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The nematode Caenorhabditis elegans (C. elegans) adult hermaphrodite has 302 invariant neurons and is suited for cellular and

molecular studies on complex behaviors including learning and memory. Here, we have developed protocols for classical

conditioning of worms with 1-propanol, as a conditioned stimulus (CS), and hydrochloride (HCl) (pH 4.0), as an uncondi-

tioned stimulus (US). Before the conditioning, worms were attracted to 1-propanol and avoided HCl in chemotaxis assay. In

contrast, after massed or spaced training, worms were either not attracted at all to or repelled from 1-propanol on the

assay plate. The memory after the spaced training was retained for 24 h, while the memory after the massed training

was no longer observable within 3 h. Worms pretreated with transcription and translation inhibitors failed to form

the memory by the spaced training, whereas the memory after the massed training was not significantly affected by the

inhibitors and was sensitive to cold-shock anesthesia. Therefore, the memories after the spaced and massed trainings can

be classified as long-term memory (LTM) and short-term/middle-term memory (STM/MTM), respectively. Consistently,

like other organisms including Aplysia, Drosophila, and mice, C. elegans mutants defective in nmr-1 encoding an NMDA receptor

subunit failed to form both LTM and STM/MTM, while mutations in crh-1 encoding the CREB transcription factor affected

only the LTM.

[Supplemental material is available for this article.]

The major advantage of invertebrate systems for the study of
learning and memory is the relative simplicity of their nervous
systems. Furthermore, invertebrate nervous systems consist of
so-called identified neurons whose size, position, electrical prop-
erties, basic synaptic connections, and physiological and behav-
ioral functions are more or less invariant from animal to animal of
a given species (Kandel 1976). In associative learning, particularly
classical conditioning, animals learn to associate a conditioned
stimulus (CS) with an unconditioned stimulus (US). Memory
can last in various phases from as short as seconds, as is found
in short-term memory (STM), or as long as hours to a lifetime,
as is found in long-term memory (LTM). Between STM and LTM
in Drosophila, amnesiac-dependent anesthesia-sensitive middle-
term memory (MTM) exists for several hours (Tully and Quinn
1985; Folkers et al. 1993). The cellular and molecular mechanisms
behind these phases of memory seem to be distinct (DeZazzo and
Tully 1995; Hammer and Menzel 1995). For example, LTM, but
not STM, can be disrupted by treatments such as electroconvul-
sive shock or inhibitors of protein synthesis (Davis and Squire
1984). Memory processing, storage, and retrieval are each remark-
ably dynamic, and one of the hallmarks of memory is a progres-
sive consolidation from initially labile STM, which is short lived
and vulnerable to disruption such as anesthesia, into LTM, which
is highly resistant both to experimental manipulation and to the
passage of time.

Typically, STM/MTM is induced by massed training, and
LTM by spaced training. Spaced training consists of repeated train-
ing sessions with an intertrial interval (ITI) (also called “a resting
interval”) and generates memory dependent on mRNA and pro-
tein synthesis, and massed training comprises repeated trials
without an ITI and induces memory independent of mRNA and

protein synthesis (Tully et al. 1994; Beck and Rankin 1995; Crow
et al. 1997; Epstein et al. 2003; Fulton et al. 2005). The augmenta-
tion in memory induced by spaced training is called the spacing
effect and is a common phenomenon in the animal kingdom,
including humans (Carew et al. 1972; Tully et al. 1994; Gerber
et al. 1998; Beck et al. 2000; Rose et al. 2002; Cepeda et al. 2006).
An interstimulus interval (ISI) is also a crucial parameter affecting
the outcome of classical conditioning in intact animal studies.
In general, when presentation of a CS precedes that of a US by a
brief interval, optimal conditioning is observed. For this “forward
conditioning,” studies of CS–US interval effects typically show
an asymmetric, inverted U-shaped gradient relating the magni-
tude of conditioning to the ISI (Jones 1962; Schneiderman and
Gormezano 1964, Hawkins et al. 1986). In contrast, successful
“backward conditioning,” in which presentation of a US precedes
that of a CS, has also been observed less frequently (Dostalek 1976;
Spetch et al. 1981; Durkovic and Damianopoulos 1986).

C. elegans detects various environmental cues such as odor-
ants and tastants mainly through its amphid sensilla. The
amphids are the largest chemosensory organs, and each amphid
consists of 12 sensory neurons with ciliated dendrites, as well as
one sheath and one socket cell (Ward et al. 1975; Ware et al.
1975). These amphid neurons have roles in chemotaxis, thermo-
taxis, mechanosensation, osmotaxis, and dauer pheromone sen-
sation (Bargmann and Mori 1997; Driscoll and Kaplan 1997;
Riddle and Albert 1997; de Bono and Maricq 2005; Bargmann
2006). Chemotaxis of C. elegans to cations, anions, cyclic nucleo-
tides, and amino acids was first described by Ward (1973), and
since then this list has been extended further and includes
many olfactory stimuli (Bargmann et al. 1993). The sensory neu-
rons required for chemosensory responses have been identified
by laser microsurgery of identified neurons (Bargmann and
Horvitz 1991). In addition, the wiring diagrams of all neurons
have been reconstructed from electron micrographs of serial
thin sections of the entire C. elegans body (White et al. 1986).
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C. elegans can learn a variety of nonassociative and associa-
tive tasks (Ishihara et al. 2002; Mohri et al. 2005; Torayama et al.
2007; Ardiel and Rankin 2010). Mechanosensory habituation as
nonassociative learning is one of the most studied learning para-
digms in C. elegans (Rankin et al. 1990; Rankin and Broster 1992;
Rose et al. 2002; Rose and Rankin 2006). Associative learning in
C. elegans has first been suggested from the finding that worms
return to their temperature of cultivation if they had food at
that temperature (Hedgecock and Russell 1975). Most of associa-
tive learning paradigms in C. elegans are based on pairing chemi-
cal cues or cultivation temperature with food or starvation.
Conditioning worms with sodium chloride in the absence of
food leads to a significant reduction in chemotaxis compared
with conditioning in the presence of food (Wen et al. 1997;
Saeki et al. 2001; Tomioka et al. 2006). Similar observations
have been made in olfactory paradigms (Colbert and Bargmann
1997; Morrison et al. 1999; Nuttley et al. 2002). C. elegans can
also learn to avoid odors associated with infection by pathogenic
bacteria, a behavior analogous to mammalian conditioned taste
aversion (Zhang et al. 2005). Mutant screens for worms defective
in learning have resulted in the identification of lrn-1 and lrn-2,
which affect both taste learning and olfactory learning (Wen
et al. 1997; Morrison et al. 1999). Therefore, screens based on
these complex behaviors should be useful in the identification
of many new genes.

In some cases, the C. elegans learning paradigms meet strict
criteria for associative learning set forth in the psychology litera-
ture (Rankin 2000). More often, however, C. elegans learning para-
digms have a mixed character in which the distinction between
associative learning and nonassociative sensitization, habitua-
tion, and adaptation is not clear, particularly when pairing chem-
ical cues or cultivation temperature with food or starvation
(Bargmann 2006). This is partly because C. elegans behaviors are
dramatically affected by the presence and absence of food (Gray
et al. 2005). Rather than pairing chemical cues with food or star-
vation, therefore, it would be preferable for subsequent analysis
of neuronal circuits responsible for associative learning and mem-
ory that two defined chemical cues are used for conditioning of
worms. Indeed, diacetyl and acetic acid were successfully used as
CS and US, respectively, to induce olfactory associative memory
in C. elegans, although it was not shown whether the memory for-
mation is dependent on protein synthesis or not (Morrison et al.
1999; Morrison and van der Kooy 2001).

In the present study we have developed a protocol for the
study of aversive olfactory learning and associative LTM in C. ele-
gans. In this paradigm, we conditioned worms with 1-propanol as
a CS, and hydrochloric acid (HCl) as a US. Spaced training of
worms with 1-propanol and HCl induced LTM, while massed
training induced STM/MTM, which was disrupted by cold-shock
anesthesia. The formation of the LTM, but not the STM/MTM,
is dependent on mRNA and protein syntheses. Moreover, it has
also been found that several C. elegans mutants are defective in
the LTM formation.

Results

Aversive classical conditioning of worms with propanol

and acidic pH
An olfactory cue, 1-propanol, is an attractant for C. elegans (Fig. 1;
Bargmann et al. 1993), while worms are repelled from acidic
pH lower than pH 4.0 (Sambongi et al. 2000; Supplemental
Fig. S1). Utilizing 1-propanol and acidic pH as a CS and a US,
respectively, we developed classical conditioning protocols for
the study of associative learning in C. elegans. Worms repeatedly
conditioned with deionized H2O (dH2O), HCl (pH 4.0), or 1.0%
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Figure 1. Chemotaxis assay and classical conditioning of C. elegans. (A)
Schematic representation of chemotaxis assay of worms to 1-propanol,
which was carried out on square agar plates as described in the
Materials and Methods. Worms were allowed to move freely on the
agar for 10 min at room temperature. Chemotaxis index (CI) values
were calculated from the equation shown. (B) CI values of worms to
1-propanol after spaced or massed training with chemicals indicated.
Flowcharts of the spaced and massed training protocols used are shown
at top. LI values were calculated by using the equation shown. The CI
value of reference worms (CIreference) was the mean value of CI values of
worms conditioned with HCl alone and 1-propanol alone. Bars are
means+SEM (n ¼ 9 assays). Asterisks indicate statistically significant
differences (∗∗P , 0.01) determined by one-way ANOVA with the
Bonferroni/Dunn test, in comparison to the CI of naive worms. (C) LI
values of worms repeatedly conditioned as indicated on the horizontal
axis. At each cycle of the trials, worms were simultaneously conditioned
with a solution containing 1.0% 1-propanol and 100 mM HCl (pH 4.0)
with a 10-min ITI. Bars are means+SEM (n ¼ 9 assays). Asterisks indicate
statistically significant differences (∗∗P , 0.01) determined by one-way
ANOVA with Bonferroni/Dunn test, in comparison to the LI of worms
trained with 10 conditioning cycles.
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aqueous 1-propanol by spaced (with a 10-min ITI) or massed
(without an ITI) training were as sensitive to 1-propanol as naive
worms and were indistinguishably attracted to 1-propanol from
naive worms in the chemotaxis assay (Fig. 1B; Supplemental Fig.
S2). In contrast, worms conditioned with both 1-propanol and
HCl by spaced or massed training avoided 1-propanol or were
not attracted at all by 1-propanol, respectively (Fig. 1B). Learning
index (LI) was calculated by subtracting the chemotaxis index (CI)
(Fig. 1A) of conditioned worms with both 1-propanol and HCl
from the CI of reference worms, which was the mean of CI values
of worms conditioned with HCl alone and 1-propanol alone
(Fig. 1B). When worms were conditioned repeatedly with (spaced
training) or without (massed training) ITI by soaking them briefly
(,1.0 sec) in a solution containing both 1-propanol and HCl,
LI values of the trained worms were elevated and reached a plateau
(Fig. 1C) as the cycle number of the trials was increased up to
10 times.

Optimal ISI and ITI lengths for memory acquisition

and retention
To optimize the conditioning protocols, we examined the effect of
an ISI on memory acquisition and retention. The ISI is a period
of time between two stimulations of worms with CS and US.
Figure 2A shows conditioning protocols for “backward condition-
ing,” in which worms were stimulated with HCl before 1-propanol
stimulation, “simultaneous conditioning,” in which worms were
stimulated with a solution containing both 1-propanol and HCl,
and “forward conditioning,” in which worms were stimulated
with HCl after 1-propanol stimulation. The conditioning pro-
tocols with various lengths of ISI were repeated five times with a
10-min ITI.

Of ISI lengths tested, the simultaneous conditioning was the
best for both memory acquisition and 3-h retention. LI values of
worms conditioned with the CS or US immediately (a 0-min ISI)
after US or CS, respectively, were statistically indistinguishable
from those of worms simultaneously conditioned with a solution
containing both 1-propanol and HCl. However, LI values meas-
ured immediately or 3 h after the final trial of the conditioning
were decreased with longer ISI lengths in both of the forward
and backward conditionings. When an ISI between the CS and
US was longer than 2 min, both of the forward and backward con-
ditionings failed to induce the memory. Thus, the simultaneous
conditioning is most efficient for inducing the associative mem-
ory of two stimuli, 1-propanol and HCl.

As shown above in Figure 1C, multiple trials of the condition-
ing enhanced the LI. Studies of other organisms have shown that
an ITI between conditioning trials is a crucial factor in the efficacy
of memory formation, memory retention in particular (Yin et al.
1994; Carew 1996). Therefore, we also examined the effect of ITI
lengths on the memory acquisition and retention. Worms were
given five trains of the conditioning, of which ITI lengths ranged
from 0 min through 30 min. The memory acquisition and reten-
tion were analyzed by measuring the LI values immediately and
3 h, respectively, after the trainings with various ITI lengths
(Fig. 2B). Five trial sessions with no ITI (massed training) induced
memory statistically indistinguishable from that induced by the
spaced training with ITIs when assayed with the LI immediately
after the trainings. However, the conditioned response was no
longer observed beyond 3 h. In contrast, when assayed 3 h after
the training, the LI of worms conditioned by the spaced training
was elevated as the ITI length was increased up to 10 min, and
then the LI was gradually decreased when ITIs were longer than
10 min. These results demonstrate that the 10-min ITI is most effi-
cient for worms to retain the memory for 3 h after the training.
For subsequent experiments, therefore, we conditioned worms

by repeating the trial 10 times with or without a 10-min ITI as
spaced or massed conditioning, respectively.

Memory retention and extinction
With optimized ISI and ITI lengths as well as with optimal trial
numbers of the conditioning, we also measured the period of
time (retention time) that the memory induced by the massed
or spaced training was retained. Well-fed worms were conditioned
10 times by massed or spaced training with a solution containing
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Figure 2. Effects of ISI and ITI lengths on memory acquisition and reten-
tion. (A) Effects of ISI lengths on memory acquisition and retention.
Flowcharts of backward (a), simultaneous (b), and forward (c) condition-
ing protocols used are shown at top. In the backward conditioning (a),
worms were first stimulated with HCl as a US (dotted arrow), and then
with 1-propanol as a CS (solid arrow) for 0 min, 0.5 min, or 2 min after
the US stimulation. In the simultaneous conditioning (b), worms were
soaked in a solution containing both 1-propanol and HCl. In the
forward conditioning (c), worms were first stimulated with 1-propanol
and then with HCl for 0 min, 0.5 min, and 2 min after the CS stimulation.
These procedures were repeated five times with a 10-min ITI, and then
worms were examined for their LI immediately (open bars) and 3 h
(closed bars) after the completion of the repetitive conditionings. Data
are means+SEM (n ¼ 10 assays). Asterisks indicate statistically significant
differences (∗P , 0.05; ∗∗P , 0.01) determined by one-way ANOVA with
Bonferroni/Dunn test, in comparison to the LI of worms simultaneously
conditioned in b. (B) Effects of ITI lengths on memory acquisition and
retention. A flowchart of the conditioning used is shown at top. Worms
were simultaneously stimulated by being soaked in a solution containing
both 1-propanol and HCl, followed by various ITI lengths ranging from
0 min through 30 min. These conditioning procedures were repeated
five times, and then the worms were tested for LI values immediately
(open bars) or 3 h (closed bars) after the completion of the repetitive con-
ditionings. Data are means+SEM (n ¼ 9 assays). Asterisks indicate sta-
tistically significant differences (∗∗P , 0.01) determined by one-way
ANOVA with Bonferroni/Dunn test, in comparison to the LI of worms con-
ditioned without an ITI.
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both 1-propanol and HCl, and then the worms were transferred to
NGM plates with a bacterial lawn, where they were allowed to
move and eat at 20˚C during retention intervals. Figure 3A shows
various retention times of the memory induced by the massed or
spaced training. Memory acquisition after the massed and spaced
training was similar to each other. However, memory induced
by the massed training was no longer observable within 3 h, as
also shown above in Figure 2B (a 0-min ITI). In contrast, memory
induced by the spaced training was retained for up to 24 h.

Furthermore, when the worms conditioned by the spaced
training were repeatedly exposed to the CS in the absence of the
US, their LI values were progressively decreased (Fig. 3B), suggest-
ing that extinction learning can also occur in the simple C. elegans
nervous system. During the extinction, the conditioned worms
showed a statistically significant decrease in LI values, compared
with worms treated with dH2O as a negative control in the same
way as that with the CS alone. This decrease is not due to habitu-
ation or adaptation, since chemotactic activity of the worms
exposed repeatedly to the CS alone is similar to that of the control
worms treated with dH2O (Supplemental Fig. S3). Under the
experimental conditions for the extinction learning, the decrease
in LI values was not complete even after 10-cycle extinction train-
ing trials as observed in other organisms such as Aplysia (Carew
et al. 1981) and Drosophila (Qin and Dubnau 2010).

Propanol-specific associative learning
We then asked whether or not the STM/MTM and LTM forma-
tions were specific for 1-propanol. Worms conditioned simultane-
ously 10 times with 1-propanol and HCl by the massed or spaced
training were tested for their chemotaxis to benzaldehyde, iso-
amyl alcohol, and diacetyl (Fig. 4A), and their LI values were cal-
culated from their CI values. The concentrations of the stimuli in
the chemotaxis assay were adjusted based on the CI values of
naive worms to the stimuli. As shown in Figure 4B, the worms
conditioned with 1-propanol and HCl could learn 1-propanol as
a specific stimulus, since they could not associate the US with
benzaldehyde, isoamyl alcohol, or diacetyl. These stimuli are
sensed by AWA or AWC olfactory sensory neurons (Bargmann
et al. 1993), which are responsible for the detection of most, if
not all of the attractive olfactory cues. Therefore, it is likely that
1-propanol is also sensed by one of these neurons, suggesting
that two different stimuli sensed by the same sensory neuron
can induce memory in different ways, probably through different
neural circuits, from each other.

Effect of translation and transcription inhibitors

on memory acquisition and retention
Next, we examined the effect of mRNA and protein synthesis
inhibitors on memory induced by massed or spaced training since
LTM, but not STM/MTM requires both protein synthesis and
mRNA transcription (Flood et al. 1973; Mizumori et al. 1987;
Tully et al. 1994; Crow et al. 1997). Before the spaced training,
worms were cultivated on agar plates spread with bacteria in the
presence of 0.3 mg/mL of cycloheximide, 0.3 mg/mL of anisomy-
cin, or 0.1 mg/mL of actinomycin D at a final concentration for
2 h, and then during the resting intervals of the spaced training,
worms were also placed on agar plates spread with bacteria that
contain the drug. Therefore, worms were cultivated on agar plates
containing the drug for �3.7 h in total. As shown in Figure 5A, the
spaced training of the worms failed to induce the memory, indi-
cating that both transcription and translation are required for
memory formation. As shown in Figure 5B, in contrast, memory
induced by the massed training required neither transcription
nor translation, since the memory was normally induced in

worms cultivated on agar plates spread with bacteria in the
presence of the drug for 4 h before the conditioning started. The
final concentrations of the drugs in agar plates were determined
as the lowest concentrations that prevent the LTM formation
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Figure 3. Memory retention and extinction learning. (A) Memory reten-
tion induced by massed or spaced training. Flowcharts of the spaced and
massed training protocols used are shown at top. In the spaced training,
worms were simultaneously stimulated by being immersed in a solution
containing 1-propanol and HCl. This procedure was repeated 10 times
with a 10-min ITI, and the LI of the worms was assayed 0 h through
24 h (retention intervals) after the completion of the spaced training
(solid line). In the massed training, worms were simultaneously stimulated
with 1-propanol and HCl. After this conditioning was repeated 10 times
without an ITI, the worms were assayed for LI 0 h, 1 h, and 3 h after the
completion of the massed training (broken line). Data points are
means+SEM (n ¼ 9–15 assays). Asterisks indicate statistically significant
differences (∗∗P , 0.01) determined by one-way ANOVA with Turkey-
Kramer’s test, in comparison to the LI measured immediately after the
trainings. (B) Extinction learning. After the spaced training 10 times simul-
taneously with 1-propanol and HCl described above in A, worms were
transferred to NGM plates seeded with E. coli and were allowed to freely
move and eat at 20˚C for 6 h. The worms were then conditioned only
with the CS (solid line) in the absence of the US as described in “Extinc-
tion” of Materials and Methods. This extinction training was repeated
one to 10 times as indicated on the horizontal axis. Immediately after
the extinction learning, worms were tested for LI. As a control (broken
line), worms were also immersed in dH2O, instead of 1-propanol, at
room temperature. Data points are means+SEM (n ¼ 9 assays). Asterisks
indicate statistically significant differences (∗P , 0.05; ∗∗P , 0.01) deter-
mined by two-sided Student’s t-test, in comparison to LI values of
worms after conditioning with dH2O by the same cycle number.
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(Supplemental Fig. S4), but did not affect worm’s chemotaxis to
1-propanol (Supplemental Fig. S5). Under similar conditions
used for the training in the presence of the drug, �50% of protein
synthesis was indeed inhibited by the drug treatment as shown in
Supplemental Figure S6. These results indicate that the memories
generated by the massed and spaced trainings are STM/MTM and
LTM, respectively.

Sensitivity of memory to disruption
Before consolidation, memory is vulnerable to disruption and can
be sensitive to anesthesia such as cold shock (Tully et al. 1994).
Therefore, we examined whether the memory induced by the
massed training, but not the memory induced by the spaced train-
ing, is sensitive to cold shock. Immediately after the massed or
spaced training, worms were anesthetized by soaking them in ice-
cold dH2O for 5.0 sec. After recovering the worms at room temper-
ature for 5 min on an agar plate with bacteria, the worms were
assayed for chemotaxis to 1-propanol. As shown in Figure 6, the
cold shock did not affect the memory acquisition and retention
induced by the spaced training, while the memory induced by
the massed training was markedly erased by the cold shock.

These results indicate that the memory after the spaced train-
ing is resistant to cold shock, and is consolidated during the

repetitive conditioning with a 10-min ITI. Since the memory
induced by the spaced training was retained for �24 h, required
transcription and translation for its formation, and was resistant
to the cold-shock anesthesia, it is therefore classified as LTM by
definition. In contrast, the memory after the massed training is
classified as STM/MTM, since it was no longer observable within
3 h, required neither protein synthesis nor mRNA transcription
for its acquisition, and was disrupted by the cold-shock anesthe-
sia. Until amnesiac dependency of the memory is examined, how-
ever, it cannot be distinguished whether the memory is STM or
MTM. Unfortunately, on the C. elegans genome, an ortholog of
the amnesiac gene has not yet been found.

C. elegans mutants defective in STM/MTM and/or LTM
The C. elegans genome encodes “learning and memory genes,”
including crh-1 encoding the ubiquitous transcription-factor
CREB (cAMP responsible element binding protein), glr-1 and
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were placed on an NGM plate with a bacterial lawn, which contains the
indicated drug. The worms were tested for their LI by chemotaxis assay
immediately (open bars) and 6 h (closed bars) after the completion of
the spaced training. (B) A flowchart of massed training used is shown at
top. Worms were cultivated for 4 h on an NGM plate spread with a bac-
terial lawn, which contained one of the indicated drugs, and trained 10
times without an ITI. The worms were tested for their LI by chemotaxis
assay immediately (open bars) and 3 h (closed bars) after the completion
of the massed training. Data are means+SEM (n ¼ 9 assays). Asterisks
indicate statistically significant differences (∗∗P , 0.01) determined by
one-way ANOVA with the Bonferroni/Dunn test, in comparison to the LI
of worms untreated with drug.
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nmr-1 encoding a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA)-type and N-methyl-D-aspartate (NMDA)-
type glutamate receptor subunits, respectively, and stf-1 and
stf-2 encoding the double-stranded RNA-binding protein Staufen
isoforms. These genes have been shown to play crucial roles in
classical conditioning in Aplysia, C. elegans, Drosophila, and mice
(Dash et al. 1990; Morrison and van der Kooy 2001; Dubnau
et al. 2003; Rose et al. 2003; Xia et al. 2005). Therefore, we also
examined whether these “learning and memory genes” are
involved in the generation of memory after the massed or spaced
training (Fig. 7). Like the wild-type N2, all of the mutants did not
show detectable defects in avoidance of HCl, pH 4.0 (Supplemen-
tal Fig. S1) or in motility after the spaced or massed training (Sup-
plemental Table S1). However, the mutants were slightly less
sensitive to 1-propanol than the wild type (Supplemental Table
S2), and 1-propanol concentrations used for chemotaxis assay
were therefore adjusted based on the concentrations that produce
similar CI values for wild type and mutants. Nonetheless, 1.0%
aqueous 1-propanol was used for the spaced and massed trainings,
since higher concentrations than 1.0% affected chemotactic
activity of worms to 1-propanol (Supplemental Fig. S2). As shown

in Figure 7, 1.0% aqueous 1-propanol was successfully used to
condition all of the wild type and mutants, except for nmr-1, to
induce STM/MTM at similar levels. Mutations in crh-1, glr-1,
and stf-1 and stf-2 affected only the formation of the LTM, whereas
mutants defective in nmr-1 failed to form both the STM/MTM and
LTM. The nmr-1(ak4) transgenic lines, nmr-1(ak4);ixEx98 and 99,
which have an extrachromosomal wild-type nmr-1 gene, were suc-
cessfully trained to form the STM/MTM and LTM at the wild-type
levels by the massed and spaced trainings, respectively. Hence, all
of the genes tested were required for the acquisition and retention
of the LTM. In contrast, none of the genes examined, except for
nmr-1, was essential for the STM/MTM. These results are consis-
tent with those in Aplysia, Drosophila, and mice.

Discussion

In the present study we have developed classical conditioning
protocols for the study of associative learning and memory in
C. elegans. The aversive olfactory conditioning with 1-propanol
and HCl as a CS and US, respectively, has been shown to share
many of the defining features of associative learning in vertebrate
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Figure 6. Sensitivity of memory to disruption. (A) A flowchart of spaced
training used is shown at top. Worms were simultaneously stimulated with
1-propanol and HCl. Immediately after repeated conditioning 10 times
with a 10-min ITI, the worms were soaked in either room-temperature
(RT) dH2O or ice-cold (IC) dH2O, and then tested for LI values after being
cultivated on NGM plates with a bacterial lawn at 20˚C for 0 h (open
bars) and 6 h (closed bars). (B) A flowchart of massed training used is
shown at top. Worms were conditioned 10 times with a solution containing
both 1-propanol and HCl, and then soaked in either room-temperature
(RT) dH2O or ice-cold (IC) dH2O. Immediately (open bars) or 3 h (closed
bars) after the treatment, the worms were tested for LI by chemotaxis
assay. Data are means+SEM (n ¼ 9 assays). Asterisks indicate a statistically
significant difference (∗∗P , 0.01) determined by one-way ANOVA with
Bonferroni/Dunn test, in comparison to the LI of worms untreated.
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Figure 7. C. elegans mutants defective in learning and memory. (A) A
massed training protocol of wild-type and mutant worms is shown at
top. The worms were trained 10 times by being soaked in a solution con-
taining both 1-propanol and HCl, and then tested for LI values by chemo-
taxis assay immediately (open bars) and 3 h (closed bars) after the
training. (B) A spaced training protocol used for the worms indicated is
shown at top. The worms were stimulated by being soaked in a solution
containing both 1-propanol and HCl. This conditioning was repeated
10 times with a 10-min ITI. The worms were tested for LI values by chemo-
taxis assay immediately (open bars) and 6 h (closed bars) after the train-
ing. Data are means+SEM (n ¼ 9 assays). Asterisks indicate statistically
significant differences (∗∗P , 0.01) determined by one-way ANOVA with
the Bonferroni/Dunn test, in comparison to the LI of N2 worms.
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and invertebrate species, as exemplified by classical (Pavlovian)
conditioning. These include stimulus and paring specificity, con-
tiguity learning, and both short/middle-, as well as long-term
retention. Furthermore, it is also possible to extinguish the
learned behavior to some extent by extinction training, in which
the presentation of the reinforcing stimulus is withheld. The
STM/MTM and LTM are successfully induced by the massed train-
ing and spaced training, respectively; the LTM formation is pro-
tein synthesis dependent, while STM/MTM is not. Only the
difference between the two training protocols is an ITI between
the trials in the spaced training. The optimal ITI length was deter-
mined to be 10 min for both acquisition and 3-h retention of the
LTM (Fig. 2B). This optimal ITI length is similar to those of other
organisms, including fruit flies, honeybees, and crickets (Beck
et al. 2000; Menzel et al. 2001; Matsumoto and Mizunami 2002;
Giurfa et al. 2009). Although the spacing effect has long been
observed at the behavioral level, the underlying cellular and
molecular mechanisms are poorly understood. Mitogen-activated
protein kinase (MAPK) activity has been implicated in memory
formation in invertebrates and vertebrates (Kandel 2001;
Kelleher et al. 2004; Mayford 2007; Cammarota et al. 2008), and
more recent studies suggest that MAPK activation during ITI is
required for LTM (Ye et al. 2008; Pagani et al. 2009).

There are convincing examples of classical conditioning
that simultaneous pairing is as effective, or more effective than
forward pairing (Heth and Rescorla 1973; Mahoney and Ayres
1976; Rescorla 1980; Tully and Quinn 1985; Barnet et al. 1991,
1993; Lent and Kwon 2004). Consistent with these examples,
the results described in the present study demonstrate that the
most efficacious procedure for the classical conditioning inducing
the LTM is to have the simultaneous onset of the CS and US, and
also show that the backward pairing is as effective as the forward
pairing (Fig. 2A). The closer the CS and US are together in time,
the greater the LTM induced. Indeed, Lin and Glanzman (1997)
have found that associative long-term synaptic changes are sensi-
tive only to the amount of temporal contiguity between stimuli,
and can mediate simultaneous, backward, and forward pairings.
In contrast, there are results indicating that the most efficacious
procedure for many types of classical conditioning is to have the
onset of the CS precede that of the US (Maier et al. 1976; Hellstern
et al. 1998; Matsumoto and Mizunami 2002). Temporal param-
eters that characterize different classical conditioning paradigms
may result from underlying, intrinsic different mechanisms.
Alternatively, all types of associative learning may be intrinsically
sensitive only to the temporal correlation between stimuli, not to
stimulus order. According to this view, the order specificity that
characterizes some forms of classical conditioning may be due
to neuronal circuits that transmit the stimuli to a critical site for
associative learning.

In the present study, we have also analyzed the effects of var-
ious mutations of genes, nmr-1, glr-1, crh-1, stf-1, and stf-2, on the
formation of STM/MTM and LTM (Fig. 7). All of the mutations
except for nmr-1 affected only the LTM; the nmr-1 mutant was
defective in the formation of both STM/MTM and LTM. In C. ele-
gans, nmr-1, a homolog of NMDA receptor subunits, is expressed
only in six pairs of neurons (AVA, AVD, ADE, RIM, AVG, and
PVC) (Brockie et al. 2001a,b). In these neurons, the NMDA recep-
tor may act as a molecular coincidence detector for 1-propanol
and HCl signals in synaptic plasticity, where synaptic strengthen-
ing required for both STM/MTM and LTM can result from coinci-
dental firing of the pre- and postsynaptic neurons (Gustafsson and
Wingstrom 1988; Kauer et al. 1988; Bliss and Collingridge 1993;
Bailey et al. 2000). Influx of calcium through the NMDA receptor
into the postsynaptic cells can result in activation of several pro-
tein kinases including MAPK (Bailey et al. 2000; Wang et al.
2007), which may in turn phosphorylate the transcription-factor

CREB encoded by crh-1 expressed in C. elegans head neurons
(Kimura et al. 2002; Suo et al. 2009). CREB is a member of the basic
region/leucine zipper (bZip) family of transcription factors, which
is regulated by increases in the intracellular levels of cAMP and
calcium (Carlezon et al. 2005), and activates a cascade of genes
that leads to LTM (Dash et al. 1990; Yin et al. 1994; Kogan et al.
1996). The stf-1 and stf-2 encode highly conserved dsRNA-binding
Staufen proteins and are involved in the formation of LTM co-
operatively with pumilio in Drosophila (Dubnau et al. 2003).
Vertebrate Staufen localizes to dendritic sites in hippocampal
neurons and are implicated in translational control at distal syn-
aptic sites. Depletion of Staufen was found to significantly reduce
both b-actin mRNA containing ribonucleoproteins and b-actin
mRNA at dendritic sites, suggesting Staufen regulates the den-
dritic cytoskeleton (Loya et al. 2010). Also, Staufen may regulate
the synthesis of glutamate receptors through microRNAs (Karr
et al. 2009). glr-1, which encodes one of subtypes of ionotropic glu-
tamate receptor channels, is critical for LTM in C. elegans, and the
expression and localization altered by conditioning are necessary
for the formation of long-term habituation (Rose et al. 2005). It
has also been found that glr-1 mutants are deficient in an olfactory
associative learning task, in which diacetyl is paired with acetic
acid, as well as in nonassociative learning (habituation) with the
same diacetyl stimulus (Morrison and van der Kooy 2001). In
this associative learning paradigm, the attractive response of naive
worms to diacetyl was reduced after the conditioning, but did not
completely disappear like the learned behavior seen in the present
study. This may be due to the short 1.0-min ITI, and/or due to dual
aversive and appetitive effects of acetic acid (Frøkjær-Jensen et al.
2008). The associative STM/MTM induced by the massed training
in the present study may be different from the nonassociative
learning (habituation), although it is not clear whether the nonas-
sociative habituation is STM or not. The STM/MTM of the present
study may be formed at the level of neural circuits since NMDA
receptors are involved, while the nonassociative habituation may
occur in the sensory neuron AWA itself.

Thus, we have found that C. elegans can learn and form asso-
ciative LTM after spaced training, which is retained for .24 h after
the conditioning, is sensitive to inhibitors of mRNA and protein
synthesis, while associative STM/MTM induced by massed train-
ing, which is no longer observable within 3 h after the condition-
ing, is resistant to the inhibitors. These are major features of LTM
and STM/MTM (Tully et al. 1994; Crow et al. 1997; Epstein et al.
2003; Fulton et al. 2005). Furthermore, the associative LTM is
stimulus and paring specific, depends on contiguous CS–US stim-
ulation, and can be partially extinguished by extinction learning.
During the course of the present study, Kauffman et al. (2010)
have reported long-term associative memory induced by spaced
training with butanone and food in C. elegans, in which cold
shock efficiently erased the LTM, but not STM/MTM. This is dif-
ferent from our results, in which cold shock erased only the
STM/MTM, but not LTM as observed in other organisms
(Yamada et al. 1992; Tully et al. 1994; Tamura et al. 2003). In
the cold-shock protocol by Kauffman et al. (2010), worms were
placed at 220˚C for 15 min, in contrast to the protocol in the
present study, in which worms were placed in ice-cold water for
5.0 sec. The two different cold-shock protocols may have different
effects on LTM and STM/MTM.

Materials and Methods

Strains and culture media
All strains were derived from the wild-type C. elegans variety
Bristol, strain N2. Mutant strains, crh-1(tz2), glr-1(n2461), and
nmr-1(ak4) used in this study were provided by the
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Caenorhabditis Genetics Center at the University of Minne-
sota, Minneapolis, MN. Other mutants, stf-1(tm2266) and stf-
2(tm2351), were obtained from National Bioresource Project for
the Nematode (Tokyo Women’s Medical University School of
Medicine, Tokyo, Japan). crh-1(n3315) and glr-1(ky176) were gen-
erous gifts from Mark Alkema (University of Massachusetts School
of Medicine, MA) and Andres Maricq (University of Utah, Salt
Lake City, UT), respectively. The wild-type N2 and mutant strains
were grown on NGM (50 mM NaCl, 20 g/L of agar, 2.5 g/L of pep-
tone, 1.0 mM cholesterol, 1.0 mM CaCl2, 1.0 mM MgSO4, and
25 mM potassium phosphate at pH 6.0) seeded with Escherichia
coli (E. coli) OP50 or NA22 to adulthood under unstarved condi-
tions at 20˚C using standard methods (Brenner 1974).

Transgenic strains
Transgenic lines were made using standard protocols (Mello et al.
1991). To generate nmr-1 rescue lines, a 13-kb nmr-1 genomic DNA
fragment was amplified by PCR, using oligonucleotide primers,
5′-CACCGCGGCCGCGACAAAAGAAAACCAAATATTGTA and 5′-
ATCTGCAGCATGCTGAGTTCCGAATCACTGATC, and N2 geno-
mic DNA as a template. A resulting PCR product was purified
from agarose gel by using a QIAquick Gel Extraction Kit (QIAGEN),
and then the purified PCR product, 10 ng/mL, was coinjected with
lin-44p::GFP (Murakami et al. 2001), 50 ng/mL, into nmr-1(ak4).
Two days after DNA injection, four worms expressing GFP were
allowed to self-fertilize. Two transgenic lines that express GFP at
high frequencies were termed as nmr-1(ak4);ixEx98[nmr-1 gDNA;
lin-44p::GFP] and nmr-1(ak4);ixEx99[nmr-1 gDNA; lin-44p::GFP],
and were used as nmr-1(ak4)-rescued lines for experiments. The
genotype of the transgenic lines was confirmed by PCR amplifica-
tion of a portion of the gene using oligonucleotide primers,
5′-GTTCAACGTTACATTGAGGTAG and 5′-CTTCATATTCACAAG
CCCAAGTCTT, and genomic DNA as a template (Supplemental
Fig. S7). To prepare genomic DNA, worms suspended in lysis buffer
(2.5 mM KCl, 5 mM Tris-HCl at pH 8.0, 0.23% Tween-20, and
200 mg/mL of proteinase K) were incubated at 55˚C for 4 h.
Genomic DNA was purified from the lysates by phenol/chloro-
form extraction, followed by ethanol precipitation.

Worm preparation and chemotaxis assay
Well-fed worms on day 4 after hatching were used to minimize
the effects of age, locomotion, and olfactory sensitivity on assays.
Naive worms, about 100, were removed from their NGM plates
immediately before testing by washing them off with a 0.25%
aqueous gelatin (WAKO Pure Chemical Industries) solution into
1.5-mL Eppendorf tubes (Eppendorf). After the tubes were allowed
to stand still for 2 min at room temperature, worms were collected
at the bottom of the tubes by removing the supernatant with a
pipette or an aspirator. Likewise, the worms were washed twice
with a 1.0-mL 0.25% aqueous gelatin solution. The worms were
then placed along a central line of chemotaxis assay plates with
a blunted pipette tip, and an excess of water was removed with a
piece of Kimwipes (Kimberly-Clark).

Chemotaxis assay plates were prepared by mixing 15 g/L of
Bactoagar (Becton Dickinson KK), 5 mL/L of 1.0 M potassium
phosphate (pH 6.0), 1.0 mL/L of 1.0 M CaCl2, and 1.0 mL/L of
1.0 M MgSO4. These stock solutions were sterilized by autoclaving
before mixing. Agar plates were made by pouring 14 mL of the
mixture into square plates (10 cm × 10 cm) (Becton Dickinson),
and then were left with lids at room temperature overnight.
A total of 2 mL each of 5% (unless otherwise stated) aqueous
1-propanol (WAKO) was spotted at two places along the square
plate edge (Fig. 1A). The worms were allowed to move freely on
the plate for 10 min at room temperature. Chemotaxis assay was
terminated by killing the worms by placing 1.0 mL of chloroform
on the lid. A particular CI value was calculated as (number of
worms in area “a” 2 number of worms in area “b”)/total number
of worms in areas “a” and “b” (Fig. 1A). A learning index (LI) was
calculated by subtracting the CI of conditioned worms
(CIconditioned) from that of reference worms (CIreference) (Fig. 1B).
The CIreference was the mean of CI values of worms treated with

the CS alone and US alone as conditioned worms. Chemotaxis
assay was also carried out by using 1-propanol or isoamyl alcohol
diluted with dH2O, or benzaldehyde, or diacetyl diluted with
ethyl alcohol as a stimulus, which was spotted along the edge of
the chemotaxis assay plates. Unless otherwise stated, all of the
chemotaxis assays were carried out at least in triplicate on three
separate days (typically nine assays in total).

Simultaneous conditioning with CS and US
Before conditioning, worms were washed from their NGM plates
directly into a worm collector that had been previously washed
with 0.25% aqueous gelatin solution. Worm collectors were
made from a transparent plastic pipe (3.5-cm length, 30-mm
external diameter, 2-mm wall thickness) (Asahi Kasei) by attach-
ing nylon mesh (30-mm mesh size) (SEFAR) to the bottom of
the tube with glue (Aron Alpha/High Speed EX, Toagosei). A
�50-mL mixture of 1.0% 1-propanol and 100 mM HCl (pH 4.0),
in a glass slide staining dish with a lid (Matsunami Glass) was
used for simultaneous conditioning of worms with CS and US. A
100-mM aqueous HCl (pH 4.0) was made by diluting concentrated
HCl (Nacalai Tesque) with dH2O, which was prepared by using
Millipore Synthesis A10, immediately before use. The concentra-
tion of HCl as US was determined as the lowest acidic pH that
did not affect chemotaxis of wild-type worms to 1-propanol after
conditioning five times by spaced training with a 10-min ITI
(Supplemental Fig. S8). The simultaneous conditioning was car-
ried out by briefly (,1.0 sec) dipping a worm collector with
worms into a glass slide staining dish with a solution containing
both 1-propanol and HCl. Then, the worm collector was gently
immersed once in �1.0 L of dH2O in a beaker. An excess of water
in the collector was removed with a piece of Kimtowels (Kimberly-
Clark), and then the collector with worms was placed on an NGM
plate seeded with E. coli OP50 during an ITI for the worms to rest.
This cycle of conditioning was repeated up to 10 times with
various ITI lengths. After the final trial, the worms were washed
with �1.0 L of dH2O as described above, and then suspended in
a �1.0-mL 0.25% aqueous gelatin solution. The worm suspension
was transferred to a 1.5-mL Eppendorf tube with a blunted pipette
tip, and the worms were collected to the bottom of the tube by
gravity for �2 min at room temperature. Likewise, the worms
were washed twice with �1.0 mL 0.25% aqueous gelatin solution.
After the wash, the worms were placed along a central line on a
chemotaxis assay plate with a blunted pipette tip, and the gelatin
solution was removed with a piece of Kimwipes as much as
possible.

Conditioning with various ISI lengths
Conditioning with ISI was carried out as described above in the
simultaneous conditioning section, except that brief (,1.0 sec
each) exposures to CS and US were separated by various lengths
of time ranging from 0 sec to 2 min as an ISI. The order of stimu-
lation with CS and US was also changed as forward (CS �US) or
backward (US �CS) conditioning. After a brief (,1.0 sec) expo-
sure to the second stimulus, worms were briefly washed by gently
immersing a worm collector in �1.0 L of dH2O in a beaker. After
removing an excess of water with a piece of Kimtowels, the worms
were placed on an NGM plate seeded with E. coli OP50 during a
10-min ITI as described above. After repeating the conditioning
five times, the worms were transferred to a chemotaxis assay plate
for testing as described above. All other aspects of conditioning,
testing, and scoring were exactly as described above.

CS-alone conditioning
Conditioning with a CS alone, as a reference for unconditioned
effects of 1-propanol, was performed as described above. A glass
slide staining dish containing �50 mL 1-propanol diluted at a
ratio of 1/100 with dH2O was used for the CS-alone conditioning.
After a brief (,1.0 sec) exposure to the CS, worms were immersed
in dH2O instead of HCl during the conditioning. All other aspects
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of conditioning, testing, and scoring were exactly as described
above.

US-alone conditioning
Conditioning with a US alone, as a reference for unconditioned
effects of HCl (pH 4.0), was performed as described above. A glass
slide staining dish containing �50 mL 100 mM HCl (pH 4.0) was
used for the US-alone conditioning. After briefly (,1.0 sec) being
immersed in dH2O instead of 1-propanol, worms were briefly
(,1.0 sec) immersed in 100 mM HCl (pH4.0) in a glass slide stain-
ing dish at room temperature, and were then gently washed with
dH2O as describe above. All other aspects of conditioning, testing,
and scoring were exactly as described above.

Massed training
Worms were conditioned with a CS and US simultaneously, with
ISI, with the CS alone, or with the US alone as described above.
The trial was repeated either five or 10 times without an ITI
between two consecutive trials. Immediately after washing with
dH2O, worms were subjected to the next cycle of the trial. All
other aspects of conditioning, testing, and scoring were exactly
as described above.

Spaced training
Worms were conditioned as described above, except that the
worms rested on an NGM plate seeded with E. coli OP50 for
10 min (unless otherwise indicated) between two consecutive tri-
als at room temperature. The trial was repeated either five or 10
times, unless otherwise stated. All other aspects of conditioning,
testing, and scoring were exactly as described above.

Extinction
After spaced training 10 times with a 10-min ITI described above,
worms were transferred to NGM plates seeded with E. coli OP50,
and were allowed to freely move and eat at 20˚C for 6 h. The
worms were then washed from their NGM plates directly into a
worm collector that had been previously washed with 0.25%
aqueous gelatin solution, and were conditioned only with a CS.
This conditioning was carried out by briefly (,1.0 sec) dipping
the worm collector with worms into a slide staining dish contain-
ing �50 mL of 1.0% aqueous 1-propanol. Then, the worm collec-
tor was gently immersed once in �1.0 L of dH2O in a beaker. An
excess of water in the collector was removed with a piece of
Kimtowels, and then the collector with worms was placed on an
NGM plate seeded with E. coli OP50 during an ITI for the worms
to rest. This conditioning only with the CS was repeated one to
10 times with a 10-min ITI. All other aspects of conditioning, test-
ing, and scoring were exactly as described above.

Drug treatment
NGM culture media containing drug was prepared by mixing
15 g/L of Bactoagar, 5 mL/L of 1.0 M potassium phosphate (pH
6.0), 1.0 mL/L of 1.0 M CaCl2, and 1.0 mL/L of 1.0 M MgSO4

with 0.3 mg/mL of cycloheximide (200 mg/mL stock solution)
(Sigma), 0.3 mg/mL of anisomycin (10 mg/mL stock solution)
(A.G. Scientific), or 0.1 mg/mL of actinomycin D (10 mg/mL stock
solution) (MP Biomedicals) at a final concentration. These stock
solutions were sterilized by autoclaving or filtering before mixing.
Agar plates were made by pouring 8 mL of the mixture into
culture dishes (6 cm in diameter) (Kord-Valmark Labware), and
then by being left with lids at room temperature overnight. A
day before the experiments, the agar plates were spread with a
concentrated E. coli OP50 paste and were left with lids at room
temperature overnight. Worms were placed on the plates, and
were allowed to freely move and eat at 20˚C for 4 h before massed
training or for 2 h before spaced training. During the 10-min ITI of
the spaced training, the worms were also placed on plates contain-
ing the drug. All other aspects of conditioning, testing, and scor-
ing were exactly as described above.

Cold-shock anesthesia
Immediately after massed training, worms in a collector were gen-
tly washed by immersing the collector in �1.0 L of dH2O in a
beaker at room temperature, and then were immersed in ice-cold
dH2O for 5.0 sec. An excess of water was removed from the collec-
tor with a piece of Kimtowels, and then the collector with worms
was placed on an NGM plate seeded with E. coli OP50 at room tem-
perature for 5 min or 3 h. Then, the worms were gently washed by
immersing the collector in �1.0 L of dH2O in a beaker at room
temperature, and were placed on a chemotaxis assay plate for test-
ing as described above.

Immediately after a final ITI on an NGM plate seeded with E.
coli OP50 in spaced training, a collector with worms was gently
washed by immersing the collector in �1.0 L of dH2O in a beaker
at room temperature, and then was immersed in ice-cold dH2O for
5.0 sec. The worms were subjected to a chemotaxis assay as
described above. All other aspects of conditioning, testing, and
scoring were exactly as described above.

Motility assay
After massed or spaced training, worms were examined for their
motility. C. elegans moves on an agar plate by making a stereotyp-
ical sine wave. The movement of the head from peak to peak of the
curve (frequency) was counted as one body bend. After the train-
ing, worms in a collector were washed with �1.0 L of dH2O in a
beaker, and then were placed in a drop of dH2O on a chemotaxis
assay plate, or an NGM plate seeded with and without E. coli OP50,
using a blunted pipette tip. The drop of dH2O used for the transfer
of worms was adsorbed with a piece of Kimwipes. Five minutes
after the transfer, the number of body bends in a 10-sec interval
was sequentially counted for each of 20 worms once the worms
started moving in a forward direction on the assay plate.

HCl avoidance assay
An HCl avoidance assay was carried out on a quadrant plate
(10 cm in diameter) (Kord-Valmark) (Wicks et al. 2000). A pair
of opposite quadrants of a plate were filled with a mixture of
15 g/L of Bactoagar, 10 mL/L of 5 M NaCl, 1.0 mL/L of 1.0 M
CaCl2, and 1.0 mL/L of 1.0 M MgSO4, with or without 1.0 mL/L
of 1.0 N HCl. The pH values of the agar in the presence and
absence of HCl were 4.0 and 6.0, respectively, when measured
by using a pH meter (Model TPX-90, Toyo Chemical Laboratories).
These solutions were sterilized by either autoclaving or filtrating
before mixing. Well-fed worms on day 4 after hatching were
washed three times with a 0.25% aqueous gelatin solution as
described above to remove bacteria, and about 100 worms were
placed at the center of four quadrants. The number of worms on
the four quadrants was counted in 10 min at room temperature.
Avoidance index (AI) values were calculated by the number of
worms on the quadrants without HCl, subtracted by the number
of worms on the quadrants with HCl.

Protein labeling
To radioactively label bacterial cells as a source of food for worms,
a single colony of E. coli NA22 was inoculated into 100 mL of
low-sulfate minimal medium, which was made by mixing
20 mL of 5 × M9 buffer (30 g of NaHPO4, 15 g of KH2PO4, and
25 g of NaCl per liter), 1.0 mL of 2 M NH4Cl, 0.5 mL of 20% glu-
cose, 1.3 mL of 5 mM MgSO4, 500 mCi of [35S]-labeled cysteine/
methionine mixture (1175 Ci/mmol, 10 mCi/mL) (American
Radiolabeled Chemicals), and a 2-mg/mL (final concentration)
unlabeled cysteine and methionine mixture (1:3 ratio) (WAKO)
with distilled water as previously described (Lewis and Fleming
1995). After overnight growth at 37˚C, the bacteria were harvested
by a 10-min centrifugation at 3500g. The bacterial pellet was then
resuspended in 45 mL of low-sulfate minimal medium. The result-
ing bacterial suspension, 1.0 mL, was spread on the surface
of NGM agar plates (10 cm in diameter) containing 0.3 mg/mL
of cycloheximide, 0.3 mg/mL of anisomycin, or 0.1 mg/mL of
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actinomycin D at a final concentration, and the plates were left
overnight at room temperature.

To radioactively label worms, approximately 1000 well-fed
animals on day 4 after hatching were put on an NGM agar plate
with an unlabeled NA22 bacterial lawn that contained 0.3 mg/
mL of cycloheximide, 0.3 mg/mL of anisomycin, or 0.1 mg/mL
of actinomycin D at a final concentration at 20˚C for 2 h. The
worms were washed off with M9 buffer from the NGM plate
directly into a worm collector that had been previously washed
with 0.25% aqueous gelatin solution, and were then transferred
to the NGM plate with radioactively labeled NA22 in the presence
or absence of 0.3 mg/mL of cycloheximide, 0.3 mg/mL of aniso-
mycin, or 0.1 mg/mL of actinomycin D at a final concentration
at 20˚C for 2 h. The worms were washed three times with 5 mL
1 × M9 buffer without MgSO4, and were then suspended in
200 mL of 1 × M9 buffer without MgSO4. After incubation at
20˚C for 10 min, the worms were sonicated five times for 5 sec
with a 1-min interval on ice in the presence of protease inhibitors
(Complete, EDTA-free, Roche). Protein concentrations of the
worm suspensions were measured by using a BCA protein assay
kit (ThermoFisher Scientific). After adding an equal volume of
20% aqueous trichloroacetic acid (WAKO), the worm suspension
was cooled at 220˚C for 1.0 h. The resulting protein precipitate
was collected on a glassfiber filter (GF/C, Whatman) by aspira-
tion using a diaphragm dry vacuum pump (DTU-20, ULVAC
Technologies). The filter was dried for 5 min by aspiration, and
radioactivity of the filter was counted in a 10-mL liquid scintilla-
tion cocktail (CLEAR-SOL II, Nacalai Tesque) with a liquid scintil-
lation counter (LSC-6000, Hitachi Aloka Medical).

Statistical analysis
All results are expressed as means with standard errors of the
means (SEM) calculated from four to 15 assays, each of which
had about 100 worms. Statistical analysis of data was done by two-
sided Student’s t-test for comparison between two groups or one-
way ANOVA with Bonferroni/Dunn test or Tukey-Kramer’s test
for multiple comparisons between groups. P ≤ 0.05 was consid-
ered statistically significant. All analyses were carried out by using
Excel 2003 (Microsoft) with the add-in software Statcel2 (OMS).
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