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Latent memory for sensitization in Aplysia

Gary T. Philips, Ekaterina I. Tzvetkova, Stephane Marinesco,' and Thomas ]. Carew?

Department of Neurobiology and Behavior, University of California, Irvine, California 92697, USA

In the analysis of memory it is commonly observed that, even after a memory is apparently forgotten, its latent
presence can still be revealed in a subsequent learning task. Although well established on a behavioral level, the
mechanisms underlying latent memory are not well understood. To begin to explore these mechanisms, we have used
Aplysia, a model system that permits the simultaneous study of memory at the behavioral, cellular, and molecular
levels. We first demonstrate that robust latent memory is induced by long-term sensitization training of the
tail-elicited siphon withdrawal reflex. It is revealed by its ability to facilitate the subsequent induction of three
mechanistically distinct temporal domains of sensitization memory: short-term, intermediate-term, and long-term
memory. Under our training conditions, the latent memory persists for at least 2 d following the decay of original
memory expression but appears to be gone by 4 d. Interestingly, we also find that latent memory is induced even in
the absence of overt memory for the original training. These findings now permit the analysis of the cellular and
molecular architecture of a common feature of learning and memory.

A wide range of studies examining memory have revealed that,
even after apparent forgetting, a latent (residual) memory persists
and can be revealed by facilitated acquisition in a subsequent
learning task. Often, this phenomenon is referred to as “savings.”
The general notion of savings, as well as the empirical means of
assessing it, was described more than a century ago by Ebbing-
haus (1885/1913). Following this early insight into memory,
many studies have revealed savings in a wide variety of learning
tasks. A notable extension of this idea is “latent learning,” which
refers to the well established phenomenon that latent memory
can develop in the absence of apparent original learning (Tolman
and Honzik 1930). Following these early seminal studies, various
forms of savings and latent learning have been described in a
large variety of animals, including humans (Lubow and Moore
1959; Nelson 1971; Plotkin and Oakley 1975; Nelson 1978; Mac-
Leod 1988; Matzel et al. 1992; Lubow and Gewirtz 1995; Monk et
al. 1996; Medina et al. 2001; Nicholson et al. 2003). Collectively
these studies show that the general phenomenon of latent
memory is a common feature of learning and memory across the
animal kingdom.

While well established on a behavioral level, the cellular
mechanisms underlying savings are not well understood. Such a
mechanistic analysis requires a preparation that exhibits a robust
form of latent memory in a system that is amenable to a cellular
and molecular analysis. In the present paper we show that the
marine mollusk Aplysia provides such a system. It is already well
established that Aplysia demonstrates memory for sensitization
of tail-elicited siphon withdrawal (T-SWR) in three mechanisti-
cally distinct temporal domains, short-term memory (STM), in-
termediate-term memory (ITM), and long-term memory (LTM)
(Scholz and Byrne 1987; Castellucci et al. 1989; Goldsmith and
Byrne 1993; Sutton et al. 2001, 2002). Here we show that sensi-
tization training of the T-SWR induces a latent memory. Specifi-
cally, we show that the prior induction of LTM for sensitization
facilitates the subsequent induction of memory, even after the
original memory is apparently forgotten. Moreover, the latent
memory formed with sensitization training facilitates the subse-
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quent induction of memory in the short-term, intermediate-
term, and long-term temporal domains. Finally, we find that la-
tent memory can be induced even in the absence of apparent
learning from the original sensitization training episode. The cel-
lular and molecular mechanisms of memory for sensitization are
relatively well understood in this system (Walters et al. 1983a,b;
Scholz and Byrne 1987, 1988; Zhang et al. 1994; Cleary et al.
1998; Sutton and Carew 2000; Sutton et al. 2001; Sharma et al.
2003a,b; Sutton et al. 2004). Thus, it will now be possible to begin
to explore the cellular and molecular mechanisms underlying
latent memory.

Results

Sensitization training induces latent memory

We first asked whether sensitization training in Aplysia can in-
duce memory that outlasts overt behavioral expression (latent
memory). Our experimental strategy consisted of two phases. A
schematic representation of the paradigm is shown in Figure 1. In
Phase I, we induced LTM for sensitization of the T-SWR. We took
advantage of recently described parameters for the induction of
different temporal phases of sensitization memory within the
T-SWR (Sutton et al. 2002), and modified these parameters to
induce LTM of minimal duration. This optimization of initial
forgetting allowed latent memory to be readily explored (see Dis-
cussion and Materials and Methods). At the end of Phase I train-
ing, we tracked memory retention in individual animals until
they demonstrated clear forgetting. In Phase II, we assessed latent
memory by retraining those animals which had previously ex-
pressed LTM for sensitization and subsequently exhibited two
days of forgetting. Following retraining, we tested memory at 10
min, 2 h, and 24 h, compared with matched controls.

Prior to all experiments, we established the mean baseline
T-SWR response for each animal by delivering three test stimuli
to the posterior tail midline (0.5 s, inter-trial interval [ITI] = 15
min). All animals that demonstrated stable siphon withdrawal
responses (>90% of animals, see Materials and Methods) were
next divided randomly into control or experimental groups. In
Phase I, experimental animals were given long-term sensitization
training (see Materials and Methods). The resulting LTM for sen-
sitization was assessed with two post-tests (ITI = 30 min) taken
every 24 h. The mean of these two tests served as a composite
retention score. Trained animals (n = 10) expressed significant
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Figure 1. Diagram of the experimental procedure. Experimental ani-
mals first received long-term sensitization training (solid black bars).
Memory expression (hatched bars) was then monitored with two post-
tests taken every 24 h (Phase [). On the second consecutive day without
expression of the original memory (open bars), animals were retrained
with two spaced tail shocks (Phase I, solid arrows). The duration of LTM
expression in individual animals varied; thus, each experimental animal
was retrained with a matched no-shock control (open arrows). Memory
was assessed following retraining at 10 min, 2 h, and 24 h. Examples are
given of individual cases where original memory expression lasted 1 d
(top bar), 2 d (middle bar), or 3 d (bottom bar) and retraining occurred on
the third, fourth, or fifth day, respectively, after original training.

LTM (mean = SEM%, 168 += 17%, P <0.005) 24 h following
training. In contrast, matched controls (n = 10, no shocks) dem-
onstrated no LTM (99 + 6%, NS, Fig. 2, Phase I). Moreover,
trained animals showed significantly greater test responses than
controls (P < 0.005). Memory expression in the trained animals
lasted an average of 2 d.

In Phase II, we assessed latent memory by retraining previ-
ously trained animals on the second consecutive day in which
their mean T-SWR responses were below 120% baseline (which
we operationally defined as forgetting, see Materials and Meth-
ods). We waited a second day until Phase II retraining to ensure
that LTM for sensitization was forgotten (see Fig. 1). By the day of
retraining, T-SWR responses had returned to pre-training levels
in experimental animals (99 = 4%, P> 0.5, Fig. 2, PRE). How-
ever, at this time point, the matched controls exhibited test re-
sponses that were modestly, but significantly, decremented
(88 £ 5%) compared with their pre-training levels (P < 0.05, Fig.
2). The decremented response in controls may be due to nonspe-
cific effects of prolonged maintenance in the behavioral testing
chambers, as well as to partial habituation of the reflex induced
by daily testing. Interestingly, this decrement was not observed
in trained animals, even after daily testing throughout LTM ex-
pression and 4 d of forgetting (>1 wk, 101 + 3%, NS, Fig. 4,
below).

In Phase I, both experimental and control animals were
trained with two spaced tail shocks (ISI = 15 min, 15 mA, Fig. 2,
Phase II). Phase II training led to the induction of three tempo-
rally distinct phases of memory (short- [10 min], intermediate- [2
h], and long-term [24 h]) in experimental animals. An overall
analysis of variance revealed a significant difference among all
the groups (F; 49 = 9.4, P < 0.001). Subsequent planned compari-
sons were then carried out (see Materials and Methods).

At the 2-h test, a within-group analysis revealed that previ-
ously trained animals exhibited significant 2-h memory
(181 + 22%, P < 0.005), and a between-group analysis showed
that the experimental group differed significantly from controls

(P <0.01). At the 24-h test, a within-group comparison revealed
that the experimental group exhibited significantly enhanced
responding (122 + 8%, P < 0.05), and a between-group compari-
son showed that the 24-h scores of the experimental animals
were significantly elevated above controls (P < 0.02).

Sutton and colleagues (2002) had previously shown that two
tail shocks induce memory lasting less than 30 min. Consistent
with these previous observations, memory induced in control
animals by Phase II training was similarly short-lived: Within-
group comparisons showed that memory was absent at 2-h
(105 = 19%, NS) and 24-h (91 + 7%, NS) tests (Fig. 2, Phase II).

To explore the effects of retraining on short-term memory
induction, we tested all animals 10 min following a single shock.
While a single shock was sub-threshold for memory induction in
controls (89 + 7%, NS), short-term memory was induced in ex-
perimental animals (130 = 16%); the experimental responses
were significantly greater than controls (P < 0.05, Fig. 3). Thus, in
contrast to the experimental animals, the Phase II training was
insufficient to induce memory in control animals (see Discus-
sion). Collectively, these data show that latent memory is in-
duced in Aplysia by long-term sensitization training. This latent
memory outlasts LTM expression by at least two days and is able
to facilitate the induction of three temporally distinct phases of
memory.

Latent memory decays by 4 d

Thus far, our data show that latent memory induced by sensiti-
zation training can be maintained for at least two days. How long
does this latent memory last? To explore this question, we gave
Phase I training, identical to that in the previous experiment (Fig.
2), to a group of animals (n = 7) with matched controls (n=7),
but waited until the fourth consecutive day of forgetting (LTM
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Figure 2. Sub-threshold training induces 2-h and 24-h memory in pre-
viously trained animals. Phase I: Trained animals (n = 10) exhibited robust
LTM after sensitization training, whereas controls (n = 10) remained at
baseline. Phase II: Two days after the decay of initial LTM, trained animals
and matched controls were trained with two spaced tail shocks (TS). Tests
at 2 and 24 h following training showed the induction of memory at 2 h
(2 HR) and 24 h (24 HR) in previously trained animals, but not in matched
controls. All T-SWR responses are normalized to baseline responding. In
this and all subsequent figures, within-group significance is depicted by
P-values within histograms, and between-group significance by the indi-
cated comparisons; all probability values are two-tailed. Data are ex-
pressed as means *+ SEM.
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Figure 3. Latent memory facilitates the induction of STM. In the same
group of animals as in Figure 2, memory was examined 10 min following
the first of two Phase Il training shocks. A single tail shock produced
significant enhancement of responses measured at 10 min in previously
trained animals (n = 10) but not in matched controls (n = 10).
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expression <120% baseline) to retrain with two shocks (Fig. 4).
We then tested memory at 2 h and 24 h. An analysis of variance
revealed no significant difference between experimental animals
and matched controls when Phase II training was given after 4 d
of forgetting (F;,s=1.97, P>0.05). Experimental animals no
longer exhibited enhanced responses at 2 h (109 + 10%, NS) and
24 h (121 = 7%, NS).

In a subset of animals (1 = 4), we examined facilitation of
short-term (10 min) memory induction with a single shock. Nei-
ther previously trained animals (115 = 4%, NS) nor matched
controls (107 + 4%, NS) demonstrated significant memory at 10
min. Thus, under our training conditions, latent memory ap-
pears to decay by 4 d.

Latent memory can be induced even in the absence

of original memory

As described earlier, we developed a training protocol that opti-
mized the forgetting of LTM, so that memory expression typi-
cally lasted 1-5 d (to facilitate the exploration of latent memory;
see Materials and Methods). Under these conditions, some ani-
mals from each training session did not exhibit LTM after origi-
nal sensitization training. These animals provided a unique op-
portunity to ask whether a long-lasting latent memory could be
generated in the absence of original LTM expression. To explore
this possibility, we retrained those animals (n =9) that had
shown no LTM for sensitization at 24 h (98 + 4%, NS) and 48 h
(94 = 3%, NS) after training (Fig. 5, Phase I). When retrained
with two spaced shocks 48 h after the original training, this
group of animals nonetheless exhibited a form of latent memory.
An analysis of variance demonstrated a significant overall differ-
ence between experimental animals and matched controls
(Fg 76 =4.24, P <0.001). Subsequent planned comparisons
showed that experimental animals expressed a 2-h memory
(130 = 9%, P < 0.05, Fig. 5, Phase II) that was significantly greater
than matched controls (P < 0.001). As in previous experiments
(Figs. 2, 4), control animals did not exhibit significant 2-h
memory following the two tail shocks (99 = 7%, NS). In contrast
to previous results (Fig. 2), however, we found that not all tem-
poral phases of memory could be induced with retraining the
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experimental animals. Specifically, two tail shocks did not facili-
tate the induction of 24-h memory (100 = 7%, NS, Fig. 5, Phase
II). Finally, although the facilitation of short-term memory was
not thoroughly explored, examination of a subset of these ani-
mals (n = 4) suggested that a 10-min memory is not induced with
a single shock (126 + 34%, NS).

In a final experiment, with a group of animals which also
did not exhibit overt LTM following Phase I training, we gave
Phase II training 4 d after the original training (n = 7). Consistent
with the results of retraining 48 h after original training (Fig. 5),
in these animals we observed facilitation of 2-h memory
(122 = 9%, P < 0.05), but not 10-min (NS) or 24-h memory (NS).

These results suggest two main conclusions. First, latent
memory can be induced by sensitization training even in the
absence of overt memory resulting from that training. Second,
this form of latent memory appears to be restricted, in that not all
phases of memory were induced after retraining. Nonetheless,
these data show that at least a reduced form of latent memory is
not directly dependent on the induction of overt initial memory.

Discussion

Our results show that sensitization training of the T-SWR can
induce a latent memory. Specifically, we find that the prior in-
duction of LTM for sensitization can significantly enhance the
subsequent induction of other memories, even after the original
memory is apparently forgotten. Moreover, the original LTM
training enhances subsequent memory induction in three
mechanistically distinct temporal domains, STM, ITM, and LTM
(Scholz and Byrne 1987; Castellucci et al. 1989; Goldsmith and
Byrne 1993; Sutton et al. 2001, 2002). The latent memory in-
duced by LTM training is maintained for at least two days after
overt forgetting of the original experience but is gone by four
days. Intriguingly, we also observed modest but significant latent
memory even in the absence of any overt original LTM. Collec-
tively, these data demonstrate the formation of latent memory
within a reflex system well suited for the cellular and molecular
analysis of this form of learning.
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Figure 4. Latent memory decays by 4 d. Phase I: Trained animals
(n=7) exhibited robust LTM after sensitization training. Phase II: Four
days following the decay of LTM, animals received two spaced tail shocks
(TS). Memory was tested at 2 and 24 h following Phase Il training. No
memory was exhibited at 2 h or 24 h in previously trained animals or
matched controls (n = 7).
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Figure 5. Latent memory can be induced in the absence of original
LTM. Animals that did not express LTM after original training still exhibit
the facilitated induction of memory at 2 h. Phase I: A subset of animals
given long-term sensitization training (n=9) did not express LTM fol-
lowing training. Phase IIl: Two days after the original training, two tail
shocks induced significant 2-h memory, but not 24-h memory, in previ-
ously trained animals. Matched controls (n=9) did not express 2-h or
24-h memory.
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Latent memory in other systems

In the memory literature, latent memory is often referred to as
“savings” (Ebbinghaus 1885/1913; Nelson 1978). This phenom-
enon is widely observed in diverse animals (Matzel et al. 1992;
Monk et al. 1996; Medina et al. 2001; Nicholson et al. 2003),
including man (Ebbinghaus 1885/1913; Nelson 1971, 1978; Mac-
Leod 1988). Thus it is generally accepted in many systems that
a memory can outlast its behavioral expression. A latent
memory, however, can also develop in the absence of apparent
original learning, a phenomenon referred to as latent learning.
One of the earliest descriptions of latent learning was provided
by Tolman and Honzik (1930), who examined maze exploration
in rats. They found that rats that were initially unrewarded dur-
ing maze exploration nonetheless showed facilitated learning
when they were later taught to navigate the maze for a food
reward. Although the retraining used to identify latent learning
often involves the introduction of a motivationally relevant re-
ward, this form of learning is reminiscent of the effect we see in
a subset of our trained animals, which do not demonstrate origi-
nal LTM for sensitization but do show the facilitated induction of
a 2-h memory following retraining. These observations suggest
the general conclusion that a training episode can have a clear
impact on an animal even in the absence of a behavioral reflec-
tion of memory for that episode.

Given the ubiquitous nature of latent memory, surprisingly
little is known about its underlying mechanisms. However, vari-
ous forms of latent memory have been described in a number of
preparations that are amenable to a mechanistic analysis. For
example, in Aplysia latent memory was first demonstrated in a
savings test in animals that had previously learned that a par-
ticular food was inedible (Susswein and Schwarz 1983). More
recently, an interesting preliminary description of latent memory
in the T-SWR was described (E.G. Antzoulatos, M.L. Wainwright,
LJ. Cleary, and J.H. Byrne, pers. comm.). These authors report
that 24 h after robust (4 d) sensitization training to one side of
the body, although there is no apparent memory revealed by
stimulation of the side contralateral to the original training, the
subsequent induction of STM on the contralateral side is facili-
tated. This finding is consistent with our observations that latent
memory can develop in the absence of overt initial expression of
memory.

Two other studies of latent memory in molluscan systems
have addressed possible mechanisms of savings. First, in Lym-
naea, a recent report demonstrated that two bouts of an ITM
induction protocol (separated by 24 h) can lead to the facilitated
induction of LTM (Parvez et al. 2005). These authors also pro-
vided evidence that the mechanism for this form of savings may
involve transcription and translation occurring in the cell body
of a single identified neuron. Second, work in the marine snail
Hermissenda has explored the properties of a single photoreceptor
cell during savings for an associative (light-rotation) condition-
ing task (Matzel et al. 1992). The authors suggest that original
training induces a Ca®* hypersensitivity within the photorecep-
tor cell, which may be the principal contributor to savings seen
within this system.

Although there are relatively few mechanistic studies of sav-
ings in mammalian systems, recent modeling predictions and
experimental evidence in rabbits have suggested a possible sav-
ings mechanism during extinction training of eyelid condition-
ing (Medina et al. 2001). This preparation offers significant
promise for the analysis of the mechanisms contributing to la-
tent memory at a complex systems level (see Medina et al. 2002).

Mechanistic implications

What kinds of cellular mechanisms might underlie the forms of
latent memory we have observed in the present study? Our data
show that original training somehow alters the “state” of the
CNS such that the response to subsequent training is enhanced.
From this perspective, two principle questions emerge: First,
what is the nature of the “state change” that underlies latent
memory, and second, how does this state differentially modulate
different temporal domains of memory?

In addressing the first question, using the T-SWR system, we
now have the opportunity to ask informative questions about the
cellular nature of the state change subserving latent memory. For
example, one possible mechanism is that the impact of the tail
shock is altered by previous training, so that the same tail shock
has a greater effect in a subsequent retraining phase. To explore
this possibility, following original training one could ask
whether there is increased release of a modulatory neurotrans-
mitter such as serotonin (5-HT), which is known to accompany
the induction of sensitization memory, in response to tail shock
(Levenson et al. 1999; Marinesco and Carew 2002). Sensitization
training is also known to increase the response of tail sensory
neurons to stimulation (Walters et al. 1983b). Thus, after overt
behavioral forgetting, it is possible that the tail sensory neurons
still encode some aspect of the original training as an increase in
their responsiveness to stimuli. Finally, it is possible that the
“molecular threshold” for the induction of subsequent memory
may be modified by original training. If so, one might expect the
underlying synaptic and molecular architecture for memory to
be primed in some fashion. This could be assessed in a previously
trained system by examining both synaptic plasticity and the
signaling cascades known to contribute to the induction of sen-
sitization memory in the T-SWR (Byrne et al. 1988; Sutton and
Carew 2000; Sutton et al. 2001; Purcell et al. 2003; Sharma et al.
2003a,b; Sharma and Carew 2004; Sutton et al. 2004).

Turning to the second question, how might an altered state
in the CNS modulate memory induction in different temporal
domains? We know that the mechanistic requirements for
memory are unique for STM, ITM, and LTM. STM involves the
covalent modification of pre-existing proteins (for discussion see
Kandel and Schwartz 1982), ITM requires the synthesis of new
proteins, but not transcription (Sutton et al. 2001), and LTM
requires both the synthesis of new gene products and new pro-
tein synthesis (Castellucci et al. 1989; Sutton et al. 2001). The two
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tail shocks we used in Phase II training do not normally lead to
the induction of ITM or LTM (Sutton et al. 2002) and thus, at
least in the naive state, would not be expected to induce the
translation and transcription needed to carry memory into these
extended temporal domains. However, our finding that latent
memory can facilitate the induction of memory into the inter-
mediate and long-term domains shows that these induction rules
may not be the same in a system that has undergone a recent
learning experience. This raises the interesting possibility that
the 2-h and 24-h memories induced by retraining may not be
mechanistically similar to those memories generated in a naive
system. Thus, an informative next step will be to determine the
molecular requirements of the savings memory in this system.

The above consideration raises the important question of
whether all three mechanistically distinct forms of memory that
we and others have identified in Aplysia are uniformly enhanced
by a single latent memory, or whether they might be differen-
tially enhanced. Our data suggest that the latter may be the case.
We find that the facilitated induction of all three temporal
phases of memory occurs only in animals that expressed overt
LTM following the initial sensitization training. There is not
comparable enhancement in those animals that did not express
overt LTM after initial training; these animals exhibited only
enhanced 2-h memory following Phase II training. Thus, the
strength of the initial memory appears to determine the ability of
subsequent training to facilitate the induction of different forms
of memory. While these are, at this point, only hypothetical
possibilities, our understanding of these temporal domains at
behavioral, cellular, and molecular levels is quite extensive
(Scholz and Byrne 1987, 1988; Sossin et al. 1994; Zhang et al.
1994; Sutton and Carew 2000; Sutton et al. 2001, 2002; Wain-
wright et al. 2002; Sharma et al. 2003a,b; Sharma and Carew
2004; Sutton et al. 2004; Wainwright et al. 2004). This under-
standing now provides a valuable platform from which we can
examine alternative hypotheses in mechanistic detail.

In conclusion, we have established the existence, and some
of the parametric features, of latent memory in the T-SWR of
Aplysia. Since the induction and expression rules for different
forms of memory are relatively well understood in this system,
we are encouraged that it may now be possible to begin to un-
derstand the cellular and molecular architecture of a well-
described feature of learning and memory that is common to
virtually all systems.

Materials and Methods

Behavioral procedures

Adult Aplysia californica (weighing 150-250 g) were obtained
commercially (Marinus and M-REP) and housed individually
within a tank of circulating artificial seawater (ASW; Instant
Ocean, Aquarium Systems) that was held at ~16°C. Animals were
fed dried seaweed three times a week.

At least four days before all experiments, animals were anes-
thetized (by cooling) and the parapodia surrounding the siphon
were resected to better visualize the siphon during tail-elicited
siphon withdrawal (T-SWR). T-SWR was tested by application of
a water jet (0.5 s, 45 psi, Teledyne Water Pik) to a region ~1 cm
above the most posterior tip of the tail. Siphon withdrawal was
measured as the time beginning immediately after application of
the test stimulus (water jet) until the first signs of relaxation of
the posterior portion of the siphon. We typically observed reflex
responses lasting 3-8 sec.

In all experiments, the baseline reflex response was mea-
sured by the average of three test stimuli (ITI = 15 min). Animals
with a single pre-test that varied by more than 20% of the mean
were not used in the experiments. Less than 10% of all animals
were excluded using this criterion. Twenty minutes after the last
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pre-test, animals received sensitization training consisting of
electrical stimuli (2-s train of 10 ms, 15 mA DC pulses at 50 Hz)
applied through a suction electrode to the tail midline, immedi-
ately below the convergence of the parapodia (Marinesco et al.
2004). This training site had sufficient spacing from the test site
that it did not activate overlapping populations of SNs (Walters
et al. 1983a; Sutton et al. 2004). Before all training trials, animals
were moved into a secondary container, out of water, to access
the shock site on the dorsal surface of the animal. With this
protocol, we could reliably apply a fixed current without the
shunting effects of application in seawater. After shock, animals
were allowed to ink 20-30 sec before being replaced into their
individual housing and testing units. Typically, animals were out
of water a total of 30-40 sec for each shock application. In pilot
experiments, we found that pulling animals out of water with no
shock or mock stimulation had no significant effect on the T-
SWR at 1.5 h or 24 h. After training, post-tests were given by
application of water jet to the original test site. Post-tests were
always taken by an observer blind to the training history of the
animal. Control animals were tested in identical fashion with
experimental animals at every time point.

Experimental protocol

To examine latent memory within the T-SWR of Aplysia, we first
gave animals long-term sensitization training, which consisted of
either four or five spaced shocks (2-s train of 10 ms, 15 mA DC
pulses at 50 Hz, inter-shock interval [ISI] = 15 min, Sutton et al.
2002). While five shocks increased the percentage of animals
showing LTM, the actual duration of LTM induced, on average,
was not different between the training protocols of four versus
five shocks. Moreover, the results obtained from animals origi-
nally trained with four shocks were not significantly different
from those observed in animals originally trained with five
shocks. Thus, data from these two groups were pooled in all
analyses. LTM in trained animals typically lasted 1-5 d.

After training, LTM retention was assessed every 24 h with
two T-SWR tests (ITI = 30 min) spaced to minimize any inter-trial
effects. Control animals received identical tests throughout the
experiment. To accurately describe the expression of sensitiza-
tion memory (and subsequent forgetting), we established an ex-
pression threshold based upon experimental observations. In all
experiments, average daily measurements equal to or above
120% pre-training levels (=120%) were taken to reflect memory
expression. We defined no memory, or forgetting, as average re-
sponses <120%.

All retraining occurred on the second or fourth consecutive
day of forgetting (data in Figs. 2, 4, respectively). The actual du-
ration of LTM varied among trained animals. Thus, each animal
was retrained with a matched control which was treated identi-
cally but received no Phase I training. For retraining, two spaced
shocks (2-s train of 10 ms, 15 mA DC pulses at 50 Hz) were
applied to the original training site, and post-tests were taken at
2 and 24 h. In a subset of trained animals, we tested the effect of
retraining on the induction of STM by testing the T-SWR 10 min
after the first of two retraining shocks. This 10-min test had no
effect on the subsequent 2-h and 24-h tests compared with the
responses of those animals not tested at 10 min (data not shown).

Data analysis

Since the test scores were normally distributed, parametric statis-
tics were used. An “outlier” rule was established: If a single score
exceeded two standard deviations from the mean of the group
containing that score, it was excluded from the analysis (a com-
mon winsorization rule; Dixon and Tukey 1968). In all analyses,
this criterion was met in only six cases within 258 data points
analyzed (<3% of all scores). An analysis of variance (ANOVA)
was performed across all groups in Phase II (the ANOVA did not
include Phase I data since the differences in this Phase resulted
from experimental animals satisfying a response criterion [de-
scribed above]). Subsequent planned comparisons were carried
out using Student t-tests. Within-group comparisons were carried
out examining difference scores between T-SW responses in the
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test condition compared with the average baseline response. Be-
tween-group comparisons were made using a t-test for indepen-
dent means. All analyses were done with the Excel Analysis Pack
(2003) and SPSS v10.0. All reported probabilities reflect two-
tailed analyses.
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