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Massed Training-Induced Intermediate-Term Operant
Memory in Aplysia Requires Protein Synthesis and Multiple
Persistent Kinase Cascades
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The Aplysia feeding system with its high degree of plasticity and well characterized neuronal circuitry is well suited for investigations of
memory formation. We used an operant paradigm, learning that food is inedible (LFI), to investigate the signaling pathways underlying
intermediate-term memory (ITM) in Aplysia. During a single massed training session, the animal associates a specific seaweed with the
failure to swallow, generating short-term (30 min) and long-term (24 h) memory. We investigated whether the same training protocol
induced the formation of ITM. We found that massed LFI training resulted in temporally distinct protein synthesis-dependent memory
evident 4 – 6 h after training. Through in vivo experiments, we determined that the formation of ITM required protein kinase A, protein
kinase C, and MAPK. Moreover, the maintenance of ITM required PKA, PKM Apl III, and MAPK because inhibition of any of these kinases
after training or before testing blocked the expression of memory. In contrast, additional experiments determined that the maintenance
of long-term memory appeared independent of PKM Apl III. Using Western blotting, we found that sustained MAPK phosphorylation
was dependent upon protein synthesis, but not PKA or PKC activity. Thus, massed training-induced intermediate-term operant memory
requires protein synthesis as well as persistent or sustained kinase signaling for PKA, PKC, and MAPK. While short-, intermediate-, and
long-term memory are induced by the same training protocol, considerable differences exist in both the combination and timing of
signaling cascades that induce the formation and maintenance of these temporally distinct memories.

Introduction
Temporally discrete memory forms exist with short-term mem-
ory (STM) lasting minutes, intermediate-term memory (ITM)
lasting hours, and long-term memory (LTM) lasting days (Bailey
et al., 2008). Although relatively recently identified, ITM has been
observed for many paradigms, including sensitization and disha-
bituation in Aplysia (Sutton and Carew, 2000; Sutton et al., 2001;
Li et al., 2005; Antonov et al., 2010), one-trial conditioning in
Hermissenda (Crow et al., 1999); olfactory conditioning in insects
(Schwärzel and Müller, 2006; Berry et al., 2008), avoidance learn-
ing in chick (Gibbs and Ng, 1976; Patterson et al., 1986; Johnston
et al., 1998), operant conditioning in Lymnaea (Lukowiak et al.,
2000), and novel object recognition in mice (Taglialatela et al.,
2009). Studies in Aplysia and Lymnaea have significantly fur-
thered insights into the mechanisms underlying ITM. However,
much of the information has been generated using different pro-
tocols for the induction of STM, ITM, and LTM. The use of a
single paradigm that induces multiple forms of memory would
provide direct comparisons regarding the time frames and com-

binations of signaling pathways required for temporally sepa-
rated memories. We investigated ITM in Aplysia californica using
the learning that food is inedible (LFI) operant paradigm, a
massed training paradigm that induces robust STM and LTM.

Feeding behavior in Aplysia encompasses a high degree of
neural plasticity (Elliott and Susswein, 2002; Cropper et al., 2004)
with complex learning paradigms established (Baxter and Byrne,
2006). With LFI training, the animal associates repeated failed
swallowing attempts with a specific seaweed (Susswein et al.,
1986; Michel et al., 2011a). During the induction of memory,
nitric oxide and histamine signal failed swallowing (Katzoff et al.,
2002, 2010). For LTM, LFI requires activation of MAPK, PKA,
PKC, and PKG signaling cascades, poly-ADP ribosylation and the
induction of the immediate early gene ApC/EBP (CCAAT en-
hancer binding protein; Cohen-Armon et al., 2004; Levitan et al.,
2008; Michel et al., 2011a,b). In contrast, STM requires neither
PKA nor PKC signaling, but depends upon MAPK (Michel et al.,
2011a,b). Intermediate LFI memory has only been observed us-
ing a spaced training protocol with little known regarding the
molecular requirements of ITM apart from nitric oxide (Botzer et
al., 1998; Katzoff et al., 2002).

Using a single massed LFI training session, we identified ITM
dependent upon translation but not transcription. We investi-
gated the requirements for kinase signaling for ITM in vivo. We
found that PKA, PKC, and MAPK were all necessary for ITM
from induction through maintenance of memory. Prolonged
MAPK activation was dependent upon protein synthesis, but not
PKA or PKC. The use of the same training paradigm for STM,
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ITM, and LTM allows direct comparisons of the mechanisms for
induction and maintenance of each type of memory. Our results
demonstrated significant differences in the kinase cascades re-
quired for STM and ITM and striking temporal differences for
kinase activity between ITM and LTM. Thus, considerable com-
plexity and variation exists in the mechanisms underlying differ-
ent forms of memory even generated by the same protocol.

Materials and Methods
Animal maintenance. Hermaphroditic Aplysia weighing 100 –200 g
(Santa Barbara Marine, Alacrity, Marinus Scientific) were housed in in-
dividual boxes in 100 gallon circulating seawater (ASW; Instant Ocean,
Aquarium Systems) tanks at 15°C on 12 h light/dark cycles. Animals were
fed romaine lettuce three times a week. Five days before behavioral ex-
periments, animals were fed to satiation on laver seaweed and subse-
quently removed from appetitive stimuli. Animals received LFI training
as originally established by A. Susswein (Susswein et al., 1986; Botzer et
al., 1998; Katzoff et al., 2002) with previous modifications (Michel et al.,
2011a,b). Briefly, animals in individual bowls were presented with netted
laver seaweed (�3.5 mm � 3.5 mm) to which the animals responded
with head-waving, biting, and attempts to swallow the seaweed. Full-
length training continued until 3 min elapsed without the animal’s taking
the seaweed bag into the mouth. For the abbreviated protocol, training
was stopped at 25 min of response time by gently pulling on the seaweed
bag until the animal egested the seaweed. Two parameters were recorded
during training and testing: (1) the total time that the animals responded
and (2) the cumulative time that the animal retained the netted sea-
weed in its mouth. Testing of the animals occurred using the same pro-
cedure with continual presentation of the netted seaweed until 3 min
elapsed without the animal taking the seaweed into the mouth. Memory
was represented as a decrease in total response time and the time the food
was retained in the mouth. Naive animals were handled similarly to
trained animals.

Drug treatments. Animals were injected through the anterior portion
of the foot with either inhibitor or vehicle at one of three times: 30 min
before the start of training, immediately after the end of training or 30
min before the start of testing (3.5 h after the end of training). No differ-
ence in the responses of vehicle-injected and noninjected animals could
be discerned for the vehicles used here (ASW and DMSO). To inhibit
translation, animals were injected with 1 ml/100 g Aplysia body weight of
3.25 �M stock Rapamycin (Biomol-Enzo Life Sciences) in ASW, a dose
that approximates 50 nM systemic concentration in the animal. This
calculation is based on Aplysia having an open circulatory system with
hemolymph making up �65% of their body weight (Levenson et al.,
1999). Anisomycin (Sigma-Aldrich) was also used to inhibit translation
with injections into the animal of 1 ml of 2 mM anisomycin in ASW/100
g body weight injected 30 min before training (approximate systemic
concentration of 30 �M). Actinomycin D (Calbiochem-EMD Biosci-
ences) was used to inhibit transcription with a 130 �l/100 g body weight
injection of a 2 mM stock in DMSO to establish a systemic concentration
of �4 �M. The PKA inhibitor H89 (Sigma) was used at 1 ml/100 g body
weight of 19.5 �M stock in ASW. The PKC blocker chelerythrine
(Calbiochem-EMD Biosciences) was used at 1 ml/100 g of 43.55 �M in
ASW. Bisindolylmaleimide (Bis, Calbiochem-EMD Biosciences) was in-
jected at 65 �M for a systemic concentration �1 �M. To inhibit the
MAPK pathway, we used the MEK inhibitor PD98059 (Calbiochem-
EMD Biosciences) in DMSO at 15 mM and injected 130 �l/100 g animal
weight.

Western blotting. Western blotting for P-MAPK and total MAPK was
done as previously described (Sharma and Carew, 2002; Sharma et al.,
2003b; Michel et al., 2011b). Aplysia were anesthetized by injection of
isotonic MgCl2, buccal ganglia dissected and immediately homogenized
in lysis buffer (containing, in mM: 50 Tris-HCl, pH 7.6, 150 NaCl, 2%
SDS, 1 EDTA, 1 EGTA, 1 sodium orthovanadate, 50 sodium fluoride and
a protease inhibitor cocktail). Samples were centrifuged at 16,000 � g
and the supernatant was boiled before storage at �80°C. Proteins were
resolved via 12% SDS-PAGE and transferred to PVDF membranes (GE
Healthcare). Antibodies for P-MAPK (Cell Signaling Technology) and

total MAPK (Erk-1; Santa Cruz Biotechnology) were used. Quantifica-
tion of P-MAPK was normalized to total MAPK.

Statistics. Statistical analysis of the data was performed using one-way
ANOVA with Bonferroni post hoc analyses. p values � 0.05 were consid-
ered significant.

Results
Massed training induces a temporally discrete intermediate
form of memory
LFI training using a single massed training session induces robust
short and long-term memory with STM decaying by 1 h (Botzer
et al., 1998). Previously, researchers reported that spaced train-
ing, but not massed training resulted in ITM 4 h after training
(Botzer et al., 1998). However, it is possible that massed training-
induced ITM was not observed due to either the temporal
window examined or potential circadian regulation of ITM.
Long-term LFI memory is strongly regulated by the circadian
clock (Lyons et al., 2005) and other forms of ITM have also been
found to be regulated in a circadian manner (Lyons et al., 2008).
We performed a detailed temporal analysis of LFI memory ex-
pression after training at Zeitgeber Time 3 (ZT 3; 3 h after light
onset), a time known to induce robust short and long-term LFI
memory. As before, we found robust STM 30 min after the end of
training with a significant decrease in total response time ob-
served upon testing (Fig. 1A). However, when animals were
tested 90 min after training, no memory was observed consistent
with previous research indicating the termination of STM �60
min after training (Botzer et al., 1998). Similarly, no significant
memory was observed 2 h or 2.5 h following training with similar
response times observed during training and testing (Fig. 1A). In
contrast to previous research, we found robust memory emerging
4 h after training with animals exhibiting significantly decreased
response times compared with training times. This memory,
temporally separated from STM, was also evident 6 h after train-
ing (Fig. 1A). Similar results were observed for a second param-
eter used to assess memory formation, the time animals retained
the seaweed in the mouth (data not shown). These results indi-
cate that in addition to STM and LTM, massed training for LFI
also induces a robust intermediate form of memory that is tem-
porally separated from STM. Thus, the LFI massed training
paradigm provides an ideal opportunity for comparative investi-
gations of the molecular mechanisms underlying short-,
intermediate-, and long-term memory.

Because the training time required to reach criterion varies
between animals, considerably extended or shortened training
between animals prospectively could result in the differential in-
duction of pathways involved in memory formation, i.e., poten-
tially longer training could result in differences in either the
magnitude or the temporal window of second messenger cas-
cades. For example, in Aplysia neurons, varying concentrations of
serotonin (5-HT) induce differential responses in synaptic excit-
ability (Emptage et al., 1996). Similarly, additional nerve stimu-
lation results in higher levels of 5-HT release (Marinesco and
Carew, 2002). Thus, we sought a standardized protocol that
would provide a comparable level of training between animals.
To enable examination of the molecular pathways underlying 4 h
memory and to more fully map the time course of ITM, we ad-
opted a 25 min standard training protocol. While this is below the
mean time observed for animals to train to criterion, the 25 min
training time allowed virtually all animals to receive the allot-
ted training without becoming disinterested, resulting in equiv-
alent training between animals. It should be noted that some
minor variance (mean 25.2 � 0.18, n � 62) occurred in the length
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of the training session (Fig. 1B) as the netted seaweed had to be
extracted from the animal without the exertion of force. Using
this protocol, we trained animals at ZT 3 to confirm that the 25
min training protocol resulted in temporal expression of memory
comparable to full-length training. Animals trained using the 25
min protocol and tested 30 min later exhibited robust STM and
animals trained and tested 24 h later demonstrated significantly
decreased response times representing LTM. As previously ob-
served with the full training protocol, animals trained for 25 min
and tested 2 h after training did not exhibit memory. The abbre-
viated training protocol also induced robust ITM with a similar
time course as animals trained to criterion. Testing either 4 or 6 h
after a 25 min training session resulted in significantly decreased
response times (Fig. 1B). However, 9 h following training there
was no evidence of memory. The apparent increase in the ani-
mals’ response times during testing at 9 h was not significant
compared with responses in naive animals (only tested) or from
the training times observed for animals trained to criterion. No
memory was observed 12 h after training similar to previous
studies (Botzer et al., 1998). Thus, STM completely decays before
the appearance of ITM and ITM decays before the appearance of
LTM.

ITM is mechanistically distinct from STM and LTM
Much of our understanding of the mechanisms underlying ITM
arises from meticulous studies of intermediate-term facilitation
(ITF) and intermediate-term sensitization of defensive with-
drawal reflexes in Aplysia. Nonassociative ITM for facilitation
and sensitization requires translation of new proteins (Ghirardi
et al., 1995; Sutton et al., 2001; Villareal et al., 2007; Lyons et al.,
2008; Antonov et al., 2010). The requirement for protein synthe-
sis in ITM, but not new gene expression, has also been observed in
other species including Hermissenda, Lymnaea, and in mammals
for long-term potentiation and depression (for review, see Crow
et al., 1999; Sangha et al., 2003; Frey and Frey, 2008). However,

recently investigators have identified pro-
tein synthesis independent forms of ITM
for site-specific (associative) sensitization,
and dishabituation in Aplysia (Sutton et
al., 2004; Antonov et al., 2010). Thus, pro-
tein synthesis independent forms of ITM
can be generated suggesting a more com-
plex picture of molecular consolidation
for some types of learning. In contrast,
STM is generally considered independent
of protein synthesis as observed for mul-
tiple learning paradigms across phylogeny
(for review, see Sweatt, 2010). To deter-
mine whether short and intermediate-
term LFI memory were dependent upon
protein synthesis, animals were injected
with the local protein translation blocker
rapamycin previously used to inhibit
translation in Aplysia neuronal cultures
and semi-intact preparations (Yanow et
al., 1998; Casadio et al., 1999; Purcell et al.,
2003; Weragoda et al., 2004; Hu et al.,
2006). Rapamycin regulates the TOR (tar-
get of rapamycin) pathway leading to
translation and has been shown to rapidly
and significantly reduce protein synthesis
in Aplysia cells and ganglia preparations at
concentrations slightly lower than used in

our experiments (Yanow et al., 1998; Casadio et al., 1999). Rapa-
mycin itself had no effect on feeding response behavior as seen
through comparisons of the training response times between in-
hibitor and vehicle-treated animals (Fig. 2A,B). Using the 25 min
training protocol, we found that STM was unaffected by rapamy-
cin with treated and control animals demonstrating robust mem-
ory 30 min after training (Fig. 2A) suggesting that short-term LFI
memory was not dependent upon protein synthesis. However,
recent studies in Aplysia elegantly demonstrated that facilitation
and sensitization spanning similar time frames required protein
synthesis (Villareal et al., 2007; Antonov et al., 2010). To further
investigate whether short-term LFI memory required protein
synthesis, animals were injected with anisomycin. Animals
treated with anisomycin 30 min before training demonstrated
robust STM (Control Animals (n � 11): Training Time �
24.63 � 0.18, Testing Time � 9.02 � 1.109; Anisomycin-Treated
Animals (n � 9): Training Time � 23.62 � 0.96, Testing Time �
6.05 � 0.80; ANOVA, F(3,39) � 132.2, p � 0.001). These results
suggest that while short-term LFI memory may span a similar
time frame to that observed for protein synthesis-dependent
nonassociative facilitation and sensitization, the temporal win-
dows for short and intermediate-term memories vary between
types of learning and learning paradigms.

In contrast to the results observed for STM, ITM at 4 h was
completely abolished by rapamycin injection with testing times
in treated animals similar to training times (Fig. 2B) suggesting
that intermediate-term LFI memory requires protein synthesis. It
was not possible to confirm these results using anisomycin as the
animals were nonresponsive to the presentation of the seaweed
during the ITM test (0/17 animals responded to the seaweed
within 10 min; data not shown) suggesting that anisomycin re-
sulted in a suppression of feeding responses during the time
frame spanning ITM. Previous research found that anisomycin
treatment in Lymnaea resulted in decreased feeding responses
(Fulton et al., 2005). As an additional measure to assess the affect

Figure 1. Massed LFI training induces temporally distinct ITM. A, Aplysia californica were individually trained using laver
seaweed at ZT 3 to a criterion of 3 min without food entering the buccal cavity. Animals were tested at varying times after training.
Memory is represented as a decrease in the total response time to the seaweed during testing and varied significantly based upon
the time after training (ANOVA, F(11,127) � 6.767, p � 0.001). Animals exhibited robust short-term memory 30 min after training
and ITM 4 – 6 h post-training. Asterisks indicate significant memory as determined by p � 0.05 using Bonferroni’s Multiple
Comparison test post hoc analyses. N for each group as shown in figure. B, A 25 min abbreviated training protocol induced
significant memory dependent upon the time of testing after training (ANOVA, F(13,123) � 17.8, p � 0.001) similar to full-length
training. Robust STM was observed 30 min after training with no memory apparent 2 h after training. ITM was observed 4 – 6 h
after training. ITM completely decayed by 9 h after training. The 25 min abbreviated training also induced robust LTM evident 24 h
after training.
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of anisomycin on feeding, animals were
injected with anisomycin and presented
with romaine lettuce at time points com-
parable to either the start of STM testing
(90 min after injection) or the start of ITM
testing (5 h after injection). At 90 min af-
ter injection, �77% of treated animals
(n � 9; data not shown) responded to
lettuce within 1 min comparable to re-
sponses observed in noninjected animals.
In contrast, 5 h after injection zero ani-
mals responded to the lettuce within 5
min (n � 4; data not shown) similar to the
lack of responsiveness during seaweed
presentation for ITM testing. Therefore,
anisomycin could not be used to evaluate
the inhibition of protein synthesis on ITM
due to the suppression of feeding re-
sponses. However, based upon our results
with rapamycin, it appears that
intermediate-term LFI memory is both
temporally and mechanistically separated
from STM.

Increased mRNA expression for the
immediate-early gene ApC/EBP occurs
within 1 h after LFI training with signifi-
cant increases in protein levels observed
2 h after training in neurons of the buccal
ganglia (Levitan et al., 2008). Given the
4 – 6 h time frame for intermediate-term
LFI memory, it is possible that this form
of ITM requires transcription as well as
translation. We tested the requirement
for transcription in LFI memory using the
transcription inhibitor actinomycin D, previously used in Aplysia
cell-culture and semi-intact preparations (Castellucci et al., 1986;
Bailey et al., 1992; Sutton et al., 2001). Animals were injected 30
min before training with either vehicle or actinomycin D (130
�l/100 g body weight injection of a 2 mM stock in DMSO approx-
imating 4 �M systemic concentration). Both treated and vehicle-
injected animals showed robust ITM when tested 4 h after
training (Fig. 2C). Similar experiments were performed using a
higher concentration of actinomycin D (130 �l/100 g body
weight injection of a 4 mM stock in DMSO resulting in �8 �M

systemic concentration) to confirm these results. The 8 �M sys-
temic concentration of actinomycin D had no effect on ITM with
results similar to those presented in Figure 2C (Control Animals
(n � 7): Training Time � 25.58 � 0.23, Testing Time � 13.05 �
1.56; Actinomycin D-treated Animals (n � 9): Training Time �
26.75 � 0.76, Testing Time � 14.33 � 3.48, ANOVA, F(3,31) �
11.48, p � 0.001). As a control, we verified that actinomycin D (4
�M systemic concentration) blocked long-term LFI memory by
injecting the animals 30 min before training and testing them
24 h later. For these LTM experiments, animals were trained
using the full-length training protocol similar to previous studies
resulting in longer training times as shown in Figure 2D. Injec-
tion of actinomycin D blocked long-term memory while control
animals demonstrated robust memory with significantly de-
creased response times (Fig. 2D). The 8 �M systemic concentra-
tion of actinomycin D was not repeated in LTM experiments as
the higher dose rendered many animals unresponsive to the test
stimulus 24 h after injection. Presumably, this effect is due to the
irreversible nature of actinomycin D as an inhibitor of transcrip-

tion. A comparable effect of the drug has previously been ob-
served in Lymnaea in which 24 h after actinomycin treatment,
animals become unresponsive to sucrose (Fulton et al., 2005).
These results demonstrate that ITM induced by a massed training
protocol is mechanistically, as well as temporally, differentiated
from both STM and LTM.

PKA activity is necessary for the induction and expression
of ITM
Consistently across learning paradigms and species, induction of
memory requires the activation of second messenger signaling
cascades and increased kinase activity (for review, see Sweatt,
2010). While brief activation of these cascades often is sufficient
for STM, temporally longer forms of memory require the persis-
tent activation of kinases. The cAMP-PKA cascade has been im-
plicated in memory formation in Aplysia (for review, see Burrell
and Sahley, 2001; Kandel, 2001), Drosophila (for review, see Da-
vis, 2005), and mammals (for review, see Abel and Nguyen,
2008). On a short-term timescale, PKA phosphorylates substrates
local to the synapse leading to covalent modifications involved in
STM. Over a longer time frame, a persistently active catalytic
subunit can translocate to the nucleus frequently resulting in
activation of the transcription factor CREB and subsequent gene
transcription (for review, see Bailey et al., 2008; Sweatt, 2010).
For intermediate-term, protein synthesis-dependent sensitiza-
tion in Aplysia, persistent PKA activity has been identified as an
additional requirement for the maintenance and expression of
memory (Sutton and Carew, 2000; Stough et al., 2006). We in-
vestigated the role of PKA for intermediate-term LFI memory

Figure 2. ITM is dependent upon translation, but not transcription. A, Animals were injected with either vehicle or 1 ml/100 g
Aplysia body weight of 3.25 �M stock rapamycin 30 min before LFI training. Animals were tested either 30 min after training or 4 h
after training. Injection with rapamycin had no effect on STM (ANOVA, F(3,33) � 18.95, p � 0.001). B, Rapamycin completely
blocked ITM while vehicle-injected animals exhibited robust memory (ANOVA, F(3,19) � 24.07, p � 0.001). C, To determine
whether ITM was dependent on new gene expression, animals were injected with either vehicle or 130 �l/100 g body weight of 2
mM stock actinomycin D 30 min before training. ITM was not inhibited by actinomycin D with treated animals (n � 9) displaying
significant memory similar to vehicle-injected animals (ANOVA, F(3,29) � 14.41, p � 0.001). D, Conversely, LTM was blocked by
actinomycin D (ANOVA, F(3,25) � 7.677, p � 0.01). N for each group as shown in figure. Asterisks indicate p � 0.05 for post hoc
analyses using Bonferroni’s Multiple Comparison test.
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using the PKA inhibitor H89 previously used in Aplysia cell cul-
tures (Farah et al., 2009) and in vivo to study long-term memory
(Michel et al., 2011a). We inhibited PKA activity during the in-
duction phase of memory formation by injecting H89, 30 min
before training. ITM was completely inhibited in injected ani-
mals compared with vehicle-injected control animals (Fig. 3A).
As previously reported (Michel et al., 2011a), injection of inhib-
itor did not affect the baseline responses of the animals as no
differences were seen in training responses between treated and
control animals. These results suggest that PKA activity is neces-
sary for the induction of ITM similar to what was previously
observed for LTM. To differentiate between the requirement for
PKA activity during the early stages of memory formation and the
possibility of an extended role for PKA during the molecular
consolidation or maintenance of memory, H89 was injected into
animals immediately after training. Vehicle-injected control
animals demonstrated robust ITM when tested 4 h after train-
ing, while inhibitor-injected animals exhibited no memory
with response times similar to naive animals (Fig. 3B). More-
over, when the PKA inhibitor was injected 3.5 h after training
(30 min before testing), animals likewise demonstrated no LFI
memory (Fig. 3C). Overall, these studies suggest that LFI
training results in persistently active PKA and that PKA occu-
pies an essential role in the induction and maintenance of
intermediate-term LFI memory.

PKC activity is necessary for the induction and maintenance
of ITM
PKC, another serine-threonine kinase, has been shown essential
for memory formation in Aplysia (for review, see Sossin, 2007),

olfactory memory in Apis (Grünbaum
and Müller, 1998), operant conditioning
in Lymnaea (Rosenegger and Lukowiak,
2010), the induction and maintenance of
LTP (for review, see MacDonald et al.,
2001; Sacktor, 2008) and contextual fear
conditioning (Atkins et al., 1998; Weeber
et al., 2000). In Aplysia, three different
neuronal PKC isoforms have been identi-
fied with Apl I representing a classical,
Ca 2� activated PKC; Apl II, a novel form
of PKC dependent upon diacylglycerol
but not Ca 2�; and Apl III classified as an
atypical PKC that requires neither diacyl-
glycerol nor Ca 2� (Kruger et al., 1991;
Bougie et al., 2009; for review, see Sossin,
2007). PKCs can be activated via multiple
mechanisms including calcium signaling,
phosphorylation and cleavage (for review,
see Sossin, 2007). Persistently activated
forms of PKC in Aplysia (PKM), arise
through proteolytic cleavage by calpain
(Sharma and Carew, 2002; Villareal et
al., 2009; Cai et al., 2011) as opposed to
rapid synthesis as observed in mammals
(Osten et al., 1996). Calpain-dependent
persistently active PKC is required for
site-specific intermediate-term facilita-
tion (Sutton et al., 2004) and for main-
tenance of long-term sensitization in
Aplysia (Cai et al., 2011).

We investigated the involvement of
PKC in intermediate LFI memory with

chelerythrine, an inhibitor of PKC, using a dosage previously
shown to inhibit the induction of long-term in vivo LFI memory
with no effect on baseline responses of the animal (Michel et al.,
2011a). When chelerythrine was injected 30 min before training,
approximated systemic concentration of 670 nM, the inhibitor
completely blocked ITM while vehicle-injected controls demon-
strated robust memory with significantly decreased response
times (Fig. 4A). Chelerythrine inhibits all isoforms of PKC but is
selective for persistently active PKM Apl III at low concentrations
with little effect on PKC Apl II or PKC Apl III (Sossin, 2007;
Villareal et al., 2009; Cai et al., 2011). To further test the specific
isoforms of PKC necessary for the induction of intermediate-
term LFI memory, animals were treated with the inhibitor Bis,
which at low concentrations (1 �M) selectively inhibits PKC Apl
II (Villareal et al., 2009). Bis does not effectively inhibit PKC Apl
III and significantly higher concentrations than 1 �M are required
for inhibition of PKM Apl III (Sossin, 2007; Villareal et al., 2009).
Animals injected 30 min before training with Bis, at a systemic
concentration approximating 1 �M, demonstrated no ITM when
compared with vehicle-injected control animals (Fig. 4B). In Ap-
lysia, pharmacological inhibition of PKC activity is reported to be
similar for PKC Apl I and PKC Apl II as PKC inhibitors which
show selectivity in mammals do not distinguish between PKC Apl
I and PKC Apl II (Manseau et al., 2001; for review, see Sossin,
2007). PKC Apl I and PKC Apl II are both required for short- and
intermediate-term facilitation (Zhao et al., 2006). Our results
similarly suggest that multiple isoforms of PKC are required for
the induction of intermediate-term LFI memory.

To test the requirement for PKC activity during the mainte-
nance of ITM, chelerythrine was injected immediately after the

Figure 3. PKA activity is necessary for the induction and maintenance of ITM. A, The PKA inhibitor H89 or vehicle was injected
30 min before training. Vehicle-injected animals demonstrated robust ITM upon testing while H89 animals exhibited no decrease
in response times similar to naive animals (F(4,47) � 6.853, p � 0.001). B, H89 administered after LFI training also blocked ITM
while vehicle-injected animals exhibited decreased response times compared with training times or naive animals (ANOVA,
F(4,47) � 8.211, p � 0.001). C, To test whether PKA activity was needed for maintenance the entire length of ITM or for recall,
animals were injected with vehicle or H89 30 min before testing. Control animals demonstrated significant ITM with response
times significantly decreased compared with training times or naive animals, while H89 animals exhibited no ITM with response
times similar to naive animals (ANOVA, F(4,36) � 23.57, p � 0.001). N for each group as shown in figure. Asterisks indicate p �
0.05 for post hoc analyses using Bonferroni’s Multiple Comparison test.
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end of LFI training. Treated animals failed
to display any memory with response
times similar to those observed in naive
animals (Fig. 4C) suggesting that PKM
Apl III also functions in the maintenance
of ITM. Vehicle-injected animals exhib-
ited robust ITM with significantly de-
creased response times compared with
training times or naive responses (Fig.
4C). To determine whether PKC Apl I/II
also is required for the maintenance of
ITM, additional experiments were per-
formed in which animals were injected
with Bis immediately after training and
tested 4 h later. Bis-injected animals
demonstrated robust ITM comparable to
control animals (Fig. 4D). These results
suggest that whereas multiple isoforms
are required for the induction of ITM,
only PKM Apl III is required for its main-
tenance. To further investigate the role of
PKM Apl III in the maintenance of ITM,
animals were injected with chelerythrine
30 min before testing (3.5 h after end of
training, Fig. 4E). Treated animals exhib-
ited no ITM, while control animals dis-
played robust ITM. These experiments
demonstrate the necessity of persistent
PKC concomitant with protein synthesis
and PKA activity in the induction and
maintenance of ITM. This contrasts with
previous results finding that persistent
PKC activity was not required for mainte-
nance of LTM when chelerythrine was in-
jected immediately after training (Michel
et al., 2011a).

Given that ITM appears to require per-
sistent PKM Apl III for an extended pe-
riod of time for maintenance of memory,
the possibility exists that PKC Apl III is
cleaved and PKM Apl III released at a later
time-point and thereby still needed for
LTM maintenance. To test for this possi-
bility, animals were trained using the
full-length protocol comparable to the
previous LTM experiments (Michel et al.,
2011a) and then injected with cheleryth-
rine 1 h after training, a time point in
which memory is not expressed but the
molecular changes associated with long-
term memory including MAPK signal-
ing and the induction of gene expression
and protein synthesis are occurring (Levi-
tan et al., 2008; Michel et al., 2011b).
Animals injected with chelerythrine dem-
onstrated robust LTM comparable to
control animals (Fig. 4F), supporting pre-
vious research (Michel et al., 2011a) that
persistent PKC, at least the PKM Apl III
isoform, is not required for long-term
LFI. However, recent research on long-
term sensitization demonstrated that well
established sensitization can be disrupted

Figure 4. PKC is required for the induction and maintenance of ITM. A, Chelerythrine, an inhibitor of PKC, injected 30 min before
training blocked ITM with response times during testing similar to naive animals. Vehicle-injected animals demonstrated signifi-
cantly decreased response times and robust ITM (ANOVA, F(4,41) � 6.936, p � 0.001). B, Bisindolylmaleimide, an inhibitor of PKC
Apl II, injected 30 min before training also completely blocked ITM with responses comparable to naive animals. Vehicle-injected
animals demonstrated significantly decreased response times and robust ITM (ANOVA, F(3,35) � 9.087, p � 0.001). C, Cheleryth-
rine injected into animals post-training (n � 6) also blocked ITM, while vehicle-injected animals exhibited robust ITM (ANOVA,
F(4,36) � 5.879, p � 0.01). D, Bis injected into animals immediately after training (n � 6) did not inhibit ITM with treated animals
demonstrating significant ITM similar to vehicle-injected (n � 7) animals (ANOVA, F(3,25) � 21.77, p � 0.001). E, To test whether
PKC was needed for maintenance the entire length of ITM, animals were injected with vehicle or chelerythrine 30 min before
testing. Control animals demonstrated significant ITM with response times significantly decreased compared with training times
or naive animals. Chelerythrine-treated animals exhibited no ITM with response times similar to naive animals (ANOVA, F(4,48) �
12.72, p�0.001). N for each group as shown in figure. Asterisks indicate p�0.05 for post hoc analyses using Bonferroni’s Multiple
Comparison test. F, Chelerythrine injected into animals 1 h post-training had no effect on LTM, with drug- and vehicle-injected
animals exhibiting comparable LTM with significantly decreased response times (ANOVA, F(3,23) � 12.09, p � 0.001). G, Chel-
erythrine injected into animals 4 h after the start of training also did not inhibit LTM, with drug- and vehicle-injected animals
exhibiting comparable LTM with significantly decreased response times (ANOVA, F(3,21) � 6.23, p � 0.01).
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by chelerythrine at later times after training indicating that con-
tinual PKM Apl III phosphorylation activity is necessary for the
maintenance of long-term memory (Cai et al., 2011). To deter-
mine whether this requirement applies to long-term LFI mem-
ory, we trained animals using the full-length training protocol
and then injected them with chelerythrine 4 h after the start of
training, a time point approximating the time of injection for the
extended maintenance experiments for ITM shown in Figure 4E.
At this time point, the processes involved in long-term memory
formation are well underway with the induction of gene expres-
sion and protein synthesis already occurring (Levitan et al.,
2008). In contrast to long-term sensitization and intermediate-
term LFI, we found that PKM Apl III was not required during this
later time window for maintenance of long-term LFI as animals
injected with chelerythrine 4 h after the start of training exhibited
significant long-term LFI memory similar to control animals
(Fig. 4G). We performed confirmation experiments in which
chelerythrine was injected into the animals 4 h after the end of
training and as predicted these animals demonstrated long-term
memory with a mean percentage decrease in total response time
between training and testing of 45% (n � 3, data not shown).
Thus, mechanistic differences exist between the maintenance of
ITM and the maintenance of LTM specifically in the requirement
for persistent PKC activity.

MAPK signaling is required for ITM
The above results strongly suggest that
PKA and PKC signaling cascades fulfill a
large role in the induction and mainte-
nance of ITM for negatively reinforced
operant conditioning. However, MAPK
signaling has been shown necessary for
the induction of short-term and long-
term LFI memory (Michel et al., 2011b).
MAPK signaling also is required for long-
term synaptic plasticity in many para-
digms including facilitation and
sensitization in Aplysia (Martin et al.,
1997; Purcell et al., 2003; Sharma et al.,
2003b), olfactory memory in Drosophila
(Moressis et al., 2009; Pagani et al., 2009)
and associative memory in mammals (for
review, see Sweatt, 2010). Furthermore,
MAPK activity is necessary for some
forms of ITM in Aplysia including sensiti-
zation and facilitation (Sharma et al.,
2003a,b; Lyons et al., 2008; Shobe et al.,
2009), and operant conditioning of aerial
respiratory behavior in Lymnaea
(Rosenegger and Lukowiak, 2010). Be-
cause MAPK represents a potential con-
vergence point for multiple signaling
pathways, we examined the necessity of
MAPK in intermediate-term LFI mem-
ory. We used the specific MEK inhibitor
PD98059 previously used in Aplysia in
vivo (Lyons et al., 2008; Michel et al.,
2011b) and in vitro (Bailey et al., 1997;
Martin et al., 1997; Khabour et al., 2004).
Inhibition of MAPK before training com-
pletely blocked ITM while vehicle-injected
animals exhibited significant memory (Fig.
5A). Testing times of PD98059-treated ani-
mals were greater than training times as

the abbreviated training protocol of 25 min was used in these
experiments. However, the total response times of PD98059-
treated animals were not significantly different from response
times for naive animals (all panels, Fig. 5) indicating that
PD98059 did not by itself induce increased feeding responses.
Prolonged MAPK signaling also was required for ITM, as injec-
tion of the inhibitor immediately after training (Fig. 5B) pre-
vented the observation of ITM 4 h after training similar to the
requirement for sustained MAPK signaling previously observed
for long-term LFI memory (Michel et al., 2011b). MAPK activity
also was necessary for the extended maintenance or expression of
ITM as injection of PD98059 30 min before testing blocked mem-
ory with response times observed greater than or equivalent to
training and the responses of naive animals (Fig. 5C). Thus, it
appears that in vivo LFI training for negatively reinforced operant
learning engages an assemblage of signaling cascades that are
necessary for the induction and maintenance of ITM.

Prolonged phase of MAPK activation depends upon protein
synthesis, but not PKA or PKC activity
Following LFI training, the activation of MAPK in the buccal
ganglion occurs in two waves of activity (Michel et al., 2011b), an
immediate phase necessary for all temporal forms of memory and
a second wave of MAPK activity evident 1 h after training that is

Figure 5. MAPK is necessary for ITM. A, To determine whether MAPK activation was necessary for ITM, the MEK inhibitor
PD98059 was injected 30 min before LFI training. Upon testing 4 h after training, vehicle-injected animals demonstrated robust
ITM with significantly decreased response times compared with training responses (ANOVA, F(4,28) � 10.14, p � 0.001). In
contrast, PD98059-injected animals exhibited response times similar in length to naive animals. B, MAPK is also required after
training as PD98059 injected into animals post-training blocked ITM with response times similar to naive animals. Vehicle-injected
animals exhibited significant ITM (ANOVA, F(4,41) � 18.73, p � 0.001). C, To determine whether MAPK was needed for maintenance the
entire length of ITM, animals were injected with vehicle or PD98059 30 min before testing. Control animals demonstrated significant ITM
with response times significantly decreased compared with training times or naive animals, while PD98059-treated animals exhibited no
ITM with response times similar to or greater than naive animals (ANOVA, F(4,36) � 33.45, p � 0.001). Testing times of PD98059-treated
animals were significantly greater than training times (B, C) as the abbreviated training protocol of 25 min was used in these experiments.
N for each group as shown in figure. Asterisks indicate p � 0.05 for post hoc analyses using Bonferroni’s Multiple Comparison test for
training versus testing response comparisons.
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required for ITM and LTM. To identify the interrelationship
between the signaling cascades necessary for ITM, we examined
the requirements for activation of the later wave of MAPK. Pre-
viously, we found that the later phase but not immediate MAPK
activation was, at least in part, dependent upon PKG activity
(Michel et al., 2011b). In Aplysia, sustained MAPK activation
necessary for LTM that is observed 1 h after training requires
protein synthesis (Shobe et al., 2005). To determine whether
MAPK activation 1 h after training was dependent upon protein
synthesis, animals were injected with rapamycin 30 min before
LFI training. Animals were dissected 1 h following training, pro-
tein extracted from buccal ganglia and Western blotting per-
formed to measure phospho-MAPK levels. Rapamycin injected
into animals before training significantly inhibited the training-
induced activation of MAPK (Fig. 6A). Previously, it has been
suggested that MAPK activation may lie downstream of the
cAMP-PKA pathway in LTM (Martin et al., 1997). To determine
whether the prolonged or second phase of MAPK activation re-
quired PKA activity, animals were injected with H89 30 min be-
fore training. As described previously, animals were dissected 1 h
after training and phospho-MAPK and total MAPK levels ana-
lyzed in buccal ganglia. H89 had no effect on the training-
induced increase in MAPK activation evident 1 h after training
(Fig. 6B). In similar experiments, we found that chelerythrine
also did not block the training-induced prolonged phase of
MAPK activation (Fig. 6C). These experiments strongly suggest
that protein synthesis, but neither PKA nor PKC activity is nec-
essary for sustained MAPK activation required for ITM and
LTM.

Discussion
Studies of the molecular mechanisms underlying temporally dis-
tinct memories have frequently relied upon variations in training
to induce short-, intermediate-, or long-term memory as for sen-
sitization in Aplysia (Mauelshagen et al., 1996, 1998) or operant
conditioning in Lymnaea (Lukowiak et al., 2000). However, use
of differential induction protocols potentially results in signifi-
cant variations in recruitment of signaling cascades or pathways
for induction and storage of memory. To allow for direct com-
parison of the mechanisms underlying temporally distinct forms
of memory in vivo, we used a negatively reinforced operant learn-
ing paradigm that results in robust STM and LTM to identify and
characterize a massed training-induced temporally distinct ITM.
Intermediate LFI memory was mechanistically discrete from
STM and LTM with dependence upon protein synthesis, but not
transcription. The sensitivity of ITM to inhibition with rapamy-
cin suggests a requirement for synaptic protein synthesis as rapa-
mycin has been linked to protein synthesis localized at the
synapse, and other forms of ITM in Aplysia require local protein
synthesis (Sherff and Carew, 2004; Villareal et al., 2007).

The question arising from identification of temporally se-
quential memories is whether the molecular mechanisms sup-
porting these memories occur in serial progression or whether
the signaling cascades underlying these forms of memory develop
in parallel and, to some extent, independently. Defining the sig-
naling mechanisms underlying distinct forms of memory using a
single induction protocol is pivotal to understanding memory
formation in vivo and for insight into the complex array of mo-
lecular changes induced during learning. To delineate the tem-
poral relationship between the signaling pathways involved in
ITM and other memory phases, we analyzed the requirements for
three highly conserved kinases implicated in learning across phy-
la: PKA, PKC and MAPK. We found differences in the kinases

Figure 6. Prolonged phase of MAPK activation requires protein synthesis, but not PKA or PKC
activity. A, The prolonged phase of MAPK activation induced by LFI training was significantly de-
creased by inhibition of protein synthesis. Animals receiving LFI training (n � 8) exhibited signifi-
cantly higher levels of phospho-MAPK in buccal ganglia 1 h after training compared with animals
treated with rapamycin before training (n�9), naive animals (n�11) or rapamycin injections only
(n � 7) without training (ANOVA, F(3,34) � 12.51, p � 0.001, Bonferroni post hoc analyses). Repre-
sentative examples from Western blots are shown above the graphs. B, Inhibition of PKA activity
through H89 injected in animals before training had no effect on MAPK activation 1 h after training.
Animals treated with H89 before training (n � 14) or animals receiving only training (n � 12)
showed significantly increased levels of phospho-MAPK in the buccal ganglia 1 h after LFI training
compared with naive animals (n � 10) or H89-treated animals that did not receive training (n � 6;
ANOVA, F(3,41) � 23.74, p � 0.001). C, Inhibition of PKC before training had no effect on phospho-
MAPK levels 1 h after training. Animals treated with chelerythrine before training (n �6) or animals
receiving only training (n�12) showed significantly increased levels of phospho-MAPK in the buccal
ganglia 1 h after LFI training compared with naive animals (n�10) or chelerythrine-injected animals
thatdidnotreceivetraining(n�4;ANOVA,F(3,31)�31.66,p�0.001).Asterisksrepresentp�0.05
Bonferroni post hoc analyses for trained animals compared with naive or drug-alone groups.
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required between ITM and STM, and importantly, significant
differences were observed for the required window of activity in
vivo for each kinase pathway between ITM and LTM suggesting
that the mechanisms underlying temporally distinct LFI memo-
ries occur, at least in part, in parallel rather than in serial
progression.

Recently, long-term LFI memory but not STM was shown
dependent upon PKA (Michel et al., 2011a), with persistent PKA
activation resulting in CREB-dependent transcription of imme-
diate early genes following LFI training (Levitan et al., 2008). In
this study using H89 to inhibit PKA activity, persistent PKA ac-
tivity appears necessary for induction and maintenance of ITM as
inhibitors given before training to 30 min before testing blocked
ITM. Although H89 is considered relatively selective for PKA,
H89 also inhibits mitogen and stress activated protein kinase 1,
Rho-dependent protein kinase II and p70 ribosomal protein S6
kinase (Davies et al., 2000). Because these kinases have been im-
plicated in plasticity in other learning paradigms (Udo et al.,
2005; Chwang et al., 2007; Sindreu et al., 2007), the possibility
exists that ITM also may require these kinases. While our results
suggest that PKA is necessary for an extended period of time for
maintenance of ITM, it remains possible that PKA functions dur-
ing recall of memory. However, we find this scenario unlikely as
recall in STM and LTM did not require PKA for expression of LFI
memory (Michel et al., 2011a). The relatively long window of
persistent PKA activity in ITM may be integrated with protein
synthesis. In Aplysia facilitation, spaced 5-HT pulses, but not
massed training, induced persistent intermediate PKA activity
dependent upon protein synthesis (Müller and Carew, 1998; Sut-
ton and Carew, 2000). The longer requirement for persistent
PKA in massed training-induced ITM highlights significant
mechanistic differences between ITM and LTM.

Strikingly, ITM requires the persistence of multiple signaling
cascades concurrent with protein synthesis. We found that
PKC activity was necessary for induction and maintenance of
intermediate-term LFI memory. Previously, PKC-dependent in-
hibition of translation was suggested as a mechanism for the
decreased efficacy of massed training for long-term facilitation
(Farah et al., 2009). However, we found that the PKM isoform of
Apl III appears necessary for induction and maintenance of
intermediate-term LFI as a low dosage of chelerythrine blocked
ITM when administered before or after training. Moreover, the
induction of ITM appears to require additional isoforms of PKC
as 1 �M Bis, a concentration that should not inhibit PKC Apl III
or PKM Apl III, blocked ITM only when administered before
training. These results are consistent with 5-HT-induced synap-
tic plasticity in which chelerythrine and Bis inhibited induction
of the 5-HT enhancement of glutamate-evoked postsynaptic po-
tentials, while only chelerythrine blocked maintenance (Villareal
et al., 2009). In contrast, the lack of required PKM Apl III activity
for maintenance of long-term LFI (Fig. 4F,G; Michel et al.,
2011a) differs dramatically from long-term sensitization (Cai et
al., 2011) highlighting the difference between long-term mainte-
nance of operant memory and nonassociative sensitization.

Several possible functions exist for PKC during LFI memory
formation. Initially, PKC activity during ITM and LTM may en-
hance PKA signaling as suggested for operant reward memory
(Lorenzetti et al., 2008) while persistent PKC at the plasma mem-
brane could regulate neurotransmitter release as suggested for
sensory-motor synapses (Ghirardi et al., 1995; Houeland et al.,
2007). Furthermore, MAPK activity may affect PKC as proposed
for activity-dependent ITF in which MAPK induces PKC trans-
location to the plasma membrane (Shobe et al., 2009).

MAPK represents an important integrator for neuronal in-
puts with conveyance to multiple targets to facilitate synaptic
plasticity (for review, see Selcher et al., 1999; Reissner et al., 2006)
or activate translational machinery (Kelleher et al., 2004). MAPK
is required for the induction of ITF (Sharma et al., 2003a) and
intermediate-term sensitization (Lyons et al., 2008) and ITM in
Lymnaea (Rosenegger and Lukowiak, 2010). Previously, we de-
termined that MAPK activity was necessary for induction of short
and long-term LFI with prolonged MAPK activity necessary for
LTM (Michel et al., 2011b). Presumably, the requirement of sus-
tained MAPK in LTM reflects nuclear MAPK translocation and
resultant CREB-dependent transcription as previously suggested
for facilitation and sensitization (Michael et al., 1998; Lyons et al.,
2006). We found that induction and maintenance of ITM was
dependent upon MAPK. Because transcription is not required for
ITM, the requirement for prolonged MAPK activation may func-
tion downstream to enhance protein synthesis.

For memory formation in vivo, one might speculate that com-
pensatory mechanisms would allow decreased activity in one sig-
naling pathway as long as significant activation of other pathways
occurred. Our results suggest that is not the case, as in vivo inhi-
bition of either MAPK, PKA or PKC blocked ITM formation and
maintenance. Potentially, immediate activation of one cascade
results in the induction or persistence of a second kinase cascade
as previously observed for MAPK and PKC translocation. As PKA
and PKC downstream signaling have been suggested to induce
MAPK activation (for review, see Reissner et al., 2006), we tested
the requirements for sustained MAPK activation and found that
protein synthesis, but neither PKA nor PKC activity was required
for the second phase of MAPK activity after training. Given that
the prolonged phase of MAPK activity evident at 1 h is necessary
for intermediate and long-term LFI memory, it is probable that
both forms of memory use protein synthesis-dependent activa-
tion of MAPK. We previously determined that prolonged, but
not immediate, MAPK activation was dependent in part upon
PKG signaling (Michel et al., 2011b). Thus, there appear to be
multiple upstream mechanisms required for sustained MAPK
signaling.

The distinct requirements of intermediate-term LFI memory
for persistent kinase activity in multiple pathways and for protein
translation suggest that each of these kinase pathways plays a
unique role in ITM compared with the functions in STM or LTM.
Potentially, ITM requires an early phase of protein synthesis that
is necessary for persistent PKA and MAPK activation. Later the
persistent activation of all three kinase pathways may converge to
upregulate local protein synthesis necessary for memory mainte-
nance. In Aplysia, PKA and PKC activation have been shown
necessary for the activation of TOR and inhibition of phospha-
tase activity, increased S6 kinase activity and downstream local
protein synthesis (Khan et al., 2001). Studies of mammalian LTP
and invertebrate memory support an upstream role for the
MAPK cascade in protein translation via mTOR activation (Geli-
nas et al., 2007; Tsokas et al., 2007).

Our results combined with previous research provide insight
into a global framework of molecular changes induced by train-
ing with discrete subsets of these changes required for STM, ITM,
and LTM. Further delineation of the function and cellular loca-
tion of immediate and persistent kinases in ITM undoubtedly
will be the subject of future research. It remains possible that
activation of these signaling cascades may occur in different neu-
rons with separate kinase pathways activated in presynaptic and
postsynaptic mechanisms. Through the use of a massed training
paradigm that results in short-, intermediate-, and long-term
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memory, our results highlight the complexity of memory forma-
tion even in animals with relatively simple nervous systems.
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