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Abstract

In many organisms, memory after
training can be separated into a number of
processes. We now report that separable
memory processes are also initiated by a
training procedure affecting Aplysia feeding
behavior, a model system for examining the
neural mechanisms underlying the
regulation of a complex behavior. Four
distinct memory process were identified: (1)
a very short-term memory that declines
within 15 min, (2) a short-term memory
that persists for 0.5–1.0 hr, (3) an
intermediate-term memory, observed 4 hr
after training, and (4) a long-term memory
that is seen only after a 12- to 24-hr delay.
The four memory processes can be
distinguished by the different training
procedures that are required to elicit them.
A single 5-min training session is sufficient
to elicit the very short-term memory.
However, a longer training session that
continues until the animal stops responding
to food is needed to elicit short-term
memory. Intermediate-term memory is
observed only after a spaced training
procedure (three 5-min training sessions
separated by 30-min intervals). A single
5-min training session that does not cause
either short-term or intermediate-term
memory is sufficient to induce long-term
memory, indicating that short- and
long-term memory are independent, parallel
processes. Short- and long-term memory
can also be separated by the effects of a
post-training experience. Long-term, but not
short-term, memory can be attenuated by
cooling animals immediately after training.

Cooling before the training does not affect
either the training or the subsequent short-
or long-term memory.

Introduction

Memory following learning is not a unitary pro-
cess in either vertebrates or invertebrates (Dudai
1989). Learning initiates a variety of different, par-
tially independent memory processes that can be
characterized by differences in their time course,
anatomical localization, and sensitivity to post-
training events, such as physical stress or pharma-
cological agents (Squire 1987). In humans, active
or working memory refers to memory needed to
perform the current, ongoing task. This process
arises from the sustained activity of neurons that
are responsible for coding the memory (Goldman-
Rakic 1995). Short-term memory is shown from a
period of a few minutes to a few hours after learn-
ing and generally arises from covalent modifica-
tions of pre-existing proteins, which leads to
changes in the physiology and biochemistry of the
neurons storing the memory (Kandel and Schwartz
1982; Dudai 1989). Long-term memory becomes
evident somewhat later and can be maintained for
days, weeks, or a lifetime (Squire 1987; Dudai
1989). Inhibition of protein synthesis, as well as
heat, cold, or electroconvulsive shock, can disrupt
the formation of long-term memory before it is con-
solidated. However, once the long-term memory is
fully formed, it is generally resistant to these pro-
cedures (Squire 1987; Dudai 1989). Although dif-
ferent forms of memory can be shown to exist by
a variety of experimental procedures, in the ab-
sence of intervention the various memory pro-
cesses usually succeed one another gradually and
often overlap (DeZazzo and Tully 1995), producing
the illusion of a single, continuous process.

Insight into the cellular and molecular pro-
cesses underlying memory has come from a num-1Corresponding author.
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ber of preparations. For facilitation of Aplysia with-
drawal reflexes (Carew and Sahley 1986; Byrne
1987), short- and long-term memory are partially
mediated by the activation of a common second-
messenger system, the cyclic AMP (cAMP) cascade.
Modulation of K+ channels is responsible for many
of the short-term effects (Byrne and Kandel 1996),
whereas long-term effects are initiated by cAMP-
dependent transcription (Dash et al. 1990; Bacskai
et al. 1993). Short-term memory is maintained for
<30 min, whereas long-term memory becomes evi-
dent only after a delay of >12 hr (Emptage and
Carew 1993; Ghirardi et al. 1995; Mauelshagen et
al. 1996). Between short- and long-term memory, a
separable intermediate term memory can be iden-
tified (Ghirardi et al. 1995; Mauelshagen et al.
1996), which is dependent on translation, but not
transcription (Ghirardi et al. 1995). In this system,
short- and long-term memory are independent, par-
allel processes, because long-term memory can be
attained without the previous expression of short-
term memory (Emptage and Carew 1993;
Mauelshagen et al. 1996). In Drosophila, separable
short-, intermediate-, and long-term memory pro-
cesses have also been identified that are dependent
on the cAMP cascade (DeZazzo and Tully 1995).
However, in this system, mutants that disrupt ear-
lier stages of memory also disrupt later stages
(Tully et al. 1994), indicating a dependency of the
later memory stages on the preceding short- and
intermediate-term memory processes. Some of the
molecular events that are associated with short-
and long-term neuronal plasticity underlying
memory in mammals seem to be similar to those
that occur in Aplysia and Drosophila (Bourtchu-
ladze et al. 1994; Huang et al. 1994; Abel et al.
1997; Guzowski and McGaugh 1997).

In this paper we examine the relationships be-
tween different stages of memory caused by a
learning paradigm that affects Aplysia feeding be-
havior. In this paradigm, Aplysia modify their feed-
ing behavior as a consequence of their success or
failure to swallow a particular food stimulus (Suss-
wein et al. 1986). This training paradigm is of par-
ticular interest, because a neural analog similar to
aspects of the behavioral paradigm has recently
been developed (Nargeot et al. 1997). In addition,
the training paradigm is likely to affect well-char-
acterized, identified neurons that control feeding
(Weiss et al. 1978; Susswein and Byrne 1988; Plum-
mer and Kirk 1990; Teyke et al. 1990; Rosen et al.
1991; Hurwitz and Susswein 1996; Perrins and
Weiss 1996; Hurwitz et al. 1997). Following train-

ing, long-term memory has been demonstrated
from a period of 24 hr until 3 weeks (Schwarz et al.
1991). However, no systematic studies have exam-
ined short-term memory or the processes that gov-
ern the conversion of short-term to long-term
memory. This paper examines the properties of
memory during the first 24 hr after training that
affects Aplysia feeding, and compares the memory
processes during this period with those observed
after training procedures that affect Aplysia syn-
apses, as well as after training in other animals.

Aplysia feeding begins with appetitive move-
ments, by which animals locate food. Food touch-
ing the lips initiates biting, which causes food to
enter the mouth. Swallowing is triggered by food
within the mouth. Food or nonfood objects in the
mouth can also trigger rejection (Kupfermann
1974). In both ingestion (biting and swallowing)
and rejection, the toothed radula first moves for-
ward (protraction) and then backward (retrac-
tion). Protraction and retraction are coupled with
opening and closing of the radula halves (Morton
and Chiel 1993). Switching between ingestion and
rejection arises by changing the relative amplitude
of the protraction and retraction and by changing
the coupling between the protraction–retraction
sequence and the accompanying radula opening
and closing (Morton and Chiel 1993). In ingestion,
the retraction moves food into the mouth or gut.
The radula halves are open during a weak protrac-
tion and are closed during a powerful retraction.
During rejection the protraction phase moves food
or nonfood objects out. The radula halves are
closed during a powerful protraction, and a weak
retraction occurs with the radula halves open. A
common central pattern generator gives rise to
both ingestion and rejection movements (Hurwitz
et al. 1996; Kabotyanski et al. 1998). Neurons that
modulate the patterns, thereby playing a role in
switching between ingestion and egestion move-
ments, have recently been characterized (Hurwitz
et al. 1997; Kabotyanski et al. 1998; R. Nargeot,
D.A. Baxter, and J.H. Byrne, unpubl.).

In the training procedure that affects feeding,
food is made inedible by wrapping it in plastic net
(Susswein et al. 1986). When netted food touches
the lips, animals taste the food through holes in the
net. Animals bite, and food enters the mouth and
there elicits swallows that fail to convey the tough
food to the gut. The food eventually is rejected.
Food continues stimulating the lips and elicits
bites, which again lead to failed swallows. As train-
ing proceeds, the response of the animal to the

MEMORY AND INEDIBLE FOOD IN APLYSIA

&L E A R N I N G M E M O R Y

205



food gradually changes. Food stays within the
mouth for progressively shorter periods, eliciting
fewer swallows and more rejections. Animals even-
tually stop responding to the food (Susswein et al.
1986). Memory after training is shown by savings
in the time needed to stop responding to food
when animals are retrained, as well as by changes
in the motor pattern elicited by food, such as a
relative increase in the likelihood to reject food
rather than to ingest it. Memory is specific to the
taste and texture of the food used in the training
(Susswein et al. 1986; Schwarz et al. 1988, 1991).
The memory arises as a result of an associative
learning process, in which animals pair sensory
stimuli elicited by food with an internal negative
reinforcing stimulus arising from their failure to
swallow the food during the training (Susswein et
al. 1986).

We now report that different training proce-
dures, as well as cooling immediately after training,
reveal four separable memory processes: very
short (<15 min), short (<1 hr), intermediate (∼4
hr), and long term (>12 hr). Moreover, long-term
memory can be expressed in animals that have not
previously expressed short-term or intermediate-
term memory, indicating that these are indepen-
dent, parallel memory processes.

Materials and Methods

ANIMALS

Experiments were performed on Aplysia fas-
ciata and on Aplysia californica. A. fasciata
weighed 80–160 grams and were collected along
the Mediterranean coast of Israel. A. californica
weighed 100–150 grams and were purchased from
Marine Specimens Unlimited (Pacific Palisades,
CA). The species used in each experiment is noted.
Animals were stored five to six to a cage in plastic
mesh cages that were immersed in 1300-liter tanks
of aerated, filtered Mediterranean seawater at 18°C
with lighting at 12:12 hr light–dark. The animals
were fed one to two times weekly with Ulva lac-
tuca, which was gathered along with A. fasciata
and was stored frozen.

One week before an experiment, animals were
separated from one another. They were thereafter
kept in individual cages and were deprived food.
Twenty-four hours before an experiment they
were transferred to 10-liter experimental aquaria
that were maintained at 19–20°C. Because in A.

fasciata the presence of a conspecific in the envi-
ronment is needed for animals to learn that a food
is inedible (Schwarz and Susswein 1992), a second
Aplysia was always transferred to the experimental
aquarium along with the experimental animal. The
second animal was maintained behind a partition
that was not a barrier to the flow of seawater but
that prevented contact between the animals. Be-
cause A. californica are diurnally active (Kupfer-
mann 1968) and A. fasciata are nocturnal animals
(Ziv et al. 1991), experiments on A. californica
were performed during the light portion of the
day, whereas those on A. fasciata were done dur-
ing the dark portion, as described previously (Suss-
wein et al. 1986).

TRAINING PROCEDURE

As in previous studies (Schwarz and Susswein
1986; Susswein et al. 1986; Schwarz et al. 1988,
1991), training begins by touching a small piece of
Ulva wrapped in plastic net to the rhinophores of
animals. Aplysia respond to this stimulus by lifting
the head and centering food on the lips. Food on
the lips initiates a biting response, which leads to
entry of food into the buccal cavity. Food in the
buccal cavity leads to swallowing responses. How-
ever, because netted food physically cannot be
swallowed, it becomes lodged in the buccal cavity,
where it produces repetitive failed swallowing re-
sponses. Food eventually leaves the buccal cavity.
The netted food continues to stimulate the lips,
producing further biting responses, which again
leads to failed swallows. As training proceeds,
many responses fail to lead to entry of food into the
buccal cavity. When food enters the buccal cavity,
it stays within the cavity for progressively shorter
periods, eliciting fewer attempted swallowing re-
sponses. Finally, animals stop responding to the
netted food. The criterion for cessation of respon-
siveness was 3 min without food entering the
mouth. This criterion is somewhat different from
that in previous experiments, in which training
was stopped when there was one response of any
type in 3 min, and therefore the time to stop re-
sponding in the present experiments was some-
what shorter. In all experiments, biting responses
and entry and exit of food into and from the buccal
cavity were observed visually, and occurrences
were noted by pressing the appropriate button of
a three-button mouse connected to a computer. A
computer program noted the time that the mouse
button was touched. In addition, swallowing re-
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sponses that were felt by the experimenter as an
inward pull on the netted food were also noted.
Two parameters of learning and memory were
used: (1) time taken to stop responding to food and
(2) time spent by food in the buccal cavity (Suss-
wein et al. 1986).

COOLING

Animals were removed from the water, placed
in a tray without water, and then transported
within 15–30 sec to a freezer (−20°C) for 15 min.

STATISTICS

In many experiments, the presence of memory
was revealed using a paired t-test (a = 0.5) that
revealed a significant reduction of performance
during a test, with respect to that seen in the same
animals during an initial training. In two experi-
ments, the effect of a 5-min training on retention
that was measured at a variety of later periods was
compared, using t-tests (a = 0.05). A one-way
ANOVA and subsequent multiple comparison tests
(a = 0.05) were used to compare the effects of
three different training procedures (one or mul-
tiple 5-min training sessions or a single massed
training session) on retention after 4 hr. Finally, a
t-test (a = 0.5) was used to compare the effects of
cooling before and after training. Subsequent ANO-
VAs were used to determined whether the savings
after cooling were similar or different from the val-
ues measured in previous experiments on un-
cooled animals.

Results

LONG- AND SHORT-TERM MEMORY ARE
SEPARABLE

Previous experiments (Schwarz et al. 1988,
1991) showed that a single training session until an
animal stops responding to inedible netted food
leads a decrease in responsiveness immediately af-
ter the training, as well as a decrement in respon-
siveness after 24 hr. However, no data were avail-
able regarding memory during intermediate inter-
vals following training.

A series of experiments tested memory at in-
tervals from 5 min to 24 hr after training. In these
experiments, A. fasciata were trained until they
stopped responding to inedible food, and the

memory following training was then examined by
testing them with a procedure identical to the
original training. As in previous studies (Susswein
et al. 1986; Schwarz et al. 1991), memory was mea-
sured by two criteria: (1) a decrease in the time
needed to stop responding to food in the test ses-
sion, with respect to that seen when the same ani-
mals were naive and (2) a decrease in responsive-
ness to food at the start of the test session, with
respect to that seen in the same animals at the start
of training, when they were naive animals. Respon-
siveness to the food was measured by noting the
time that food spent in the mouth over the first 5
min of a training or testing session. Tests of
memory were performed either 5 min, 30 min, 1
hr, 4 hr, 12 hr, or 24 hr after training (Fig. 1). The
experiment used a blind procedure: During the
second (test) sessions, naive animals that had not
been trained previously were also examined, and
the experimenter was unaware of the identity of
the animals.

Figure 1: Memory after different time periods. Animals
were trained until they stopped responding to food and
then were tested at various intervals following the end of
the training. For 5-min testing, n = 5; for 30-min testing,
n = 9; for 1-hr testing, n = 12, for 4-hr testing, n = 13, for
12-hr testing, n = 6; for 24-hr testing, n = 6. Two param-
eters were measured during the training and during the
subsequent test: (1) the time to stop responding to the
food (top) and (2) the time that food was in the mouth
during the first 5 min (bottom). All tests were run along
with blind controls (for 5-min test, n = 5; for 30-min test,
n = 5; for 1-hr test, n = 7; for 4-hr test, n = 4; for 12-hr
test, n = 6; for 24-hr test, n = 6). The figure shows the
means and S.E.s of the values during the initial training,
during the subsequent test, and for the controls run
along with the test. Asterisks (*) mark time intervals in
which there was a significant difference between the
values observed between the original training and the
subsequent test (e.g., memory was shown).
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Significant memory was observed 5 min and
30 min after the animals were trained, as well as 1
hr and 24 hr after training, as measured by a de-
crease in the time needed to stop responding to
food [for 5 min: P = 0.002, t(4) = 5.69; for 30 min:
P < 0.001, t(8) = 5.46; for 1 hr: P = 0.05,
t(11) = 1.85; for 24 hr: P < 0.001, t(5) = 6.28]. In
contrast, no significant memory was observed 4 hr
or 12 hr after the training, as measured by a de-
crease in the time needed to stop responding [for
4 hr: P = 0.25, t(12) = 1.19; for 12 hr: P = 0.65,
t(5) = 0.47]. Decreases in the time that food spent
in the mouth during the first 5 min were seen 5
min, 30 min, and 24 hr after training [for 5 min:
P = 0.006, t(4) = 4.40; for 30 min: P = 0.001,
t(8) = 4.21; for 24 hr: P = 0.02, t(5) = 3.00], but no
significant decreases in the time that food was in
the mouth during the first 5 min were seen 1, 4, or
12 hr after the initial training [for 1 hr: P = 0.17,
t(11) = 0.98; for 4 hr: P = 0.43, t(12) = 0.19; for 12
hr: P = 0.06, t(5) = 1.87; all of the above are one-
tailed paired t-tests]. These findings indicate that a
single training session until animals stop respond-
ing causes separable short-term and long-term
memory processes. Short-term memory persists for
1 hr or less, whereas long-term memory begins to
appear only after 12 hr. No memory is seen for an
intermediate period of ∼1–12 hr after training
(Fig. 2).

In previous experiments that examined long-
term memory, training and testing were performed
at similar hours of the day, and so the possible
influence of circadian variables on the animals’ re-
sponses was avoided. However, the design of the
present experiment prevented us from training
and testing animals at the same time of day. It is
therefore possible that the seeming lack of
memory from 1 to 12 hr after training stems from
an elevation of the animals’ responsiveness as a
result of factors related to a circadian oscillator. To
test this possibility, we examined whether there
were systematic changes in the values observed in
the blind controls, which were tested at the same
time of day as were the memory tests in the ex-
perimental animals. There were no significant dif-
ferences between the six control groups (n = 33
animals in all) in either the time needed to stop
responding [P = 0.211, F(5,27) = 1.54], or in the
time that food was in the mouth during the first 5
min [P = 0.58, F(5,27) = 0.76; one-way ANOVAs].
Values in the control animals were similar to those
in the first training session of the experimental ani-
mals (n = 51 animals), when they were naive [for

the first training session, the mean time to stop was
13.62 ± 4.57 (S.D.) min, and the mean time spent in
the mouth during the first 5 min was 104 ± 52.67
(S.D.) sec; for the control animals, the mean time to
stop was 14.42 ± 4.70 (S.D.) min, and the mean
time spent in the mouth during the first 5 min was
108 ± 47.67 (S.D.) sec].

We also compared feeding during the six tests
of memory to feeding in the control animals. For
this analysis, the six control groups were com-
bined into one. One-way ANOVAs showed that
there were significant differences in both the time
to stop responding [P < 0.0001, F(6,77) = 12.30]
and in the time that food was in the mouth during
the first 5 min [P = 0.002, F(6,77) = 3.95], be-
tween the six tests of memory and the combined
control animals. Values during each of the six tests
were then compared with the values observed in
the control animals, using Dunnet’s test (one
tailed), which compares a number of different
treatments to a single control (Edwards 1972). The
time to stop responding was significantly reduced
during the 5-min [P < 0.0001, t(38) = 4.96], 30-min
[P < 0.0001, t(42) = 5.89], 1-hr [P = 0.01, t(45) =
2.29], and 24-hr [P < 0.0001, t(39) = 4.86] tests
but not during the 4-hr [P = 0.41, t(46) = 0.22] or

Figure 2: Time course of memory. Data from Fig. 2 for
all values measured during a test were normalized and
expressed a percentage of the value in the same animal
during the initial training, to illustrate the time course of
short- and long-term memory more clearly. The time
periods during which short-, intermediate- (Fig. 5, see
below), and long-term memories are expressed are
noted. S.E.s are shown. All tests were run along with
blind controls. Also shown are the mean and S.E.s of the
combined value for all of the controls (broken lines),
expressed as a percentage of the mean value observed in
all of the animals during the initial training.
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12-hr [P = 0.44, t(39) = 0.45] tests. The time that
food was in the mouth was significantly reduced
during the 30-min [P = 0.0001, t(42) = 3.94] and
24-hr [P = 0.004, t(39) = 2.79] tests but not during
the 5-min [P = 0.46, t(38) = 0.01], 1-hr [P = 0.40,
t(45) = 0.25], 4-hr [P = 0.31, t(46) = 0.49], or 12-hr
[P = 0.13, t(39) = 1.14] tests. These comparisons
are consistent with the finding that separable
short- and long-term memory processes are initi-
ated by a single training session, with no memory
observed during an intermediate period.

ABBREVIATED TRAINING INDUCES ONLY
LONG-TERM MEMORY

In the experiment described above, animals
were trained with inedible food until they stopped
responding. However, previous studies (Schwarz
et al. 1991; Schwarz and Susswein 1992) have
shown that even an abbreviated training session is
sufficient to cause long-term memory 24 hr after
training. We examined whether an abbreviated
training session can also give rise to short-term
memory.

In this experiment, A. californica were trained
as above, but the training was stopped at the end
of 5 min. Either 0.5 or 24 hr later the animals were
tested, using a blind procedure. The tests were
continued until the animals stopped responding to
the food. Following the abbreviated training there
was a significant difference [P < 0.001, t(14) =
9.54; two-tailed t-test] in the time needed to stop
responding to the food between animals that were
tested 0.5 hr and 24 hr after training (Fig. 3A). The
time to stop responding 0.5 hr after training was
similar to that in naive animals, whereas the time to
stop responding 24 hr after training was similar to
that in the initial training 24 hr previously until
they stopped responding. This finding indicates
that an abbreviated training is sufficient to cause
long-term but not short-term memory.

Data on the time spent in the mouth were
consistent with this conclusion (Fig. 3B). When
animals were tested 0.5 hr after training, there was
no significant difference between the time spent in
the mouth in the initial 5 min of training and dur-
ing the first 5 min of the test [P = 0.11, t(5) =
1.93]. In contrast, there was a significant decrease
in the time spent in the mouth during the first 5
min of the test 24 hr after training, with respect to
that seen during the 5-min training [P = 0.001,
t(9) = 4.76; two-tailed paired t-tests]).

The finding that abbreviated training produces
long-term memory identical to that seen after a full
training session, but does not cause short-term
memory, indicates that the expression of short-
term memory is not required for the subsequent
expression of long-term memory. This finding also
indicates that the earlier portion of a full training
session is sufficient for causing long-term memory,
whereas the later portion is needed to elicit short-
term memory.

COOLING REDUCES LONG-TERM MEMORY

In humans, as well as in many other animals
(Squire 1987; Dudai 1989), post-training experi-
ences can prevent the consolidation of a memory
from short-term to long-term stores. In Caenorhab-
ditis, Drosophila, and Limax, cooling of the whole
animal has been used to block memory consolida-
tion (Quinn and Dudai 1976; Yamada et al. 1992;
Morrison and van der Kooy 1997). Cooling presum-
ably blocks long-term memory by reducing the ani-
mal’s metabolism and thereby reducing energy-de-
pendent protein synthetic processes that are nec-
essary components of memory consolidation
(Davis and Squire, 1984). We examined the effects

Figure 3: Effect of abbreviated training. The initial
training was interrupted after 5 min, and animals were
tested either after 0.5 hr (n = 6) or after 24 hours
(n = 10). The test was continued until animals stopped
responding to the food. Means and S.E.s are shown. (A)
The time to stop responding in the test 0.5 hr and 24 hr
after training. The time to stop responding after 0.5 hr
was similar to that in naive animals, whereas the time to
stop responding after 24 hr was similar to that in animals
that had been trained with a full training session (see Fig.
1). (B) The time that food was in the mouth during the
first 5 min of training and during the first 5 min of the
two tests. There were no savings after 0.5 hr, but there
were significant savings after 24 hr.
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of cooling on training Aplysia that a food is ined-
ible, as well as on the expression of short- and
long-term memory.

Preliminary experiments examined the effects
of cooling 15 animals for 10 min at 0°C. Subse-
quent experiments examined the effects of cooling
30 animals for 15 min at −20°C. These experiments
showed that animals recovered rapidly from cool-
ing. After both procedures, during the first minute
after the animals were restored to their cages after
the cooling, the animals remained unresponsive at
the bottom of the cage, with the foot unattached to
the substrate. By 2–3 min after the cooling, they
began to make weak movements of the tentacles
and rhinophores. Animals became attached to the
substrate and began to crawl slowly from 5 to 7
min after their return to their cages. By the end of
10 min, locomotion seemed completely normal.
Animals that were provided with food also ate nor-
mally at this time. However, touching food to the
rhinophores 15 min after cooling caused strong
withdrawal responses, suggesting that withdrawal
reflexes were somewhat sensitized. Nonetheless, it
was possible to elicit feeding responses and to train
animals by touching the rhinophores with the net-
ted food very gently, to prevent withdrawal.

In preliminary experiments, A. californica
were trained that a food is inedible, until they
stopped responding to the food. They were then
cooled (10 min at 0°C) within 30 sec of the termi-
nation of the training. Some animals (n = 4) were
then tested after 30 min, whereas other animals
(n = 6) were tested after 24 hr. Essentially normal
learning and memory were observed in these ani-
mals (data not shown).

Because the effects of the cooling seemed to
be very benign, we examined the effects caused by
a more extreme procedure. In these experiments,
A. californica were trained that a food is inedible,
until they stopped responding to the food. They
were then cooled (15 min at −20°C) within 30 sec
of the termination of the training. In one group of
animals, memory was tested 0.5 hr following the
training (15 min after the end of the cooling),
whereas in a second group, memory was tested 24
hr after the training. Along with the animals cooled
after training and then tested after 0.5 hr and 24 hr,
control animals were examined that were cooled
for 15 min before being trained, rather than imme-
diately after the training. The cooling was for 15
min, which began 30 min before training, and
ended 15 mins before the training. The experi-
ments were performed using a blind procedure.

COOLING BEFORE TRAINING DOES NOT AFFECT TRAINING

We tested whether the cooling for 15 min be-
fore training affects the subsequent ability of the
animals to learn (Fig. 4). During the initial training,
there was no significant difference in the time to
stop responding [P = 0.23, t(29) = 1.22] or in the
time that food was in the mouth during the first 5
min of training [P = 0.93, t(29) = 0.09; two-tailed
t-tests] between animals that had been cooled 15
min before the training and those that were cooled
subsequent to the training. Thus, the cooling did
not affect the initial training. This was consistent
with the observation that animals recovered re-
markably quickly from the cooling.

COOLING BEFORE OR AFTER TRAINING DOES NOT AFFECT

SHORT-TERM MEMORY

We examined whether cooling before or after
training differentially affects short-term memory

Figure 4: Effect of cold before and after training on
learning and memory. Means and S.E.s are shown for
both the time to stop responding to food (top) and for the
time in the mouth during the first 5 min of a training or
test session (bottom). (A) In one group (open bars, n = 5),
animals were cooled and then trained until they stopped
responding to food and then tested 0.5 hr after the train-
ing. In a second group (shaded bars: n = 6), animals
were trained until they stopped responding to food and
were then cooled and then tested 0.5 hr after the train-
ing. (B) One group (open bars, n = 8) was cooled,
trained, and then tested after 24 hr. A second group
(shaded bars, n 11) was trained, then cooled, and then
tested after 24 hr. Cooling before training did not affect
either the ability to learn or short- or long-term memory.
Cooling after training did not affect short-term memory
but did attenuate long-term memory.
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(Fig. 4A). When animals were tested 0.5 hr after
training, there were no significant differences be-
tween animals that had been cooled before or after
training in the time to stop responding to food
[P = 0.43, t(10) = 0.17] or in the time that food
was in the mouth during the first 5 min of training
[P = 0.26, t(10) = 0.66; one-tailed t-tests]. In previ-
ous experiments on animals that had not been
cooled, 0.5 hr after the original training the time to
stop responding was reduced to 41.7 ± 7.6%
(S.E.M.) of the value seen in the initial training (see
Fig. 2). In the present experiment, the time to stop
responding to food was reduced to 33.9 ± 5.7%
(S.E.M.) of the initial value in animals that were
cooled before training and to 29.6 ± 6.7% (S.E.M.) of
the initial value in animals that were cooled after
training. There was no significant difference be-
tween these three values [P = 0.48, F(2,17) = 0.77;
one-way ANOVA]. In addition, in the previous ex-
periment testing animals 0.5 hr after training, the
time in the mouth during the first 5 min of the test
was reduced to 29.7 ± 10.3% (S.E.M.) of the value
during the initial training (see Fig. 2). In the pre-
sent experiment, this value was reduced to
28.0 ± 9.6% (S.E.M.) in animals that were cooled be-
fore training and to 17 ± 11.4% (S.E.M.) in animals
that were cooled after training. There was no sig-
nificant difference between these three values
[P = 0.52, F(2,17) = 0.68; one-way ANOVA]. These
data indicate that neither cooling before training
nor cooling after training affects short-term
memory measured 0.5 hr after the training.

COOLING AFTER BUT NOT BEFORE TRAINING AFFECTS

LONG-TERM MEMORY

We also examined whether cooling before or
after training differentially affect long-term
memory (Fig. 4B). In animals that were tested 24 hr
after the training, there was a significant difference
between animals that had been cooled before or
after training in the time to stop responding to
food [P = 0.04, t(18) = 1.92], as well as in the time
that food was in the mouth during the first 5 min of
training [P = 0.05, t(18) = 1.78; one-tailed t-tests].
The values measured in animals that were cooled
before training were similar to those seen previ-
ously (see Figs. 1 and 2) 24 hr after the initial train-
ing, whereas the values in animals cooled after
training were elevated. During the second session
in the previous experiment, the time to stop re-
sponding was reduced to 43.1 ± 8.0% (S.E.M.) of the

initial value (see Fig. 2). In animals that were
cooled before training, the time to stop was re-
duced to 48.7 ± 9.9% (S.E.M.) of the initial value,
whereas in animals that were cooled after training,
the time to stop was 85 ± 5.18% (S.E.M.) of the ini-
tial value. The difference between these three val-
ues was significant [P < 0.001, F(2,22) = 10.14].
This was a result of significant differences between
the animals that were cooled after training and the
other two treatments, with no significant differ-
ence between uncooled animals and animals that
were cooled before the training P < 0.05, Student–
Newman–Keuls test). In addition, during the sec-
ond session in the previous experiment (see Fig.
2), the time in the mouth during the first 5 min 24
hr after training was reduced to 51.8 ± 20.5%
(S.E.M.) of the value during the initial training. In
the present experiments, the time in the mouth 24
hr after training was 49.3 ± 19.4% (S.E.M.) of that in
the first session in animals that were cooled before
training. In contrast, in animals cooled after train-
ing, the time in the mouth was elvated to
101 ± 11.0% (S.E.M.) of the initial value. The differ-
ence between these three values was significant
[P = 0.04, F(2,22) = 3.82], as a result of a signifi-
cant difference between animals that were cooled
after training and the uncooled animals, with no
significant difference between uncooled animals
and animals that were cooled before the training
(P < 0.05, Student–Newman–Keuls test). These
data indicate that the cooling before training has
no effect on long-term memory. In contrast, cool-
ing after training strongly attenuates long-term
memory.

An additional experiment was performed to
replicate the finding that cooling immediately after
training, but not before training, attenuates long-
term memory. As in the previous experiment, ani-
mals were cooled either 15 min before being
trained or immediately after the training. All ani-
mals were then tested 24 hr later. This experiment
confirmed that cooling after training attenuates
long-term memory. The time to stop responding
was significantly increased 24 hr after the initial
training [P < 0.001, t(8) = 9.39] in animals that
were cooled after training [14.5 ± 2.2 (S.D.) min],
with respect to the time to stop in animals that
were cooled immediately before training
[3.24 ± 0.8 (S.D.) min]. Similarly, the time that food
was in the mouth during the first 5 min of the test
after 24 hr was significantly increased [P = 0.02,
t(8) = 2.41; one-tailed t-tests] in animals that had
been cooled after training [110 ± 83.9 (S.D.) sec],
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with respect to the value in animals that had been
cooled before training [1.28 ± 1.3 (S.D.) sec].

In two animals, the temperature adjacent to
the head ganglia was measured immediately after
animals were removed from being cooled to −20°C
for 15 min. Temperatures were found to be 3.5–
4°C. This finding is consistent with the relatively
benign effects caused by the cooling, because it is
unlikely that the ganglia were damaged by freez-
ing, and is also consistent with the possibility that
cooling inhibits long-term memory by lowering the
metabolism of the central ganglia.

It is possible that the effects of cooling on long-
term memory could be attributed to the handling
that animals received when they were removed
from their cages and transferred to the cold, rather
than to the cold itself. This possibility is consistent
with a previous finding (Kupfermann and Weiss
1981) that handling animals modulates feeding be-
havior. However, in experiments in which animals
were lifted and briefly removed from the water and
then transferred to other chambers, animals
showed essentially normal memory measured after
24 hr (Schwarz et al. 1998), indicating that benign
handling similar to that occurring when animals
were cooled would not by itself affect long-term
memory.

INTERMEDIATE-TERM MEMORY IS ATTAINED
BY SPACED TRAINING

The data above show that short-term memory
is over within 1 hr or less, and long-term memory
becomes evident 12 hr or more following training,
with a period of 1–12 hr after training in which no
memory is seen. This finding is somewhat surpris-
ing, because a previous study (Chiel and Susswein
1993) using a different training procedure did
show memory during this period. In this study ani-
mals were exposed ad libitum to inedible food,
rather than training them by continuously stimulat-
ing the lips with this food. Animals periodically
encountered the food, tried to eat it, and then re-
jected it. However, whereas in the present training
procedure the experimenter continued stimulating
the lips, in the ad libitum procedure the animals
crawled away from the food, thereby removing it
from their lips and preventing the food from initi-
ating a second round of biting and failed swallow-
ing. Thus, training bouts were spaced over a con-
siderable period, with the spacing governed by the
animal’s likelihood of encountering the food. We

reasoned that a training procedure designed to be
more similar to that seen in ad libitum training
could give rise to memory in the period before
long-term memory becomes evident.

In this experiment, A. californica were trained
with three 5-min exposures to inedible netted
food. The three training sessions were separated
from one another by 0.5 hr. Four hours after the
final session, using a blind procedure, memory was
tested by retraining the animals until they stopped
responding to the food. Two controls were exam-
ined. In both, animals received only a single train-
ing session. One control group was trained until
the animals stopped responding to the food,
whereas the other control group received only a
single 5-min training session. Both control groups
were also examined 4 hr after training (Fig. 5).

There were significant differences in the time
needed to stop responding to the inedible food in

Figure 5: Distributed training elicits intermediate-term
memory. The experimental animals (shaded bars) re-
ceived three abbreviated (interrupted at the end of 5
min) training sessions separated by half-hour intervals
(n = 8). Memory was tested 4 hr after the end of the
training. Two control groups (open bars) were tested
along with the experimental group. One group (n = 6)
received a single abbreviated training session (treatment
identical to that in Fig. 3), and the other group (n = 4)
received a single training session until they stopped re-
sponding to food (treatment identical to that in Fig. 1).
The data are shown separately for the training and test-
ing. The time to stop during training is shown only for
the single control group in which the training was not
abbreviated. Only the distributed training caused signifi-
cant memory after 4 hr. Note that there is no significant
difference [P = 0.10, t(7) = 1.86, two-tailed paired t-test]
in the time spent in the mouth between the first and
second training sessions, confirming the lack of memory
0.5 hr after an abbreviated training session (see Fig. 3).
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the three groups tested 4 hr after the initial training
[P < 0.001, F(2,15) = 19.84; one-way ANOVA]. For
the two control groups that had received a single
training, the times to stop were similar to those in
naive animals, whereas the time to stop in the ani-
mals that had received multiple training sessions
was significantly shorter [P < 0.001, t(16) = 6.02;
one-tailed t-test comparing animals receiving three
5-min training sessions with combined data from
both control groups]. These data indicate that the
repeated brief training sessions lead to significant
memory after 4 hr, whereas a single training ses-
sion does not.

Data on the time spent in the mouth also
showed memory 4 hr following the multiple train-
ing sessions. There were significant differences in
the time spent in the mouth between the three
groups tested 4 hr after training [P < 0.001,
F(2,15) = 17.87; one-way ANOVA]. The time spent
in the mouth during the first 5 min of the test in the
two control groups was similar to that seen in na-
ive animals, whereas this measure was significantly
reduced in the animals that had received three 5-
min training sessions [P < 0.001, t(16) = 4.95; one-
tailed t-test comparing animals receiving three 5-
min training sessions with combined data from
both control groups].

These data indicate that an intermediate-term
memory can affect the response to inedible food
during the period in which neither short-term nor
long-term memory is present. However, the gen-
eration of the intermediate-term memory is depen-
dent on spacing of a number of training sessions,
whereas a single training session is sufficient to
give rise to both short-term and long-term memory.

A VERY SHORT-TERM MEMORY IS EVIDENT
DURING TRAINING

Previous studies have shown that the respon-
siveness to food gradually declines while animals
are being trained (Susswein et al. 1986). The re-
sponsiveness to food during the second 5 min of
training is already less than that seen during the
first 5 min. However, the data above indicate that
when a half-hour separates two 5-min training ses-
sions, there is no decrease in the response (see
Figs. 3 and 5). These findings suggest that the first
5 min of a learning trial initiates a very short-term
memory process, which influences the subsequent
5 min, but which is essentially over if the training
is interrupted and the animals are tested 0.5 hr
later.

To quantify the decline of the very short-term
memory that occurs during training, we compared
the time spent in the mouth after three training
procedures (Fig. 6). In one, A. californica were
trained for 5 min, and then they were tested for an
additional 5 min immediately after the first 5 min,
without an interruption. In the second group, the
animals were trained for 5 min, allowed a rest of 15
min, and then tested again for 5 min. In the third
group, the animals were permitted a 30-min rest
between the two 5-min training procedures.

There was a significant difference in the time
spent in the mouth between the first and the sec-
ond 5-min period when the two periods followed
one another immediately [P < 0.001, t(8) = 7.11;
one-tailed paired t-test]. When a 15-min rest sepa-
rated the two 5-min exposures to food, there was
no significant difference in the time spent in the
mouth [P = 0.30, t(4) = 0.56; one-tailed paired t-
test]. These data show that the very short-term
memory declines within 15 min.

Discussion

In many organisms, learning initiates a number
of memory processes that are distinguished on the
basis of differences in their time of expression, as
well as in sensitivity to various physical or pharma-
cological procedures (Squire 1987; Dudai 1989).
Our data show that a training procedure in which
Aplysia learn that a food is inedible leads to four

Figure 6: Very short-term memory decays within 15
min. Animals were trained for 5 min and were then
tested for another 5 min. The second 5 min either fol-
lowed immediately the first 5 min (n = 19) or occurred
after 15 (n = 5) or 30 min (n = 11). Means and S.E.s are
shown. There was a significant difference between the
training and testing only in animals in which the test was
immediately after the training, indicating that 15 min is
enough time to cause a decay of the very short-term
memory.
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separable memory processes. The memory pro-
cesses that were identified are similar in their time
course to those previously found in sensory-to-mo-
tor neuron synapses in Aplysia that are facilitated
by pulses of serotonin (Emptage and Crew 1993;
Ghirardi et al. 1995; Mauelshagen et al. 1996).
However, the training procedures needed to elicit
the various memory processes are unusual and
somewhat unexpected. A brief training is sufficient
to cause long-term memory, a longer training is
required for short-term memory, and spaced train-
ing is needed for intermediate-term memory. These
findings also represent the first time that distinct
memory phases, particularly a separable intermedi-
ate-term memory, have been identified in behaving
Aplysia, by the use of different training proce-
dures.

RELATIONSHIP BETWEEN LONG- AND SHORT-TERM
MEMORY

Long-term memory has been explored in both
vertebrates and invertebrates. In habituation and
sensitization of Aplysia withdrawal reflexes
(Carew et al. 1972; Pinsker et al. 1973) and in odor
conditioning in Drosophila (Tully et al. 1994),
short-term memory occurs after one training ses-
sion, and long-term memory requires multiple,
spaced training sessions. In Aplysia, short-term and
long-term sensitization are mimicked respectively
by a single application of serotonin or by spaced
applications of serotonin onto sensory neurons ini-
tiating the reflex (Montarolo et al. 1986; Rayport
and Schacher 1986; Schacher et al. 1990; Emptage
and Carew 1993). Serotonin activates a second-
messenger cascade in which the intracellular con-
centration of cAMP is increased (Ocorr et al. 1986).
cAMP has also been implicated as an essential sec-
ond messenger in both long-term and short-term
memory in Drosophila (Dudai 1989) and in some
forms of mammalian LTP and long-term memory
(Huang et al. 1994; Abel et al. 1997; Guzowski and
McGaugh 1997). The increased cAMP activates
protein kinase A. In Aplysia sensory neurons, a
single pulse of serotonin causes an increase in the
concentration of the catalytic subunit of the kinase
in neurites (Bacskai et al. 1993) and a consequent
regulation of local channel proteins (Byrne and
Kandel 1996). Multiple pulses of serotonin cause a
larger increase in the concentration of the catalytic
subunit and a subsequent translocation to the
nucleus (Bacskai et al. 1993). The catalytic subunit
phosphorylates CREB, thereby facilitating its bind-

ing with DNA, initiating transcription of mRNAs
that are appropriate for cellular changes underly-
ing long-term memory. Thus, short-term and long-
term memory are caused by the same transmitter
and second messenger, but the threshold concen-
trations of cAMP and of the catalytic subunit of
protein kinase A are higher for the long-term effect
(Ghirardi et al. 1995). Nonetheless, long- and short-
term memory are independent and parallel pro-
cesses in Aplysia (Emptage and Carew 1993;
Mauelshagen et al. 1996) and Hermissenda (Crow
and Forrester 1993). In Drosophila, mutants affect-
ing early stages of memory after olfactory classical
conditioning also affect later stages, indicating that
later stages of memory are dependent on the ear-
lier stages (Tully et al. 1994). However, after con-
ditioned courtship, long-term memory can be ob-
served in the absence of a preceding short-term
memory (Kane et al. 1997), indicating that long-
and short-term memory represent independent
processes.

For learning that a food is inedible in Aplysia,
we have found that short-term and long-term
memory are also separate, parallel phenomena.
Thus, an abbreviated training elicits only the long-
term memory, without the prior expression of
short-term memory (Fig. 3). Unlike the previous
studies, which demonstrated the independence of
short- and long-term memories in reduced prepa-
rations, we have shown this separation in intact,
behaving animals. However, our data are inconsis-
tent with the model that long-term memory is sig-
naled by a higher concentration of the same sec-
ond messengers as those signaling short-term
memory, because long-term memory is elicited by
a briefer training session than is short-term
memory. Our data can be explained if the thresh-
old for long-term memory is lower than that for
short-term memory. Additional possible explana-
tions are that short- and long-term memory are gen-
erated and stored in different neurons or are sig-
naled by different second-messenger cascades. The
latter suggestion is consistent with a previous find-
ing that short- and long-term memory of learned
changes in the visual system of Hermissenda are
both initiated by serotonin but are mediated by
different second-messenger systems (Crow and
Forrester 1993). A variety of second-messenger sys-
tems are also activated as a result of sensitization of
Aplysia withdrawal reflexes, and these differen-
tially affect various cellular aspects of short- and
long-term memory (Byrne and Kandel, 1996). It is
also possible that short- and long-term memory that

Botzer et al.

&L E A R N I N G M E M O R Y

214



a food is inedible represent fundamentally different
processes. Previous work has shown that long-
term memory arises as a result of an associative
conditioning process, as shown by specificity to a
particular food (Susswein et al. 1986). However,
we have not examined the processes underlying
short-term memory, and it is possible that a nonas-
sociative process is responsible, as is the case for
short-term memory (but not long-term memory)
caused by pairing serotonin with light in Hermis-
senda (Crow and Forrester 1991).

Unlike learning of withdrawal reflexes in Aply-
sia or olfactory learning in Drosophila, in which
spaced training is needed to achieve long-term
memory, in our learning paradigm even a single
brief training session leads to long-term memory. It
has been suggested that the requirement for
spaced training to induce long-term memory is
adaptive, because long-term memory of an event
that occurs only once in an animal’s lifetime may
be unnecessary or even counterproductive (Yin et
al. 1995). However, previous studies have shown
that even well-trained Aplysia respond to food at a
low rate (Chiel and Susswein 1993). Thus, if the
animal mistakenly learns that a food is inedible af-
ter a single brief training, it can easily unlearn its
mistake. A single pairing between light and seroto-
nin also causes long-term changes in Hermissenda
photoreceptors (Crow and Forrester 1991).

The requirement for spaced training in the for-
mation of long-term memory has been explained
by the presence of both activator and repressor
isoforms of CREB in neurons (Bartsch et al. 1995;
Yin et al. 1995). Spaced training causes an increase
in the relative concentration of an activator iso-
form. Experimental treatments decreasing the con-
centration of a repressor isoform can lead to long-
term memory after a single training trial (Bartsch et
al. 1995; Yin et al. 1995). It is possible that repres-
sor isoforms are naturally present in low concen-
trations in the neurons responsible for learning
that food is inedible.

An unusual feature of learning that a food is
inedible is that a training procedure eliciting both
short- and long-term memory also leads to a long
gap with no expression of memory (Fig. 2). Similar
gaps between short- and long-term memory are
also seen in the learning of avoidance responses in
rats (Kamin 1957) and in olfactory conditioning of
the honeybee (Hammer and Menzel 1995). How-
ever, in both of these systems, the gap between the
end of short-term memory and the initiation of
long-term memory is no more than a few minutes,

whereas in our system, at least 12 hr separate the
two processes. A 15-hr gap between short- and
long-term memory that is remarkably similar to
ours is also seen in the facilitation by serotonin of
Aplysia synapses that function in tail withdrawal
(Mauelshagen et al. 1996). In this system, short-
term facilitation decays within 15–30 min follow-
ing one to four pulses of serotonin, whereas long-
term facilitation begins to be observed 15 hr fol-
lowing the application of five pulses of serotonin.
Thus, the delay in the time of onset for long-term
memory is similar in synaptic facilitation and in
learning that a food is inedible, suggesting that
similar processes may underlie the delay of both.
However, the decay time for short-term facilitation
of the sensory-to-motor synapse corresponds more
closely to the decay of what we have called very
short-term memory, rather than to our short-term
memory, which is still robust 30 min after training.
These findings are consistent with previous work
showing that short-term memory is not itself a
single process. A number of second-messenger cas-
cades participate in the synaptic modulation that
underlies short-term memory (Byrne and Kandel
1996).

A hallmark of long-term memory is that a pro-
cess of memory consolidation is needed before the
memory is expressed. After animals are trained but
before the memory is consolidated, it can be inter-
rupted by inhibition of protein synthesis or by vari-
ous traumas such as electroconvulsive shock, heat,
or cold (Squire 1987; Dudai 1989; Yamada et al.
1992; Beck and Rankin 1995; DeZazzo and Tully
1995; Morrison and van der Kooy 1997). Such
treatments do not affect the expression of short-
term memory. These data are consistent with our
finding that cooling animals 15 min before training
them that a food is inedible does not affect the
ability of animals to learn and also has no effect on
either short-term or long-term memory (Fig. 4). In
contrast, cooling animals immediately after train-
ing strongly reduces long-term memory, without
affecting short-term memory (Fig. 4). Previous data
(M. Schwarz and A.J. Susswein, unpubl.; Schwarz
et al. 1998) have also shown that isolating an ani-
mal for an hour after it has been trained blocks the
expression of long-term memory. Treatments that
affect memory consolidation are generally effective
during a brief critical period following training. We
have not yet explored the critical period in which
cooling affects memory consolidation. We have
also not explored the underlying mechanism by
which cooling affects memory. However, in Aply-
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sia (Montarolo et al. 1986) and in many other or-
ganisms (Davis and Squire 1984), long-term
memory is dependent on protein synthesis, which
is an energy-dependent process. Cooling reduces
the metabolic rate and thereby partially or com-
pletely blocks processes that require energy. Al-
though this mechanism seems to be a reasonable
explanation of how cooling blocks long-term
memory, we cannot eliminate the possibility that
cooling acts because it is a traumatic experience.
In humans and in other animals, emotionally
charged or stressful events can either enhance or
depress learning and memory (Squire 1987). How-
ever, the relatively benign effects caused by cool-
ing argue against this possibility.

INTERMEDIATE-TERM MEMORY

Distributed training that a food is inedible
leads to memory that is seen after 4 hr. This finding
suggests that a separable intermediate-term
memory is initiated by distributed training. A sepa-
rable intermediate-term memory is also seen after
learning in rats, chicks, and Drosophila (Tully et al.
1994; DeZazzo and Tully 1995), as well as in Aply-
sia sensory neurons that are exposed to multiple
pulses of serotonin (Ghirardi et al. 1995; Mauelsha-
gen et al. 1996). In Aplysia, distributed pulses of
serotonin elicit memory for 1–3 hr after the train-
ing. This has been attributed to two processes: One
is an amplification of the short-term memory and is
unaffected by inhibitors of both transcription and
translation, whereas the other is apparently a
unique, independent process that requires transla-
tion but not transcription (Ghirardi et al. 1995). In
learning that a food is inedible, we have no data
regarding whether the distributed training causes a
more sustained and robust short-term memory that
is seen even after 4 hr or whether it causes an
independent, intermediate-term process. Another
possibility is that additional training trials facilitate
the formation of long-term memory, so that its on-
set is earlier. Such a process occurs in odor learn-
ing in honeybees (Menzel and Sugawa 1986). We
have not yet explored whether memory after 4 hr
is associative or whether it can be affected by cool-
ing or by other forms of trauma.

VERY SHORT-TERM MEMORY

We have found that the first 5 min of training
also elicit a very short-term decrease in responsive-

ness. This process is over within 15 min. The de-
crease is unlikely to be attributable to sensory ad-
aptation or habituation caused by the exposure to
food per se, because a previous study has shown
that sustained exposure to food causes a decrease
in responsiveness only after ∼1 hr of stimulation
(Schwarz et al. 1988). The time course of the very
short-term memory is similar to that of the initial
component of food-induced arousal (Susswein et
al. 1978; Kupfermann et al. 1991), except that it is
of opposite sign: Food-induced arousal facilitates
feeding, whereas the very short-term memory ob-
served in this study inhibits it. Food arousal is me-
diated by the sustained activity of specialized
modulatory neurons, as well as by the effects of
neuromodulatory cotransmitters (Kupfermann et
al. 1991). Both food-induced arousal and the very
short-term memory shown above are reminiscent
of working memory in higher animals (Goldman-
Rakic 1995) and may be functional analogs to it.
We have not yet explored whether the very short-
term memory is an associative process or whether
it arises from the rejection responses initiated by
the inedible food. We have also not yet explored
the relationship between the expression of this
process in the latter portion of a training session
and the short-term memory, which is dependent
on the processes that occur in the latter portion of
a training session.

AD LIBITUM TRAINING

The training procedures required for different
memory stages that a food is inedible are highly
unusual and seem to be counterintuitive. As noted
above, in other learning paradigms a single brief
training elicits short-term memory, longer, more
intense (or spaced) training elicits intermediate-
term memory, and spaced training is required to
elicit long-term memory. In contrast, in our learn-
ing paradigm, a brief training session caused long-
term memory, a longer training session was
needed for short-term memory, and spaced train-
ing was needed to elicit intermediate-term
memory. However, in nature these counterintui-
tive aspects of training are unlikely to be ex-
pressed. A previous study (Chiel and Susswein
1993) simulated training in conditions similar to
those that are likely to occur in nature, when ani-
mals have free access to an inedible food. In that
study, the animals sporadically encountered the
food and attempted to eat it. The animal’s pattern
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of training itself was spaced and, in all likelihood,
initiated all of the memory processes described
above. Over a period of 2 hr, the responsiveness to
inedible food gradually decreased and reached a
steady-state, low-level responsiveness. During this
state, memory was shown by changes in the ani-
mal’s behavior: The animal encountered the ined-
ible food less frequently and responded to it less
vigorously when it was encountered. Memory
could also be displayed when the food was re-
moved for a period and then restored. Animals ini-
tially responded vigorously, but there was a de-
crease in the time needed to reach the steady-state,
low-level responsiveness. Thus, as in many other
learning paradigms, in the absence of experimental
intervention, memory had the appearance of a
seamless, continuous process, and the different
components were effectively hidden. An important
outcome of the natural training pattern is that it is
of little consequence which part of a training ses-
sion causes short-, intermediate-, or long-term
memory, because the animal is always trained in a
manner that elicits all of the memory processes.
Thus, evolution can make use of unconventional,
seemingly counterintuitive training mechanisms to
elicit memory, if they do not interfere with attain-
ing the particular task at hand. More conventional
schemes of memory stages seem appropriate only
when the possibility arises of animals being selec-
tively exposed to training procedures that can ini-
tiate only some but not all of the memory stages.
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