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Nitric oxide (NO) is thought to be involved in several forms of learning in vivo and synaptic plasticity in vitro, but very little is known about
the role of NO during physiological forms of plasticity that occur during learning. We addressed that question in a simplified preparation
of the Aplysia siphon-withdrawal reflex. We first used in situ hybridization to show that the identified L29 facilitator neurons express NO
synthase. Furthermore, exogenous NO produced facilitation of sensory–motor neuron EPSPs, and an inhibitor of NO synthase or an NO
scavenger blocked behavioral conditioning. Application of the scavenger to the ganglion or injection into a sensory neuron blocked
facilitation of the EPSP and changes in the sensory–neuron membrane properties during conditioning. Injection of the scavenger into the
motor neuron reduced facilitation without affecting sensory neuron membrane properties, and injection of an inhibitor of NO synthase
had no effect. Postsynaptic injection of an inhibitor of exocytosis had effects similar to injection of the scavenger. However, changes in the
shape of the EPSP during conditioning were not consistent with postsynaptic AMPA-like receptor insertion but were mimicked by
presynaptic spike broadening. These results suggest that NO makes an important contribution during conditioning and acts directly in
both the sensory and motor neurons to affect different processes of facilitation at the synapses between them. In addition, they suggest
that NO does not come from either the sensory or motor neurons but rather comes from another source, perhaps the L29 interneurons.
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Introduction
The ubiquitous messenger molecule nitric oxide (NO) can play a
variety of roles during artificial forms of synaptic plasticity that
are thought to contribute to learning, including acting as a retro-
grade messenger during long-term potentiation (LTP) in hip-
pocampal neurons and as an orthograde or paracrine messenger
during long-term depression in cerebellar neurons (for review,
see Hawkins et al., 1998; Hawkins, 2007). NO is also involved in
several forms of learning in different species (Hawkins, 1996),
including conditioning of feeding behavior in Aplysia (Katzoff et
al., 2002). However, very little is known about the role of NO
during physiological forms of synaptic plasticity that occur dur-
ing behavioral learning. We addressed that question in a simpli-
fied preparation of the Aplysia siphon-withdrawal reflex in which
it is possible to record the activity of individual identified neurons
and their synaptic connections during several simple forms of

learning, including classical conditioning (Antonov et al., 1999,
2001, 2003).

Previous studies have found that the reflex in the siphon-
withdrawal preparation is mediated in part by monosynaptic
connections from LE siphon sensory neurons to LFS siphon mo-
tor neurons in the abdominal ganglion (Antonov et al., 1999).
Conditioning is accompanied by pairing-specific facilitation of
the EPSP from an LE sensory neuron to an LFS motor neuron, as
well as increased evoked firing and membrane resistance of the
LE neuron (Antonov et al., 2001). All three cellular effects are
blocked by injecting a peptide inhibitor of protein kinase A
(PKA) into the sensory neuron (Antonov et al., 2003), consistent
with the idea that facilitation of the EPSP during conditioning
involves activity-dependent enhancement of the presynaptic
PKA pathway (Hawkins et al., 1983; Kandel et al., 1983; Walters
and Byrne, 1983; Ocorr et al., 1985; Eliot et al., 1994; Bao et al.,
1998; Abrams et al., 1998). All three effects are also blocked by
injecting the Ca 2� chelator BAPTA into the motor neuron (An-
tonov et al., 2003), consistent with the idea that facilitation of the
EPSP involves Hebbian LTP as well (Lin and Glanzman, 1994a,b;
Murphy and Glanzman, 1996, 1997, 1999). These results suggest
that the facilitation involves both presynaptic and postsynaptic
mechanisms coordinated by extracellular signaling.

We have now investigated the possible role of the extracellular
signaling molecule NO. First, we used in situ hybridization to
show that identified L29 facilitatory interneurons express nitric
oxide synthase (NOS), and we found that exogenous NO pro-
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duces facilitation of sensory–motor neuron EPSPs. Next, we in-
vestigated the possible role of NO in facilitation during behav-
ioral conditioning in the siphon-withdrawal preparation. Our
physiological results suggest that NO makes an important contri-
bution to the conditioning and facilitation and acts directly in
both the sensory and motor neurons to affect different processes
of facilitation at the synapses between them. In addition, those
results suggest that NO does not come from either the sensory or
motor neurons but rather comes from another source (perhaps
the L29 interneurons), consistent with the in situ hybridization
results.

Materials and Methods
The procedure for NADPH-diaphorase staining in Aplysia and related
gastropod mollusks has been described previously (Moroz, 2000, 2006).
The methods for probe preparation and in situ hybridization as well as
Lucifer yellow double labeling have also been described previously (Jez-
zini et al., 2005). Briefly, in situ riboprobes were prepared using cloned
full-length NOS cDNA from Aplysia californica (AcNOS-1; GenBank ac-
cession number AAK83069) (Sadreyev et al., 2000) (for details of the
molecular data and the relationships between different NOS isoforms in
mollusks, see Moroz et al., 2006; Moroz and Kohn, 2007). NOS antisense
and the control sense probes were generated by using the DIG RNA
Labeling kit (Roche Diagnostics, Indianapolis, IN). The antisense probe
was generated by digesting cDNA from AcNOS-1 with NotI (New En-
gland Biolabs, Beverly, MA) followed by transcription with T3 polymer-
ase from the DIG RNA Labeling kit (Roche Diagnostics). The control
sense probe was produced by the same protocol but used Pme1 (New
England Biolabs) to digest the cDNA and T7 polymerase for transcrip-
tion. Expression of AcNOS-1 was investigated in whole mounts of ab-
dominal ganglia from 16 experimental and five control preparations.
Control in situ hybridization experiments with full-length sense probes
did not reveal any selective staining of specific neurons in the CNS under
identical conditions and labeling protocols.

The behavioral and electrophysiological procedures have been de-
scribed previously (Antonov et al., 2003). Briefly, the siphon, tail, and
CNS of Aplysia californica were dissected and pinned to the floor of a
recording chamber filled with circulating, aerated artificial seawater
(ASW) at room temperature (see Fig. 3B1). The siphon was partially split,
and one-half was left unpinned. A controlled force stimulator was used to
deliver taps of �20 g/mm 2, 500 ms duration to the pinned half, and
withdrawal of the other half was recorded with a low-mass isotonic
movement transducer attached to the siphon with a silk suture. The peak
amplitude of withdrawal was measured using a laboratory interface to a
microcomputer and commercially available software, which also con-
trolled the stimulation. A fixed capillary electrode was used to deliver
alternating current electric shocks of 25 mA, 1 s duration to the tail.

The preparation was rested for at least 1 h before the beginning of
training. There were three blocks of four training trials each, with a 5 min
interval between trials in a block and a 20 min rest between blocks (see
Fig. 3B2). The response to the siphon tap conditioned stimulus (CS) was
measured in a pretest 5 min before the first block (Pre), in test trials 15
min after each block (T1–T3), and in a final posttest 45 min after the last
block (Post). During paired training, the CS began 0.5 s before the tail-
shock unconditioned stimulus (US) on each trial. During unpaired train-
ing, the interstimulus interval was 2.5 min. Animals were randomly as-
signed to the training conditions.

In pharmacological experiments, the abdominal ganglion was sur-
rounded by a circular well with the nerves led through a Vaseline seal, so
that the ganglion could be bathed in a different solution than the rest of
the preparation. In electrophysiological experiments, the abdominal
ganglion was partially desheathed, and an LE sensory neuron and LFS
motor neuron were impaled with double-barreled microelectrodes. On
each test trial, we measured siphon withdrawal, evoked firing of the LE
and LFS neuron, the membrane resistance of each neuron, and the
monosynaptic PSP produced in the LFS neuron by direct stimulation of
the LE neuron. In some experiments, we injected drugs into the LE or LFS

neuron from the second barrel of the electrode. In interleaved control
experiments, we injected vehicle.

The NO donor 2-( N, N-diethylamino)-diazenolate-2-oxide (DEA/
NO) (Alexis Biochemicals, San Diego, CA) was dissolved in 10 mM

NaOH and diluted in ASW immediately before use. N �-Nitro-L-
arginine, 4-aminopyridine (4-AP), APV, and CNQX (Sigma, St. Louis,
MO) were prepared as stock solutions in water and diluted in ASW.
KT5823 [(9S,10 R,12 R)-2,3,9,10,11,12-hexahydro-10-methoxy-2,9-
dimethyl-1-oxo-9,12-epoxy-1 H -diindolo[1,2,3-fg:3�,2�,1�-kl]pyrrolo-
[3,4-i][1,6]benzodiazocine-10-carboxylic acid methyl ester] (Calbio-
chem, La Jolla, CA) was prepared in DMSO and diluted to a final
concentration of 0.1% DMSO. The light chain of botulinum toxin type B
(List Biological, Campbell, CA) was prepared in 20 mM NaH2PO4, pH
6.0, 10 mM NaCl, and 5 mM dithiothreitol and diluted approximately
fivefold in electrode solution with KCl and fast green. Oxymyoglobin was
prepared as described by Lev-Ram et al. (1995). The data were analyzed
with two- or three-way ANOVAs with one repeated measure (test), fol-
lowed by planned comparisons of the difference between the experimen-
tal and control groups and the reduction of that difference by each drug
(the drug � treatment interaction) overall, and then at each test to define
the time courses of those effects (Winer et al., 1991). The experiments
shown in Figures 4 – 8 were interleaved and analyzed statistically as a
single design.

Results
Aplysia NOS is expressed in L29 facilitatory interneurons
If NO is involved in conditioning, there should be an appropriate
source of the molecule. We therefore searched for NOS contain-
ing neurons in the abdominal ganglion. Previous studies using
NADPH-diaphorase histochemistry as a putative marker for
NOS on cryostat sections indicated that there are a few neurons
and numerous processes in the ganglion that could be sources of
NO (Koh and Jacklet, 2001). To facilitate locating NOS contain-
ing neurons in vivo, we performed similar experiments on whole-
mount preparations of central ganglia (Moroz, 2006) and ob-
served three neurons on the left ventral surface of the abdominal
ganglion that could be NO-producing cells (Fig. 1A). These cells
were observed in the general area of the L29 facilitatory interneu-
rons, but they might also have been LE sensory neurons, LFS
motor neurons, or other interneurons such as the L30 cells, all of
which are found in neighboring areas (Fig. 1B). In addition,
NADPH-diaphorase histochemistry is not completely specific for
NOS. To examine more definitively whether any of these cell
types are NOS containing, we therefore first positively identified
them based on their size, position, synaptic connections, and
other electrophysiological properties (Byrne et al., 1974; Hawkins
et al., 1981a; Frost and Kandel, 1995) in semi-intact preparations
(Fig. 1C) and injected the identified cells with Lucifer yellow dye
using hyperpolarizing current. We then tested whether the iden-
tified neurons labeled for NOS by whole-mount in situ hybrid-
ization, using a specific probe for the recently cloned Aplysia
neuronal isoform (GenBank accession number AAK83069)
(Moroz et al., 2006) (Figs. 1D, 2A). These experiments revealed
that LE sensory neurons (n � 5), LFS motor neurons (n � 5), and
L30 interneurons (n � 4) are not NOS containing. In contrast,
some of the L29 neurons were NOS positive (n � 7). At least two
L29 neurons in each preparation could be NOS containing. Sur-
prisingly, however, there were also NOS-negative L29 neurons
(n � 3) in the same preparation as the NOS-positive L29 neurons
(Fig. 2A). In those cases, the NOS-positive and NOS-negative
neurons were functionally electrically coupled (Fig. 2B). In situ
hybridization experiments with a second Aplysia NOS isoform
(GenBank accession number AAK92211) or a nonconventional
NOS-like protein from Aplysia (Moroz and Kohn, 2007) did not
reveal any neuron-specific labeling in the abdominal ganglion
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(Bodnarova et al., 2002; Martasek et al., 2002, 2004) (L. Moroz,
M. Bodnarova, A. Kohn, and Y. Bobkova, unpublished observa-
tions), suggesting that the NOS-negative neurons do not express
other NOS-related isoforms. These results indicate that a sub-
group of L29 facilitatory interneurons express one isoform of
Aplysia NOS and therefore could be a source of NO.

Exogenous NO produces facilitation
We next examined whether exogenous NO can produce facilita-
tion of the EPSP from an LE sensory neuron to an LFS motor
neuron. Application of the NO donor DEA/NO (10 �M) to the
abdominal ganglion for 10 min produced an increase in the am-
plitude of the EPSP (X � 155% of pretest; F(1,80) � 23.22; p �
0.01 compared with saline control) with no significant effect on
the membrane resistance of the LE or LFS neuron (Fig. 3A). These
results suggest that NO is a facilitatory messenger at these syn-
apses. Injection of the membrane-impermeant NO scavenger
oxymyoglobin (2 mM in the electrode) into the sensory neuron
blocked the facilitation (F � 45.04; p � 0.01), whereas injection
of oxymyoglobin into the motor neuron had no significant effect.
These results suggest that NO acts directly in the sensory neuron
during the facilitation.

An inhibitor of NO synthase blocks conditioning
We then examined whether an inhibitor of NO synthase can
block conditioning in the siphon-withdrawal preparation. We

compared changes in the withdrawal reflex in groups that re-
ceived either paired or unpaired training with a siphon tap CS
and a tail-shock US while the abdominal ganglion was bathed in
either normal seawater (control) or the NO synthase inhibitor
N �-nitro-L-arginine (Fig. 3B, NOArg). This class of competitive
NOS inhibitors has been shown to suppress selectively enzymatic
NO production in both vertebrate and invertebrate preparations,
including molluscs (Moroz et al., 1996, 2005; Bodnarova et al.,
2005). In the control group, paired training produced an increase
in the response to the CS compared with either the pretest or
unpaired training (F(1,138) � 11.46; p � 0.001 for the effect of
pairing overall and p � 0.05 at each test), demonstrating classical
conditioning of the siphon-withdrawal reflex in the simplified
preparation. N �-nitro-L-arginine (500 �M) blocked condition-
ing (F � 7.80; p � 0.01 for the interaction of drug and pairing
overall and on the posttest), suggesting that NO is involved. Be-
cause NO is thought to act by stimulating cGMP and cGMP-
dependent protein kinase (PKG) in many systems, including
Aplysia neurons (Mothet et al., 1996a; Koh and Jacklet, 1999,
2001; Sung et al., 2004; Bodnarova et al., 2005), we tested an
inhibitor of PKG, KT5823 (2 �M), which also blocked condition-
ing (F � 8.32; p � 0.01 overall and on the posttest). Neither drug
had significant effects on the amplitude of the initial response to
the CS or US. These results suggest that the NO– cGMP–PKG
pathway contributes to conditioning of the withdrawal reflex.

Neural correlates of conditioning in LE sensory neurons and
LFS motor neurons
Although N �-nitro-L-arginine and KT5823 were restricted to the
abdominal ganglion in these experiments, they might have acted
at sites other than the LE sensory neurons and LFS motor neu-
rons. To analyze the possible site of action of NO in more detail,
we recorded intracellularly from an identified LFS siphon motor

Figure 1. L29 facilitatory interneurons express NO synthase. A, NADPH-diaphorase histo-
chemistry labeled three neurons on the left ventral surface of the abdominal ganglion and
numerous processes in the neuropil (for details, see Moroz, 2006). R3–R13 and the bag cell
clusters are indicated for orientation. Scale bar, 280 �m. B, Approximate locations of the L29
and L30 interneurons, LE sensory neurons, and LFs motor neurons. The siphon nerve and R2 are
indicated for orientation. C, Intracellular stimulation of an L29 interneuron recruits a character-
istic shower of IPSPs onto itself (C1) attributable to recurrent inhibition from the L30 interneu-
rons (C2). D, Double labeling with intracellular injection of Lucifer yellow and in situ hybridiza-
tion for Aplysia NOS revealed two NOS-positive L29 interneurons and an NOS-negative L30
interneuron in the same preparation. Intense labeling of the NOS-positive neurons partially
masked the Lucifer yellow fluorescence, which was more clearly visible at earlier stages of the
NOS staining protocol or at higher magnification.

Figure 2. A subset of L29s are NOS negative. A, Double labeling with in situ hybridization for
Aplysia NOS (A1) and intracellular injection of Lucifer yellow (A2) revealed that at least two L29s
(indicated by 1 and 2) in the same ganglion are NOS positive, but others (e.g., 3) are NOS
negative. LE sensory neurons and LFs motor neurons were all NOS negative. Scale bar, 110 �m.
B, NOS-positive and NOS-negative L29 interneurons were functionally electrically coupled.
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neuron and an LE siphon sensory neuron
simultaneously with behavioral condi-
tioning. In each experiment, we first con-
firmed that both neurons contributed to
the behavior: the LE sensory neuron was
activated by the siphon tap CS, and stim-
ulation of the LFS motor neuron pro-
duced measurable siphon withdrawal. In
control experiments (Fig. 4), paired train-
ing produced greater increases than un-
paired training in siphon withdrawal in re-
sponse to the CS (F(1,74) � 45.36; p �
0.001 overall and p � 0.01 at each test),
evoked LFS firing (F � 51.74; p � 0.001),
evoked LE firing (F � 27.00; p � 0.001),
the amplitude of the monosynaptic EPSP
from the LE sensory neuron to the LFS
motor neuron (F � 57.01; p � 0.001), and
the membrane resistance of the LE sensory
neuron (F � 31.09; p � 0.001). Further-
more, there were significant within-group
correlations between the increases in these
measures ( p � 0.05 for each pairwise
comparison except siphon withdrawal
and LE membrane resistance), and there
was no change in the membrane resistance
of the LFS neuron. These results replicate
those of our previous studies (Antonov et
al., 2001, 2003) and suggest that pairing-
specific increases in the monosynaptic
sensory neuron–motor neuron EPSPs
make an important contribution to the in-
crease in siphon withdrawal during condi-
tioning. In addition, they demonstrate
pairing-specific changes in the membrane
properties of the LE sensory neurons that
may contribute to the changes in the EPSP
and siphon withdrawal.

A scavenger of NO blocks behavioral
conditioning, facilitation of the EPSP,
and the changes in sensory neuron
membrane properties
If NO contributes to these cellular effects
and comes from some other source such as
the L29 neurons, it should travel through the extracellular space.
To test that idea, we performed similar experiments while bath-
ing the abdominal ganglion with a membrane-impermeable
scavenger of NO, oxymyoglobin (Fig. 5). Oxymyoglobin (25 �M)
reduced the pairing-specific increases in siphon withdrawal
(F(1,296) � 7.14; p � 0.01 for the interaction of drug and pairing
on the posttest), evoked LFS firing (F � 10.54; p � 0.01), evoked
LE firing (F � 4.89; p � 0.05), the amplitude of the monosynaptic
EPSP (F � 6.26; p � 0.05), and the membrane resistance of the LE
sensory neuron (F � 3.96; p � 0.05 overall). The effect of oxy-
myoglobin on siphon withdrawal was reduced when the correla-
tions with either evoked LE firing or the amplitude of the mono-
synaptic EPSP were factored out in analyses of covariance,
suggesting that NO affects behavioral conditioning by affecting
those two cellular processes. As controls, oxymyoglobin had no
significant effect on the membrane resistance of the LFS motor
neuron, the initial siphon withdrawal to the tail-shock US or the
pretest response on any measure. These results are all consistent

with the idea that NO acts as an extracellular messenger at the
LE–LFS synapses during conditioning. Oxymyoglobin reduced
evoked firing of the LE sensory neuron during unpaired as well as
paired training (F(1,36) � 4.55; p � 0.05). Because changes in the
membrane resistance and evoked firing of the LE neurons are
thought to be mediated primarily by PKA (Byrne and Kandel,
1996; Antonov et al., 2003), these results suggest that NO may
interact in some way with the presynaptic PKA pathway.

Injecting a scavenger of NO into a sensory neuron
blocks facilitation and the changes in sensory neuron
membrane properties
To examine whether NO acts directly in the sensory or motor
neuron, we injected oxymyoglobin into either neuron. Injecting
oxymyoglobin (2 mM in the electrode) into a single LE sensory
neuron (Fig. 6) did not have significant effects on either siphon
withdrawal or evoked LFS firing, presumably because the with-
drawal response in this preparation is mediated by five to eight LE

Figure 3. NO is involved in facilitation and conditioning. A, Application of the NO donor DEA/NO produces facilitation of the
monosynaptic EPSP from an LE sensory neuron to an LFS motor neuron by a direct action in the sensory neuron. A1, Example of the
EPSP before (Pretest) and 10 min after (Posttest) application of DEA/NO (10 �M) to the abdominal ganglion. A2, Average results
from experiments like the one shown in A1 (n � 7) as well as control experiments without DEA/NO (n � 5) and experiments in
which DEA/NO was applied after injection of the NO scavenger oxymyoglobin into either the sensory (n � 6) or motor (n � 6)
neuron. There was a significant overall effect of group for the EPSP (F(3,20) � 5.19; p � 0.01) but not for LE membrane resistance
(Rm LE). The data have been normalized to the average of the three pretests in each experiment. The average pretest EPSP
amplitude was 6.4 mV, not significantly different in the four groups by a one-way ANOVA. Myo, Myoglobin. B, Bathing the
abdominal ganglion in inhibitors of NO synthase or PKG blocks conditioning. B1, Experimental preparation. SN, Sensory neuron;
MN, motor neuron. B2, Training protocol. For details, see Materials and Methods. B3, Average siphon-withdrawal reflex (SWR) on
each test in groups that received paired (P) or unpaired (UP) training with the abdominal ganglion bathed in either normal
seawater (n � 36 paired and 36 unpaired), the NO synthase inhibitor N �-nitro-L-arginine (NOArg; n � 15 and 15), or the PKG
inhibitor KT5823 (n � 21 and 21). There was a significant overall drug � pairing interaction (F(2,138) � 6.06; p � 0.01).
Responses have been normalized to the value on the pretest in each experiment. The overall average pretest value was 3.0 mm,
and the average response to the first tail-shock US was 5.9 mm. These values were not significantly different between the different
experimental groups in one-way ANOVAs. In this and subsequent figures, error bars indicate SEMs. *p � 0.05, �p � 0.05,
one-tailed for the difference between the experimental and control groups, and #p � 0.05, �p � 0.05, one-tailed for the
reduction of that effect by the drug at each test.
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sensory neurons (Byrne et al., 1974; Hickie
et al., 1997). This result demonstrates that
the preparations were otherwise healthy
and capable of conditioning. However, in-
jecting oxymyoglobin into the LE neuron
did reduce the pairing specific increases in
evoked LE firing (F � 5.45; p � 0.05 for
the interaction of drug and pairing on the
posttest), the amplitude of the monosyn-
aptic EPSP (F � 5.33; p � 0.05), and the
membrane resistance of the LE neuron
(F � 5.32; p � 0.05). The effects on evoked
LE firing and the monosynaptic EPSP
were both abolished when the correlation
with LE membrane resistance was taken
into account in an analysis of covariance.
These results suggest that NO acts directly
in the presynaptic sensory neuron to con-
tribute to changes in its membrane prop-
erties and that NO contributes to facilita-
tion of the EPSP in part through that
process.

Injecting a scavenger of NO into a
motor neuron reduces facilitation
Similarly, injecting oxymyoglobin into a
single LFS motor neuron (Fig. 7A) did not
have a significant effect on siphon with-
drawal, presumably because the reflex in
this preparation is mediated by two to
three LFS motor neurons (Antonov et al.,
1999). Injecting oxymyoglobin into the
LFS neuron also did not have significant
effects on the increases in evoked LE firing
or the membrane resistance of the LE neu-
ron, but it did reduce the pairing-specific
increase in the amplitude of the monosyn-
aptic EPSP (F � 10.12; p � 0.01 for the
interaction of drug and pairing on the
posttest). Injecting the NO synthase inhib-
itor N �-nitro-L-arginine (10 mM in the
electrode) into a single LFS neuron did not
have significant effects on any measure
(Fig. 7B). These results suggest that NO
comes from some other source and acts
directly in the motor neuron as well as in
the sensory neuron to affect facilitation of
the EPSP.

Injecting an inhibitor of exocytosis into
a motor neuron reduces facilitation
One possible postsynaptic action of NO is
membrane insertion of AMPA-like gluta-
mate receptors. NO contributes to traf-
ficking and membrane insertion of AMPA
receptors during LTP in hippocampus
(Huang et al., 2005; Wang et al., 2005).
Aplysia sensory–motor neuron EPSPs are
thought to be glutamatergic (Dale and
Kandel, 1993) and to have both AMPA-
like and NMDA-like components (Glan-
zman, 1994; Conrad et al., 1999; Antonov
et al., 2003). Furthermore, insertion of

Figure 5. Bathing the abdominal ganglion in a scavenger of NO, oxymyoglobin, blocks conditioning, facilitation of the EPSP,
and the changes in sensory neuron membrane properties. A, Examples with the abdominal ganglion bathed in oxymyoglobin. B,
Average results from experiments like the ones shown in A (black symbols; n �5 and 5) compared with the average control results
from Figure 4 (white symbols). SW, Siphon withdrawal; SWR, siphon-withdrawal reflex; Myo, Abd, abdominal ganglion bathed in
myoglobin; Rm LE, LE membrane resistance; Con, control; Myo, myoglobin; P, paired; UP, unpaired.

Figure 4. Neural correlates of conditioning in LE sensory neurons and LFS motor neurons. A, Examples of siphon
withdrawal (SW), evoked firing of an LFS siphon motor neuron and an LE siphon sensory neuron, the membrane resistance
of each neuron, and the monosynaptic EPSP from the LE neuron to the LFS neuron on the pretest and final posttest after
paired or unpaired training with the abdominal ganglion bathed in normal seawater. B, Average results from experiments
like the ones shown in A [n � 20 paired (P) and 20 unpaired (UP)]. Results from four different control groups (bathing the
abdominal ganglion in normal seawater or inactive myoglobin, or injecting vehicle into an LE sensory neuron or heat-
inactivated botulinum toxin into an LFS motor neuron; n � 5 paired and 5 unpaired per group) were not significantly
different on any measure and have been pooled. The data have been normalized to the value on the pretest in each
experiment. The overall average pretest values in the experiments shown in Figures 4 – 8 were 1.8 mm for siphon
withdrawal, 14.1 spikes for evoked LFS firing, 3.4 spikes for evoked LE firing, and 6.6 mV for the amplitude of the EPSP. The
average response to the first tail-shock US was 4.3 mm. These values were not significantly different between the different
experimental groups. SWR, Siphon-withdrawal reflex; Rm LE, LE membrane resistance.
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AMPA-like glutamate receptors may con-
tribute to heterosynaptic facilitation and
homosynaptic potentiation at sensory–
motor neuron synapses in vitro (Chitwood
et al., 2001; Jin and Hawkins, 2003; Li et
al., 2005). To begin to investigate whether
glutamate receptor insertion might con-
tribute to the facilitation during condi-
tioning, we injected an LFS motor neuron
with the light chain of botulinum toxin
type B, which blocks membrane insertion
by blocking exocytosis. Injecting botuli-
num toxin (0.5 mg/ml in the electrode)
into a single LFS motor neuron (Fig. 8)
reduced the pairing-specific increases in
evoked LFS firing (F � 7.04; p � 0.01 for
the interaction of drug and pairing on the
posttest) and the amplitude of the mono-
synaptic EPSP (F � 7.07; p � 0.01), with
no significant effects on LE membrane re-
sistance or evoked LE firing. As controls
for possible nonspecific actions of botuli-
num toxin, it had no significant effect on
LFS membrane resistance, the pretest re-
sponses on any measure, or the response
to the US. These results suggest that
pairing-specific facilitation of the EPSP
during conditioning has a component that
depends on postsynaptic exocytosis.

Changes in the EPSP during
conditioning are mimicked by
presynaptic spike broadening
To begin to investigate whether the facili-
tation also involves changes in AMPA-like
receptors, we examined changes in the
shape of the EPSPs. As in mammals, the
sensorimotor neuron EPSP in this prepa-
ration has an early component that is se-
lectively blocked by the vertebrate AMPA
antagonist CNQX and a later component
that is selectively blocked by the vertebrate
NMDA antagonist APV (Antonov et al.,
2003). Thus, if conditioning involves in-
sertion of AMPA-like glutamate receptors,
one would expect that the early part of the
EPSP should be enhanced more than the
late part. To test that idea, we measured
the ratio of the late (75 ms after peak) and
early (peak) parts of each EPSP in these
experiments (Fig. 9A). Surprisingly, the
ratio increased (that is, there was a greater
enhancement of the late part of the EPSP)
after conditioning (F(1,49) � 9.44; p � 0.01
on the posttest), and this increase corre-
lated with the increase in the peak ampli-
tude of the EPSP (within-groups correla-
tion in paired experiments, 0.389; p �
0.05).

To attempt to understand the significance of these changes in
the late/peak ratio, we examined the effects of drugs with known
actions (Fig. 9B). The AMPA receptor antagonist CNQX (50 �M)
produced an increase in the ratio (F(1,16) � 6.12; p � 0.05), and

the NMDA receptor antagonist APV (200 �M) produced a de-
crease (F � 5.78; p � 0.05), as expected. The K� channel blocker
4-AP (50 �M), which causes broadening of the presynaptic action
potential and thus an in-crease in the peak amplitude of the EPSP

Figure 7. Injecting oxymyoglobin into an LFS motor neuron reduces facilitation, and injecting an inhibitor of NO synthase into the
motorneuronhasnoeffect.A1,Examplesafter injectionofoxymyoglobinintotheLFSmotorneuron.A2,Averageresultsfromexperiments
like the ones shown in A1 (n�5 and 5). B, Average results after injection of N �-nitro-L-arginine (NOArg) into the LFS neuron (n�7). SW,
Siphon withdrawal; SWR, siphon-withdrawal reflex; Myo, LFS, LFS neuron injected with myoglobin; Rm LE, LE membrane resistance;
NOArg, LFS, LFS neuron injected with N �-nitro-L-arginine; Con, control; Myo, myoglobin; P, paired; UP, unpaired.

Figure 6. Injecting oxymyoglobin into an LE sensory neuron blocks facilitation and the changes in sensory neuron membrane
properties. A, Examples after injection of oxymyoglobin into the LE sensory neuron. B, Average results from experiments like the
ones shown in A (n � 5 and 5). SW, Siphon withdrawal; SWR, siphon-withdrawal reflex; Myo, LE, LE neuron injected with
myoglobin; Rm LE, LE membrane resistance; Con, control; Myo, myoglobin; P, paired; UP, unpaired.
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(Sugita et al., 1997), also produced an increase in the late/peak
ratio (F � 15.98; p � 0.01). Furthermore, there were significant
within-groups correlations between broadening of the presynap-
tic action potential (represented by the size of the symbols for the
4-AP experiments in Fig. 9B3) and the increases in both peak
amplitude of the EPSP (r � 0.798; p � 0.05) and the late/peak
ratio (r � 0.853; p � 0.01), suggesting that action potential
broadening contributes to both effects. Collectively, these results
suggest that changes in the shape of the EPSP during condition-
ing may be attributable to broadening of presynaptic action po-
tentials rather than insertion of postsynaptic glutamate receptors.

Discussion
Identified L29 facilitatory interneurons express NOS
The L29 facilitatory interneurons are thought to play important
roles in plasticity during conditioning and other types of learning
(Hawkins et al., 1981b; Frost et al., 1988; Hawkins, 1989b; Fischer
and Carew, 1993, 1995; Fischer et al., 1997). L29 refers to a group
of approximately five electrically coupled neurons in the abdom-
inal ganglion that are excited by the CS and US used in condition-
ing experiments (Hawkins et al., 1981a; Hawkins and Schacher,
1989). Intracellular stimulation of a single L29 neuron produces
facilitation of the monosynaptic EPSP from a sensory neuron to a
motor neuron and broadening of action potentials in the sensory
neuron in either the nervous system (Hawkins, 1981; Hawkins et
al., 1981b) or isolated cell culture (Hawkins and Schacher, 1989).
Serotonin also contributes to facilitation during conditioning
(Mackey et al., 1989; Clark et al., 1994; Eliot et al., 1994; Bao et al.,
1998), and the L29 neurons were originally thought to be seroto-
nergic (Bailey et al., 1981). However, several types of evidence
indicate that they are not (Hawkins, 1989a; Hawkins and
Schacher, 1989), and their facilitatory transmitter has remained
unknown. We found that L29 neurons express NOS and that NO
plays an important role in facilitation at sensorimotor neuron
synapses during conditioning. These results suggest that NO may
be one of the previously unidentified facilitatory transmitters of
the L29 neurons.

A surprising result of our in situ hybridization experiments is

that only two to three of the approximately
five L29s express NOS, and the others do
not have a detectable level of NOS tran-
scripts. Previous studies had not given any
indication that the L29s are functionally
heterogenous, although they have some-
what different receptive fields (Hawkins
and Schacher, 1989). It is possible that
only the NOS-positive L29s are facilitatory
interneurons, and stimulation of the oth-
ers might produce facilitation indirectly
through their electrical coupling (Fig. 2B).
Alternatively, the NOS-negative L29s
might release another facilitatory trans-
mitter, or they might have a much lower
level of NOS expression or express a differ-
ent NOS isoform. However, we have not
seen any labeling in the area of the L29, LE,
and LFS neurons for other NOS-related
isoforms from Aplysia, making that possi-
bility seem unlikely.

Role of NO in the LE membrane
property-dependent process
of facilitation
Previous experiments (Hawkins et al.,

1983; Clark et al., 1994; Eliot et al., 1994; Bao et al., 1998; Antonov
et al., 2003; Roberts and Glanzman, 2003) suggested that facilita-
tion of sensory–motor neuron EPSPs during conditioning in-
volves at least two distinguishable processes: one that is associ-
ated with changes in the membrane properties of the LE sensory
neurons, including spike broadening, and one or more processes
that are independent of those changes. Injection of a peptide
inhibitor of PKA into an LE sensory neuron blocks the increases
in evoked firing and membrane resistance of the sensory neuron
and reduces facilitation of the EPSP during conditioning (An-
tonov et al., 2003), suggesting that presynaptic PKA mediates the
LE membrane property-dependent process. Injection of a scav-
enger of NO into an LE sensory neuron also blocked the increases
in evoked firing and membrane resistance of the LE neuron and
facilitation of the EPSP (Fig. 6), suggesting that NO acts directly
in the sensory neuron to affect the membrane property-
dependent process. However, although application of the NO
donor DEA/NO produced facilitation of the EPSP, it had no ef-
fect on LE membrane properties (Fig. 3A). Collectively, these
results suggest that presynaptic effects of NO are necessary but
not sufficient to produce the LE membrane property-dependent
process of facilitation, whereas presynaptic PKA is thought to be
both necessary and sufficient (Byrne and Kandel, 1996). One idea
that could integrate these findings is that NO may “gate” or en-
hance activation of PKA by the 5-HT– cAMP pathway. Consis-
tent with that idea, NO and cAMP act synergistically to activate
PKA during presynaptic facilitation at lizard neuromuscular
junction (Graves et al., 2004). NO similarly enhances activation
of PKA in dorsal root ganglion neurites, in which it is thought to
act through cGMP to inhibit phosphodiesterase III, which de-
grades cAMP (Tsukada et al., 2002). However, it is not clear
whether NO might act through cGMP in LE sensory neurons.
Although physiological evidence suggests that cGMP is present in
VC sensory neurons in the pleural ganglia (Lewin and Walters,
1999; Sung et al., 2004), there is no detectable staining for guany-
lyl cyclase (Martasek et al., 2004) (L. Moroz and M. Bodnarova,

Figure 8. Injecting botulinum toxin into an LFS motor neuron reduces facilitation. A, Examples after injection of the light chain
of botulinum toxin type B into the LFS motor neuron. B, Average results from experiments like the ones shown in A (n � 8 and 6).
SW, Siphon withdrawal; SWR, siphon-withdrawal reflex; Botx, LFS, LFS neuron injected with in botulinum toxin; Rm LE, LE
membrane resistance; Con, control; Btx, botulinum toxin; P, paired; UP, unpaired.
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unpublished observations) or cGMP (Koh
and Jacklet, 2001) in the region of the LE
neurons.

The increases in evoked firing and
membrane resistance of the LE sensory
neuron and facilitation of the EPSP were
also almost completely blocked by injec-
tion of BAPTA into the LFS motor neuron
(Antonov et al., 2003), suggesting that the
LE membrane property-dependent pro-
cess involves postsynaptic Ca 2� and retro-
grade signaling as well as presynaptic PKA.
However, injection of a scavenger of NO
or an inhibitor of NO synthase into an LFS
motor neuron had no significant effect on
the increases in evoked firing and mem-
brane resistance of the sensory neuron
(Fig. 7), suggesting that NO does not come
from the LFS motor neuron and thus is
not the putative retrograde messenger for
those presynaptic effects. Because the pre-
synaptic effects are blocked by an extracel-
lular scavenger (Fig. 5), NO presumably
also does not come from the LE sensory
neurons themselves. Single-cell reverse
transcription-PCR has revealed an NO
synthase-like transcript in VC sensory
neurons from the pleural ganglia, but only
after 16 h in isolated cell culture and not
earlier and at very low abundance (Sung et
al., 2004). Furthermore, NADPH-
diaphorase staining and in situ hybridiza-
tion did not reveal NO synthase in either
the LFS motor neurons or the LE or VC
sensory neurons under our conditions
(Moroz, 2006) (Figs. 1, 2). Thus, NO pre-
sumably comes from some third source,
such as the L29 interneurons, and acts as a
paracrine rather than a retrograde mes-
senger during conditioning.

Role of NO in the LE membrane
property-independent process
of facilitation
The LE membrane property-independent process of facilitation
was originally thought to be attributable to presynaptic vesicle
mobilization (Gingrich and Byrne, 1985), but it might also in-
volve other mechanisms such as changes in postsynaptic recep-
tors (Chitwood et al., 2001; Li et al., 2005) or synaptic growth.
The NO donor DEA/NO produced facilitation that was not asso-
ciated with any change in LE membrane properties, and NO do-
nors similarly produce presynaptic facilitation or inhibition at
other Aplysia synapses without affecting presynaptic membrane
properties (Mothet et al., 1996a,b). These results suggest that the
LE membrane property-independent process involves NO. Facil-
itation by DEA/NO was blocked by presynaptic injection of an
NO scavenger (Fig. 3A), and almost all of the facilitation during
conditioning (both LE membrane property dependent and inde-
pendent) was also blocked by presynaptic injection of the scav-
enger (Fig. 6). However, postsynaptic injection of the scavenger
also partially blocked facilitation of the EPSP without having any
significant effect on the increases in evoked firing and membrane
resistance of the LE neuron (Fig. 7). These results suggest that the

LE membrane property-independent process involves both pre-
synaptic and postsynaptic effects of NO that are more than addi-
tive and therefore may interact in some way. Consistent with that
idea, additional results (Figs. 8, 9) suggest that NO may not con-
tribute to the LE membrane property-independent process by
enhancing postsynaptic AMPA-like receptor insertion but in-
stead may enhance postsynaptic exocytosis of a retrograde mes-
senger that affects presynaptic plasticity (Jin and Hawkins, 2003).

Perhaps a simpler alternative, however, is that NO may con-
tribute to the structural modification of existing synapses or the
growth of new synapses, which by its nature requires both pre-
synaptic and postsynaptic changes coordinated by extracellular
signaling (Cohen-Cory, 2002). The conditioning experiments
take �2 h, which is in the time range of some of the presynaptic
and postsynaptic structural modifications that occur during var-
ious forms of synaptic plasticity in Aplysia (Glanzman et al., 1990;
Jin et al., 2003; Kim et al., 2003; Li et al., 2004) and also in hip-
pocampus (Bozdagi et al., 2000; Luscher et al., 2000; Antonova et
al., 2001; Colicos et al., 2001; Nikonenko et al., 2003; Matsuzaki et

Figure 9. Changes in the EPSP during conditioning are mimicked by presynaptic spike broadening. A, Changes in the peak
amplitude of the EPSP and the ratio of the late (75 ms after the peak) and early (peak) parts of the EPSP in each of the experiments
shown in Figures 4 – 8. The data on the posttest have been normalized to the values on the pretest in each experiment. The overall
average pretest ratio was 27%. There were no significant differences between the pretest ratios or the slopes of the linear
regressions for the different groups. B, Changes in the EPSP during conditioning are mimicked by 4-AP. B1, The experimental
protocol for examining the effects of the drugs on the EPSP. B2, Examples of the action potential in an LE sensory neuron and the
EPSP in an LFS motor neuron before and after bathing the abdominal ganglion in 4-AP, shown on two timescales to illustrate
changes in the EPSP (left) and the action potential (right). B3, Changes in the peak amplitude of the EPSP and the ratio of the late
(75 ms after the peak) and early (peak) parts of the EPSP when the ganglion was bathed in APV, CNQX, 4-AP, or 4-AP in ASW with
2� normal Ca 2� (4-AP HiCa) (n � 5, 5, 5, and 4). There were significant effects of drug on both the peak amplitude (F(2,16) �
22.13; p � 0.001) and ratio (F � 10.06; p � 0.01). The average of the three test values has been normalized to the average of the
three control (predrug) values in each experiment. The overall average control values were 7.9 mV for the peak amplitude and 39%
for the ratio. These values were not significantly different in experiments with high Ca 2�. For the 4-AP experiments, the size of the
symbols is proportional to the amount of broadening of the presynaptic action potential measured from the peak to 10% of peak
on the falling phase. P, Paired; UP, unpaired; Myo, myoglobin; Abd, abdominal ganglion; Botx, botulinum toxin.
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al., 2004). NO is thought to play an important role during syn-
apse formation in a number of systems (Truman et al., 1996;
Cramer et al., 1998; Schwarte and Godfrey, 2004; Sunico et al.,
2005; Zhang et al., 2005) and is required for the rapid formation
of new presynaptic processes (Nikonenko et al., 2003) and clus-
ters of both presynaptic and postsynaptic proteins (Wang et al.,
2005) during long-lasting potentiation in hippocampal neurons.
In preliminary experiments, we observed a similar increase in
clusters of presynaptic proteins during conditioning in the
siphon-withdrawal preparation (I. Antonov, I. Antonova, and
R. D. Hawkins, unpublished observations). Our present results
suggest that NO could play a role in that effect or other structural
changes that may accompany facilitation of the EPSP during con-
ditioning in Aplysia.
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