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Molecular correlates of separate components
of training that contribute to long-term memory
formation after learning that food is inedible in Aplysia

Valeria Briskin-Luchinsky, Roi Levy, Maayan Halfon, and Abraham J. Susswein
The Mina and Everard Goodman Faculty of Life Sciences and The Leslie and Susan Gonda (Goldschmied) Multidisciplinary Brain
Research Center, Bar Ilan University, Ramat Gan, 52900, Israel

Training Aplysia with inedible food for a period that is too brief to produce long-term memory becomes effective in pro-

ducing memory when training is paired with a nitric oxide (NO) donor. Lip stimulation for the same period of time paired

with an NO donor is ineffective. Using qPCR, we examined molecular correlates of brief training versus lip stimulation, of

treatment with an NO donor versus saline, and of the combined stimuli producing long-term memory. Changes were ex-

amined in mRNA expression of Aplysia homologs of C/EBP, CREB1, CREB1α, CREB1β, and CREB2, in both the buccal and cerebral

ganglia controlling feeding. Both the brief training and the NO donor increased expression of C/EBP, CREB1, CREB1α, and
CREB1β, but not CREB2 in the buccal ganglia. For CREB1α, there was a significant interaction between the effects of the

brief training and of the NO donor. In addition, the NO donor, but not brief training, increased expression of all of

the genes in the cerebral ganglion. These findings show that the components of learning that alone do not produce

memory produce molecular changes in different ganglia. Thus, long-term memory is likely to arise by both additive

and interactive increases in gene expression.

Molecular correlates following associative learning tasks have been
investigated in Aplysia and in other systems (Kandel 2012; Alberini
and Kandel 2015). Associative learning tasks may be quite com-
plex: many combinations of stimuli and responses may be experi-
enced while learning. In addition, a number of different aspects of
behaviormaybe affected by a training procedure. The various stim-
uli and behaviors during a complex experiencemay affect different
regions of the nervous system (Bayley and Squire 2007). Different
molecular cascades can also participate in the different compo-
nents of a complex learning task. The aim of the present research
was to use a specific Aplysia learning task that is relatively complex,
but whose components that contribute to memory formation are
readily separated, to determinewhich components of a training ex-
perience are associated with which molecular changes.

Learning that food is inedible in Aplysia is a complex associat-
ive learning task in which animals attempt to eat a tough food, but
fail to swallow it (Susswein et al. 1986; Botzer et al. 1998; Katzoff
et al. 2002; Levitan et al. 2008, 2010, 2012; Michel et al. 2010,
2011, 2012; Levy et al. 2016; Lyons et al. 2017). The task is none-
theless relatively easily studied, and some of the physiological
and molecular correlates of the learning have been identified
(Levitan et al. 2008, 2012; Michel et al. 2010, 2011; Levy et al.
2016). In this task, animals progressively decrease their responses
to a particular food, and eventually stop responding to it, while
maintaining their response to other foods (Schwarz et al. 1988).
After training, the animals display separable short-term (up to
0.5 h) (Botzer et al. 1998), intermediate term (∼4 h) (Botzer et al.
1998; Michel et al. 2012; Lyons et al. 2017), long-term (24 h)
(Susswein et al. 1986; Schwarz et al. 1991; Botzer et al. 1998;
Michel et al. 2010, 2011; Lyons et al. 2017), and persistent (48 h
and longer) (Schwarz et al. 1991; Levitan et al. 2010) memories

that affect different monitors of feeding behavior (Susswein et al.
1986). Formation of long-term memory requires the presence of
three contingent stimuli: (a) stimulation of the lips with a specific
food; (b) attempts to swallow the food; and (c) failure of the food to
enter the gut (Katzoff et al. 2006). After training that is effective in
producing long-termmemory, the expression of a number of genes
in the buccal ganglia controlling food ingestion is increased
(Levitan et al. 2008; Levy et al. 2016). In the present research, we
have examined which of the contingent events required for mem-
ory formation is required for the expression of specific molecular
correlates of memory formation. This has allowed us to determine
molecular events that are markers of specific aspects of training, as
well as molecular markers of the ensuing memory.

We have specifically examined the molecular consequences
of variant learning procedures, documented in this report, in
which animals receive either an abbreviated 3-min training, or a
3-min lip stimulation with food. Neither of these procedures is
alone sufficient to produce long-term memory (Levitan et al.
2010; Levy et al. 2016). However, when the animals are also inject-
ed with a nitric oxide (NO) donor, which alone also does not pro-
duce memory, animals form a long-term (24 h) memory when the
NOdonor is pairedwith the 3-min training, but notwith the 3-min
lip stimulation. The NO donor substitutes for an essential compo-
nent of learning, the entry of food into the mouth and attempts to
swallow the food (Katzoff et al. 2006, 2010). Using these variant
training procedures allowed us to examine separately the molecu-
lar correlates of a number of the components that together lead to
long-termmemory. Thus, we examinedmolecular changes in gene
expression that are produced by a 3-min lip stimulation, or by a
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3-min training, either paired or unpaired with an NO donor. Only
the 3-min training with the NO donor causes long-term memory.
The various combinations of brief lip stimulation or brief training,
coupled or not coupledwith anNOdonor, allow us to tease out the
molecular events that are associated with the components of train-
ing, e.g., with lip stimulation alone, with a 3-min training, with an
NOdonor that substitutes for attempts to swallow, andwith a com-
bination of these experiences that produce long-term memory.

Our data indicate that a 3-min training, independent of its ef-
ficacy in producing memory, produced significant increases in
gene expression in the buccal but not cerebral ganglia. In contrast,
increased NO, independent of its efficacy in producing memory,
produced increases in the expression of a number of genes in
both the buccal and cerebral ganglia. Among the genes affected
by increased NO were those affected by the 3-min training. The
combined effects of the 3-min training and of the NO donor on
gene expression may explain why NO makes a 3-min training
into an effective training procedure. The expression of only one
of the mRNA sequences in the buccal ganglia that we examined
was increased by the interaction of the 3-min training and the
NO, indicating that this increase is a specific correlate of long-term
memory formation.

Results

Effects on memory of 3-min training

or lip stimulation and an NO donor

Training and NO

Previous experiments showed that block-
ing NO production while Aplysia learn
that a food is inedible blocks memory for-
mation (Katzoff et al. 2002). Additional
data indicated that NO is released by at-
tempts to swallow food, an essential com-
ponent of learning that food is inedible.
Injecting animals with an NO donor sub-
stituted for attempts to swallow the food
(Katzoff et al. 2006). In addition, stopping
a training session after 5 min produced
24-h memory, but not 48-h memory.
However, stopping the training after 3
min produced no memory (Levitan et al.
2010). It is possible that a 3-min training
is ineffective because there are too few at-
tempts to swallow the food, and, there-
fore, too little release of NO during the 3
min. If this is so, treating Aplysia with
an NO donor and then training for 3
min should make the training effective.
We tested this possibility.

Animals were injected with either
the NO donor SNAP, or with saline (artifi-
cial seawater—ASW), and 10 min later
were trained for 3min. To test the efficacy
of the training in producing long-term
memory, the responses to inedible food
were examined 24 h later. The response
in the 24-h test was compared both to
the responseof another groupofnaïve an-
imals that were trainedwith inedible food
until they stopped responding, and also
to the response of the same animals tested
with inedible food 24 h later. Animals
thatwere trained for 3min after treatment

with the NO donor behaved 24 h later as did trained animals,
whereas animals trained for 3 min after treatment with ASW be-
haved 24 h later as did the naïve animals. Thus, the treatment
with the NO donor, whichmimics the effects of efforts to swallow,
allowed a 3-min training to produce long-termmemory. This find-
ing indicates that a 3-min training is too short to produce memory
because of too few attempts to swallow the food, which causes too
little production of NO (Fig. 1A).

Lip stimulation and NO

Previous data showed that treatmentwith theNOdonor, plus stim-
ulation of the lips for a time period equivalent to that required for
training (∼15 min), produced 24-h memory. Treatment with the
NO donor alone was ineffective (Katzoff et al. 2006, 2010).
Would the NO donor paired with a 3-min lip stimulation also pro-
duce 24-hmemory?We tested this possibility. Animalswere inject-
ed with either the NO donor SNAP or with ASW, and 10 min later
the lips were stimulated with inedible food, but the food was with-
drawnwhen animals opened themouth, preventing the food from
entering the mouth and eliciting failed attempts to swallow the
food. Memory was tested 24 h later by allowing the animals to at-
tempt to swallow the food, until they stopped responding. There
was no significant difference in the time to stop responding
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Figure 1. (A) Pairing with an NO donor makes a 3-min training effective. (1) Time to stop responding
during the training, and during the 24-h test of memory, in 13 control animals that were examined
along with the animals that were injected with the NO donor SNAP and then trained for 3 min. The con-
trols displayed significant memory, as shown by a decrease in the time to stop during the 24-h test (P =
0.01, t = 3.38, df = 12, paired t-test with Bonferroni correction). (2) Time to stop responding 24 h after a
3-min training 10 min after either injection with the NO donor SNAP (N = 14) or with ASW (N = 9). Time
to stop in animals treated with the NO donor was significantly decreased over the training time in naïve
animal (P = 0.03, t = 2.55, df = 25; t-test with Bonferroni correction), and was not significantly different
from the time to stop 24 h after a longer training session that is continued until the animals stop re-
sponding (P = 0.83, t = 0.22, df = 25). These data indicate that the 3-min training after treatment with
the NO donor was effective in producing 24-h memory. Data 24 h after a 3-min training with ASW
were comparable to those in the training session of untreated controls. (B) Injection of an NO donor
is ineffective in allowing memory after a 3-min lip stimulation. (1) Time to stop responding during
the training, and during the 24-h test of memory, in eight control animals that were examined along
with the animals that were injected with the NO donor SNAP and then trained for 3 min. The controls
displayed significant memory, as shown by a decrease in the time to stop during the 24-h test (P = 0.02,
t = 3.04, df = 7, paired t-test with Bonferroni correction). (2) Time to stop responding 24 h after a 3-min
lip stimulation 10 after either injection with the NO donor SNAP (N = 8) or with ASW (N = 6). There was
no significant decrease in the time to stop in animals treated with the NO donor plus 3-min lip stimu-
lation, with respect to naïve controls trained for the first time (P = 0.51, t = 0.67, df = 13; t-test). There
was also no significant difference between animals treated with ASW or the NO donor before the
3-min lip stimulation. (C) An extra 6 min of lip stimulation does not make a 3-min training effective.
(1) Time to stop responding during the training, and during the 24-h test of memory, in four control
animals that were examined along with the animals that received a 6-min lip stimulation. The controls
displayed significant memory, as shown by a decrease in the time to stop during the 24-h test (P = 0.04,
t = 4.54, df = 3, paired t-test with Bonferroni correction). (2) In five animals, a 6-min lip stimulation pre-
ceded a 3-min training. In an additional five animals, it followed the 3-min training. The data show the
time to stop responding during the test of memory 24 h after the training. Because no differences were
found between these two groups during the test of memory (P = 0.92, t = 0.1, df = 8), data from the two
groups were combined, and were compared to the data from the training session shown in C1. There
was no significant difference between the time to stop 24 h after the 3-min training plus 6-min lip stim-
ulation and that in the training session of naïve controls (P = 0.43, t = 0.81, df = 12). Thus, a 6-min lip
stimulation cannot cause a 3-min training to be effective in producing long-term memory.
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between animals treatedwith theNOdonor and those treatedwith
ASW, indicating that 3 min of lip stimulation is apparently insuf-
ficient in creating long-term memory when paired with NO (Fig.
1B). The data indicate that a minimum level of lip stimulation is
also required to produce 24-h memory. The 3-min training session
is likely to be effective in producing memory since the animals ac-
tively pull on the food, and, therefore, produce a more intense lip
stimulation that may be equivalent to longer stimulation of the
lips, as well as producing an additional stimulus in which the
food stimulates the interior of the mouth.

Will a longer lip stimulation allow a 3-min training to become
effective in producing long-termmemory, even without treatment
with the NOdonor? To test whether 3min of trainingmay become
effective in producingmemorywith additional lip stimulation, the
lips were stimulated with food for 6min before a 3-min training, or
for 6 min after a 3-min training. Memory was tested 24 later by
training animals until they stopped responding to the food. The
time required to stop responding was compared to the time to
stop responding in naïve, previously untrained animals (Fig.
1C1). There were no significant differences in the time to stop re-
sponding between animal that had received lip stimulation either
before or after a 3-min training 24 h previously, and the training
time of naïve controls (Fig. 1C2). In contrast, when the controls
were tested 24 h later they showed a significant decrease in the
time to stop responding, indicating that they had learned. Thus,
the addition of a 6-min lip stimulation before or after training
does not allow a 3-min training to form memory, indicating that
inadequate lip stimulation does not account for the inability of a
3-min training to produce long-term memory.

Molecular correlates of components contributing

to memory formation
A 3-min training alone, or treatment with the NO donor SNAP
alone, does not produce 24-h memory. However, the combination
of the two does produce 24-h memory. These findings allowed us
to examine separately how each component of effective training
(either 3-min training alone or SNAP alone) affects the expression
of a variety of learning-associated genes, as well as how both com-
ponents together affect gene expression. Changes in expression in
response to either a 3-min training or to an NO donor could be
compared to the level of expression in animals treated with lip
stimulation without an NO donor for 3 min. In addition, gene ex-
pression in response to training alone or to the NO donor alone
could be compared to expression when the two stimuli are com-
bined. Changes in gene expression could be examined both in
the buccal and in the cerebral ganglia, which are responsible for or-
ganizing different aspects of feeding behavior (Kupfermann
1974b).

In these experiments, animals were trained in one of four pro-
cedures: (1) a 3-min lip stimulation preceded by 10min with injec-
tion ASW; (2) a 3-min lip stimulation preceded by 10 min with
injection of the NO donor SNAP dissolved in ASW; (3) a 3-min
training preceded by 10 min with injection of ASW; and (4) a
3-min training preceded by 10 min with injection of SNAP.
Two-way analyses of variancewere performed to determinewheth-
er either the SNAP injection or the training caused significant
changes in gene expression. A significant interaction indicated
that an effective training procedure (3-min training plus SNAP)
was required for a significant change in gene expression.

We examined changes in expression of the following mRNA
transcripts: (1) ApC/EBP; (2) ApCREB1, which has two alternate
spliced variants which were also separately examined, (3)
CREB1α, and (4) CREB1β. Primers were prepared for the whole
CREB1 gene, which would pick up both CREB1α and CREB1β,

and primers were also prepared that are specific for the two iso-
forms; (5) CREB2.

Effect of lip stimulation on gene expression

As a first step in examining the molecular correlates of the compo-
nents of training and of NO,wefirst examined the effect on gene ex-
pression of the minimal baseline treatment upon which all of the
other treatments build, a 3-min lip stimulation with inedible food,
plus an injection of saline ASW. This procedure was compared to
gene expression innaïve animals that were completely untreated be-
fore dissection and subsequent measurement of gene expression.

Lip stimulation plus ASW injectionproduced three significant
changes in gene expression (Table 1). ApC/EBP expression was sig-
nificantly increased in both the cerebral and buccal ganglia. In ad-
dition, expression of CREB1β was significantly increased in the
cerebral ganglion (Fig. 2). The increased expression of CREB1 in
the cerebral ganglion and of CREB1β in the buccal ganglia ap-
proached significance. These data show that changes produced
by the addition of training or of SNAP, or of both together, occur
on a background of increased expression caused by lip stimulation
plus injection procedure for these genes.

Effects of 3-min training and of SNAP

The effects of a 3-min training or of the NO donor were assessed by
analyzing the data using a two-way analysis of variance (Table 2).
The analysis provided estimates of the effect of the 3-min training
versus lip stimulation (trained + ASW and trained + SNAP, versus
lip stimulation + ASW and lip stimulation + SNAP) and the effect
of the NO donor versus ASW (lip stimulation + SNAP and trained
+ SNAP versus lip stimulation + ASWand trained + ASW). The anal-
ysis also provided an estimate of the interaction between the two
factors. Analyses of variance were performed for each of the five
mRNA sequences, in both the buccal ganglia (Fig. 3) and in the ce-
rebral ganglion (Fig. 4). For each animal, data were expressed as

Table 1. Effect of 3-min lip stimulation plus ASW injection (Livak
and Schmittgen 2001)

Gene
examined Location Test df Statistic

P
value

ApC/EBP Buccal ganglia t-test 6.05 4.819 0.014
ApC/EBP Cerebral

ganglion
MW 48.0 0.012

CREB1 Buccal ganglia t-test 8.21 1.38 0.26
CREB1 Cerebral

ganglion
t-test 9.10 2.63 0.068

CREB1α Buccal ganglia t-test 5.49 1.98 0.166
CREB1α Cerebral

ganglion
t-test 11.09 1.541 0.217

CREB1β Buccal ganglia t-test 7.63 2.39 0.09
CREB1β Cerebral

ganglion
t-test 7.39 3.72 0.022

CREB2 Buccal ganglia t-test 9.15 0.73 0.54
CREB2 Cerebral

ganglion
t-test 8.96 0.27 0.80

Statistical summary of the effects of a 3-min lip stimulation plus ASW injection
on gene expression in the buccal and cerebral ganglia. For each gene, expres-
sion 2 h after lip stimulation was compared to that in naïve, untreated con-
trols. Before the tests were performed, Shapiro–Wilk tests examined whether
the distribution is normal. If it was, a two-tailed t-test was performed. If not, a
Mann–Whitney (MW) U-test was performed. The test used for each compari-
son is shown. Because many comparisons were done, P-values were corrected
using the Benjamini–Hochberg false discovery rate (FDR) correction. Changes
that were significant at α = 0.05 are shown in bold. However, note that two
additional gene changes in expression approached significance: CREB1 in the
cerebral ganglion andCREB1 in the buccal ganglia.

Molecular correlates of memory formation
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percentages of expression of the mean expression in the control
condition, which was an injection of ASW, followed by 3 min of
lip stimulation. This allowed us to determine separately the chang-
es in expression caused by the NOdonor, with respect to ASW, and
of a 3-min training, with respect to the 3-min lip stimulation. We
were also able to determine the effects of the combined procedure.

A 3-min training, independent of whether it followed ASWor
SNAP treatment, produced significant increases in gene expression

only in the buccal ganglia (Table 2).
Significant increases were found for four
mRNA transcripts: (1) ApC/EBP; (2)
CREB1; (3) CREB1α; and (4) CREB1β (Fig.
3). No significant changes were observed
in the cerebral ganglion (Fig. 4).

Significant increases in gene expres-
sion caused by the treatment with the
NOdonor SNAP, independent of whether
it preceded a 3-min training or a 3-min lip
stimulation, were found in both the cere-
bral and the buccal ganglia (Table 2). In
the buccal ganglia, there were significant
increases in ApC/EBP, CREB1, CREB1α,
and CREB1β (Fig. 3). In the cerebral gan-
glion, there were significant increases in
expression of ApC/EBP, CREB1, CREB1α,
CREB1β, and CREB2 (Fig. 4).

As noted above, the expression of
ApC/EBP, CREB1, CREB1α and CREB1β

in the buccal ganglia were increased by both treatments that to-
gether give rise to memory. For ApC/EBP and for CREB1 and
CREB1β, the combined individual effects of the training and the
SNAP could account for the increased expression (i.e., there were
no interactions). However, for CREB1α the increase in expression
was larger than that produced by the sum of the two variables
(i.e., there was a significant interaction in the expression of
CREB1α in the buccal ganglia) (Fig. 3). Since only the combination
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Figure 2. The effect of a 3-min lip stimulation + injection of ASW on expression of a number of genes
in the buccal and cerebral ganglia. Controls were untreated, naïve Aplysia, not injected with ASW and
not stimulated with food. For each animal, for each gene in a particular ganglion, gene expression
was normalized and was expressed as a percentage of the mean value of the relevant control. Thus,
each control animal has a value that is a percentage of the control, which was set at 100%. Lip stimu-
lation + ASW injection produced three significant changes in gene expression (asterisks). Means and
standard errors are shown. Statistics are in Table 1.

Table 2. Effects of 3-min training, of treatment with the NO donor SNAP, and of the interaction between the two

Gene Location Factor df F Probability

ApC/EBP (log transform) Buccal ganglia Training 1.24 60.37 5.27 × 10−8

NO donor 1.24 11.99 0.002
Interaction 1.24 0.091 0.77

ApC/EBP (log transform) Cerebral ganglion Training 1.28 1.99 0.17
NO donor 1.28 115.19 1.97 × 10−11

Interaction 1.28 0.24 0.63
CREB1 Buccal ganglia Training 1.21 5.59 0.028

NO donor 1.21 10.67 0.004
Interaction 1.27 0.017 0.90

CREB1 Cerebral ganglion Training 1.28 0.64 0.43
NO donor 1.28 11.71 0.002
Interaction 1.28 0.24 0.63

CREB1α Buccal ganglia Training 1.23 13.25 0.001
NO donor 1.23 19.16 0.0002
Interaction 1.23 4.28 0.05

CREB1α Cerebral ganglion Training 1.28 1.34 0.26
NO donor 1.28 8.40 0.007
Interaction 1.28 1.24 0.28

CREB1β (log transform) Buccal ganglia Training 1.21 6.01 0.023
NO donor 1.21 21.45 0.0001
Interaction 1.21 1.46 0.24

CREB1β Cerebral ganglion Training 1.29 0.90 0.351
NO donor 1.29 20.39 9.72 × 10−5

Interaction 1.29 0.42 0.52
CREB2 Buccal ganglia Training 1.24 3.87 0.06

NO donor 1.24 2.49 0.13
Interaction 1.24 0.05 0.82

CREB2 Cerebral ganglion Training 1.28 0.64 0.43
NO donor 1.28 8.85 0.006
Interaction 1.28 0.00 0.95

Statistical summary of the effects of a 3-min training versus a 3-min lip stimulation, and of a treatment with an NO donor (SNAP) versus treatment with ASW on
gene expression in the buccal and cerebral ganglia. For each gene, expression 2 h after 3-min training was compared to that in after a 3-min lip stimulation, and
expression 2 h after treatment with SNAP was compared to that 2 h after treatment with ASW. For each test, equality of variance was tested using a Levene test.
When needed, a log transform of the data was used to test significance. These are noted in Table 2. A two-way analysis of variance tested the effect of the lip
stimulation versus the training, of injecting ASW versus the NO donor, and of the interaction between these two variables. If a significant interaction was found,
Tukey multiple comparisons were performed to determine which of the four groups were significantly different. Because many comparisons were done, P-values
were corrected using a false discovery rate (FDR) correction. Changes that were significant at α = 0.05 are shown in bold.
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of a 3-min training plus SNAP produces 24-h memory, the signifi-
cant interaction is a correlate of memory formation. Post-hoc tests
(Tukey’s HSD) showed that animals that were both trained for 3
min and treated with the NO donor expressed significantly more
CREB1α than did animals that were either trained and treated
with ASW (P = 0.007) or that received lip stimulation plus the NO
donor (P = 0.003) (Fig. 3).

Discussion

We have examined the molecular corre-
lates of a 3-min training with inedible
food, which is too brief to produce mem-
ory alone, butwhich produces 24-hmem-
ory when animals are treated with an NO
donor just prior to training. The addition
of NO substitutes for the additional train-
ing time that is required to produce 24-h
memory (Katzoff et al. 2006). We have
also examined the molecular correlates
of the treatment with the NO donor,
which also alone does not cause memory
(Katzoff et al. 2006). Both treatments pro-
duced significant increases in gene ex-
pression. Some genes were affected
additively by both. In addition, for a sin-
gle gene the increase in expression was
caused by the interaction between these
two components of learning, rather
than their sum.

Effects of Lip stimulation. A common
factor in all of the experimental condi-
tions was a 3-min lip stimulation (either

alone or as part of training), plus an injec-
tion of ASW (either alone or as a solvent
for SNAP). The 3-min lip stimulation
with ASW itself initiates increases in the
expression of ApC/EBP in both the buccal
and cerebral ganglia, as well as increased
expression of CREB1βin the cerebral gan-
glion (Table 1; Fig. 2). Although even a
lip stimulation of over 1 h does not alone
produce long-term memory (Schwarz
et al. 1988), lip stimulation is a meaning-
ful stimulus which can influence the ani-
mal’s state and its behaviors in complex
ways. In hungry animals, the presence
of food initiates food-finding behavior
(Kupfermann 1974a; Teyke et al. 1992),
and also initiates consummatory behav-
iors such as biting (Kupfermann 1974a).
In addition to stimulating feeding, the
maintained presence of food in the envi-
ronment has a slower onset, but longer
lasting inhibitory influence on feeding
(Hurwitz et al. 2006; Miller et al. 2012),
and also inhibits sexual behavior
(Nedvetzki et al. 1998). In principle, the
increases in gene expression caused by a
3 min exposure to food could be related
to any or all of its effects on behavior
and behavioral state, as well as to the
eventualmemory formation, if the stimu-
lus initiates failed attempts to swallow.

Effect of a 3-min training. The 3-min
training is a complex stimulus. It is composed of a lip stimulation,
which itself is a meaningful stimulus, plus the additional effects of
food entering the mouth and eliciting attempts to swallow. A
3-min training produced significant increases in mRNAs levels
for ApC/EBP, CREB1, CREB1α, and of CREB1βin the buccal ganglia,
over the increases in expression of the ApC/EBP levels already
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Figure 3. The effect of a 3-min training, or of SNAP, or both, on expression of a number of genes in the
buccal ganglia. For each of five mRNAs, the expression was measured 2 h after each of treatment (lip
stimulation plus ASW treatment 10 min earlier; lip stimulation plus SNAP treatment; 3-min training
plus ASW; 3-min training plus SNAP). Note the change in scale for C/EBP versus for the other four tran-
scripts. For each animal, the level of mRNA expression was expressed as a percentage of the mean value
of animals that had been treated with lip stimulation plus ASW treatment. Asterisks mark significant dif-
ferences. Markings above the bars show significant differences between the two groups receiving lip
stimulation, versus the two groups receiving a 3-min training. Markings below the bars show significant
differences between the two groups treated with ASW, versus the two groups treated with the NO
donor. In addition, for CREB1α an asterisk marking the bar depicting training plus an NO donor
shows a significant interaction.

100

300

700

500

100

200

300

noisserpxE tnecreP

CREB1C/EBP CREB1α CREB1β CREB2

Lips,
ASW

Lips,
NO donor

Train,
ASW

Train,
NO donorCerebral ganglion

* * * * *

A B C D E

Figure 4. The effect of a 3-min training, or of SNAP, or both, on expression of a number of genes in the
cerebral ganglion. For each of five mRNAs, the expression was measured 2 h after each of treatment (lip
stimulation plus ASW treatment 10 min earlier; lip stimulation plus SNAP treatment; 3-min training plus
ASW; 3-min training plus SNAP). Note the change is scale for C/EBP versus for the other four transcripts.
For each animal, the level of mRNA expression was expressed as a percentage of the mean value of
animals that had been treated with lip stimulation plus ASW treatment. Asterisks mark significant differ-
ences. There were no significant differences caused by 3-min training versus lip stimulation. Markings
below the bars show significant differences between the two groups treated with ASW, versus the
two groups treated with the NO donor.

Molecular correlates of memory formation

www.learnmem.org 94 Learning & Memory



caused by the lip stimulation. Some of the increase in ApC/EBP ex-
pressionmight be attributed to the training causing amore intense
lip stimulus, since when food enters the mouth attempts to swal-
low cause animals to pull on the food that touches the lips.
Thus, pairing a 3-min lip stimulation with an NO donor does not
produce 24-h memory (Fig. 1B), whereas pairing a longer lip stim-
ulation, or a 3-min training does produce 24-h memory (Katzoff
et al. 2006). The efficacy of the 3-min training may be caused by
the more intense lip stimulation that it provides.

In addition to providing a more intense lip stimulation, the
3-min training also provides a portion of the reinforcing stimuli
that are required for learning that food is inedible, failed attempts
to swallow the food. Continuing the training for an additional 2
min is already sufficient to produce 24-h memory (Levitan et al.
2010). The molecular changes caused by the 3-min training may
reflect the start of the molecular processes that are required to
form long-term memory, but because the training is too short,
the molecular process have not reached levels that are appropriate
for producing long-termmemory. Although a 3-min training alone
is ineffective in producingmemory, such a training can become ef-
fective when paired with an inhibitor of protein synthesis during
the sleep phase of the day (Levy et al. 2016), when facets of mem-
ory consolidation occur. A 3-min training is also effective in re-
trieving a memory, and thereby making it plastic, so that the
memory can be blocked or strengthened after consolidation
(Levitan et al. 2010), i.e., it can initiate reconsolidation.

It is of interest that the four increases in gene transcription
that were observed in response to a 3-min training were localized
to the buccal ganglia. A previous study found that a training ses-
sion with inedible food in which training continues until the ani-
mal stops responding produced a significant increase in ApC/EBP
expression in the buccal, but not the cerebral ganglia (Levitan
et al. 2008). The increase in ApC/EBP caused by the 3-min training
alonewas comparable to that reported previously for a longer train-
ing session that is continued until the animal stops responding,
which produces long-term memory (Levitan et al. 2008), suggest-
ing that much of the increase in gene expression previously ob-
served occurs as a result of the first few minutes of training.

Effect of theNOdonor. The advantage of using the combination
of a 3-min training plus treatment with an NO donor to produce
24-h memory is that one can determine the molecular conse-
quences of the NO donor alone, whereas in a normal training ses-
sion one cannot determine the molecular correlates of attempts to
swallow, without also stimulating the lips and producing an effec-
tive training.

The NO donor produced a variety of changes in gene expres-
sion in both the cerebral and buccal ganglia. In the buccal ganglia,
the genes whose expression was increased by the training also
showed increases caused by the NO donor. In addition, in the ce-
rebral ganglion, there were significant increases in expression of
ApC/EBP, CREB1, CREB1α, CREB1β, and CREB2.

The changes in gene expression seen in the cerebral ganglion
suggest that NO during training may act on this ganglion. A possi-
ble site of action in the cerebral ganglion is sensory neuron C2,
which utilizes NO as its transmitter (Jacklet 1995), along with his-
tamine (McCaman and Weinreich 1985). C2 is excited by feeding
motor activity, and would be active during training (Chiel et al.
1986). C2 synaptically excites neurons in the cerebral ganglion E
cluster (Chiel et al. 1988), which contains command-like neurons
that initiate feeding (Rosen et al. 1991; Perrin and Weiss 1998).
Blocking either of the two transmitters utilized by C2 blocks mem-
ory formation, and a long lip stimulation plus either of the two
transmitters produces long-term memory (Katzoff et al. 2010). In
addition, when histamine is blocked, an NO donor substitutes
for the histamine (Katzoff et al. 2010). If the NO released naturally
from C2 during training operates on C2 and its followers, one

would predict that themolecular correlates in the cerebral ganglion
observed as a result of treatment with the NO donor should be lo-
calized to these neurons, and perhaps on neurons that are down-
stream from them. Further studies will be required to test this
prediction.

In addition to signaling failed attempts to swallow food, NO
also has a role in inhibiting feeding in Aplysia as part of satiation
(Miller et al. 2011b; Susswein and Chiel 2012). Thus, after a meal
there is a significant increase in the hemolymph concentration
of the amino acid L-arginine, the precursor from which NO is syn-
thesized. Injecting into animals either a physiologically relevant
dose of L-arginine, or the NO donor SNAP, inhibits feeding. In ad-
dition, treatment with the NO inhibitor L-NAME induces feeding
(Miller et al. 2011b). Treatment with L-NAME or with an NO scav-
enger depolarizes neurons B31/B32 (Miller et al. 2011a), which
have a key role in deciding to initiate buccal motor activity
(Dembrow et al. 2004; Hurwitz et al. 2008). The effect of the NO
donor on gene expression in the buccal and cerebral ganglia may
be related to its effect in signaling satiation, rather than to its func-
tion in learning that food is inedible.

An additional function of NO is in signaling aspects of
egg-laying behavior (Miller et al. 2008). However, NO primarily
acts as a signal for packaging the eggs, a function that is unlikely
to be related to the cerebral and buccal ganglia.

Combined effects. The 3-min training and the NO donor both
increase the expression in the buccal ganglia of ApC/EBP, CREB1,
CREB1α, and of CREB1β, suggesting that the additive increases in
the expression of these genes may contribute to memory forma-
tion. It is likely that a threshold of gene expressionmust be crossed
to produce long-term memory. Either a 3-min training alone, or
the NO donor alone, produce increases that may be below the
threshold. However, the combined effect of the two may be above
threshold. If this hypothesis is correct, a longer training without
the NO donor, which is sufficient to produce long-term memory,
should produce larger increases in mRNA of CREB1, and of
CREB1α and CREB1β than do either of the two treatments alone
that were combined in this study. This point should be investigat-
ed in a follow-up study.

Unlike the increases in expression of ApC/EBP, CREB1, and
CREB1β, the increase in expression of CREB1α that results from
the combined effect of the 3-min training and the NO donor is in-
teractive, i.e., it is larger than the additive effects of the two treat-
ments. This finding suggests that the formation of long-term
memory per se affects the expression of CREB1α, and that the in-
creased expression over that caused by the additive effects of a
3-min training and treatment with the NO donor is a correlate of
memory formation. The lack of interactive increase of CREB1 sug-
gests that a critical step in memory formation may be the process-
ing of CREB1mRNA to produce CREB1α and CREB1βmRNAs. This
possibility could be tested by blocking the processing of CREB1
mRNA to CREB1α and CREB1β mRNAs.

Possible functions of the affected genes
CREB1, CREB1α, CREB1β. TheAplysiaCREB1 gene is the onlyCREB/
CREM/ATF-1-like gene in the genome (Bartsch et al. 1998).
Alternate splicing of this gene produces CREB1α and CREB1β tran-
scripts.CREB1α is translated intoCREB1a, a PKA-dependent activa-
tor of transcription that is necessary for the formation of other
types of Aplysia long-term memory, such as long-term facilitation
(Bartsch et al. 1998). In addition, injection of phosphorylated
recombinant CREB1a without any further training procedure pro-
duces long-term but not short-term memory. CREB1β is translated
into two proteins, CREB1b and CREB1c (Bartsch et al. 1998).
CREB1b is a repressor of CREB1a, and injecting a recombinant
CREB1b protein into neurons after a training that produces long-
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term memory reduces the formation of long-term memory, with-
out affecting short-term memory. CREB1c is a cytoplasmic modu-
lator of both short-term and long-term memory. Injecting
recombinant CREB1c peptide into neurons, and then treating
with a procedure that causes only short-term memory amplifies
the short-term memory, and also allows the procedure to form a
long-term memory (Bartsch et al. 1998).

The brief training alone produced significant increases of
CREB1, CREB1α and ofCREB1β in the buccal ganglia. Given the in-
creases in CREB1α and CREB1β, it is not surprising that transcrip-
tion of CREB1 also increases. The increase in CREB1α may be
related to the start of transcription that would have led to long-
term memory, had the training lasted longer. The increase in
CREB1β may be related to the function of CREB1c as a facilitator
of memory. An intriguing possibility is that the increased tran-
scription of CREB1βmay be related to the role of CREB1b as a tran-
scription repressor. In the absence of SNAP, a 3-min training may
be ineffective in producing memory because of the induction of
CREB1b. A longer training might produce additional transcription
of CREB1a, but not of CREB1b, thereby allowing transcription to
overcome repression. The interactive increase in CREB1α (reflect-
ing a specific increase caused by effective training) suggests that
treatments leading to long-term memory might selectively cause
an increase in expression of CREB1a. It will be of interest to deter-
mine whether a longer training that is effective in producing long-
term memory without SNAP also produces a selective increase in
CREB1α expression. Future studies using other effective training
procedures (longer training, or a longer lip stimulation coupled
with SNAP) may provide insight into these possibilities.

In addition to increasing expression of CREB1, CREB1αand
CREB1β in the buccal ganglia, treatment with the NO donor also
increased the expression of these genes in the cerebral ganglion.
These increases are consistent with the idea that the effects of
the NO donor as a facilitator of long-term memory formation
may also occur in the cerebral ganglion.

The finding that effective training produces increases in ex-
pression of CREB1 and its isoforms in the buccal ganglia is consis-
tent with a previous finding that CREB1 expression is increased by
another procedure that leads to long-term memory after training
with inedible food (Levy et al. 2016). It is also consistent with
many findings that CREB1 is a required molecular intermediary
in memory consolidation in other Aplysia learning tasks, as well
as in mammals (for a review, see Silva et al. 1998). In Aplysia, treat-
ments leading to long-term synaptic facilitation lead to increases in
expression of CREB1 mRNA and protein for at least 24 h after the
treatment (Liu et al. 2008). After it is phosphorylated, CREB1 pro-
tein binds to the promotor of the CREB1 gene, thereby amplifying
its own expression (Liu et al. 2008). CREB1 protein also binds to the
promotor regions of CREB2 and C/EBP, thereby influencing their
expression (Mohamed et al. 2005; Liu et al. 2008). Blocking
CREB1 for up to 10 h after a treatment producing long-term synap-
tic facilitation blocked the facilitation (Liu et al. 2011).

CREB2. CREB2 has traditionally been described as a transcrip-
tion repressor that inhibits long-term memory formation (Bartsch
et al. 1995). However, injecting it into postsynaptic neurons can
transform a long-term memory into a persistent memory (Hu
et al. 2015). Neither training nor the NO donor changedCREB2 ex-
pression in the buccal ganglia. In other learning tasks, CREB2 activ-
ity is reduced by MAP-Kinase, thereby removing its activity, and
allowing CREB1 to act (Abel et al. 1998; Liu et al. 2008). This regu-
lation is likely to be at the level of the protein, rather than at
the level of mRNA transcription, which may remain unchanged.
Our data are consistent with a previous finding in which neither
effective nor ineffective training for 3 min during the sleep phase
affected CREB2 mRNA expression in the buccal ganglia (Levy
et al. 2016).

CREB in other systems. CREB has been shown to be a central
molecule inmemory formation inAplysia,Drosophila, and inmam-
mals (Kandel, 2012). In Drosophila, two CREB isoforms that are
functionally equivalent toCREB1 andCREB2, respectively, activate
and repressmemory (Yin et al. 1994). Induced expression of the ac-
tivator isoform enhances the ability of a training session to pro-
duce long-term memory (Yin et al. 1995; Tubon et al. 2013).
Comparable findings were also reported in Aplysia (Bartsch et al.
1995) and in rats (Josselyn et al. 2001). In mice, CREB mutants,
or animals treated with antisense oligodeoxynucleotides to
CREB, or mice that express a dominant negative form of CREB,
are unable to learn a variety of tasks (Bourtchuladze et al. 1994;
Guzowski and McGaugh 1997; Lamprecht et al. 1997; Josselyn
et al. 2004; Pittenger et al. 2006; Zhou et al. 2009). In Aplysia,
Drosophila andmice, CREB genes function as regulators of synaptic
transmission (Dash et al. 1990; Bourtchuladze et al. 1994; Davis
et al. 1996; Diesseroth et al. 1996; Hu et al. 2015) and of neural ex-
citability (Goldsmith and Abrams 1992; Viosca et al. 2009; Zhou
et al. 2009; Benito and Barco 2010). CREB activity is specifically re-
quired during the consolidation of memories (Kida et al. 2002),
and CREB activity during consolidation selects which neurons
are to be part of the consolidation process (Barco et al. 2002; Han
et al. 2007, 2009; Kim et al. 2014).

CREB is also associated with learning in other gastropods,
such as Lymnaea. Expression of CREB1 mRNA and/or protein, or
phosphorylation of CREB1 protein, increase after training
(Ribeiro et al. 2003; Wagatsuma et al. 2006; Guo et al. 2010), and
blocking CREB1 expression blocks long-term memory formation
(Guo et al. 2010)

C/EBP. Increased transcription of C/EBP after training has
been shown in a number of Aplysia learning tasks, and also has a
central role in mammalian memory consolidation (Kandel 2012;
Alberini and Kandel 2015). After learning that food is inedible, in-
creased expression of C/EBP mRNA was found in the buccal gan-
glia, but not in the cerebral ganglion (Levitan et al. 2008).
However, C/EBP transcription is increased in the buccal ganglia
even after training that is ineffective in producing long-termmem-
ory (Levy et al. 2016), indicating that increased C/EBP expression
may be necessary but not sufficient for memory formation. These
findings are consistent with the present data thatC/EBP expression
is increased in the buccal but not cerebral ganglia by a 3-min
training.

Variant learning paradigms. In previous studies on learning
that food is inedible, long-termmemorywas obtained by a number
of variant training procedures (Susswein et al. 1986; Chiel and
Susswein 1993; Katzoff et al. 2006, 2010; Levy et al. 2016). In addi-
tion, a number of behavioral conditions have been identified that
block long-term memory formation (Schwarz et al. 1988; Schwarz
and Susswein 1992; Lyons et al. 2005; Levy et al. 2016). It will be of
interest to determine the molecular correlates following alternate
training procedures, and following procedures that block memory
formation. Such studies will further test the contribution of the
molecular changes to long-term memory formation, and may
also provide insight into why some procedures are effective in
long-term memory formation, whereas others are not.

Materials and Methods

Animals
Experiments were performed on Aplysia californica weighing 75–
150 g that were purchased from either Marinus Scientific
(Garden Grove) or from South Coast Bio-Marine (San Pedro).
The animals were stored in 600-L tanks of aerated, filtered
Mediterranean seawater maintained at 17°C. Lighting was L:D
12:12. Animals were fed 2–3 times weekly with Ulva lactuca, which
was collected at various sites along the Mediterranean coast of
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Israel, or purchased from Seakura (http://www.seakura.net/), and
then stored frozen.

Behavior
As in numerous previous studies examining learning that food is
inedible in Aplysia (Botzer et al. 1998; Katzoff et al. 2002, 2006;
Levitan et al. 2012), 24 h before being trained animals were trans-
ferred to 10-L experimental aquaria that were maintained at room
temperature (21.5°C). Theywere kept two in an aquarium,with the
two animals separated by a partition allowing the flow of water.
Both training and testing for memory after 24 h were in these
aquaria. As described in previous studies (Susswein et al. 1986),
the animals were trained with inedible food, the seaweed Ulva
wrapped in a plastic net. The food induced biting, leading to
food entering the buccal cavity, where it induced attempts to swal-
low. Netted food cannot be swallowed, and it produces repetitive
failed swallows. When the unswallowed food subsequently leaves
the buccal cavity, the experimenter continues holding it touching
the lips, inducing further bites, entries into the buccal cavity, and
failed swallows. As training proceeds many bites fail to cause entry
of food into the mouth. When food does enter the mouth, it stays
within for progressively shorter periods, eliciting fewer attempted
swallows. In all experiments, in which the animals were trained,
the training was terminated 3 min after the first response to
food. Criterion for inclusion in subsequent tests was 50 sec of
food in the mouth.

In other experiments, the lips of the Aplysia were stimulated
with netted food. When animals responded to the food, it was
briefly removed, preventing the animals from pulling the food
into the mouth.

Animals were injectedwith 1%of their volume (generally 1 cc
of fluid for a 100 g animal) 10min before either the 3-min training
or the 3-min lip stimulation. The injection either consisted of ASW
(artificial seawater — NaCl 460 mM, KCl 10 mM, CaCl2 11 mM,
MgCl2 55 mM, and NaHCO3 5 mM), or of the NO donor
-nitroso-N-acetyl-penicillamine (SNAP) (Sigma-Aldrich) dissolved
in ASW, which was prepared to reach a concentration within the
animal of 45 µM.

Testing of memory in all behavioral experiments was per-
formed using a blind procedure. After training, animals were cod-
ed, and their positions changed by a person not involved in the
experiments, who kept the code, and revealed the identity of the
animals to the experimenter only after the conclusion of the exper-
iment. Blind procedures sometimes required repeating control pro-
cedures with known results, simply to have extra groups of
animals, to maintain the blind procedure.

qRT-PCR
Quantitative real-time PCR (qRT-PCR) was used to examinewheth-
er training for 3min, or lip stimulation for 3min,with andwithout
the NO donor increased the expression of AplysiaC/EBP, CREB1,
CREB1α, CREB1β, or CREB2 mRNA levels. The expression levels
of the target genes were normalized to the expression level of
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene.
GAPDH expression is not thought to be regulated by training,
and this gene has been used extensively as a housekeeping control
gene (e.g., Hu et al. 2015). The value of C/EBP/GAPDH, CREB1/
GAPDH, CREB1α/GAPDH, CREB1β/GAPDH or CREB2/GAPDH ob-
tained for each experimental or control animalwas further normal-
ized and expressed as a percentage of the mean value of the
normalized gene expression in animals that had been treated
with 3-min lip stimulation plus ASW injection, which served as
the baseline control condition for most experiments. For each
treatment, this value was set at 100%. The values obtained for
each animal were expressed as a percentage. Thus, for the control
condition each ganglion had a different value, but the mean was
100%. For all other conditions, the mean value differed from
100%.

In a separate experiment, the values obtained after 3-min lip
stimulation plus ASW injection were compared with those in
completely naïve, untreated animals.

As in previous studies in our laboratory on changes in expres-
sion of these genes (Levitan et al. 2012; Levy et al. 2016), individual
ganglia were rapidly excised 120 min after training. Dissected tis-
sues were maintained in RNA Save solution (Biological Industries
Israel Beit Haemek Ltd.) at 4°C for 1 wk, and then transferred to
−80°C, at which temperature the tissues were stored until the
RNA extraction was performed. Total RNA was extracted using
Phenol (Sigma-Aldrich) and Chloroform (Carlo Erba Reagents).
DNA contamination was eliminated using the Turbo DNA-free
kit (Ambion). Total RNA concentration was evaluated using
Thermo Scientific NanoDrop 2000c UV–Vis spectrophotometer.
Two-hundred nanograms of total RNA from each sample was
reverse-transcribed to cDNA for qPCR analyze. Reverse transcrip-
tase was applied using a high-capacity cDNA archive kit
(RevertAid H Minus First Strand cDNA synthesis kit, Thermo
Scientific). Samples were analyzed in triplicate using an Applied
Biosystems StepOnePlus Real-Time PCR Systems. If one of the three
samples deviated from the other two by more than a single cycle,
the outlier was discarded. In only three of the 353 PCRs performed
was there need to discard an outlier. Real-time PCR was performed
using ABsolute Blue qPCR SYBR Green ROX Mix (Thermo
Scientific) with the following specific primers:

GAPDH-
forward- 5′-AAG GGC ATC TTG GCC TAC AC
reverse- 5′-CGG CGT ACA TGT GCT TGA TG
C/EBP-
forward- 5′-GCA ACT CAG CAA CGC AAC AAA TGC
reverse- 5′-TTT AGC GGA GAT GTG GCA TGG AGT
CREB1-
forward- 5′-TGA CAA ACG CTA GTC CAA CCT CAG
reverse- 5′-CCT GAC GTC ATG ACA ACA CCT TGA
CREB1α-
forward- 5′-GGA AAT CTT CAG ACG ATC CAA GTT
reverse- 5′-TGT TTG GAC ATA TGA ATC GTG GC
CREB1 β-
forward- 5′-GAA GGC CTT CGT ACA GAT GTC C
reverse-5′-CGA CTG GTA TGT AAA ACT GTC CAT
CREB2
forward- 5′-CTA CGA TGG AGC TGG ACC TTT GG
reverse- 5′-AGG GTT CCA ACT TCA GTG TAG CG

Analysis of mRNA levels was done using the comparative Ct

method (Livak and Schmittgen 2001). The AplysiaCREB1 gene is
transcribed into 2 mRNA isomeres, CREB1α and CREB1β (Bartsch
et al. 1998). Primers were developed for both isomers. In addition,
the primers that we used to examine CREB-1 expression span both
the CREB1α and CREB1β sequences, and react to both mRNAs.

Statistics

Lip stimulation plus ASW injection versus naï ve

For each comparison, a Shapiro–Wilk test examined whether the
data distribution deviated from normality. If not, two-tailed t-tests
were performed. If yes, a Mann–Whitney U-test was performed.
Because many comparisons were done on the same data, P-values
were corrected using the Benjamini–Hochberg false discovery
rate (FDR) correction.

Lip stimulation versus training, and NO donor versus ASW

Animals were treated with one of four treatments : (1) injection of
ASW, followedby a 3-min lip stimulation; (2) injection of ASW, fol-
lowed by a 3-min training; (3) injection of the NO donor, followed
by a 3-min lip stimulation; and (4) injection of the NO donor, fol-
lowed by a 3-min training. For each test, equality of variance was
tested using a Levene test. When needed, log transforms of the
data were used to test significance. These are noted in Table 2. A
two-way analysis of variance tested the effect of the lip stimulation
versus the training, of injecting ASW versus the NO donor, and of
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the interaction between these two variables. If a significant interac-
tion was found, Tukey’s multiple comparisons were performed to
determine which of the four groups were significantly different.

Acknowledgments
This research was supported by Israel Science Foundation Grant
1379/12. We thank Dr. Eleonora Sendersky and Prof. Rakefet
Schwarz for advice and help, and Jennifer Benichou Israel-Cohen
for statistical advice.We also thank Prof. Hillel Chiel for comments
on the manuscript.

References
Abel T, Martin KC, Bartsch D, Kandel ER. 1998. Memory suppressor genes:

inhibitory constraints on the storage of long-termmemory. Science 279:
338–341.

Alberini CM, Kandel E. 2015. The regulation of transcription in memory
consolidation. Cold Spring Harb Perspect Biol 7: a021741.

Barco A, Alarcon JM, Kandel ER. 2002. Expression of constitutively active
CREB protein facilitates the late phase of long-term potentiation by
enhancing synaptic capture. Cell 108: 689–703.

Bartsch D, Casadio A, Karl KA, Serodio P, Kandel ER. 1998. CREB1 encodes a
nuclear activator, a repressor, and a cytoplasmic modulator that form a
regulatory unit critical for long-term facilitation. Cell 95: 211–223.

Bartsch D, Ghirardi M, Skehel PA, Karl KA, Herder SP, Chen M, Bailey CH,
Kandel ER. 1995. AplysiaCREB2 represses long-term facilitation: relief of
repression converts transient facilitation into long-term functional and
structural change. Cell 83: 979–992.

Bayley PJ, Squire LR. 2007. The neuroanatomy and neuropsychology of
declarative and nondeclarative memory. In Memories: molecules and
circuits. (ed. Bontempi B, Silva A, Christen Y), Springer-Verlag, Berlin
Heidelberg.

Benito E, Barco A. 2010. CREB’s control of intrinsic and synaptic plasticity:
implications for CREB-dependent memory models. Trends Neurosci 33:
230–240.

Botzer D, Markovich S, Susswein AJ. 1998. Multiple memory processes
following training that a food is inedible in Aplysia. Learn Mem 5:
204–219.

Bourtchuladze R, Frenguelli B, Blendy J, Cioffi D, Schutz G, Silva AJ. 1994.
Deficient long-term memory in mice with a targeted mutation of the
cAMP-responsive element-binding protein. Cell 79: 59–68.

Chiel HJ, Kupfermann I, Weiss KR. 1988. An identified histaminergic
neuron can modulate the outputs of buccal-cerebral interneurons in
Aplysia via presynaptic inhibition. J Neurosci 8: 49–63.

Chiel HJ, Susswein AJ. 1993. Learning that food is inedible in freely-
behaving Aplysia californica. Behav Neurosci 107: 327–338.

Chiel HJ, Weiss KR, Kupfermann I. 1986. An identified histaminergic
neuron modulates feeding motor circuitry in Aplysia. J Neurosci 6:
2427–2450.

Dash PK, Hochner B, Kandel ER. 1990. Injection of the cAMP-responsive
element into the nucleus of Aplysia sensory neurons blocks long-term
facilitation. Nature 345: 718–721.

Davis GW, Schuster CM, Goodman CS. 1996. Genetic dissection of
structural and functional components of synaptic plasticity. III. CREB is
necessary for presynaptic functional plasticity. Neuron 17: 669–679.

Deisseroth K, Bito H, Tsien RW. 1996. Signaling from synapse to nucleus:
postsynaptic CREB phosphorylation during multiple forms of
hippocampal synaptic plasticity. Neuron 16: 89–101.

DembrowNC, Jing J, Brezina V,Weiss KR. 2004. A specific synaptic pathway
activates a conditional plateau potential underlying protraction phase
in the Aplysia feeding central pattern generator. J Neurosci 24:
5230–5238.

Goldsmith BA, Abrams TW. 1992. cAMP modulates multiple K+ currents,
increasing spike duration and excitability in Aplysia sensory neurons.
Proc Natl Acad Sci 89: 11481–11485.

Guo CH, Senzel A, Li K, Feng ZP. 2010. De novo protein synthesis of
syntaxin-1 and dynamin-1 in long-term memory formation requires
CREB1 gene transcription in Lymnaea stagnalis. Behav Genet 40:
680–693.

Guzowski JF, McGaugh JL. 1997. Antisense oligodeoxynucleotide-mediated
disruption of hippocampal cAMP response element binding protein
levels impairs consolidation of memory for water maze training. Proc
Natl Acad Sci 94: 2693–2698.

Han JH, Kushner SA, Yiu AP, Cole CJ, Matynia A, Brown RA, Neve RL,
Guzowski JF, Silva AJ, Josselyn SA. 2007. Neuronal competition and
selection during memory formation. Science 316: 457–460.

Han JH, Kushner SA, Yiu AP, Hsiang HL, Buch T, Waisman A, Bontempi B,
Neve RL, Frankland PW, Josselyn SA. 2009. Selective erasure of a fear
memory. Science 323: 1492–1496.

Hu JY, Levine A, Sung YJ, Schacher S. 2015. cJun and CREB2 in the
postsynaptic neuron contribute to persistent long-term facilitation at a
behaviorally relevant synapse. J Neurosci 35: 386–395.

Hurwitz I, Harel A, Markowitz S, Noy O, Susswein AJ. 2006. Control of
feeding in Aplysia with ad libitum access to food: presence of food
increases the intervals between feeding bouts. J Neurophysiol 95:
106–118.

Hurwitz I, Ophir A, Korngreen A, Koester J, Susswein AJ. 2008. Currents
contributing to decision-making in neurons B31/B32 of Aplysia. J
Neurophysiol 99: 814–830.

Jacklet JW. 1995. Nitric oxide is used as an orthograde cotransmitter at
identified histaminergic synapses. J Neurophysiol 74: 891–895.

Josselyn SA, Kida S, Silva AJ. 2004. Inducible repression of CREB function
disrupts amygdala-dependent memory. Neurobiol Learn Mem 82:
159–163.

Josselyn SA, Shi C, CarlezonWA Jr, Neve RL,Nestler EJ, DavisM. 2001. Long-
term memory is facilitated by cAMP response element-binding protein
overexpression in the amygdala. J Neurosci 21: 2404–2412.

Kandel ER. 2012. The molecular biology of memory: cAMP, PKA, CRE,
CREB-1, CREB-2, and CPEB. Mol Brain 5: 14.

Katzoff A, Ben-Gedalya T, Hurwitz I, Miller N, Susswein YZ, Susswein AJ.
2006. Nitric Oxide signals thatAplysiahave attempted to eat, a necessary
component of memory formation after learning that food is inedible. J
Neurophysiol 96: 1247–1257.

Katzoff A, Ben-Gedalya T, Susswein AJ. 2002. Nitric Oxide is necessary for
multiple memory processes after learning that a food is inedible in
Aplysia. J Neurosci 22: 9581–9594.

Katzoff A, Miller N, Susswein AJ. 2010. Nitric Oxide and histamine signal
attempts to swallow: a component of learning that food is inedible in
Aplysia. Learn Mem 17: 50–62.

Kida S, Josselyn SA, Peña de Ortiz S, Kogan JH, Chevere I, Masushige S,
Silva AJ. 2002. CREB required for the stability of new and reactivated fear
memories. Nat Neurosci 5: 348–355.

Kim J, Kwon JT, Kim HS, Josselyn SA, Han JH. 2014. Memory recall and
modifications by activating neurons with elevated CREB. Nat Neurosci
17: 65–72.

Kupfermann I. 1974a. Feeding behavior in Aplysia: a simple system for the
study of motivation. Behav Biol 10: 1–26.

Kupfermann I. 1974b. Dissociation of the appetitive and consummatory
phases of feeding behavior in Aplysia: a lesion study. Behav Biol 10:
89–97.

Lamprecht R, Hazvi S, Dudai Y. 1997. cAMP response element-binding
protein in the amygdala is required for long- but not short-term
conditioned taste aversion memory. J Neurosci 17: 8443–8450.

Levitan D, Lyons LC, Perelman A, Green CL, Motro B, Eskin A, Susswein AJ.
2008. Training with inedible food in Aplysia causes expression of C/EBP
in the buccal but not cerebral ganglion. Learn Mem 15: 412–416.

Levitan D, Saada-Madar R, Teplinsky A, Susswein AJ. 2012. Localization of
molecular correlates of memory consolidation to buccal ganglia
mechanoafferent neurons after learning that food is inedible in Aplysia.
Learn Mem 19: 503–512.

Levitan D, Twitto R, Levy R, Lyons L, Susswein AJ. 2010. A brief retraining
regulates the persistence and lability of a long-termmemory. Learn Mem
17: 402–406.

Levy R, Levitan D, Susswein AJ. 2016. New learning while consolidating
memory during sleep is actively blocked by a protein synthesis
dependent process. Elife 5: e17769.

Liu RY, Cleary LJ, Byrne JH. 2011. The requirement for enhanced CREB1
expression in consolidation of long-term synaptic facilitation and long-
term excitability in sensory neurons of Aplysia. J Neurosci 31:
6871–6879.

Liu RY, Fioravante D, Shah S, Byrne JH. 2008. cAMP response element-
binding protein 1 feedback loop is necessary for consolidation of long-
term synaptic facilitation in Aplysia. J Neurosci 28: 1970–1976.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2−ΔΔCT method. Methods 25:
402–408

Lyons LC, Gardner JS, Lentsch CT, Gandour CE, Krishnan HC, Noakes EJ.
2017. Differential role of calpain-dependent protein cleavage in
intermediate and long-term operant memory in Aplysia. Neurobiol Learn
Mem 137: 134–141.

Lyons LC, Rawashdeh O, Katzoff A, Susswein AJ, Eskin A. 2005. Circadian
modulation of complex learning in diurnal and nocturnal Aplysia. Proc
Natl Acad Sci 102: 12589–12594.

McCaman RE, Weinreich D. 1985. Histaminergic synaptic transmission in
the cerebral ganglion of Aplysia. J Neurophysiol 53: 1016–1037.

Michel M, Green CL, Eskin A, Lyons LC. 2011. PKG-mediated MAPK
signaling is necessary for long-term operant memory in Aplysia. Learn
Mem 18: 108–117.

Michel M, Green CL, Gardner JS, Organ CL, Lyons LC. 2012. Massed
training-induced intermediate-term operantmemory in Aplysia requires

Molecular correlates of memory formation

www.learnmem.org 98 Learning & Memory



protein synthesis and multiple persistent kinase cascades. J Neurosci 32:
4581–4591.

Michel M, Green CL, Lyons LC. 2010. PKA and PKC are required for long-
term but not short-term in vivo operant memory in Aplysia. Learn Mem
18: 19–23.

Miller N, Katzoff A, Susswein AJ. 2008. Nitric Oxide induces aspects of egg-
laying behavior in Aplysia. J Exp Biol 211: 2388–2396.

Miller N, Marcovich S, Susswein AJ. 2012. Variables controlling entry into
and exit from the steady-state, one of two modes of feeding in Aplysia.
PLoS One 7: e45241.

Miller N, Saada R, Fishman S, Hurwitz I, Susswein AJ. 2011a. Neurons
controlling Aplysia feeding inhibit themselves by continuous NO
production. PLoS One 6: e17779.

Miller N, Saada R, Markovich S, Hurwitz I, Susswein AJ. 2011b. L-Arginine
via nitric oxide is an inhibitory feedback modulator of Aplysia feeding. J
Neurophysiol 105: 1642–1650.

Mohamed HA, Yao W, Fioravante D, Smolen PD, Byrne JH. 2005. cAMP-
response elements in Aplysia creb1, creb2, and Ap-uch promoters:
implications for feedback loops modulating long term memory. J Biol
Chem 280: 27035–27043.

Nedvetzki Y, Markovich S, Susswein AJ. 1998. Inhibition of mating in
Aplysia fasciata by food stimuli in the environment, but not by post-
ingestion stimuli causing satiation. J Comp Physiol A 182: 183–190.

Perrins R,Weiss KR. 1998. Compartmentalization of information processing
in an Aplysia feeding circuit interneuron through membrane properties
and synaptic interactions. J Neurosci 18: 3977–3989.

Pittenger C, Fasano S, Mazzocchi-Jones D, Dunnett SB, Kandel ER,
Brambilla R. 2006. Impaired bidirectional synaptic plasticity and
procedural memory formation in striatum-specific cAMP response
element-binding protein-deficient mice. J Neurosci 26: 2808–2813.

Ribeiro MJ, Serfozo Z, Papp A, Kemenes I, O’Shea M, Yin JC, Benjamin PR,
Kemenes G. 2003. Cyclic AMP response element-binding (CREB)-like
proteins in amolluscan brain: cellular localization and learning-induced
phosphorylation. Eur J Neurosci 18: 1223–1234.

Rosen SC, Teyke T, Miller MW, Weiss KR, Kupfermann I. 1991.
Identification and characterization of cerebral-to-buccal interneurons
implicated in the control of motor programs associated with feeding in
Aplysia. J Neurosci 11: 3630–3655.

Schwarz M, Feldman E, Susswein AJ. 1991. Variables affecting long-term
memoryof learning that a food is inedible inAplysia.BehavNeurosci105:
193–201.

Schwarz M, Markovich S, Susswein AJ. 1988. Parametric features of
inhibition of feeding in Aplysia by associative learning, satiation and
sustained lip stimulation. Behav Neurosci 102: 124–133.

Schwarz M, Susswein AJ. 1992. Presence of conspecifics facilitates learning
that food is inedible in Aplysia fasciata. Behav Neurosci 106: 250–261.

Silva AJ, Kogan JH, Frankland PW, Kida S. 1998. CREB and memory. Annu
Rev Neurosci 21: 127–148.

Susswein AJ, Chiel HJ. 2012. Nitric oxide as a regulator of behavior: New
ideas from Aplysia feeding. Prog Neurobiol 97: 304–317.

Susswein AJ, Schwarz M, Feldman E. 1986. Learned changes of feeding
behavior in Aplysia in response to edible and inedible foods. J Neurosci 6:
1513–1527.

Teyke T, Weiss KR, Kupfermann I. 1992. Orientation of Aplysia californica to
distant food sources. J Comp Physiol A 170: 281–289.

Tubon TC Jr, Zhang J, Friedman EL, Jin H, Gonzales ED, Zhou H, Drier D,
Gerstner JR, Paulson EA, Fropf R, Yin JC. 2013. dCREB2-mediated
enhancement of memory formation. J Neurosci 33: 7475–7487.

Viosca J, Malleret G, Bourtchouladze R, Benito E, Vronskava S, Kandel ER,
Barco A. 2009. Chronic enhancement of CREB activity in the
hippocampus interferes with the retrieval of spatial information. Learn
Mem 16: 198–209.

Wagatsuma A, Azami S, Sakura M, Hatakeyama D, Aonuma H, Ito E. 2006.
De Novo synthesis of CREB in a presynaptic neuron is required for
synaptic enhancement involved inmemory consolidation. J Neurosci Res
84: 954–960.

Yin JC, Del Vecchio M, Zhou H, Tully T. 1995. CREB as a memory
modulator: induced expression of a dCREB2 activator isoform enhances
long-term memory in Drosophila. Cell 81: 107–115.

Yin JC, Wallach JS, Del Vecchio M, Wilder EL, Zhou H, QuinnWG, Tully T.
1994. Induction of a dominant negative CREB transgene specifically
blocks long-term memory in Drosophila. Cell 79: 49–58.

Zhou Y,Won J, KarlssonMG, ZhouM, Rogerson T, Balaji J, Neve R, Poirazi P,
Silva AJ. 2009. CREB regulates excitability and the allocation of memory
to subsets of neurons in the amygdala. Nat Neurosci 12: 1438–1443.

Received July 27, 2017; accepted in revised form December 4, 2017.

Molecular correlates of memory formation

www.learnmem.org 99 Learning & Memory


