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Regulation of intestinal fat accumulation by whole-body circular neural
circuits during cold tolerance and acclimation in nematode C. elegans

Serina Yamashiro', Hiroaki Teranishi?, Haruka Motomura®, Akane Ohta* and Atsushi Kuhara®

As a model for analyzing cold tolerance and acclimation strategies in animals, we introduce the latest research on
cold response and cold tolerance in the nematode C. elegans. C. elegans is one of the ultimate model animals, combining
the classic strengths of powerful genetics that are second to none in its elegant appearance, with the latest scientific
resources, including whole brain imaging and a transcriptome database of all 302 single neurons in the animal. This
paper outlines the recent study of the molecular and tissue networks underlying the cold tolerance and temperature
acclimation of C. elegans. Even those the person outside the field will be fascinated by the unexpected molecular and
tissue-mediated regulatory mechanisms of cold tolerance that have been discovered in a simple model.
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1. [FUHIC

BREBEEHROP T HEEIIE AL T 5720, WK
T BINERRME, £ L TP F 0 o i X B
KROBEGRETH 5. BWIIBE R OEE I LT
Ba 6B x2 35 LT, Fadle L2 LT 2 IRERS:
THEARBERTLILNTE L. —HT, BOIREN
DISERTHED 5 TRk D X 71 = X LI RO S5
BENTWD, ARTIE, ¥y PV EBYTH L
W C. elegans & B FIVERBRE L7z, ARIRIERC S
fLICBD 50 F L&D A Y T = 21220 T, D
HMAE D & HHT 5.

2. #8h C. elegans £ ZDHIRZR

M C. elegans 1%, fEMR, Mgty bT—2, 4D
M, #BEF (1) £v) 4DDORELNVIZBWT,
A O IR F IO I8 L 72T VW CTH 5.
C. elegans 1%, REH 1 mm OLFEHRICAFT T 5IES
EMORHIT, 20CTH 3.5 HHE TS AIZ: 572
DAETEBRIZE. % < OEEAMERER R THRZRIZ X
WS B70, FOFr/ A3flosra—rThbH I L
D% FARIZR S TEREO RGHEROES TH 5.
S5, 0.1%DMEETHRICHBIT 5 2RI L Clf
MR E BT A2 ENTRRTH Y, HoOFEEMHERD
L= h av sl iNEDETENTES. 1960
D O BRI OFEFMEL L LTHWSNRTE 27
W, BRKRKEOA Ny 7N 7 FELTHBY, &z
RN E LT\ b (Brenner, 1974). #E{nT#E AL
&, BN Y - B LT, ORI E
DEETDORF #& L PCR7I 7 AV M2 AT S
72T, TOBEFHHEHATHNT VAT 2=y 7R
RV T HIENTEL. L O%EIE, BLZ 1HMH
HiUL, BIEZTFEADPD M T YAV 22y 7 RO
FTHEIT) ZENWEETH A,

C. elegans DRIZEW T, MEREFA L 959 8 O R
THREINTWE, ZN506FMIBO S B, 302 {25
R (m2—uav) THDH. C. elegans DEH % TEHED
PORHETCENILMOYTICL, EFHMETTE
A¥og L, av¥a—F—NTHEET LI LT, &
FEMIN [ Dy 7000 M DILF > T AR F v v THEE
WHH S M2 E N T A (White et al, 1986). C. elegans
DN LM RE [T Ud 302 i, METIlX 385 I TH 1,
MERERR DS s T b 2 —a v D3 & A ER L o
TWwa, —hT, FMEMEOY FTARFx» TG

i OKRH W, AR 8

DFNER /Y — %D LM MEMERR T, KT
#30% DiEVD B S (Cook et al, 2019). = ALAsHE R[]
& HEOMREERLI D@ N EA TS,

C. elegans Dr ) 2 A ZIZETFNVEMWOH T L HEIC
INEVFEI 100 Mb T 0, 1998 4R 12 &I HLFELH AT e &
T Ww5 (C. elegans Sequencing Consortium, 1998). 7
J LN ORERA S, AT OF) 36% 2%t DMEIET
EHUL7BE T Th ooz, MR OBEFAIBT A
5RONo TELBET %L N OB TN IGN 1
EMAITONE Z L b L\, S, HlRthbe FETH
FEIZORAE STV B DRREE DS R A DO BIE T2 &S MR D
FHRZ RO o TE TV LD, BESHIFES
CTw5 (Miyara et al, 2011; Nishio et al, 2012). Mk
FED AT S 2 302 D = 2 — 10 & THEEIZEH L
TV BZFO7uE—%— DNA BFIIC, fRfEts
N7 GFP Z@EhE L, MHISEAT 58T, FED
Mg~ — 7 SNTREPLHIER SN TS, KET
1%, RO THEIEY v BEARB AL T uE—
5= L HMAEDLE T, 4BOUNY V0 & 5B
4, 302 fEHOMBMIO LD EDE VT H T — &
fL & TR E T & %858 AREHPIER S N,
NeuroPAL (=2 —17%)b) A&t & I TV % (Yemini
et al, 2021). = ® NeuroPAL & CTi&, GFP LAt
Ky s ETEMRE ST L TCNEZ L, I
MBEAANHLEET O GFP LG Y v X2 H %
NeuroPAL O AFIZHMEE L T & T, GFP & v T
717 —TBOT LN MM DNy — 2 DER ) H
5, HHMOBEFPEOMBTHEIL TV L2 EHS I
FETHIENTE LI ICh o7z HlEREEIC L 5
B OBIECHAED B LK E b D C. elegans 125 \»
T, WMOTHEHRY =V Th% (Kuhara et al, 2011).

NeuroPAL A2 Sl % 77 <&, 2o ofsriy
IR VY —F =T A 2 & T C. elegans @
302 M8 D = 2 — 11 DORER; 2 BN HBES 5 2 &1
L Tw5 (Tayloretal, 2021). #5040 =2 —
O DS HEES N2 mRNA 2w 1M N5 v A2
) 7= AETA T, 302 OMFEERIILO 12T T RT
IZ2oWT, FH—=2—0r TEITLBEETOHRBL
~UHERILE N, CenGEN (C. elegans Neuronal Gene
Expression Network) &F-EN S T — 7 N— ZAHMEEL &
17z (Taylor etal, 2021). CenGEN X, 1 ¥ % —% v I
FOWEBT7T 7V r—>are LTRARHENTWSD
(https://cengen.shinyapps.io/CengenApp/), #-X7zw
BT 2 o) 2 b &, FEE ok
TOMEFREIHBDO) A M EBEHIIATT5 2 E5HE
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HR C. elegans ORI E & IREEHMEH S, RIRIE & 13 25C CHE S oAk 2 0k
2CICHEDPN L LIS 22, 15C THE SNZ2MEIE 2CICEIPNTOEFTEL2BETH
L. R &1 15C THE S Nz EEIE 3~5 i 25C I A7z, 2CIZ#E»rNn D L3E
W % &)1 % 5. W2 25C THE SN MMEE 3~5 Rl 15C Il zf%, 2CICEDPN

THEHFTEL L) IR ABRTH L.

Lo TWn5,

3. C. elegans DIE;git {4

AW OGRI 1 & — RS, @EOAFIRE & 0K
MOBETTHEATELMEDZ L 2T, AW OIE
BRI 3 A0 (IR ) offgeiE, & < A ShE
RRERHTITONATEZ, MO EBRIZHILEL TAHAS
NIRRT A WA 2, AR O AR BRI IiE &
RGPS N2 (NESORESIM) 2, MIENIZT I/
B EOHFM LI WEZ LD LR ERHITOLNS
(R, FEOREBR). C. elegans DR DI EELZAL~D
JSEE L GREEMER, SimBi LRImBREE 0§ 5 i
14733 % (Kuhara and Ohta, 2018; Ohnishi et al., 2019;
Ohta and Kuhara, 2013; Okahata et al, 2022; Takeishi et
al, 2020). €@ b, IWEEN & SIRI1ETH 5 L)
(57 —) OWF7EIE 1970 £ 5 SR ITHITE D,
FEWRERRH L. C elegans DEFIREIXH 13~27C
T, ML LFEEICR D & KETOMEEDS 5T — itk
WM 2 % TS BT <, B 2 ) =
FNVFIRELEL 2D, ZO—FT, C. elegans DI
M & R E O EZE R BFFRIE 2010 FEALBED &
THh, WEHH L W5 Tdh % (Okahata et al,
2022; Takeishi et al,, 2020). C. elegans ORI & 1,
Bl z X, 156C CTHE L 7-fAki 2C T 48 B OfKiRIZ B
fif 2 5% 2%, 25C CTHIE L 72 8EIARICH 2 57,

WML TLEIBRTHAS (M1) (Ohta et al, 2014;
Ujisawa et al, 2014). & 512, 25C CTHF L 7264k %
3~5 FEH 15CICE L 2 & T, 2CTHEATEL LI IR
BHIIREIMEI R D% > T & 72 (Okahata et al, 2016;
Okahata et al, 2019). #i2, 15C CHIFH L 72k % 3~
5B 25C I & & T, 2T TIEWT 5 IREBILE 5
b oM o7 (Motomura et al, 2022).

ZNFE TIZC. elegans DIRIRITTEDS, FHER%E &L H
BOMMIN L 2 HFE I L > TRV L Twb T L
BAYLTO00o TETWE, KRMEIZBWT, BbE
DIRFEFEHIE D7 L & HFHTO 3HOMEZHE =2 —1
¥ Tdh b AS], ADL & ASG TZHEE NS (14 2) (Kage-
Nakadai et al, 2016; Ohta et al, 2014; Takagaki et al,
2020; Ujisawa et al, 2018). M5 DEESI =2 — 1
Y, BEE OB ATk H ), Mgk &5
EATNIBRRZGE MR L, 2 O3 R TRE
b, AS], ADL & ASG RiiEZHE=2—1 > Tdh
LS, JtAa I, ASJ IRt EbFME 2 2 HE T L IEE
Za—ur: LT, ADL & ASG IHt#ZH =2 -1
ELTHIS Tz,

ImEEZA = 2 — 1 ¥ ASJ 2B S inEZEEII AR
ETHDHH, AS] TR SNIIMEHERIL, AS] ORKE
MEICRTEL T2 3HEO=8KG Y N Hat
7a1=v ; (GPA-3, GPA-13, GOA-1) =4/ L Cfz:#
SN, ENSHH CCGMP ERFRETH L7 T =) VilkY 7
7 —+¥ ODR-1 ZiEHEAL L, AS] N cGMP A LA
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45 & cGMP &AEEF ¥ # v TAX-4/TAX-2 B0 &
52 ET, MBI A 4 > &2 S, AST 350G 1TE

Wi Fras, SFH OB, AN MEEE K B, AR 88

/ASJ
N TRPERFL £ a0 AR
b1 E:F = i
OCR-2, 0SM-9, ~ @ L [] [}

/;U UL\ M/ Ga JF=VILE \\.

{ 28 - o @

- @~ -2
\ y )
T \_ CNY

ERRE 1YYy @
INS-6 O . DAF-28
(SR

g

A
= DEG/ENaC .
/[] DEG-1
e =
g =
// k 5 \ \ﬂ

(Nas)  (Nat)

J

{ERTE

2 RIRAEICE D 2 IREZR 2 —a

BHERICAFAE S 5 3N OiEZ R =2 —1a >~ AS], ADL % LT ASG 2MERIHTEICEIbH 5. AS] TiE, RFEZEDIR
S TERENTREEREERARGC Y oV Har 722y b (Ga) #WLTEESH, V7= VB
75— X RIEEILT 52 & T, cGMPIKEMET v+ )V (TAX-4/TAX-2) #BI0EE5. ZHIZE D) AS] ANENE
L&, ASJOYF TAPSA Y A VPG END S & THRIRMMEZ B I2H#$ 5. ADL T, (REE&ZE
TPR F v &2 )V TH % OSM-9 & OCR-2 25 &k & L CHfe L, IR E 2z BIcHl#$ 4. ASG Tld x4/
%%k DEG/ENaC T& 4 DEG-1 2SimE =7k & LT &, AREMEZ IEICHl#3 5.

b9 % (Ohtaet al, 2014; Ujisawa et al,, 2016). AS] O WEEAZE L, KR Z EI2H#E L Twb (Takagaki
BRAEIII, ASJOYF TAMSA v A VEEY VXY et al, 2020). X 512, ¥ b ® DEG/ENaC T & 5
B (DAF-28 £ INS-6) 2 Eis. IhonAf v A MM%J%mF%%ﬁwatt , RO S b

UKy N7 B

I, BRI H DA VR VR

W% (Ohnishietal, 2020). ASGiEZHE=—2—1 T
1Z, DEG/ENaC ¥ 4 7D X 71 ) 27K TadH 5 DEG-1 28

N OF T IR E S HERS RO o T &7z (Takagaki et

EDAF212L o TRAHEEINL Z LT, Kz &I

fil#9 % (Ohtaetal, 2014). F7z, £ ¥ A1) VEEEDOT
RIZBNT, BhbATaA FHRVEY 24 L THETH
AN ERSE S I, AFT- DM S O % /v L Tl
EZHR=—2—1 2y AS] OMIEEB 2 HIZ7 1 — PNy
JHIE L TWB 2 EDE D05 Twb (Sonoda et al,
2016). ADL A =2 —u > T, K2
TRP 7% 2V Tdh 5 OSM-9 & OCR-2 2N JE AR L
L CHEFES % (Ohnishi et al, 2020; Okahata et al., 2019;
Ujisawa et al,, 2018). —H T, OSM-9/0CR-2 D=
FHREIIERH S LT B IREESZYE TRP 7 ¥ A )V Dfy
/10 LA %7z, MoOREZHEEROFEDLEZ 5T

al,, 2020).

4. BEItZ{BET 22HEOEOHRDERD

E%E

N E TOMIRMAE &SRB L U720 b IR
Sa—n I A HHOREZERM KL & RO
BoTELN, ZO—FT, BEZHF=2—1 Y TZ
mgntﬁﬁﬁﬁﬁ YO L R THROMESR Y b7 —

SHBES R, TR L OISR BIET 5 2 & TR
m@z;UMFWW@% R RS DR LT
FERAMDOEDFEEINT Wz, 22T, ZIHhbiE, RE



LR ORI - Bl AL oD i B

B PVQ f#e=2—0v
3 30
A HERT & — Wid-type
Y o 20
- FEER YRR — o [~ ﬂ“ﬁg s ceee tax-4
ASJ EEHORE—_1—0OY & g 10 == \\
© -
09 Loz S e tond EXASI:
B N tax-4cDNA]
@ -10 k
23@} .......
BEONE=21—0OY 17°C s
. 0 50 100 150 200 250 300
TIVEY IV (Dl R (#5)
)
WIEEYY 5220 . )
GLR-4, GLR-5 C RMG fE=2—0>
40 : .
@ BEHONE=Z2—0OY 3 — Wild-type
S 30
iy © = = RMG:gir-4(RNAJ)
HERTF gy 2 20 ,
fals RMGp:glr-5(RNA)
RS 10
)
Re) 0
=
©
o 0
27°C
17°C

0O 50 100 150 200 250 300

BefE (B)

3 1 ImEEEI AR AE O FAE AT & G B Ol

(A) HEBML 2R 2 MR oA N, 5 KF CREB 2% AS] g% A =2 —1a ¥ & RMG itfE = 2 — 1 > THEpE
L, mEEMbofI#IcEb S, AS]HEZAR_2—a 5, PVQAMEZ2—2 > %/ LT RMG M fE= 2 — 1 » 12
FEIERAESI NS, PVQAFE=Z2—0 95 RMGAE=2— U Y ~NOIERZEIZTIVY I VBRI K > TiTbils.
(B) PVQ M E= 2 — 10 v OMFEIGEIOBERER. a4 ZERAAD PVQ OMFRHENIEZE ITIKT 3525, AS] EE=2—
T 12 tax-4 cDNA ZHERINIEA L7228 (lax-4;Ex[trx-1p::itax-4 cDNA]) T, #ESGEIAEEHRO PVQ L L LY
WICHE T 5. FEERICIE2CTHFLAZRK>MH L. A VY oa4 I =% —23fA T a—A AL >
(vcx2.60) & Fv 7z, fEfA%L >11. (Motomura et al,, 2022) (C) RMG M fE= 2 — 1 ¥ OMFEEEI OB EE R, RMG O 7
WV 3 VEEZER (GLR-4, GLR-5) %/ v 7 #'7 v L7224 D RMG 13 iR O RGBS B Ak & ) ST L Cw e,
FEEIIZISCTHRELAREEZMH L., AV a4V r—F =234 20— XL+ (ye3.60) &H\7z. ff
5% >18 (Motomura et al, 2022).

BIMLIC B3 2 FrElorkEnlig & 2 O EIEEA N D& O
WP - BhE 2 HE 5 % 2 & IR & IRERI LA AL
52 aR LRI OMm LMY 5 (Motomura et
al., 2022).

PRI & R BB IR b B 2 Eh s, C
elegans 7»H & N EF TSRS, LlE - B ICEbH 2
#2 5] FCTd A CREB (cAMP response element bind-
ing protein) AMEIRIT 1 & HEEBILIZ B D % 2% 72,
CREB OHERENRIB L 72 crh-1 ZRAKTIX, KIRAEX
IEHTH o 7208, WEN LS ENLTWz, 15CTHEF L
7z crh-1 ZERAR % SEFR 25C 2BV T, AHFFIERY
50% I E D, AEFFED 0%IZED ITIid 18 BEFZE L
7. 2% 0, CREB OEFIZ X VREH LS ER TV
crh-1 BEEAOTERLORIED, EOMIZBIT S
crh-1 BT OEFIZE > TH726 STV D D% fFHT
L7z BARIIZIE, B oMl T o saBE 1588 = 35

FTEEARTOE=Y —EHNT, crh-1 ZRIKOYEE
DOHNLIZ crh-1 BInF 2 FEB S, REHILELE DS 1R
THPET L7z, CORER, IO AS] IREZE =2 —
0> & RMG M e = 2 — 1 > TR crh-1 @151 %%
B &7z crh-1 ZEARIIBWTIER iEL2 R 5
7. LdL, crh-1ZREDAS] L LLIERMGOESL
SMC crh-1 BIn T2 BB SR/ T, REDILIE
MEZEEL 2dpofz. TRHDZ L, BEKIZBWW
T, ASJiRESZA =2 -0y RMGAfE=a—1a |2
B17 % CREB O#REAREZENLICLHATH 5 2 L0355
o7z (K 3A) (Motomura et al., 2022).
BEFICESsTI—RFENDZHINVT T LA VDT —
¥ —%flivy, AS]IRESE = -0  OREISEEY H
W hA A= 7 THELI-E 2 A, CREB Id#7:
DB IRE KA LT AS] OiRERZHEZ 2L 8T
Wz, ASJiIREZRAE - 2—arE RMGCAEZ2—B >



24 iy rgR, F R AN

INCTHNAFAET HHY, AS] & RMG X3 F T A%
Fx v THAETHEEDN > Tz, fikREg L X
VT ORI 2 D 5 7260121, AS] & RMG DI# % 4
ThZa—urEELETLEIH -7 AS] £ b
RMG & b6 L T\ 5 = 2 — 1 & % #6510 6k ]
T=FR=APLRLY) AR, TNEDZa—a T
TIAME L BIEEAA S E L ENTE LT TS U F
F—¥ C (TTX-4/PKC-1) OfEAIEHE LR T % H
AL7z. ZOfE, RBHICHL PVQ ME=2—1 V8
EEHLL TV B ERRICBWT, REHMLICRE AR
bz, 61, BHMOPVQME=2—1 v, #Hl
R IREERIEL L 72 B SR B A B L 72, S OBES
PVQ DI E 1L, 95%&@?%@%@:1—12 v AS] D
Ui B 52 25 1B AR E A LZH O GMP K ETF v 2V
TAX-4 D7 E?&ff&? LTwzZ &b, BEHED AS]
WEZHE =2 -0 yPRHFOPVQ MEE=a—1u v %if
MAL9 % 2 L AR S/ (K 3B) (Motomura et al,
2022).

WIZRED PVQ MMFE= 2 — 1 > LEE O RMG /M 1F
Za—uYORFREMAN PVQAE= 2 — 1 vk
RILEWETHL NG I VAR EAT S =2 -0 T
HoH. PVQDOYFTANEIZT VY I Y IRERD AL
BT VS X VBRI AR EAT-4 OREREDMK T § 5%
BT, mEILPRE Th o720 FHKIZ, B
RMG ME=2—u Y TREHAT L 7V 5 I v EBRZHk
GLR-4 & GLR-5 OZ#KIZB T L REILo Bk A
Ron/. 2561, RMGAfEZ2—1 2 iZBWnwT
GLR-4 & GLR-5 OB 2|l L7z& 2 A, @i T CH
ARk E D L IREERIELEE O RMG OMFREEIAMET L Tw»
72 (H3C). INHDZehs, BHO PVQ ME= 2 —
m/uﬁwy\/&% LTﬁB@RMGﬁE%J o

IIETEREEEL TWDL 2 g hotz. 2F 0,
BHER D ASJ IS H = 2 — 0 VPN E % % ’ﬁ?‘% L,
ZFOEHRITEEH D PVQ MfE= 2 —ar 24 L, HEED
D RMG A fE=2—1 | Tl?l_éﬂ%_&f)‘mﬂaéﬂf:
(X 3A) (Motomura et al., 2022).

5. AFEREICK>TEILIIEDEESE

RMG MfE=2—T YO TFHRTED & 9 ZAEHYZEAL
AEl & SN, EEROIRERNLIZED > TWE0H0
ROV TAFa»Thotz, WE, HROFHPERIZ
M3 2BoR#EOEMAE LT, W7 F F FLP-7
LW B ARRENR T T FZFAR NPR-22 %%, N 1)
7)) K1Y=+ ATGL-1 ZiEHAL L, BNOIR

i OKRH W, AR 8

T A LA & T w7z (Palamiuc et al,
2017). 22T, #N5DOERAKOEERL % AT L 72
LA, flp-TERIRE npr-22 BERRIZB AT crh-1 %
BAR L AR OIREBILOZIEAS R 572 (Motomura et

al, 2022).
GHH O RMG ME= 22— 1 Y O T i T2 OffifE~R 75
K FLP-7 O3 h1hiIt T W A 0w gilxX5b 72912, flp-

7 ZFARD RMG R EWIZ 7V 8 3 ¥ BRSZ% K GLR-4
& GLR-5 # AL T S & 2 T2 frb iz, T ORM
TIE, BWAEMKD RMG it fE= 2 — 1 » T GLRH4 &
GLR-5 % BEREAN T S & 7222 80k & Mk o im B 5
L2 E0L, #ifETF N FLP-7 i RMG 4 Tf
Za-—BYOTHRTHWMINTWDE EEZ LN
(Motomura et al., 2022).

Wi#E R 7 F N FLP-7 & Z D544k NPR-22 75 B
LIZBEG- L Tz Z &2 5, NPR-22 O Nt TiitE b3
H MY 7)) RYs8—+¥ ATGL-1 OfFNT % D 72
ATGL-1 13, Welii#oFEAFAET 5. BRI I PRFF S
NTWL M) TN — Va2 7YV a—
V& BEEERRIERR I RS 5 ) =¥ TH A, ATGL-1
B THEBLTBY, atgl-l BETIXI5CHBERLD B
BCHBREO TR EHL NV THEB L Tw/i, ATGL-1
BN % 505 B E 2 FFo 729, Oil Red O B4t LI
EN A IR 2 R EIc o b aFEE W, fHEILE
DFENNE B BHONRREOZALZBE L2, Z DR,
FAKTIZISCHER LD b 25CHERO T3 o
MWRREF O &AL 7 b o 7o 2 25T il FH ORI
ATGL-1 OFEHDHML, Ko N2 0% S hiz7z
B»THA9 (Motomura et al., 2022).

AAG TN LA OMRR DS, REZHE = 2 —
0>z fgsls, EinflE FCHEE R *B—'EEL Lg%
JEIRI9 2 MR M ER 25 12 @) & 200, IEliE 2 s 285
T LS, MBI BT B FE TR ARSE L 72 ARG 0 2
LICEETH L LRz (X4).

6. $HOHIC

AFaTlx, #H C. elegans OBIRMTVE & WEBILIZD
W, BEOHE L RFOMR LMLz FICHEFO
4 B JE 04 O A I B L2 & % i B A IR 1 L2 B o
B &) FERI, ARIRA A B S B B O fiF 7 45
FIZBWCHEELZARLICRLTHAH. —HT, oF
A E@L“( XE7ZLL DI T AT a PRI T
5. Bz, B AS] EZF =2 —1 > & RMG A
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RAMEE SIS (Motomura et al, 2022).
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