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In Aplysia, serotonergic neurons are widely activated during sensitization training, but the effects of exogenous serotonin (5-HT) on
reflex circuits vary, inducing short- or long-term synaptic facilitation or synaptic inhibition, depending on the site of application. During
learning, it is possible that specific spatial patterns of 5-HT release evoked by training may produce different phases of sensitization or
behavioral inhibition. To test this hypothesis, we examined the modulation of the tail-induced siphon withdrawal reflex by repeated
noxious stimuli applied to one of three sites: the (1) ipsilateral or (2) contralateral sides of the tail or (3) the head. Ipsilateral tail shock
produced long-term sensitization, whereas contralateral tail shock induced only short-term sensitization, and head shock produced
inhibition. In parallel cellular experiments, tail-nerve shock evoked large 5-HT release localized around the ipsilateral tail sensory
neurons (SNs) and motor neurons (MNs) but only modest 5-HT release in the contralateral pleural-pedal ganglia and in the abdominal
ganglion, in which the siphon MNs are located. Head-nerve shock, in contrast, produced only modest 5-HT release in the pleural, pedal,
and abdominal ganglia. Thus, each training protocol evoked a specific pattern of 5-HT release within the CNS. In addition, we found that
5-HT released in the pleural ganglia was correlated with facilitation of SN–MN synapses; however, in the abdominal ganglion, it was
associated with inhibition of the synapses between identified interneurons (L29s) and siphon MNs (LFSs). Because 5-HT differentially
modulates synaptic efficacy at different synaptic sites, our data can explain how specific spatial patterns of 5-HT release in local modu-
latory fields can contribute to the induction of short- or long-term sensitization or to behavioral inhibition.
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Introduction
Serotonin (5-HT) is a highly conserved neurotransmitter that
modulates complex behaviors across a wide range of species. Un-
derstanding the mechanisms of 5-HT modulation in any given
neuronal network has often proved difficult because of the wide-
spread projections of serotonergic neurons and the multiplicity
of 5-HT receptors. The marine mollusk Aplysia is a useful model
system to address this general question, because it allows the
study of identified neural circuits at the behavioral, cellular, and
molecular levels (Kandel, 1979). In addition, the serotonergic
system of Aplysia presents many homologies with mammalian
species. For example, serotonergic neurons in Aplysia are in-
volved in arousal, feeding, and locomotion (Kupfermann and
Weiss, 1982; Mackey and Carew, 1983; Lloyd et al., 1984; Rosen et
al., 1989; McPherson and Blankenship, 1992; Marinesco et al.,
2004b), like their counterparts in mammals (Veasey et al., 1995,
1997) ( for review, see Jacobs and Fornal, 1999; Meguid et al.,
2000; Siegel, 2004). Moreover, as in the mammalian CNS, sero-

tonergic neurons in Aplysia are tonically active at rest, fire at
relatively low frequencies (usually �1 Hz) (Kupfermann and
Weiss, 1982; Marinesco et al., 2004a), and can release 5-HT in a
paracrine or volumic manner (Marinesco and Carew, 2002a;
Zhang et al., 2003) (for review, see Bunin and Wightman, 1999).

One of the most studied forms of serotonergic modulation in
Aplysia is sensitization of defensive reflexes after noxious stimu-
lation of the tail (Barbas et al., 2003) (for review, see Byrne and
Kandel, 1996). 5-HT is necessary for the induction of sensitiza-
tion (Glanzman et al., 1989), and tail shock increases the firing
rate of a large number of serotonergic neurons (Mackey et al.,
1989; Marinesco et al., 2004a). Moreover, 5-HT is released within
the CNS (Marinesco and Carew, 2002a) and hemolymph (Lev-
enson et al., 1999) in response to noxious stimuli. At the cellular
level, 5-HT can modulate synaptic strength in several different
ways. It facilitates sensory neuron (SN)–motor neuron (MN)
connections through activation of a Gs-coupled receptor
(Brunelli et al., 1976; Mercer et al., 1991; Byrne and Kandel, 1996;
Barbas et al., 2003; Cohen et al., 2003), but also exerts inhibitory
actions at several other synapses (Frost et al., 1988; Fischer and
Carew, 1993; Xu et al., 1995; Storozhuk and Castellucci, 1999;
Bristol et al., 2001). Thus, in the tail-induced siphon withdrawal
(T-SW) reflex, 5-HT can contribute to both sensitization, by fa-
cilitating synaptic transmission from tail SNs, and reflex inhibi-
tion, by inhibiting the excitatory synapses from identified inter-
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neurons (the L29s) to siphon MNs (the LFS neurons) (Bristol et
al., 2001).

In this study, we sought to understand how these different
5-HT modulatory effects are selected during learning. First, we
found that the T-SW reflex can be bidirectionally modulated after
noxious stimuli: it is sensitized for 48 h after ipsilateral tail shock,
sensitized for only 15–30 min in response to contralateral tail
shock, and inhibited in response to head shock. Although all
three of these noxious stimuli increase the firing rate of seroto-
nergic neurons and trigger the release of 5-HT in the CNS, the
spatial pattern of the evoked 5-HT release is different in each case.
Next, using the high temporal and spatial resolution of chrono-
amperometric techniques, we were able to identify steep gradients in
5-HT extracellular concentrations that define local hot spots of max-
imal 5-HT release. Thus, in this reflex circuit, independent regula-
tion of 5-HT release within restricted modulatory fields allows the
CNS to differentiate between different serotonergic release patterns
that, in turn, can give rise to both long-term and transient reflex
sensitization, as well as to reflex inhibition.

Materials and Methods
Animals and preparation of isolated ganglia. Wild-caught adult Aplysia
californica [Marinus (Long Beach, CA) or MREP (Oceanside, CA)]

weighing �250 g were used throughout this
study. Animals were housed in tanks containing
aerated artificial seawater (ASW) kept at 15°C
under a 12 h light/dark cycle. To prepare the
ganglia, animals were first anesthetized by in-
jection of 150 –200 ml of 0.35 M MgCl2 and im-
mediately dissected for removal of the entire
CNS except the buccal ganglion. The ganglia
were then fixed in 0.4% glutaraldehyde for �30
s and desheathed in 50:50 ASW:0.35 M MgCl2 to
expose the neurons. Ganglia were then kept in a
recording chamber at room temperature, con-
tinuously perfused with ASW [(in mM) 460
NaCl, 55 MgCl2, 11 CaCl2, 10 KCl, and 10 Tris].
ASW was buffered to pH 7.6 before use.

Behavioral studies. Behavioral experiments
were performed in the home tanks at 15°C.
Parapodia were surgically removed to directly
visualize siphon contractions. Animals were
anesthetized in ice-cold ASW for 1 h before sur-
gery and left undisturbed for at least 5 d before
behavioral experiments. The siphon with-
drawal reflex was evoked by a mild tactile stim-
ulus applied to the tip of the tail with a water jet
(Teledyne Waterpik, Fort Collins, CO). The
T-SW reflex was induced at a 15 min inter-
stimulus interval (ISI), and the duration of the
siphon withdrawal was measured between wa-
ter jet onset and the first signs of siphon relax-
ation (Sutton et al., 2002). For behavioral train-
ing, animals were placed in a shock box in
which they received electrical shocks and were
allowed to ink for 5–10 s before returning into
their home tank for testing. Electrical shocks
were applied to the head [between anterior ten-
tacles and posterior rhinophores (Fig. 1 A)] or
to the tail (Fig. 1 A, C) with a suction electrode,
using five 2 s trains of current pulses spaced by
5 s (current pulses were 10 ms at 30 mA, applied
at 50 Hz through a constant-current stimulus
isolation unit connected with an S88 stimula-
tor; Grass Medical Instruments, Quincy, MA)
(5 s interval between the beginning of two con-
secutive pulses). We always applied the noxious
training stimuli at a different site from the one

used for testing memory. In particular, when we examined the effects of
ipsilateral tail shock, electrical shocks were applied near the base of the
parapodia, whereas tests were performed near the tip of the tail (Fig. 1C).
Thus, we could exclude the possibility that parts of the skin stimulated
when testing had been injured during training. For control experiments,
a group of animals was placed in the shock box, and the suction electrode
was applied to their skin, but no current was passed. This procedure
produced no significant effect on the T-SW reflex duration (Fig. 1 B). Tail
shock was applied to the right or left side of the animal at random, and the
reflex was tested either ipsilateral or contralateral to the shock.

Previous studies from our laboratory have determined that four tail
shocks spaced by 15 min is a minimal training required for the induction
of robust long-term sensitization (Sutton et al., 2002). For head shock,
we found that five shocks spaced by 15 min were more effective in induc-
ing behavioral inhibition. When we tested four spaced head shocks, be-
havioral inhibition measured 15– 45 min after the end of training was less
pronounced (�15 � 5%; p � 0.01) than after five head shocks (�29 �
5%; p � 0.01) (Fig. 1 B). Throughout the study, behavioral data are
presented as short-term memory (T-SW reflex duration measured 5 min
after the first shock), intermediate-term memory (average of three tests
15, 30, and 45 min after the last shock), and long-term memory (average
of three tests spaced 15 min apart 24 or 48 h after training) (Sutton et al.,
2002). T-SW reflex duration was expressed as the percentage of the base-

Figure 1. T-SW reflex modulation after electrical shocks applied to the tail or to the head. A, Localization of head and tail shocks
and of the site of testing on the tail. B, Effects of tail versus head shock on T-SW reflex. Significant short-, intermediate-, and
long-term sensitization was exhibited after four tail shocks (ISI, 15 min). In contrast, the reflex was inhibited for at least 1.5 h after
five shocks applied to the head and returned to baseline levels 24 h after training. *Significantly different from baseline; #signif-
icantly different from no-shock group (4 tail shocks, n �16; 5 head shocks, n �11; no shock, n �15). C, Localization of ipsilateral
(Ipsi) and contralateral tail shock and of the test site. D, Effects of tail shock on the ipsilateral or contralateral side of the tail. On the
ipsilateral side, significant short-, intermediate-, and long-term sensitization was exhibited, whereas the contralateral T-SW
reflex only showed short-term sensitization. *Significantly different from baseline; #significantly different from contralateral
group (ipsilateral, n � 15; contralateral, n � 10). Error bars respresent SEM. SWR, Siphon withdrawal reflex.
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line response (average of three pretests 10, 25, and 40 min before
training).

Chronoamperometry. Chronoamperometric detection of 5-HT was
achieved as described previously by Marinesco and Carew (2002a,b). In
the isolated CNS, carbon fiber electrodes (7 �m diameter; 300 �m
length) were implanted in the neuropil of abdominal, pedal, or pleural
ganglia. Chronoamperometric pulses consisted of four successive voltage
steps (80 mV for 40 ms, 230 mV for 15 ms, 250 mV for 40 ms, and 400 mV
for 15 ms) applied between the working and reference electrodes at 2 Hz.
Oxidation currents were measured using a VA10 voltammeter (NPI Elec-
tronic, Tamm, Germany) connected to a three-electrode potentiostat.
Serotonin-related oxidation currents were measured as the difference
between the currents measured at the end of the fourth pulse (400 mV)
and the third pulse (250 mV). At the end of the recording, the carbon
fiber electrode was removed from the ganglion and calibrated in a flow
injection chamber with 500 nM 5-HT. The oxidation current obtained
during the calibration was used to estimate the actual 5-HT concentra-
tion in the ganglion.

Staining of serotonergic neurons and immunohistochemistry. In one ex-
periment, we stained serotonergic neurons in living animals using 5,7-
dihydroxytryptamine (5,7-DHT) (Jahan-Parwar et al., 1987; Marinesco
et al., 2004a). For this purpose, animals were injected twice with 10 mg/kg
5,7-DHT dissolved at 5 mg/ml in ASW, at a 1 week interval. Drugs were
administered by intrahemocoel injections through the foot. Animals
were then left undisturbed for 2 months before experimentation. In these
animals, serotonergic cells developed a dark pigmentation that can be
observed in living ganglia under a regular light microscope. To confirm
that these cells were indeed serotonergic, we stained isolated ganglia
using an antibody against 5-HT as described previously (Marinesco et al.,
2004a): the ganglia were fixed overnight with 4% formaldehyde at 4°C
and permeabilized with 4% Triton X-100 (Sigma, St. Louis, MO) in PBS
for 1 h at room temperature. Nonspecific binding was blocked by im-
mersion in 10% goat serum (Jackson ImmunoResearch, West Grove,
PA) with 0.5% Triton X-100 for 1 h before exposure to the rabbit poly-
clonal anti-serotonin antibody (Immunostar, Hudson, WI) at 1:1000 for
1.5–2.5 d at 4°C. Visualization of the primary antibody to 5-HT was
performed with a goat anti-rabbit secondary antibody coupled to cya-
nine 5 (Cy5; dilution, 1:100; 3 h at room temperature; Jackson
ImmunoResearch).

After recording from neurons stained by 5,7-DHT, we injected them
with Neurobiotin using ionophoresis for 45 min to 1 h (�5 nA pulses;
500 ms duration at 1 Hz), to subsequently identify them using confocal
microscopy. Neurobiotin was then revealed using streptavidin coupled
to Alexa Fluor 488 (10 �g/ml overnight at 4°C; Invitrogen, Eugene, OR).

Fluorescence images were acquired with a Bio-Rad confocal micro-
scope (Bio-Rad, Hercules, CA). Excitation was performed at 488 and 647
nm wavelengths by a Kr/Ar mixed-gas laser. We used standard T1/E2
filters with two detection filters of 522/35 nm (green pseudocolor) and
680/32 nm (red pseudocolor). These two wavelengths corresponded to
the fluorescent dyes used in our experiments, Alexa 488 for revealing
Neurobiotin (green) and Cy5 for 5-HT (red).

Intracellular recordings. Neuronal cell bodies in the isolated CNS were
impaled with glass micropipettes (5–15 M�) filled with 3 M KCl. Mem-
brane potential was measured using an Axoclamp 2B amplifier (Molec-
ular Devices, Union City, CA), digitized with an ITC-16 analog-to-
digital/digital-to-analog computer interface (Instrutech, Great Neck,
NY), and recorded on a computer file with customized software written
with Igor Pro 4.03 (WaveMetrics, Lake Oswego, OR). When examining
synaptic transmission, the MN was hyperpolarized to �70 mV to prevent
spiking. We took three tests at 15 min intervals to assess the baseline
amplitude of the evoked EPSP in the MN. For each test, a single action
potential was elicited in the SN (or L29 interneuron), and the resulting
EPSP was measured in the MN. Synapses showing evidence of depression
(i.e., �25% decrease from the mean of the three tests) were discarded
(10 –20% of the synapses). Short-term synaptic facilitation, as measured
5 min after tail-nerve stimulation, was expressed as the percentage in-
crease from the baseline level (average of three pretests). When examin-
ing the effects of ipsilateral tail-nerve shock on SN–MN synaptic trans-
mission, the recorded tail SN fired occasionally. Those cases were

discarded to parallel our behavioral experiments, in which training and
testing were performed on two different sites on the tail (i.e., the tail SNs
activated by testing would not be expected to fire during training). Nerve
shocks were delivered as one 2 s train of 15–20 V pulses at 40 Hz. Such
parameters have already been used for tail-nerve stimulation and provide
a cellular analog of tail shock (Marinesco and Carew, 2002a).

Timing of experiments and seasonal effects. Several biological markers
undergo a marked seasonal rhythm in Aplysia (Redman and Berry, 1991;
Wayne, 2001). We should note that we repeatedly observed that 5-HT
signals are greater when recorded during the fall than during the spring
or summer, whereas other parameters such as duration of 5-HT release,
time to peak, and threshold for nerve stimulation did not appear to vary
(our unpublished observations). Differences in absolute 5-HT concen-
trations observed in experiments performed at different times of the year
likely result from a seasonal variation (see, for example, Fig. 9). In con-
trast, the electrophysiological properties of the serotonergic neurons that
we recorded did not appear to undergo a seasonal variation (i.e., there
was no correlation between basal firing rate or the effects of nerve shocks
and the time of the year). For this reason, electrophysiological recordings
of serotonergic neurons were performed throughout the year with the
exception of August and September, which is the mating season, whereas
5-HT release was mostly studied between October and February. There
was sufficient overlap between the two sets of experiments to allow a
comparison between 5-HT release data and the firing rate of serotonergic
neurons.

Statistics. Data were presented as mean � SEM. Comparisons between
two data groups were performed using the Student’s t test for equal or
unequal variances, as determined by the F test (significance level was p �
0.05). For comparisons between three or more data groups, we used an
ANOVA followed by a least significant difference (LSD) post hoc test
( p � 0.05). Statistics software was the analysis tool pack of Microsoft
Excel 2000 (Microsoft, Redmond, WA) and SPSS for Windows version
10 (SPSS, Chicago, IL).

The basal firing rate of serotonergic neurons was highly variable be-
tween cells and was standardized using the Z-score method (i.e., the
variations in firing rate were expressed as the number of SDs above or
below the mean for each cell that we recorded). Statistical analysis was
performed by an ANOVA followed by an LSD post hoc test.

Results
Effects of tail shock and head shock on the T-SW reflex
Several previous studies have suggested that sensitization in Aply-
sia is not uniformly induced by stimulation anywhere on the
body surface. Rather, stimulation of sites close to the training site
is typically the most likely to induce sensitization (Scholz and
Byrne, 1987; Erickson and Walters, 1988; Illich et al., 1994; Wain-
wright et al., 2002). To explore this feature of behavioral plasticity
and, eventually, to understand how 5-HT contributes to it, we
examined the modulation of the T-SW reflex by electrical stimu-
lation of three sites on the body: (1) the ipsilateral side of the tail,
which is close to the site used for testing the T-SW reflex, (2) the
contralateral side of the tail, and (3) the head. We first compared
the effects of tail shock to those of head shock. Electrical shocks
were applied as shown in Figure 1A. Confirming previous results
(Sutton et al., 2002), four tail shocks spaced by 15 min produced
the following: (1) robust short-term memory for sensitization
(�74 � 21%; n � 16; p � 0.01, measured 5 min after the first
shock), (2) intermediate-term memory (�67 � 13%; p � 0.01,
average measurements 15– 45 min after the last shock), and (3)
long-term memory (�71 � 10%; p � 0.01, 24 h after training).

Although head shock induced defensive responses such as
inking, retraction, and locomotion, which were qualitatively sim-
ilar to those evoked by tail shock, its effects on the T-SW reflex
were very different. Five repeated head shocks produced robust
inhibition of the T-SW reflex. Five minutes after the first shock,
the T-SW reflex was inhibited (�25 � 4%; n � 11; p � 0.01) (Fig.
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1B). After the fifth shock, behavioral inhibition was even greater
(�29 � 5%; n � 11; p � 0.01). Inhibition was reflected by sig-
nificantly shorter T-SW reflex responses compared both to base-
line and to controls that received no shock (Fig. 1B). This inhi-
bition was no longer observed 1 d after training (Fig. 1B).

We also compared the effects of ipsilateral and contralateral
tail shocks by applying electrical stimulation to one side of the tail
(Fig. 1C). Interestingly, a single contralateral or ipsilateral tail
shock produced similar short-term sensitization, as measured 5
min after the first shock (ipsilateral: �29 � 10%, n � 15, p �
0.02; contralateral, �28 � 8%, n � 10, p � 0.01). In the inter-
mediate time range (15– 45 min after training), four spaced ipsi-
lateral tail shocks produced significant sensitization (�56 � 8%;
n � 15; p � 0.01). After four contralateral shocks, however, no
significant enhancement in the duration of the T-SW reflex was
exhibited (�11 � 7%; n � 10; p � 0.1) (Fig. 1D). Consistent with
the observations of Wainwright et al. (2002), ipsilateral tail shock
induced significant long-term memory measured 24 and 48 h
after training (�40 � 10%, p � 0.01 and �31 � 12%, p � 0.01,
respectively; n � 15), but contralateral tail shock did not (�19 �
11%, p � 0.06 and �5 � 6%, p � 0.92, respectively; n � 10).

These data confirm the view that sensitization is best induced
in areas of the body close to the site of training: ipsilateral tail
shock produced maximal short-term, intermediate-term, and
long-term sensitization, whereas contralateral tail shock pro-
duced only short-term sensitization. In contrast, head shock pro-
duced inhibition of the T-SW reflex. Thus, these results also show
that the T-SW reflex can be bidirectionally modulated by noxious
stimuli, depending on the site of training.

Modulation of identified synaptic sites
To explore the cellular mechanisms underlying the differences we
observed in behavioral modulation induced by noxious stimula-
tion of different sites of the body, we examined the effects of
cellular analogs of ipsilateral tail shock, contralateral tail shock,
and head shock at two identified synaptic sites: (1) the tail
SN–MN connection and (2) the L29 –siphon MN connection
(Fig. 2). We applied electrical stimulation to the ipsilateral or
contralateral tail nerve (P9) as a cellular analog of ipsilateral or
contralateral tail shock, and we stimulated a head nerve (anterior
tentacular nerve) to mimic head shock (Fig. 2A). The neuronal
circuit underlying the T-SW reflex involves (1) the tail SNs, (2)
the siphon LFS motor neurons, and (3) a number of interneurons
(INs) located in the pleural and abdominal ganglia. Several of
these interneurons have been identified (Fig. 2B) (Cleary et al.,
1995; Frost and Kandel, 1995; Barbas et al., 2003), but the inter-
neuronal circuit is not yet fully characterized. In our cellular
studies, we first examined the well identified tail SN–MN syn-
apses (Fig. 2B, site 1) (Cleary et al., 1998; Purcell et al., 2003). We
also examined an important source of excitation to the siphon
MNs, the abdominal L29 interneurons (Fig. 2B, site 2). Each of
these four to five neurons can convey up to 40% of the tail-evoked
excitation to the LFS neurons (Hawkins and Schacher, 1989; Fi-
scher and Carew, 1993). Thus, to begin to explore synaptic con-
tributions to the behavioral plasticity that we observe (Fig. 1), we
studied the effects of ipsilateral and contralateral tail-nerve shock
and head-nerve shock on both tail SN–MN and L29 –LFS syn-
apses (Fig. 2B).

Activation of the tail SN–MN synapses (Fig. 2B, site 1) was
very different after ipsilateral tail-nerve, contralateral tail-nerve,
or head-nerve shock (Fig. 3A–C). None of the three shocks pro-
duced action potentials in tail SNs (see Materials and Methods).
Tail MNs, however, responded very differently to the different

stimuli. They fired a burst of action potentials in response to
ipsilateral tail-nerve shock, whereas they were hyperpolarized by
contralateral tail-nerve shock (Fig. 3A,B). Head shock usually
produced a slight subthreshold depolarization (Fig. 3C) or no

Figure 2. Cellular analysis of the modulation of the T-SW reflex. A, Schematic representation
of the Aplysia CNS. We used an electrical stimulation (Stim) of the anterior tentacular nerve
(head nerve) to mimic the effects of head shock and stimulated the ipsilateral or contralateral P9
(tail nerve) as a cellular analog of ipsilateral or contralateral tail shock. B, Schematic represen-
tation of the putative neuronal circuit underlying the T-SW reflex. A tactile stimulation of the tail
activates tail SNs that contact tail MNs and INs located in the pleural ganglion. These interneu-
rons contact other interneurons in the abdominal ganglion, some of which have been identified
as the L29 subtype. Both L29s and other abdominal interneurons transmit excitation to LFS
motor neurons that contribute to siphon retraction (Cleary et al., 1995; Frost and Kandel, 1995;
Barbas et al., 2003).
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effect. In examining synaptic plasticity, ip-
silateral tail-nerve stimulation produced
maximal facilitation of tail SN–MN syn-
apses 5 min after the shock (�147 � 19%;
n � 7; p � 0.01). Contralateral tail-nerve
shock produced less robust facilitation
(�52 � 12%; n � 6; p � 0.01) that was
significantly reduced compared with ipsi-
lateral tail-nerve shock ( p � 0.01) (Fig.
3D). Finally, head-nerve shock did not in-
duce any significant change in EPSP size
(�21 � 19%; n � 6; p � 0.1) (Fig. 3D).

We also determined the effects of com-
parable tail-nerve and head-nerve shock
on L29 –LFS synapses (Fig. 2B, site 2).
There are two subtypes of L29 interneu-
rons: the L29A type is more responsive to
head stimuli, whereas the L29B type fires
preferentially in response to tail/siphon
stimuli (Hawkins and Schacher, 1989). Be-
cause they contribute more to the T-SW
reflex, we specifically focused on the L29Bs,
which can be found laterally on the right
abdominal hemiganglion (Hawkins and
Schacher, 1989; Frost and Kandel, 1995).
The L29 interneurons that we selected
fired more intensely in response to tail-
nerve shock than to head-nerve shock,
confirming that they belonged to the L29B

subtype (Fig. 4A,B). The siphon LFS MNs
also tended to fire somewhat more action
potentials in response to tail-nerve shock
than head-nerve shock (Fig. 4A,B), in
agreement with the behavior of intact ani-
mals, in which tail shock typically pro-
duces a flaring siphon response involving
LFSs, whereas head shock produces a con-
stricting response that is thought to rely on
other subtypes of siphon MNs (LBS and
RDS subtypes) (Hickie and Walters,
1995). In agreement with previous studies
(Fang and Clark, 1996), L29 –LFS synapses
were facilitated in response to tail-nerve
shock (�43 � 8%; n � 6; p � 0.01). There
was no difference between electrical
shocks applied to the left or the right tail
nerve (right tail nerve, �44 � 15%; left tail
nerve, �43 � 12%; n � 3; p � 0.92), con-
firming previous data (Hawkins and
Schacher, 1989; Fang and Clark, 1996). In
contrast, L29 –LFS synapses were inhibited
in response to head-nerve shock (�38 �
8%; n � 7; p � 0.01) (Fig. 4B,C).

Although there certainly are additional
neuronal elements that could also contrib-
ute to the modulation of the T-SW reflex
by head or tail shock, synaptic plasticity at
tail SN–MN and L29 –LFS synapses corre-
sponded well with the behavioral data ob-
served in intact animals. First, head-nerve
shock inhibited L29 –LFS synapses and did
not significantly change tail SN–MN con-
nections, which is in good agreement with

Figure 3. Tail SN–MN synaptic plasticity in response to ipsilateral tail-nerve, contralateral tail-nerve, or head-nerve shock. A–C,
Sample traces of tail SN–MN synapses before, during, and 5 min after nerve shock. AT, Anterior tentacular nerve. D, Effects of ipsilateral
(Ipsi) tail-nerve, contralateral (Contra) tail-nerve, and head-nerve shock. Synaptic facilitation was maximal after ipsilateral tail-nerve
shock. Significant facilitation was also present contralateral to tail-nerve stimulation. However, no significant facilitation was found after
head shock (Ipsi tail nerve, n � 7; Contra tail nerve, n � 6; head nerve, n � 7). *Significantly different from baseline. #Significant
difference between Ipsi tail-nerve and Contra tail-nerve (and head-nerve) shock. Error bars represent SEM.
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the observed behavioral inhibition. Second, contralateral tail-
nerve shock facilitated L29 –LFS synapses and induced modest
facilitation of tail SN–MN connections, in accordance with mod-
est, transient sensitization in behavioral experiments. Third, ip-
silateral tail-nerve shock facilitated L29 –LFS synapses and pro-
duced robust facilitation at tail SN–MN connections, consistent
with maximal sensitization in intact animals.

Effects of tail and head-nerve shocks on the firing rate of
serotonergic neurons
Serotonergic neurons have been implicated in both sensitization
(Brunelli et al., 1976; Glanzman et al., 1989; Mackey et al., 1989;

Marinesco and Carew, 2002a) and behav-
ioral or synaptic inhibition (Fitzgerald and
Carew, 1991; Bristol et al., 2001; Mari-
nesco et al., 2004b). To understand the
contribution of the serotonergic system to
the modulation of the T-SW reflex by ipsi-
lateral tail shock, contralateral tail shock,
or head shock, we recorded the activity of
these cells after they were prelabeled with
5,7-DHT. In a previous study, we showed
that after �2 months, 5,7-DHT adminis-
tration produces a dark brown pigmenta-
tion that colocalizes with 5-HT immuno-
reactivity (Marinesco et al., 2004a). Using
this method, we could identify and record
from serotonergic neurons within the
pedal and abdominal ganglia. An example
of such recordings is shown in Figure 5B.
The neurons from which we recorded were
always injected with Neurobiotin at the
end of the recording and processed for
5-HT immunohistochemistry (see Materi-
als and Methods) to confirm their seroto-
nergic phenotype (Fig. 5A1–A3). We con-
tinuously recorded from a total of 10 cells
(seven in the pedal ganglion and three in
the right B cluster of the abdominal gan-
glion) from at least 10 min before until 25
min after tail- or head-nerve shock. The
firing rate (in spikes per 1 min bin) of the
neuron was then computed and standard-
ized (Z-score; see Materials and Methods)
to its baseline level before shock (Fig. 6).

We should note that many of the neu-
rons that we recorded [such as the
parapodia-opener phase-like (POP-like)
neuron in Fig. 5] project to the periphery.
However, they may still be able to modu-
late the T-SW reflex either by releasing
5-HT within the CNS by en-passant bou-
tons or by modulating the terminals or
neuromuscular junctions of sensory neu-
rons at the periphery (Billy and Walters,
1989; Lotshaw and Lloyd, 1990; Laurienti
and Blankenship, 1997).

Both tail- and head-nerve shock signif-
icantly increased the firing rate of all of the
serotonergic neurons from which we re-
corded (tail-nerve shock: Z-score �
19.7 � 4.8, p � 0.01; head-nerve shock:
Z-score � 6.1 � 1.2; p � 0.01) (Fig. 6A).

Because there was no difference between the response of pedal
and abdominal serotonergic neurons to head- or tail-nerve
shock, we pooled the data obtained from these two ganglia. The
increase in firing rate lasted �8 min in both cases. However,
tail-nerve shock produced a significantly larger increase in firing
rate than head-nerve shock ( p � 0.05 during 2 min after shock)
(Fig. 6A). In a previous study (Marinesco et al., 2004a), we sim-
ilarly recorded the response of prelabeled serotonergic neurons in
the same areas. Among the cells from which we recorded, 26 were
tested for input from both ipsilateral and contralateral tail-nerve
shock. Their responses to ipsilateral or contralateral tail-nerve
shock were not analyzed in the previous study. When standard-

Figure 4. L29 –LFS synaptic plasticity in response to head-nerve and tail-nerve shocks. A, B, Sample traces of L29 –LFS
synapses before, during, and 5 min after tail-nerve (A) or head-nerve shock (B). L29 neurons fired a train of action potentials only
in response to tail-nerve shock. C, Mean EPSP amplitude in response to head-nerve or tail-nerve shock. Tail-nerve shock facilitated
L29 –LFS synapses, whereas head-nerve shock inhibited them. *Significantly different from baseline. #Significant difference
between tail-nerve and head-nerve shock. Error bars represent SEM.
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izing and comparing the effects of both tail-nerve shocks in these
26 neurons, we found a very similar increase in firing rate: ipsi-
lateral Z-score � 13.2 � 2.1, p � 0.01; contralateral Z-score �
15.9 � 2.7, p � 0.01 (Fig. 6B).

These results indicate that the firing rate of serotonergic neu-
rons is differentially regulated by head-nerve shock or tail-nerve
shock. However, these differences cannot fully account for the
modulation of the T-SW reflex observed in intact animals, be-
cause ipsilateral and contralateral tail shocks induced sensitiza-
tion with very different amplitudes and time courses (Fig. 1C,D),
despite quite similar effects of both ipsilateral and contralateral
nerve shock on the electrical activity of serotonergic neurons (Fig.
6B).

Nerve shocks evoke distinct patterns of 5-HT release in
the CNS
Considering the dissociation between 5-HT neurons firing rates,
which seem rather uniformly increased by ipsilateral or con-
tralateral tail-nerve shock, and the differential behavioral effects
that we observed, we reasoned that it may be possible that 5-HT
modulation of the T-SW reflex relies on specific patterns of 5-HT
release that could not be directly estimated from the firing rate of
the serotonergic cell bodies from which we recorded. To explore

this possibility, we used carbon fiber microelectrodes, which we
have shown can readily detect 5-HT release within Aplysia ganglia
(Marinesco and Carew, 2002a,b). To better understand the sero-
tonergic contribution to the modulation of the T-SW reflex, we
measured the variations of the 5-HT extracellular concentration
in response to ipsilateral and contralateral tail-nerve shock and
head-nerve shock (1) in the pleural ganglion, in the vicinity of tail
SN cell bodies, (2) in the pedal ganglion, close to tail SN–MN
synapses, and (3) in the abdominal ganglion, near the siphon MN
cell bodies.

5-HT release was detected by implanting our electrodes un-
derneath the tail SNs in the pleural ganglion (see Fig. 9A1) or
underneath the tail MNs in the pedal ganglion. The 5-HT release
profile in the pleural and pedal ganglia was very similar and
reached similar concentrations (Fig. 7B,C) for each nerve that we
stimulated (ipsilateral or contralateral tail nerve or head nerve).
5-HT release was maximal after ipsilateral tail-nerve shock and
reached a peak concentration after 4 – 6 s of �88 � 18 nM in the

Figure 5. Effects of head-nerve versus tail-nerve shock on the firing rate of an identified
serotonergic neuron. A1–A3, Immunohistochemical characterization of two serotonergic neu-
rons in the pedal ganglion (A1, Neurobiotin staining; A2, 5-HT immunoreactivity; A3, overlay).
Scale bars, 100 �m. B, Intracellular recording of one serotonergic neuron (arrow in A). Record-
ing is shown between 2 min before and 5 min after tail-nerve (top trace) or head-nerve shock
(bottom trace). The bursting pattern of this neuron, as well as its localization within the pedal
ganglion, is typical of a POP-like neuron. C, Firing rate (in spikes per 1 min bin) during the entire
duration of the recording. The increase in firing rate is more pronounced after tail-nerve shock
than after head-nerve shock.

Figure 6. Average effects of electrical stimulation of head nerve, ipsilateral tail nerve, or
contralateral tail nerve on the firing rate of serotonergic neurons in the pedal and abdominal
ganglia. A, Comparison between head-nerve shock and tail-nerve shock in 10 serotonergic
neurons. Tail-nerve and head-nerve shock both significantly elevated the firing rate of all of the
recorded serotonergic neurons. This elevation was significantly more pronounced after tail-
nerve shock than after head-nerve shock during the first 2 min after shock (pink shaded area). B,
Comparison between ipsilateral (Ipsi) and contralateral (Contra) tail-nerve shock in 26 seroto-
nergic neurons. Both nerve shocks significantly elevated the firing rate of serotonergic neurons,
without any significant difference between ipsilateral and contralateral tail-nerve shock. *Sig-
nificant difference compared with preshock values; #significant difference between head-nerve
and tail-nerve shock ( p � 0.05). Error bars represent SEM.
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pleural ganglion and 62 � 14 nM in the pedal ganglion (n � 7 and
6, respectively) (Fig. 7). In contrast, only modest 5-HT release
was detected in response to contralateral tail-nerve shock or
head-nerve shock (23 � 8 and 25 � 6 nM, respectively, in the
pleural ganglion; 10 � 4 and 27 � 10 nM, respectively, in the
pedal ganglion) (Fig. 7). Statistical analysis revealed a significant
difference between ipsilateral tail-nerve shock and contralateral
tail-nerve or head-nerve shock [pleural: p � 0.01 ipsilateral vs
contralateral and ipsilateral vs head, not significant (NS) head vs
contralateral; pedal: p � 0.01 ipsilateral vs contralateral, p � 0.05
ipsilateral vs head, NS head vs contralateral].

The 5-HT release profile in the abdominal ganglion, deter-
mined by detecting 5-HT release in the vicinity of siphon MNs
(LFSs) and SNs (LEs) (see Fig. 9B1), was similar to that observed
in the pleural and pedal ganglia: it peaked 4 – 6 s after the stimu-
lation and returned to baseline levels in 30 – 40 s (Fig. 8A). We
first measured 5-HT release in response to ipsilateral and con-
tralateral tail-nerve shock (n � 9). In contrast to data obtained in
the pleural and pedal ganglia, 5-HT release was similar in both
cases: 25 � 1 nM for left tail-nerve shock and 24 � 2 nM for right
tail-nerve shock (Fig. 8B). In a second set of experiments, we
compared 5-HT release evoked by left tail-nerve shock (28 � 4
nM; n � 7), head-nerve shock (22 � 4 nM; n � 7), or siphon-nerve
shock (155 � 23 nM; n � 7) (Fig. 8C). By analogy with the pleural
ganglion, in which tail-nerve shock triggered maximal 5-HT re-
lease near tail SNs or MNs (which both project to the tail nerve),
we reasoned that siphon nerve might evoke maximal 5-HT re-

lease in the vicinity of siphon SNs or MNs (LEs and LFSs). Indeed,
siphon-nerve shock produced significantly more 5-HT release
than the other two stimuli ( p � 0.01).

These data show that, although ipsilateral and contralateral
tail-nerve shock, as well as head-nerve shock, increase the firing
rate of a large number of serotonergic neurons, the spatial pattern
of 5-HT release is different among the three stimuli that we stud-
ied. Most strikingly, ipsilateral and contralateral tail-nerve shock
produced similar effects on the firing rate of serotonergic neu-
rons but induced different patterns of release in the CNS. In
addition, the duration of 5-HT release (30 – 40 s) was much
shorter than the duration of increased firing rate in our sample of
serotonergic neurons. Therefore, the firing rate of a large popu-
lation of serotonergic neurons is not sufficient to accurately pre-
dict the pattern of 5-HT release in the CNS.

Local modulatory fields of 5-HT release
Taking advantage of the high spatial resolution of our carbon-
fiber microelectrodes, we next investigated the spatial organiza-
tion of 5-HT release in the pleural and abdominal ganglia. We
first implanted our microelectrodes near the tail SN cell bodies, in
the pleural ganglion (Fig. 9A1, field 1). We then removed the tip
of the electrode from the ganglion and implanted it again �500
�m more rostral, near the area in which the pleural-abdominal
connective originates (Fig. 9A1, field 2). Tail-nerve shock pro-
duced maximal 5-HT release in field 1 (48 � 8 nM) (Fig. 9A2,A3)
and significantly less in field 2 (19 � 4 nM; p � 0.01) (Fig.
9A2,A3). This decrease was not attributable to run down of the
microelectrode or the preparation, because when we reposi-
tioned the microelectrode in field 1 again, we recorded 5-HT
signals that were not significantly different from the first record-
ing (59 � 19 nM; n � 6) (Fig. 9A2,A3). These data are similar to
those we obtained in the pedal ganglion in a preceding study
(Marinesco and Carew, 2002a), which showed that 5-HT release
was maximal in the vicinity of tail MNs and undetectable 500 �m
more caudal.

Figure 7. Differential effects of head-nerve, ipsilateral tail-nerve, and contralateral tail-
nerve shocks on 5-HT release in the pleural and pedal ganglia. A, Example of chronoampero-
metric traces showing 5-HT release (gray shaded area) after ipsilateral (Ipsi) tail-nerve, con-
tralateral (Contra) tail-nerve, and head-nerve shock. B, 5-HT release was maximal after
ipsilateral tail-nerve shock but significantly lower after contralateral tail-nerve or head-nerve
shock (pleural, n � 7; pedal, n � 6). *Significant difference compared with Contra tail-nerve
shock and head-nerve shock. Error bars represent SEM.

Figure 8. 5-HT release in the abdominal ganglion. A, Example of chronoamperometric
traces showing 5-HT release (gray shaded area) after head-nerve, tail-nerve, and siphon-nerve
shock. B, 5-HT release was equally low after left or right tail-nerve shock. C, 5-HT release
was maximal after siphon-nerve shock but significantly lower after tail-nerve or head-
nerve shock (n � 7). *Significant difference compared with head- and tail-nerve shock.
Error bars represent SEM.
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We performed a similar experiment in the abdominal gan-
glion, by implanting our electrodes near siphon MNs, in the cau-
dal portion of the right hemiganglion (Fig. 9B1, field 1) and �1
mm more rostral (Fig. 9B1, field 2). Siphon-nerve shock pro-
duced maximal 5-HT release in field 1 (179 � 11 nM) (Fig.
9B2,B3) but evoked significantly less 5-HT release in field 2 (83 �
7 nM; p � 0.01) (Fig. 9B2,B3). As above, larger 5-HT signals were
recorded when we implanted the electrode again in field 1 (140 �
2 nM; n � 6; p � 0.07, ANOVA; p � 0.04, Student’s t test) (Fig.
9B2,B3). The difference in absolute 5-HT concentrations esti-
mated in the pleural and abdominal ganglia is probably attribut-
able to seasonal differences in 5-HT release (see Materials and
Methods).

These data indicate that 5-HT release is not uniform within a
single ganglion. Rather, steep concentration gradients can be
generated between areas separated by as little as 500 �m to 1 mm.
These gradients define hot spots of maximal 5-HT release, or
modulatory fields (Marinesco and Carew, 2002a), that can ac-
count in principle for the fact that global firing of 5-HT neurons
in response to noxious input can give rise to quite local modula-
tory events. Thus, depending on the site of the input, qualitatively
similar activation of 5-HT neurons can give rise to different
forms of behavioral and synaptic modulation.

Discussion
In this paper, we provide evidence for surprisingly restricted se-
rotonergic hot spots or modulatory fields generated in response
to neural analogs of the noxious stimuli that are typically used to
induce memory for sensitization in Aplysia. These local gradients
in extracellular 5-HT concentration suggest that, despite wide-
spread firing of serotonergic neurons in response to noxious in-
put, 5-HT release is regulated by local mechanisms and that the
serotonergic system is capable of independently modulating dif-
ferent synaptic sites within a neural circuit. At the behavioral
level, this finding can, in principle, explain why 5-HT can con-
tribute to short-term (contralateral tail shock) or long-term sen-
sitization (ipsilateral tail shock) or behavioral inhibition (head
shock) after noxious stimuli applied to different sites on the body.

Local patterns of 5-HT release
The fact that 5-HT release is not uniform within the CNS has
been suggested by experiments in several invertebrate models.
For example, in the Aplysia and leech CNS, exogenous applica-
tion of 5-HT is not always equivalent to stimulation of endoge-
nous 5-HT release (Fox and Lloyd, 1998; Marinesco et al., 2004b;
Calvino et al., 2005). These data supported the inference that
exogenous 5-HT, even in physiological concentrations, can acti-
vate receptors that are not a natural target of 5-HT when it is
endogenously released (for example, by nerve stimulation). This
in turn suggests that 5-HT is not released in equal amounts
throughout the CNS. In the present study, using the high spatial
and temporal resolution of chronoamperometric techniques, we
were able to quantify these disparities in 5-HT release. We found
sharp differences in extracellular 5-HT concentrations within a
few hundred micrometers in the neuropil of pleural and abdom-
inal ganglia, extending our previous findings that revealed similar
gradients in the pedal ganglion (Marinesco and Carew, 2002a).

In the two modulatory fields that we investigated, one in the
pleural ganglion and the other in the abdominal ganglion, 5-HT
release was regulated independently: in the pleural ganglion, tail-
nerve shock produced maximal 5-HT release near the tail SNs,
but in the abdominal ganglion, the same input evoked only mod-
erate release. Interestingly, we could record 5-HT signals of the
same magnitude in both modulatory fields (after siphon-nerve
shock in the abdominal ganglion and after ipsilateral tail-nerve
shock in the pleural ganglion). This result shows that the differ-
ences in extracellular 5-HT concentrations between these two
areas are not attributable to disparities in the density of 5-HT
release sites but rather that both areas are innervated by seroto-
nergic fibers with equal potential for 5-HT release.

What are the mechanisms responsible for these local hot spots
of 5-HT release? Our recordings of prelabeled serotonergic neu-
rons showed that they increased their firing rate in a rather uni-
form manner to the different nerve shocks that we tested. How-
ever, this aspect of serotonergic activation is not sufficient to
account for the differences in 5-HT release that we measured in
the pleural and pedal ganglia for three reasons: (1) ipsilateral and
contralateral tail-nerve shock produce the same increase in firing
rate but give rise to different 5-HT release profiles in the pleural
and pedal ganglia, (2) the increase in firing rate significantly out-
lasts the increased 5-HT release detected in the ganglia (8 min vs
40 s), and (3) although tail-nerve shock produced significantly
more firing in 5-HT neurons throughout the CNS, extracellular
5-HT concentration was enhanced only in discrete modulatory
fields centered around tail SNs and MNs. It is not possible to
record exhaustively from all serotonergic neurons in the Aplysia
CNS, and thus, we cannot exclude the possibility that specific

Figure 9. Functional organization of 5-HT release. Location of the modulatory fields (in red)
in which 5-HT release was detected (A1, pleural ganglion; B1, abdominal ganglion). A2, B2,
Sample traces of 5-HT signals recorded in the pleural and abdominal ganglia, respectively.
Insets, Calibration experiments performed in a 5-HT standard solution at 200 nM (A2) or 500 nM

(B2). A3, B3, Mean 5-HT release detected in the two different modulatory fields within the
pleural and abdominal ganglia. 5-HT release was maximal in the vicinity of tail SNs in the pleural
ganglion and close to the LFS siphon MNs in the abdominal ganglion (n � 6 pleural and
abdominal). VC, Ventrocaudal. *Significant difference between fields 1 and 2. Error bars repre-
sent SEM.
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5-HT neurons increase their firing for only 40 s. Some of them
could project to tail SNs in the pleural ganglion and respond only
to tail-nerve shock, whereas others would innervate siphon MNs
in the abdominal ganglion and respond only to siphon-nerve
shock. Although such an anatomical organization could in prin-
ciple produce modulatory fields similar to those revealed in the
present study, it does not seem compatible with the notion that
pleural and abdominal ganglia mostly share common 5-HT in-
puts that originate from CC3/CB1 neurons in the cerebral gan-
glion (Mackey et al., 1989; Wright et al., 1995; Xin et al., 2001).

A more parsimonious explanation would be that 5-HT release
is modulated by neurotransmitters acting locally on serotonergic
fibers. In our system, presynaptic modulation of 5-HT release
could be exerted by primary SN terminals. Indeed, in the two
Aplysia ganglia that we investigated, 5-HT release was maximal in
the vicinity of the terminals originating from primary SNs whose
axons project in the stimulated nerve. In the modulatory field
that we studied in the abdominal ganglion, siphon SNs (LEs) lie
in close proximity to the siphon MNs (Fig. 9B1) (Frost and Kan-
del, 1995; Illich and Walters, 1997). In this area, 5-HT release was
maximal after siphon-nerve shock, which activates LE siphon
SNs. Similarly, after tail-nerve shock, areas surrounding tail SN
terminals ipsilateral to the stimulation (pleural and pedal gan-
glia), which are activated by the shock, were the only serotonergic
hot spots that we observed. Therefore, there is a strong correla-
tion between primary SN activation and amplification of 5-HT
release. In addition, using confocal microscopy, Zhang et al.
(2003) showed contacts between tail SNs and serotonergic fibers.
Primary SNs therefore appear to be in an ideal position to mod-
ulate or trigger 5-HT release locally through axo-axonic contacts.
This organization would allow primary SNs that are strongly ac-
tivated by noxious stimuli to directly trigger 5-HT release onto
themselves and their neighbors, thereby increasing their excit-
ability, facilitating their synaptic contacts, and eventually, sensi-
tizing their reflex pathways.

Interestingly, Zhang et al. (2003) also determined that seroto-
nergic processes usually make contact with SNs or MNs at sites
located at a distance from SN–MN synapses. They proposed that
serotonergic transmission in this area is essentially volumic or
paracrine (i.e., 5-HT travels over distances of a few hundred mi-
crometers before reaching its postsynaptic targets) [for review on
paracrine transmission, see Bunin and Wightman (1999)]. This
anatomical configuration would make serotonergic transmission
extremely sensitive to reuptake mechanisms. Rapid 5-HT re-
uptake along the diffusion path could create a nonlinear relation-
ship between the extracellular 5-HT concentration and the firing
rate of serotonergic neurons (i.e., significant 5-HT spillover is
only observed for high firing rates). Therefore, the increase in
extracellular 5-HT concentration detected in response to nerve
shock (lasting 30 – 40 s), could reflect the peak of the increase in
the firing rate of serotonergic neurons (otherwise lasting a total of
8 min). Alternatively, it is possible that 5-HT release quickly di-
minishes because of depletion of the releasable pool, despite con-
tinued firing of serotonergic neurons.

Serotonergic regulation of behavioral and synaptic plasticity
In the defensive reflexes of Aplysia, 5-HT exerts both sensitizing
effects (Brunelli et al., 1976; Castellucci and Kandel, 1976;
Glanzman et al., 1989) and inhibitory effects (Fitzgerald and
Carew, 1991). This complex regulation is probably mediated by
multiple 5-HT receptors with diverse ionic and biochemical ef-
fects (Barbas et al., 2003). Our data indicate that three noxious
stimuli that activate serotonergic neurons and evoke 5-HT re-

lease in the CNS (ipsilateral tail shock, contralateral tail shock,
and head shock) induce diverse effects on the T-SW reflex, rang-
ing from sensitization to net behavioral inhibition. Serotonergic
modulation appears to participate in the neural encoding of these
input pathways, at least at the level of tail SNs and L29 interneu-
rons. Because 5-HT facilitates SN–MN synapses (Brunelli et al.,
1976; Mercer et al., 1991) and inhibits L29 –LFS synapses (Bristol
et al., 2001), and because it is released in the vicinity of tail SNs
and L29s, it is likely to be responsible for the facilitation of
SN–MN synapses and the inhibition of L29 –LFS synapses that we
have observed here. Based on all of these data, we propose the
following mechanistic model in a simplified neural circuit repre-
senting the T-SW reflex circuit (Fig. 10). The model is comprised

Figure 10. Simplified circuit of the tail-induced siphon-withdrawal reflex and its modula-
tion by sensitizing or inhibitory stimuli. In the T-SW reflex, tactile information from the tail is
transmitted to tail SNs and processed by several INs toward the LFS siphon MNs, which are
responsible for siphon withdrawal. Tail SNs make excitatory synapses onto tail MNs and onto as
yet unidentified pleural INs. These INs then contact L29 interneurons and other abdominal INs,
which process the information in parallel. L29 INs make excitatory synapses onto LFS siphon
MNs. 5-HT has different effects on synaptic efficacy within this circuit. In the pleural-pedal
ganglia, it facilitates SN–MN synapses (and probably SN–IN synapses), whereas it inhibits
L29 –LFS synapses in the abdominal ganglion. 5-HT is released in the pleural-pedal and abdom-
inal ganglia at different concentrations depending on the body site at which noxious stimula-
tion occurs. A, Head shock releases low amounts of 5-HT (indicated by yellow modulatory fields)
in both the pleural-pedal ganglia and the abdominal ganglion, resulting in inhibition of L29 –
LFS synapses and behavioral inhibition. B, Contralateral tail shock also induces low 5-HT release
(yellow modulatory fields) but activates L29 interneurons, resulting in PTP at L29 –LFS synapses
and short-lasting behavioral sensitization. C, Ipsilateral tail shock induces a large 5-HT release
(indicated by red modulatory fields) in the pleural and pedal ganglia, resulting in the facilitation
of synapses between SNs and the postsynaptic targets of 5-HT. Synaptic facilitation in the
pleural and pedal ganglia and PTP at L29 –LFS synapses produce longer-lasting behavioral
sensitization. Thus, each of the three noxious stimuli that we tested result in different spatial
patterns of 5-HT. This local regulation of 5-HT release within modulatory fields allows specific
encoding of sensitization or inhibition in response to noxious stimuli.
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of two neuronal cell types (tail SNs and L29 interneurons) as well
as additional unidentified interneurons, which contribute to se-
rial or parallel processing of the tactile information from the tail.
In this model circuit (1) head shock induces moderate 5-HT
release (Fig. 10A, yellow modulatory field) in the pleural, pedal,
and abdominal ganglia. This release is sufficient to inhibit L29 –
LFS synapses (Bristol et al., 2001) but does not facilitate tail SN
connections, thus producing overall inhibition of the T-SW re-
flex. (2) After contralateral tail shock, similar moderate levels of
5-HT extracellular concentrations are evoked (Fig. 10B, yellow
fields) in the pleural, pedal, and abdominal ganglia. However,
L29 interneurons fire a burst of action potentials during the stim-
ulation, which produces post-tetanic potentiation (PTP) at their
synapses with LFS siphon MNs (Frost et al., 1988). PTP at L29 –
LFS synapses can overcome 5-HT-induced inhibition and result
in overall facilitation of the synapse (Bristol et al., 2001). Surpris-
ingly, tail SN connections also showed modest, short-lasting fa-
cilitation. The mechanisms mediating this modest facilitation are
still unknown. Overall, the combined effect of such synaptic
modulation would result in moderate, short-lasting sensitization
of the T-SW reflex. (3) Ipsilateral tail shock releases large 5-HT
concentrations in the local modulatory field surrounding tail SN
cell bodies and synapses and produces robust, long-lasting facil-
itation of their synapses with follower interneurons (inferred by
our recordings of SN–MN synapses) (Fig. 10C). This facilitated
interneuronal activity is postulated to provide excitatory drive to
L29 interneurons. Noxious stimulation of the tail also facilitates
L29 –LFS synapses (as in 2), thereby further enhancing the reflex
response. Overall, these effects would result in more robust and
longer-lasting sensitization of the T-SW reflex.

The T-SW reflex circuit is composed of many more neurons
than tail SNs and L29 interneurons (Frost and Kandel, 1995;
Barbas et al., 2003) (for review, see Cleary et al., 1995). Similarly,
other nonserotonergic mechanisms probably contribute to sen-
sitization in Aplysia (Abrams et al., 1984; Marinesco et al.,
2004b). Therefore, our simplified model should not be viewed as
an exhaustive description of the cellular events responsible for
sensitization but rather as an illustration of the physiological role
of local 5-HT modulatory fields during learning. In this regard,
the fact that 5-HT release is locally regulated at multiple synaptic
sites within the reflex circuit could allow the serotonergic system
to generate specific spatial patterns of 5-HT release and to selec-
tively induce short-term or long-term sensitization or behavioral
inhibition of the reflex according to the noxious stimulus expe-
rienced by the animal.

Several in vitro studies have shown that Aplysia SNs can pro-
cess complex patterns of 5-HT input onto their soma and/or
dendritic arborization. For example, long-term synaptic facilita-
tion can be induced if SN somata and their remote synapses are
simultaneously exposed to serotonin pulses, but not if these
pulses are separated by �15 min (Sherff and Carew, 1999). Also,
in cultured neurons, exposure of one SN synapse to multiple
pulses of 5-HT produces long-term, branch-specific facilitation,
which can be captured by other synaptic branches after applica-
tion of a single 5-HT pulse (Martin et al., 1997). Local protein
synthesis within dendrites is a key mechanism mediating such
synapse-specific plasticity (Sutton and Schuman, 2005) (for re-
view, see Martin, 2004). Our results now show that the Aplysia
serotonergic system is capable of delivering such spatially re-
stricted 5-HT pulses, thus strengthening the hypothesis that
complex processing mechanisms, in some cases spatially re-
stricted to SN somata or dendrites, can be differentially recruited

in a pattern-specific manner during different forms of memory
formation.
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