

Clinical Sleep Research

Nagase/Kutsumura Lab

Sleep & Metabolism  Sleep Physiology Drug Design
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I Collaborators in Japan and around the world

Cliford B. Saper

M Ki M Professor,
m 5 :)?:Sy:or' ELEULEEE Beth Israel Deaconess Medical Center
- ’ : Harvard Universit
_"‘_’f' Laboratory of Cognitive ¥ d
= and Behavioral Vladyslav Vyazovskiy
P, Neuroscience, Associate Professor,

Hibernation Faculty of Medicine, Oxford University

University of Tsukuba

Sleep

Akihiro Yamanaka
Genshiro Sunagawa Professor, -

Special Postdoctoral Researcher, - &, Nagoya University

Laboratory for Retinal Regeneration, =~ * ﬁ Qinghua Liu

RIKEN #& % Investigator

T ' National Institute of
W Biological science Beijing

.. . Haruka Ozaki
Morimitsu Kurino , )
) ' Associate Professor,
Professor - -
Keio Universit @* Faculty of Medicine,
y M University of Tsukuba

Mathematics/Al

Hiroyasu Ando

Toshiyuki Amagasa 4 Associate Professor,
Professor, ¥ 5

. 7 Faculty of Engineering,
Center for Computational :__,L Information and Systems,

Science, University of Tsukuba - University of Tsukuba
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