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In Aplysia, three distinct phases of memory for sensitization can be dissociated based on their temporal and
molecular features. A single training trial induces short-term memory (STM, lasting <30 min), whereas five
trials delivered at 15-min intervals induces both intermediate-term memory (ITM, lasting >90 min) and
long-term memory (LTM, lasting >24 h). Here, we explore the interaction of amount and pattern of training
in establishing ITM and LTM by examining memory for sensitization after different numbers of trials (each
trial = one tail shock) and different patterns of training (massed vs. spaced). Under spaced training patterns,
two trials produced STM exclusively, whereas four or five trials each produced both ITM and LTM. Three
spaced trials failed to induce LTM but did produce an early decaying form of ITM (EITM) that was
significantly shorter and weaker in magnitude than the late-decaying ITM (L-ITM) observed after four to five
trials. In addition, EITM was induced after three trials with both massed and spaced patterns of training.
However, L-ITM and LTM after four to five trials require spaced training: Four or five massed trials failed to
induce LTM and produced only E-ITM. Collectively, our results indicate that in addition to three identified
phases of memory for sensitization—STM, ITM, and LTM—a unique temporal profile of memory, EITM, is
revealed by varying either the amount or pattern of training.

The search for the cellular and molecular basis of memory
has been significantly enhanced by the elucidation of gen-
eral principles of memory formation across diverse species.
For example, memory retention is highly sensitive not only
to the total amount of training but also to the pattern of
trials used during training. In particular, in a variety of tasks
across species ranging from invertebrates to humans, train-
ing trials distributed over time (spaced training) typically
lead to superior retention compared with training in which
trials are presented with little or no rest interval (massed
training) (Ebbinghaus 1885; Carew et al. 1972; Salafia et al.
1973; Lefebvre and Sabourin 1977; Fanselow and Tighe
1988; Tully et al. 1994; Hermitte et al. 1999; Muzzio et al.
1999; Menzel et al. 2001). Perhaps the most interesting
feature of the superiority of spaced over massed training is
that it is not a general effect for all temporal domains of
memory but rather appears to become more pronounced
with longer-lasting memories (e.g., Carew et al. 1972; Tully
et al. 1994; Menzel 2001). Thus, an understanding of the
behavioral, cellular, and molecular factors contributing to
the massed versus spaced effect could yield considerable
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insight into the overall organization of multiple phases of
memory.

Despite the widespread conservation of the massed
versus spaced effect in behavioral studies of memory, some
of the key cellular and molecular features that contribute to
this feature of memory formation are only now beginning to
be understood. For example, induction of a transcriptional
activator isoform of cAMP response element binding pro-
tein (CREB) in Drosophila enhances long-term memory
(LTM) for olfactory conditioning after massed patterns of
training, which normally do not induce LTM; conversely,
induction of a dominant-negative transcriptional repressor
CREB isoform impairs LTM after spaced training (Yin et al.
1994, 1995). These findings led to the hypothesis that
massed versus spaced training effects may depend on dif-
ferential decay kinetics of transcriptionally activating versus
transcriptionally repressing isoforms of CREB, allowing for
the presumably slower decaying CREB activator to build up
across spaced (but not massed) training trials (Yin et al.
1995; see also, Smolen et al. 1998). In addition to the pos-
sible role of transcription factors such as CREB, other evi-
dence has indicated that differential activation of signaling
molecules upstream from CREB may also contribute to the
massed versus spaced effect. For example, Wu et al. (2001)
have shown that four spaced depolarizations (3 min each)
of cultured hippocampal neurons lead to a persistent phos-
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phorylation (and, presumably, activation) of MAP kinase,
whereas continuous (massed) depolarization for 12 min
does not. Thus, the temporal dynamics of MAP kinase acti-
vation in the hippocampus seem to be highly dependent on
the pattern of stimulation. In addition, using an analog of
classical conditioning in Hermissenda, Muzzio et al. (1999)
provide evidence that the accumulation of intracellular cal-
cium and preferential activation of protein phosphatases by
massed relative to spaced training may also contribute to
massed versus spaced effects, indicating that massed train-
ing may, in some cases, generate processes that compete
with memory formation. These studies highlight the num-
ber of potential molecular substrates that may contribute to
superior memory retention after spaced relative to massed
training. Moreover, they indicate that the relative superior-
ity of spaced training may reflect an increased ability of
spaced training to engage constructive memory processes
or an increased propensity of massed training to engage
processes that interfere with normal memory formation.

One model system that is well suited for studying the
effects of patterning on memory formation is the marine
mollusk Aplysia. Aplysia has proven particularly valuable
for the cellular and molecular analysis of behavioral sensiti-
zation, an elementary form of nonassociative learning in
which behavioral responses to a weak stimulus increase in
magnitude and duration after the presentation of a noxious
stimulus. In Aplysia, sensitization is most often assessed by
the degree to which defensive reflexes, such as tail-elicited
siphon withdrawal (T-SW), become enhanced after noxious
stimuli such as tail shock. Considerable evidence indicates
that facilitation of sensory neuron to motor neuron (SN-MN)
synapses by serotonin (5HT), a neuromodulator released in
the CNS after tail shock (Marinesco and Carew, 2002; see
also Levenson et al. 1999), is an important cellular mecha-
nism contributing to behavioral sensitization. SHT can in-
duce three temporally and mechanistically distinct phases
of SN-MN synaptic facilitation. A single SHT pulse induces
short-term facilitation (STF) lasting <30 min, whereas five
spaced pulses of SHT induce both intermediate-term facili-
tation (ITF) lasting 1-3 h and long-term facilitation (LTF)
lasting >24 h. Each of these phases also has unique macro-
molecular synthesis requirements for their induction: STF
requires neither protein nor RNA synthesis, ITF requires
protein but not RNA synthesis, and LTF requires both (Mon-
tarolo et al. 1986; Mercer et al. 1991; Emptage and Carew,
1993; Ghirardi et al. 1995; Mauelshagen et al. 1996, 1998;
Sutton and Carew 2000). Moreover, at tail SN-MN synapses,
ITF declines completely to baseline by 3 h and LTF first
emerges 10-15 h after SHT, demonstrating that these
phases of synaptic facilitation in the CNS are temporally
discontinuous (Mauelshagen et al. 1996).

These features of distinct phases of SHT-induced syn-
aptic facilitation are also reflected in distinct phases of
memory for sensitization induced by tail shock. Whereas a
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single tail shock induces short-term memory (STM) for sen-
sitization lasting minutes, repeated spaced shocks produce
LTM for sensitization lasting days to weeks (Frost et al.
1985; Scholz and Byrne 1987; Castellucci et al. 1989; Gold-
smith and Byrne 1993; Cleary et al. 1998; Levenson et al.
2000; Sutton et al. 2001a; see also, Carew et al. 1971; Pin-
sker et al. 1973). Recently, we distinguished a third phase of
memory for sensitization, intermediate-term memory (ITM),
that is induced by repeated spaced shocks and lasts 1-3 h
after training (Sutton et al. 2001a). These three phases of
memory for sensitization in Aplysia can be mechanistically
distinguished in a similar fashion as their synaptic counter-
parts: STM requires neither protein nor RNA synthesis, ITM
requires protein but not RNA synthesis, and LTM requires
both (Castellucci et al. 1989; Levenson et al. 2000; Sutton et
al. 2001a). ITM and LTM can also be distinguished in the
same animals based on the temporal dynamics of memory
for sensitization after training: five spaced tail shocks in-
duces ITM that decays completely to baseline by about 3 h,
several hours before the emergence of LTM (Sutton et al.
2001a). The lack of temporal overlap in these mechanisti-
cally distinct phases of memory is experimentally advanta-
geous, allowing for an unambiguous means for studying
ITM and LTM independently.

In this study, we undertook a detailed analysis of the
training parameters required for the induction of ITM and
LTM. We found that LTM (20-24 h after training) requires
multiple, spaced (temporally distributed) trials for induc-
tion. We also found that ITM has two distinct components:
an early decaying (E-ITM) phase and a late-decaying (L-ITM)
phase. L-ITM (lasting >90 min), like LTM, requires multiple
spaced trials for induction. E-ITM (lasting <75 min) also
requires multiple training trials but can be induced by either
massed or spaced patterns of training. Moreover, amounts
of training that are sufficient for the induction of L-ITM and
LTM when given in a spaced pattern produce only EITM
when delivered as a massed pattern. Collectively, our re-
sults indicate that in addition to three identified phases of
memory for sensitization—STM, ITM, and LTM—a unique
temporal profile of memory, EITM, is revealed by varying
either the amount or pattern of training.

Some of the results in this paper have been previously
presented in abstract form (Carew et al. 2001).

RESULTS

Intermediate- and Long-Term Memory for
Sensitization Require Multiple Training Trials
Different amounts of training can induce three distinct
phases of memory for sensitization: a single-tail shock pro-
duces STM for sensitization (lasting <30 min), whereas five
spaced tail shocks (delivered at 15-min intervals) induces
both ITM (>90 min) and LTM (>24 h) for sensitization (Sut-
ton et al. 2001a). Whereas the temporal dynamics of
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Memory phases in Aplysia

memory for sensitization after each of these training regi-
mens (one shock vs. five spaced shocks) were determined
empirically, the specific features of training (e.g., trial num-
ber vs. trial pattern) that are critical for the induction of ITM
or LTM are not clear. The goal of the experiments in the
present study was to determine the training parameters that
are critical for the induction of these distinct phases of
memory for sensitization.

We know that five spaced training trials produce both
ITM and LTM for sensitization (Sutton et al. 2001a). In the
first experiment, we asked whether ITM and LTM depend
strictly on the integration of five training trials or if time
alone between the first and last of two training trials (which
bracket the five-shock pattern) is sufficient for their induc-
tion. To explore this question, we compared the duration of
memory for sensitization after training with either five
spaced tail shocks (15 min ITD) or the first and last shocks
alone (60 min ITD). In this and all subsequent experiments,
sensitization is indicated by a significant post-training in-
crease (relative to baseline) in the duration of siphon with-
drawal elicited by tactile stimulation of the tail.

Consistent with our previous findings (Sutton et al.
2001a), animals receiving five spaced shocks (n=8)
showed both ITM for sensitization of T-SW lasting >90 min
(Wilcoxon tests, p < 0.05 at all time points), as well as LTM
for sensitization the following day (p < 0.05; Fig. 1B). In
animals receiving the first and fifth shock only (n = 8), the
duration of T-SW did not significantly differ from baseline at
any of the post-training time-points (Friedman test, NS).
Thus, this group showed neither ITM nor LTM for sensiti-
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zation. Surprisingly, this group also did not show STM for
sensitization (at 15 min), which would be expected follow-
ing a single shock (Sutton et al. 2001a). Thus, the induction
of STM by a single shock can apparently be inhibited by a
previous shock delivered 60 min earlier. However, this in-
hibitory interaction between two trials is pattern-specific, as
two shocks delivered 15 min apart produce significant STM
for sensitization (see below). This intriguing effect awaits
further study. Nonetheless, these results show that the in-
duction of ITM and LTM for sensitization requires the inte-
gration of multiple training trials over time rather than the
additive effect of two trials that bracket the five-trial training
pattern.

Memory for Sensitization Varies

with the Amount of Training

Given that both ITM and LTM require multiple training tri-
als, we next determined the amount of training required for
the induction of each phase. To examine this issue, we
trained animals with either no shocks (controls) or two,
three, or four shocks all with the same pattern (15 min ITI
between shocks) and examined the time course of memory
for sensitization in the short-term (15 min), intermediate-
term (30-90 min), and long-term (20-24 h) time domains.
The training of all shocked groups was coordinated so that
the last trial was temporally aligned for all groups. As shown
in Figure 2, the duration of T-SW in control animals (no
shock; n =7) was stable across the extent of the experi-
ment (Friedman test, NS). Unlike two shocks delivered with
a 60-min ITI, two shocks delivered 15 min apart (n = 8)

—o— 15t TS, Last TS
——5xTS

Training

15 30 45 60 75 90 20-24 hrs

Time after Training (min)

Baseline

Intermediate- and long-term memory (ITM and LTM) for sensitization require multiple training trials. (A) Diagram of an Aplysia

depicting the sites on the tail used for training and testing. Independent groups of animals received either five tail shocks delivered at 15-min
intervals (5 x TS; n = 8) or the first and last shocks alone (1st TS/5th TS; n = 8). (B) Median (xinterquartile range) duration of T-SW (normalized
to baseline) before and at various times after training. In this and all subsequent figures, the horizontal dashed line indicates baseline and the

vertical dashed line indicates training.
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Figure 2 Memory for sensitization varies with the amount of training. Top, diagram of an Aplysia illustrating the training and testing
procedures. Independent groups of animals received no shocks (controls; n = 7), two tail shocks (2 x TS; n = 8), three tail shocks (3 x TS;
n = 10), or four tail shocks (4 x TS; n = 8), each with an ITl of 15 min. Data are expressed as in Figure 1.

produced STM for sensitization (15-min post-test, Wilcoxon
test, p < 0.05); that decayed completely by 30 min and re-
mained at baseline for all post-tests in the intermediate-term
and long-term ranges (Wilcoxon tests, NS). This temporal
profile is identical to that observed after a single shock,
which also produces STM for sensitization that decays com-
pletely by 30 min (Sutton et al. 2001a). In contrast, four
shocks (n = 8) produced robust ITM (15-90 min, Wilcoxon
tests, all p < 0.05), as well as LTM (p < 0.05) 20-24 h after
training, a time course of memory for sensitization indistin-
guishable from that produced by five shocks (see Fig. 1).
The duration of memory for sensitization after three
shocks (n = 10) was somewhat intermediate between that
of one to two shocks and four to five shocks. Memory for
sensitization after three shocks extended beyond STM, last-
ing 60 min (15-60 min, Wilcoxon tests, p < 0.05). However,
unlike the late-decaying ITM (I-ITM, lasting >90 min) ob-
served after four or five spaced shocks, memory for sensi-
tization after three shocks was weaker in magnitude from
30-60 min after training and decayed to baseline by 75 min
(75-90 min, NS). Moreover, three shocks also failed to pro-
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duce significant LTM 20-24 h following training. Thus,
three spaced shocks are insufficient to induce LTM and
appear to produce an early decaying form of ITM (EITM)
lasting <75 min.

Intermediate- and Long-Term Memory

for Sensitization Depend on the Pattern

of Training

Having determined the relationship between trial number
and duration of memory for sensitization with a given pat-
tern of training, we next examined how the pattern of a
given amount of training influenced memory for sensitiza-
tion. Specifically, a fixed number of training trials were de-
livered in one of two temporal patterns: a massed pattern,
with a 1-sec rest interval between shocks or a spaced pat-
tern, with a 15-min rest interval between shocks. We began
by examining whether the pattern of training influenced
EITM observed after three spaced shocks (Fig. 3). As be-
fore, three spaced shocks (n = 13) produced a persistent
memory for sensitization (15-45 min, Wilcoxon tests,
P <0.05) that decayed to baseline by 60-75 min (60-90
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Figure 3 Memory for sensitization after three trials is insensitive to
the pattern of training. Independent groups received three tail
shocks with either a 1-sec (massed) or 15-min (spaced) rest interval
between shocks. Data are expressed as in Figure 1.

min, NS). The magnitude and time course of sensitization
after three massed trials (n = 13) was virtually identical to
that observed after three spaced trials (30-45 min, NS,
Mann Whitney U), with significant memory for sensitization
persisting for at least 45 min following training (15-45 min,
Wilcoxon tests, p < 0.05) but not beyond 60-75 min (60-90
min, NS). Moreover, three shocks failed to induce LTM (20-
24 h, NS) under either spaced or massed patterns of train-
ing. Thus, the duration of memory for sensitization after
three shocks is insensitive to the pattern of training.

We next explored whether the induction of either
LITM or LTM observed after four to five spaced shocks was
influenced by the pattern of training. As shown in Figure 4,
the duration of memory for sensitization after four shocks
was strongly dependent on the pattern of training. Four
spaced shocks (n=12), as before, produced robust ITM
lasting >90 min (15-90 min, p < 0.05). In contrast, memory
for sensitization after four massed trials (n = 12) was signifi-
cantly shorter than for spaced trials, persisting for <60 min
(15-45 min, p < 0.05; 60-90 min, NS), and was significantly
weaker in magnitude from 30-45 min relative to spaced
training (Mann Whitney U, p < 0.05). Moreover, whereas
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2
?

160+

(Median % Baseline)
5
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Baseline 15 30 45 60 75 90

Time after Training (min)

Figure 4 Memory for sensitization after four trials is diminished
by massed patterns of training. Independent groups received four
tail shocks with either a 1-sec (massed) or 15-min (spaced) rest
interval between shocks. Data are expressed as in Figure 1.
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spaced training with four shocks produced significant LTM
for sensitization (20-24 h, p < 0.05), massed training did
not (20-24 h, NS). These results show that four spaced trials
induce both LITM and LTM, whereas four massed trials
produce only EITM.

We found very similar results when we examined
massed versus spaced training with five shocks (Fig. 5).
Spaced training (n = 13) produced L-ITM for sensitization
lasting >90 min (15-90 min, p < 0.05), as well as significant
LTM for sensitization the following day (20-24 h, p < 0.05).
In contrast, memory for sensitization after massed training
(n = 15) was significantly shorter, persisting for <75 min
(15-60 min, p < 0.05; 75-90 min, NS) and no LTM was
observed (20-24 h, NS). Moreover, the magnitude of sensi-
tization from 30-60 min after training was significantly
weaker in massed trained animals (Mann Whitney U,
P <0.05), again revealing a significant attenuation of ITM
for massed training. These results indicate that, unlike
E- ITM observed after three shocks, which is insensitive to
pattern (Fig. 3), both L-ITM and LTM for sensitization ob-
served after four or five shocks are highly sensitive to the
pattern of training.

Our data indicate that the effect of training pattern on
memory duration is also dependent on the amount of train-
ing. Thus, the magnitude and duration of memory for sen-
sitization after three shocks were virtually identical regard-
less of training pattern (massed vs. spaced), whereas
memory duration following four or five shocks was signifi-
cantly diminished after massed relative to spaced training.
From another perspective, our data also indicate that under
conditions of massed training, additional training trials are
ineffective in enhancing memory for sensitization in the
intermediate-term or long-term domains. In Figure 6, we
overlay memory for sensitization after massed training with
either three, four, or five shocks. The magnitude and dura-
tion of memory for sensitization after massed training are
very similar regardless of training amount, demonstrating
that additional training trials are ineffective in prolonging
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Figure 5 Memory for sensitization after five trials is diminished by
massed patterns of training. Independent groups received five tail
shocks with either a 1-sec (massed) or 15-min (spaced) rest interval
between shocks. Data are expressed as in Figure 1.
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Figure 6 Increasing amounts of training fail to prolong memory

for sensitization after massed training. Median (xinterquartile
range) duration of T-SW (normalized to baseline) of massed trained
groups receiving either three, four, or five tail shocks overlapped
for comparison.

memory for sensitization after massed training. Moreover,
the profile of sensitization after massed training is also very
similar to the magnitude and duration of memory for sensi-
tization after three spaced shocks (Fig. 3), indicating that
these temporal dynamics may reflect a phase of memory
distinct from both STM (<30 min) and L-ITM (>90 min; see
Fig. 7).

DISCUSSION

In this paper, we have examined the interaction of two
training parameters—amount and pattern of training—in
the induction of specific phases of memory for sensitiza-
tion. Our results (summarized in Fig. 7) contribute to a large

----------------------------- fpememei—
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< 3
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Time after Training (hrs)

Figure 7 Four distinct temporal domains of memory for sensiti-
zation can be distinguished by the amount and/or pattern of train-
ing. Schematic summary of our results illustrating the temporal
limit (arrowheads) of memory for sensitization after different
amounts of training. One to two trials produce short-term memory
(STM), lasting <30 min; three spaced trials or any amount of
massed training produce only an early decaying phase of interme-
diate-term memory (E-ITM), lasting ~60 min; four to five spaced
trials produce both a late-decaying phase of intermediate-term
memory (L-ITM), lasting >90 min (but <3 h), and long-term
memory (LTM), lasting >24 h. Dashed line indicates that LTM ex-
pression is delayed for >6 h after training and is temporally dis-
continuous with L-ITM expression (see Sutton et al. 2001a).
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literature indicating that memory can be strongly affected
by both the amount and pattern of training. In this study,
however, we have exploited the added advantage that the
parameters of amount and pattern of training could be ex-
amined in the context of temporally and mechanistically
defined memory phases. Our results indicate that the maxi-
mal expression of ITM, as well as the induction of LTM, is
similarly dependent on both the amount and pattern of
training trials. Moreover, we observed a differential influ-
ence of training pattern on memory depending on the
amount of trials used for training. These features of I'TM and
LTM at the behavioral level allow us to define constraints on
the possible cellular and/or molecular mechanisms of each
of these phases of memory.

Amount and Pattern of Training

in Long-Term Memory

The most definitive effects of training amount and training
pattern on memory that we observed were in the long-term
domain 20-24 h after training. We found that the induction
of LTM for sensitization requires multiple training trials
(e.g., five), rather than two trials with a prolonged spacing
interval that bracketed the five-shock pattern (Fig. 1). Under
our training conditions (e.g., shock duration and intensity)
with a 15-min ITI, we found that four trials was the mini-
mum amount of training sufficient for LTM induction (Fig.
2). Thus, our results indicate that the induction of LTM is
favored by the integration of multiple cellular and molecular
events (each presumably driven at least in part by 5HT)
occurring within a limited temporal domain (15-min ITT),
rather than an interaction of two such events occurring
over a prolonged temporal domain (60-min I'TT). When the
amount of training was held constant and the pattern was
varied, we found that massed training was ineffective in
producing LTM regardless of training amount (up to five
shocks). This result is in agreement with previous research
showing that massed training is less effective than spaced
training in producing LTM for habituation (Carew et al.
1972), as well as a recent report of similar findings for LTM
for sensitization of T-SW (Wainwright et al. 2002). The dif-
ferential effectiveness of spaced relative to massed training
trials in the induction of LTM at the behavioral level is simi-
larly reflected in SN-MN synaptic facilitation at the cellular
level, where spaced applications of 5HT are significantly
more effective in inducing LTF than are massed applications
(Mauelshagen et al. 1998).

Under our training conditions, four trials were the
minimum required to induce LTM when those trials are
each spaced by 15 min. It is still unclear, however, whether
four trials will prove to be a minimum under all training
conditions. For example, it is possible that increasing the
intensity of the shock or manipulating the spacing interval
between shocks will reduce (or increase) the number of
trials required for the induction of LTM. It is also unknown
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whether any amount of massed training is capable of induc-
ing LTM. In this regard, at tail SN-MN synapses, Mauelsha-
gen et al. (1998) observed LTF in a subset of preparations
(~40%) treated with 25-min massed exposures of 5SHT; and
LTF can be consistently induced by longer (90 min) massed
SHT exposures (Emptage and Carew 1993; Zhang et al.
1997), raising the possibility that more extensive amounts
of massed training may be effective for the induction of LTM
for sensitization. These important issues await further re-
search.

Amount and Pattern of Training

in Intermediate-Term Memory

Two distinct effects of training amount on the duration of
ITM were observed. First, training with two shocks spaced
by 15 min produced a short-lasting temporal profile that is
highly similar to that observed after a single shock (Sutton
et al. 2001a). Moreover, a corresponding temporal profile of
SN-MN synaptic facilitation (lasting <30 min) is similarly
observed after one to four spaced pulses of SHT (Mauelsha-
gen et al. 1996). In addition, neither STF at tail SN-MN syn-
apses after a single SHT pulse nor STM after a single tail
shock depend on new protein synthesis (Montarolo et al.
1986; Sherff and Carew 1999; Sutton and Carew 2000; Sut-
ton et al. 2001a). In contrast, ITM (lasting >90 min) after
five tail shocks is protein synthesis-dependent (Sutton et al.
2001a), and in the present study, a highly similar temporal
profile of sensitization was produced by four spaced
shocks. The temporal dynamics of memory for sensitization
after four to five shocks also parallel the dynamics of tail
SN-MN synaptic facilitation after five pulses of 5-HT, which
persists for >90 min and requires new protein synthesis
(Mauelshagen et al. 1996; Sutton and Carew 2000; see also
Ghirardi et al. 1995 for a similar finding with cultured SN-
MN synapses).

The second effect of training amount on the duration
of ITM was observed after three spaced shocks, where we
found a persistent memory for sensitization enduring be-
yond 30 min, but significantly diminished in both magni-
tude and duration (E-ITM, lasting <75 min) relative to L-ITM
observed after four to five shocks. As will be discussed
below, the recapitulation of this diminished temporal pro-
file across other training protocols indicates that it may
reflect a unique early phase of ITM interposed between STM
and L-ITM.

We also observed two distinct effects of training pat-
tern on ITM. First, unlike the emergence of LTM after four
to five shocks, the diminished form of ITM (E-ITM) after
three shocks was induced both by spaced and massed pat-
terns of training. Second, both the magnitude and duration
of ITM after four to five shocks were diminished following
massed relative to spaced patterns of training to a level
comparable to that seen after three shocks (massed or
spaced; see Fig. 7). These features indicate the possibility
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that the early phase of ITM (E-ITM) revealed under these
different training conditions reflects a phase of memory
distinct from both STM and LITM. Specifically, unlike STM,
E-ITM persists >30 min after training and requires multiple
training trials for its induction. Also, unlike L-ITM observed
after four to five spaced shocks, EITM decays completely by
75 min, is insensitive to the pattern of training, and is not
associated with the emergence of LTM 20-24 h after train-
ing.

A Cellular Correlate of E-ITM?

Mauelshagen et al. (1996) described a rapid transition from
STF (lasting <30 min) to ITF (lasting >90 min) at tail SN-MN
synapses as a function of the number of pulses of SHT
applied to the bath. Specifically, one to four spaced pulses
all produced STF that was similar in both magnitude and
time-course (lasting <30 min in all cases), whereas five
pulses of SHT produced robust ITF lasting >90 min. Impor-
tantly, they did not observe a time course of synaptic facili-
tation that appeared intermediate between STF and ITF.
Thus, the reduced ITM (EITM) we observed after three
spaced shocks (or after massed training) was not predicted
by the time course of SN-MN facilitation using varying num-
bers of SHT pulses (Mauelshagen et al. 1996). However,
other experiments do provide some evidence for this di-
minished intermediate-term profile at the cellular level. For
example, Ghirardi et al. (1995), in addition to initially iden-
tifying and characterizing ITF at cultured SN-MN synapses,
also described a phase of synaptic facilitation in the short- to
intermediate-term domain that appeared unique from both
STF and ITF. Whereas Mauelshagen et al. (1996) varied the
number of SHT pulses at a given concentration (50 uM),
Ghirardi et al. (1995) systematically varied the concentra-
tion of SHT leaving the number and pattern of SHT pulses
constant (five spaced pulses in all cases). They found that
repeated application of low concentrations of SHT (1-10
nM) induced a protein synthesis-independent form of syn-
aptic facilitation, which they referred to as a “persistent
form of STF” that extended beyond 30 min but was distinct
from ITF (observed at higher concentrations of SHT, 50
nM-10 uM) in four important respects: (1) it was weaker in
magnitude, (2) it was less persistent, (3) it was not associ-
ated with the emergence of LTF 24 h later, and (4) it did not
require protein synthesis. Thus, many of the features of the
“persistent STF” described by Ghirardi and colleagues are
also evident in behaviorally expressed EITM that we de-
scribe in the present study. Relative to L-ITM after four to
five spaced shocks, EITM is weaker in magnitude, less per-
sistent, and in none of the cases in which we observed
EITM, did we subsequently find significant LTM for sensi-
tization. These similarities raise the possibility that EITM
reflects, in part, the unique phase of “persistent STF” de-
scribed by Ghirardi et al. (1995). However, it remains to
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be determined whether the early phase of ITM we describe
is independent of new protein synthesis.

A second example of the E-ITM profile at the cellular
level comes from studies of massed versus spaced applica-
tions of 5HT in the induction of ITF and LTF at tail SN-MN
synapses in the intact CNS (Mauelshagen et al. 1998). In this
study, SN-MN facilitation in the intermediate-term (0.5-1 h)
decayed significantly more rapidly after a continuous 25-
min 5HT exposure (massed training) relative to five spaced
5-min pulses of SHT. Moreover, preparations treated with
massed 5HT, as a group, failed to show significant LTF 20-
22 h after treatment, whereas significant LTF was observed
after spaced 5HT exposure. Interestingly, in a subset of
preparations treated with massed 5HT (~40%) that ap-
peared to show LTF, the SN-MN facilitation in the interme-
diate-term domain appeared greater in magnitude and du-
ration relative to massed 5HT-treated preparations that
failed to show LTF. These characteristics of tail SN-MN syn-
aptic facilitation appear similar to the features of memory
for sensitization after massed or spaced patterns of training
observed in the present study. Thus, ITM is significantly
weaker in magnitude and less prolonged after massed rela-
tive to spaced training, and LTM appears only associated
with the induction of L-ITM (lasting >90 min) produced by
spaced training. This relationship is especially intriguing
given the fact that even L-ITM decays completely several
hours before the onset of LTM. The close association be-
tween L-ITM and LTM also raises the question of whether
L-ITM is a prerequisite for the induction of LTM.

The studies summarized above provide some evidence
for a cellular analog of E-ITM for sensitization. However, we
should note that we could distinguish EITM by varying the
number of training trials (shocks), whereas Mauelshagen et
al. (1996) found no evidence for a diminished form of ITF at
tail SN-MN synapses by varying the number of applied SHT
pulses. But only one concentration of bath-applied SHT was
examined by Mauelshagen et al. (1996), and the spatiotem-
poral pattern of SHT release following tail shock is likely to
be significantly different than bath-applied SHT pulses used
in cellular studies. Indeed, recent chronoamperometric
measurements of SHT release in the Aplysia CNS after tail
nerve shock support this idea (Marinesco and Carew 2002).
Future research using chronoamperometry will help in
identifying experimental parameters for use in cellular
analyses that more accurately capture the features of SHT
release that occurs with behavioral training. In so doing,
such studies will allow for a more rigorous examination of
the relationship between different phases of memory for
sensitization and their putative cellular mechanisms.

Multiphasic Organization of Memory Processing
Although distinctions are often drawn between STM and
LTM, evidence in a number of systems has emerged that this
two-phase notion of memory does not adequately capture
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the features of memory retention across all temporal do-
mains. Rather, several lines of evidence indicate that
memory retention is composed of a number of additional
phases that are fundamentally distinct. For example, in ad-
dition to memory for sensitization, the temporal dynamics
of memory for learning about inedible foods in Aplysia can
also be separated into at least four phases by varying the
training parameters (Botzer et al. 1998). In fact, a number of
studies in a range of species have shown apparent discon-
tinuities in memory retention across temporal domains that
may reflect a transition between distinct memory phases
(Kamin 1957, 1963; Riege and Cherkin 1971; Sanders and
Barlow 1971; Tallarico 1973; Gibbs and Ng 1979; Rosenz-
weig et al. 1993; Izquierdo et al. 1998; Ploner et al. 1998;
Gerber and Menzel 2000; Sutton et al. 2001a). In other
cases, the temporal dynamics of memory appear continu-
ous, but detailed mechanistic analyses have revealed mul-
tiple overlapping memory phases. For example, using a ge-
netic approach in Drosopbila, it has been possible to dis-
sect at least four phases of memory (Tully et al. 1990, 1994)
from an overall retention curve that appears continuous.
Moreover, pharmacological disruption of memory retention
in Drosophila (Xia et al. 1998), chicks (Gibbs and Ng 1977;
Rosenzweig et al. 1993), and rats (Frieder and Allweis 1978,
1982) have all generated strong evidence for distinct inter-
mediate phases of memory. In a similar vein, different forms
of neuronal plasticity thought to underlie memory can also
be separated into multiple phases by either their time
course, mechanism, or both (Montarolo et al. 1986; Frey et
al. 1988; Nguyen et al. 1994; Ghirardi et al. 1995; Mauelsha-
gen et al. 1996; Crow et al. 1997; Winder et al. 1998; Crow
et al. 1999; Sutton and Carew 2000).

That memory in laboratory animals can show a
U-shaped profile over time (often referred to as the “Kamin
effect,” after the initial observations by Kamin [1957])
seems somewhat counterintuitive. Nevertheless, this gen-
eral phenomenon, in which periods of high memory reten-
tion are intercalated with periods of lesser retention, is
highly conserved across species (see above), including hu-
mans (Tallarico 1973; Ploner et al. 1998). Moreover, this
effect has been observed in both appetitively motivated
(e.g., Gerber and Menzel 2000) and aversively motivated
(e.g., Rosenzweig et al. 1993) behaviors, as well as in
memory based on nonassociative learning (Sutton et al.
2001a), classical conditioning (e.g., Gerber and Menzel
2000), and instrumental conditioning (e.g., Kamin 1957,
1963). Thus, it is unlikely that the biphasic profile of
memory retention observed across all of these studies owes
to a specific feature of the task or species examined. But
these collective observations raise the following question: Is
the biphasic profile expressed at the level of behavioral
performance indicative of biphasic memory processing?
One line of evidence that argues strongly in favor of this
idea is that memory processing before and after the “dip” in
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retention can be subserved by distinct mechanisms (Rosen-
zweig et al. 1993; Sutton et al. 2001a). For example, in
Aplysia, the dip between ITM and LTM for sensitization is
associated with a transition in macromolecular synthesis
requirements indicating that the temporal discontinuity, in
this case, reflects distinct nonoverlapping memory phases.

Because memories can endure from seconds to years,
there are potentially far more numerous memory phases
than have been identified at present. In the limit, it is pos-
sible that each broad temporal domain (e.g., STM, ITM, and
LTM) will be composed of a number of different subphases.
Whereas this idea at present is speculative, there is already
some evidence in Aplysia that the long-term domain of
memory for sensitization may be composed of separable
phases. For example, O’Leary et al. (1995) found that the
time window during which protein synthesis was required
for long-term (24 h) structural remodeling of Aplysia SNs
was extended several hours beyond that required for LTF
(24 h) at SN-MN synapses described by Montarolo and col-
leagues (1986). These results raised the possibility that at
least one component of LTF (and LTM) may be independent
of structural plasticity. Indeed, four spaced blocks of train-
ing trials over 1 d fail to produce gross morphological
changes in tail SNs (Wainwright et al. 2002), yet this same
training procedure induces both LTM (>24 h) for sensitiza-
tion of T-SW and LTF of tail SN-MN synapses (Cleary et al.
1998). Consistent with these results, recent studies of cul-
tured SN-MN synapses have shown that 5HT-induced LTF
evident at 24 h can be divided into two phases: one that
extends to at least 72 h and is associated with growth of SN
varicosities and one that does not persist beyond 48 h and
is independent of growth (Casadio et al. 1999). In the pre-
sent context, these results have two interesting implica-
tions. First, the differentiation of distinct phases of LTF
raises the possibility that multiple phases of LTM may be
distinguishable based on similar criteria. Given that memory
for sensitization can extend for several weeks after training
(Pinsker et al. 1973), the longterm temporal domain of
memory is sufficiently broad to encompass a number of
distinct phases. Indeed, Frost and colleagues (1985) have
shown that both the magnitude and duration of memory for
sensitization from 1-7 days after training can be progres-
sively enhanced by increasing amounts of training. More-
over, Wainwright et al. (2002) have found that more exten-
sive behavioral training (over 4 days) does produce mor-
phological changes in tail SNs, and the magnitude of LTM
(at 24 h) after this extended training regimen is enhanced
relative to 1 d of training (which failed to induce morpho-
logical changes). An important question now to be resolved
is whether the enhanced LTM for sensitization evident after
extensive training is strictly dependent on the emergence of
this morphological plasticity.

A second implication of these recent studies in Aplysia
is that the presence (or absence) of morphological plastic-
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ity, and perhaps the extent of structural remodeling, may
prove to be a distinguishing feature of independent memory
phases across species and/or tasks. This is an important
consideration, given that our present ability to dissect
memory retention into component phases is constrained by
a limited number of defining criteria. For example, whereas
macromolecular synthesis requirements can broadly distin-
guish three distinct phases of memory for sensitization, this
single criterion cannot distinguish between memory phases
that share these requirements. In this regard, it is notewor-
thy that both forms of LTF identified by Casadio and col-
leagues (1999) have important mechanistic features in com-
mon (e.g., they are both CREB-dependent) and are only
distinguishable at 24 h by the presence or absence of
growth. If the extent of morphological plasticity proves to
be a “signature” of distinct LTM phases, this would greatly
facilitate analyses of the overall organization of memory pro-
cessing in the long-term domain.

Finally, this general discussion also raises the question
of the nature of the criteria necessary to validly distinguish
among unique memory phases. Whereas the notion of a
“phase” necessarily implies temporal features, the temporal
persistence of memory alone does not appear sufficient to
characterize a particular phase. For example, Sutton et al.
(2001b) have recently identified a second (activity-depen-
dent) form of memory for sensitization in Aplysia that is
expressed in the same temporal domain as L-ITM described
in the present paper (see also, Sutton et al. 2001a); how-
ever, unlike the form of LITM examined in the present
study, this form of sensitization does not require protein
synthesis. In addition, Menzel et al. (2001) have recently
shown that 1-2 d memory for conditioning of the proboscis
extension reflex in honeybees after spaced training is sig-
nificantly diminished by protein synthesis inhibitors,
whereas 1-2 d memory after massed training is not. Thus,
whereas different temporal phases of memory may have
distinct mechanisms, time alone is not sufficient to charac-
terize the properties of memory existing in a given temporal
domain. Rather, an elucidation of specific molecular signa-
tures appears necessary to fully capture the features of par-
ticular forms of memory and their multiphasic organization.

Given the discussion above, do our results warrant the
classification of the early decaying intermediate-term profile
as a distinct phase of memory? We think not, at least not
yet. On the one hand, the EITM temporal profile is consis-
tent across several different training protocols, and its in-
duction has rules that are distinct from those for STM (e.g.,
E-ITM requires multiple training trials) and L-ITM (e.g., sen-
sitivity to training pattern). On the other hand, the cellular
and molecular mechanisms critical for the EITM profile are
still unknown. Thus, we cannot rule out the possibility that
it represents an extended form of STM or a diminished form
of ITM at the mechanistic level. In our view, distinguishing
among memory “phases” is only instructive insofar as it
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captures fundamental differences in the means by which
memory processing is accomplished. Whereas the charac-
teristics of the EJITM profile certainly indicate that it may
reflect a distinct memory phase, only an analysis of its un-
derlying mechanism can provide conclusive evidence nec-
essary for this determination.

MATERIALS AND METHODS

Behavioral Procedures

Wild-caught adult Aplysia californica (supplied by Marinus, Long
Beach, CA, or Marine Specimens Unlimited, Pacific Palisades, CA)
weighing >250 g were housed and tested in individual chambers.
At least 4 d before testing, animals were anesthetized (by cooling),
and the parapodia were removed to enhance visibility of the si-
phon. To prevent excessive inking during training, the accessible
extent of the ink gland was also removed at this time. Animals were
food deprived for 2 d before testing to minimize variability attrib-
utable to satiation effects on defensive withdrawal (Advokat 1980).

In all experiments, the duration of siphon withdrawal was
measured by an observer who was blind to the training history of
the animal. Before training in all experiments, three pretests (with
an intertrial-interval ITI = 15 min) were conducted to ensure a
stable baseline of reflex duration. In each of these tests, the tail (~1
cm from its posterior tip) was stimulated with a water jet (0.5 sec
duration), which elicited siphon withdrawal that typically lasted
between 5 and 10 sec in duration. Animals that did not show stable
responses (any pretest greater than £20% of the mean) during the
pretests were not used in the experiments (<10% of all animals
tested). For training, tail shocks (AC, 1.5 sec duration) were deliv-
ered to a site immediately posterior to the convergence of the
parapodia (see Fig. 1A) through a hand-held electrode. Because this
anterior region of the tail retains a relatively fixed position during
tail withdrawal (a consequence of tail shock), this same region can
be repeatedly shocked even at very short intervals. The nominal
current across the electrode was 100 mA, although much of this
current is shunted by the sea water. The sites on the tail for training
and testing were sufficiently separated to activate subpopulations
of tail SNs with nonoverlapping receptive fields (Walters et al.
1983). In all experiments, the beginning of training was offset
among different groups to provide temporal alignment of the last
shock in all groups. Six post-tests of tail-elicited siphon withdrawal
(T-SW; elicited in the same fashion as the pretests described above)
were conducted from 15-90 min after training at 15-min intervals
to examine STM and ITM. Three additional post-tests ITI = 15 min)
were also conducted 20-24 h after training to examine LTM. Pre-
vious studies from our laboratory have shown that the magnitude of
LTM is stable over this 20-24-h post-training testing interval (Sutton
et al. 2001a).

Experimental Protocol

Experimental groups were distinguished on the basis of the amount
and/or pattern of tail shocks used during training; otherwise, be-
havioral testing was identical across all groups (see above). In ex-
periments examining the amount of training, animals received ei-
ther no shocks, two shocks, three shocks, four shocks, or five
shocks all with the same pattern (15-min ITD). One additional group
also received two shocks with an ITI of 60 min, such that both the
first and second shocks were in temporal register with the first and
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fifth shocks of the five-shock group. In experiments examining the
pattern of training, animals received either a spaced pattern (15-
min ITD) of tail shocks or a massed pattern (1-sec ITD). In these
experiments, the ITI is defined as the temporal interval between
the offset of one trial and the onset of the next. These two training
patterns were compared across three different amounts of training:
three shocks, four shocks, or five shocks.

Data Analysis

In all experiments, reflex duration was used as a dependent mea-
sure because it can be objectively quantified in freely moving ani-
mals. The duration of siphon withdrawal was defined as the elapsed
time from stimulus onset to the initial relaxation of the siphon from
the contracted position. Baseline duration of T-SW was determined
by the average of the three pretests. Whereas the duration of T-SW
is stable in nontrained animals (see Fig. 2), the distribution of re-
sponses following sensitization training was typically not normally
distributed. Thus, to be conservative, all data were analyzed with
nonparametric statistics and are reported as medians (interquar-
tile range) to accurately express the central tendency and disper-
sion of each group. To examine memory for sensitization within a
group, baseline duration of T-SW, duration of T-SW in each of the
six 15-90-min post-tests, and the average duration of T-SW across
the three long-term tests were analyzed with a Friedman test. Fol-
lowing a significant overall effect (p < 0.05, two-tailed), individual
time points were compared against baseline using a Wilcoxon test
to assess significant sensitization. Differences in the magnitude of
ITM for sensitization between groups were examined with Mann-
‘Whitney U tests of normalized T-SW duration averaged across tests
in which significant sensitization was expressed in both groups.
For this analysis, the 15-min post-training time-point was not in-
cluded to avoid contamination with STM (lasting <30 min).
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