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Long-term habituation is produced by distributed
training at long ISIs and not by massed training

or short ISIs in Caenorhabditis elegans
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Tobegin an investigation of the cellular processes that underlie long-term memory in the nematode
Caenorhabditis elegans, it is first necessary to determine that C. elegans is capable of retention over
24h, and to investigate the factors that may influence the expression of long-term memory.In the pres
ent study, the effects of stimuli number, interstimulus interval (lSI), and training procedure on long
term retention of habituation were tested in C. elegans. At a long (60-sec) lSI, distributed training ses
sions produced long-term habituation retained for 24 h, whereas massed training sessions or training
with few stimuli did not. Whentraining was performed at a short (lO-sec) lSI, long-term habituation was
not detectable with testing at either a 10-or a 60-sec lSI. The long-term habituation observed after dis
tributed training sessions at a 6Q-sec lSI was consistently expressed when the training procedures were
varied. Thus it is clear that C. elegans can reliably express long-term retention for distributed training
sessions at a 6Q-sec lSI, making the system a candidate for further investigations into the cellular pro
cesses supporting memory.

The investigation of long-term memory in a simple
model system provides an opportunity to define both the
behavioral patterns that indicate the operation of mem
ory and the cellular mechanisms that must support mem
ory. The experiments presented here using the nematode
Caenorhabditis elegans begin an analysis of the behav
ioral changes produced by a form of long-term memory,
long-term habituation, in this simple organism.

Habituation is a ubiquitous form of learning, found in
organisms ranging from protozoa to mammals (Harris,
1943; Thompson & Spencer, 1966; D. C. Wood, 1988).
Habituation may be defined as a decrease in responding
that occurs with repeated stimulation (Groves & Thomp
son, 1970). It is distinguished from simple fatigue by a
number of features, including the expression ofdishabit
uation, which is the facilitation of the habituated (deere-
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mented) response by a novel or noxious stimulus, and a
sensitivity ofboth habituation and spontaneous recovery
from habituation to interstimulus interval (Groves &
Thompson, 1970; Staddon, 1993). Accumulation ofha
bituation may be observed after an organism has been re
peatedly habituated and allowed to spontaneously recover
from habituation; this training leads to progressively
greater habituation (Groves & Thompson, 1970; Petrino
vich,1984).

Long-term habituation has been demonstrated in a
range of organisms and responses (Bicker & Hahnlein,
1994; Carew, Pinsker, & Kandel, 1972; Cerbone & Sa
dile, 1994; Leaton & Supple, 1991). It has been measured
in a number of different ways: as a decrease in overall re
sponsiveness (Carew et al., 1972), as an increased rate of
habituation (Cheever & Koshland, 1992), as a decrease
in both initial response and overall responsiveness (Lea
ton & Supple, 1991), as an increase in the rate of habit
uation and a decrease in response level (Lozado, Romano,
& Maldonado, 1990), as a decrease in the number ofstim
uli required for habituation (Bicker & Hahnlein, 1994),
and as a decrease in overall responsiveness (Cerbone &
Sadile, 1994).

The long-term memory for habituation in Aplysia has
been studied at both the behavioral and cellular levels (e.g.,
Bailey & Chen, 1983, 1988; Carew et al., 1972; Mon
tarolo, Kandel, & Schacher, 1987). Carew et al. (1972)
demonstrated that Aplysia is capable oflong-term reten
tion ofhabituation oftwo defensive withdrawal responses,
the siphon withdrawal response and the gill withdrawal
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response, and demonstrated that the retention of long
term habituation lasts at least 3 weeks. Furthermore, they
showed that long-term retention of habituation in the
siphon withdrawal response was greater after distributed
training sessions than after massed training sessions.
Distributed training sessions were given over a series of
4 days, whereas the massed training session was given on
a single day. Distributed training sessions contributed to
better retention on the 1st test, 1day later, and after 1week.
In addition, Carew and Kandel (1973) showed that dis
tributed training sessions with blocks of training sepa
rated by only 1.5 h rather than entire days was also ef
fective at producing long-term habituation. The study of
long-term memory in Aplysia has led to an examination
of the physiological changes in the cells and morpho
logical changes at the synapse (Bailey & Chen, 1983;
Castellucci, Carew, & Kandel, 1978). Ultrastructural
changes at the sensory neuron synapse accompany the
induction of long-term memory for habituation (Bailey
& Chen, 1983).

In the present study, the characteristics of long-term
habituation in the free-living nematode C. elegans will
be examined, in order to investigate the processes under
lying learning and memory in a new system and search
for insights into these processes. C. elegans has been
widely employed in the study of the structure and func
tion of the genome (w. B. Wood, 1988). The extensive
background of information on the organism's biology
makes it an excellent candidate for the investigation of
cellular and molecular mechanisms of learning and
memory (Rankin, Beck, & Chiba, 1990). The nervous
system of C. elegans is extremely simple in comparison
with other systems studied; all 302 neurons and their cell
lineages have been identified, and the connectivity ofall
the neurons is known (Hall & Russell, 1991; White,
Southgate, Thomson, & Brenner, 1986). In addition, C. ele
gans is capable of a variety of forms of behavioral plas
ticity, ranging from nonassociative to associative learning
and from short- to long-term memory (Bargmann, 1993;
Gannon & Rankin, 1995; Rankin et al., 1990).

Habituation of the reversal response in C. elegans ex
hibits many of the characteristics ofhabituation described
by Groves and Thompson (1970), including dishabitua
tion, spontaneous recovery, and sensitivity to interstim
ulus interval (ISI). A major finding in our work is that the
lSI has important effects on the dynamics ofa number of
components of habituation, affecting the rate ofhabitu
ation, the depth of habituation, and the rate of sponta
neous recovery from habituation (Broster & Rankin, 1994;
Rankin & Broster, 1992). Long ISIs (e.g., 60 sec) lead to
slower, shallower response decrement than do short ISIs
(e.g., 10 sec), but also lead to slower recovery from ha
bituation (Rankin & Broster, 1992). The slower recovery
exhibited after training with a long lSI suggests that short
term retention of habituation is better with longer ISIs
(Rankin & Broster, 1992).

In addition to short-term habituation, Rankin et al.
(1990) showed that habituation could be retained and
could affect behavior up to 24 h after the training, a sig-

LONG-TERM HABITUATION IN C. ELEGANS 447

nificant length of time in an organism whose reproduc
tive cycle IS 3 days. This finding was used as evidence that
C. elegans is capable of a form of long-term memory,
long-term habituation. To produce long-term habituation,
Rankin et al. used a distributed training sessions proce
dure in which the experimental group received 100 stim
uli in five blocks of 20 stimuli at a 10-sec lSI separated
by periods of rest on Day 1, whereas the control group
received only one block of 20 stimuli. A test block of 20
stimuli was given to both groups on Day 2. The Day 2
performance of each group was compared to its Day 1
performance; the experimental group, receiving 100 stim
uli, showed a significant decrease from Day 1 to Day 2,
whereas the control group, receiving 20 stimuli, did not.
This decrease on Day 2 exhibited by the experimental
group was considered evidence oflong-term habituation.
Attempts to replicate these results with a variety of pro
cedures have met with mixed success-in some experi
ments, long-term habituation has been seen, and in oth
ers, it has not (Rankin, unpublished observations). The
objectives of the present experiments were to establish a
procedure that reliably produces long-term habituation,
and to examine the role of several stimulus parameters
(stimulus number, stimulus grouping, and lSI) in long
term habituation in C. elegans.

GENERAL METHOD

Subjects and Materials
C. elegans Bristol (N2) were maintained in 4-cm-diameter Petn

plates filled with 10 ml of Nematode Growth Medium agar. The
nematodes fed on E. coli (OP50), as described in Brenner (1974).
At 4 days posthatching (the peak of egg laying), subjects were m
dividually placed on labeled agar-filled plates at least 2 h before
training and were maintained on the same plates throughout the
procedure. Worms were transferred individually from the breeding
plate to the labeled plates with a bent wire pick; simultaneously,
small amounts of bacteria sufficient to feed each subject during the
study were seeded on each plate.

In each group, 19· 23 worms were run; the data from 10 worms
were lost because of technical errors in video recording. The data
from a total of 452 worms were included in the analyses of these
experiments.

Stimulation and Behavioral Observations
Observations were made through a stereomicroscope With at

tached video recording equipment (Wild M3Z, Wild Zeiss Canada;
Panasonic Digital 5100 camera; Panasonic AG1960 VCR; NEC
monitor). A time-date generator was used to superimpose the ex
penmental time, time of day, and date on the video record (Pana
sonic WJ-81O). The vibrational stimulus used m this work was a
6-Hz train of six taps delivered to the side of the Petn plate holdmg
the subject. Each tap exerted approximately 1-2 N of force on the
plate. The stimuli were produced by a mechanical tapper With an
electromagnetic relay triggered by a Grass S88 stimulus generator
controlled by the experimenter.

The dependent measure used m this work was a measure of the
magnitude of the reversal response to tap, in which the worm, either
lying still or SWimming forward, responds to a vibrational stimulus
by initiating tail-first or backward swimrrung for a distance. The
distance traveled dunng the reversal response can be quantified
using stop-frame video analysis and computer-dnven drgruzing
equipment (Macintosh computer; Bit Pad Plus digrtizmg tablet;
Macmeasure software).
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Training Procedure
Worms were trained on Day 1 (4 days posthatching) and tested

on Day 2 (5 days posthatching). The training procedures consisted
of (1) distributed training, in which stimuli were given in blocks
separated by a l-h rest, (2) massed training, in which stimuli were
given consecutively without rest periods, (3) block control training,
in which one block ofstimuli was given, and (4) single-stimulus con
trol training, in which only a single stimulus was given on Day 1.

The block training control group was included to examine the ef
fects ofa small number ofstimuli during training on long-term ha
bituation. The single-stimulus control group, which received no
training on Day 1, was included to control for the effects ofage and
handling. On Day 2, 24~28 h after the end of training on Day I, all
subjects received one block of training. The response level of the
single-stimulus control group on Day 2 was expected to be at the
same level as the response level of the first block of training on
Day 1. Long-term habituation was evident when the Day 2 response
levels of a trained group were lower than the Day 2 response level
of the single-stimulus control group.

In each ofExperiments 1-4, distributed training sessions, massed
training sessions, and block and single-stimulus control training
procedures were employed. In Experiments I and 2, short- and long
term habituation produced by training with 60 stimuli (in three blocks
of 20 stimuli each in the distributed training session and massed
training session procedures) were examined at two different ISis. In
Experiments 3 and 4, the same procedures were run with 40 stim
uli (in four blocks of 10 stimuli each) in an effort to confirm and ex
tend the findings on long-term retention of habituation. The failure
of the test for long-term habituation at a 10-sec lSI in Experiments
2 and 4 to conclusively produce long-term habituation led us in Ex
periment 5 to train at a 10-sec lSI and then test at a 60-sec lSI.

Scoring and Statistical Analyses
Scoring of responses. Reversal responses were quantified by

measuring the distance traveled backward in response to the tap stim
ulus. A pause in forward swimming was scored as a reversal re
sponse ofzero, as was no response to the tap stimulus. Increases in
forward swimming speed immediately following the tap (accelera
tions), less than 30% of the responses, were considered missing
data, since the magnitude of accelerations cannot be directly com
pared with the magnitude of reversal responses. A complete analy
sis of the effects of training procedure, age, degree of habituation,
and expression oflong-term habituation on the distribution of the
missing data points has been presented elsewhere (Beck, 1995). It
was found that the expression of long-term habituation was unre
lated to the distribution of missing values, and therefore the distri
bution of missing values will not be discussed further here.

Treatment of data. Differences in performance during training
were examined through analyses of the response magnitudes aver
aged over blocks of either 5 or 20 stimuli. Obtaining these means
decreased some of the variability exhibited in these data and de
creased the number ofmissing data points in the repeated measures
analyses. The means of responses were calculated for every subject
and then used in the analyses. The comparisons of the mean block
magnitudes were used in the analyses ofhabituation, short-term re
tention of habituation, and long-term retention of habituation.

General analyses. The statistical package, SPSS (Version 4.0.5
Macintosh), was used for these analyses. Planned comparisons
were done by hand. Analyses ofvariance (ANOVAs)were employed
to test for differences between the means of groups and different
stages ofhabituation (see below for a description ofthe application
of ANOVAs to the analysis of short- and long-term habituation).
Between-subjects, within-subjects, and mixed-design ANOVAswere
employed when appropriate. Appropriate tests were employed to
examine the homogeneity of variance and covariance of the data
(Lindman, 1991). When the assumption ofthe homogeneity ofvari-

ance and covariance was violated, the degrees of freedom of the
corresponding F test were adjusted downward using the Huynh
Feldt epsilon generated by SPSS.

When appropriate, Fisher's post hoc comparisons were used after
significant factorial ANOVAs to assess differences between condi
tions. Planned comparisons focusing on contrasts that had special
significance in the context of the study were employed when the
overall ANOVAreached significance. When multiple planned com
parisons were used in one analysis, the a level (set at .05) was re
duced by dividing by the number ofcomparisons (Lindman, 1991).
Appropriate tests were employed to ensure that the data were ro
bust to assumptions of homogeneity of variance and covariance as
was needed (Lindman, 1991).

Analysis of short-term habituation. Short-term habituation was
examined during training on Day 1. To control for variability in re
sponding, the dependent measures used were made up ofthe means
of five consecutive responses. To look at short-term habituation, the
effects of different types of training on habituation on Day 1 were
compared across the trained groups in Experiments 1 and 2 with a
mixed-design ANOVA. The overall effect oftraining was measured
by comparing the mean of the first five responses with the mean of
the last five responses. A significant decrease from the initial re
sponse level to the final response level on Day I was considered ev
idence of short-term habituation.

The nature of the distributed training session protocols used in
Experiments 1 and 2 made it appropriate to expand the analysis of
short-term habituation ofthe distributed training session groups. In
the distributed training session procedures ofExperiments 1 and 2,
stimuli were delivered in three blocks of20 stimuli with l-h rest in
tervals between the blocks. A two-way repeated measures ANOVA
with block (3 levels: Blocks 1,2, and 3) and training (2 levels: the
initial mean of five responses, INIT, and the final mean of five re
sponses, HAB, in each block) was employed. Thus, habituation
within blocks (a significant main effect oftraining, in which the mean
of the initial five responses was higher than the mean of the final
five responses), the short-term retention of habituation between
blocks (a significant main effect ofblock, in which the levels ofre
sponding decreased across blocks), and differences in the habitua
tion expressed in each block (a significant training X block inter
action) were examined through this analysis. Because the expression
ofspontaneous recovery from habituation was important in the con
text of the work, a planned comparison was employed to contrast the
mean ofthe last five responses of Block I with the mean ofthe first
five responses of Block 2, and likewise for Blocks 2 and 3.

Analysis oflong-term habituation. Long-term habituation was
defined as a significantly lower Day 2 response level in trained
groups than in the single-stimulus control group. The Day 1response
levels were calculated with the means of each worm's responses to
the first 20 stimuli on Day I in Experiments 1, 2, and 5 and to the
first 10 stimuli on Day 1 in Experiments 3 and 4. The Day 2 re
sponse levels were calculated with the means of each worm's re
sponses to the 20 stimuli given on Day 2 in Experiments 1,2, and
5 and to the 10 stimuli given on Day 2 in Experiments 3 and 4. In
the analysis, the Day 1 response levels of the trained groups were
compared with the Day 2 response level of the single-stimulus
group with a factorial ANOVA in order to ensure that there were no
age or handling effects and that all trained groups started at com
parable response levels. Then the Day 2 response levels ofthe trained
groups were compared with the Day 2 response level ofthe single
stimulus group with a factorial ANOVA in order to test for the ex
pression of long-term habituation. Fisher's post hoc comparisons
were used to detect significant differences between the groups. If
the factorial ANOVA showed that there were differences in Day 2
response levels, paired one-tailed t tests were then carried out to test
for long-term habituation by testing whether Day 2 scores were sig
nificantly lower than Day I scores.



EXPERIMENT 1

Short- and Long-Term Habituation
With 60 Stimuli at a Short lSI (10 sec)

To clarify some ofthe inconsistent findings from a va
riety of 10-sec lSI long-term habituation experiments
with different handling and training procedures (Rankin,
unpublished observations), both short- and long-term ha
bituation after training at a 10-sec lSI with massed and
distributed procedures were examined.

Method
Training was delivered at a 10-sec lSI. Four groups were run. In

the distributed training sessions group (n = 2I), 60 stimuli were
given in three blocks of 20 stimuli each separated by l-h rest peri
ods. In the massed training session group (n = 21),60 stimuli were
given consecutively. In the 20-stimulus training group (n = 21),
20 stimuli were given, and in the single-stimulus control (n = 20),
only a single stimulus was given. All groups received 20 stimuli at
least 24 h later on Day 2.

Results
Short-term habituation: 60 stimuli, IO-sec lSI. Short

term habituation was examined across groups by com
paring the mean ofthe initial five responses with the mean
of the final five responses on Day I. Distributed training
(Figure lA), massed training (Figure lB), and 20-stimulus
control training (Figure 1C) all produced significant
short-term habituation on Day 1 [mixed-design group X
training ANOYA: training, F(l,55) = 173.85, P < .01].
The groups did not differ from each other in this measure
ofthe expression ofshort-term habituation [group, F(2,55)
= .02, n.s.; group X training, F(2,55) = .41, n.s.]. How
ever, it is worth noting that the lack ofdifference observed
between the three procedures may have been produced
by a floor effect, since for all groups the mean block
magnitude was close to zero by the end ofthe training runs
(mean block magnitude [millimeters] ±SE to the last
five stimuli in distributed training sessions, 0.20 ± .07;
massed training session, .09 ± .03; 20-stimulus control,
0.20 ± .05).

To examine habituation during distributed training
sessions on Day 1, the means ofthe initial five responses
and final five responses of each block were compared in
a two-way repeated measures block X training ANOYA.
There was significant habituation within blocks overall
[training, F(l,12) = 9.39,p = .01], and this habituation
did not vary significantly between blocks [training X

block, F(2,24) = .64, n.s.]. Interestingly, there was evi
dence for short-term retention ofhabituation; the level of
responding within blocks exhibited a significant decrease
during training on Day I [block,F(l.46,17.5) = 5.l6,p =
.02; degrees of freedom adjusted with the Huynh-Feldt
epsilon]. Because the Mauchly test for sphericity indi
cated that the assumption ofthe homogeneity ofvariances
and covariances had been violated, planned comparisons
to examine recovery from habituation between blocks of
training were not carried out. However, inspection ofFig-
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ure 1A mdicates that there appeared to be recovery from
habituation between Blocks 1 and 2 and Blocks 2 and 3.

Long-term habituation: 60 stimuli, IO-sec lSI. No
differences between the trained and control groups were
evident on Day 1 or Day 2 [see Figure 2: Day 1,F(3,79) =
2.39, n.s.; Day 2, F(3,79) = 2.55, n.s.]. Although the
lack of a significant difference between groups was ex
pected on Day I, the failure to see differences between the
groups on Day 2 was not, because long-term habituation
should have been apparent as a difference between the
Day 2 level of responding among groups. As can be seen
in Figure 2, age and handling effects may have depressed
response levels on Day 2 in all groups. This was unex
pected; the control group that received only a single stim
ulus on Day I should have had Day 2 response levels sim
ilar to those of the experimental groups on Day 1. This
depression on Day 2 suggests that some factor other than
the Day 1 experience was responsible for the depressed
responding on Day 2. Such effects would explain the
failure to find a significant difference between the trained
and untrained Day 2 levels of responding. It is also pos
sible that this short lSI may have generated behavioral lev
els so low that detection ofdifferences due to training may
be difficult. Therefore, at a 10-sec lSI, it was not possible
to determine whether training with 60 stimuli produced
long-term habituation, although short-term habituation
in all trained groups and retention ofhabituation between
blocks of training on Day 1 in the distributed training
sessions group were evident.

EXPERIMENT 2

Short- and Long-Term Habituation
With 60 Stimuli at a Long lSI (60-sec)

As discussed earlier, Rankin and Broster (1992) showed
that habituation at a long lSI (60 sec) resulted in slower
spontaneous recovery from habituation than did training
at a short lSI (10 sec). This is consistent with the findings
in a number ofother organisms (e.g., rat, Davis, 1970; frog
spinal cord, Farel, Glanzman, & Thompson, 1973; gold
fish, Laming & McKinney, 1990). This observation led
to the hypothesis that training at a longer lSI such as
60 sec might also produce better long-term retention of
the training than would habituation at a 10-sec lSI. De
spite the large body of research on the effects of lSI on
short-term habituation, there has been little research on
the effect ofISI on long-term habituation. Davis (1970)
tested retention of startle response habituation in rats 24 h
following training at either a 2-sec or a 16-sec lSI and
found that the 16-sec group had a lower percentage ofstar
tle responses (better retention of habituation) than did
the 2-sec trained group. From this data, Davis suggested
that, in rats, long ISIs might be superior to shorter ISIs
in producing long-term habituation, but that further in
vestigation was necessary. In the present experiment, this
hypothesis was tested in C. elegans by examining short
and long-term habituation at a 60-sec lSI.
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Figure 1. Habituation curves at a 10-sec lSI with 60 stimuli. The mean response magnitude (in millimeters) to
each stimulus given during training on Day 1 and testing on Day 2 is shown for subjects receiving distributed train
ing sessions (Figure 1A; n = 21; 60 stimuli in three blocks of 20 stimuli with 1-h rests between blocks), massed
training session (Figure 18; n = 21; 60 stimuli consecutively), 20-stimulus control training (Figure Ie; n = 21;
20 stimuli consecutively), and the single-stimulus control group Day 2 responses (Figure 1D; n = 20, single stim
ulus only on Day 1).
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the way in which habituation was expressed within blocks
[block )( training, F(2,38) = .7, n.s.]. However, there was
evidence of short-term retention of habituation between
the blocks [block, F(2,38) = 9.99,p < .01].

Spontaneous recovery between the blocks of training,
defined as a significant increase in response magnitude
from the end of one block to the beginning of the next,
was examined by planned comparisons of Block 1 HAB
with Block 2 INIT and Block 2 HAB with Block 3 INIT
(a = .025). The recovery between Block 1 and Block 2
was not significant [F(I,38) = 3.39, n.s.]. However, there
was evidence of recovery from habituation between
Blocks 2 and 3 [F(1,38) = 14.89,p < .01].

Comparisons of short-term habituation on Day 1:
60 stimuli, 10- and 60-sec ISis. The analyses of short
term habituation from Experiment 1 and this experiment
with training at 10- and 60-sec ISIs showed many simi
larities, though differences were also apparent. At both
ISIs, there was habituation on Day 1 in all trained groups;
however, at a 60-sec lSI, the depth ofhabituation was af
fected by the type of training, whereas at a 10-sec lSI, it
was not. This difference between ISIs is likely to be re
lated to the rapid and profound habituation exhibited dur
ing training at a 10-sec lSI.

As noted in Rankin and Broster (1992), the depth ofha
bituation after training is greater at a short lSI than after
a long lSI. In the present experiments, it is clear from a
comparison of Figures 1 (short-term habituation at a
lO-sec lSI) and 3 (short-term habituation at a 60-sec lSI)
that training at a short lSI produced greater response
decrement than did training at a long lSI with the same
number of stimuli and the same procedures. The obser
vation that at both the 10-sec and 60-sec ISIs there was
evidence of retention between blocks in the distributed
training sessions condition indicates that worms trained
at a 10-sec lSI are not insensitive to the effects of this
training; however, the effects of this training are not suf
ficient to produce long-term habituation.

Long-term habituation: 60 stimuli, 60-8ec lSI. As
can be seen in Figure 4, the single-stimulus control group
had a level of responding on Day 2 comparable to the
levels of responding on Day 1 of the trained subjects
[F(3,76) = 1.46, n.s.]. In addition, when the levels ofre
sponding on Day 2 were compared, the training received
on Day I significantly affected responding [F(3,76) =
3.45, p = .02]. Fisher's post hoc comparisons indicated
that the Day 2 response levels of the distributed training
sessions and massed training session groups were signif
icantly lower than that ofthe single-stimulus control group,
whereas the Day 2 response level ofthe 20-stimulus group
was not (Figure 4). However, paired t tests for Day I ver
sus Day 2 for distributed training, massed training, and
20-stimulus training showed that only the distributed train
ing sessions group had Day 2 scores significantly lower
than Day I scores [distributed training, t(20) = 2.42, P =
.012; massed training, t(19) = 1.28, n.s.; 20-stimulus
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.- Z.5
aa z.o-l:lllrllil

1.5u~

3~ 1.0
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DIST

Method
Training was delivered at a 60-sec lSI. The four groups described

in Experiment I were employed in Experiment 2 as well. In the dis
tnbuted training sessions group (n = 21), 60 stimuli were given in
three blocks of20 stimuli each separated by l-h rest periods. In the
massed training session group (n = 20),60 stimuli were given con
secutively. In the 20-stimulus training group (n = 20), 20 stimuli
were given, and in the single-stimulus control (n = 19), only a sin
gle stimulus was given. All groups received 20 stimuli at least 24 h
later on Day 2.

MAS TWENTY SINGLE

TRAINING

Figure 2. Habituation with 60 stimuli by block at a 10-sec lSI.
The figure shows the mean block magnitude (in millimeters) for
Day 1 and Day 2 of each of the three groups that received train
ing on Day I: the distributed training sessions group (n = 21),
massed training session group (n = 21), and 20-stimulus control
group (n = 21). Also shown is the Day 2 mean block magnitude
of the single-stimulus control group (n = 20; +SE). There were
no differences in Day 2 response magnitudes, regardless oftrain
ing procedure on Day 1.

Results
Short-term habituation: 60 stimuli, 60-sec lSI. At

the 60-sec lSI, short-term habituation again resulted
with all three training procedures. Comparisons of the
response magnitudes of the first and last stimuli on
Day 1 in the trained groups show that distributed (Fig
ure 3A), massed (Figure 3B), and 20-stimulus control
(Figure 3C) training produced a significant decrease in
mean response magnitude during training on Day 1
[mixed-design group X training ANOVA; a = .025; train
ing, F(1,56) = 81.64,p < .OI]. Although training proce
dure did not affect the overall level ofresponding [group,
F(2,56) = 1.96, n.s.], the groups did differ in the way that
they exhibited habituation [group X training, F(2,56) =
5.46,p < .0 I]. In Figure 3, it can be seen that habituation
with fewer stimuli (the 20-stimulus control group, Fig
ure 3C) led to less profound habituation than did massed
or distributed training sessions with 60 stimuli (mean ±
SE in millimeters; distributed training sessions HAB,
0.68 ± .11; massed training session HAB, 0.599 ± .09;
20-stimulus control HAB, 1.25 ± .01).

The habituation during distributed training sessions
was considered separately. Overall, training produced
habituation during the blocks of training [two repeated
measures block X training ANOVA; training, F( 1,19) =
40.79,p < .01]. There were no significant differences in



452 BECK AND RANKIN

A
DAYl DAY 2

20
0+-----....,

o

2

2.S

l.S

O.S

i
60

I
41

I
40

I
21

STIMULI

20
0+-------,

o

DAY 2

2

2.S

l.S

O.S

6040

STIMULI

DAYl

20

2

0+-----.....-----.,.....----......
o

2.S

B

20

2

0+------...
o

l.S

O.S

D SINGLE STIM CONTROL DAY 2

2.S

20

DAY 2

2

0+------,
o

2.S

O.S

20

DAYl

o
o

2.S

C

STIMULI

Figure 3. Habituation curves at a 60-sec lSI with 60 stimuli. The mean response magnitude (in millimeters) to each
stimulus given during training on Day 1 and testing on Day 2 is shown for subjects receiving distributed training sessions
(Figure 3A; n = 21; 60 stimuli in three blocks of 20 stimuli with 1-h rests between blocks), massed training session (Fig
ure 3D; n = 20; 60 stimuli consecutively), and 20-stimulus control training (Figure 3C; n = 20; 20 stimuli consecutively),
along with the mean response magnitude on the single-stimulus control on Day 2 (Figure 3D; n = 19, single stimulus only
on Day 1).
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TRAINING

Figure 4. Habituation with 60 stimuli by block at a 60-sec lSI.
The mean block magnitude on Day 1 and Day 2 of the three
trained groups, distributed (n = 21; 60 stimuli in three blocks of
20 stimuli with t-h rests between blocks), massed (n = 20; 60
stimuli consecutively), and 2o-stimulus (n = 20) training, and the
mean block magnitude on Day 2 of the single-stimulus control
group (n = 19; 20 stimuli consecutively) are shown (+SE). Only
the distributed training sessions group showed significant long
term habituation.

training, t(19) = - .096, n.s.]. Thus, the distributed train
ing sessions group showed long-term habituation, whereas
the massed training session group and the 20-stimulus con
trol group did not.

Comparisons of long-term habituation: 10- and
60-sec ISIs. In Experiment 1, in which training and test
ing were at a 10-sec lSI, there appeared to be age and
handling effects that depressed Day 2 response levels re
gardless of Day 1 training (Figure 2). These effects were
not evident in Experiment 2, in which training and test
ing were at a 60-sec lSI (Figure 4). Long-term habitua
tion was expressed after distributed training sessions and
testing at a 60-sec lSI; no evidence for long-term habit
uation was seen in 10-sec lSI tests after any type oftrain
ing at a 10-sec lSI. It is important to note that these two
groups were tested under different conditions (different
ISIs), and thus, differences in results might have been due
to differences in testing procedures. This possibility will
be addressed in Experiment 5. Although this failure to ex
press long-term habituation after training at a lO-sec lSI
cannot be interpreted as a failure to remember training, it
is clear that training and testing at a 60-sec lSI is a better
procedure to use in the examination ofthe processes under
lying long-term habituation.

In Experiments 1 and 2, distributed training sessions,
massed training sessions, and control training procedures
were used with 60 stimuli in order to examine long-term
habituation. However, the interaction between age and re
sponse level when subjects were tested with a 10-sec lSI on
Day 2 was unexpected. It was possible that factors spe
cific to procedure, such as the total number ofstimuli, the
number oftraining blocks, the duration of training, or the
number of stimuli in the test block, contributed these re
sults; therefore, in Experiments 3 and 4, the procedures
were altered in order to examine whether these procedural

Long-Term Habituation With
40-Stimulus Training at a to-sec lSI

In Experiment 1, there appeared to be an lSI-related
age and handling effect on the level of responding on
Day 2. In Experiment 3, variations of the training proce
dure at a 10-sec lSI (i.e., different total number ofstimuli,
different number oftraining blocks and different number
of stimuli per block) were employed to examine whether
this effect was consistently expressed.

EXPERIMENT 3

Method
Training was delivered at a 10-sec lSI for five groups of worms.

In the distributed training sessions group (n = 22),40 stimuli were
given in four blocks of 10 stimuli each, with a l-h rest period after
each block during training on Day 1. In the massed training session
group (n = 20), 40 stimuli were given consecutively. In the 10
stimulus training group (n = 20), 10 stimuli were given on Day I.
In the single-stimulus control group (n = 21), one stimulus was
given, and in the zero-stimulus control group (n = 21), no stimuli
were given on Day 1.The zero stimulus control group was included
as a comparison for the single-stimulus control group, in case the
single stimulus given in the control group produced habituation on
Day 2. All groups received a block of 10 stimuli at least 24 h after
training on Day 2.

factors were important to the relative response levels ob
served on Day 2 with and without training.

Results
As can be seen in Figure 5A, the results follow a pattern

similar to those seen in Experiment 1. There was a signif
icant difference between the Day 1 response levels of the
trained groups and the Day 2 response levels ofthe single
stimulus control group and the zero-stimulus control
group [factorial ANOVA with Fisher's post hoc com
parisons: F(4,99) = 16.559, p < .01; Day 1 levels for all
trained groups were greater than Day 2 levels for both
control groups]. There were no differences between the
groups in the Day 2 response levels [F(4,99) = .351, n.s.].
As can be seen in Figure 5A, the single-stimulus control
group and the zero-stimulus control group were at similar
levels on Day 2, confirming that the single stimulus given
in the control group was not producing long-term habitu
ation. Thus, despite 10-sec lSI procedures with an overall
smaller number ofstimuli (40 vs. 60), a smaller number of
stimuli in each block (l0 vs. 20), a greater number of
training blocks (four vs. three), and fewer stimuli in the test
block (l0 vs. 20), the effect of age and handling on Day 2
response levels was still apparent. If anything, this was
more apparent in Experiment 3, perhaps because in this
experiment response level was calculated from the first 10
responses and thus was not as depressed as when it was
calculated from 20 responses. In any case it is obvious that
with training ata 1O-see lSI, the effect ofage and handling
on Day 2 response levels was consistent regardless ofvari
ations in the training procedure.
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EXPERIMENT 5

Results
As can be seen in Figure 5B, the results in the present

experiment were similar to those observed in Experi
ment 2. There were no significant differences among the
Day 1response levels ofthe trained groups and the Day 2
response level of the single-stimulus control group [fac
torial ANOVA; F(3,77) = .19, n.s.]. On Day 2, the re
sponse levels of the distributed and massed training ses
sion groups were significantly lower than the response
level of the single-stimulus control group, but that of the
10-stimulus control group was not [factorial ANOVA;
F(3,77) = 2.895, P = .04]. No other significant differ
ences were evident between groups. Paired one-tailed
t tests showed that only the distributed training sessions
group had Day 2 response levels significantly below their
Day 1 response levels [distributed training sessions,
t(20) = 2.82,p = .005; massed training session, t(19) =
1.31,n.s.; 10-stimuluscontrol, t(19) = .144, n.s.]. The sim
ilarities between these results and those ofExperiment 2
suggest that the pattern of results reflects the properties
oflong-term habituation in C. elegans and not some pro
cedure-specific factor.
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Figure 5. Habituation with 40 stimuli by block at a lo-sec and
60-sec lSI. (A) Training at a 10-sec lSI. The mean block magni
tude on Day 1 and Day 2 ofthe three trained groups, distributed
(n = 22; 40 stimuli in four blocks of 10 stimuli with I-h rests be
tween blocks), massed (n = 20; 40 stimuli consecutively), and 10
stimulus (n = 20) training and the mean block magnitude on
Day 2 of the single stimulus (n = 21) and zero-stimulus control
groups (n = 21) are shown (+SE). Again there were no differ
ences in response magnitude on Day 2 regardless oetraining pro
cedure on Day 1. (B) Training at a 60-sec lSI. The mean block
magnitude on Day 1 and Day 2 of three trained groups, distrib
uted (n = 21), massed (n = 20), and 10-stimulus (n = 20) train
ing and the mean block magnitude on Day 2 of a single-stimulus
control group (n = 20) are shown (+SE). Only the distributed
training sessions group showed significantly smaller responses on
Day 2 than on Day 1.

Long-Term Habituation With 6O-Stimulus Training
at a to-sec lSI and Testing at a 60-sec lSI

In Experiments 1 and 3 (1O-sec lSI), there was a re
sponse depression on Day 2 following testing at a 10-sec
lSI independentofthe type or amount of training on Day 1.
It is possible that the training at a 10-sec lSI was indeed
inducing long-term habituation, but that expression was
masked by a floor effect reflected in the response de
pression on Day 2. To eliminate the confound ofa test day
floor effect obscuring long-term habituation in this ex
periment, worms that had been trained at a 10-sec lSI
were tested at a 60-sec lSI. Since Experiments 2 and 4 in
dicated that distributed training sessions produced long
term habituation at a 60-sec lSI, only distributed training
sessions were used in this experiment.

EXPERIMENT 4

Long-Term Habituation With
40-Stimulus Training at a 60-sec lSI

In Experiment 2, distributed training sessions with 60
stimuli at a 60-sec lSI produced significant long-term
habituation. In the present experiment, the consistency
of these findings is examined with the same variations
on the training procedures as in Experiment 3.

Method
Training was delivered at a 60-sec lSI for four groups of worms:

a distributed training sessions group with 40 stimuli In four blocks
of 10 stimuli separated by l-h rest periods (n = 21), a massed train
ing session group with 40 stimuli (n = 20), a 10-stimulus control
group (n = 20), and a single-stimulus control group (n = 20). All
groups received a test block of 10 stimuli at least 24 h after training
on Day 2.

Method
Five groups were run. In three groups, distributed training ses

sions with 60 stimuli delivered in three blocks of 20 stimuli each
with I-h rest periods between blocks were given on Day 1. These
three groups consisted of a group that received distributed training
sessions on Day I at a 10-sec lSI and testing on Day 2 at a 60-sec
lSI (n = 19; 10-60 group); a group that received distributed train
ing sessions on Day I and testing on Day 2 at a 10-sec lSI (n = 23;
I0-10 group); and a group that received distributed training ses
sions on Day I and testing on Day 2 at a 60-sec lSI (n = 20; 60-60
group). In addition, two control groups were run in which a single
stimulus was given on Day 1 and worms were tested on Day 2 with
either a 10-sec or a 60-sec lSI (single-IO group, n = 21; single-60
group, n = 20). For all groups, the test block on Day 2 consisted of
20 stimuli.

Results
As is evident in Figure 6, distributed training sessions

at a l O-sec lSI did not induce long-term habituation as



LONG-TERM HABITUATION IN C. ELEGANS 455

2..5

2.0

1..5

1.0

0..5

0.0
60s • 60s lSI lOs• 60slSI SINGLE· 60slSI

• DAY!

121 DAY2

lOs· lOslSI SINGLE- lOslSI

DAY 1TRAINING • DAY 21ESTING

Figure 6. Habituation with distributed training sessions at a 10-sec lSI tested at a 60-sec lSI.
The mean block magnitude on Day 1 and Day 2 ofthe two groups tested at the 60-sec lSI, 60-60
lSI (n = 20; 60 stimuli at a 60-sec lSI using the distributed training sessions procedure, tested
on Day 2 with 20 stimuli at a 60-sec lSI as in Experiment 2),10-60 lSI (n = 19; 60 stimuli at a
10-sec lSI on Day 1 using the distributed training sessions procedure, tested on Day 2 with 20
stimuli at a 60-sec lSI) and the mean block magnitude on Day 2 of the single-stimulus control
group tested at the 6O-seclSI, single-60 lSI (n = 20; single stimulus on Day 1, tested with 20 stim
uli at a 60-sec lSI on Day 2 as in Experiment 2) are shown. In addition, the mean block magni
tude on Day 1 and Day 2 ofthe group trained and tested at the 10-sec lSI 10-10 (n = 23; 60 stim
uli at a 100seclSI on Day 1 using the distributed training sessions procedure, tested on Day 2 with
20 stimuli at a 100seelSI as in Experiment 1) and the mean block magnitude on Day 2 ofthe single
stimulus control group tested at the 10-sec lSI, single-l0 lSI (n = 21; single stimulus on Day 1,
tested with 20 stimuli at a 10-sec lSI on Day 2 as in Experiment 1) are shown. Only the group
trained and tested at a 60-sec lSI showed significant long-term habituation.

measured by a 60-sec lSI, whereas long-term habitua
tion after distributed training sessions at a 60-sec lSI and
the Day 2 response depression previously seen with test
ing at a 10-sec lSI were both replicated. When the Day 1
response levels of groups trained at a 10-sec lSI (10-60
and 10-10 lSI groups) were compared with the Day 2 re
sponse levels of the single-l0 lSI group, it was evident
that there was a response depression with 10-sec lSI
testing on Day 2 without training [factorial ANOVA;
F(2,60) = 3.653,p < .05]. Not surprisingly, there was re
sponse depression on Day 2 for all groups tested at a 10
sec lSI: there was no difference between the Day 2 re
sponse levels of the trained (10-10 lSI) and untrained
(single-l 0 lSI) groups [unpaired, one-tailed t test; t(42) =
.83, n.s.]. This response depression on Day 2 was not
found in the single-stimulus group tested at a 60-sec lSI
(single-60 lSI group); when the Day 2 response level of
the single-60 lSI group was compared with the Day 1re
sponse level of the 60-60 lSI group, no difference was
observed [unpaired, two-tailed t test; t(38) = .4, n.s.].
The Day 2 response level ofthe 60-60 lSI group was sig
nificantly lower than the Day 2 response level of the sin
gle-60 lSI group, whereas the Day 2 response level of
the 10-60 group was not [factorial ANOVA; F(2,56) =
3.85,p < .05]. Long-term habituation was demonstrated
in this distributed training sessions group (60-60 group)
by a paired one-tailed t test showing that Day 2 response
levels were significantly below Day 1 response levels

[t(19) = 3.78,p = .0007]. Thus, in Experiment 5, there
suits from the previous experiments were replicated;
more importantly, it was found that distributed training
sessions at a 10-sec lSI failed to induce long-term habit
uation measurable at a 60-sec lSI. This finding supports
the hypothesis that training at a 10-sec lSI does not in
duce long-term habituation.

DISCUSSION

The experiments presented here focus on factors that
affect the development oflong-term habituation in C. ele
gans. In Experiments 1,3, and 5 (training at a 10-sec
lSI), an age- and lSI-dependent depression in response
levels was observed on Day 2. This Day 2 response level
depression, expressed independently of Day 1 training,
made it impossible to determine whether training at a
IO-see lSI is capable ofproducing long-term habituation
in C. elegans. In Experiments 2, 4, and 5 (training at a
60-sec lSI), distributed training sessions under several
different protocols produced long-term habituation.

In Experiment 5, the question of whether training at a
10-sec lSI could induce long-term habituation was
probed further. If habituation at a 10-sec lSI did in fact
induce long-term habituation, it might be detectable when
tested at a 60-sec lSI. The results showed that training
did not in fact induce long-term habituation measurable
by a 60-sec lSI test block. This finding strengthens the
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hypothesis that distributed training sessions at a 10-sec
lSI do not induce long-term memory for habituation.
The failure of training at the short lSI (10 sec) to induce
long-term memory for habituation is provocative, con
sidering that short-term memory for habituation, as mea
sured by the rate of spontaneous recovery, is also atten
uated at a 10-sec lSI when compared with habituation at
a 60-sec lSI (Rankin & Broster, 1992). In addition, the
results support and extend the suggestion by Davis
(1970) that long ISIs lead to greater long-term habituation
than do short ISIs. These results also support the hy
pothesis that habituation induced by different ISIs may
be mediated by different cellular mechanisms that are re
cruited differentially by short and long ISIs (Broster &
Rankin, 1994; Rankin & Broster, 1992).

The finding from Experiments 2 and 4 that distributed
training sessions are more effective at producing long
term habituation than a single massed training session is
consistent with findings in other organisms. However, it
should be noted that, for the 60-sec lSI groups, massed
training sessions did produce an effect on Day 2, since in
both Experiments 2 and 4 the Day 2 responses for the
massed groups were significantly lower than the Day 2
responses for control groups. It is possible that the mem
ory produced by a massed training session lasts for a
shorter period than that produced by distributed training
sessions, and that by testing at an earlier time (e.g., 12 h),
the Day I-Day 2 response level comparisons would be
significant for both groups. In Aplysia, the long-term ha
bituation produced by distributed training sessions lasts
much longer than the long-term memory produced by
massed training sessions (Carew et al., 1972). Work both
with animal systems and with humans suggests that the
types of long-term memory resulting from distributed
and massed training sessions may be produced by differ
ent cellular processes and operate with different behav
ioral principles (Dellarosa & Bourne, 1985; Yin et al.,
1994). For example, in Drosophila, the effects ofprotein
synthesis inhibition and other interference treatments on
memory consolidation for associative learning tasks have
been used to differentiate between different forms of
memory (Tully, Preat, Boynton, & Del Vecchio, 1995).
Long-term memory (lasting over 7 days) induced by dis
tributed training sessions is disrupted by blocking pro
tein synthesis, whereas long-term memory induced by
massed training sessions is not (Yin et al., 1994). In an
earlier experiment with C. elegans, heat shock was used
to disrupt long-term habituation 24 h following distributed
training sessions (Beck & Rankin, 1995). This effect was
hypothesized to be the result of a disruption of protein
synthesis during the exposure to heat shock. If, when
tested at 12 h posttraining, the long-term memory for dis
tributed habituation were to be blocked by a treatment
such as heat shock or protein synthesis inhibition while
the long-term memory for massed training sessions were
spared by the same treatment, the contention that dis
tributed and massed training sessions produce qualita-

tively different types of memory would be extended to
cover memory for nonassociative as well as associative
learning.

In summary, the work presented here demonstrates that
C. elegans is capable of long-term memory for habitua
tion. With training at a long 60-sec lSI, the expression of
long-term habituation can be induced by several differ
ent distributed training session procedures. These find
ings extend the findings of the superiority ofdistributed
training sessions over massed training sessions from a
number oforganisms for both nonassociative and associa
tive learning to this simple system and provide support
for the hypothesis that habituation at short ISIs may be
mediated by mechanisms different from habituation at
long ISIs. The next step in this work will be to investigate
further the differences between massed and distributed
training sessions at the 60-sec lSI and to begin a genetic
analysis of the memory produced by these different
training procedures. Finally, this research indicates that,
although C. elegans has only 302 neurons, the character
istics oflearning and memory that it demonstrates are con
sistent with those of higher organisms. Therefore C. ele
gans is a good model system in which to investigate the
cellular processes that underlie long-term memory.
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