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Insulin Signaling Plays a Dual Role in Caenorhabditis elegans
Memory Acquisition and Memory Retrieval
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Insulin signaling plays a prominent role in regulation of dauer formation and longevity in Caenorhabditis elegans. Here, we show
that insulin signaling also is required in benzaldehyde-starvation associative plasticity, in which worms pre-exposed to the odor
attractant benzaldehyde in the absence of food subsequently demonstrate a conditioned aversion response toward the odorant.
Animals with mutations in insulin-related 1 (ins-1), abnormal dauer formation 2 (daf-2), and aging alteration 1 (age-1), which
encode the homolog of human insulin, insulin/IGF-1 receptor, and PIP3 kinase, respectively, demonstrated significant deficits in
benzaldehyde-starvation associative plasticity. Using a conditional allele, we show that the behavioral roles of DAF-2 signaling in
associative plasticity can be dissociated, with DAF-2 signaling playing a more significant role in the memory retrieval than
in memory acquisition. We propose DAF-2 signaling acts as a learning-specific starvation signal in the memory acquisition phase
of benzaldehyde-starvation associative plasticity but functions to switch benzaldehyde-sensing amphid wing C neurons into an

avoidance signaling mode during memory retrieval.

Introduction

With a 302-neuron nervous system, Caenorhabditis elegans
emerges as an excellent invertebrate model for the molecular
study of behavioral plasticity. The nematode, despite its simple
neural wiring, exhibits behavioral plasticity in a variety of learn-
ing paradigms. For example, C. elegans is capable of associating
temperature or NaCl with the absence of food as demonstrated in
thermotaxis learning and salt chemotaxis learning paradigms
(Wen et al., 1997; Kodama et al., 2006; Tomioka et al., 2006). C.
elegans also has the ability to associate the odorant butanone or
salt taste with the presence of food (Wen et al., 1997; Torayama et
al., 2007). Furthermore, the nematode can associate sickness
caused by ingesting pathogenic bacteria with odorants that are
specific to only the pathogenic strain (Zhang et al., 2005). We also
have shown that the nematode’s dramatic change in odorant
preference after exposure to a high concentration of benzalde-
hyde in the absence of food is a result of associative learning in
which the nematode forms an association between benzaldehyde
and starvation (Nuttley et al., 2002). We refer to this behavioral
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plasticity as benzaldehyde—starvation associative plasticity. While
the molecular and cellular bases of this type of plasticity remain
unclear, it presents a simple yet elegant platform from which to
approach the greater question of how neural plasticity leads to
emergent changes in animal behavior.

Recent work has shown that insulin signaling, well known for
its role in regulating aging and growth in C. elegans, also me-
diates thermotaxis learning and salt chemotaxis learning in
worms (Kodama et al., 2006; Tomioka et al., 2006). The compo-
nents of insulin signaling, including the insulin homolog INS-1,
its receptor DAF-2, and the PIP3-kinase homolog AGE-1, are
highly conserved between C. elegans and mammals. In mammals,
insulin signaling pathways also have been implicated in learning
and memory. For example, in mice, administration of insulin
into the brain improved memory retention, whereas blocking
insulin’s downstream signaling pathway by inhibition of PIP3-
kinase activity disrupted learning (Park et al., 2000; Barros et
al., 2001). Although previous studies have highlighted the im-
portance of insulin signaling in C. elegans associative learning,
its role in mediating the changes in neural plasticity that un-
derlies learning and memory are not well understood. It also is
unclear behaviorally whether insulin signaling functions in
memory acquisition or retrieval.

In this report, we demonstrate that worms with mutations in
components of the insulin signaling pathways are defective in
benzaldehyde—starvation associative plasticity, and that insulin
signaling plays a more significant role in the retrieval than the
acquisition of memory. INS-1 can act from multiple neurons and
AGE-1 acts in benzaldehyde-sensing amphid wing C (AWC) sen-
sory neurons to direct benzaldehyde—starvation associative plas-
ticity. Our findings dissociate the behavioral roles of insulin
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signaling in the regulation of learning versus memory recall and
better elucidate the molecular mechanism involved in this asso-
ciative plasticity in C. elegans.

Materials and Methods

Strains and general methods. The mutant strains used in this study were as
follows: ins-1(nr2091), age-1(hx546), age-1(mg305), daf-18(el1375), age-
1(m333); daf-18(e1375), and daf-2(e1370). Wild-type Bristol N2, age-
1(hx546), daf-2(e1370), and daf-18(el375) strains were obtained from
the Caenorhabditis Genetics Center at the University of Minnesota. ins-
1(nr2091) and age-1(mg305) were a generous gift from Dr. Gary Ruvkun
(Harvard/Massachusetts General Hospital, Boston, MA) All experiments
used well fed adult animals cultivated at 20°C (except in experiments
using daf-2 and age-1(mg305) mutants, in which animals including con-
trols were cultivated at 15°C) on nematode growth medium (NGM: 50
mu NaCl, 15 g/L agar, 20 g/L peptone, 1 mum cholesterol, 1 mm CaCl,, 1
mm MgSO,, 1 mm KH,PO,, pH 6.0) seeded with Escherichia coli strain
OP50 under standard conditions unless otherwise specified (Brenner,
1974).

Behavioral assays. All the behavioral assays were performed at 20°C
unless otherwise specified.

Odorant chemotaxis assay. Chemotaxis assays were performed as pre-
viously described (Nuttley et al., 2002). Approximately 100 animals were
transferred onto a 10 cm Petri dish containing 6 ml of NGM agar. A 1 ul
drop of testing odorant diluted in ethanol was added to one end and 1 ul
of control odorant ethanol was added on the opposite end of the agar.
Ten minutes before the animals were transferred, 1 ul of 1 M NaN; was
applied to the ends of the agar plates, to which the odorants would later
be added to immobilize the animals once they reached the odorant spot.
The dilution (V/V) for testing odorants was 1:100 for benzaldehyde and
1:500 for butanone. A chemotaxis index (C.I.) was calculated 1 h (unless
otherwise specified) after animals’ introduction to assess their preference
for the test odorant. C.I. is calculated by the number of animals within 2
cm of the test spot minus the number of animals within 2 cm of the
control spot divided by the total number of animals on the plate.

Odorant—starvation plasticity assay. The learning assays were per-
formed as previously described (Nuttley et al., 2002). Note that in the
plasticity assay, conditioned stimulus (CS) during training/conditioning
(100% benzaldehyde) is different from CS during testing (1% benzalde-
hyde). Since animals will exhibit an unconditioned avoidance response
to 100% benzaldehyde (Bernhard and van der Kooy, 2000), a lower con-
centration of benzaldehyde was used during testing to prevent the mask-
ing of the conditioned avoidance response by the unconditioned
avoidance response triggered by 100% benzaldehyde. Naive animals refer
to animals that are placed directly onto the assay plates from their growth
plates. Since mock-conditioned animals (i.e., gone through the same
manipulations as the test conditions) for all the strains used in this report
behaved essentially similar to that of naive animals, we have omitted the
mock-conditioned group in the graphs for simplicity. In this assay,
~1000 worms are pre-exposed to the odorant of interest placed on the lid
of the plate in the absence of food for 1 h (unless specified otherwise)
before being tested to the chemotaxis assay. Animals’ C.I. for the odorant
after training is then measured using the chemotaxis assay as described
above. In the benzaldehyde-starvation learning assay, animals were ex-
posed to 2 ul of pure benzaldehyde placed on a piece of Parafilm on the
lid of the dish for 1 h on a standard 10 cm Petri dish containing 6 ml of
NGM agar and tested immediately to the chemotaxis assay after training.
To train animals in the presence of serotonin, 400 ul of 100 wm serotonin
solution was added to the conditioning plate and allowed to try before
plating the worms. In the butanone—starvation learning assay, animals
were exposed to 2 ul of pure butanone for 1 h before being tested in the
chemotaxis assay. Animals were trained and tested at 20°C unless other-
wise specified.

Benzotaxis assay. The assay was performed as previously described
(Bernhard and van der Kooy, 2000). Briefly, the benzotaxis assay was
used to measure worms’ response toward 100% benzaldehyde with re-
spect to time. An NGM plate was placed on a grid that divided the plate
into five regions (A-E) by four parallel lines that were 18 mm apart.
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Approximately 150 worms were placed at the center of the plate and
subsequently 2 ul of benzaldehyde was placed on a small piece of
Parafilm that was placed at the edge of the agar. The plate was capped and
sealed with Parafilm. Animals were allowed to move freely for a given
period of time before the plate was placed in —20°C for 1 min and moved
to 4°C to immobilize all the moving animals. The numbers of animals in
the five regions were counted and a weighted C.I. was calculated using the
following formula: ([2 X no.in A + no.in B] — [2 X no. in E + no. in
D])/(total number of animals on the plate). A maximum score of +2
indicated a strong attraction to the odorant as 100% of the worms were at
region A. A minimum score of —2 indicated a strong aversion as 100% of
the worms were at region E.

Butanone enhancement assay. The butanone enhancement assay was
performed as described previously (Torayama et al., 2007) with slight
modifications. One thousand animals were placed on an NGM plate with
a thick bacterial lawn and were exposed to 2 ul of butanone as described
for the odorant-starvation assay. After 1 h of exposure, animals were
washed off the bacterial lawn and tested for chemotaxis to butanone
using the chemotaxis assay.

PMA treatment. PMA treatment was performed as described previ-
ously (Okochi et al., 2005). Briefly, adult animals were placed in standard
culture plates containing 1 pg/ml PMA (PMA+) or DMSO solvent
(PMA—) in the agar for 2 h before being subject to chemotaxis assay to
assess their chemotaxis to benzaldehyde.

Induction of heat shock. Heat shock treatment was performed as de-
scribed previously (Tomioka et al., 2006) with slight modifications. An-
imals were incubated at 33°C for 30 min in M9 buffer and then
transferred to a NGM plate seeded with OP50 E. coli at 20°C for 30 min
before their examination in the benzaldehyde—starvation learning assay.

Generation of rescue strains and plasmid constructions. ins-1::Venus and
age-1 expression constructs were generated using the GATEWAY system
(Invitrogen) except str-1p::age-1 and gcy-5p::age- 1, which were made by
replacing the dpy-30 promoter of pCAW 112 (dpy-30p::age-1 construct, a
gift from C. A. Wolkow (NIH, Baltimore, MD) with 4 kb of str-1 pro-
moter (Troemel et al., 1995) and 2 kb of gcy-5 promoter (Yu et al., 1997)
amplified by PCR from C. elegans genomic DNA. To construct entry
vectors with the promoter sequences, the 2.7 kb promoter region of odr-3
(Roayaie et al., 1998), the 3.1 kb promoter region daf-7 (Ren et al., 1996),
the 1.3 kb promoter region including the third intron of lin-11 (Hobert et
al., 1998), the 0.9 kb promoter region including the first intron into the
third exon of ttx-3 (Wenick and Hobert, 2004 ), the 4 kb promoter region
of sra-6 (Troemel et al., 1995), the 3 kb promoter region of sre-1(Troemel
etal., 1997), the 5.3 kb promoter region of glr-1 (Brockie et al., 2001), the
4.7 kb promoter region of ser-2 (Tsalik et al., 2003), the 1.1 kb promoter
region of odr-10 (Sengupta et al., 1996), and the 5.8 kb promoter region
of ins-1 (Pierce et al., 2001) were amplified from C. elegans genomic
DNA, and then incorporated into the pPDONR201 vector via site-specific
recombination. To create destination vectors with age-1 cDNA, age-1
c¢DNA were amplified by PCR from pCAW 112, and linked with the Cm'-
ccdB sequence by site-specific recombination with pDONR201. The
Venus clone was inserted into the destination vector including ins-1 cDNA
to create ins-1::Venus destination vector. Details of the GATEWAY sys-
tem can be accessed at Yuchi Iino’s laboratory website, http://park.itc.
u-tokyo.ac.jp/mgrl/IINO_lab/Gateway/Gateway_overview1l.html.

Germ-line transformation was performed by microinjection as de-
scribed previously (Mello et al., 1991). pPD93.97(from A. Fire, Stanford
University, Stanford, CA), which contained myo-3p:gfp or myo-3p::Venus
were used as a coinjection marker for the rescue experiments. The DNA
concentrations were 5 ng/ul for plasmid DNA carrying ins-1p::ins-1::Venus
cDNA, along with 30 ng/ul myo-3p:: GFP DNA and 65 ng/ul carrier DNA
for ins-1 rescue experiments. The DNA concentrations were 30 ng/ul for
plasmid DNA containing daf-7p:ins-1::Venus cDNA, glr-1p::ins-1::Venus
cDNA, ser-2p::ins-1::Venus cDNA, odr-3p::ins-1::Venus cDNA, or lin-11p::
ins-1::Venus cDNA, along with 10 ng/ul myo-3p::Venus and 60 ng/ ul carrier
DNA for ins-1 rescue experiments. The DNA concentrations were 70 ng/ul
for plasmid DNA containing ins-1(s)p:ins-1::Venus cDNA, along with 30
ng/ul myo-3p::GFP for ins-1 rescue experiments. The DNA concentrations
were 70 ng/ul for plasmid DNA containing ins-1(s)p:ins-1:Venus cDNA
and 30 ng/ul for daf-7p:ins-1::Venus cDNA, along with 30 ng/ul
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Figure 1. ins-7 mutants are defective in odorant—starvation associative plasticity. For all panels in the figure, double asterisks

represent significant differences from N2 within the same experiment (**p << 0.05 by Bonferroni’s t test). Crosses represent
significant differences between the indicated data points (“p << 0.05 by Bonferroni's t test). Data represent means *+ SEM.
A, Benzaldehyde—starvation learning in wild-type N2 and ins-7(nr2091) worms. Animals were conditioned to 100% benzaldehyde
in the absence of food for either 1 or 2 h and immediately following conditioning, their chemotaxis to 1% benzaldehyde was
examined. ins-7 mutants demonstrated significant deficits in benzaldehyde—starvation associative plasticity both after 1or 2 h of
training. A two-way ANOVA revealed a significant interaction between strain and conditioning, , 35) = 147.12,p < 0.05 (n =
6 plates for each data point). B, Chemotaxis of N2 and ins-7(nr2091) to various concentration of benzaldehyde. N2 and ins-
1(nr2091) were comparable in their chemotaxis to 1,0.1,0.05, and 0.01% benzaldehyde, suggesting ins-1(nr2097) animals sense
benzaldehyde normally. A two-way ANOVA revealed a main effect of benzaldehyde concentrations, F 5 3y = 37.97,p < 0.05,and
no main effect of strain £ ; 5, = 0.078, p << 0.05 (n = 4 plates for each data point). C, Number of eggs of N2 and ins-1(nr2097) laid
in 1hon and off food. N2 or ins-17(nr2097) animal was placed on a standard OP50 food lawn or blank NGM agar and the number of
eggs laid in 1 h was scored. Starvation suppressed egg laying in both strains. A two-way ANOVA revealed a main effect of food
availability, ; 55) = 155.71,p < 0.05, and no main effect of strain F, 5, = 0.017, p < 0.05 (n = 12 plates for each data point).
D, Chemotaxis of N2 and ins-7(nr2097) to 100% of benzaldehyde at various time points. A two-way ANOVA revealed no main effect
of strain F; 37y = 1.427, p = 0.244 (n = 4 plates for each data point). E, Butanone enhancement and butanone—starvation
associative plasticity in N2 and ins-1(nr2097) mutants. Animals were conditioned to 100% butanone in the presence or absence of
food for 1 h and tested their chemotaxis to 0.5% butanone. ins-7(nr2097) mutants were normal in butanone enhancement but
were defective in butanone—starvation associative plasticity. A two-way ANOVA revealed a significant interaction between strain
and conditioning, ., 55, = 86.82, p << 0.05 (n = 6 plates for each data point). F, Chemotaxis of N2 and ins-1(nr2097) to various
concentration of benzaldehyde. A two-way ANOVA revealed nointeraction between strain and butanone concentrations, f  5;, =
0.714,p = 0.53 (n = 4 plates for each data point).

myo-3p::GFP for rescue lines injected with both rescue constructs. The DNA
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Results

Expression of ins-1 is required

for benzaldehyde—starvation

associative plasticity

Wild-type N2 naive (untrained) animals
demonstrated a strong attraction response
toward benzaldehyde that switched into
an avoidance response after a 1 h exposure
to a high concentration of benzaldehyde
in the absence of food (Fig. 1A). The
avoidance response was more prominent
when the odorant exposure time was ex-
tended to 2 h (Fig. 1A). This switch in
odorant preference results from associa-
tive learning where animals associate the
CS benzaldehyde with the unconditioned
stimulus (US) starvation, as the presence
of food during benzaldehyde exposure at-
tenuate this change in behavior (Nuttley
et al., 2002).

To better understand learning and
memory at a cellular and molecular level,
we searched for mutants that demonstrate
deficits in benzaldehyde-starvation asso-
ciative plasticity. Given the role of insulin
signaling in learning and memory in both
C. elegans and mammals, we examined
insulin mutants and found that a muta-
tion in the ins-1 gene, a C. elegans ho-
molog of mammalian insulin (Pierce et
al., 2001), completely suppressed the
emergence of benzaldehyde avoidance
after benzaldehyde training in the ab-
sence of food (Fig. 1 A).

This lack of benzaldehyde—starvation
learning in ins-1(nr2091) animals might
be attributed to defects in sensing benzal-
dehyde (CS) or starvation (US), rather
than in associative learning. To test the
possibility that the ins-Ianimals’ plas-
ticity deficit is a result of abnormal benz-
aldehyde sensation, we compared the naive
chemotaxis of N2 and ins-1 animals to-
ward 1, 0.1, 0.05, and 0.01% benzaldehyde
and found no significant difference in na-
ive benzaldehyde approach between the
two strains (Fig. 1 B). To determine whether
ins-1 animals can sense starvation, we ex-
amined the number of eggs laid on and off
in ins-1 mutants. Consistent with the data
reported previously that ins-1 mutants
have normal starvation-induced behavior
(Kodama et al., 2006), we observed no dif-
ference in egg-laying behaviors on or off
food between ins-1 and N2 (Fig. 1C). The

concentrations were 50 ng/ul for plasmid DNA carrying age-1 cDNA
under various promoters (except plasmid with gcy-5p::age-1 cDNA, for
which 30 ng/ul was used), along with 50 ng/ul myo-3p::GFP DNA and
carrier DNA for age-1 rescue experiments.

Statistical analysis. Two-way or three-way ANOVAs were used to
examine group differences in all experiments. Bonferroni’s ¢ tests were used
for post hoc analyses. The level of significance for all comparisons was
p < 0.05.

data suggest that mutations in ins-1 did not disrupt the animals’
ability to sense at least some aspects of starvation. To determine
whether the lack of conditioned avoidance response in ins-1 mu-
tants is due a lack of general innate avoidance response, ins-1
mutants were tested to high concentration of benzaldehyde in
benzotaxis assay. ins-1 mutants exhibited avoidance response to
high concentration of benzaldehyde comparable to that of wild-
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enhancement assay. ins-1 animals dem-
onstrated normal butanone—food associa-
tive plasticity when they were trained to
pair the presence of food with butanone
(Fig. 1E). Surprisingly, when ins-1 ani-
mals were exposed to butanone in the ab-
sence of food, not only did ins-1 mutants
not demonstrate an avoidance behavior
seen in the wild type, they exhibited an
enhanced approach toward butanone
similar to that seen in the butanone—food
associative plasticity (Fig. 1E). The data
imply that absence of INS-1 perhaps acti-
vates pathways that signal a “well fed”
state or the rewarding aspect of food.
Therefore, even when exposed to bu-
tanone in the absence of food, ins-1 mu-

plasticity. For all panelsin the figure, double asterisks represent significant differences from N2 within the same group (**p << 0.05
by Bonferroni's  test). Crosses represent significant differences between the indicated data points (*p << 0.05 by Bonferroni's t
test). N.S., Not significant. Data represent means == SEM. A, Benzaldehyde—starvation associative plasticity in daf-2(e1370)
mutants trained and tested at various temperatures. Wild-type N2 and daf-2(e7370) mutants were conditioned and tested to
benzaldehyde at 15°C, 20°C, and 23°C. daf-2 mutants exhibited defective benzaldehyde—starvation associative plasticity when
trained and tested at 23°C (the temperature at which daf-2 is presumably defective in function), but had normal benzaldehyde—
starvation associative plasticity when trained at tested at 15°C (the permissive temperature). A three-way ANOVA revealed a
significant interaction between strain, conditioning, and temperature F, ;) = 23.564, p < 0.05 (n = 6 plates for each data
point). B, Chemotaxis of N2 and daf-2(e7370) to various concentration of benzaldehyde at 23°C. N2 and daf-2(e1370) were
comparable in their chemotaxis to 1, 0.1, 0.05, and 0.01% benzaldehyde, suggesting ins-7(nr2097) animals sense benzaldehyde
normally at 23°C. A two-way ANOVA revealed a main effect of benzaldehyde concentrations, 5 5, = 35.37, p < 0.05, and no
main effect of strain F ; 5,, = 1.682,p = 0.21 (n = 4 platesfor each data point). (, Benzaldehyde—starvation associative plasticity
in mutants of the AGE-1 signaling pathway. age-7 mutants demonstrated partial associative plasticity defects. A two-way ANOVA
revealed a significant interaction between strain and conditioning, F, s) = 22.26, p < 0.05 (n = 6 plates for each data point).
D, Chemotaxis of N2 and age-1(hx546) to various concentration of benzaldehyde. N2 and age-1(hx546) were comparable in their
chemotaxis to various concentration of benzaldehyde, suggesting age- 1(hx546) animals sense benzaldehyde normally. A two-way
ANOVA revealed a main effect of benzaldehyde concentrations, F 3 3, = 27.42, p << 0.05, and no main effect of strain ; 5, =
0.188,p = 0.66 (n = 4 plates for each data point).

tants are still capable of associating the

aberrant rewarding signal with butanone, thereby leading to an
enhanced attraction toward the odorant. Although not statisti-
cally significant, ins-1 animals exhibited a trend to be more sen-
sitive to butanone compared with wild-type animals when tested
to various concentration of butanone (Fig. 1 F). Therefore, it can-
not be ruled out completely that such a small difference in bu-
tanone sensitivity may contribute to the butanone plasticity
deficit observed in ins-1 mutants.

Animals with mutations in the components of DAF-2
signaling are defective in benzaldehyde—starvation

associative plasticity

Given that insulin can act as a neuropeptide to activate insulin/
IGF-1 signaling in rodent neurons (Zhao et al., 2004), we exam-
ined mutants of daf-2, which encodes a homolog of the insulin/
IGF-1 receptor, to determine whether a component of insulin
signaling also regulates benzaldehyde—starvation associative plas-
ticity. We found that daf-2(e1370) mutants demonstrated a
strong defect in benzaldehyde—starvation associative plasticity at
23°C (Fig. 2A). Consistent with the fact that daf-2(el370) is a
temperature-sensitive allele, in which the deficit in DAF-2
function is only apparent at temperatures >20°C, we did not

observe any plasticity defects when animals were trained and
tested at 15°C (Fig. 2A). However, the plasticity defect in daf-
2(el370) became apparent when the animals were conditioned
and tested at 20°C and the deficit was further exacerbated
when the training and testing temperatures were raised to
23°C (Fig. 2 A). The plasticity deficit observed in daf-2(e1370)
likely is not attributable to sensory defects, as these mutants
have normal benzaldehyde sensation and starvation-induced
behaviors (Vellai et al., 2006).

Since AGE-1 (a homolog of PIP3-kinase) is a known down-
stream target of DAF-2 for the regulation of dauer formation and
longevity in C. elegans (Baumeister et al., 2006), we sought to
determine whether AGE-1 also plays a role in benzaldehyde—
starvation associative plasticity. Two strains with hypomorphic
alleles of age-1(hx546) and age-1(mg305) demonstrated a partial
deficit in benzaldehyde—starvation associative plasticity (Fig. 2C).
To examine whether the partial defects observed in age- I mutants
were as a result of the hypomorphic alleles, animals with a null
age-1 mutation were investigated. Although null mutants of age-1
are lethal, the lethality can be suppressed by the absence of
DAF-18 [a homolog of mammalian Phosphatase and Tensin
Homolog (PTEN)]. In our learning paradigm, age-1(m333null);
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Figure3. daf-78 animals exhibit abnormal odorant chemotaxis and odorant associative plasticity. For all panels in the figure,
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demonstrated an attenuated naive benzaldehyde attraction but normal benzaldehyde—starvation associative plasticity. The ab-
normal benzaldehyde chemotaxis could be suppressed by the age-7 mutation, while the normal associative plasticity could be
blocked by the ins-7 mutation in daf-78 mutants. A two-way ANOVA revealed a significant interaction between strain and condi-
tioning, 4 50y = 32.06, p << 0.05 (n = 6 plates for each data point). B, Chemotaxis of dgk-1 and daf-18; dgk-1 mutants to 1%
benzaldehyde. The dgk-1 mutation fully reversed the attenuated naive benzaldehyde attraction in daf-78 mutants. A Kruskal-
Wallis one-way ANOVA revealed significance in groups, H = 19.7, p << 0.05 (n = 6 plates for each data point). , Naive benzal-
dehyde chemotaxis of N2 and daf-78 animals after 2 h of PMA treatment. Treating daf-18 animals with PMA significantly reversed
their decreased benzaldehyde chemotaxis. A two-way ANOVA revealed a significant interaction between strain and PMA treat-
ment, F; ;4 = 63.236,p << 0.05 (n = 5 plates for each data point). D, Benzaldehyde—starvation associative plasticity in animals
conditioned in the presence of serotonin. Serotonin treatment during conditioning did not significantly alter benzaldehyde—
starvation associative plasticity in daf-78 mutants. A two-way ANOVA revealed a significant interaction between strain and
conditioning, f, 55, = 31.86, p < 0.05 (n = 6 plates for each data point). E, Butanone—starvation associative plasticity and
butanone—food associative plasticity in daf-18 mutants. daf-78 mutants exhibited naive butanone avoidance, enhanced butanone—
starvation associative plasticity, and impaired butanone—food associative plasticity. A two-way ANOVA revealed a significant
interaction between strain and conditioning, F, 35, = 7.83, p << 0.05 (n = 6 plates for each data point). F, Benzaldehyde—
starvation associative plasticity in animals conditioned in the presence of serotonin. Serotonin treatment during conditioning did
not significantly alter benzaldehyde—starvation associative plasticity in daf-78 mutants. daf-18; age-1 double mutants showed
performance similar to that of age-7 mutants in the assay. A two-way ANOVA revealed a significant interaction between strain and
conditioning, Fs 47y = 13.34, p << 0.05 (n = 4 plates for each data point). G, Butanone—starvation associative plasticity and
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interaction between strain and conditioning, s ,7) = 13.76, p << 0.05 (n = 4 plates for each data point).
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daf-18(e1375) double mutants exhibited a
similar partial deficit in benzaldehyde—
starvation associative plasticity to those ob-
served in age-1(hx546) and age-1(mg305)
mutants (Fig. 2C). The partial learning
deficit seen in age-1 mutants cannot be
attributed to sensory defects given that
these animals have normal benzaldehyde
sensation and starvation behaviors (Vellai
etal., 2006). The data suggest that AGE-1
is likely a downstream target of DAF-2,
but perhaps not the sole target activated
by DAF-2 to mediate benzaldehyde—star-
vation associative plasticity.

daf-18 animals exhibit abnormal
odorant chemotaxis and odorant
associative plasticity

To gain more insight into how AGE-1 sig-
naling is required for benzaldehyde—star-
vation associative plasticity, mutants with
hyperactive AGE-1 signaling were exam-
ined. Activation of AGE-1 leads to the
generation of 3-phoshoinositide, whereas
DAF-18 dephosphorylates 3-phoshoino-
sitides (Ogg and Ruvkun, 1998). Animals
with defective daf-18 therefore have an el-
evated level of 3-phosphoinositides and
presumably hyperactive AGE-1 signal-
ing. When tested to the benzaldehyde
plasticity paradigm, daf-18(el375) ani-
mals showed a significant decreased naive
attraction toward benzaldehyde, but dem-
onstrated a normal conditioned benzalde-
hyde avoidance response that could be
blocked by ins-1 mutation (Fig. 3A). Pre-
venting theaccumulation of 3-phospoino-
sitide with the age-1(m333null) mutation
fully reversed the decreased chemotaxis
phenotype and the plasticity performance
of daf-18 animals to those of age-1 mu-
tants (Fig. 3A), suggesting that enhanced
AGE-1 signaling is responsible for the
daf-18 phenotype. Given that a decrease
in odorant chemotaxis can be a result of
reduced synaptic transmission (Tsunozaki et
al., 2008), we crossed daf-18 animals to
dgk-1(sy428) mutants that are known to
have elevated diacylglycerol (DAG) sig-
naling and enhanced neurotransmission
(Lackner et al., 1999). The mutation in
dgk-1 fully reversed the attenuated benz-
aldehyde attraction in daf-18 animals
(Fig. 3B). Furthermore, treating daf-18
animals with B-phorbol ester phorbol
12-myristate 13-acetate (PMA), a phar-
maceutical analog of DAG known to in-
crease synaptic transmission through
activation of DAG signaling (Betz et al.,
1998; Lackner et al., 1999), for 2 h before
testing significantly suppressed their at-
tenuated naive attraction phenotype (Fig.
3C). Together, the data suggest that the
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level of AGE-1 signaling and perhaps the level of insulin signaling
likely governs the extent and direction of benzaldehyde chemo-
taxis (i.e., attraction or avoidance) through modulation of syn-
aptic release.

We have previously shown that serotonin likely mimics the
effect of food in mediating benzaldehyde—starvation associative
plasticity (Nuttley et al., 2002). To determine the relationship
between insulin signaling and serotonin signaling in regulating
this associative plasticity task, daf-18 animals were trained to as-
sociate benzaldehyde and starvation in the presence of serotonin.
While the presence of serotonin during training significantly
suppressed benzaldehyde associative plasticity in N2 wild-type
animals, serotonin did not block the conditioned avoidance re-
sponse observed in daf-18 mutants (Fig. 3D), suggesting that
AGE-1 signaling may act downstream of serotonin signaling. In-
terestingly, daf-18 animals exhibited impaired butanone—food
associative plasticity and enhanced butanone—starvation associa-
tive plasticity (Fig. 3E). Furthermore, daf-18; age-1 double mu-
tants appeared identical to age-1 mutants when conditioned to
benzaldehyde in the presence of serotonin or in butanone en-
hancement, consistent with the notion that the daf-18 phenotype
is a consequence of unmitigated insulin signaling through
AGE-1. (Fig. 3F,G) Together, the data imply that insulin signal-
ing may function as a learning-specific starvation signal that an-
tagonizes downstream food signals activated by serotonin in
benzaldehyde—starvation associative plasticity.

INS-1 released from ASI and AIA that acts on
benzaldehyde-sensing AWC sensory neurons is sufficient to
mediate benzaldehyde—starvation associative plasticity

To better visualize and determine in which neurons INS-1 is
required for benzaldehyde—starvation associative plasticity, we
performed rescue experiments in ins-1(nr2091) by expressing
INS-1 proteins fused with the reporter Venus. We found that the
learning deficit was fully rescued when INS-1::VENUS was ex-
pressed from ins-1 promoter (Fig. 3A), confirming that INS-1::
VENUS was functional. Given that INS-1 has a widespread ex-
pression in the nervous system but the expression is strongest and
most consistent in AIA interneurons (Tomioka et al., 2006), we
hypothesized INS-1 is required in AIA interneurons for benzal-
dehyde-starvation associative plasticity. We constructed a short
form of ins-1 promoter that drove INS-1::VENUS protein specif-
ically in AIA (details will be published elsewhere; M. Tomioka
and Y. Iino, unpublished data) and found that expression of
INS-1::Venus in AIA only partially rescued the plasticity deficit
observed in ins-1 mutants. Expression of INS-1::VENUS from
different sets of neurons within the benzaldehyde-sensing AWC
neural circuitry using glr-1, ser-2, daf-7, odr-3, and lin-11 pro-
moters also partially rescued the learning deficit of ins-1 mutants
(Fig. 4A, B). When ins-1 mutants were injected with both of the
constructs that drive INS-1::VENUS under the ins-1(short) and
daf-7 promoters, the expression of INS-1 in ASI and AIA was
sufficient to fully rescue the learning deficit (Fig. 4A). Interest-
ingly, close examination of ins-1p::ins-1::Venus expression and
the rescue results revealed that expression of INS-1::VENUS from
certain neurons that do not express INS-1 under physiological
conditions could partially rescue the plasticity deficit in ins-1
mutants. Given that INS-1::VENUS is expressed in ASI and AIA
under ins-1 promoter and that expression of INS-1 in ASI and
AIA fully rescued the plasticity defect in ins-1 mutants (Fig.
4A), INS-1 likely acts non-cell autonomously from ASI and
AITA either as a hormone or through synaptic delivery to me-
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diate benzaldehyde—starvation associative plasticity under
physiological conditions.

To test the possibility that expression of INS-1 is required for
the normal development of neurons involved in benzaldehyde—
starvation learning, we performed a heat shock rescue experi-
ment. We generated rescue animals in which ins-1 cDNA is under
the control of a heat shock promoter and then heat shocked the
animals at the adult stage. Expression of INS-1 during adult stage
in ins-1(nr2091) animals rescued the defect in benzaldehyde—
starvation learning (Fig. 4C), suggesting that the learning deficit
observed in ins-1(2091) did not result from defects in neuronal
development.

Since it is difficult to express DAF-2 from an extra-chromosomal
array (Tomioka and Iino, unpublished), we generated rescue
lines of age-1(hx546) injected with constructs driving age-1
c¢DNA in different subsets of neurons to identify the INS-1 tar-
geting neurons in benzaldehyde—starvation associative plasticity.
Expression of AGE-1 from neurons including interneurons ATY
and AIZ using ttx-3 and lin-11 promoters did not rescue the
plasticity defect seen in age-1(hx546) animals (Fig. 4D). How-
ever, when age-1 cDNA was expressed in AWC sensory neurons
using odr-3, gpa-13, and ceh-36 promoters, the plasticity deficit
was rescued completely (Fig. 4 D). In contrast, AGE-1 expression
in other sensory neurons such as ASI, ASH, ADL, ASJ], AWB,
AWA and ASER using sra-6, sre-1, str-1, odr-10, and gcy-5 pro-
moters did not rescue the learning deficit (Fig. 4 D). These results
indicate that AGE-1 functions in AWC sensory neurons, and
INS-1 released from ASI and AIA might act on benzaldehyde-
sensing AWC sensory neurons [perhaps through direct synaptic
connections to AWC (White et al., 1986)] to regulate benzalde-
hyde—starvation associative plasticity.

DAF-2 signaling plays a more significant role in the

memory retrieval than in the memory acquisition of
benzaldehyde—starvation associative plasticity

To determine whether the defective associative plasticity in insu-
lin signaling mutants is a result of a deficit in memory acquisition
or memory retrieval, we exploit the fact that daf-2(e1370) is a
temperature-sensitive conditional allele, in which the mutation
in daf-2(el1370) is within the tyrosine kinase domain and is pre-
dicted to affect substrate binding (Patel et al., 2008). Given that
the mutation in not within the regulatory region, it is likely that
shifting the temperature can disrupt or resume insulin signaling
by affecting the protein conformation rather than the level
DAF-2 expression. Since the daf-2(e1370) allele is impaired at
23°C but presumably normal at 15°C and also no plasticity deficit
was observed when daf-2(e1370) animals were trained and tested
at 15°C (Fig. 2A), we examined daf-2(el1370) animals’ learning
ability when conditioned at 15°C but tested at 23°C and vice
versa. This temperature shift assay permitted us to examine
whether daf-2 animals would exhibit a deficit in behavioral plas-
ticity by disrupting insulin signaling specifically during the acqui-
sition or the recall phase of benzaldehyde—starvation associative
plasticity. We found that daf-2 animals trained at 15°C and tested
at 23°C demonstrated a similar benzaldehyde attraction response
compared with that of naive daf-2 animals (and thus no evidence
of any memory performance), while daf-2 mutants conditioned
at 23°C and tested at 15°C showed some degree of learning rela-
tive to that of the wild type (Fig. 5A). Even when the conditioning
time was extended to 2 h to facilitate the acquisition of benzalde-
hyde—starvation associative memory, the same trend in memory
performance by daf-2 mutants was observed, in which the plas-
ticity deficit was more prominent when the mutants experienced
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12.18, p < 0.05 (n = 6 plates for each data point).
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a temperature up-shift during testing pe-
riod (Fig. 5B). To determine whether the
amount of functional DAF-2 restored
during the interval of testing at 15°C may
be insufficient, daf-2 animals were trained
to benzaldehyde in the absence of food for
1 h at 23°C and soaked in 15°C M9 buffer
for 30 min before testing their chemotaxis
to benzaldehyde at 15°C. Compared with
daf-2 mutants that were tested at 15°C im-
mediately after training at 23°C, soaking
animals for 30 min in 15°C M9 buffer did
not significantly alter daf-2 mutants’ par-
tial learning defect (Fig. 5C), suggesting
that the partial defect observed after
temperature downshift during testing is
not due a lack of restored functional
DAF-2. These data suggest that DAF-2
signaling is only partially involved in
memory acquisition, but is essential in
memory retrieval.

It is interesting to note that animals
trained at a lower temperature exhibit a
smaller degree of conditioned avoidance
response compared with animals trained
at a higher temperature. This effect is per-
haps caused by the difference in the odor
volatility or cellular metabolism rate at
different temperatures. Alternatively, since
animals were cultured at 15°C for the tem-
perature shifting assay, their previous expe-
rience that food was present at 15°C may
interfere with the association between star-
vation and benzaldehyde.

The memory retrieval deficit caused by
adisruption of DAF-2 signaling can either
reflect an erasure of benzaldehyde—starva-
tion memory or a block of access to or
output from the otherwise intact mem-
ory. To distinguish between these two
possibilities, we devised a conditioning
protocol in which daf-2(e1370) animals
were trained at 15°C for 1 h, washed and
left in 23°C M9 buffer for 10 min to tran-
siently disrupt DAF-2 signaling, and sub-
sequently tested at 15°C to restore insulin
signaling. If the disruption of DAF-2 sig-
naling blocks the access to or output from
the intact memory, then daf-2 animals
should show normal memory retrieval af-
ter insulin signaling is restored. On the
other hand, if the retrieval deficit in daf-2
mutants is caused by an erasure of mem-
ory, then the animals should not demon-
strate any change in odorant preference
(i.e., memory performance) once DAF-2
signaling is blocked even if the disruption
is only temporary. daf-2 animals demon-
strated comparable benzaldehyde—star-
vation associative plasticity to that of
wild-type animals when subjected to the
temporary disruption of insulin signaling
before testing (Fig. 5D), suggesting that
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the momentary disturbance in DAF-2 sig-
naling did not impair memory perfor-
mance of daf-2 animals. To determine
whether 10 min of 23°C up-shift is suffi-
cient to disrupt insulin signaling, daf-2
animals were trained at 15°C and tested to
benzaldehyde at 23°C for 10 min rather
than the standard 60 min testing period
used in other experiments. daf-2 mutants
tested at 23°C for 10 min demonstrated a
significant plasticity deficit compared
with that of N2 worms, while the mutants
tested at 15°C for 10 min did not exhibit
any significant defect (Fig. 5E), suggesting
that 10 min of temperature up-shift is
sufficient to inactivate insulin signaling.
Together, the data suggest the retrieval
deficit observed in daf-2 animals is not a
consequence of memory erasure but
rather of a block in the access to or out-
put from the memory.

Discussion

In this study insulin signaling was shown
to be crucial in regulating benzaldehyde—
starvation associative plasticity in C.
elegans. Animals lacking functional INS-1,
which is the closest human insulin ho-
molog in C. elegans (Pierce et al., 2001),
exhibited a severe deficit in benzaldehyde—
starvation associative plasticity com-
pared with wild-type animals (Fig. 1 A).
Furthermore, animals with mutations in
daf-2 and age-1 (which encode an insulin/
IGF-1 receptor and a PI-3 kinase that are
implicated in insulin signaling) are also
defective in benzaldehyde—starvation as-
sociative plasticity (Fig. 2A, B). The rescue
experiments suggest that INS-1 may act
from ASI and AIA under physiological
conditions and that DAF-2 signaling is re-
quired in the benzaldehyde-sensing AWC
sensory neuron to mediate benzaldehyde—
starvation associative plasticity (Fig.
4A-D). Given that ASI and AIA both syn-
apse onto AWC (White et al., 1986), we
speculate that INS-1 may act best through
synaptic delivery to activate DAF-2 signal-
ing in AWC for this associative plasticity.
However, given that INS-1 expression
from neurons within the benzaldehyde-
sensing circuitry that have no synaptic
connections with AWC also partially res-
cued the plasticity deficit in ins- 1 mutants
(Fig. 4 A, B), it cannot be ruled that INS-1
may act non-cell autonomously in a hor-
mone fashion.

Insulin signaling plays a partial role

in the memory acquisition of benzaldehyde—starvation

associative plasticity

It is of significant interest that the present data suggest that the
behavioral roles of insulin signaling in benzaldehyde—starvation
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cant. Data represent means == SEM. A, Benzaldehyde—starvation associative plasticity in daf-2(e1370) mutants when DAF-2
signaling is disrupted during memory acquisition or retrieval. Wild-type N2 and daf-2(e1370) mutants were grown at 15°C and
then conditioned at 15 or 23°Cand tested to benzaldehyde at 15 or 23°C. Disruption of DAF-2 signaling during training partially
blocked benzaldehyde—starvation associative plasticity while disruption of DAF-2 signaling during testing fully blocked
this plasticity in daf-2(e1370) mutants. A three-way ANOVA revealed a significant interaction between strain, conditioning, and
temperature F3 1,7 = 13.30, p << 0.05 (n = 8 plates for each data point). B, Benzaldehyde—starvation associative plasticity in
daf-2(e1370) mutants when the conditioning period is extended to 2 h at two different temperatures. Disruption of DAF-2
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associative plasticity in daf-2(e1370) mutants given more time for functional DAF-2 restoration. Extending the restoration time of
functional DAF-2 did not significantly change daf-2 mutants’ conditioned response toward benzaldehyde. A two-way ANOVA
revealed a significantinteraction between strain and conditioning, £, 35, = 33.54, p << 0.05 (n = 6 plates for each data point). D,
Benzaldehyde—starvation associative plasticity in daf-2(e1370) mutants with transiently disruption of DAF-2 signaling after con-
ditioning. Animals were conditioned at 15°C, washed and left in 23°CM9 for 10 min before testing at 15°C. Transient disruption of
DAF-2 signaling did not block benzaldehyde—starvation associative plasticity in daf-2(e7370) mutants. A two-way ANOVA re-
vealed no significant interaction between strain and conditioning £, 35) = 33.54, p << 0.05 (n = 6 plates for each data point). ,
Benzaldehyde—starvation associative plasticity in daf-2(e1370) mutants when DAF-2 signaling is disrupted during memory re-
trieval. Animals were conditioned at 15°Cand tested 15°C or 23°Cfor 10 min. daf-2 animals demonstrated a significant plasticity
deficit when tested at 23°Cfor 10 min compared with that of wild-type N2. A three-way ANOVA revealed a significant interaction
between strain, conditioning, and temperature f; ,; = 7.08, p << 0.05 (n = 6 plates for each data point).

associative plasticity can be dissociated between memory acqui-
sition and memory retrieval, with insulin signaling playing a par-
tial role in memory acquisition but an essential role in memory
retrieval (Fig. 5A—D). INS-1 appears to mediate associative learn-
ing tasks that involve starvation as the US in C. elegans. Support-
ing this, ins-1 mutants are defective in thermotaxis learning, salt
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sion of benzaldehyde—starvation associa-

tive plasticity mediated by serotonin
ASI signaling, and that daf-18 mutants have
enhanced butanone—starvation associa-
tive plasticity but impaired butanone—food
associative plasticity (Fig. 3D,E). Even
though ins-1 animals exhibit normal starva-
tion behaviors such as the enhanced slowing
response and starvation-suppressed egg lay-
ing (Kodama et al., 2006), it remains possi-
ble that multiple pathways might regulate
different starvation responses, and that
INS-1 transmits a learning-specific starva-
tion signal required for benzaldehyde—
starvation associative plasticity. In this
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model, insulin signaling acts upstream of
memory acquisition and perhaps func-
tions as a part of the US pathways. How-
ever, it cannot be ruled out that INS-1
might be released from multiple neurons
to maintain basal insulin signaling in
neurons that are permissive for benzal-
dehyde-starvation associative plasticity,
and that the disruption of this neuronal
insulin signaling might have a detrimental
effect that perturbs the machinery required
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is stored in the AWC. A, Benzaldehyde-sensing AWC neurons are in an attraction signaling mode under low levels of insulin signaling,
thereby generating a naive attraction response toward benzaldehyde (BZ). INS-11is released from AIA and ASI from the synapse in the
absence of food to activate insulin signaling in AWG, but the level of insulin signaling in AWCis limited either through the number of DAF-2
receptors or activity of its downstream effectors under the naive condition. B, During the memory acquisition phase, benzaldehyde-sensing
AWC receives context information (i.e., presence of salt) from salt-sensing ASE and US starvation signals (i.e., INS-1and other unknown
proteins) from ASI, AIA, and other unknown neurons. Under CS benzaldehyde exposure, the CS pathways and US pathways are associated
along with the context, thereby inducing molecular changes in AWC to store the associative memory. , During the memory retrieval phase,
sensation of benzaldehyde and reception of the appropriate context signal (i.e., presence of salt) in AWC leads active recall of the associative
memory that subsequently leads to either an increase in the membrane integration of DAF-2 or the activity of its downstream components
in AWC. D, Once the memory is retrieved, the increase in DAF-2 or the activity of its downstream effectors leads to high levels of insulin in
AWC, which then suppresses the attraction signaling and promotes the repulsion signaling, thereby generating a conditioned avoidance

response toward the odorant benzaldehyde.

chemotaxis learning, and benzaldehyde—starvation associative
plasticity in which starvation is the US (Kodama et al., 2006;
Tomioka et al., 2006), but are normal in other associative learn-
ing tasks such as butanone—food associative plasticity and odor-
pathogenic food associative plasticity (Fig. 1 E) (C. H. A. Lin and D.
van der Kooy, unpublished data). Therefore, insulin signaling might
function as one of the starvation signals necessary for the associ-
ation process during the memory acquisition of benzaldehyde—
starvation associative plasticity. This hypothesis is also consistent
with our findings that daf-18 animals are resistant to the suppres-

S

High level of insulin
signaling

AWC

for the memory acquisition.
DAF-2 fyacq

Insulin signaling is essential in the
memory retrieval of benzaldehyde—
starvation associative plasticity
Using our temperature shift assay, we
found that functional DAF-2 signaling is
critical during the retrieval phase of benz-
aldehyde—starvation associative plasticity
(Fig. 5A, B). Furthermore, the benzalde-
l hyde—starvation associative memory can-
not be degraded by temporary disruption
of DAF-2 signaling between training and
testing (Fig. 5D), suggesting that continu-
ous DAF-2 signaling is not required for
the maintenance of memory.

It is likely that the output of benzalde-
hyde—starvation associative memory may
result from a switch in the signaling
mode of AWC sensory neurons, de-
pending on the level of insulin signaling
in AWC. Animals with elevated AGE-1
signaling (i.e., daf-18 mutants) demon-
strated an attenuated benzaldehyde naive
attraction that could be reversed by in-
creasing synaptic transmission through
dgk-1 mutation and PMA treatment
(Fig. 3B,C). Furthermore, AGE-1 is required in benzaldehyde-
sensing AWC for benzaldehyde—starvation associative plasticity
(Fig. 4 D). We therefore propose that high levels of insulin signal-
ing within AWC, a neuron associated with naive attractive re-
sponses toward benzaldehyde, perhaps switch the signaling mode
of AWC from attraction to repulsion through decreasing DAG
signaling and synaptic release. Indeed, it has recently been pro-
posed that AWC N neuron possesses the capacity to switch from
an attractive to repulsive signaling mode by decreasing excitability
or synaptic release through downregulation of gcy-28 activity and

Repulsion
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DAG/PKC signaling, thereby suppressing animals’ attraction to-
ward benzaldehyde and generating an avoidance behavior to-
ward the odorant butanone (Tsunozaki et al., 2008). Further
supporting the hypothesis that such a mechanism exists as an
output of benzaldehyde—starvation associative memory, it has
been suggested that elevation of insulin signaling might lead to
suppression of neurotransmitter release from ASER sensory neu-
rons (Tomioka et al., 2006). Additionally, the PIP3-kinase path-
way, which operates downstream of DAF-2 in the worm
(Baumeister et al., 2006), has been shown to modulate the excit-
ability of rodent olfactory receptor neurons (Spehr et al., 2002).
The finding that daf-18 mutants avoided AWC sensed butanone
under a naive condition (Fig. 3E) is also consistent with the hy-
pothesis that high levels of insulin signaling switch the signaling
mode of AWC. It will be interesting to determine whether high
levels of insulin signaling in AWC might lead to a decrease in
excitability or synaptic release through lowering gcy-28 activity,
thereby switching the output signaling mode from attraction to
repulsion.

Models for benzaldehyde—starvation associative plasticity

It has been proposed that a switch between attraction signaling
and avoidance signaling in AWC contributes to the plasticity
behavior after animals are exposed to the AWC sensed odorant
either in the presence or the absence of food, and that odorant
plasticity arises at the level of AWC synaptic release (Tsunozaki et
al., 2008). To put insulin signaling in the context of this switch
model, one possibility is that the exposure to benzaldehyde in the
absence of food enhances the levels of insulin signaling in AWC
and that high levels of insulin signaling promote repulsion sig-
naling in AWC. In this scenario, INS-1 is released from AIA and
ASIin the absence of food, and activates DAF-2 signalingin AWC
to transmit the starvation signal, but the level of DAF-2 signaling
in AWC is limited by the number or activity of DAF-2 or its
downstream components, thereby maintaining the attraction
signaling mode in benzaldehyde-sensing AWC under a naive
condition. Sensory association of starvation signals and benzal-
dehyde sensed by AWC may result in a sustained increase in the
synaptic integration of DAF-2 receptors or the activity of DAF-2
downstream components in AWC. Therefore, once the associa-
tion processes have taken place, release of INS-1 can lead to high
levels of DAF-2 signaling in AWC and switch the neuron into a
repulsion signaling mode, thereby generating an avoidance be-
havior upon subsequent benzaldehyde exposure. However, such
amodel implies that AWC is in a predetermined repulsion mode
after memory acquisition, and therefore fails to account for the
context-dependent aspect of memory retrieval. Indeed, animals
trained to associate benzaldehyde with starvation in the presence
of salt lack benzaldehyde—starvation associative plasticity upon
subsequent exposure to benzaldehyde in a salt-free environment,
suggesting that the memory retrieval of benzaldehyde—starvation
associative plasticity follows an occasion-setting mechanism, in
which context cues (i.e., salt) function in a hierarchical fashion to
modulate memory recall by defining an appropriate setting (Law
et al., 2004).

To account for the occasion-setting effect in benzaldehyde—
starvation associative plasticity, we propose that a switch in the
AWC signaling of mode (i.e., the change in the level of insulin
signaling) occurs after the associative plasticity memory is re-
trieved (Fig. 6). In this model, AWC senses benzaldehyde and
receives context signals (i.e., salt) from ASE and starvation signals
(INS-1 is one of the starvation signals) from ASI and AIA and
other unknown neurons. The sensory signals are associated along
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with the context cues and leads to molecular changes that encode
the associative memory within AWC. During the memory re-
trieval phase of benzaldehyde—starvation associative plasticity,
the memory is recalled when AWC senses benzaldehyde under
the appropriate context (i.e., salt). The retrieval of the associative
memory subsequently leads to high levels of DAF-2 signaling in
AWC either through an increase in synaptic integration of DAF-2
or activity of its downstream components, and switches AWC
from an attractive to a repulsive signaling mode, thereby gener-
ating an avoidance behavioral output toward benzaldehyde. In-
deed, not seeing an enhancement in memory performance in the
rescue lines overexpressing INS-1 (Fig. 4 A) is consistent with the
notion that insulin signaling is regulated downstream of INS-1
(perhaps through the cell surface levels of daf-2 or daf-2’s down-
stream effectors) rather than through a flux in INS-1 levels. Re-
markably, such a model would suggest that a single sensory
neuron in C. elegans may possess the capacity of sensory associa-
tion, memory storage, and memory recall when such complex
neural functions are believed to be mediated by multiple neurons
in specific brain regions in vertebrate organisms.
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