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1.1w2:�7;>§4 

 (Rieke et al., 1997; Dayan and 

Abbott, 2005; Alberts et al., 2012; Bialek, 2012; Kandel et al., 2012)

 ( 1.1)  

 (Towbin et al., 1979; Alberts et al., 2012)

 (Neher and Sakmann, 1976; Hamill et al., 1981; Kandel 

et al., 2012)

in vivo

 (Grynkiewicz et al., 1985; Miyawaki et al., 1997; Dean and Palmer, 

2014; Arrowsmith et al., 2015; Miyawaki and Niino, 2015; Lin and Schnitzer, 2016)  

 (Chronis et al., 2007; Liu and Lu, 2016; Hiraiwa et al., 2018, 2019)

 (Nagel et al., 2003; Boyden 

et al., 2005; Kim et al., 2017)  (Huisken et al., 

2004; Power and Huisken, 2017)  (Denk et al., 1990; Helmchen and 

Denk, 2005) 

 (Abdou et al., 2018)
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 (Kobayashi et al., 2013; 

Suzuki et al., 2015, 2018) 

 (Marmarelis and Naka, 1972; Dayan and 

Abbott, 2005; Nagel and Doupe, 2006; Kato et al., 2014)

 (Gepner et 

al., 2015; Tsukada et al., 2016)

 (Kitano, 2002)

 (Karr et al., 

2012)
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1.2 vJ���)
���7;>§4 

 (Born, 1926; 

Heisenberg, 1927; Sakurai and Napolitano, 2017)

Brown

 (Einstein, 1905; Sekimoto, 2010)  

 (Faisal et al., 2008; Eldar and Elowitz, 2010; Tsimring, 2014)

 (Elowitz et al., 

2002; Eldar and Elowitz, 2010; Tsimring, 2014)

 (Hinohara and Polyak, 2019)

 (Wiesenfeld and Moss, 1995; Gammaitoni et al., 

1998; Anderson et al., 2000) ( 1.2)

 (Cover and Thomas, 2006) 

 

(Shannon, 1948)  (Rieke 

et al., 1997; Bialek, 2012; Uda et al., 2013; Uda and Kuroda, 2016)

NGF

 (Uda et al., 2013; Uda and Kuroda, 2016)

 (Jarzynski, 1997; Sagawa and Ueda, 2010; Sekimoto, 2010; 

Toyabe et al., 2010; Seifert, 2012; Ito and Sagawa, 2013; Parrondo et al., 2015)

 (stochastic 

thermodynamics) 
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 (Ito and Sagawa, 2015)
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2.1 �c 

 (Nakatani et 

al., 1991; Menini, 1999; Hohmann, 2002; Hazelbauer et al., 2008; Tu et al., 2008; Lan et 

al., 2012; Shidara et al., 2017)

 (stochastic thermodynamics)  

(Sartori and Tu, 2011; Lan et al., 2012; Sartori et al., 2014; Ito and Sagawa, 2015; Ito, 

2018) Brown

 (Jarzynski, 1997; Crooks, 2007; Sekimoto, 

2010; Seifert, 2012; Parrondo et al., 2015)

 (Sagawa and Ueda, 2008, 2010; Ito and Sagawa, 2013; Parrondo et al., 

2015)  (Escherichia coli) 

 (Hazelbauer et al., 2008; Micali and Endres, 2016; Bi and Sourjik, 2018)

 (Lan et al., 2012; Sartori et al., 2014; Ito and 

Sagawa, 2015)

MCP (methyl-accepting chemotaxis 

protein) CheA CheA

CheY CheA CheB

CheB MCP MCP CheA

CheB MCP

MCP

 ( 2.1A) CheA

MCP

 (Lan et al., 2012)
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 (Ito, 2018) Langevin

 (Ito and Dechant, 2018)

 ( 2.1) 
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2.1  

(A) MCP CheA

CheA CheA

CheA  CheB CheB MCP

CheA CheB MCP

MCP MCP

(B) (A)
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2.2 ao 

2.2.1 L���AM�W"�% 

Langevin  (Tu et al., 2008; Sartori and Tu, 2011; Ito and Sagawa, 

2015)  ( 2.1B)  

d"($)
d$

= −
1
)*
+"($) − "($),,,,,,- + /*($) 	  

= −
1
)*
["($) − 2	3($) + 4	5($)] + /*($) 						 (2.1) 

d3($)
d$

= −
1
)9

"($) + /9($) 																				 (2.2)	

"($) 3($) 5($) 

"($),,,,,,  "($) /*($)  

/9($) Gauss  2:*  2:9 

 (Tu et al., 

2008)  )* = 0.02 )9 = 0.2

2 = 2.7 :* = :9 = 0.005  (Tu et al., 2008; Tostevin and ten Wolde, 2009; Lan et al., 

2012; Ito and Sagawa, 2015)

 

 

2.2.2 _5�� 

2  d>?

 @  ℒ Python (version 3.6.1) numpy  

(version 1.12.1)  "($)  3($)  

B(",3) Gauss Langevin

Gauss  (Van 

Kampen, 2007) Fokker-Planck  

DB(",3)
D$

=
1
)*
B(",3) +

1
)*
["($) − 2	3($) + 4	5($)]

DB(",3)
D"($)

 

+
1
)9

"($)
DB(",3)
D3($)

+ :*
D?B(",3)
D"($)?

+ :9
D?B(",3)
D3($)?

(2.3) 

Langevin Gauss

 (Van Kampen, 2007)  
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Δµ =

⎝

⎛−

⎝

⎛

1
)*

−
2
)*

1
)9

0
⎠

⎞L + 	L

⎠

⎞Δ$ 		 (2.4)	

ΔΣ =

⎝

⎜⎜
⎛
−

⎝

⎛

1
)*

−
2
)*

1
)9

0
⎠

⎞Σ − 	Σ

⎝

⎛

1
)*

−
2
)*

1
)9

0
⎠

⎞

P

+ 2 Q
:* 0
0 :9

R

⎠

⎟⎟
⎞
Δ$ + 	T(Δ$?) (2.5)	

T Σ  "($)  3($) L "($)  3($) 

 (∆$ = 0.0001) 

 5($) = 0 d>? Fisher  W(X) 

Kullback-Leibler  YZ[  Gauss

 (Nielsen and Garcia, 2009; Amari, 2016)  

W(X) = ΔLPΣ\]ΔL +
1
2
tr[Σ\]ΔΣΣ\]dΣ] (2.6)	

YZ[(B(",3; 	X)||B(",3; 	X + ΔX) 		 

= log
|Σ + ΔΣ|
|Σ|

+ tr((Σ + ΔΣ)\]Σ) + ΔLP(Σ + ΔΣ)\]ΔL − dimhB(", 3)i 	 (2.7) 

tr dim	(∙) 

 5($) = 0	($ < 0) 2.3  :* = 0.005 2.4  :* 0
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2.3 �i 

2.3.1 L����AW"�%
���XIT3M 

 (Hazelbauer et al., 2008; Micali and 

Endres, 2016; Bi and Sourjik, 2018) ( 2.1) Langevin

 (Tu et al., 2008; Sartori and Tu, 2011; Ito and Sagawa, 

2015)

"($) CheA

3($) MCP

 ( 2.2A)

"($)  3($) Gauss Gauss

 (Amari, 2016) Gauss

 l(m; 	X)  l(m; 	X + dX)  d>  

d> = 2YZ[(l(m; 	X)||l(m; 	X + dX) 		 (2.8)	

=opq,rdXqdXr (2.9) 

 X W(X) = (pq,r) 

"($)  3($) Gauss

 

 (Ito, 2018; Ito and Dechant, 2018) 2  d>? 

 

d>?

d$?
= Q

d>
d$
R
?

= t
√d>
d$

v

?

												 (2.10)	

= t
1

2√d>?
d>?

d$
v
?

		 (2.11) 

d>?/d$? = Σpq,rdXq/d$	dXr/d$  (Wootters, 

1981; Ito, 2018) 0  )  ℒ  

ℒ = xd> = x
d>
d$

y

z
d$ (2.12) 

 @  
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@ = x Q
d>
d$
R
?y

z
d$ 					 (2.13) 

 (Ito and Dechant, 2018)

Cauchy-Schwarz  (Crooks, 2007)  (Ito, 2018; Ito and Dechant, 

2018)  

x d$
y

z
x Q

d>
d$
R
?y

z
d$ ≥ tx

d>
d$

y

z
d$v

?

(2.14)	

) ≥
ℒ?

@
		 		 (2.15) 

 d>?/d$?  "($)  3($) 

"($)  3($) 

 |  

| =
ℒ?

)@
		 			 (2.16) 

| = 1  

 

2.3.2 l�	=q
Q��ªV�?u 

 ( 2.2)

d>?/d$? ≥ 0  ( 2.2B)

 (

2.2D)

3  ( 2.2E)

0–0.02 0.02–0.1 0.1–  | 

1

0  

 @ 

ℒ  |  ( 2.3)

 ( 2.4)

 |  :* = 0.005 
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 :* = 0.05 :* = 0.0005 
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2.2  

(A)  "($)  3($) 

d>?/d$? (B) 

 @  ℒ  ℒ?/@ (C) (D) ℒ?/@ 

)  )  ℒ?/@ (E) 

 |  

A B

C D

E



23 
 

 
2.3  

 ℒ (A)   @ (B) ℒ?/@ (C)  | (D) 

 

A

B

C

D
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2.4  |  
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2.4 �P 

Gauss Langevin

 (Ito, 2018) Langevin

 (Nakatani et al., 1991; Menini, 1999; Hohmann, 2002; Hazelbauer et al., 

2008; Lan et al., 2012; Shidara et al., 2017)

 

 (Sartori and Tu, 

2011; Lan et al., 2012; Sartori et al., 2014; Ito and Sagawa, 2015) 

 (Chalasani et al., 2007; Shidara et al., 2017) 

 (Lan et al., 2012)

2.2 2.4

 

 ( 2.4)

 (Wiesenfeld and Moss, 1995; Gammaitoni et al., 1998; Anderson et 

al., 2000; McDonnell and Abbott, 2009)

 (Stocks, 

2000; McDonnell and Abbott, 2009; Tutu, 2011) 

 

cGMP

 (Shidara et al., 2017) 

 (Lan 
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et al., 2012)

 (Gepner et al., 2015; Gorur-Shandilya et al., 2017; Chen et al., 2018)
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� 3� vJ���)
�����,H���� AIY�7;>§4 

3.1 �c 

 (Faisal et al., 2008; 

Nienborg and Cumming, 2009; Renart and Machens, 2014) 1

1

Ca2+  (Augustine et al., 

2003; Frick et al., 2004; Losonczy et al., 2008; Destexhe, 2011; Cichon and Gan, 2015; 

Ogawa and Oka, 2015; Stuart and Spruston, 2015) 

 (Ogawa and Oka, 2015; Prešern et al., 

2015; Stuart and Spruston, 2015)  

 Caenorhabditis elegans 302

 (White et al., 1986)

 (Kerr and Schafer, 2006) 

AIY

 (Clark et al., 2006; 

Chalasani et al., 2007; Kuhara et al., 2011; Satoh et al., 2014)

 (Kocabas et al., 2012; Li et al., 2014; Satoh et al., 

2014) 

 (White et al., 1986) ( 3.1A)

 (Clark et al., 2006; Chalasani et al., 2007; Kato 

et al., 2014; Tsukada et al., 2016) AIY Ca2+

 (Clark et al., 2006; Chalasani et al., 2007)

AIY Ca2+

 (Clark et al., 2006; Chalasani et al., 2007)

AIY Ca2+

 

in vivo
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AIY AIY Ca2+ AIY

Ca2+

Ca2+ AIY

 (IAA) 

Ca2+

Ca2+

Ca2+

Ca2+

in vivo

AIY Ca2+

 (Li et al., 2014) 
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3.2 ao 

3.2.1 ��j�¬�g/ 

Escherichia coli OP 50 NGM (nematode growth 

medium) 20°C  (Brenner, 1974)

N2 RB594 glc-3 (ok321) V MT6308 eat-4 

(ky5) III DNA

 Caenorhabditis Genetics Center (CGC) 

: okaEx5[pttx-3::iGluSnFR, 50 ng/µL + 

pttx-3::R-GECO1, 50 ng/µL] okaEx6[pttx-3::ArcLight, 50 ng/µL + pttx-3::R-GECO1, 50 

ng/µL] okaEx10[pttx-3::GCaMP6, 50 ng/µL + pttx-3::dimer2, 50 ng/µL] okaEx15; glc-3 

(ok321) X [pttx-3::iGluSnFR, 50 ng/µL + pttx-3::R-GECO1, 40 ng/µL + punc-122::dsRed, 

15 ng/µL] okaEx16; eat-4 (ky5) X [pttx-3::iGluSnFR, 50 ng/µL + pttx-3::R-GECO1, 40 

ng/µL + punc-122::dsRed 15 ng/µL]  

 

3.2.2 �&����#&x�$��� DNA 

ArcLight C. elegans Codon 

Adapter (Redemann et al., 2011) 

 (Integrated DNA Technologies Genes) ArcLight Gateway

 (Thermo Fisher Scientific) 

Gateway

Gateway  (Thermo Fisher Scientific) 

Gateway Gateway

Gateway LR DNA

 

 

3.2.3 9sr�!'�&� 

γ  ( 3.1A 3.2A)  

(IX81, Olympus) γ  (FluoView FV1000, 

Olympus) 40  (UPLFLN 40XO, Olympus) 

20 mM 1%  (UltraPure, 

Invitrogen) ArcLight iGluSnFR 488 nm 500–545 
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nm R-GECO 559 nm 570–670 nm  

 

3.2.4 Ca2+��%��&¤����©1�!'�&� 

Ca2+ R-GECO1 (Zhao et al., 2011) Ca2+

G-CaMP6 (Ohkura et al., 2012) dimer 2 (Campbell et al., 2002) (

RFP) iGluSnFR (Marvin et al., 2013)

ArcLight (Jin et al., 2012) 

 (Chronis et al., 2007) 

S-basal S-basal IAA  (9.2 × 

10-4 mol/L) Ca2+ 60 S-basal

60 IAA 60 S-basal  (

3.3B) Ca2+ S-basal IAA

70 70

60 Ca2+

100 ms Ca2+ 20 

ms  (IX71, Olympus) LED  (SOLA, 

Lumencor) 3CCD  (C7800-20, Hamamatsu Photonics) 

AQUACOSMOS (Hamamatsu Photonics) 20  (UCPLFLN 20X, 

Olympus) 1.6 BrightLine GFP/DSRED-A 

(Semrock) ArcLight R-GECO

Ca2+ 3.1B 3.1C R-GECO

3.1B ArcLight

	DF/F0

levamisole (2 mM) levamisole AIY Ca2+

 ( 3.7)  

 

3.2.5 y6�h 

MATLAB (MathWorks) 

 (Shidara et al., 2017)

 ( 3.1A 3.2A) AIY Ca2+
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 (Clark et al., 2006; Chalasani et al., 2007) 

Ca2+ AIY

2 ∆F/F  

 

3.2.6 �'��h�����|.�kN 

t-test Welch t-test Excel 2011 TTEST Pearson

Python 3 (version 3.7.0) SciPy  (version 1.1.0) stats.pearsonr

Fisher R (version 3.4.3) fisher.test Wilcoxon

Wilcoxon R (version 3.4.3) coin

wilcoxsign_test  (exact ) coin wilcox_test  (exact

) 

 

3.1C Ca2+ Ca2+

3.1D 3.1E 3.1C −0.5 +0.5

−1 −2 Ca2+ +0.5 +1.5

−1 0  

3.2C ( ) 20 3.2C ( ) 20

 

3.3–3.6  (early odor)  (later odor) 

10 10 60  ( 3.3B)

10  ( 3.2.B) 

 

3.3 3.5 3.6 Ca2+

Ca2+ Ca2+ 3.3C

0 0 Ca2+  ( 3.3D

pre) 3.3C −3 −2 Ca2+  ( 3.3D onset) −0.5 +0.5

3.3E 3.3F 3.3D Ca2+

3.3E Ca2+ 3.3C 2 3

−1 0  

3.4A Ca2+ Ca2+

0 0 3.4B  (pre)  (onset) 
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3.3D 3.4C 3.4D

3.4D Ca2+ 3.4B  

3.5B 3.2C 3.5C–3.5E

3.3C 3.3D 3.3F  

3.6B 3.2C

Ca2+  ( 3.6C) 10 3.6D Ca2+

10 60 Ca2+ 3.5C–

3.5E 3.3C 3.3D 3.3F  

 

3.2.7 Ca2+V�����%��&¤7>pR�'��\; 
Ca2+ Ca2+ 5 5

5 5 +5 3

Ca2+

5  (0.025 3.3F

) Ca2+

5 Ca2+

Ca2+  

3.7 levamisole

Ca2+ 3.7B 70 120 3.7C 60 70

Ca2+  

 

3.2.8 $&� £[�'� 

3.4C 3.4D Python NumPy  

(version 1.15.2) random.randint 5
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3.3 �i 

3.3.1 AIY
����©1KA� Ca2+V� 

AIY

AIY

Ca2+  (Ca2+ spike) (Clark et al., 2006; 

Chalasani et al., 2007) Na+

Ca2+  (Goodman et al., 1998; Faumont et 

al., 2006, 2011; Mellem et al., 2008; Gao and Zhen, 2011; Shidara et al., 2013)

Ca2+

 (Liu et al., 2018; Shindou et al., 2019) AIY

 (Li et al., 2014)

AIY Ca2+

 (Liu et al., 2009, 2018; Shidara et al., 2013)

ArcLight (Jin et al., 2012) Ca2+

R-GECO (Zhao et al., 2011)  ( 3.1A)

 (Faumont et al., 2012) Ca2+

 ( 3.1B) Ca2+

 (Shidara et al., 2013) Ca2+

 

Ca2+  (

3.1C) Ca2+  ( 3.1C)

 ( 3.1D)

Ca2+  ( 3.1E)

Ca2+ AIY  

 

3.3.2 AIY
���@�=q
Q���%��&¤7>� Ca2+V� 

AIY

Ca2+  (Clark et al., 2006; Chalasani 

et al., 2007)  (White et 

al., 1986; Clark et al., 2006; Chalasani et al., 2007; Satoh et al., 2014) AIY

Ca2+
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AIY

AIY Cl- GLC-3

GLC-3 (Horoszok et al., 2001; Clark et al., 2006; Serrano-Saiz et al., 

2013) AIY Ca2+

 (Chalasani et al., 2007; Ventimiglia and Bargmann, 2017) GLC-3

AIY Ca2+

 (Chalasani et al., 2007) AIY Ca2+

AIY Ca2+

iGluSnFR (Marvin et al., 2013) Ca2+ R-GECO (Zhao et 

al., 2011) AIY  ( 3.2). 

 ( IAA) 

 (Chalasani et al., 2007) IAA

 ( 3.2B)  

(Chalasani et al., 2007; Shidara et al., 2017) Ca2+  

(Chalasani et al., 2007)

Ca2+  ( 3.6C N2)

Ca2+  

 

3.3.3 AIY
����%��&¤7>pR� Ca2+(b 

Ca2+

Ca2+  ( 3.3A)

 (no odor)  (early odor)  (later odor) 3

 ( 3.3B) Ca2+

 ( 3.3C) Ca2+

 ( 3.3D) Ca2+

 ( 3.3E) Ca2+

Ca2+  ( 3.3F)

Ca2+  

Ca2+
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Ca2+  ( 3.4)

Ca2+  ( 3.4B)

 ( 3.4C 3.4D)

Ca2+  

 

3.3.4 GLC-3DO2� Ca2+V� 

Ca2+

Cl- Ca2+

 (Horoszok et al., 2001; Chalasani et al., 2007; Ohnishi et al., 

2011; Aoki et al., 2017) GLC-3  (

3.5)  (N2)  ( 3.5A

3.5B) Ca2+  ( 3.6C glc-3) Ca2+

 ( 3.6D glc-3) Ca2+

 ( 3.5C)

 ( 3.5D) AIY MGL-1

 (Kang and Avery, 2009; Jeong and Paik, 2017) Ca2+

GLC-3

Ca2+  

 

3.3.5 �%��&¤FZm^Kz2
��� Ca2+V� 

eat-4  ( 3.6)

EAT-4

 (Lee et al., 1999; Chalasani et al., 2007) EAT-4

 ( 3.6A 3.6B)

Ca2+  ( 3.6A)

Ca2+  ( 3.6B) Ca2+

 ( 3.6E)  ( 3.6F)

Ca2+  ( 3.6G)

AIY Ca2+
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3.1 AIY Ca2+  

(A) AIY ArcLight ( ) Ca2+

R-GECO ( ) γ  

( ) 10 µm A: P: L: R: (B) 
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 ( soma)  ( neurite) Ca2+  ( ) 

 ( ) (C)  ( )  ( ) Ca2+  

( )   ( )  ( : N = 20 n = 16

: N = 10 n = 15) (D)  ( )   ( ) 

 ( ) Ca2+  ( )

p = 0.38 Ca2+ p = 0.85 ( t-test : N = 20 n = 

16 : N = 10 n = 15) (E) Ca2+

: Pearson  = −0.19 p = 0.48 : Pearson  = −0.40

p = 0.14 ( : N = 20 n = 16 : N = 10 n = 15)  
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3.2 AIY Ca2+  

(A) AIY iGluSnFR ( ) Ca2+

R-GECO ( ) γ

 ( ) 10 µm A: P: L: R: (B) 

 ( ) Ca2+  ( )

(C)  (pre-addition post-addition) 

 ( )  (pre-removal post-removal) 

 ( ) : p = 0.00010 p = 

0.000086 ( t-test N = 15 ***p < 0.001)   
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3.3 Ca2+  

(A)  ( ) Ca2+  ( )

 (IAA) (B)  (no odor)

 (early odor)   (later odor) (C) Ca2+

 (N = 15

: n = 15 : n = 11 : n = 21) (D) Ca2+

 (pre) C −3 −2

 (onset) −0.5 +0.5

: p = 0.010 p = 0.0024 : p = 0.0037 ( t-test

N = 15 : n = 15 : n = 11 : n = 21 *p < 0.05, **p < 0.01)
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(E) Ca2+

: Pearson  = 0.58 p = 0.022 : Pearson  = 0.080

p = 0.81 : Pearson  = 0.069 p = 0.77 (N = 15 : n = 15

: n = 11 : n = 21) (F) Ca2+  ( )  

( ) : p = 

0.0062 : p = 0.037 (Welch t-test N = 15 Ca2+ : n = 

15 Ca2+ : n = 89 Ca2+ : n = 21

Ca2+ : n = 69 *p < 0.05 **p < 0.01)  
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3.4 Ca2+  

(A) Ca2+

 (N = 15

: n = 43 : n = 61) (B)  (pre A −3

−2 )  (onset A −0.5 +0.5 ) Ca2+

: p = 0.014 : p = 0.014 (
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3.5 GLC-3 Ca2+  
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 (onset) −0.5 +0.5

: p = 0.0012 p = 0.65 : p = 0.89 ( t-test

N = 12 : n = 15 : n = 6 : n = 20 **p < 0.01) (E) Ca2+

 ( )  ( ) 

: p = 0.0027 : p = 0.58 (Welch t-test N = 

12 Ca2+ : n = 15 Ca2+ : n = 114

Ca2+ : n = 20 Ca2+ : n = 82 **p < 0.01)  
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p = 0.41 p = 0.055 ( t-test N = 12) (C) Ca2+

N2 glc-3 : p = 0.13 N2 eat-4 : 

p = 0.014 (Fisher Holm N2: N = 15 glc-3: N = 12 eat-4: 

N = 12 *p < 0.05) (D) Ca2+ N2

: p = 0.0045 glc-3

: p = 0.34 eat-4 : p = 0.34 N2

glc-3 : p = 0.024 N2 eat-4 : p = 0.00044

N2 glc-3 : p = 0.014 N2 eat-4 : p = 

0.000015 (Wilcoxon Wilcoxon Holm

N2: N = 15 glc-3: N = 12 eat-4: N = 12 *p < 0.05 **p < 0.01 ***p < 0.001)

(E) Ca2+

 (N = 12 : n = 9 : n = 3 : n = 9) (F) Ca2+
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49 
 

 
3.7 Ca2+ levamisole  
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3.8 Ca2+  
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 (N2: N = 15 : n = 15 : n = 11
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2013, 2018, 2019; Jing et al., 2018; Patriarchi et al., 2018; Sun et al., 2018; Feng et al., 
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 (Zhao et al., 2011; Dana et al., 2016; Wu et al., 

2018; Inoue et al., 2019; Qian et al., 2019)
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