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Abstract

Animals generate various behaviors in response to environmental chemicals,
which are often plastic depending on previous experiences. This behavioral
plasticity is important for survival in various environments. Caenorhabditis
elegans has a highly developed chemosensory system, although it senses
chemicals using a limited number of sensory neurons. Besides, it also possesses
many genes homologous to those expressed in vertebrate brains, which makes it
an ideal model for analyzing the functions of neurons in innate and learned
behaviors. In this study, [ describe a new type of memory-dependent behavioral
plasticity in C. elegans: a plasticity in Na* chemotaxis generated by a gustatory
neuron ASEL (ASE-left). When worms were cultivated in the presence of Na*,
they showed positive chemotaxis to Na*; but when worms were cultivated under
Na*-free conditions, they showed no Na* concentration preference. Optogenetics
combined with behavioral quantification with worm tracking system
recapitulated the chemotaxis responses: worms showed reduction of the
reversal/turning frequency upon activation of ASEL when they were pre-
cultured in Na*-present conditions; whereas, worms showed no response when
they were transferred from Na*-free cultivation conditions to Na*-present
conditions. Besides, ChR2-driven stimulation of ASEL evoked an increase in
intracellular Ca?* only after cultivation with Na*. Under the conditions of
cultivation with Na*, the first layer downstream interneurons AIB, AlY, and AlA,
which have synapses with ASEL, were all found to be involved in regulating the
behavioral responses generated by ASEL. Photostimulation of ASEL activated
downstream interneurons AIY and AIA to promote forward locomotion, while it
inhibited AIB to prevent the reversal/turning behavior, which overall drive
worms towards higher concentrations. I also found that the Gq signaling
pathway and the glutamatergic neurotransmission are involved in the behavioral

response generated by ASEL.
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1. Introduction

1.1 Research on behavioral plasticity in learning and memory

The capabilities of learning and memory are widespread in the animal kingdom
including human. By virtue of this ability, animals can search for places where
plenty of tasted food and water exist, and move to the environment with
appropriate temperature and moisture according to previous experience. The
mechanism of learning and memory, namely, sensing environmental stimuli,
storing memory, and executing learned behaviors, has been a major unanswered
question for scientists for years. However, there have been difficulties in the
study using human and mammals as research samples, because of their
complicated nervous system and the ethical limits. Nevertheless, learning and
memory, as basic capabilities for survival, are conserved among organisms
during the long evolution. Therefore invertebrates have played an important role
in understanding how the neural circuits generate adaptive behavioral changes
by learning and memory because of their simple neural circuits and greater
experimental accessibility. Kandel and colleagues began behavioral plasticity
research using the marine mollusc Aplysia in 1960s (Kandel and Tauc, 1965),
and revealed that memory-generated behavioral changes are caused by synaptic
plasticity (Kandel. 2001). In 1970s, Sydney Brenner (1974) began his research
on the development and neural functions of Caenorhabditis elegans, which is
currently well-known model organism. Cell biology and molecular genetics of C.
elegans broadens knowledge on behavioral plasticity (Bargmann, 2006; Ardiel
and Rankin, 2010; Sasakura and Mori, 2012). In 1980s, Farley and Alkon (1985)
revealed the essential cellular mechanism of associative learning in Hermissenda.
The behavioral molecular genetics of Drosophila improves our knowledge on the
nervous system enormously (Waddell and Quinn, 2001). Invertebrate studies
have showed that biological basis of learning is highly conserved (Burne et al,,

2011; Glanzman, 2010; Stein and Murphy, 2014).



1.2 C. elegans as an ideal model for chemotaxis

C. elegans is one of the most extensively studied organism in biological research
because of the following characteristics: 1) small (~1mm) and transparent body
which makes observation and manipulation easy using microscope; 2) short life
cycle (<4d) and ease of laboratory cultivation are beneficial for developmental
research; 3) self-fertilizing hermaphrodites can easily generate inbred lines, and
they can also reproduce by mating with males for introducing different genetic

architecture; 4) only 959 somatic cells make up the adult hermaphrodite body.

Fig. Introl. Diagrams of an adult hermaphrodite.
a, Differential interference contrast (DIC) image of an adult hermaphrodite, Scale bar 0.1

mm. b, A schematic of anatomical structures. (Adapted from wormatlas:

http://www.wormatlas.org/hermaphrodite /introduction/Introframeset.html )

Whites et al. (1986) described a wiring diagram of the nervous system of C.
elegans by reconstructing a serial section of electron microscope images, which
consist of the 302 neurons, 5000 chemical synapses, 600 gap junctions, and 2000
neuromuscular junctions in the case of adult hemaphrodite (Fig. Intro2).
Furthermore, C. elegans genome carries many genes homologous to those
expressed in vertebrate brains. C. elegans has a highly developed chemosensory
system. Sixteen pairs of presumed chemosensory neurons that play distinct roles
in chemotaxis are located in the amphid, phasmid and inner labial organs, they
either directly or indirectly contact the environment through sensilla openings
consisting of glial cells called socket and sheath cell (Fig. Intro3). Additional pair

of sensory neurons, AFD are responsible for thermotaxis. Chemosensory system



enables C. elegans to detect a wide variety of sensory cues (volatile and water-

soluble) associated with food, danger, or other animals (Table. Intro1).

Fig. Intro2. Nervous system of C. elegans

a, The whole nervous system of C. elegans (Adapted from Wormatlas:

http://www.wormatlas.org/hermaphrodite/hermaphroditehomepage.htm). b, The

amphid neurons (This photo was provided by Ms. Kanamori at lino lab, the strain was
Ex[H20p::NLS4::mCherry]). The red points are cell nuclei in the head region. ¢, Nerve
cords and commissures in the tail tip (Adapted from wormatlas:

http://www.wormatlas.org/hermaphrodite /nervous/Images/neurofig8leg.htm)

a
IL2 neurons YRX ,Amphid neurons Phasmid neurons
A (PHA, PHB)
* Nerve ring
Phasmid sensory
Amphid and inner labial openings
sensory openings
b

L.

\ L1\
AWA AWB AWC AFD ASE ADF ASG ASH ASI ASJ ASK ADL

7
ASJ ADF
ASH 3 Ak

Fig. Intro3. Chemosensory neurons of C. elegans (Adapted from Bargmann, 2006).



a, Chemosensory neurons’ disposition in C. elegans. Each of the two amphids contains
12 associated chemosensory or thermosensory neurons. Each of the two phasmids
contains 2 chemosensory neurons, PHA and PHB. b, The structure and disposition of the
amphid sensory opening. It includes ciliated nerve endings, the socket (so), sheath (sh)
(Adapted from Perkins et al. (1986)). ¢, Detailed structure of the cilia in the 12 classes of
amphid neurons (Adapted from Perkins et al. (1986)).

Table. Intro1l. Introduction for functions of chemosensory neurons (Adapted from

Bargmann, 2006).

Neuron Function
ASE Chemotaxis of water-soluble chemicals
AWC Volatile chemotaxis, Lifespan, Navigation
AWA Volatile chemotaxis, Lifespan (minor)
AWB Volatile avoidance
Nociception: Osmotic avoidance, Nose touch avoidance, Chemical avoidance,
ASH Social feeding
AS| Dauer formation, Chemotaxis(minor), Navigation
ADF Dauer formation, Chemotaxis (minor)
ASG Dauer formation (minor), Lifespan, Chemotaxis (minor)
AS) Dauer formation and recovery, Chemotaxis (minor), Lifespan
ASK Avoidance (minor), Chemotaxis (minor), Lifespan, Navigation
ADL Avoidance (minor), Social feeding

URX, AQR, PQR  Oxygen/aerotaxis, Social feeding

PHA, PHB Avoidance (antagonistic)

1.3 ASE neurons’ functions in chemotaxis of water-soluble

chemicals

The pair of ASE neurons is one of the 11 bilateral pairs of amphid chemosensory
neurons (Table. Introl). It is known that the pair of ASE neurons is responsible
for sensing water-soluble chemicals judging from the fact that simultaneous
ablation of all amphid and phasmid neurons except ASE spares chemotaxis

(Bargmann and Horvitz, 1991). The ASE neuron class consists of a bilaterally



symmetrical pair of cells, ASE-left (ASEL) and ASE-right (ASER), which both
serve for chemotaxis, but sense different sets of ions. ASEL responds to Mg?+, Li*,

and Na*, whereas ASER responds to Br, I, and CI- (Fig. Intro4, Ortiz et al., 2009).

Na* CI-
ASEL.  ASER.

-7\

. Sensory neuron
N~ - .
— \

/ N\ '
> <:> Interneuron
@ @ == Mainly sensed

-+ Minor sensed
--> Chemical synapse

Forward Turning

Fig. Intro4. Sensory specificity of ASE salt-sensing neurons and their first layer
interneurons.
Property of sensory neurons: Ortiz et al. (2009), connectivity: whites et al. (1986), tole

of interneurons: Gray et al. (2005).

C. elegans does not only recognize salt, but also memorizes the salt concentration
and move toward or avoid the concentration according to previous experience.
When nematodes are grown on a medium that contains salt and food, they show
attraction to NaCl by using ASE neurons (Kunitomo et al., 2013). However, when
they are starved with NaCl, chemotaxis to NaCl falls dramatically or even

becomes aversive (Fig. Intro7, Tomioka et al., 2006; Adachi et al., 2010).

ASEL and ASER neurons have lateralized functions: ASEL neuron is stimulated by
increase in salt concentration and promotes forward locomotion, and ASER
neuron is stimulated by decrease in salt concentration and promotes either
forward or turning behaviors (Fig. Intro4, 5. Suzuki, et al., 2008; Kunitomo et al,,

2013).
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b J\\\\
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Fig. Intro5. Calcium responses of ASEL and ASER (Adapted from Suzuki et al.,, 2008)
a, Calcium responses of ASEL and ASER to an upstep of salt concentrations. b, Calcium

responses of ASEL and ASER to a downstep of salt concentrations.

1.4 Behavioral mechanisms for salt chemotaxis

Two behavioral mechanisms have been reported for salt chemotaxis. One is
klinokinesis, in which worms regulate the frequency of turning called pirouette,
which consists of a bout of sharp turns (Pierce-Shimomura et al., 1999). The
other is klinotaxis, in which worms gradually curve towards higher (or lower)
salt concentrations (lino and Yoshida, 2009) (Fig. Intro6). In klinokinesis, worms
increase the ratio of pirouette either when salt concentration decreases (driving
positive chemotaxis), or when salt concentration increases (driving negative
chemotaxis). ASE-ablated mutant shows a severe defect in klinokinesis and
klinotaxis, indicating the importance of ASE in the two behavioral mechanisms in
salt chemotaxis (Iino and Yoshida, 2009). The Gq/ diacylglycerol (DAG) / protein
kinase C (PKC) pathway acts in ASER to promote migration to higher salt
concentrations, possibly by augmenting AIB response (Fig. Intro4. Kunitomo et
al, 2013). It was also reported that ASER-evoked curving toward lower
concentrations by klinotaxis is mediated by AIY interneurons (Fig. Intro4. Satoh

etal.,, 2014).
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Fig. Intro6. Diagrams of behavioral mechanisms for salt chemotaxis in C. elegans
(Adapted from lino and Yoshida, 2009)
a, A diagram of klinokinesis. b, A diagram of klinotaxis. The shading indicates NaCl

gradient.

1.5 ASER’s role in salt chemotaxis

1.5.1 ASER’s role in salt chemotaxis with food

In ASE neurons, ASER plays an important role in salt chemotaxis (Tomioka et al,,
2006; Adachi et al, 2010; Kunitomo et al, 2013). Kunitomo et al. (2013)
reported that the ASER-ablated mutant shows a severe defect in salt chemotaxis
after cultivation with salt and food, and sensory input only from ASER is
sufficient for salt chemotaxis under the condition, indicating ASER plays an
important role in salt chemotaxis. egl-30, which encodes an ortholog of the alpha
subunit of heterotrimetric G-protein Gq, positively regulates locomotory
movements (Brundage et al., 1996; Lackner et al., 1999; Adachi et al.,, 2010).
Gq/DAG/PKC signaling pathway in ASER is involved in salt chemotaxis, and

promotes migration to higher concentrations (Fig. Intro7, Kunitomo et al., 2013).

>k

1

Cultivation

025 mM Fed
100 mM Fed
A125 mM Starved
N 100 mM Starved

Chemotaxis index
o

“F

Wild type egl-30(gf) pkec-1(If)

Fig. Intro7. Salt chemotaxis of strains of Gq signal pathway in ASER (Adapted from
Kunitomo et al.,, 2013)]
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1.5.2 ASER’s role in salt chemotaxis without food

ASER also plays an important role in salt chemotaxis after cultivation without
food (Tomioka et al., 2006; Adachi et al., 2010). Adachi et al. (2010) reported that
ASEL-ablated mutant showed a small defect in salt plasticity after cultivating in
starved conditions (Fig. Intro9), and worms’ salt plasticity was mostly, but not
fully, dependent on input from ASER, revealing that ASER plays an important
role in salt plasticity under starved conditions. Insulin/ phophatidylinositol 3-
kinase signaling pathway counteracts the Gq/DAG/PKC signaling pathway and
both are involved in salt plasticity under starved conditions (Fig. Intro8,

Tomioka et al., 2006; Adachi et al., 2010).

a ' _ b

______________

G,/DAG/PKC

1
! N —> Attraction
cr—>6eY-22< H
! —+> Avoidance

1
\pTEN—PIK/

..............

chemoattraction ———— chemorepulsion

Fig. Intro8. Insulin/PI3K and Gq signal pathway in ASER

a, PI3K signaling pathway in ASER is involved in avoidance behavior in salt chemotaxis
(Adapted from Tomioka et al.,, 2006). b, PI3K and Gq signal pathway are both involved in
salt plasticity (Adapted from Adachi et al., 2010).
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1.6 Studies referring to ASEL neuron

1.6.1 Salt chemotaxis

In contrast to ASER, the role and property of the ASEL neuron in salt chemotaxis
has not been rigorously examined, although our previous study showed that
ASEL was also important for NaCl chemotaxis learning (Fig. Intro9. Adachi et al,,
2010). C. elegans show salt chemotaxis at relatively low NaCl concentrations
typically less than 200 mM (Saeki et al., 2001; Bargmann, 2006; Hukema et al,,
2008) like flies (Zhang et al,, 2013) and mammals (Chandrashekar et al., 2010).
Role of ASE neurons in salt chemotaxis has been well examined at this
concentration range. It has been also reported that when ASEL senses a high
external concentration of salt (750 mM), it releases INS-6 to AWC neurons to
recruit these neurons to act as interneurons for ASEL (Leinwand and Chalasani,

2013).

O Mock-conditioned
B NaCl-conditioned

Fig. Intro9. Learning assays were performed with
the ASEL-ablated strain (OH8585) and ASER-
ablated strain (OH8593). Both strains show

Chemotaxis Index
o

impaired learning avoidance but still reveal salt

0 plasticity (Adapted from Adachi et al,, 2010).

Ex- Ex+ Ex- Ex+
Cell ablation - ASEL - ASER

OHB8585 OH8593

1.6.2 Other chemotaxis

Compared with few report of ASEL’s role in salt chemotaxis, several reports have
showed that ASEL, together with ASH, serves as the primary sensor for
environmental alkalinity, and plays an essential role for the behavioral response
to extracellular alkaline pH (Sassa et al., 2014; Murayama et al., 2013; Murayama
and Murayama, 2013; 2015). Besides, in benzaldehyde attraction, it has also
been reported that ASEL and AWB act as secondary neurons and receive insulin-

like peptides and acetylcholine released by AWC and AWA, respectively
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(Leinwand et al., 2015).

1.7 Introduction to intrinsic excitability of neurons

Referring to cellular mechanism for learning and memory in C. elegans, so far it
usually concerns changes in the strength of synaptic connections in neural
circuits for learning or memory storage. However, in other organisms, such as
mammals, it has been pointed out that learning and memory are also caused by
modifications of the intrinsic properties of a neuron (such as intrinsic
excitability). Neuronal excitability can be defined by the tendency of the neuron
to generate an output signal (the action potential, AP) in response to a given
input signal (usually an excitatory postsynaptic potential, EPSP) (Daoudal and
Debanne, 2003). The first report of intrinsic excitability is in a marine mollusk
(Alkon, 1984), then a report in Aplysia showed that several types of learning are
related to persistent changes in neuronal excitability (Cleary et al., 1998). So far,
intrinsic excitability has also been reported in mammals (Saar and Baikai, 2009,
Gruart et al., 2012; Sehgal et al., 2014), but no report appeared in C. elegans so

far.

1.8 Development of optogenetics and calcium imaging

1.8.1 Genetically encoded calcium indicators (GECIs) for calcium
imaging

The development of fluorescent Ca?* indicators made it possible to measure the
Ca?* signals in the cytosol and organelles. There are several types of genetically

encoded calcium indicators (GECIs), including reversible and irreversible Ca2*

indicators.

1.8.1.1 Irreversible Ca2* indicator, CaMPARI

Irreversible GECIs, also called calcium integrators, were recently constructed.
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Fosque et al. (2015) invented CaMPARI (Calcium-modulated photoactivatable
ratiometric integrator), a fluorescent sensor, by combining calmodulin (CaM)
and its associated M13 peptide (M13) with a photoconvertible green fluorescent
protein EosFP. It experiences irreversible green-to-red conversion efficiently
upon illumination of violet light only when intracellular Ca?* concentration
increased and enables measurement of the calcium activity over large areas of

cells and tissues.

1.8.1.2 Reversible GECls.

Reversible GECIs enable time-lapse monitoring of neuronal activity. Two types
of reversible GECIs are widely used: fluorescence resonance energy transfer
(FRET)-based GECIs, such as yellow cameleons (Nagai et al., 2004; Horikawa et
al, 2010), and GFP-based Ca?* probes. A cp-EGFP-based Ca?* probe called G-
CaMP was first reported by Nakai et al. (2001). The N-terminal of cp-EGFP is
connected to M13, and C-terminal of cp-EGFP is connected to CAM. Interaction of
CAM and M13 by binding of Ca?* triggers conformational change of cp-EGFP,
which causes the fluorescence intensity changes. G-CaMPs were widely applied
to monitor neuronal activities in nematodes (Oda et al.,, 2011, Kunitomo et al,,
2013), fruitflies (Jayaraman and Lauren, 2007; Yoshihara, 2012), zebrafish
(Muto et al,, 2011), and mice (Ji et al,, 2004; Chen et al.,, 2012). A series of G-
CaMP,, GCaMP1 to GCaMP8 were generated to improve fluorescence intensity
and CaZ+ responses (Nakai et al., 2001; Tallini et al., 2006; Tian et al., 2009;
Akerboom et al,, 2012; Ohkura et al,, 2012). Red-colored GECI, RGECO1, which
was derived from GCaMP3 (Fig. Intro10, Zhao et al,, 2011), expands palette of
GECIs. Red-based GECIs, as a new color of GECIs, expanded the palette of GECIs.
A series of red-based GECIs, RGECOs and RCaMPs (Ohkura et al,, 2012; Wu et al,,
2013; Inoue et al.,, 2015) were developed, and they are comparable to green
GECIs in terms of dynamic range, signal-to-noise ratios and kinetics (Walker et
al, 2013), and have lower hill coefficient than green GECIs (Table. Intro2, Inoue
etal,, 2015).
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GCaMP3 G-GECO1

mApple bessrluvfz:.?fn?sfl shuffling of B, G, F variants
G-GECO1.1 |
1 B-GECO1
R-GEC00.1 B-GECO0O0.1 G-GECO1.2
| | GEM-GECO0O0.1
| ] GEX-GECO00.1

R-GECO1 B-GECO0.3 GEM-GECO1

|

RCaMP1.07 —s RGECO2
RGECO1.2 RCaMP2

Fig. Intro10. RGECO and RCaMP2 generation. (Based on Zhang et al., 2011)

Kq Hill
GECI AF/F (nM) coefficient
R-GECO1 8.7%0.7 223+ 95 2.0+0.2
R-CaMP1.07 14.4 £ 1.4 192+ 4 1.7+ 0.1
R-CaMP2 4.8+0.6 69+8 1.2+ 0.1
R-GECO2L 4.1+£0.3 26+3 1.3+0.3
GCaMP3 8.4+0.2 365+8 2.6%0.1
GCaMP5G 18.2+1.0 37113 2.8+0.2
GCaMP6f 22.1£3.0 296 +8 2.1+0.1
GCaMP6s 30.8£3.0 152+ 8 2.7+0.4

Table. Intro2. Characters of red GECIs and green GECIs. (Adapted from Inoue et al,,
2015)

1.8.2 Research progress in optogenetics

Development of optogenetics makes it possible to examine the role of neurons
on the behavior by artificially activating or inhibiting particular neurons. Among
various opsin genes, channelrhodopsins (ChRs), especially ChR2, are widely used
for artificial activation of neurons in optogenetics research (Zhang et al., 2007;
Yizhar O, 2011). ChRs are 7-TM proteins capable of conducting passive
nonselective cation flow across the cellular membrane upon blue light
illumination under the existence of all-trans-retinal (ATR) (Fig. Intro11). Zhang
et al. (2007) first applied ChR2 to body wall muscle motor neurons of C. elegans

to control worms’ swimming behavior in vivo. From then on, optogenetics has
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been improved rapidly to manipulate neural activity in C. elegans, and used to
investigate neural functions from synapse level to circuits and behaviors
(Husson et al., 2013). Photostimulation of ASER is known to differently regulate
klinokinesis turning depending on previous cultivated salt concentrations
(Kunitomo et al,, 2013). Satoh et al. (2014) reported ASER-AIY neural circuit for

klinotaxis in salt chemotaxis using ChR2 expression in AIY or ASER.

Blue light .
oK
%LK Fig. Intro11. A schematic diagram of ChR2.
00000000 00000000 ChR2 allows entry of cations into the cell upon
BBABREAE SA0c0aae  llumination with blue light (activation maximus ~470
o nm). (Adapted from Zhang et al., 2007).

1.8.3 Combination of optogenetics and calcium imaging

Combination of optogenetics and calcium imaging makes it possible to
simultaneously observe behavioral response and dynamic activity of neural
circuits induced by manipulation of neuronal activity. Although photoactivation
phenomenon is observed in red GECIs, Wu et al. (2013) reported the possibility
of combination of ChR2 with Red GECIs for simultaneous optogenetic
manipulation and calcium imaging. Ohkura et al. (2012) reported that ChR2-
RCaMP1.07 system is applicable for monitoring Ca?* transients in response to
optically evoked action potentials and Li et al (2014) applied this system for
behavior analysis using non-transgenic animals as the control. Inoue et al. (2015)
constructed ChR2-RCaMP2 system and proved that this system is applicable for
simultaneous optogenetic manipulation and calcium imaging by using ATR-

untreated animals as control (Fig. Intro12).
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Fig. Intro12. ChR2-RCaMP2-system is applicable to be used in C. elegans (Adapted
from Inoue et al., 2015).

a, A schema of ChR2-RCaMP2 system expressed in ASH-AVA circuit. ChR2 was
expressed in the membrane of ASH sensory neuron and RCaMP2 probe was expressed
in AVA motor neuron. b, Photoactivated of ASH neuron (ChR2 on, light blue shade)
causes AVA activation (R-CaMP2, black line in light blue shade) and backward

movement (behavioral response).
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1.9 The aim of this study

So far, our lab members mainly focused on ASER’s role in salt chemotaxis.
However, former reports showed that ASEL is also required for worms’ salt
chemotaxis, thus elucidating the roles of ASEL is crucial to complete

understanding of the behavior.

What kind of role does ASEL play in salt chemotaxis? Is ASEL also involved in
memory-dependent behavioral plasticity in salt chemotaxis in well-fed
conditions? If it is, which interneuron(s) is (are) required for this behavioral
plasticity? Optogenetic technology makes it possible to investigate ASEL’ role in
salt chemotaxis. Using the strain expressing ChR2 in ASEL, worms’ behavioral
response evoked by activation of ASEL can be observed by illuminating animals

under different combinations of cultivation and test salt concentrations.

Besides, since ASEL is a glutamatergic neuron, is glutamate involved in ASEL-
generated memory-dependent behavioral response? Gq signaling pathway in
ASER plays very important role in salt chemotaxis in well-fed and starved
conditions. However, impairment of Gq signal pathway in ASEL showed no or
little effect on salt chemotaxis in starved conditions (Adachi et al., 2010). Does
Gq signaling pathway in ASEL play a role in ASEL-generated behavioral plasticity
in well-fed conditions? I also conducted primary research to answer above two

questions.

In this paper, I systematically investigated Na* chemotaxis, revealing that ASEL
generated a new type of memory-dependent behavioral plasticity in Na*
chemotaxis. ASEL showed no response after Na*-free cultivation, but was
activated after cultivation with Na*. Response of the sensory neuron then
activate AIY and AIA interneurons to stimulate forward movement, whereas
inhibited AIB to prevent turning behavior, both eventually drive worms to higher
concentrations. Gq signaling pathway and the neurotransmitter glutamate are

both involved in the behavioral response generated by ASEL in Na* chemotaxis.
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2. Materials and Methods

2.1 Strains

C. elegans strains and transgenic lines used in this study are hermaphrodites and

listed in the following table. All C. elegans strains were derived from the wild-

type strain Bristol N2.

Table M1 C. elegans strains and transgenic lines used in this study

Strain Genotype Description Provider

Bristol N2 C. elegans wild type Wild type CGC
wis#3 Is [odr-1(gcy-10)::mCasp, odr- Genetic ablation of AWC  Dr.Tokumitsu
1(gcy-10)::GFP, mec-4::GFP] Wakabayashi

OH9019 otls4[gcy-7::gfp]; otEx3822[ceh-36::CZ- Genetic ablation of ASEL  Dr. Oliver
caspase3(p17), gcy-7::caspase3(p12)-NZ, Hobert
myo-3::mCherry]

JN580 pels580 [ins-1(short)p::caspl; ins- Genetic ablation of AIA Dr. Hirofumi
1(short)p::venus unc-122p::gfp] Sato

JN579 pels579 [ttx-3p::caspl ttx-3p::venus lin- Genetic ablation of AIY Dr. Hirofumi
44p::gfp] Sato

JN578 pels578 [npr-9p::casp1 npr-9p::venus Genetic ablation of AIB Dr. Hirofumi
unc-122p::mCherry] Sato

JN1693 pels579 [ttx-3p::mcaspl ttx-3p::venus lin-  Genetic ablation of AIY Dr. Hirofumi
44p::gfp]; pels580 [ins-1(short)p:: mcasp  and AIA Kunitomo
1 ins-1(short)::venus unc-122p::gfp]

JN604 pels578 [npr-9p::casp1 npr-9p::venus Genetic ablation of AIY Dr. Hirofumi
unc-122p::mCherry]; pels579[ttx- and AIB Sato
3p::caspl ttx-3p::venus lin-44p::gfp]

Jn605 pels578 [npr-9p::caspl npr-9p::venus unc  Genetic ablation of AIB Dr. Hirofumi

-122p::mCherry]; pels580[ins-1(short)p
::caspl ins-1(short)::gfp unc-122p::gfp]

and AIA

Sato
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Strain Genotype Description Provider
JN1694 pels578 [npr-9p::mcasp1 npr-9p::venus Genetic ablation of AlY, Dr. Hirofumi
unc-122p::mcherry]; pels579 [ttx- AlA and AIB Kunitomo
3p::mcaspl ttx-3p::venus lin-44p::gfp];
pels580 [ins-1(short)p::mcasp1 ins-
1(short)::venus unc-122p::gfp]
JN1695 lite-1(ce314) X; pels1095[gcy7p:: Photoactivation of ASEL ~ Dr. Hirofumi
ChR2::venus unc-122p::mCherry] Kunitomo
JN1621 lite-1(ce314) X; pels1095[gcy-7p:: Photoactivation of ASEL ~ Myself
ChR2::venus unc-122p::mCherry]; under genetic ablation of
pels578[npr-9p::casp1 npr-9p::venus unc- AIB
122p::mCherry]
JN1622 lite-1(ce314) X; pels1095[gcy-7p:: Photoactivation of ASEL ~ Myself
ChR2::venus unc-122p::mCherry]; pels579 under genetic ablation of
[ttx-3p::caspl ttx-3p::venus lin-44p::gfp]  AlY
JN1623 lite-1(ce314) X; pels1095[gcy-7p:: Photoactivation of ASEL ~ Myself
ChR2::venus unc-122p::mCherry]; under genetic ablation of
pels580[ins-1 (short)p::casp1 ins- AlA
1(short)p::venus unc-122p::gfp]
JN1696 lite-1(ce314) X; Ex[npr-9p::ChR2 unc- Photoactivation of AIB Mr. Jun-ichi
122p::mcherry] Tsuchiya
JN1605 lite-1(ce314) X; Ex[ins-1 (short)p::ChR2 Photoactivation of AIA Dr. Yohsuke
unc-122p:: mCherry] Satoh
JN1697 lite-1(ce314) X; Ex[ttx-3p::ChR2 unc- Photoactivation of Mr. Jun-ichi
122p::mcherry] (#1) AlY(#1) Tsuchiya
SRS281 lite-1(ce314) X; pha-1 (e2123) IlI; sraEx  Photoactivation of CGC
281[ttx-3p::chop2(H134R):: TagRFP + AlY(#2)
pBX(pha-1(+))]
JN1699 lite-1(ce314) X; pels1095 [gcy-7p:: Photoactivation of ASEL.  Myself
ChR2::venus unc-122p::mCherry]; dyf- ASEL-specific rescue of
11(pe554) X; Ex[gcy-7p::venus::dyf-11(+); dyf-11 (pe554).
myo-3p::Venus]
JN1698 lite-1(ce314) dyf-11(pe554) X; Photoactivation of ASEL.  Myself
pels1095[gcy-7p::ChR2::venus unc- dyf-11(pe554)
122p::mCherry] background.
JN1701 lite-1(ce314) X; pels1095[gcy-7p:: Photoactivation of ASEL.  Myself

ChR2::venus unc-122p::mCherry]; Ex [
gcy-7::egl-30(Y61N) myo-3p::venus |

ASEL-specific gain of
function of egl-30.
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Strain Genotype Description Provider

JN606 lite-1(ce314) X; Ex[gcy-7p::RGECO lin- Imaging of ASEL. Myself
44p::9fp]

JN1624 lite-1(ce314) X; pels1095[gcy- Photoactivation of ASEL.  Myself
7p::ChR2::venus unc-122p::mCherry]; eat- eat-4(ky5)IIl
4(ky5)I11 background.

JN1629 lite-1(ce314) X; pels1095[gcy-7p:: Photoactivation of ASEL.  Myself
ChR2::venus unc-122p::mCherry]; Ex[gcy-  ASEL specific RNAi of
7p::eat-4(RNAi); myo-3p::venus] eat-4.

JN609 lite-1(ce314) X; pels1095[gcy- Imaging of AIB under Myself
7p::ChR2::venus unc-122p::mCherry]; photoactivation of ASEL
Ex[npr-9p::Rcamp2; lin-44::gfp]

JN610 lite-1(ce314) X; pels1095[gcy- Imaging of AIY under Myself
7p::ChR2::venus unc-122p::mCherry]; photoactivation of ASEL
Ex[ttx-3p::Rcamp2; lin-44::gfp]

JN608 lite-1(ce314) X; pels1095[gcy-7p:: Imaging of AIA under Myself
ChR2::venus unc-122p::mCherry]; Ex[ins-  photoactivation of ASEL
1p::RGECO; lin-44::gfp]

JN607 lite-1(ce314) X; pels1095[gcy-7p:: Imaging of ASEL under Myself
ChR2::venus unc-122p::mCherry]; Ex[gcy- photoactivation of ASEL
7p::RGECO1; lin-44::gfp]

JN611 lite-1(ce314) X; pels1095[gcy-7p:: Imaging of ASEL under Myself

ChR2::venus unc-122p::mCherry]; Ex[gcy-
7p::RCaMP2; lin-44::gfp]

photoactivation of ASEL

2.2 Culture of C. elegans

2.2.1 Composition of growth medium and buffer

Nematode growth medium plates (NGM plates)

2.5 g/L Hypolypepton

3g/L NaCl

17 g/L Agar

1 ml/L cholesterol (5 mg/ml in EtOH)
Autoclaved at 121 °C for 20 min, and then added the following and mixed after

each addition through sterile technique.
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25mM Potassium phosphate (pH 6.0)

1 mM CaClz

1 mM MgSO04

The hot (~50°C) agar (10 ml) was poured into 6 cm plates. They are stocked at
room temperature for two days, and then moved into refrigerators (4°C) for

usage.

M9 Buffer
0.3% KH2PO4
1.51 % Na;HPO4/12H:0

0.5% NacCl
1mM MgSO4
Autoclave.

2.2.2 Food Source of C. elegans

Fast-growing E. coli NA22 was used as food source in behavioral assays and
chemotaxis assays to avoid starvation (Tomioka et al., 2006; Adachi et al., 2010;
Kunitomo et al.,, 2013). OP50 was used for imaging experiments because animals
cultivated with NA22 tended to exhibit high background fluorescence in the
intestine (Oda et al., 2011; Kunitomo et al,, 2013).

2.2.3 Cultivation

All animals were cultivated at 20 °C under standard conditions (Brenner, 1974)
except for SRS281 (Table. 1), which was cultivated at 25°C as described by
Kocabas et al,, 2012 and Satoh et al., 2014.
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2.3 Chemotaxis assay.

2.3.1 Compositions of plates and buffers for chemotaxis assay

Pre-assay cultivation NGM plates (0 mM /100 mM)

2.5 g/L Hypolypepton

17 g/L Agar

1 ml/L cholesterol (5 mg/ml in EtOH)

0/100 mM NacCl

Autoclaved at 121 °C for 20 min, and then axenically supplemented with the
followings.

25mM  Potassium phosphate (pH 6.0)

1 mM CaCl;

1 mM MgSO4

The molten (~50°C) agar (10 ml) was poured into a 6 cm dish. Plates were left at

room temperature overnight, and stored at 4°C.

Assay plates for Na* chemotaxis

100mM  NH4CI (pH6.0)

2% Bacto agar

Autoclaved at 121 °C for 20 min, and then axenically supplemented with the

followings.

25 ml Potassium phosphate (pH 6.0)
1ml CaCl;

1ml MgS04

The molten (~50°C) agar (10 ml) was poured into a 9 cm dish. Plates were left at

room temperature overnight, and stored at 4°C.

Plug plates for Na* chemotaxis

100 mM NH4Cl plug plates (Compositions were the same as assay plates)
100 mM NacCl plug plates
100 mM NaCl
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2% Bacto agar

Autoclaved at 121 °C for 20 min, and then axenically supplemented with the

followings.

25 mM Potassium phosphate (pH 6.0)
1 mM CaClz

1 mM MgS04

The molten (~50°C) agar (30 ml) was poured into a 9 cm dish. Plates were left at

room temperature overnight, and stored at 4°C.

Wash buffer
0/50/100 mM  NaCl
0.05 % gelatin

Autoclaved at 121 °C for 20 min, and then axenically supplemented with the
followings.

25 mM Potasium phosphate (pH 6.0)

1mM  CaCl2

1mM  MgS04

2.3.2 Na* chemotaxis assay

2.3.2.1 The procedure to form Na* gradient

To evaluate animals’ behaviors on Na* gradient, a modified chemotaxis assay
was used in this study. Assay plates were prepared as shown in Figure M1. 100
mM NH4Cl (pH6.0) assay plates stored at 4 °C were warmed to room temperature
(22 °C). Two cylindrical agar blocks excised from plug plate (each 14.5 mm in
diameter, either 100 mM NaCl (A site) or 100 mM NH4Cl (B site)) (Fig. M1a),
were placed on the NH4Cl (pH6.0) assay plates at 20 °C for 24 h and removed just
before assay. This procedure created a concentration gradient on the assay plate
with a Na* concentration of 45 mM at point A, 5 mM at point C, and 0 mM at point
B (Fig. M1b) and a NH4* concentration of 65 mM at point A, 95 mM at point C,

and 100 mM at point B (Fig. M1c), based on a numerical simulation of diffusion

26



(Iino and Yoshida et al,, 2009; Kunitomo et al., 2013).

2.3.2.2 Procedures for Na* chemotaxis

Animals were grown to young adults on standard NGM plates, and then
transferred to pre-assay cultivation NGM plates either without Na* or with 100
mM Na* for 6 h. One- to two-hundred animals were washed out from the plates
and placed at the center of assay plates (C point) (Fig. M2). One microliter each
of 0.5 M NaN3 was spotted on points A and B of assay plates just before the start
of each assay. After nematodes were allowed to move for 45min, the assay plates
were chilled at 4 °C before counting. Animals within a 2 cm radius from the
center of each agar block were considered to be attracted, and animals within a
1cm radius from the start point were excluded from the total number of animals

to calculate chemotaxis index.

Bamberolwurms oo0 crea=HNumber ol worms oL E ares

Chemotaxis Index = all nurmber ul veorms on che plates—Number ol worms el Carey

Wuember clworms al A arzo+bMumber alworme al U area

Movement index = all number ul worms wo the plaes
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Figure. M1 Assay plate format for Na+* chemotaxis assay.
a, The schematic format of assay plate to generate a cation gradient on a test plate; b & ¢,
Concentrations of Na* (b) and NHa4* (c) from A area to B area of assay plate (a) after 24

h.
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Figure. M2 The procedure for Na+* chemotaxis

2.4 Optogenetic stimulation and behavioral assay.

2.4.1 Compositions of plates and buffers for behavioral assay

Assay plates with different NaCl (NaAc) concentrations

0/25/50/100 mM NaCl or 25/50 mM NaAc

2% Bacto agar

Autoclaved at 121 °C for 20 min, and then axenically supplemented with the
followings.

25mM Potassium phosphate (pH 6.0)

1mM CaCl;

1mM  MgSO4

The molten (~50°C) agar (10 ml) was poured into a 9 cm dish. Plates were left at

room temperature overnight, and stored at 4°C.

Pre-assay cultivation NGM plates with different NaCl (NaAc)

concentrations

0/25/50/100 mM NaCl or 25 mM NaAc
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2.5 g/L Hypolypepton

17 g/L Agar

1 ml/L cholesterol (5 mg/ml in EtOH)

Autoclaved at 121 °C for 20 min, and then axenically supplemented with the
followings.

25mM Potassium phosphate (pH 6.0)

1mM CaCl;

1mM  MgSO4

The molten (~50°C) agar (10 ml) was poured into a 6 cm dish. Plates were left at

room temperature overnight, and stored at 4°C.

Wash buffer with different NaCl concentrations (The same as 2.3.1)

2.4.2 Pre-assay cultivation

2.4.2.1 Preparation of pre-assay cultivation NGM plates

2.4.2.1.1 Liquid cultivation of NA22 strain of E.coli

A single colony-derived E.coli NA22 cells were propagated in 5 ml of LB at 37°C

overnight and stored at 4 °C until use.

2.4.2.1.2 Preparation of pre-assay cultivation NGM plates

NA22 suspension (1 ml) was added to a microtube that contained 10 pL of 100
mM all-trans retinal (ATR, Sigma) and well mixed, 100 pL each of the mixture
was spread on a pre-assay cultivation NGM plate (finally 10 uM ATR), and plates
were packaged by aluminum foil paper, then cultivated at 37 °C for one to two
days until dried, and then stored at 4 °C until use. Control plates were similarly

prepared without ATR.

29



2.4.2.2 Pre-assay cultivation of worms

Young adults grown on standard NGM plates were further cultivated with food
under various salt concentrations suspended with ATR (10 pM) overnight.
Worms cultivated under various salt concentrations without ATR were used as

controls.

2.4.3 Multi-worm tracking system

Multi-worm tracking system consisted of the following equipments (Fig. M3): A
ring-shaped light-emitting diode (LDR2-90BL, CCS) used for applying blue light
stimulation, another ring-shaped white light (HPR-150SW, CCS) placed around
the blue light, a CCD camera (LW575C, ARGO) for tracking worms’ locomotion,

and a software called “LuCam Tracker 1.7.8” for analysis of worms’ behavior.

CCD
L]
Computer for
Data analysis
& I—l

Fig. M3 Multi-worm tracking system.

2.4.4 Behavioral assay

Worms’ behavior was tested on assay plates without salt gradient. Animals were
placed on the test plate and left for 2 min. Pulses of blue light (peak wavelength
470 nm; ~0.2mW/mm?) whose duration range from 1s to 60 s depending on
experiments were applied. Each animal was applied 5 photostimulations with 80
s intervals. Locomotion was monitored by LuCam Tracker 1.7.8. At least 6

independent experiments were performed for each condition.
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2.4.5 Data analysis

The turning event rate was calculated as the ratio of animals that were during
pirouettes, sharp turns or pauses (collectively called turning events) at each time
point. The average turning events rate of a 21 s window before stimulation
(typically, time -30 s to -10 s) was calculated and termed as NS (No stimulation);
the average turning events rate of a 5 s window (3 s for AIY#1 (Figs. 8c; 26e))
during stimulation (typically, Time 3 s-7s (2 s-4 s for AIY#1)) was calculated and
termed as DS (during stimulation); change of turning events rate during

stimulation (CDS) was calculated by subtracting NS from NS.

2.5 Optogenetic stimulation and calcium imaging.

2.5.1 Compositions of plates and buffers for behavioral assay

Pre-cultivation plates with different NaCl concentrations (The same as

2.4.1)

Imaging solution with different NaCl concentration (The same as 2.3.1)

2.5.2 Pre-assay cultivation

2.5.2.1 Preparation of pre-assay cultivation NGM plates
(The same as 2.4.2.1 except that NA22 was replaced by OP50)

2.5.2.2 Pre-assay cultivation of worms

Animals were cultivated on NGM plates until young adults and further cultivated
overnight on pre-assay cultivation NGM plates (see 2.5.2.1) with or without Na*
(50 mM). Then an animal was immobilized in a microfluidic device (Fig. M4,
Chronis et al., 2007) with imaging solutions (50 mM NaCl for worms cultivated

without Na* and 100 mM NacCl for worms cultivated with 50 mM Na*).
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2.5.3 Generation of transgenic animals

2.5.3.1 Plasmid construction.

2.5.3.1.1 pENTR plasmid

pENTR plasmids used in this research have been made by lab members

previously (Table. M2).

Table. M2 pENTR information

The name of plasmid Expressing cells Provider
pENTR-gcy-7p ASEL Dr. Masahiro Tomioka
PENTR-ttx-3p AlY Prof. Yuichi lino
pENTR-ins-1p AlA, (part of intestine) Dr. Koji Yamada
pENTR-npr-9p AIB Dr. Shigekazu Oda

2.5.3.1.2 pDEST plasmid

pDEST-RGECO was a gift from Prof. Takeshi Ishihara (Kyushu University) and
pDEST-RCaMP2 was kindly provided by Dr. Keiko Gengyo-Ando (Saitama
University, Japan), Prof. Junichi Nakai (Saitama University, Japan), and Prof.

Haruhiko Bito (The University of Tokyo).

2.5.3.1.3 Plasmid construction

Plasmids for germline transformation were generated by the Gateway system
(Invitrogen) in which the LR reaction was used to combine the promoter
sequence on an entry vector and the ORF of the gene of interest on a destination
vector.

Details of this method have been described clearly in the Homepage of lino lab:

http://molecular-ethology.biochem.s.u-

tokyo.ac.jp/Gateway/Gateway overviewl jp.html
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pG[gcy-7p::RcaMP2], pG[gcy-7p::RGECO], pG[ttx-3p::R-CaMP2], pG[ins-
1(short)p::RGECO], pG[npr-9p::R-CaMPZ2], were produced.
pG[lin-44::gfp] is a gift from Ishihara lab.

2.5.3.2 Microinjection

According to previous instruction (Mello et al, 1991), the following DNA

mixtures were microinjected to ASEL-ChR2 strain: lite-1(ce314) X; pels1095[gcy7p::
ChR2Y2::venus unc-122p::mCherry]

pG[gcy-7p::RcaMP2] (76.7 ng/uL)

pG[lin-44::gfp] (19.5 ng/uL)

- lite-1(ce314) X; pels1095[gcy7p:: ChR2YZ2::venus unc-122p::mCherry]; Ex[gcy-7::RCaMP2; lin-
44::9fp]

pG[gcy-7p::RGECO] (94.4 ng/uL)

pG[lin-44::gfp] (13.0 ng/uL)

2> lite-1(ce314) X; pels1095[gcy7p:: ChR2Y2::venus unc-122p::mCherry]; Ex[gcy-7p::RGECO; lin-
44::9fp]

pG[ttx-3p::R-CaMP2] (72.5 ng/uL)

pG[lin-44::gfp] (13.0 ng/uL)

2> lite-1(ce314) X; pels1095[gcy7p:: ChR2Y2::venus unc-122p::mCherry]; Ex[ttx-3p::RCaMP2; lin-
44::9fp]

pG[ins-1(short)p::RGECO] (94.2 ng/uL)

pG[lin-44::gfp] (26.1 ng/uL)
2> lite-1(ce314) X; pels1095[gcy7p:: ChR2Y2::venus unc-122p::mCherry]; Ex[ins-1(short)p:
:RCaMP2; lin-44::gfp]

pG[npr-9p::R-CaMPZ2] (56.9 ng/uL)

pG[lin-44::gfp] (18.4 ng/uL)
2 lite-1(ce314) X; pels1095[gcy7p:: ChR2Y2::venus unc-122p::mCherry]; Ex[npr-9p::RCaMP2; lin-
44::9fp]
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2.5.4 Optogenetic and calcium imaging system

Optical stimulation during calcium imaging were performed on a fluorescent
microscope system as previously described (Satoh et al, 2014) with
modifications (Fig. M4). | used an upright microscope (BX51, Olympus) equipped
with a halogen light source (U-LH100IR), a UplanApo 40x objective (NA, 0.85),
530/50 nm band-path excitation filter and DV2 photometrics (DV2-cube, T565
lpxr, Olympus), a motorized stage (HV-STU02-1, HawkVision), a CCD camera
(GRAS-03K2M-(, point Grey Research) and a blue LED (470 nM, PE-100, CollLED)

for worm observation and stimulation at 4 frames/s (exposure time: 50 ms).

150ms 350 ms |
) _ x i -
\ 4 ‘
L DV2 v
Control software € photometrics
) D
Tracking

Posture detection Mortl\/lorph
illumination

Lamp 2 ) Dichroic

; ] Camera
>| Motorized stage

lllumination for tracking

Fig. M4 Schematic drawing of optogenetic and calcium imaging system that

enables LED stimulation at regular intervals

2.5.5 Calcium imaging under photoactivation

In each experiment, recording of calcium imaging was initiated 5 min after

removal of animal from pre-assay cultivation plates. Individual animals were
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subjected to a single recording and replaced for each experiment. Regulated
photostimulation was started after 20 s recording and consisted of 20 cycles of

150 ms stimulations with 350 ms intervals (10 s in total).

2.5.6 Data acquisition and analysis

Fluorescence images obtained during the 350 ms intervals were used for
quantification. Average fluorescence intensity of the neurons (cell body for ASEL;
dendrites for AIB, AlY, and AIA) was calculated from the region of interest,
whose position was automatically followed using the Track Objects function of
Metamorph software (Molecular devices) followed by subtraction of the average
intensity of the background region. The average fluorescence in a 10 s window
(typically, time 11 s-20 s (41-80 frame)) was set as Fo and the fluorescence
intensity relative to FO (F/F0) was calculated for a series of images. For each
figure, F/Fo was averaged for all animals at each time point. The average F/Fo in
a 5 s window before stimulation (typically, Time 3 s-7 s) was set as NS (No
stimulation); the average F/Fo in a 5 s window during stimulation (typically,
Time 13 s-17 s (16 s-10 s for AIB (Fig. 17))) was set as DS (during stimulation);
F/Fo change during stimulation equals DS subtracted by NS.
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3. Results

3.1 ASEL generates memory-dependent behaviors in Na*

chemotaxis

3.1.1 A behavioral test for Na* chemotaxis

To test worms’ chemotaxis to Na*, | devised a chemotaxis assay using an agar
plate in which Na* and NHs* make reciprocal concentration gradients (Fig.
M1b&c). It has been reported that AWC neurons are responsible for NHs*
chemotaxis (Frgkjaer-Jensen et al., 2008). However, in the Na* chemotaxis test,
AWC-ablated mutants showed chemotaxis that was comparable to that of wild
type, indicating that NH4* gradient does not largely affect Na* chemotaxis in this
assay plate format (Fig. 1). Thus, this assay is adequate to evaluate Na*

chemotaxis.

3.1.2 Worms show behavioral plasticity in Na* chemotaxis

Na* chemotaxis assay was performed using animals cultivated under different
salt conditions. Animals cultivated under Na*-free conditions, showed no Na*
concentration preference, whereas those cultivated under the presence of 100
mM NaCl showed positive Na* chemotaxis (i. e. migration to higher Na*
concentrations, Fig. 1). ASEL-ablated mutant showed a defect in Na* chemotaxis,

indicating the important role of ASEL in Na* chemotaxis.

36



Pre-cultivation
omM 100mM

0.8 l AR
n. s.
0.6 ols

x
(]
2 04 I
£ * ok %
8 02
o
§ 00 I
¥ —
(@]
-0.2 I I I
N.S.  **¥x
-0.4 n.s.
N2 AWC(-) ASEL(-)
Mutants

Fig. 1 Worms showed behavioral plasticity in Na+ chemotaxis.

Na+ chemotaxis of wild type N2, AWC-ablated and ASEL-ablated strains after 0 or 100
mM NacCl cultivation (mean * s.e.m., n 2 7, n.s., no significant difference, ***p < 0.001).
The cultivation concentrations have significant effect on chemotaxis index: F (2, 34) =
13.08, p < 0.0001; the neuronal cell-ablated strains have significant influence in
chemotaxis index: F (1,34) = 22.80, p < 0.0001; the interaction between neuronal cell-
ablated strains and cultivation concentrations is considered significant: F (234 = 11.92, p

=0.0001; two way ANOVA.

3.1.3 Forward locomotion is promoted by stimulation of ASEL after

cultivation with Na+

Although ASEL is known as the major Na*-sensing neuron, ASER also contributes
to Na* chemotaxis to a lesser extent (Fig. Intro4, Ortiz et al., 2009). In addition,
ASER plays a major role in the behavioral plasticity of NaCl chemotaxis probably
through its Cl-sensing functions (Tomioka et al, 2006; Adachi et al., 2010;
Kunitomo et al., 2013). Therefore, I decided to focus on the ASEL’s role in Na*
chemotaxis by employing optogenetics combined with a behavioral assay and

calcium imaging.
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3.1.3.1 ASEL photoactivation to artificially imitate increasing Na*

concentrations

Transgenic worms, in which channelrhodopsin (ChR2) was expressed only in
ASEL, were illuminated by blue light after pre-assay cultivation at different NaCl
concentrations and the behavioral response was quantified by the worm-
tracking system. Since ASEL is activated by an increase in Na* concentrations,
optogenetic activation of ASEL mimics sensation of an increase of Na*
concentrations. | evaluated the behavioral response by calculating the truning
events, which was the ratio of animals that were during pirouettes, sharp turns
or pauses (collectively called turning events in this manuscript) at each time
point. Therefore, the event rates roughly equal one subtracted by the rate of

forward locomotion.

3.1.3.2 Promotion of forward locomotion by ASEL photoactivation after

cultivation with Na+*

When worms were cultivated with Na* and tested on test plates at any Na*
concentration (even without Na*), the ratio of turning events decreased (forward
locomotion was stimulated) during blue-light illumination and increased after
illumination (Fig. 2a-b). These results are similar to the previous observation of
behavioral responses to NaCl concentration change, in which animals decrease
or increase turning upon up-step or down-step of NaCl concentration,
respectively (Miller et al, 2005). Such behavioral response can generate
chemotaxis to a higher salt concentration through the klinokinesis mechanism.
These results were consistent with the observation that worms cultivated with

Na* migrated to a higher concentration (Fig. 1&2c).

It was noted that decreases in turning rate on 100 mM Na* test plates were
larger than those on 50 mM or 0 mM plates (Fig. 2c). It is suggested that worms
showed improved behavioral response upon ASEL photoactivation at high Na*

concentrations after cultivation with Na*.
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Fig. 2 Worms’ behavioral response upon ASEL photostimulation after cultivation
with Na+

a, Ratio of turning events evoked by optical stimulation of ASEL (blue vertical shading)
tested at 100 mM Na* (Ctest) after cultivation at 50 mM Na+ (pre-assay cultivation,
Ccult) (mean * s.e.m., n = 12). b, Change of turning event rate of worms during ASEL
photostimulation at different cultivation and test concentrations (see Material and
methods) (mean #* s.e.m., n = 12). Difference between ATR (+) and ATR (-): F (11, 150) =
29.936, p < 0.0001; k = 6, *kp < 0.05, *** kp < 0.001, one-way ANOVA followed by t-test
with Bonferroni’s correction. For the ATR (+) conditions, the test concentrations have
significant effect on behavioral response: F (2 81y = 30.53, p < 0.0001; the cultivation
concentrations have nonsignificant effect on behavioral response: F(1,81) = 0.03, p =
0.8733; the interaction between test concentrations and cultivation concentrations is
considered significant: F (2, s1) = 3.35, p = 0.0401; two way ANOVA. ¢, The model of ASEL

which generates forward locomotion after cultivation with Na*.
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3.1.4 Worms’ behavioral responses upon ASEL photoactivation in

different strengths

The ration of turning events was unchanged by stimulation of ASEL if animals
were cultivated on Na*-free medium irrespective of stimulus intensity (Fig. 3a).
On the other hand, inhibition of turning of Nat*-conditioned animals was
enhanced according to the stimulus intensity (Fig. 3b), which is consistent with
the previous reports about photoactivation of AIY (Li et al, 2014) and AWA
(Larsch et al, 2015) that stronger stimulation strengths leads to bigger

behavioral responses.
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Fig. 3 Worms’ behavoiral responses to ASEL photostimulation with different
stimulus intensity.

Change of turning event rate upon ASEL phtostimulation under different stimulation
strengths after cultivation without Na* (a) and with Na+* (b) (mean # s.e.m., n 2 12, ***p <
0.001, n. s. no significant difference, student t-test, significant difference between
different LED strengths). a, worms’ turning events change to ASEL photoactivation
when worms were tested at 50 mM Na+ after Na+-free cultivated condition with ATR. b,
worms’ turning events change to ASEL photoactivation when worms were tested at 100

mM Na+ after cultivation at 50 mM Na+ with ATR.
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3.1.5 Worms’ behavioral response upon ASEL photoactivation at

different time lengths

Several reports show that optogenetic sensitivities vary among cell types in C.
elegans. For example, Zhang et al. (2007) reported worms can behaviorally
respond to 1 s photoactivation when ChR2 was expressed in muscle cells. On the
other hand, ASH requires 10 s photoactivation for generating a behavioral
response (Guo et al.,, 2009). Kunitomo et al. (2013) reported that ASER shows
behavioral response by only 1 s photoactivation, whereas AIB needs 3s.
According to our results, ASEL was not so sensitive than ASER, worms showed
no behavioral response by 1 s photoactivation. However, after cultivation with
Na*, worms showed decrease of turning events upon 10 s photostimulation, and
prolonged stimulation caused no change in worms’ behavioral pattern (Fig. 4),
which was also the case in former reports on photoactivation of AlY (Li et al,,
2014) and AWA (Larsch et al, 2015). Even prolonged stimulation did not
generate any behavioral response if animals were cultivated without Na* (Fig.

3a&4).
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Fig. 4 Change of turning events upon ASEL’s photoactivation at different duration
(mean  s.e.m., n 2 6).

Orange line shows worms’ turning events change upon ASEL photoactivation when
worms were tested at 50 mM Na+* after Na*-free cultivation with ATR. Blue line shows
worms’ turning events change upon ASEL photoactivation when worms were tested at

100 mM Na+ after 50 mM Na+ cultivation with ATR. Black line shows worms’ turning
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events change upon ASEL photoactivation when worms were tested at 100 mM Na+ after

cultivation at 50 mM Na+* without ATR.

3.2 AIB is required for Na* chemotaxis after cultivation with Na+

AIB, ALY and AIA are the first-layer interneurons that receive synaptic inputs
from ASEL (White, 1986, Fig. Intro4), but the role of each neuron for Na*
chemotaxis had not been examined. AlB-ablated animals showed significantly
reduced Na* chemotaxis when worms were cultivated at 100 mM Na+* (Fig. 5a),
suggesting that AIB is possibly required for transmission of sensory signals from
ASEL. It is noteworthy that in the previous report NaCl chemotaxis was barely
affected in AIB-ablated animals while klinokinesis was reduced (Kunitomo et al,,
2013). On the other hand, chemotaxis of AIA- or AlY-ablated animals showed no
significant difference from that of wild type (Fig. 5a). AIA/AIY double-ablated
animals showed a defect in Na* chemotaxis (Fig. 5b), suggesting that AIA and AlY
may redundantly act in ASEL-induced chemotaxis. It is also possible, however,
that the observed Na* chemotaxis defect in AIY/AIA double mutant was caused
by disabled locomotion ability (Fig. 5c¢), because both of the two interneurons are

support forward locomotion (Fig. 8&9).
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Figure 5 Na+ chemotaxis of interneuron-ablated animals.

a, b, Na* chemotaxis of transgenic lines expressing mouse caspase in each class of
interneurons or combinations of them (mean #* s.e.m, n = 4, p < 0.05, p < 0.01, p < 0.001,
Dunnett’s test, significant difference between mutants and wild type). AIA (-): AlA-
ablated strain; AIB (-): AIB-ablated strain; AIY (-): AlY-ablated strain; A-Y-: AIA- and AIY-
ablated strain; A-B-: AIA- and AIB-ablated strain; B-Y-: AIB- and AlY-ablated strain; A-B-
Y-: AIA-, AIB- and AlY-ablated strain. ¢, Movement index of animals in the same assay as

(b). (*p < 0.05; ***p < 0.001, Dunnett’s test, significant difference between mutants and

wild type).
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3.3 AIB, AIY and AIA are all required for the increase of forward

locomotion generated by ASEL after cultivation with Na+

3.3.1 AIB is required for forward locomotion by ASEL after

cultivation with Na+

AIB is activated upon downstep of NaCl concentrations depending on the off-
response neuron ASER (Oda et al,, 2011; Kunitomo et al., 2013). Because AIB was
required for Na* chemotaxis, | investigated whether AIB is required for the
behavioral response generated by ASEL activation of Na*-cultivated animals.
Suppression of turning induced by stimulation of ASEL was eliminated in AIB-
ablated background irrespective of any Na* concentrations conditions (even
without Na*) (Fig. 6a, d&e). It was therefore suggested that AIB was required for

stimulation of forward locomotion upon activation of ASEL by ChR2.

3.3.2 AlY is required for forward locomotion by ASEL after

cultivation with Na+

AlY is an important interneuron for controlling multiple behaviors and is
involved in regulating reversal and gradual turning (Kocabas et al., 2012; Satoh
et al, 2014). Behavioral responses induced by ASEL photoactivation were
completely eliminated in AlY-ablated animals: there was no change in turning
events both during and after activation of ASEL at any Na* concentration

conditions (even without Na*) (Fig. 6b, d&e).

3.3.3 AIA is required for forward locomotion by ASEL after

cultivation with Na+

AlA is activated in response to upsteps of NaCl concentrations, implying that AIA
receives excitatory inputs from ASEL directly or indirectly (Oda et al,, 2011). I

found that ASEL-induced change of turning rates was significantly smaller or
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eliminated in AlA-ablated animals (even without Na*) (Fig. 6¢-e), indicating that
AlA is required for the behavioral response generated by ASEL. Thus, ASEL
requires all first-layer interneurons, AIB, AlY, and AIA for generating the

behavioral responses.

Figure is in the next page.

Figure 6 Interneurons are required for forward locomotion upon ASEL
stimulation after cultivation with Na+.

a-c, Behavioral response upon ASEL photoactivation of AIB-ablated animals (a), AlY-
ablated animals (b) and AlA-ablated animals (¢) Worms were transferred from 50 mM
Na+ cultivation to 100 mM Na+ test condition (mean # s.e.m, n = 12). d, Change of turning
event rate of interneuron-ablated animals in (a-c) during ASEL photoactivation (mean *
s.e.m) Difference between ATR (-) and ATR (+): F 47,550)= 10.95, p < 0.0001, k = 24, *kp <
0.05, **kp < 0.01, ***kp < 0.001, one way ANOVA followed by t-test with Bonferroni’s
correction. Difference of ATR (+) results between wild-type and ablation lines: ##p <
0.01, ###p < 0.001, n. s, no significant difference, one way ANOVA followed by Dennett’s

test.
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3.4 AIB promotes turning behavior, whereas, AIY and AIA

promotes forward locomotion

3.4.1 AIB promotes turning behavior

Interneurons AIB, AIY and AIA receive synaptic inputs from many sensory
neurons including ASER, AWC, and ASEL, all of which are involved in chemotaxis
to chemical cues (Chalasani et al., 2007, 2010; Kunitomo et al., 2013; Satoh et al,,
2014). AIB respond to odor removal (Chalasani et al.,, 2007) or decreases in NaCl
concentrations (Kunitomo et al., 2013), and stimulates turning behavior (Fig.
Intro4). Behavioral assay showed that the rate of turning events increased
during AIB stimulation by ChR2 under many conditions of Na* cultivated

concentrations (Fig. 7).
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Figure 7 Worms’ behavioral response induced by AIB photoactivation after
cultivation with Na-+.

a, Worms’ behavioral response when AIB was stimulated by ChR2 after worms were
transferred from 50 mM Na+* cultivation to 50 mM Na* test condition (meanzs.e.m,
n212). b, Change of turning event rate upon photoactivation of AIB at different
cultivation and test concentrations (mean * s.e.m, n = 12) Difference between ATR (-)
and ATR (+): F1,135 = 5.046, p < 0.0001; k=6, *kp < 0.05, **kp < 0.01, **kp < 0.001, one
way ANOVA followed by t-test with Bonferroni’s correction. For ATR (+) conditions:

neither test concentrations (F(2,6s) = 0.08, p = 0.9194) nor cultivation concentrations (F

47



@, 68) = 0.67, p = 0.4146) have significant effect on behavioral response to AIB
photostimulation, nor is there significant interaction between the two factors (F 2,68 =

2.84, p = 0.0654), two-way ANOVA.

3.4.2 AlY promotes forward locomotion

AlY was reported to show increased calcium level on odor addition and
decreased calcium level on odor removal (Chalasani et al, 2007) and AlY
activation promoted forward locomotion speed and inhibited turning (Fig.
Intro4, Li et al., 2014). For stimulation of AlY, I utilized two strains that express
ChR2 in AIY (strain#1 and #2). When AIY was stimulated by ChR2, in both
strains, the ratio of turning events was decreased during AlY stimulation, and

increased after stimulation under most cultivation conditions (Fig. 8).
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Figure 8 Worms’ behavioral response to photoactivation of interneuron AlY after
cultivation with Na-+.

a, Worms’ behavioral response to AIY photostimulation. Worms were transferred from
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50 mM Na* cultivation to 100 mM Na+ test condition (mean # s.e.m, n 2 12). b, ¢, Change
of turning event rate upon photoactivation of AlY-#1 (b), AIY-#2 (See material and
methods) (c), at different cultivation and test concentrations (meants.e.m, n=12).
Difference between ATR (-) and ATR (+): F11,133)= 9.365, p < 0.0001 (b); F11,131y= 9.810,
p < 0.0001 (c); k=6, *kp < 0.05, **kp < 0.01, ***kp < 0.001, one way ANOVA followed by
t-test with Bonferroni’s correction. For ATR (+) conditions of AIY-#1-ChR2 (b): the test
concentrations has significant effect on behavioral response to AIY photostimulation (F
@ 67) = 7.64, p = 0.0010) while the cultivation concentrations has no significant effect (F 4,
67) = 0.08, p = 0.7830) and there is no significant interaction between the two factors (Fq,
677 = 1.02, p = 0.3660), two way ANOVA. For ATR (+) conditions of AIY-#2-ChR2 (c):
neither test concentrations (F(2,67) = 1.27, p = 0.2872) nor cultivation concentrations (F
@, 67 = 0.00, p = 0.9508) have significant effect on behavioral response to AIB
photostimulation, nor is there significant interaction between the two factors (F(2,67) =

0.45, p = 0.6364), two-way ANOVA.

3.4.3 AIA promotes forward locomotion

[t was reported that AIA is activated by addition of odor (Chalasani et al., 2010),
and activated AIA inhibits turning behavior (Fig. Intro4, Larsch et al., 2015). Our
result revealed that the behavioral response evoked by AIA stimulation was
similar to that of AIY stimulation: the rate of turning events decreased during
stimulation of AIA by ChR2 and increased after termination of AIA stimulation
under all cultivated Na* conditions (Fig. 9). Thus, behavioral response to ASEL
stimulation was similar to AIY or AIA stimulation but in contrast to AIB
stimulation, suggesting a positive relationship between ASEL and AIY/AIA, but a
negative relationship between ASEL and AIB.
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Figure 9 Worms’ behavioral response to photoactivation of interneuron AIA after
cultivation with Na-+.

a, Worms’ behavioral response when AIA was stimulated by ChR2 after worms were
transferred from 50 mM Na+ cultivation to 100 mM Na+* test condition (meanzs.e.m,
n212). b, Change of turning event rate upon photoactivation of AIA at different
cultivation and test concentrations (mean * s.e.m, n = 12) Difference between ATR (-)
and ATR (+): F11,141= 14.35, p < 0.0001; k= 6, *kp < 0.05, **kp < 0.01, **kp < 0.001, one
way ANOVA followed by t-test with Bonferroni’s correction. For ATR (+) conditions: the
cultivation concentrations have significant effect on behavioral response to AIA
phtostimulation (F 1,65y = 14.41, p = 0.0003) while test concentrations has no significant
effect (F(2,65) = 0.36, p = 0.7002) and there is no significant interaction between the two

factors (F (2,65 = 0.33, p = 0.7216), two way ANOVA.

3.5 ASEL inhibits AIB and activates AIY and AIA after cultivation
with Na+

Next, we observed calcium responses of ASEL and the postsynaptic interneurons
using RCaMP2 (Inoue et al., 2015) or RGECO (only for AIA) (Zhao et al,, 2011) to

directly observe the responses of each neuron during activation of ASEL.
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3.5.1 Calcium response of ASEL upon ASEL photoactivation

3.5.1.1 ChR2-RGECO system

RFP-based GECIs, as a new color of GECIs, are expected to be combined with
ChR2 for monitoring the neural activity induced by optogenetic stimlation using
ChR2 (Zhang et al.,, 2011). The applicability of ChR2-RGECO system has been
reported in a beta cell line and slice culture of developing mouse neocortex (Wu
et al, 2013). Although unexpected nature of photoactivation phenomenon of
RGECO by blue light had been reported, it could be avoided by using low
intensity of blue-light illumination. Therefore, the applicability of ChR2-RGECO

system expressed in ASEL neuron was investigated in this section.

3.5.1.1.1 RGECO probe apparently showed calcium response of ASEL to

photoactivation after cultivation with Na* even without ATR

To simultaneously monitor the calcium responses of ASEL during optogenetic
stimulation of the cell, ChR2 and RGECO were co-expressed in ASEL neuron (Fig.
10a). After cultivation with Na*, RGECO florescence intensity was increased upon
photo-activation of ASEL, and the intensity was correlated with the energy of
illumination (Fig. 10b). Unexpectedly, this was the case also in conditions
without ATR. Since opening of ChR2 strictly depend on the presence of ATR,
light-induced RGECO fluorescence in the absence of ATR was not likely due to
depolarization of ASEL but probably due to activation of the probe by blue light
(Wu et al,, 2013). However, there remains a possibility that coexpression of ChR2

and RGECO conferred blue light responsivity on the cell.
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Fig. 10 Calcium response change of ASEL upon optical stimulation after cultivation
with Na-+.

a, (top and bottom right) The RGECO fluorescence of ASEL under green light; (bottom
left below) ChR2:: venus fluorescence of ASEL under blue light illumination. b, The
calcium response of ASEL observed by using RGECO probe was positively related to
optical stimulation strength, with no difference between ATR (+) and ATR (-) (mean *

s.e.m, n = 12). Worms were illuminated at 50 mM Na+ after cultivated at 50 mM Na-*.

3.5.1.1.2 The strain with ChR2-RGECO expression in ASEL had no behavioral
defect

To test the possibility described above, we observed the behavioral response of
this strain upon ChR2-mediated stimulation of ASEL. After cultivation with Na*
and ATR, worms showed decreased turning events during ASEL stimulation and
increased turning events after termination of ASEL stimulation, but no
behavioral response under the condition of cultivation without ATR (Fig. 11a),
indicated that ASEL was not stimulated in the absence of ATR, which was same
as the strain that does not express RGECO probe (Fig. 11b). This result suggest
that light induced RGECO fluorescence of ASEL in the strain does not reflect cell

activity.
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Fig. 11 Behavioral response to photoactivation of ASEL after cultivation with Na+

a, Behavioral response of ASEL-RGECO-ChR2 strain upon ASEL photoactivation at 100
mM Na+ after cultivation with 50 mM Na+* (mean * s.e.m, n 2 9). b, The change of turning
events in (a) during stimulation of ASEL. The blue columns were under the conditions of
cultivation with ATR, and the brown columns were under the conditions of cultivation

without ATR.

3.5.1.1.3 RGECO probe expressed in ASEL showed autoactivation to blue light

illumination.

The strain with expression of RGECO, but no ChR2 in ASEL, showed increased
calcium response when NaCl concentration was increased (Fig. 12a), indicating
RGECO probe could monitor calcium level accurately as GCaMP3 (See doctoral
thesis of Dr. Hirofumi Sato). However, after cultivation with Na* without ATR, the
fluorescence intensity of RGECO was positively correlated with the intensity of
illumination by blue light (Fig. 12b), indicating that RGECO expressed in ASEL
shows a photoactivation phenomenon, as described by Wu et al. (2013), which

would disturb Ca?* imaging traces during blue light illumination of ChR2.
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Fig. 12 Calcium response of ASEL with RGECO probe after cultivation with Na+
a, Calcium response of ASEL-RGECO strain when NaCl concentration was changed from
100 mM at 20 s to 125 mM for 25 s and then back to 100 mM at 45 s after cultivation

with Na+ (mean # s.e.m, n = 3). b, Calcium response change of ASEL-RGECO strain upon

photo-stimulation after cultivation with Na* (mean * s.e.m, n = 4). Worms were

illuminated at 100 mM Na+ after cultivation with 50 mM Na-+.

Thus, due to blue light-activation of RGECO probe expressed in ASEL

concomitant use of ChR2 and RGECO is not suitable for observation of calcium

response of ASEL upon photoactivation.

3.5.1.2 ChR2-RCaMP2 system

3.5.1.2.1 The transgenic line that express ChR2-RCaMP2 in ASEL showed no

defect in the calcium response to salt concentration changes.

Animals that coexpress ChR2 and RCaMP2 probe in ASEL (Fig. 14a) showed
increased calcium response when NaCl concentration was changed from 100mM
to 125mM (Fig. 13), which is consistent with former reports (Suzuki et al., 2008;
Doctoral thesis of Dr. Hirofumi Sato, 2016), indicating that this strain had no

defect in the calcium response to salt concentration changes.
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Fig. 13 Calcium response of ASEL with RCaMP2 probe and ChR2 in ASEL after
cultivation with Na* (mean + s.e.m, n = 3)

Worms were cultivated at 50 mM Na+ and then subjected to calcium imaging in imaging
buffer with 100 mM Na+*, which was further switched to 125 mM Na+ after 20 s

recording.

3.5.1.2.2 Calcium response of ASEL to photostimulation

After cultivation with Na* and ATR, the fluorescence intensity of RCaMP2 was
was increased when ASEL was stimulated by blue light (Fig. 14b), whereas no
response was observed in the absence of ATR (Fig. 22a), indicating that the
activity of RCaMP2 reflects the activity of ASEL induced by photostimulation of
ChR2.
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Fig. 14 Calcium response of ASEL to optical stimulation after cultivation with Na-*.
a, (top and bottom right) The RCaMP2 fluorescence of ASEL under green light; (bottom
left) ChR2:ivenus fluorescence of ASEL under blue light illumination. b, (left)
Coexpression of ChR2 and RCaMP2 in ASEL; (right) Calcium response of ASEL upon
ASEL photostimulation when worms were transferred from 50 mM Na+ cultivation to
100 mM imaging buffer (See Material and Methods) (The optical stimulation strength
was 0.5 mW/mmz2, mean * s.e.m, n (ATR (+)) = 21, n (ATR (-)) = 18 (Fig. 22a)).

3.5.1.2.3 Calcium response change of ASEL is proportional to photoactivation

strength.

Behavioral assay showed that the magnitude of worms' behavioral response
increased upon stronger photostimulation of ASEL (Fig. 3b). The relationship
between calcium response of ASEL and the strength of photostimulation was
investigated under the conditions of cultivation with Na*. The results showed
that when worms were cultivated with Na* and ATR, the calcium level change of
ASEL was proportional to the intensity of illumination in the range of 0~0.5
mW/mm? (Fig. 15). It is indicated that ASEL’s activity is linearly related to the

strength of photoactivation of the cell in the range of 0~0.5 mW/mm?.
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Fig. 15 Calcium response of ASEL to photoactivation in different strengths after
cultivation with Na* (mean + s.e.m, n = 3)

Worms were cultivated at 50 mM Na+* and then illuminated at 100 mM Na-+.

3.5.2 Calcium response of AIB upon ASEL activation

3.5.2.1 Calcium response of AIB to NaCl stimulation in the strain with

expression of ChR2 in ASEL

RCaMP2 probe was used to observe calcium response of AIB, and the result
showed that calcium level of AIB with RCaMP2 indicator was increased when
NaCl concentration was decreased from 25mM to OmM, and then decreased to
the basal level when NaCl concentration was returned to 25mM (Fig. 16). This
was consistent with the calcium response of AIB using GCaMP indicator (See
doctoral thesis of Dr. Hirofumi Sato), indicating that the strain that expresses
RCaMP2 in AIB and ChR2 in ASEL showed no defect in the calcium response of

AlIB to salt concentration changes.
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Fig. 16 Calcium response of AIB to NaCl stimulation in the strain with ChR2
expression in ASEL after cultivation with Na+ (mean  s.e.m, n = 3)

After cultivation at 50 mM NaCl, worms were placed in imaging buffer with 25 mM NaCl
and recorded for 50 s and changed to 0 mM NaCl imaging buffer for 50 s, then shifted
back to 25 mM NaCl imaging buffer.

3.5.2.2 Calcium response of AIB cell body to ASEL photoactivation after

cultivation with Na+*

Using above verified strain that express RCaMP2 in AIB and ChR2 in ASEL,
calcium responses of AIB to ASEL photoactivation was observed in this section
The results indicated that the calcium level of AIB cell body decreased upon
ASEL photo-stimulation (Fig. 17a), indicating that AIB was inhibited by ASEL
activation. Besides, calcium change of AIB was prominent when the blue light
strength was increased to 0.5 mW/mm?, suggesting that AIB was effectively

inhibited by ASEL under strong photoactivation.
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Fig. 17 Calcium response of AIB cell body to ASEL photoactivation after cultivation
with Na+

a, (left) A schematic of AIB expression of RCaMP2 in transgenic worms in which ChR2
was expressed in ASEL; (right) Calcium response of AIB cell body upon ASEL
photostimulation when worms were transferred from 50 mM Na+ cultivation to 100 mM
imaging buffer (The Optical stimulation strength was 0.5 mW/mm?2, meanzs.e.m, n (ATR
(+)) = 22; n (ATR (-)) = 19). b, Calcium response of AIB to ASEL photoactivation in

different strengths of stimuli after cultivation with 50 mM Na* (mean * s.e.m, n = 10)

3.5.2.3 Calcium response of AIB process to ASEL photoactivation after

cultivation with Na+*

Similar to calcium response of AIB cell body, the calcium level of AIB process was
decreased significantly upon ASEL photostimulation (Fig. 18a, 22a), indicating
that AIB was inhibited by ASEL. Besides, calcium change of AIB was increased
sharply when the blue light strength was increased to 0.5 mW/mm?, suggesting
that AIB received effective signal from ASEL and was inhibited by ASEL only with

strong photoactivation.
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Fig. 18 Calcium response of AIB process to ASEL photoactivation after cultivation
with Na+

a, (left) A schematic of AIB expression of RCaMP2 in transgenic worms in which ChR2
was expressed in ASEL; (right) Calcium response of AIB process upon ASEL photo-
stimulation when worms were transferred from 50 mM Na* cultivation to 100 mM
imaging buffer (The optical stimulation strength was 0.5 mW/mm?, mean * s.e.m, n
(ATR (+)) = 22; n (ATR (-)) = 19 (Fig. 22a)). b, Calcium response of AIB process to ASEL
photoactivation in different strengths after cultivation with 50 mM Na* (mean * s.e.m, n

=210)

Thus, the calcium level of AIB was decreased upon ASEL activation under the
conditions of cultivation with Na*. As inhibition of AIB suppress turning, afore

mentioned behavior evoked by ASEL photoactivation might be mediated by AIB.

3.5.3 Calcium response of AIY upon ASEL photoactivation

AlY’s calcium content was increased during photoactivation of ASEL, revealing
that AIY was activated by ASEL (Fig. 19a, 22a). Besides, unlike AIB, AIY was
activated upon ASEL photoactivation within a low strength (0.1 mW/mm?), and
the calcium change of AlY reached to peak in the strength of 0.15 mW/mm?, kept
to plateau until 0.4 mW/mm?, and decreased in the strength of 0.5 mW/mm?
(Fig. 19b). It is suggested that AlY showed a sensitive range of stimulation, which
is different from that of AIB, whose calcium response was increased along with

stimulus intensity (Fig. 18b).
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Fig. 19 Calcium response of AlY process to ASEL photo-activation after cultivation
with Na+

a, (left) A schematic of AIY expression of RCaMP2 in transgenic worms in which ChR2
was expressed in ASEL. (right) AlY calcium response when ASEL was stimulated by
ChR2 when worms were transferred from 50 mM Na+ cultivation to 100 mM imaging
buffer (The optical stimulation strength was 0.4 mW/mm?2, mean * s.e.m, n (ATR (+)) =
23; n (ATR (-)) = 22 (Fig. 22a)). b, Calcium response of AIY process to ASEL

photoactivation in different strengths after cultivation with Na+* (mean # s.e.m, n 2 10)

3.5.4 Calcium response of AIA upon ASEL photoactivation

3.5.4.1 Calcium response of AIA cell body to ASEL photoactivation after

cultivation with Na+*

The results showed that AIA cell body showed no obvious calcium
response upon ASEL photo-stimulation in the stimulus range up to 0.5
mW/mm? (Fig. 20), which is consistent with the previous report that AIA
cell body showed no calcium response upon NaCl concentration changes

(Odaetal,, 2011).
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Fig. 20 Calcium response of AIA cell body to ASEL photoactivation after cultivation
with Na+

a, (left) A schematic of AIA expression of RGECO in transgenic worms in which ChR2
was expressed in ASEL. (right) AIA cell body calcium response during ASEL stimulation
by ChR2 when worms were transferred from 50 mM Na+ cultivation to 100 mM imaging
buffer (The optical stimulation strength was 0.5 mW/mm?, mean # s.e.m, n (ATR (+)) =
11; n (ATR (-)) = 16). b, Calcium response of AIA cell body to ASEL photoactivation in

different strengths after cultivation with 50 mM Na* (mean * s.e.m, n = 10).

3.5.4.2 Calcium response of AIA process to ASEL photoactivation after

cultivation with Na+*

Similar to AlY, calcium response of AIA process was increased upon ASEL
stimulation, indicating that AIA was also activated by ASEL (Fig. 21a, 22a).
Similar to ASEL, calcium change of AIA increased linearly along with the intensity
of photo-activation in the range of 0~0.4 mW/mm? (Fig. 21b), indicating that
calcium response change of AIA is linearly related to the blue light

photoactivation of ASEL.
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Fig. 21 Calcium response of AIA process to ASEL photoactivation after cultivation
with Na+

a, (left) A schematic of AIA expression of RGECO in transgenic worms in which ChR2
was expressed in ASEL. (right) AIA process calcium response during ASEL stimulation
by ChR2 when worms were transferred from 50 mM Na+ cultivation to 100 mM imaging
buffer (The optical stimulation strength was 0.5 mW/mm?, mean # s.e.m, n (ATR (+)) =
11; n (ATR (-)) = 16). b, Calcium response of AIA process to ASEL photoactivation in

different strengths after cultivation with 50 mM Na* (mean # s.e.m, n = 10)

3.3~5 Conclusion

All three first-layer interneurons respond to activation of ASEL: AIB was
inhibited by ASEL, while AIY and AIA were activated by ASEL (Fig. 22a). All of
these transmissions promote forward locomotion, and therefore all three
interneurons may contribute to driving worms to higher Na* concentrations (Fig.
22b). Furthermore, AlY was activated in a low range of photoactivation strength
of ASEL; activity of AIA was linearly related to the photoactivation strength of
ASEL, which was similar to the activation pattern to ASEL; AIB was inhibited

obviously at high photoactivation strength of ASEL.
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Fig. 22 Calcium response of interneurons to ASEL photoactivation after cultivation
with Na+

a, Calcium response change of neurons (m-p) during stimulation of ASEL. Difference
between ATR (-) and ATR (+): F(7,137y= 17.84, p < 0.0001, k = 4, *kp < 0.05, **kp < 0.01,
***kp < 0.001, one way ANOVA followed by t-test with Bonferroni’'s correction. b, A
speculated diagram for neural circuit downstream of ASEL after cultivation with 50 mM

Na+.
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3.6 Cellular basis of the behavioral plasticity caused by

cultivation with /without Na*

3.6.1 Behavioral plasticity caused by cultivation without Na*

In the chemotaxis assay, [ observed that when worms were cultivated in NaCl-
free conditions, worms had no Na* concentration preference (Fig. 1). We
therefore tested the behavioral response to ASEL stimulation after NaCl-free
cultivation. When worms were cultivated in NaCl-free conditions, they showed
no behavioral response to ASEL photostimulation in Na*-containing conditions

(Fig. 23).
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Fig. 23 Behavioral response of worms upon ASEL photoactivation after cultivation
without Na+*

a, Behavioral response to optical stimulation of ASEL when worms were transferred
from Na*-free cultivation to 50 mM Na+ (black line (NO ATR) and orange line (with
ATR)) and 100 mM Na+* (with ATR) (mean#s.e.m, n=12). b, Change of turning event rate
in (a). Difference between ATR (-) and ATR (+): F3,47= 3.31, p = 0.0278, k = 2, *kp <
0.05, one way ANOVA followed by t-test with Bonferroni’s correction. ¢, A schematic of

worms’ behavioral response generated by ASEL after Na*-free cultivation.
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3.6.2 Na* but not CI- is important for NaCl-dependent behavioral

plasticity

[ tested which ion, Na* or Cl, when present during pre-assay cultivation,
contributes to the behavioral response to ASEL stimulation. NaCl was replaced
by NaAc for either cultivation or test plates. As a result, worms showed similar
behavioral response upon ASEL’s activation after NaCl or NaAc cultivation (Fig.
24a): they showed increased forward movement during stimulation and
increased turning after termination of photostimulation of ASEL. Likewise,
replacing NaCl with NaAc in test plates did not cause significant difference (Fig.
24), indicating that Na* is responsible for the plasticity in the behavioral

response to ASEL stimulation.
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Fig. 24 Worms’ behavioral response to ASEL photoactivation under NaCl and NaAc
conditions.

a, Change of turning event rate during ASEL stimulation for 60 s when worms were
transferred from NaAc or NaCl cultivation to test concentrations of NaAc or NaCl (mean
+ s.e.m, n 2 6). Difference between ATR (-) and ATR (+): F (3,22y= 13.08, p < 0.0001; *p <
0.05, ***p < 0.001, n. s, no significant difference, one way ANOVA followed by
Bonferroni’s multiple comparison. b, Change of turning event rate during ASEL
stimulation for 60 s when worms were transferred from Na+*-free cultivation to test
concentrations with NaAc or NaCl (mean # s.e.m, n = 6). Difference between ATR (-) and
ATR (+): F3,499= 1.36, p = 0.2661, k = 2, n. s, no significant difference, one way ANOVA

followed by t-test with Bonferroni’s correction.
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3.6.3 Stimulation of ASEL generates Na*-dependent behavioral

plasticity.

The next question was whether Na* is directly sensed by ASEL during pre-assay
cultivation to generate behavioral plasticity. To answer this question, | made use
of the dyf-11 mutant, which has deformed cilia and therefore cannot sense
water-soluble chemicals (Kunitomo and Ilino, 2008). When worms were
cultivated with Na*, reduction of turning was not observed in dyf-11 mutant
when ASEL was stimulated by ChR2, and this defect was rescued by dyf-11
expression only in ASEL (Fig. 25a&b). When worms were cultivated in Na*-free
conditions, increase in turning events upon ASEL photoactivation was observed
in the dyf-11 mutant, and this response was suppressed by dyf-11 expression in
ASEL neuron (Fig. 25c&d). These results indicated that ASEL generates Na*-

dependent plasticity (behavioral response only after cultivation with Na*).
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Fig. 25 Bavioral response of dyf-11 mutants to ASEL photoactivation after
cultivation with/without Na-.

a, Behavioral response of wild type, dyf-11 mutant and rescued animals whose ASEL
was solely rescued to ASEL photostimulation at 50 mM Na+ after Na+*-free cultivation
(mean * s.e.m, n = 12). b, Change of turning event rate in (a) Difference between ATR (-)
and ATR (+): k = 3, **kp < 0.001; Difference between dyf-11 and other strains: ###p <
0.001, F (s,70)= 44.25, p < 0.0001, one way ANOVA followed by Bonferroni’s multiple
comparison. ¢, Behavioral response of dyf-11 mutants to ASEL photostimulation at 100
mM Na+ after cultivation at 50 mM Na* (mean * s.e.m, n = 12). d, Change of turning event
rate in (c). Difference between ATR (-) and ATR (+): **p < 0.01; Difference between dyf-
11 and other strains: ###p < 0.001, F(5,64)= 10.70, p < 0.0001, one way ANOVA followed

by Bonferroni’s multiple comparison.

3.6.4 Na*-dependent behavioral plasticity is not observed upon

photostimulation of downstream interneurons.

Upon ASEL stimulation, behavioral plasticity was observed in different
cultivations conditions, cultivation with/without Na*. To dissect the neural
circuits that generate Na* plasticity, the role of first layer interneurons was
investigated. AIB, AIY or AIA was stimulated by ChR2 in wild-type background.
Animals showed similar responses both under Na*-free and Na*-present
conditions(Figs. 7-9, 26). This implied that the difference in the behavioral
responses after Na*-containing and Na*-free cultivation was attributed to

neuronal responses upstream of first-layer interneurons, possibly in ASEL.

Figure is in the next page.

Fig. 26 Bavioral response of worms to interneurons photoactivation after
cultivation without Na-+.

a-c, Behavioral response upon photoactivation of AIB (a), AlY (b) or AIA (c) when
worms were transferred to 50 mM Na+ after Na*-free cultivation (mean * s.e.m, n = 11).
d-g, Change of turning event rate during stimulation of AIB (d), AIY-#1 (e), AIY-#2(f), or
AlIA (g) when worms were transferred to different Na+ concentrations after Na*-free

cultivation. Difference between ATR (-) and ATR (+): (b) F(3,44y= 15.47, p < 0.0001, k = 2,
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***kp < 0.0001; (C) F3,43)= 71.67, p < 0.0001; (d) F3,42)= 6.88, p = 0.0007, k=2, *kp <
0.05, ***kp < 0.001; (&) F (3,45 = 29.06, p < 0.001, k = 2, ***kp < 0.001; k = 2, ***kp < 0.001,

one way ANOVA followed by t-test with Bonferroni’s correction.

3.6.5 The sensory neuron ASEL is responsible for Na* behavioral

plasticity.

Since Na*-dependent behavioral plasticity was not observed if first layer
interneurons were directly activated (Fig. 26), it is possible that Na+ plasticity is
caused by a synaptic change between ASEL and first layer interneurons, and it is
also possible that Na+ plasticity is caused by the sensory neuron ASEL. ASEL
showed no calcium response upon ASEL photostimulation after Na*-free
cultivation (Fig. 27), suggesting that Na+ plasticity is possibly caused by a change
in the intrinsic excitability of ASEL neuron, but not the connectivity change
between ASEL and first layer interneurons. This is likely the reason why there
was no behavioral response to ASEL stimulation after Na*-free cultivation, and

no Na* concentration preference after cultivation in Na*-free conditions (Fig.

23c).

[V}
o

ASEL-ChR2 ASEL-ChR2
30 R
13 I 25 1
< 20 : I
1.2 g Is ]
w10
= i
't oo 0 [
i C
ASEL ChR2\ = ! g s 1 T
RCaMP2 0.9 e -10 1 s
g Test. 50 100
08 © Conc
o
07 Cult.Cong 0 50
° ° 10 L 20 25 30 Na+ concentration
Time(s)

Fig. 27 Calcium response of ASEL to optical stimulation after cultivation without
Na+

a, (left) Coexpression of ChR2 and RCaMP2 in ASEL; (right) Calcium response of ASEL
upon ASEL photostimulation in 50 mM imaging buffer after Na*-free cultivations (The
optical stimulation strength was 0.5 mW/mm?2, mean * s.e.m, n (ATR (+)) = 22; n (ATR (-

)) = 20). b, Calcium response change of ASEL neuron(Fig.27a & Fig. 14b) during
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stimulation of ASEL (***p < 0.001, student t-test).

3.7 eat-4 and egl-30 in ASEL are involved in ASEL-triggered

behavioral response

3.7.1 eat-4 in ASEL is involved in ASEL-triggered behavioral response

eat-4, which encodes a vesicular glutamate transporter, is necessary for
glutamatergic transmission in C. elegans (Lee et al., 1999; Rand et al.,, 2000). eat-
4 is also expressed in ASE neurons (Serrano-Saiz et al., 2013), which implies that
ASE neurons release glutamate onto downstream interneurons. An eat-4
mutation eliminated the behavioral response upon ASEL activation after
cultivation with Na*. Moreover, cell-specific knockdown of eat-4 in ASEL by RNA
interference caused smaller behavioral responses than those in wild type during
ASEL stimulation (Fig. 28), suggesting that glutamate is used as a

neurotransmitter in ASEL for the behavioral responses.
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Fig. 28 Behavioral response of eat-4 mutants to ASEL photoactivation.

a, Behavioral response of eat-4 mutants upon ASEL photoactivation at 100 mM Na+ after
50 mM Na+* cultivation (mean * s.e.m, n = 7). b, Change of turning event rate in (a).
Difference between wild type and mutants: ***p < 0.001, one way ANOVA followed by

Dunnett’s-test.
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3.7.2 egl-30 in ASEL is involved in ASEL-triggered behavioral
plasticity

egl-30, which encodes an ortholog of the alpha subunit of heterotrimetric G-
protein Gq, positively regulates locomotory movements (Brundage et al., 1996;
Lackner et al., 1999; Adachi et al,, 2010). The Gq/DAG/PKC pathway modulates
NaCl chemotaxis and counteracts the phosphatidylinositol 3-kinase signaling
(Tomioka et al., 2006; Adachi et al., 2010; Kunitomo et al., 2013). On the other
hand, manipulation of the Gq signaling pathway in ASEL has only marginal effect
on chemotaxis to NaCl (Adachi et al,, 2010). I therefore examined whether the Gq
signaling pathway regulates ASEL-dependent chemotaxis. egl-30(pe914), a gain-
of-function mutation, is characterized by hyperactive locomotion (Tomioka et al.,
2006; Adachi et al,, 2010). In the transgenic strain in which egl-30(pe914) was
expressed in ASEL, the behavioral response was not observed during and after
photostimulation of ASEL after cultivation with Na* (Fig. 29a&b), suggesting that
egl-30 negatively regulated the response to ASEL stimulation. After Na*-free
cultivation, the transgenic worms showed a small increase of turning behavior
during stimulation of ASEL by ChR2 (Fig. 29c&d). These results implied that egl-
30 negatively regulates Na* chemotaxis, and possibly the behavioral plasticity in

Na* chemotaxis.
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Fig. 29 Behavioral response of egl-30 trangenic strains to ASEL photoactivation.

a, Behavioral response of a transgenic strain expressing egl-30 (gf) in ASEL neuron upon
ASEL photoactivation at 100 mM Na-+ after cultivation at 50 mM Na+* (mean #* s.e.m, n =
11). b, Change of turning event rate in (a). Difference between ATR (-) and ATR (+): ***p
< 0.001, student t-test; difference between strains: ###p < 0.001, student t-test. ¢,
Behavioral response of a transgenic strain expressing egl-30(gf) in ASEL neuron upon
ASEL photoactivation at 50 mM Na+ after Na*-free cultivation (mean #* s.e.m, n = 11). d,
Change of turning event rate in (c). Difference between ATR (-) and ATR (+): *p < 0.05,
**p < 0.01, student t-test; difference between strains: #p < 0.05, student t-test.
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4. Discussion

4.1 ASEL generates a memory-dependent behavioral plasticity in

Na* chemotaxis

Unexpectedly, I found that worms generated a memory-dependent behavioral
plasticity in Na* chemotaxis: when worms were cultivated with Na*, they
migrated to higher Na* concentrations (Fig. 1, 22b), whereas when worms were
cultivated in the absence of Na* and placed onto an Na*-containing environment,
they showed no Na* concentration preference (Figs. 1, 23c). Behavioral
responses to optogenetic activation of the ASEL neuron roughly recapitulated
the chemotaxis responses: worms showed reduction of turning frequency upon
activation of ASEL after cultivation with Na* (Fig. 2), whereas, they showed no
response when they were transferred from Na*-free cultivation to Na*-
containing conditions (Fig. 23). Calcium imaging combined with optogenetics
provided mechanistic insights into Na* chemotaxis plasticity: Calcium level of
ASEL was increased upon ASEL photostimulation after cultivation with Na*,
however, ASEL showed no calcium response upon photostimulation after worms
were cultivated in Na*-free conditions (Fig. 27). Furthermore, this behavioral

plasticity was caused by Na*, and ASEL could generate Na* plasticity by itself.

4.2 Importance for Na* plasticity in well-fed conditions

This is the first report to systematically analyze the characteristic of ASEL,
which has an important role in Na* chemotaxis. The neural mechanism
underlying Na* plasticity is different from several previously reported behavioral
plasticity, such as NaCl chemotaxis plasticity mediated by ASER, in which worms
get attracted to NaCl when grown with salt and food (Kunitomo et al.,, 2013), but
avoids NaCl when starved with NaCl (Tomioka et al., 2006; Adachi et al.,, 2010),
odor plasticity, in which when animals are kept with a certain odor without food,

they no longer show attraction to that odor (Colbert and Bargmann, 1995), and
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concentration-dependent odor chemotaxis, in which odor-sensing neurons
switch between high-concentration odor avoidance and low-concentration odor
attraction behaviors (Yoshida et al., 2012). All these chemosensory behaviors are
mediated by the overlapping neural circuits and our results will extend the
platform for further understanding the versatile actions of the small neural

circuit of C. elegans.

Besides, as one of the mechanisms for learning and memory, changes in neuronal
excitability are well documented, for example, long-term changes in piriform
cortex (Saar and Barkai, 2009), amygdala (Sehgal et al., 2014) and hippocampus
in rodents (Gruart et al., 2012). In these events, voltage-gated and leak cation
channels are often involved. Our current findings may lead to recognition of such
so far unexplored mechanisms in C. elegans. It is necessary to further investigate

molecular changes in the ASEL neuron after cultivation without Na*.

4.3 Comparison with OFF response sensory neurons

The neural circuits functioning downstream of ASEL are in good contrast to that
of the well-studied AWC neurons, which mediate chemotaxis to odor (Chalasani
et al., 2007, 2010). Both AWC neurons and ASE neurons are glutamatergic
neurons (Chalasani et al., 2007; Serrano-Saiz et al., 2013), and, like AWC neurons,
[ found that glutamatergic neurotransmission from ASEL plays an important role
in behavioral response for Na* chemotaxis (Fig. 27). AWC neurons are activated
by odor removal like ASER (OFF sensory response), while ASEL is activated by
the increase in salt concentration (ON sensory response; Chalasani et al., 2007;
Suzuki et al, 2008). Furthermore, all these sensory neurons send synaptic
outputs to interneurons AlA, AlY, and AIB. However, in contrast to ASEL, AWC
releases glutamate to inhibit AIY and AIA and activate AIB to stimulate odor
chemotaxis and local search (Chalasani et al, 2007, 2010). Similar to AWC
neuron, also an OFF neuron, ASER activates AIB interneurons when the salt
concentration is lower than the cultivation concentration to induce worms to

migrate to higher salt concentrations in salt chemotaxis (Kunitomo et al., 2013).
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ASEL, on the other hand, activates AIA and AIY and inhibits AIB, in a mirror
image of AWC. Overall, these interneurons are expected to promote migration to
higher Na* concentrations given that ASEL shows an ON response after
cultivation with Na*. Our study provides a very interesting cue to understand
what differentiates ON and OFF sensory neurons even if they use the same
interneurons for behavioral response, and similar neural circuits for regulating
chemotaxis. It would be necessary to investigate glutamate receptors used for

the synapses between ASEL and these interneurons in Na* chemotaxis.

4.4 AlY are more important interneurons than AIA in ASEL-

generated Na+* behavioral response

[t should not be ignored that in the neural circuit of ASEL after cultivation with
Na+*, AIY and AIA showed similar behavioral responses upon ASEL activation and
that AlY-ablation completely eliminated behavioral response when ASEL was
stimulated by ChR2 after cultivation with Na*. AIA-ablation strongly eliminated
behavioral response to ASEL’s activation when the test Na* concentration was
different from the cultivation Na* concentration (pc # tc), but only diminished it
in conditions where Na* concentration at pre-assay cultivation was the same as
the test condition (pc = tc) (Fig. 6), suggesting that AIY interneuron is more

important than AIA for ASEL-driven behavioral responses in Na* chemotaxis

4.5 A speculated klinokinesis mechanism based on the neural

circuits for the ASEL-generated behavioral response.

Although ASEL, along with ASER, contributes to both klinokinesis and klinotaxis
(Iino and Yoshida, 2009), I only examined the effect of ASEL activation on
turning behavior, which is the main component of klinokinesis. AIB, AIY and AIA
are all important interneurons involved in the klinokinesis mechanism (Ilino and
Yoshida, 2009; Kunitomo et al., 2013). Activation or ablation of each of these

neurons affects reversal/turning behaviors (Gray et al, 2005; Kocabas et al,,
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2012; Kunitomo et al,, 2013; this study). AIA laser-ablated worms show a severe
defect in the klinokinesis mechanism (Ilino and Yoshida, 2009), AIB receives
synaptic input from AIA, and both interneurons are involved in klinokinesis (lino
and Yoshida, 2009; Kunitomo et al, 2013). AIB sends synaptic outputs to
command interneurons AVA, AVB and AVE, which regulate forward/reversal
locomotion through synaptic outputs to body wall motor neurons, and also to
RIM interneurons, which are important for regulation of reversal (Piggott et al,,
2011). AIZ interneurons, which receive inputs from AIY, are essential
interneurons for the klinokinesis mechanism (Ilino and Yoshida, 2009) and are
also connected to the command interneurons, both directly and indirectly. Also,
head motor neurons are important for the turning behavior. RIA neurons, which
receive synaptic inputs from both AIY and AIZ and are connected to SMD and
RMD motor neurons, are also important for the klinokinesis mechanism. Thus,
concerted actions of the primary interneurons AIB, AIY and AIA must be effective
in regulating klinokinesis mechanism to generate chemotaxis to Na* as well as

other ions and odor.

4.6 Gq signaling pathway is involved in ASEL-generated Na*
plasticity.

Our results indicated that the Gq signaling pathway can act in both ASEL and
ASER to regulate behavioral plasticity. Upregulation of the Gq signaling pathway
in ASER causes worms’ attraction to higher NaCl concentrations not only in
starved conditions (Adachi et al, 2010) but also in well-fed conditions
(Kunitomo et al., 2013), suggesting that the Gq/PKC pathway has a function in
driving worms to higher concentrations (Adachi et al., 2010; Kunitomo et al,,
2013). On the other hand, the results showed that activation of egl-30 in ASEL
eliminated acceleration of forward movement upon ASEL stimulation after
cultivation with Na* (Fig. 29), and caused weak turning during ASEL stimulation
after Na*-free cultivation (Fig. 28), suggesting that the Gq signaling pathway may
negatively regulate attraction to Na* following cultivation at high Na*

concentrations. In view of the lateralized characteristics of ASE neurons where
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ASEL is activated by increase of NaCl concentrations while ASER neuron is
activated by decrease of NaCl concentrations, (Suzuki et al, 2008), it is
interesting that the Gq signaling pathway modulates worms’ attraction to salts in
opposite ways in ASEL and ASER neurons. It would be necessary to investigate
the involvement of components of the Gq signaling pathway, such as DAG and
ttx-4/pkc-1, in ASEL for Na* chemotaxis (Brundage et al., 1996; Sieburth et al,,
2007; Adachi et al., 2010; Kunitomo et al., 2013).

4.7 Glutamate is a possible neurotransmitter between ASEL

and the first layer interneurons

eat-4, which encodes a vesicular glutamate transporter, is expressed in ASE
neurons (Serrano-Saiz et al., 2013), which implies that ASE neurons release
glutamate onto downstream interneurons. According to the results in this paper,
eat-4 was involved in ASEL-generated memory-dependent behavioral response
in the condition of cultivation with Na*, implying that after cultivation with Na*,
worms’ behavioral response toward higher concentration requires glutamate
release from ASEL. Doctoral thesis from Dr. Hirofumi Sato (2016) also showed
that neurotransmitter released from ASER requires EAT-4 as a transporter to
send signal to interneuron AIB. Thus, whether glutamate is a neurotransmitter

between ASEL and the first layer interneurons needs to be further investigated.

4.8 Another possible role for ASEL in Na* chemotaxis

Two sets of conditions were investigated in this thesis: cultivation with Na*, and
transfer from cultivation with Na*-free conditions to Na*-present test conditions.
However, another condition has not been shown in this thesis yet. It is the ASEL’s
response to stimulation under Na*-free test conditions after cultivation without
Na*. In this condition, calcium level of ASEL was increased when test
concentration was changed from 0 mM to 50 mM (Fig. D1), and the magnitude of
the calcium response was about triple of the magnitude of the response to the

same test concentration change after cultivation with Na*, in which case ASEL’s
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calcium level was just increased by 30 % (Fig. 12a). It suggested a possibility that

ASEL may be turned on when worms contact with Na* at the first time. It will be

necessary to prove this interesting hypothesis.
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5. Conclusions

In this paper, I found a memory-dependent behavioral plasticity in Na*
chemotaxis in C. elegans, and ASEL could generate this Na* plasticity by itself:
when worms were cultivated with Na*, ASEL was activated by photoactivation,
as judged by the increase in intracellular Ca?*, and worms showed increased
forward movement and positive chemotaxis to Na*; but when worms were
cultivated without Na*, no change of ASEL calcium level was observed upon ASEL

photoactivation, and worms showed no Na* concentration preference.

The neural circuit of ASEL-generated behavioral response after cultivation with
Na* was also dissected in this paper. Under the conditions of cultivation with Na*,
photoactivation of ASEL caused inhibition of its downstream interneuron AIB,
which inhibits the turning/reversal behavior, and activation of its downstream
interneurons AIY and AIA, which stimulate forward locomotion, overall driving

worms towards higher concentrations.

[ also found that the Gq signaling pathway and the neurotransmitter glutamate

were both involved in the behavioral response generated by ASEL.

Referring to cellular mechanism of behavioral plasticity, I found unexpectedly
that Na* plasticity generated by ASEL was caused by intrinsic changes of ASEL
neuron but not by connectivity changes between ASEL and its interneurons. This
may be the first report on the intrinsic excitability for behavioral plasticity in C.
elegans. As one of the mechanisms for learning and memory, this research
proved that it is also conserved in C. elegans. Thus, it is necessary to use C.
elegans, the most understood animal in the world, to further investigate the

molecule changes in ASEL after cultivation without Na*.
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