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Summary

The insulin-like signaling pathway is known to regu-
late fat metabolism, dauer formation, and longevity

in Caenorhabditis elegans. Here, we report that this
pathway is also involved in salt chemotaxis learning,

in which animals previously exposed to a chemoattrac-
tive salt under starvation conditions start to show salt

avoidance behavior. Mutants of ins-1, daf-2, age-1,
pdk-1, and akt-1, which encode the homologs of insu-

lin, insulin/IGF-I receptor, PI 3-kinase, phosphoinosi-
tide-dependent kinase, and Akt/PKB, respectively,

show severe defects in salt chemotaxis learning. daf-2
and age-1 act in the ASER salt-sensing neuron, and

the activity level of the DAF-2/AGE-1 pathway in this
neuron determines the extent and orientation of salt

chemotaxis. On the other hand, ins-1 acts in AIA inter-
neurons, which receive direct synaptic inputs from

sensory neurons and also send synaptic outputs to
ASER. These results suggest that INS-1 secreted

from AIA interneurons provides feedback to ASER to
generate plasticity of chemotaxis.

Introduction

Animals show various behaviors in response to environ-
mental stimuli and have abilities to modulate behavior
according to past experiences. Behavioral plasticity is
caused by changes in the response characteristics of
neurons, which are, in many cases, induced by the inter-
play of multiple neurons in the nervous system. It is
therefore important to understand the roles of signaling
pathways acting for interneuronal communications un-
derlying behavioral plasticity.

Involvement of the insulin and PI 3-kinase pathways in
neural and behavioral plasticity has been highlighted
through various observations in mammals. The insulin
receptor (IR) is highly expressed in several brain regions,
including the hippocampus and cerebellum, and its inhi-
bition in the central nervous system causes deficits in
learning and memory (Zhao et al., 2004). In hippocampal
CA1 neurons, insulin causes long-term depression of
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synaptic transmission by decreasing AMPA receptors
on the plasma membrane (Man et al., 2000). The PI 3-ki-
nase pathway is one of the signaling pathways acting
downstream of receptor and nonreceptor tyrosine ki-
nases, including the insulin receptor. Its importance for
neuronal plasticity has been demonstrated by impaired
amygdala LTP in rats after pharmacological inhibition of
PI 3-kinase (Lin et al., 2001). Inhibition of PI 3-kinase also
impairs synaptic insertion of AMPA receptors during
hippocampal LTP (Man et al., 2003). In spite of these ob-
servations, the understanding of the role of the insulin/PI
3-kinase signaling pathway in synaptic and behavioral
plasticity is fragmentary, and the significance of this
pathway is unclear.

To assess the importance of signaling pathways in be-
havioral plasticity and understand how they act, a simple
model organism such as Caenorhabditis elegans is ben-
eficial. The nervous system of C. elegans is composed
of 302 neurons, and their neural connections are fully
described (White et al., 1986). Worms sense volatile
and water-soluble chemicals by sensory neurons in the
head and tail and show chemotaxis to these chemicals.
This chemotaxis behavior shows several forms of plas-
ticity (Hobert, 2003). For example, prolonged exposure
to attractive odorants leads to a reduction of chemotaxis
to these odorants in a process called ‘‘olfactory adapta-
tion’’ (Colbert and Bargmann, 1995). Several molecules,
including OSM-9, a TRP-like ion channel (Colbert and
Bargmann, 1995; Colbert et al., 1997), EGL-4, a cGMP-
dependent protein kinase (L’Etoile et al., 2002), and
ADP-1, whose molecular identity is unknown (Colbert
and Bargmann, 1995), are essential for olfactory adapta-
tion. In another form of plasticity, worms subjected to
prolonged exposure to attractive salts, such as NaCl, un-
der starvation conditions show a dramatic reduction of
chemotaxis to salts and eventually show a negative che-
motaxis. Exposure to salts in the presence of food does
not lead to a reduction of chemotaxis, suggesting that
worms change their behavior by integrating two stimuli,
salt and starvation (Saeki et al., 2001). HEN-1, a secretory
protein with an LDL receptor motif that is expressed in
two types of neurons, ASE salt-sensing neurons and
AIY interneurons, is involved in this type of learning as
well as other integrative sensory processing (Ishihara
et al., 2002). Mutants affected in G protein signaling,
Ca2+ signaling, and cGMP signaling show defects in a
similar assay for plasticity of salt chemotaxis (Hukema
et al., 2006).

The insulin-like signaling pathway in this organism is
known to regulate dauer larva formation, an alternative
developmental program that occurs under starvation
and overcrowding in wild-type animals (Paradis et al.,
1999). The components of the insulin-like signaling path-
way are highly conserved with those in mammals, in-
cluding DAF-2, a homolog of the insulin/IGF-I receptor,
AGE-1, a PI 3-kinase homolog, DAF-18, a PTEN homo-
log, PDK-1 and AKT-1/2, homologs of phosphoinosi-
tide-dependent protein kinases, and DAF-16, a FOXO
family transcription factor (Paradis et al., 1999). Apart
from dauer larva formation, the pathway is also involved
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in the control of longevity, fat accumulation, sensitivity
to hypoxia, and thermotaxis (Murakami et al., 2005;
Paradis et al., 1999; Scott et al., 2002).

Here we present evidence that the insulin-like signal-
ing pathway regulates behavioral plasticity in C. elegans.
Mutants affected in the insulin-like signaling pathway
show severe defects in the behavioral plasticity induced
by prolonged exposure to salt. A balance between the
PI 3-kinase AGE-1 and the PTEN phosphatase DAF-18
regulates the extent and orientation of salt chemotaxis
in the ASER sensory neuron. On the other hand, the insu-
lin-like molecule INS-1 acts in AIA interneurons that re-
ceive direct synaptic input from sensory neurons and
also send synaptic outputs to ASER. These observations
reveal the importance of the feedback regulation by the
insulin/PI 3-kinase pathway in behavioral plasticity in
C. elegans.

Results

Identification of daf-2 as Learning-Defective Mutants
We have previously reported that C. elegans learns to
avoid NaCl after being exposed to NaCl under starvation
conditions (Saeki et al., 2001). In this study, a simplified
version of the assay was employed (Figure 1A). After
soaking in a NaCl-containing buffer for 1 hr (NaCl condi-
tioning), worms show negative chemotaxis to NaCl (Fig-
ures 1B and 1C and see Movies S1 and S2 in the Supple-
mental Data available online). However, treatment with a
buffer without NaCl (mock conditioning) does not cause
this dramatic change of chemotaxis to the opposite di-
rection (Figure 1B and Movie S3) but causes an increase
in chemotaxis. This improvement of chemotaxis by
buffer treatment is not the subject of this study but will
be briefly discussed in the Discussion. As reported pre-
viously (Saeki et al., 2001), no decrease in chemotaxis
is observed when worms are exposed to NaCl in the
presence of food (Figure S1A). Chemotaxis to odorants
does not significantly change by conditioning with NaCl,
indicating that the behavioral change is not caused by
nonspecific effects of salt treatment (Figure 1B and
Figure S1A). Chemotaxis to NaCl is dramatically de-
creased after soaking in a NaCl-containing buffer for
10 min and then is gradually decreased further after
a longer conditioning (Figure 1C). The time course of
the change in chemotaxis resembles that of a similar
salt-plasticity assay reported by Jansen et al. (Jansen
et al., 2002). NaCl-conditioned animals keep avoiding
NaCl for about half an hour, suggesting formation of
a stable memory (Figure 1D). For simplicity, we hereafter
call this form of behavioral plasticity ‘‘salt chemotaxis
learning.’’

To gain insights into the molecular mechanisms of salt
chemotaxis learning, we searched for learning-defective
mutants through existing mutants affected in the regula-
tory functions of the nervous system. We focused on
dauer larva formation (daf) mutants because many daf
genes act in neurons to regulate dauer larva formation
in response to environmental cues and might also be in-
volved in other aspects of neuronal control (Riddle and
Albert, 1997). Among the daf mutants tested, we found
that the daf-2 mutants showed a strong defect in salt
chemotaxis learning. daf-2 mutants showed normal
chemotaxis to NaCl after mock conditioning but showed
only a small decrease of chemotaxis after exposure to
NaCl (Figure 1E and Figure S1B). Water-soluble chemi-
cals including NaCl are mainly sensed by ASE neurons
(Bargmann and Mori, 1997). As reported previously
(Saeki et al., 2001), NaCl conditioning also decreases
chemotaxis to several ASE-sensed chemicals, such as
cAMP, biotin, and lysine (Figure S2). daf-2 mutants
also showed a defect in the plasticity of chemotaxis to
these ASE-sensed chemicals (Figure S2).

daf-2(e1370) mutants are temperature sensitive: they
show a dauer-constitutive phenotype and therefore fail
to grow to adults at temperatures above 20�C, while
they grow normally at 15�C (Kimura et al., 1997). The
learning defect was observed when daf-2(e1370) mu-
tants were grown at 15�C and conditioned and tested
at 25�C. In contrast, the learning defect was not ob-
served at 15�C (Figure 1F). Several different alleles of
daf-2 also showed defects in learning (Figure S3).

Components of the Insulin-like Signaling Pathway

Are Required for Salt Chemotaxis Learning
daf-2 encodes the only C. elegans homolog of insulin and
IGF-I receptors (Kimura et al., 1997). Previous studies on
the dauer formation and longevity pathways have re-
vealed several genes that act in this pathway, all of which
encode phylogenetically conserved proteins. We there-
fore asked which of these genes are also involved in
salt chemotaxis learning. Genes that act downstream
of daf-2 include age-1, which encodes a homolog of
the catalytic subunit of PI 3-kinase thought to be coupled
to the DAF-2 receptor; pdk-1, which encodes a phos-
phoinositide-dependent protein kinase homolog; and
akt-1 and akt-2, which encode Akt/PKB homologs (Para-
dis et al., 1999). Both PDK and Akt/PKB kinases are
activated by 3-phosphoinositides, the product of PI 3-ki-
nase. Of these, loss-of-function mutants of age-1, pdk-1,
and akt-1 showed defects in the salt learning assay,
which were similar to daf-2 mutants (Figures 2A and
2B). These results suggest that the kinase cascade of
PDK and Akt/PKB is required downstream of DAF-2
receptor and AGE-1 PI 3-kinase for salt chemotaxis
learning.

Lack of DAF-18 PTEN Causes a Decrease
of Chemotaxis

Given that impairment of the DAF-2/AGE-1 signaling
causes learning defects, it is of interest to see the con-
sequence of hyperactivation of this signal. daf-18 en-
codes a homolog of PTEN phosphatase, which cata-
lyzes dephosphorylation of 3-phosphoinositides such
as PI(3,4,5)P3, the reverse reaction of PI 3-kinase (Solari
et al., 2005). Therefore, the 3-phosphoinositide level is
raised in daf-18 mutants, and they show a dauer-defec-
tive phenotype, which is opposite to age-1 and daf-2
mutants (Solari et al., 2005). We found that both the re-
duction-of-function and null mutants of daf-18, daf-
18(e1375), and daf-18(mg198), respectively, showed
negative or reduced chemotaxis to NaCl both in naive
animals and after treatment in a NaCl-free buffer (Fig-
ures 2A and 2B, hatched or open bars). The phenotype
implies that 3-phosphoinositides may negatively regu-
late salt chemotaxis. To further dissect the effect of
the daf-18 mutations, we tested the phenotypes of dou-
ble mutants. daf-2(e1370), daf-2(sa189), age-1(hx546),
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Figure 1. Salt Chemotaxis Learning Is Im-

paired in daf-2 Mutants

(A) Procedures for the salt chemotaxis learn-

ing assay. Worms are collected from the cul-

ture plate, treated in a buffer with or without

NaCl, and chemotaxsis to NaCl is tested.

(B) Salt chemotaxis learning in wild-type N2

animals. Chemotaxis to 100 mM NaCl (left)

and 1024 dilution of isoamyl alcohol (right) af-

ter pretreatment in a buffer with NaCl (‘‘NaCl

conditioned’’) or without NaCl (‘‘mock condi-

tioned’’) for 1 hr is shown for the wild-type

strain. Negative chemotaxis is observed

only after conditioning with NaCl. ‘‘Naive’’ in-

dicates chemotaxis of animals without any

prior treatment.

(C) Time course of the induction of the behav-

ioral plasticity of NaCl chemotaxis. Wild-type

N2 animals were treated in a NaCl-containing

buffer or NaCl-free buffer for various dura-

tions and tested for chemotaxis to NaCl.

(D) Time course of recovery from conditioned

state. Wild-type N2 animals were condi-

tioned, and chemotaxis to NaCl was tested.

Chemotaxis index is shown for various time

points after animals were placed on chemo-

taxis plates. The detailed procedure can be

seen in the Supplemental Data available

online.

(E) Learning defect of daf-2 mutants. Wild-

type N2 and daf-2(e1370) mutants were con-

ditioned, and chemotaxis to NaCl was tested.

(F) The learning defect of daf-2(e1370) mu-

tants is temperature sensitive. daf-2(e1370)

mutants were grown at 15�C and conditioned

and tested either at 25�C or 15�C as indi-

cated. Double asterisks represent significant

differences from wild-type N2 (**p < 0.001 by

Student’s t test).

Error bars represent SEM.
and akt-1(ok525) mutations partially or fully suppressed
the reduced chemotaxis of daf-18(e1375) in double mu-
tants, suggesting that hyperactivation of the DAF-2/
AGE-1 pathway caused the reduction of chemotaxis in
daf-18 mutants as expected (Figures 2A and 2B, hatched
or open bars). Chemotaxis after salt conditioning was
similarly affected by these mutations. Introduction of
the daf-18(e1375) mutation dramatically reduced the
chemotaxis of salt-conditioned daf-2(e1370), daf-
2(sa189), and age-1(hx546) mutants to negative values.
On the other hand, chemotaxis of the strong mutant of
age-1, age-1(mg305), was hardly affected by daf-18 (Fig-
ures 2A and 2B, filled bars). These results suggest that
residual activity of DAF-2 or AGE-1 carrying weak reduc-
tion-of-function mutations can be augmented by lack of
DAF-18 PTEN and that extent and orientation of chemo-
taxis is very sensitive to phosphoinositide levels. Al-
though the null mutants of daf-2 and age-1 are lethal,
the lethality of the age-1(m333) null mutant can be res-
cued by the daf-18 mutations. In the age-1(m333); daf-
18(mg198) double null mutants, only a small extent of
salt chemotaxis learning occurred, indicating that the
AGE-1 pathway plays a major role for salt chemotaxis
learning compared to other signaling pathways known
to be involved in the behavioral plasticity (Figure 2A
and Figure S4).
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Figure 2. Salt Chemotaxis Learning Is Im-

paired in Mutants of the Insulin-like Signaling

Pathway

(A) The following strains were grown at 15�C,

and salt chemotaxis learning assay was

performed: wild-type N2, daf-2(e1370rf), daf-

2(sa189rf), age-1(mg305), pdk-1(sa680),

daf-18(e1375rf), daf-18(mg198null), daf-

2(e1370rf); daf-18(e1375rf), daf-2(sa189rf);

daf-18(e1375rf), age-1(mg305); daf-18-

(e1375rf), age-1(m333null); daf-18(e1375rf),

and age-1(m333null); daf-18(mg198null).

(B) The following strains were grown at 20�C,

and salt chemotaxis learning assay was per-

formed: wild-type N2, akt-1(ok525), age-

1(hx546rf), ins-1(nr2091null), daf-18(e1375rf),

daf-18(e1375rf); akt-1(ok525), and age-

1(hx546rf); daf-18(e1375rf).

(C) A model for the regulation of salt chemo-

taxis learning by the insulin-like signaling

pathway.

(D) The following strains were grown at 15�C,

and salt chemotaxis learning assay was per-

formed: wild-type N2, daf-2(e1370rf), age-

1(mg305), daf-16(m26rf), daf-16(mgDf47null),

daf-16(m26rf); daf-2(e1370rf), daf-16(m26rf);

age-1(m333null), daf-16(mgDf47null); daf-

2(e1370rf), and daf-16(mgDf47null); age-

1(mg305). Asterisks represent significant

differences from wild-type N2 (*p < 0.01,

**p < 0.001 by Student’s t test).

Error bars represent SEM.
INS-1 Insulin Is Required for Salt
Chemotaxis Learning

The insulin-like peptide DAF-28 is required for dauer for-
mation (Li et al., 2003). However, daf-28 mutants were
normal in our salt learning assay (data not shown). In ad-
dition to daf-28, 37 insulin-like genes have been pre-
dicted in the C. elegans genome. We therefore tested
available mutants of the insulin-like genes, including
ins-1, whose predicted product is the most similar to
human insulin (Pierce et al., 2001). We found that the de-
letion mutant of ins-1, ins-1(nr2091), showed a clear
defect in salt chemotaxis learning (Figure 2B), while it
was normal in dauer formation and had a wild-type life-
span (Pierce et al., 2001). These data suggest that differ-
ent insulin-like peptides are used for different biological
processes; DAF-28 mainly acts for dauer formation and
INS-1 mainly for salt chemotaxis learning.
We also tested the FOXO family transcription factor
DAF-16, which is known to act for both dauer and lon-
gevity controls (Paradis et al., 1999). Mock-conditioned
daf-16(m26) reduction-of-function and daf-16(mgDf47)
null mutants showed reduced chemotaxis (Figure 2D),
which suggested that it might be somehow involved in
the regulation of chemotaxis. In dauer and longevity
controls, DAF-16 is negatively regulated by the DAF-2/
AGE-1 pathway; daf-16 mutations suppress the dauer-
constitutive and long-life phenotypes of daf-2 and age-1
mutants (Paradis et al., 1999). It also suppresses the en-
hanced thermotaxis of daf-2 and age-1 mutants (Mura-
kami et al., 2005). However, daf-16 mutants did not
suppress daf-2 and age-1 mutants in salt chemotaxis
learning (Figure 2D). In addition, the phenotypes of
daf-16 single mutants and double mutants daf-16; daf-
2 or daf-16; age-1 were largely different. Therefore,
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although DAF-16 might act downstream of the DAF-2/
AGE-1 pathway, it cannot be the sole downstream target
of the pathway, and factors other than DAF-16 should
act for salt chemotaxis learning.

The Insulin-like Pathway Acts

at the Postdevelopmental Stage
The insulin-like signaling pathway could either affect de-
velopment or act in the mature neural circuit to regulate
salt chemotaxis learning. We tested these possibilities
by heat-shock rescue experiments. Development of
the nervous system occurs mostly in embryos; a subset
of neurons is generated and mature during early larval
stages in C. elegans. INS-1 was expressed from a trans-
gene in the ins-1(nr2091) mutants under the control of
the heat-shock promoter Phsp16-2. When heat shock
was applied at the adult stage, the learning defect was
rescued in the ins-1 mutants carrying the transgene (Fig-
ure 3A). This result indicates that the action of ins-1 at
the adult stage is sufficient for salt chemotaxis learning.
When daf-18 was similarly expressed at the adult stage
using the heat-shock promoter, the chemotaxis defect
in the daf-18(e1375) mutants was rescued (Figure 3B,

Figure 3. ins-1 and daf-18 Act at the Adult Stage in Salt Chemotaxis

Learning

(A) Learning defect is rescued in ins-1(nr2091) animals carrying

Phsp::ins-1 after heat shock at the adult stage. ‘‘+Ex’’ indicates

animals carrying the transgene, and ‘‘2Ex’’ indicates animals not

carrying the transgene. (B) Defect of NaCl chemotaxis is rescued

in daf-18(e1375) animals carrying Phsp::daf-18 after heat shock at

the adult stage. In (A) and (B), control animals carry only a transfor-

mation marker (Pmyo-3::gfp). Asterisks represent significant differ-

ence from both the control animals without heat shock and without

transgene (*p < 0.01, **p < 0.001 by Student’s t test). Error bars

represent SEM.
hatched bars), suggesting that the action of daf-18 at
the adult stage is sufficient for normal chemotaxis to
NaCl and that the chemotaxis defect of daf-18 mutants
is unlikely to be due to developmental defects. In addi-
tion, salt chemotaxis learning was inhibited in animals
where daf-18 expression was induced (Figure 3B, filled
bars). We speculate that the overproduction of DAF-18
caused a decrease of the intracellular level of 3-phos-
phoinositides, which led to a learning defect similar to
age-1 mutants.

AGE-1 Acts in the Right Salt-Sensing Neuron, ASER
To examine where in the neural circuit the insulin-like
signaling pathway acts to alter chemotaxis behavior,
we expressed age-1 cDNA in various neurons in age-
1(hx546) mutants using cell-specific promoters and ex-
amined which promoter-driven cDNA rescued the learn-
ing defect in the mutants. When age-1 was expressed
using the gcy-5 and gcy-7 promoters or the ceh-36 pro-
moter in ASE neurons, the main salt-sensing chemosen-
sory neurons, the learning defect was rescued, while it
was not rescued by expression in the salt-sensing che-
mosensory neurons other than ASE or in several inter-
neurons (Figures 4A and 4C). These data suggest that
age-1 mainly acts in ASE neurons. These neurons con-
sist of a pair of neurons, ASEL and ASER, which are bilat-
erally symmetrical in morphology. When age-1 was only
expressed in ASER neurons using the gcy-5 promoter,
learning defects of the age-1(hx546) mutants were com-
pletely rescued, while they were not rescued by expres-
sion in ASEL neurons using the gcy-7 or lim-6 promoter
(Figure 4A). This indicates that age-1 acts only in the
ASER neuron. Expression of daf-2 in ASER neurons par-
tially rescued the learning defect of the daf-2(e1370)
mutants, while expression in ASEL neurons did not
(Figure S5), suggesting that daf-2 also acts in the ASER
neuron. The rescue was weak possibly due to the diffi-
culty to express DAF-2 protein from the cDNA. However,
it does not rule out the possible role of daf-2 in neurons
other than ASE.

DAF-18 PTEN Is Localized to the Surface

of the Cell Body and Neurites, but Not
to the Sensory Cilia of ASER

Reduced chemotaxis to NaCl of daf-18 mutants was res-
cued by the expression of daf-18 in ASER neurons, but
not in ASEL neurons, suggesting that DAF-18 PTEN
also acts in ASER neurons for efficient chemotaxis (Fig-
ure 4B). To gain insights into the role of DAF-18 PTEN in
ASER, we observed the localization of the DAF-18 pro-
tein that was fused with Venus, a modified green fluores-
cent protein (Nagai et al., 2002), and expressed in ASER
neurons. Functional DAF-18::Venus was localized to the
surface of the cell body, dendrite, and axon, but not to
the cilia (Figure S6), suggesting that DAF-18 is likely to
act at a site other than the cilia, where sensory signal
transduction occurs.

We also attempted to determine the intracellular
localization of AGE-1 and DAF-2 in ASER neurons using
fusion proteins with GFP or Venus. AGE-1::GFP was
observed throughout the cell, while expression of
DAF-2::Venus was too weak to determine the precise
localization (data not shown).
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Figure 4. age-1 and daf-18 Act in the ASER

Neuron for Salt Chemotaxis Learning

(A) The learning defect of age-1(hx546) ani-

mals is rescued by the expression of age-1

in all neurons using the unc-14 promoter, in

the ASER/L neurons using ceh-36 or gcy-5

and gcy-7 promoters, or in ASER neurons us-

ing the gcy-5 promoter alone. On the other

hand, it is not rescued by the expression in

ASEL neurons using the lim-6 or gcy-7 pro-

moter, in ASI neurons using the gpa-4 pro-

moter, in ADL and ASJ neurons using the

sre-1 promoter, in several neurons including

ASH and ADF using the gpa-13 promoter, in

AIY neurons using the ttx-3 promoter, or in

several neurons including ASG and AIZ using

the odr-2 promoter. (B) The NaCl chemotaxis

defects of daf-18(e1375) animals both in na-

ive conditions and after mock conditioning

are rescued by the expression of daf-18 in

ASER neurons using the gcy-5 promoter,

but it is not rescued by the expression in

ASEL neurons using the gcy-7 promoter. In

(A) and (B), asterisks represent significant

differences from control animals carrying

only the transformation marker (*p < 0.01,

**p < 0.001 by Student’s t test). (C) Part of

the neural circuit for salt chemotaxis (White

et al., 1986). Na+ ions are sensed mainly by

ASEL sensory neurons and weakly in ASER

and other sensory neurons such as ASI. Cl2

ions are sensed mainly by ASER sensory

neurons (Bargmann and Mori, 1997; Pierce-

Shimomura et al., 2001). Arrows indicate syn-

aptic connections, and H shapes indicate gap

junctions. Triangles and hexagons represent

sensory neurons and interneurons, respec-

tively. Error bars represent SEM.
Sensory Response of ASER Neurons Is Intact in

daf-18 and Other Mutants of the Insulin-like Pathway
To further characterize the nature of the chemotaxis
defect of daf-18 mutants, we monitored the sensory re-
sponse of ASER neurons by following the activation of
MAP kinase (MAPK). MAPK was previously shown to
be activated in olfactory neurons upon odorant stimulus,
which was probably dependent on membrane depolar-
ization because the activation did not occur in mutants
of cyclic nucleotide-gated channel or voltage-gated cal-
cium channel (Hirotsu et al., 2000). In ASER neurons,
MAPK was activated within 1 min of removal of NaCl
(Figures 5A–5C). This off-response was expected be-
cause worms respond to reduction of salt concentra-
tions and change their direction of movement (Faumont
et al., 2005; Miller et al., 2005; Pierce-Shimomura et al.,
2001). The off-response of MAPK was similarly observed
in naive animals and animals conditioned in NaCl for
60 min (data not shown). The same pattern of activation
was observed in daf-18(mg198) mutants as well as
daf-2(e1370), age-1(hx546), and ins-1(nr2091) mutants
(Figure 5D).

We also monitored the activity of ASER neurons by
in vivo calcium imaging using a genetically encoded
calcium sensor, cameleon (Hilliard et al., 2005; Suzuki
et al., 2003). Similar to the activation of MAPK, fast cal-
cium transients, which presumably reflect depolariza-
tion of the ASER neuron, were observed upon NaCl
downshift (Figure 5E). Detailed analyses of calcium re-
sponse in ASE neurons will be published elsewhere
(H.S. and W.R.S., unpublished data). The calcium re-
sponse was not significantly affected by NaCl condition-
ing (data not shown). daf-18(mg198) and age-1(hx546)
also showed steep calcium transients upon NaCl down-
shift, and the response magnitude was comparable to
the wild-type animals (Figures 5E and 5F).

These results support the view that the chemotaxis de-
fect of daf-18 mutants and the learning defects of daf-2,
age-1, and ins-1 mutants are not caused by sensory
defects of the ASER neuron; they further suggest that
salt chemotaxis learning and the insulin-like pathway
regulate intracellular processes that occur after excita-
tion of the sensory neuron, such as synaptic output.

INS-1 Insulin Is Localized to the Synaptic

Regions of AIA Interneurons
We have so far shown evidence that the DAF-2/AGE-1
pathway acts in the ASER sensory neuron. Where,
then, does the insulin-like peptide INS-1 act? To answer
this question, we first observed the expression of the
INS-1 protein fused with Venus. INS-1::Venus, which
we confirmed to be functional (Figure 6H), was ex-
pressed in several amphid chemosensory neurons,
ASE, ASI, and ASJ; AIA interneurons; and several other
neurons. Of these expression patterns, the fluorescence
signal in AIA was the strongest and most consistent be-
tween individual animals (Figures 6A–6C and data not
shown). AIA are interneurons that receive synaptic
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Figure 5. Sensory Response of ASER Neu-

rons Is Intact in Mutants of the Insulin-like

Pathway

(A) A strain expressing GFP in ASER neurons

from the Pgcy-5::gfp transgene (ntIs1; Chang

et al., 2003) was subjected to immunohisto-

chemistry before and 1 min after downshift

of NaCl concentration from 50 mM to 0 mM.

Activation of MAP kinase was observed using

the anti-activated-MAPK antibody, while

ASER was identified by the anti-GFP anti-

bodies. Note that MAPK is constitutively acti-

vated in an unidentified neuron located just

anterior to ASER.

(B) Time course of MAPK activation. Animals

carrying the Pgcy-5::gfp transgene were

washed from culture plates, kept in a buffer

containing 50 mM NaCl for 10 min, and trans-

ferred to a NaCl-free buffer. Fraction of ani-

mals in which ASER was stained for activated

MAPK is shown at intervals after the NaCl

downstep.

(C) Time course of MAPK inactivation. Ani-

mals were collected, kept in a NaCl-free

buffer for 10 min, and transferred to a buffer

containing 50 mM NaCl. Fraction of activated

MAPK after the NaCl upstep is shown at

intervals.

(D) MAPK response in mutants. MAPK activa-

tion was observed as in (B) in each mutant

carrying the Pgcy-5::gfp transgene before

and 1 min after the NaCl downstep. Mutants

used were ins-1(nr2091null), age-1(hx546rf),

daf-2(e1370rf), and daf-18(mg198null).

(E) Calcium transients in ASER induced by

40–0 mM NaCl downstep. ASER neuronal

response was observed by in vivo calcium

imaging from strains expressing YC2.12 in

ASE neurons (see Experimental Procedures).

Worms were exposed to a constant flow of

saline containing 40 mM NaCl for w20 min

before imaging. At 20 s in imaging, the

worm’s head was covered by a stream of

stimulant saline containing 0 mM NaCl to ap-

ply 40–0 mM NaCl downstep stimulation.

Neuronal response of ASER was expressed

as the change of YFP/CFP ratio.

(F) Comparison of ASER response magni-

tude. The ratio increase was quantified and

plotted for N2 wild-type (n = 7), daf-

18(mg198null) (n = 6), and age-1(hx546rf)

(n = 5). Each circle shows ASER response

from a different worm and horizontal bars

for mean 6 standard deviation. Significant

difference between wild-type and either of

the mutants was not detected by Mann-Whit-

ney statistic test (p = 0.943 for N2 versus

daf-18, and p = 0.817 for N2 versus age-1).
inputs from several classes of sensory neurons includ-
ing ASE and also send synaptic outputs to ASER at
the contacts between their processes that run side by
side in the nerve ring (White et al., 1986). In AIA neurons,
punctate expression patterns in the cell bodies and pro-
cesses were observed (Figure 6C). In unc-104 mutants,
INS-1::Venus was diminished from the processes in
the nerve ring and concentrated in the cell bodies
(Figure 6D). The unc-104 gene encodes a KIF1-like kine-
sin required for efficient transport of synaptic vesicles
and dense-core vesicles to neuronal processes, and
mutants of this gene accumulate synaptic vesicle and
dense-core vesicle proteins in cell bodies (Nonet et al.,
1998; Zahn et al., 2004). Next, we examined the localiza-
tion of INS-1::Venus relative to the synaptic vesicle pro-
tein SNB-1 synaptobrevin fused with mRFP in nerve ring
processes (Nonet et al., 1998). INS-1::Venus and SNB-
1::mRFP were colocalized in the processes of ins-1-
expressing neurons (Figures 6E–6G). These findings
suggest that INS-1::Venus is contained in synaptic or
dense-core vesicles and transported to the presynaptic
regions of the nerve ring processes.

INS-1 Insulin Acts in the AIA Interneurons

When ins-1 was expressed in a subset of neurons in-
cluding AIA neurons, using the gpa-2 promoter or its
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Figure 6. INS-1:Venus Is Localized to the

Synaptic Regions of AIA Interneurons

(A) Schematic diagram of AIA interneurons.

(B) Expression pattern of Pins-1::Venus in

AIA interneurons. (C and D) Expression pat-

tern of Pins-1::ins-1::Venus in AIA interneu-

rons in wild-type N2 (C) and unc-104(e1265)

(D) animals. In (B)–(D), stack images of vari-

ous focal planes are merged. All panels

show ventral view, anterior to the top. (E–G)

Localization of INS-1::Venus and SNB-

1::mRFP in the nerve ring processes of AIA in-

terneurons. The lateral view of unc-13(e51)

adult animals expressing Pins-1::ins-1::

Venus (green) and Pins-1::snb-1::mRFP (ma-

genda). unc-13 mutants were used for better

resolution of SNB-1::mRFP puncta (Chuang

and Bargmann, 2005; Richmond et al.,

1999). (H) INS-1::Venus rescues the learning

defect of ins-1(nr2091) animals. Double aster-

isks represent significant differences from

control ins-1 animals carrying only the trans-

formation marker (**p < 0.001 by Student’s t

test). Error bars represent SEM.
own promoter, the learning defect of ins-1(nr2091) mu-
tants was almost completely rescued. In contrast, ex-
pression in chemosensory neurons or amphid interneu-
rons other than AIA did not rescue the learning defect
(Figure 7A). These results suggest that the expression
of INS-1 in AIA neurons, or a subset of neurons including
AIA, is sufficient for salt chemotaxis learning. If the
expression of INS-1 in AIA neurons is required for the
learning, animals lacking only AIA neurons should be de-
fective in salt chemotaxis learning. To test this hypothe-
sis, we performed salt learning assays with animals in
which AIA neurons were killed by laser microsurgery.
AIA-ablated animals were severely defective in salt
chemotaxis learning (Figure 7B). In contrast, animals
Figure 7. ins-1 Acts in AIA Interneurons for

Salt Chemotaxis Learning

(A) The learning defect of ins-1(nr2091) ani-

mals is rescued by the expression of ins-1 in

a subset of neurons including AIA interneu-

rons using the ins-1 or gpa-2 promoter, but

it is not rescued by the expression in ASER

sensory neurons using the gcy-5 promoter,

in ASEL sensory neurons using the gcy-7 pro-

moter, in ASI sensory neurons using the gpa-

4 promoter, in all chemosensory neurons

except for ASER/L using the odr-4 promoter,

a subset of neurons including AIY and AIZ in-

terneurons using the ser-2 promoter, a subset

of neurons including AIB interneurons using

the glr-1 promoter, or intestine using the

ges-1 promoter. Double asterisks represent

significant differences from control ins-1 ani-

mals carrying only the transformation marker

(**p < 0.001 by Student’s t test). (B) AIA-

ablated animals show a defect in salt chemo-

taxis learning (left), while AIB-ablated animals

show normal salt chemotaxis learning (right).

Asterisks represent significant differences

from mock-ablated animals (*p < 0.01, **p <

0.001 by Student’s t test). Error bars repre-

sent SEM.
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Figure 8. Chemotaxis Defect of the daf-18 Mutant Is Suppressed by egl-30 Mutations

(A) The learning assay was performed in wild-type N2 and egl-30(pe914), egl-30(js126), daf-18(e1375), egl-30(pe914); daf-18(e1375), and egl-

30(js126); daf-18(e1375) mutant animals. Asterisks represent significant differences from wild-type N2 (*p < 0.01, **p < 0.001 by Student’s t test).

(B) Expression of egl-30(pe914) in ASER neurons using the gcy-5 promoter causes the learning defect in N2 animals and rescues the NaCl che-

motaxis defect in daf-18(e1375) animals. On the other hand, expression in ASEL neurons using the gcy-7 promoter has no effect on salt chemo-

taxis learning and NaCl chemotaxis in N2 and daf-18(e1375) animals, respectively. Asterisks represent significant differences from control

animals carrying only the transformation marker (*p < 0.01 by Student’s t test, **p < 0.001 by Student’s t test).

(C) A model for the regulation of salt chemotaxis learning by the insulin-like signaling pathway. Insulin-like peptide INS-1 is secreted from AIA

interneurons and activates insulin receptor DAF-2, PI 3-kinase AGE-1, and Ser/Thr kinases PDK-1 and AKT-1. The balance between this signaling

and the activity of PTEN phosphatase DAF-18 regulates salt chemotaxis in the ASER neuron.

Error bars represent SEM.
without AIB neurons, which receive many synaptic out-
puts of AIA neurons, showed normal learning. These
data indicate that AIA neurons, and presumably the
secretion of INS-1 from these cells, are required for
salt chemotaxis learning.

egl-30(gf) Suppresses the Chemotaxis
Defect of daf-18

To identify candidates for factors acting downstream
of the DAF-2/AGE-1 pathway, we mutagenized the daf-
18(e1375) strain and screened for suppressor mutants
with improved chemotaxis to salts (details will be pub-
lished elsewhere). One of the suppressors obtained
through this screening carried a point mutation, pe914,
in the egl-30 gene, which encodes the a subunit of the
G protein Gq (Lackner et al., 1999). The previously re-
ported gain-of-function mutation egl-30(js126) (Hawasli
et al., 2004) also suppressed daf-18(e1375). Both of
these egl-30 alleles, as single mutants, showed defects
in salt chemotaxis learning (Figure 8A). Expression of
egl-30(pe914) in ASER neurons was sufficient for the
suppression of the chemotaxis defect in daf-18(e1375)
animals and the induction of the learning defect in
wild-type animals (Figure 8B). EGL-30 is known to pos-
itively regulate synaptic transmission in motor neurons
(Lackner et al., 1999). These observations, therefore,
suggest that the DAF-2/AGE-1 pathway may act by
negatively regulating the synaptic outputs of the ASER
sensory neuron.

Discussion

In this study, we obtained evidence that the insulin/PI
3-kinase pathway controls salt chemotaxis learning in
C. elegans. Mutants of components of the insulin/PI
3-kinase pathway, ins-1, daf-2, age-1, pdk-1, and akt-1,
showed defects in salt chemotaxis learning. The muta-
tion of daf-18, which leads to an elevation of 3-phos-
phoinositides (Solari et al., 2005), caused a general re-
duction of salt chemotaxis, mimicking salt-conditioned
states. Therefore, either raising or lowering the activity
of the PI 3-kinase pathway directs changes in salt che-
motaxis in opposite directions. In the total absence of
the PI 3-kinase activity in age-1(null); daf-18 mutants,
only a small changes of chemotaxis was observed in
salt chemotaxis learning. Therefore, the insulin/PI 3-ki-
nase pathway appears to play a major role for the learn-
ing, although other signaling pathways also contribute
to salt chemotaxis learning (Hukema et al., 2006; Ishi-
hara et al., 2002).
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Although recent evidence points to a role for PI 3-ki-
nase in the generation of neuronal polarity and neurite
extension (Adler et al., 2006; Chang et al., 2006; Shi
et al., 2003), the behavioral defects we observed in the
insulin/PI 3-kinase pathway mutants are unlikely to be
caused by developmental defects for the following rea-
sons. First, learning defects were observed when the
temperature-sensitive daf-2 mutants were grown at
a permissive temperature and tested at a nonpermissive
temperature. Second, the learning defect of ins-1 mu-
tants was rescued by the expression of ins-1 at the adult
stage. Third, the chemotaxis defect of daf-18 was res-
cued by the expression of daf-18 at the adult stage,
and the transient overexpression of daf-18 caused
a learning defect. These observations, therefore, sug-
gest that the insulin-like pathway regulates chemotaxis
behavior and salt chemotaxis learning through active
modulation of neural functions.

In our salt chemotaxis learning assay, chemotaxis of
wild-type animals is increased after soaking in a NaCl-
free buffer (mock conditioning) or incubation on a plate
with fresh food (Figure 1B, Movies S1 and S3, and
Figure S7A). In addition, salt chemotaxis of naive ani-
mals tends to show larger variability between experi-
ments compared to mock-conditioned animals. We
speculate that, during cultivation, worms might sense
some sensory cue, which is functionally equivalent to
partial starvation and could come from changing quality
and quantity of bacterial food, and show some decrease
in salt chemotaxis because standard cultivation plates
contain 51 mM NaCl. Incubation in a NaCl-free buffer
or fresh food might promote a recovery from these con-
ditioned states. In daf-2 mutants, chemotaxes of naive
animals and animals incubated in a NaCl-free buffer or
fresh food were not very different (Figures 1E and 2
and Figure S7B). This phenotype of daf-2 mutants might
be due to a defect in salt chemotaxis learning, although
naive chemotaxis of daf-2 mutants may be increased for
other reasons, such as enhanced maintenance of neuro-
nal functions, which were observed in various life-
extending mutants (Murakami et al., 2005).

Functions of INS-1 and AIA Neurons in Salt

Chemotaxis Learning
Our results of mutant phenotypes, cell-specific rescue
experiments, and localization of INS-1 suggest that
INS-1 is synthesized and secreted from AIA interneurons
and acts on the ASER salt-sensing neuron to activate
DAF-2 receptor, PI 3-kinase AGE-1, and downstream
kinases PDK-1 and AKT-1 in ASER. Activated AKT-1
therefore appears to modulate the function of the
ASER neuron (Figure 8C). INS-1::Venus was localized
at the presynaptic region of AIA interneurons, and this lo-
calization was lost in unc-104 KIF-1 mutants. Therefore,
it seems likely that INS-1 acts as a neuropeptide, which
acts through synaptic contacts, or a neurohormone,
which acts more hormonally. It is interesting that AIA
neurons that receive inputs from sensory neurons send
the INS-1 signal back onto the sensory neuron ASER
to modify its function. AIA neurons have reciprocal
synapses with ASER at the contacts of AIA and ASER
processes that run side by side in the nerve ring, but
not with ASEL (White et al., 1986). If INS-1 acts through
synaptic contacts, this synaptic organization could be
the basis for the ASER-specific requirement for the
DAF-2/AGE-1 pathway in salt chemotaxis learning. The
feedback regulation by AIA neurons may be functionally
similar to that by retinal amacrine cells and granule cells
in the olfactory bulb or accessory olfactory bulb in mam-
mals, all of which have dendro-dendritic reciprocal syn-
apses with projection neurons that transmit sensory sig-
nals (Kaba et al., 1994; Vigh et al., 2005). A potential
feedback regulation by neuropeptides was also reported
in mechanosensory circuits in C. elegans; EGL-3, which
encodes a homolog of proprotein convertase type 2
(PC2), acts at the command interneurons to regulate
glutamatergic neurotransmission between ASH sensory
neurons and the command interneurons in nose-touch
response (Kass et al., 2001). A feedback inhibition by
neuropeptides may be a general mechanism for modula-
tion of animal behavior.

It was reported that, when INS-1 was overexpressed, it
acted negatively on the DAF-2 pathway in the regulation
of dauer formation (Pierce et al., 2001). However, overex-
pression of INS-1 had no effects on salt chemotaxis
learning (data not shown), while the ins-1 deletion mutant
showed a defect similar to daf-2 mutants, suggesting
that INS-1 acts as an agonist of DAF-2. Therefore INS-1
may act in opposite directions for dauer formation and
salt chemotaxis learning. The difference of recipient
cell types and existence of unidentified cofactors or
modifiers could lead to the difference in the responses
between dauer formation and salt chemotaxis learning;
the DAF-2 pathway acts in the ASER neuron for salt che-
motaxis learning, while it acts in many cell types for dauer
formation (Apfeld and Kenyon, 1998; Libina et al., 2003).
Alternatively, constitutive overexpression of INS-1 may
have caused downregulation of the receptor function in
the previous report on dauer formation in a similar man-
ner to hyperinsulinemia (Werner et al., 2004).

We do not know when and how INS-1 is secreted, but
AIA receives direct synaptic inputs from ASE neurons
and other amphid sensory neurons (White et al., 1986).
Therefore, a possible scenario is that INS-1 is secreted
from AIA upon excitation of these neurons during condi-
tioning. One possibility is that INS-1 is secreted by star-
vation and stress signals, which are necessary for salt
chemotaxis learning to occur. ins-1(nr2091) mutants
also show defects in temperature learning (Ikue Mori,
personal communication), in which worms learn to avoid
cultivation temperature when raised in the absence of
food (Mohri et al., 2005; Mori and Ohshima, 1995). On
the other hand, ins-1 mutants do not show obvious de-
fects in the Hen assay (Takashi Murayama, Takeshi Ish-
ihara, and Ikue Mori, personal communication), which
tests the animals’ abilities to balance the responses to
a chemoattractant and a chemorepellent that are simul-
taneously presented (Ishihara et al., 2002). These obser-
vations are consistent with the view that ins-1 may trans-
mit the starvation signal.

However, other possibilities also remain. For example,
INS-1 may be secreted constitutively to activate the
DAF-2/AGE-1 pathway, and this signaling may be a pre-
requisite for other machinery to regulate salt chemotaxis
learning. In this case, the insulin-like signaling pathway
may act to maintain the property of the sensory neuron,
such as the synaptic strength between the sensory neu-
ron and interneurons, at an adequate level.
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The Role of Sensory Neurons
in the Behavioral Plasticity

The level of 3-phosphoinositides in ASER appears to de-
termine the extent and orientation of chemotaxis to salts
because cell-specific rescue experiments suggest that
both AGE-1 and DAF-18 act in the ASER neuron (Figures
4A and 4B). It is interesting that the action of age-1 in
ASER alone can cause a change of chemotaxis from a
positive to a negative orientation in salt-conditioned
animals. Hukema et al. also reported the essential role
of ASE neurons in a similar assay for plasticity of salt
chemotaxis (Hukema et al., 2006). In addition, they sug-
gested that other neurons, such as ASH, ASI, and ADF
chemosensory neurons and sensory neurons exposed
to the body fluid, are also required for the plasticity.
These neurons might detect environmental signals,
such as starvation, that are required for induction of
plasticity of salt chemotaxis. Alternatively, they may me-
diate the salt-avoidance behavior seen in conditioned
animals, possibly in an ASE-dependent manner.

How are the functions of ASE neurons modulated?
Our MAPK and calcium-imaging data indicate that sen-
sory response of the ASER neuron is not affected by the
activity of DAF-2/AGE-1 pathway and therefore suggest
that the pathway acts at the level of output of ASER neu-
rons. Our genetic screen for mutants that suppress re-
duced chemotaxis of the daf-18 mutant led us to obtain
a mutant of egl-30. EGL-30 Gqa is known to regulate
neurotransmitter release at the neuromuscular junction
through production of presynaptic diacylglycerol (DAG),
which facilitates neurotransmitter release (Lackner
et al., 1999). These data imply that the DAF-2/AGE-1 sig-
naling pathway might negatively regulate neurotrans-
mitter release of the ASER neuron, thereby causing the
dramatic reduction of salt chemotaxis, a hypothesis
which should be tested by further molecular analyses
of the pathway.

Are Roles for the Insulin/PI 3-Kinase
Signaling Conserved?

In addition to regulation of energy metabolism in the pe-
ripheral tissues, insulin is believed to regulate learning
and memory in the central nervous system in human
and rodents. Insulin is known to be synthesized in the
brain (Devaskar et al., 1994) and released under depola-
rizing conditions (Wei et al., 1990). Insulin receptors are
expressed in several brain areas and are localized to
synapses (Abbott et al., 1999). At the cellular level, insu-
lin and/or PI 3-kinase regulate various processes: secre-
tion of neuropeptides, activities and recycling of neuro-
transmitter receptors, activities of ion channels, and the
response of olfactory neurons (Jonas et al., 1997; Man
et al., 2003; Skeberdis et al., 2001; Spanswick et al.,
2000; Spehr et al., 2002). From these observations, insu-
lin may act as a neuromodulator in behavioral plasticity
in mammals. However, the significance of these regula-
tions is yet to be demonstrated. Because cellular and
molecular mechanisms for the action of the insulin/PI
3-kinase signaling pathway may be conserved among
a wide range of genera (Wu et al., 2005), further under-
standing of the regulation of neural functions by the
insulin/PI 3-kinase pathway may be facilitated by using
the model system provided in this report.
Experimental Procedures

Strains and Culture

C. elegans strains were cultivated at 15�C or 20�C under standard

conditions (Brenner, 1974), except that the E. coli strain NA22

was used as a food source. Strains used were wild-type Bristol N2,

daf-16(m26), daf-16(mgDf47) I , unc-13(e51) I, egl-30(js126), egl-

30(pe914) I, age-1(hx546), age-1(mg305), age-1(m333) II, unc-

104(e1265) II, daf-2(sa189), daf-2(sa219), daf-2(e1370), daf-2(m41) III,

ins-1(nr2091) IV, daf-18(e1375), daf-18(mg198) IV, daf-28(sa191) V,

akt-1(ok525) V, pdk-1(sa680) X, gpc-1(pk298) X, hen-1(tm501) X, adp-

1(ky20), and ntIs1 (Pgcy-5::gfp). The temperature-sensitive allele of

age-1, mg305, was a generous gift from Patrick Hu and Gary Ruvkun.

Salt Chemotaxis Learning Assay

The chemotaxis assay was performed using a 9 cm assay plate

(5 mM KPO4, pH 6.0, 1 mM CaCl2, 1 mM MgSO4, 2% agar), on which

a salt gradient had been formed overnight by placing an agar plug

containing 100 mM of NaCl (5 mm diameter) close to the edge of

the plate. One microliter each of 0.5 M sodium azide was spotted

at the gradient peak and at the opposite ends of the plates, just be-

fore placing the animals. In the experiments shown in Figure 7B, a

6 cm assay plate (5 mM KPO4, pH 6.0, 1 mM CaCl2, 1 mM MgSO4,

2% agar) was used, on which a salt gradient had been formed using

an agar plug containing 50 mM NaCl. For learning assays, young

adults grown on NGM plates seeded with E. coli NA22 were col-

lected, washed, transferred to a conditioning buffer (5 mM KPO4,

pH 6.0, 1 mM CaCl2, 1 mM MgSO4) with 20 mM NaCl (NaCl condition-

ing) or without NaCl (mock conditioning), and incubated at 25�C for

1 hr. After the incubation, animals were directly placed at the center

of the assay plates, and then incubated at 25�C for 30 min., except in

Figure 7B, where the incubation time was 15 min. The chemotaxis

index was calculated as (A 2 B)/(N 2 C) where A was the number

of animals within 2 cm of the peak of the salt gradient, B was the

number of animals within 2 cm of the control spot, N was the number

of all animals on an assay plate, and C was the number of animals

that did not move in the central region (see diagram of the assay

plate in Figure S8). One hundred to two hundred animals were

used in each assay, and assays were performed at least four times

in each experiment except for the experiments using cell-ablated

animals (see Supplemental Experimental Procedures).

MAP Kinase Immunostaining

ntIs1 (chromosomally integrated Pgcy-5::gfp) animals, which ex-

press GFP in ASER neurons, were synchronized by bleaching fol-

lowed by overnight incubation in M9 buffer and incubated at either

15�C (for daf-2 mutants) or 20�C (all other strains). When grown

to the L4 stage, animals were collected from the culture plates

with wash buffer (5 mM KPO4, pH 6.0, 1 mM CaCl2, 1 mM MgSO4,

0.05% gelatin) (upshift) or wash buffer with 50 mM NaCl (downshift)

and washed twice by centrifugation at 3000 rpm with the same

buffer and kept at the room temperature (23�C). At 10 min after the

harvest, animals were then transferred to either wash buffer with

50 mM NaCl (upshift) or wash buffer (downshift) and collected and

fixed at intervals. Similar responses to downshift were observed

when animals were kept for 60 min in 50 mM NaCl before downshift

or when animals were directly washed from culture plates (which

contain 51 mM NaCl) into NaCl-free wash buffer (data not shown).

Fixation and immunostaining were performed as previously de-

scribed (Hirotsu et al., 2000) except that anti-diphosphorylated (acti-

vated) MAPK antibody (Sigma) was used at a 1:100 dilution and anti-

GFP antibody (Santa Cruz) was used at a 1:800 dilution. The fraction

of animals in which the GFP-positive cell (ASER neuron) was also

stained for anti-activated-MAPK was counted. A total of at least

100 animals was counted for each time point. Scoring was made

by an experimenter who was unaware of the identity of the samples.

In Vivo Calcium Imaging from ASER

Sample preparation, delivery of stimulant, optical recordings, and

image analysis were performed as described with some modifica-

tions (Hilliard et al., 2005; Kerr et al., 2000). flp-6::YC2.12 strains

expressing YC2.12 in ASE sensory neurons were glued on agarose

pads and covered with saline containing 40 mM NaCl under micro-

scope. The worms were exposed to a constant flow of 40 mM
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NaCl-saline for w20 min before imaging for conditioning. To apply

40–0 mM NaCl downstep stimulation, a stream of stimulant saline

containing 0 mM NaCl was guided through capillary to cover the

worm’s head (Hilliard et al., 2005). Both saline solutions were ad-

justed at 350 mOsm by glycerol. ASER images in YFP and CFP chan-

nels were simultaneously captured at 10 Hz by using a Hamamatsu

Orca ER CCD camera and a Hamamatsu W-View emission image

splitter. The image capturing and analysis was performed as de-

scribed before (Hilliard et al., 2005). Ratio changes were parameter-

ized using scripts for MATLAB (The Mathworks), and the magnitude

was compared for wild-type N2, daf-18(mg198null), and age-

1(hx546rf) by using a modified Mann-Whitney rank statistics test.

See Supplemental Experimental Procedures for determination of

recovery time course (Figure 1D), plasmid construction, germline

transformation, cell ablation, heat-shock experiments, and salt che-

motaxis learning assay for Figures S1 and S2.

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/51/5/613/DC1/.
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