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Glymphatic system
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SCIENCE VOL 342 18 OCTOBER 2013
Sleep Drives Metabolite Clearance
from the Adult Brain

Lulu Xie,'* Hongyi Kang,** Qiwu Xu,* Michael ). Chen,* Yonghong Liao,*
Meenakshisundaram Thiyagarajan,* John O'Donnell,* Daniel ]. Christensen,* Charles Nicholson,’
Jeffrey ]. Iliff,* Takahiro Takano," Rashid Deane,’ Maiken Nedergaard't

Xie et al. Science 342 (2013) 29



Glymphatic = glia + lymphatic

Para-arterial

CSF influx —— -

Neuron %_Y

Para-
arterial
space

AQP4

r - P ~

b ' : =t =3 g ~— * e @
Astrocyte _~7 N’ =~ |\ = g = ' . ' g Para-
vascular | & : N R Waste 2% ¢ > e VENous
endfeet 4 b S5 « @ efflux

Go with the flow. Convective glymphatic fluxes of CSF and ISF propel the waste products of neuron metabo-
lism into the paravenous space, from which they are directed into lymphatic vessels and ultimately return to
the general circulation for clearance by the kidney and liver.

Xie et al. Science 342 (2013) 30
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Fig. 3. Sleep improves clearance of Ap.
(A). Time-disappearance curves of *°I-AB1.4
after its injection into the frontal cortex in
awake (orange triangles), sleeping (green
diamonds), and anesthetized (red squares,
ketamine/xylazine) mice. (B) Rate constants
derived from the clearance curves. (C) Time-
disappearance curves of **C-inulin after its
injection into the frontal cortex of awake
(orange triangles), sleeping (green diamonds),
and anesthetized (red squares, ketamine/
xylazine) mice. (D) Rate constants derived
from the clearance curves. A total of 77 mice
were included in the analysis: 25 awake, 29
asleep, and 23 anesthetized, with 3 to 6
mice per time point. *P < 0.05 compared

with awake, ANOVA with Bonferroni test.
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1B E T /L Two Process Model (Borbely, 1982)
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CN = Suprachiasmatic Nucleus
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Fruit flies, Drosophila melanogaster

~ Numerous behavior studies
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Two epoch-making papers in 2000

Neuron, Vol. 25, 129-138, January, 2000,

Rest in Drosophila Is a Sleep-like State

Joan C. Hendricks,* Stefanie M. Finn,
Karen A. Panckeri, Jessica Chavkin, Julie A. Williams,
Amita Sehgal, and Allan |. Pack

Center for Sleep and Respiratory Neurobiology
School of Medicine

University of Pennsylvania

SCIENCE VOL 287 10 MARCH 2000

Correlates of Sleep and Waking
in Drosophila melanogaster

Paul ). Shaw, Chiara Cirelli, Ralph J. Greenspan, Giulio Tononi*




Drosophila Activity Monitor (DAM)
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Drosophila Activity Monitor (DAM)

3mmO ) ) Data collection= 1sec~1min
Cotton plug ¥ _ Food - 32 flies/monitor x 150
J IR detector _
— counter — ~ 4500 flies

count

il

\4
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Activity

count

Behavioral definition of sleep

awake sleep awake sleep

e e——— e —— e ————

Immobile period longer than 5 min

= Sleep
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AER(fumin)ZRDFER 2005

Fu-Min = don’t sleep, Insomnia in Japanese



Discovery of fumin mutant
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dDAT genome (fmn mutation)

wild type

exon 6 intron 6 (63bp ) exon 7
genome GTA TAC AH GTAGGTT-------~-- AG‘ G GAT GC - -

e o
¢cDNA  GTA TAC Aa G GATGC - - -
protein - -| V @@ - - -
[WJ 4 4 {WJ
fumin (fmn) partial rootransposon (~ 0.4Kb)
exon 6 43 hp— exon 7
genome GTA TAC A]‘“‘("—i“’TAG GTT - - - - 7=— -, AG|GGATG - - -
cDNA _ GTATACAJGTAGGT ------- ] AAAA
protein - -[ V| [ Y] [ K |5 Stop Poly A
341 42
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Dopamine Transporter (dDAT)

Postsynaptic

Presynaptic
ynap D neuron

DA-neuron

Psychostimulants

caine, amphetamine) '_>

umin (co
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Huber et al. Nature 430, 78 (2004)




Tl&. HZzEh=ia\neg - - -
EFz=AMT. 1 2FHEEE

a Immobilization condition b Immobiliza;ion/control

j'mbam-

Huber et al. Nature Neurosci. 9,1169 (2006)
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Key Electrophysiological, Molecular, and Metabolic
Signatures of Sleep and Wakefulness Revealed in Primary

Cortical Cultures
e J. Neurosci. 32:12506 (2012)

Valérie Hinard,! Cyril Mikhail,! Sylvain Pradervand,? Thomas Curie,! Riekelt H. Houtkooper,® Johan Auwerx,’
Paul Franken,! and Mehdi Tafti!

ICenter for Integrative Genomics and 2The Genomic Technology Facility, University of Lausanne, and 3Laboratory for Integrative and Systems Physiology,
Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland
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87



R~ D A Dhk &S EFFHIR LR

Cells Cortex

CT ST RC CT SD RC

Filwst [y 5]
MNeapd3
Ad

Smadd
533043T102Rik
Pfnd

Gpri2

Co2d?a
CAT436

Rfx&

Mrarp

AHfTip

Roord

Pdgfrb

Mridi

Cxam
E130311K13Rik
Pak?
3010026000RikK
Dact?

Dbp

min

CT : Control

ST : Stimulated

/SD /Sleep Deprived
RC : Recovery

388



EF IO =1L —S3 MK



HiRES ILH S DR
MRAADIVLE D LA A > DiEl

RX - LHFECKE

34im CNHKDO OJ T v >3 FHJ)LicHiE -TVU>X(5K)



MaA[Caz* DB MD iEIEZ{FD

Involvement of Ca**-Dependent Hyperpolarization
in Sleep Duration in Mammals

Fumiya Tatsuki,’-® Genshiro A. Sunagawa,?® Shoi Shi,"-* Etsuo A. Susaki,'->° Hiroko Yukinaga,?° Dimitri Perrin,2*?°
Kenta Sumiyama,® Maki Ukai-Tadenuma,? Hiroshi Fujishima,? Rei-ichiro Ohno,' Daisuke Tone,’ Koji L. Ode,'+?

Katsuhiko Matsumoto,? and Hiroki R. Ueda'-%"
Department of Systems Pharmacology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033,

Tatsuki et al. Neuron 90, 70-85, 2016

Mammalian Reverse Genetics without Crossing
Reveals Nr3a as a Short-Sleeper Gene

Genshiro A. Sunagawa,’-® Kenta Sumiyama,®® Maki Ukai-Tadenuma,’-® Dimitri Perrin,-% Hiroshi Fujishima,’
Hideki Ukai,’ Osamu Nishimura,® Shoi Shi,? Rei-ichiro Ohno,? Ryohei Narumi,' Yoshihiro Shimizu,” Daisuke Tone,®

Koji L. Ode,? Shigehiro Kuraku,® and Hiroki R. Ueda'-3*"

Sunagawa et al. Cell Reports 14, 662, 2016
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Figure 2. Impairment of Ca®*-Dependent K*
Channels Decreases Sleep Duration

(A) Sleep duration (per hour) over 6 days for KO
mice of eight K¢, channels.

(B) Sleep duration (per hour) over 24 hr, averaged
over 6 days in the KO mice of K¢, channels. Red
lines: the mean sleep duration at each time of day
for each strain. Gray: WT (n = 108). Shaded area:
SEM for each time point.

(C) Distributions of sleep/wake parameters of the
KO mice of K¢, channels. Histogram: WT (n = 108).
Black dashed line and gray shade: the mean and
1 SD range from the recording of WT.

(D-F) Sleep-duration phenotype for another group
of Kenn2 and Kenn3 KO mice (set 2). Sleep dura-
tion (per hour) over 6 days (D), sleep duration
(per hour) over 24 hr, averaged over 6 days (E),
and distributions of sleep/wake parameters (F) are
shown.

(G and H) Sleep-duration phenotype based on
EEG/EMG for WT (n = 4) and Kcnn2 KO mice
(set 1, n = 9). Sleep duration (per hour) over 6 days
(G) and sleep duration, NREM sleep (SWS) dura-
tion, and REM sleep duration for 1 day are shown
in bar graph (H).

(I) Sleep-duration phenotype based on EEG/EMG
for sleep-deprived WT (n = 3) and Kcnn2 KO mice
(set1, n = 7). Sleep duration, NREM sleep (SWS)
duration, and REM sleep duration for ZT12-ZT24
are shown in bar graph.

WT, C57BL/6N male mice. Error bars, SEM, *p <
0.05, "p < 0.01, *p < 0.001, see also Supple-
mental Experimental Procedures for details.
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Mouse Sleepyl gene cloning

Forward-genetics analysis of sleep in
randomly mutagenized mice

Hiromasa Funato!?, Chika Miyoshi'*, Tomoyuki Fu]wama , Takeshi Kanda'*, Makito Sato"%*, Zhigiang Wang', Jing Ma',
Shin Nakane?, Jun Tomita®, Aya lekyu Miyo Kakizaki!, N01 iko Hotta-Hir ashlmal, Satomi Kanno!, Haruna Komiya',
Fuyuki Asano!, Takato Honda!, Staci . Kiml, Kanako Haranol, Hiroki Muramoto!, Toshiya Yonezawa!, Seiya Mizuno>,
Shinichi Miyazaki', Linzi Connor!, Vivek Kumar®’, Ikuo Mlma Tomohiro Suzuki®, Atsushi Watanabe”, Manabu Abe!?,
Fumihiro Sugiyama®, Satoru Takahashi®, Kenji Sakimura!® , Yu Havashl] " Qinghua Liu>'"?, Kazuhiko Kume?,

Shigeharu Wakana®, Joseph S. Takahashil®13 & Masashi Yanaglsawal 313,14
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Funato et al., Nature, 2016, 539: 378-383. 113



Mouse Sik3>LF/Sleepy mutation

* In-frame exon (13) skip, which contains conserved
phosphorylation site for PKA.

Truncated form is expressed in mutants.
* Dominant (heterozygous = homozygous)

1
kDa S0

150
SIK3

SIK3(SLP) —
140 I Kinase 14 ‘
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| PKA site |
ek EQSLLQPPTLQLLNGMGPLGRRASDGGAN IQLHAQQLLKRPRGPSPLVTMTP 100
H I EQSLLQPPTLQLLNGMGPLGRRASDGGAN IQLHAQQLLKRPRGPSPLVTMTP 100
7R EQSLLQPPTLQLLNGMGPLGRRASDGGAN IQLHAQQLLKRPRGPSPLVTMTP 100
S5 b EQSLLQPPTLQLLNGMGPLGRRASDGGAN IQLHAQQLLKRPRGPSPLVTMTP 100
%, EQSLLQPPTLQLLNGMGPLGRRASDGGAN IQLHAQQLLKRPRGPSPLVTMTP 100

A )F EQSLLOQPPTLQLLNGMGPLGRRASDGGAN IQLHAQQLLKRPRGPSPLVTMTP 100
=7 Y EQSLLQPPTLQLLNGMGPLGRRASDGGANIQLHAQQLLKRPRGPSPLVTMTP 100
P A4 e EQSLLQPPTLQLLNGMGPLGRRASDGGANIQLHAQQLLKRPRGPSPLVTMTP 100
A
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SIK3-SA = Serine(563) & Alanine [CZ##
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LETTER Wang et al. Nature 558, 436 (2018)

Quantitative phosphoproteomic analysis of the
molecular substrates of sleep need

Zhigiang Wang!, Jing Ma'!, Chika Miyoshi!, Yuxin Li%, Makito Sato!, Yukino Ogawal, Tingting Lou!, Chengyuan Ma?, Xue Gao?,
Chiyu Lee!, Tomoyuki Fujiyama', Xiaojie Yang', Shuang Zhou?, Noriko Hotta-Hirashima', Daniela Klewe-Nebenius',
Aya Ikkyu!, Miyo Kakizaki', Satomi Kanno', Ligin Cao!, Satoru Takahashi?, Junmin Peng?, Yonghao Yu’, Hiromasa Funato!°*,

Masashi Yanagisawa'”®* & Qinghua Liu!??10%

DV LY 2 IINDBDEEFIFT.

1. #rBE(Sleep deprivation)T. U EE{EHIERX S

2. Sleepy/Sik3 ZEEVY AT, U 2ELHIEX B,

3. M&EICHBEITDIEDE. BIEEREZRI AIEEIENSD B,

J
Sleepy/Sik3 Z#(3, BIRER (&) Z/EDHT
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Two mouse models of increased sleep needs

» Sleep deprived mice vs Recovered
» Sleepy mutant mice vs Wild type
— Phosphoproteomic analysis

I

———————— . BLe il iBehaviour model: sleep deprivation:
< ¢’»' . "----'OSIP ! ’v @ @ E
? ' . SD6 =~
2 \ : :
B ap= k1 | ZT0-ZT6  ZT0-ZT6 ZT0-ZT6-ZT9:
2 enigma| % | | jeesssseseeseceeeeseseeeeee-
QL ‘.\ Genetic model: Sleepy
@ “
? Wl . g

PWT | Sik3*+WT)  Sik3SP™+(Slp)
7T12 0 6 9 12 ZT12.5 ZT125

Wang et al. Nature (2018) 121




80 SNIPPs and 12 Sleep related genes

SD6/RS3 o Gene
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Sleep disturbances in patient

Sleep disturbances in patient

122



U2 E{EhBES5 Y SR

[#0REH]
SIK3 — SNIPPs

[5RX _LEHH]
Ca?* {fEi —CaMKIl hBEIRDRIIE - HE$F% Hl{ED
NMDASZABAFEREES

20245F NatureiETC.
Calcineurin & PKA OS5 %ZFHR



<303 )\IDEEF



Screening in Drosophila

« 80 Mammalian SNIPPs
!

* 52 Drosophila homologous genes

l

* Pan-neuronal Knockdown of 52 homologue
— 6 genes caused significant effects

— 9 genes were lethal and not evaluable

l

 Other drivers : dFB and clock neurons




Screening Results
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Membrane-bound type of
Pl (Phosphatydilnositol) Transfer Protein
PIPTM2 in mammals



rgdB knockdown in all neurons
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rgdB knockdown in MB
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rgdB knockdown in all neurons
excluding MB neurons
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regulates sleep through MB
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