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Timed and Targeted Differential Regulation of Nitric Oxide
Synthase (NOS) and Anti-NOS Genes by Reward
Conditioning Leading to Long-Term Memory Formation
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In a number of neuronal models of learning, signaling by the neurotransmitter nitric oxide (NO), synthesized by the enzyme neuronal NO
synthase (nNOS), is essential for the formation of long-term memory (LTM). Using the molluscan model system Lymnaea, we investigate
here whether LTM formation is associated with specific changes in the activity of members of the NOS gene family: Lym-nNOS1, Lym-
nNOS2, and the antisense RNA-producing pseudogene (anti-NOS). We show that expression of the Lym-nNOS1 gene is transiently
upregulated in cerebral ganglia after conditioning. The activation of the gene is precisely timed and occurs at the end of a critical period
during which NO is required for memory consolidation. Moreover, we demonstrate that this induction of the Lym-nNOS1 gene is targeted
to an identified modulatory neuron called the cerebral giant cell (CGC). This neuron gates the conditioned feeding response and is an
essential part of the neural network involved in LTM formation. We also show that the expression of the anti-NOS gene, which functions
as a negative regulator of nNOS expression, is downregulated in the CGC by training at 4 h after conditioning, during the critical period of
NO requirement. This appears to be the first report of the timed and targeted differential regulation of the activity of a group of related
genes involved in the production of a neurotransmitter that is necessary for learning, measured in an identified neuron of known
function. We also provide the first example of the behavioral regulation of a pseudogene.
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Introduction
Associative long-term memory (LTM) formation depends on the
ability of behavioral conditioning to evoke specific changes in
patterns of gene expression in the CNS (Mayford and Kandel,
1999). This learning-evoked genomic response alters synaptic
mechanisms within neuronal circuits that are required for the
learned behavior. This suggests that the expression of specific
neuronal genes that can affect key synaptic mechanisms must be
highly responsive to associative sensory cues occurring during
behavioral conditioning. Furthermore, this also means that
training-induced changes in gene activity must be targeted to
specific neurons that are required for the learned behavior.

A particularly favorable model system for a direct approach to
the analysis of the genomic response to training is provided by the
mollusc Lymnaea stagnalis. In this species, a single pairing of two
chemosensory stimuli, sucrose [unconditioned stimulus (US)]
and amyl acetate [conditioned stimulus (CS)], leads to the asso-
ciative conditioning of feeding that can last for �2 weeks (Alex-
ander et al., 1984). It is well established that the gaseous neuro-
transmitter nitric oxide (NO) is required for the chemosensory

activation of the feeding central pattern generator (CPG) in Lym-
naea (Elphick et al., 1995). Moreover, if signaling by NO is dis-
rupted during a critical time window of �6 h after conditioning,
LTM formation is impaired (Kemenes et al., 2002). This require-
ment for NO indicates a crucial role of this neurotransmitter in
the initial stages of LTM formation and is consistent with its role
in a number of other experimental models of associative learning
(Müller, 1996; Lu et al., 1999; Rose, 2000; Schweighofer and Fer-
riol, 2000). Because NO is essential both for the chemosensory
activation of feeding behavior and for the chemical conditioning
of feeding, we have investigated here whether memory formation
is associated with changes in the expression of the genes that
encode nitric oxide synthase (NOS), the enzyme responsible for
the production of NO.

The first molluscan NOS mRNA was characterized in 1998
(Korneev et al., 1998). Now we report on the cloning of another
NOS-encoding transcript. We will refer to the first mRNA as
Lym-nNOS1 and to the novel one as Lym-nNOS2. Here we show
that after associative conditioning, the expression of Lym-
nNOS1 is transiently upregulated in the CNS at 6 h after training,
whereas the expression of Lym-nNOS2 is stable at all measured
post-training time points. Thus, the activation of the Lym-
nNOS1 gene occurs near the end of the critical period after train-
ing during which NO is required for memory consolidation. A
similar result is obtained in a key modulatory neuron, the cere-
bral giant cell (CGC), which is essential for the conditioned feed-
ing response (Yeoman et al., 1994). In addition to the Lym-
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nNOS1 mRNA, the CGC also contains an antisense RNA
transcribed from a NOS pseudogene (anti-NOS gene). This anti-
NOS RNA regulates NOS gene expression through the formation
of an RNA–RNA duplex with Lym-nNOS1 mRNA (Korneev et
al., 1999). Here we demonstrate that the expression of the anti-
NOS gene is transiently downregulated in the CGC by training
�2 h before the upregulation of Lym-nNOS1.

Materials and Methods
Experimental animals. Animals (L. stagnalis) were kept at 18 –20°C on a
12 h light/dark regimen and fed on lettuce and a vegetable-based fish
food.

One-trial conditioning protocol. Reward conditioning was performed
using a method based on a previously published protocol (Alexander et
al., 1984). Snails were randomly assigned to experimental (paired) and
control (unpaired) groups to be given a single conditioning and control
trial, respectively. Experimental animals were exposed to a solution of
amyl acetate (CS) and immediately after that to a sucrose solution (US).
Control animals were exposed to the CS and to the US, separated by an
interval of 1 h. A randomly chosen subset of 20 animals from each group
was retained and tested for LTM formation at 24 h after the paired and
unpaired trials, as described previously (Kemenes et al., 2002). A third
group of animals was kept under the same conditions and had the same
feeding regimen as experimental and unpaired control snails but was not
exposed to either the CS or the US. This group is referred to as the naive
control group.

Surgical procedures. At different time points (30 min, 2 h, 4 h, 6 h, 24 h)
after the treatment, a randomly chosen subset of animals (usually 10
individuals per time point) was killed, and the CNS was removed. The
cerebral and buccal ganglia of the CNS were separated and used for RNA
extraction. For the single-cell experiments, the CNSs were placed in a
buffer containing 0.1 M Tris, pH 7.2, 50% propylene glycol, and 10 mM

ribonucleoside vanadyl complex, immediately after the dissection. The
CNSs were kept in this solution on ice for 50 min and then at �20°C until
they were used for extraction of the CGCs.

Molecular techniques and procedures. A Lymnaea CNS cDNA library
was screened using a radioactively labeled fragment of Lym-nNOS1
cDNA (Korneev et al., 1998). A positive clone containing a cDNA insert
of �6 kb was selected for further examination. Sequence analysis of the
insert has shown that it was copied from a novel NOS-encoding mRNA
(GenBank accession number AY769987).

Conventional multiplex reverse transcription (RT)-PCR was per-
formed on RNAs isolated from either pooled or individual cerebral and
buccal ganglia by means of the NucleoSpin RNA II kit (Macherey–Nagel,
Düren, Germany). We used primers 5�-ATTGCACCGTTCAGAT-
CAT-3� and 5�-CATGTGTTTAGCTGTTCTG-3� for detection of
Lym-nNOS1 and Lym-nNOS2 and primers 5�-AGCTTGAGAG-
GATCAATG-3� and 5�-AGTGTGTCAGTTGGAATC-3� for detection of
�-tubulin. After 25 cycles (denaturation, 94°C, 20 s; annealing, 50°C,
30 s; extension, 68°C, 1 min), PCR products were resolved on a 1%
agarose gel and analyzed using the Electrophoresis Documentation and
Analysis System 290 (Eastman Kodak, Rochester, NY).

Real-time RT-PCR was performed on RNAs isolated either from indi-
vidual cerebral ganglia by means of the NucleoSpin RNA II kit (Mach-
erey–Nagel) or from CGCs by means of the Absolutely RNA Nanoprep
kit (Stratagene, La Jolla, CA). Both methods involve DNase treatment.
cDNAs produced from RNA preparations by iScript reverse transcriptase
(Bio-Rad, Richmond, CA) were amplified and analyzed on the Mx3000
real-time cycler (Stratagene) using QuantiTect SYBR Green PCR kit
(Qiagen, Valencia, CA) and the following parameters: denaturation,
94°C, 30 s; annealing, 52°C, 1 min; extension, 72°C, 30 s. We used prim-
ers 5�-AGTTTGAGGGATGAGAACCT-3� and 5�-TCCAGTGCC-
CATAATTACTC-3� for detection of Lym-nNOS1, primers 5�-TTGA-
ACAGAACACATGTAGAG-3� and 5�-GTACTAGCAGCCGTTGG-3�
for Lym-nNOS2, primers 5�-ACTATCAGTAGTTCAAAGGTC-3� and
5�-GTCTGATGACTAGCAAAGCT-3� for anti-NOS, and primers 5�-
AAGGGACATTACACAGAGG-3� and 5�-GTGTCAGTTGGAATCC-
TTG-3� for �-tubulin. The identity of all PCR products was confirmed by

sequencing. The amount of target transcript, normalized to an endoge-
nous reference and relative to a calibrator (CAL), was calculated as
2���CT (Pfaffl, 2001), where ��CT � �CT � �CT(CAL). �CT and �CT-

(CAL) are the differences in threshold cycles for the target (Lym-nNOS1,
Lym-nNOS2, anti-NOS) and reference (�-tubulin) measured in the sam-
ples and in the calibrator, respectively.

Results
Two NOS-encoding RNAs and one noncoding anti-NOS RNA
are present in Lymnaea CNS
In our search for new neuronal NOS (nNOS)-related transcripts
in Lymnaea, we screened a cDNA library prepared from the CNS
using a fragment of the cDNA derived from a previously charac-
terized nNOS-encoding mRNA referred to here as Lym-nNOS1
(Korneev et al., 1998). One of the selected clones contained a
cDNA insert of 6313 nt with an open reading frame (ORF) of
3654 nt and 5� and 3� untranslated regions (UTRs) of 244 and
2415 nt, respectively. Sequencing shows that the new cDNA is
related to Lym-nNOS1 but represents a copy from an indepen-
dent mRNA. The identity of this novel mRNA to the published
Lym-nNOS1 sequence is 89% within the ORF, and there is no
homology in the UTRs (Fig. 1A). The deduced new protein con-
sists of 1218 aa and is �90% identical to the Lym-nNOS1 protein.
Clearly therefore, the novel protein is a member of the Lymnaea
NOS family, and we will refer to it here as Lym-nNOS2. Both
Lym-nNOS1 and Lym-nNOS2 contain a tandem repeat region
located near the COOH terminal. In Lym-nNOS2, this region is
composed of 20 copies of the 7 aa elementary motif and is 56 aa
longer than the repetitive region in Lym-nNOS1. We exploited
this difference to detect simultaneously the expression of Lym-
nNOS1 and Lym-nNOS2 in our multiplex RT-PCR experiments
(Fig. 1B).

Completing the complement of transcripts discussed in this
work is the previously reported noncoding RNA transcribed
from a pseudogene, which is also a member of the Lymnaea NOS
gene family (Korneev et al., 1999). This RNA contains a region of
significant antisense homology to the nNOS-encoding mRNAs.
We refer to the noncoding transcript as anti-NOS RNA. Figure
1C provides an overview comparison of each of the three NOS
transcripts referred to in this paper.

Training selectively targets Lym-nNOS1 expression in
the CNS
In all experiments in which the consequences of conditioning on
gene expression were measured, a randomly chosen subset of
each group of animals was retained and tested for LTM formation
at 24 h after training. This was to confirm that LTM would have
occurred in the animals that were killed at earlier time points to
measure training-induced changes in NOS gene expression. Im-
portantly, the mean feeding response to amyl acetate (CS) of the
trained snails was always significantly higher than the response of
the control animals. The results of one such experiment are
shown in Figure 2A. The mean feeding response to the CS of the
trained snails was 8.06 � 2.8 rasps (feeding movements) per 2
min; this was significantly higher ( p � 0.005) than the response
of the control animals (�1.4 � 1.4 rasps per 2 min).

To examine the effect of conditioning on the expression of the
nNOS-encoding genes, we first used comparative multiplex RT-
PCR to monitor simultaneously the activity of the Lym-nNOS1
and Lym-nNOS2 genes. Two regions of the CNS containing the
feeding circuits (the cerebral and buccal ganglia) were analyzed
separately, and the activity of the genes was determined at 30 min,
6 h, and 24 h after a single conditioning trial. Because the length
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of the repetitive regions in Lym-nNOS1 and Lym-nNOS2 is dif-
ferent, we could detect both nNOS-encoding transcripts simul-
taneously using a single pair of primers (Fig. 1B). The results of
the analysis performed on pooled (n � 10) cerebral ganglia (Fig.
2B) indicate upregulation of the Lym-nNOS1 gene in the 6 h
experimental group compared with the naive and unpaired con-
trols. Note that the level of Lym-nNOS2 gene expression remains
unchanged in all tested groups of snails. No significant training-
related changes in nNOS gene expression have been detected in
the buccal ganglia. Thus, our data suggest that the regulation of
Lym-nNOS1 but not Lym-nNOS2 is sensitive to the effects of
training and that training-induced changes in Lym-nNOS1 gene
activity are not generalized but are targeted in particular to the
cerebral ganglia.

The statistical significance of the results obtained on pooled
ganglia was examined by additional experiments in which cere-
bral ganglia (n � 10) dissected at 6 and 24 h after training were
analyzed individually by conventional RT-PCR (Fig. 2C). The

data were subjected to a two-way ANOVA, and it was confirmed
that there is a significant stimulation of Lym-nNOS1 gene expres-
sion at 6 h after training ( p � 0.05) and that Lym-nNOS2 expres-
sion is unaffected by conditioning.

To quantify more precisely the effects of conditioning on
Lym-nNOS1 gene expression in the cerebral ganglia with a finer
time resolution, we exploited the advantages of real-time RT-
PCR. The cerebral ganglia were removed from groups of snails
(n � 10) at 2, 4, 6, and 24 h after conditioning and were individ-
ually subjected to real-time RT-PCR in which the expression of
the Lym-nNOS1 gene was analyzed using a calibrator-normalized
relative quantification method. Results of the analysis, shown in Fig-
ure 2D, demonstrate a statistically significant upregulation of the
Lym-nNOS1 gene in the 6 h post-training group only ( p � 0.05).
This confirms the transient and highly selective nature of the
training-associated Lym-nNOS1 gene activation.

Training differentially regulates the expression of Lym-
nNOS1 and anti-NOS genes in a single identified neuron
It is known that CGC activity is required for the feeding response
and that CGC has widespread synaptic connections with the rest
of the feeding circuit, including neurons of the CPG and mo-
toneurons (Fig. 3A) (Yeoman et al., 1996). Also, the CGC is one
of the key neurons involved in the modulation of conditioned
feeding behavior, for which it has a crucial gating function (Yeo-
man et al., 1994; Straub and Benjamin, 2001). Based on this, we
selected the CGCs for an investigation of training-induced
changes in Lym-nNOS1 gene expression.

The CGCs dissected from conditioned, unpaired control and
naive snails were subjected individually to quantitative real-time
RT-PCR analysis using the Qiagen QuantiTect SYBR Green PCR
kit. Very interesting temporal dynamics of training-induced
changes in Lym-nNOS1 gene expression were revealed (Fig. 3B).
Specifically, we found that in the majority of CGCs dissected
from either unpaired or naive control snails, Lym-nNOS1 mRNA
cannot be detected. At the same time, almost 80% of the CGCs
isolated from the 6 h conditioned group contain Lym-nNOS1
mRNA. Fisher’s exact test confirmed that this difference between
controls and the 6 h conditioned group is statistically significant
( p � 0.05). Thus the results of the experiment clearly demon-
strate that there is a training-associated induction of Lym-nNOS1
gene expression in CGCs occurring at 6 h after training.

Next we investigated changes in Lym-nNOS gene expression
with finer time resolution and simultaneously measured the ex-
pression of the anti-NOS gene, which we know acts in CGCs as a
translational negative regulator of NOS gene expression
(Korneev et al., 1999). Temporal dynamics of the post-training
expression of both Lym-nNOS1 and anti-NOS were studied at
three time points in three experimental and three unpaired con-
trol groups. Within each group, the CGCs were pooled to form
eight separate samples, each containing three neurons. The sam-
ples were then subjected to real-time RT-PCR. The results of the
experiment, showing statistically significant ( p � 0.005) induc-
tion of Lym-nNOS1 gene expression at 6 h after conditioning
(Fig. 3Ci), confirm our findings described above and reveal its
transient and precisely timed nature. As for the anti-NOS gene, it
also exhibits transient training-provoked changes in expression
(Fig. 3Cii). However, the temporal pattern of these changes is
different. The anti-NOS gene is downregulated in the 4 h exper-
imental group but shows no changes in activity at 6 and 24 h after
training compared with controls.

Figure 1. Two types of NOS-encoding mRNAs are present in the Lymnaea CNS. A, Schematic
representation of the Lym-nNOS1 (top) and the novel Lym-nNOS2 (bottom) transcripts. Gray
boxes indicate the protein-coding regions. Black boxes indicate tandem repeats in the coding
regions. The unfilled areas correspond to the 5� and 3� UTRs. Note that there is no homology
between UTRs in Lym-nNOS1 and Lym-nNOS2. B, Organization of tandem repeats in the coding
regions of Lym-nNOS1 (top) and Lym-nNOS2 (bottom). Bold black arrows indicate elementary
repeats. Half arrows indicate the positions of primers used in conventional multiplex RT-PCR
experiments (primers F and R). C, Schematic organization of the Lym-nNOS1 (top), Lym-nNOS2
(middle), and anti-NOS (bottom) transcripts. Regions of homology are gray. Hatched boxes
indicate the antisense region in the anti-NOS and its complementary counterparts in Lym-
nNOS1 and Lym-nNOS2.
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Figure 2. Lym-nNOS1 gene is upregulated in cerebral ganglia at 6 h after training. A, A
typical result of the experimental test of LTM formation at 24 h after training. Note that the
mean feeding response to amyl acetate (the CS) of the trained snails (white bar) is significantly
higher than the response of the control animals (hatched bar). B, Results of conventional mul-
tiplex RT-PCR on pooled cerebral ganglia dissected from conditioned [30 min (m), 6 h, and 24 h
after training] and control (NC, naive control; UC, 6 h unpaired control) animals. Primers specific
for Lym-nNOS1, Lym-nNOS2, and �-tubulin mRNAs were used. C, Statistical analysis of multi-
plex RT-PCR experiments performed on individual cerebral ganglia dissected from trained
(white bars) and unpaired control (hatched bars) animals. PCR products were resolved on a 1%
agarose gel, and the levels of Lym-nNOS1 (Ci) and Lym-nNOS2 (Cii) gene expression were
calculated relative to �-tubulin (internal control) using the Electrophoresis Documentation and
Analysis System 290 (Eastman Kodak). D, Results of real-time RT-PCR analysis of Lym-nNOS1
gene expression performed on individual cerebral ganglia at 2, 4, 6, and 24 h after training. The
level of Lym-nNOS1 gene expression, normalized to an endogenous control (�-tubulin) and
relative to a calibrator, is indicated by white bars (conditioned groups) and hatched bars (un-
paired control groups). Asterisks in A, Ci, and D indicate significant differences from controls of
at least p � 0.05.

Figure 3. Training-induced differential regulation of the Lym-nNOS1 and anti-NOS genes in
CGCs. A, Schematic diagram showing the neural circuit underlying feeding behavior. The CGCs
play an important gating role in feeding behavior through their modulatory actions on inter-
neurons of the CPG and feeding motoneurons. B, Results of real-time RT-PCR performed on
individual CGCs. The percentage of Lym-nNOS1-expressing CGCs dissected from conditioned (E),
unpaired control (UC), and naive control (NC) animals is indicated by white, hatched, and black
bars, respectively. Single asterisks indicate a significant difference between the 6 h conditioned
group and both control groups ( p � 0.05). C, Results of simultaneous analysis of Lym-nNOS1
(Ci) and anti-NOS (Cii) expression in CGCs at 4, 6, and 24 h after training by real-time RT-PCR. Ci,
Induction of the Lym-nNOS1 gene at 6 h after training. The double asterisk in the 6 h conditioned
group (white bar) indicates a significant difference from the unpaired control (hatched bar) of at
least p � 0.005. Cii, Downregulation of the anti-NOS gene at 4 h after training. The level of
anti-NOS gene expression normalized to an endogenous control (�-tubulin) and relative to a
calibrator is indicated by white bars (conditioned groups) and hatched bars (unpaired control
groups). The single asterisk in the 4 h conditioned group indicates a significant difference from
controls of p � 0.05.
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Discussion
In this study, we highlight the acute sensitivity to exposure to a very
brief behavioral stimulus of the transcriptional activity of genes as-
sociated with the production of NO, a neurotransmitter with an
established role in memory formation and in the chemosensory ac-
tivation of feeding (Elphick et al., 1995; Kemenes et al., 2002).

We show that a single conditioning trial acts selectively and
differentially within the NOS gene family. The expression of the
Lym-nNOS1 gene is transiently upregulated at 6 h after condi-
tioning, an anti-NOS gene is downregulated at 4 h, and the activ-
ity of the newly discovered Lym-nNOS2 gene is stable at all mea-
sured time points. Importantly, the training-induced changes in
the activity of these genes are targeted to the cerebral ganglia. This
is significant because chemosensory neurons that detect the US
and the CS terminate in these ganglia and also because the cerebral
ganglia are the central locus of plasticity underlying associative LTM
formation (Straub et al., 2004). Moreover, we know that the cerebral
ganglia contain modulatory neurons that are essential for the gating
or initiation of feeding behavior in response to the CS. One such
neuron, a giant serotonergic cell known in Lymnaea as the CGC, has
been a particular focus of our interest.

We report here that the expression of Lym-nNOS1 and anti-
NOS genes is differentially regulated in this neuron as the result of
training. This finding is significant for a number of reasons. For
example, the CGCs are essential for the activation of feeding, but
they are not components of the feeding CPG, and their effects on
feeding are indirect. The CGCs in fact are interconnected dif-
fusely to many neural components of the feeding system (Fig. 3)
and function in a permissive manner to modulate the probability
that feeding behavior will be initiated (Yeoman et al., 1994). This
modulatory function of the CGCs, coupled to their diffuse con-
nectivity with the feeding system, suggests that these neurons
have multiple and distributed effects, rather than highly local
synaptic effects, within the feeding neural network. Although
speculative, it is attractive to suggest that the ability of the CGC to
signal broadly within the feeding neural network via NO is altered
during a critical early stage of memory formation by the training-
induced differential regulation of the Lym-nNOS1 and anti-NOS
genes. One particularly intriguing explanation of how exactly this
might happen is based on the results of our previous experiments,
in which we showed that the expression of the nNOS gene in the
CGCs is suppressed by a natural antisense mechanism through
the formation of duplex molecules between Lym-nNOS1 mRNA
and anti-NOS RNA (Korneev et al., 1999). Consequently, we
hypothesize that the decrease in the amount of anti-NOS RNA
observed at 4 h after conditioning can lead to an increase in the
production of NO that facilitates memory formation. Whether
this change in the NO signaling capability of the CGC is required
for memory formation or is one of many subtle effects of training
that together are required has yet to be determined.

The existence of a second NOS-encoding mRNA (Lym-
nNOS2) in the Lymnaea CNS was not unexpected, because we
have shown recently that the NOS gene in Lymnaea was subjected
to a duplication (Korneev and O’Shea, 2002). Therefore, it was
reasonable to expect that other copies of the gene could exist in
the genome. Our discovery of Lym-nNOS2 has confirmed this.
Clearly, however, the Lym-nNOS1 and Lym-nNOS2 genes re-
spond very differently to conditioning, the former being induced
and the latter being stably and constitutively expressed. These
observations are reminiscent of the situation in mammals in
which some NOS genes (nNOS and endothelial NOS) are consis-
tently expressed and one [inducible NOS (iNOS)] is inducible

(for review, see Stuehr, 1999). So far the existence of distinct
constitutive and inducible NOS genes has not been demonstrated
in invertebrates, and indeed in Drosophila there is just one gene
encoding NOS (Stasiv et al., 2001). However, this gene produces
a number of alternatively spliced transcripts that might encode
proteins with different patterns of expression and function (Sta-
siv et al., 2004). Molluscs as well as mammals show that there is
another way to achieve heterogeneity and flexibility within the
system regulating NO signaling. This involves the creation of
several differentially expressed homologous NOS genes “special-
ized” for different functions. Because Lym-nNOS1 in Lymnaea is
dynamically responsive to subtle associative sensory cues, it is
likely that this gene is functionally associated with molecular
mechanisms underlying adaptive behavioral plasticity. Finally,
this dynamic sensitivity to a sensory cue is also shared by anti-
NOS, providing a clear example of a pseudogene with expression
that is regulated by a behavioral stimulus.
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