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The gill and siphon withdrawal (GSW) reflex of Aplysia is 
centrally mediated by a monosynaptic and a polysynaptic 
pathway between sensory and motor neurons. The first ob- 
jective of this article was to evaluate quantitatively the rel- 
ative importance of these two components in the mediation 
of the GSW reflex. We have used an artificial sea water 
(ASW) solution containing a high concentration of divalent 
cations to raise the action potential threshold of the inter- 
neurons without affecting the monosynaptic component of 
the reflex (2:l ASW). Compound EPSPs induced in gill or 
siphon motor neurons by direct stimulation of the siphon 
nerve or by tactile stimulation of the siphon skin were re- 
duced by more than 75% in 2:l ASW. These results indicate 
that interneurons intercalated between sensory and motor 
neurons are responsible for a considerable proportion of the 
afferent input to the motor neurons of the reflex. The second 
objective of this article was to compare the modulation of 
the monosynaptic and polysynaptic pathways. We have 
evaluated their respective contribution in sensitization of the 
GSW reflex by testing the effects of two neuromodulators 
of the reflex, 5-HT and small cardioactive peptide 6 (SCP,). 
We found that these two neuromodulators have a differential 
action on the two components of the GSW neuronal network. 
The polysynaptic pathway was more facilitated than the 
monosynaptic pathway by the neuropeptide SCP,. By con- 
trast, 5-HT displayed an opposite selectivity. These results 
suggest that the polysynaptic component of the neuronal 
network underlying the GSW reflex is very important for its 
mediation. The data also indicate that the monosynaptic and 
polysynaptic components of the reflex can be differentially 
modulated. The diversity of modulatory actions at various 
sites of the GSW network should be relevant for learning- 
associated modifications in the intact animal. 

Received Jan. 29, 1992; revised Mar. 23, 1992; accepted Apr. 28, 1992. 
We thank M. Klein and T. Ouimet for a critical reading of the manuscript, I. 

Morin for preparing the illustrations, and N. Guay for typing the manuscript. This 
work was funded by Grant MA-10047 from the Medical Research Council of 
Canada, and by the Richard and Edith Strauss Canada Foundation. L.-E.T. is the 
recipient of a 1967 scholarship from the Conseil de Recherches en Sciences Na- 
turelles et G&tie du Canada. 

Corresnondence should be addressed to Vincent F. Castellucci. Laboratoire de 
Neurobiologie et Comportement, Institut de Recherches Cliniques de Montreal, 
110 Ouest, Avenue des Pins, MontrBal, Quebec H2W lR7, Canada. 

Copyright 0 1992 Society for Neuroscience 0270-6474/92/123838-l 1$05.00/O 

Although the gill and siphon withdrawal (GSW) reflex ofAplysia 
calijhrnica is mediated by a monosynaptic and a polysynaptic 
pathway between sensory and motor neurons, most of the efforts 
aimed at identifying the mechanisms of learning-associated 
modifications in this neuronal network have focused on the 
monosynaptic connections between mantle organ sensory neu- 
rons and siphon and gill motoneurons (Castellucci et al., 1970, 
1980, 1982; Byrne et al., 1974; Castellucci and Kandel, 1976; 
Dubuc and Castellucci, 199 1). These synaptic junctions can be 
modified for time periods ranging from a few minutes to several 
days (Frost et al., 1985; Montarolo et al., 1986). 

There are, in addition, other sites of synaptic plasticity that 
have been recognized or suggested in the GSW reflex neuronal 
network (Jacklet and Rine, 1977; Colebrook and Lukowiak, 
1988). In the abdominal ganglion itself, various excitatory and 
inhibitory interneurons have been identified (Hawkins et al., 
198 1 a; Frost et al., 1988). Several of these interneurons undergo 
synaptic changes during depression and enhancement of the 
reflex. The significance of such intemeuronal transmission in 
the mediation of the GSW reflex has, however, not received 
much attention, and a quantitative evaluation of its importance 
in the mediation of the total reflex is not available. One report 
has estimated that approximately 40% of the evoked input to 
motoneuron L7 produced by a brief tactile stimulation to the 
siphon may be of polysynaptic origin (Byrne et al., 1978). In 
that study, intemeuronal firing was reduced using an extracel- 
lular medium containing high concentrations of divalent cations 
to increase action potential threshold. Because the effect of that 
medium on monosynaptic transmission was not directly as- 
sessed, the contribution of polysynaptic transmission remains 
unclear. A more quantitative investigation of this component 
of the centrally mediated part of the reflex was thus warranted. 
Since the sensory neurons are known to fire only briefly upon 
siphon stimulation, it is also difficult to explain how the sum- 
mation of monosynaptic EPSPs could account for the total du- 
ration of the reflex contraction. Modeling studies based on phys- 
iological data have recently made this point (Frost et al., 1991; 
White et al., 199 1). The observation that facilitation of the GSW 
reflex is usually associated with both an increased amplitude 
and duration of the gill contraction (Pinsker et al., 1970) further 
suggests that the polysynaptic component of the neuronal net- 
work may play a crucial role in the mediation and plasticity of 
the reflex: a potentiation of monosynaptic EPSP amplitudes 
alone could not account for both the potentiation of reflex am- 
plitude and duration. Enhanced excitatory intemeuronal firing, 
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subsequent to primary sensory input, could more easily explain 
the increase in reflex duration during sensitization. These in- 
temeurons, together with inhibitory interneurons, could be an 
important site of plasticity during learning-associated modifi- 
cations of the reflex. 

In this study, we have attempted to evaluate the intemeuronal 
contribution to the mediation and plasticity of the GSW reflex 
by reversibly reducing the activity of the interneurons in the 
neuronal network. We have done this by bathing the CNS in a 
solution with an elevated content of divalent cations to raise 
the action potential threshold of neurons. We have chosen a 
medium that did not affect transmitter release at the monosyn- 
aptic junctions of the circuit to permit a better estimate of the 
relative weight of the two components. The modified artificial 
seawater (ASW) also allowed us to test to what degree the poly- 
synaptic component was affected by two modulators of the with- 
drawal reflex, 5-HT and small cardioactive peptide B (SCP,; 
Brunelli et al., 1976; Abrams et al., 1984). The strategy was to 
compare the effect of theses substances on evoked compound 
postsynaptic potentials in motoneurons of the reflex recorded 
either in the normal or in the modified extracellular medium. 
We found differential effects of the neuromodulatory agents on 
the monosynaptic and polysynaptic components of the reflex. 
The effect of activating endogenous facilitator neurons was also 
evaluated on the compound postsynaptic potentials. These re- 
sults should be important for a better understanding of the phys- 
iological changes associated with various types of learning in 
Aplysia; they suggest the possibility that the mechanisms of 
plasticity within the polysynaptic network may be different from 
those already identified at the monosynaptic junctions of the 
neuronal network. 

Materials and Methods 
Preparation. Experiments were performed on Aplysia culijbrnicu (Mari- 
nus Inc., Venice, CA) weighing between 100 and 300 gm. They were 
generally housed individually in compartments within a 900 liter ar- 
tificial seawater tank, and fed dried seaweed (Dulse) triweekly. Animals 
were anesthetized with an injection of isotonic MgCl, corresponding to 
about a third of their volume. Further dissections were then performed 
with the animal’s internal organs and nervous system bathed in a so- 
lution made with equal parts of isotonic MgCl, and artificial seawater 
WW. 

For experiments performed on isolated ganglia, the abdominal gan- 
glion was dissected out along with the branchial, genital, and siphon 
nerves and both pleuroabdominal connectives. The ganglion was then 
bathed in 0.5% glutaraldehyde for 15 set to kill muscle cells; the con- 
nective tissue sheath covering the ganglion was removed with fine for- 
ceps to expose the neuronal cell bodies. All cut nerves were aspirated 
into suction electrodes, and the preparation was then allowed to rest for 
1 hr with normal ASW being continuously perfused. Some experiments 
were performed on isolated buccal ganglia that were prepared in the 
same way as the isolated abdominal ganglia. 

In the isolated siphon preparations, the siphon was pinned to the 
bottom of a large Sylgard-coated chamber (200 ml) and the abdominal 
ganglion desheathed and pinned in a separate smaller perfusion chamber 
(2 ml) placed within the larger one. The siphon nerve was allowed to 
exit the small chamber through a Vaseline-sealed slot. Experimental 
solutions could thus be manipulated independently in the two com- 
partments. Tactile stimulation of the siphon skin was delivered with an 
electromechanical stimulator. All nerves, except the siphon nerve, were 
cut. 

Electrophysiology. Neuronal cell bodies were penetrated with either 
one or two 3 M KCl-filled microelectrodes with resistances between 1 
and 15 MO. Recordings were made through conventional amplifiers 
equipped with bridge circuits (Axoclamp 2A, Axon Instruments). Data 
were stored in parallel on a modified VHS recorder (VETTER, model 
420E) and on a microcomputer; they were then analyzed with the SPIKE 

data analysis software (Hilal Associates). 

In the abdominal ganglion, recordings were made from the LE cluster 
sensory neurons, L34 excitatory interneurons, and motor neurons L7, 
LFS, or less frequently, LBS (Kupfermann et al., 1974; Byrne et al., 
1978; Frost et al., 1988). The results obtained with the three types of 
motoneurons were pooled because no differential effects were observed. 
Experiments were also performed on the right connective monosynaptic 
EPSP recorded in neuron R 15 (Frazier et al., 1967). In the buccal gan- 
glion, neurons B4 or B5 and their follower cells B3 or B6 were used 
(Taut and Gerschenfeld. 1962: Gardner. 197 1: Baux et al.. 1990). The 
presynaptic neuron was’current clamped at -50 mV, and action po- 
tentials were elicited by short depolarizing steps. An inhibitory post- 
synaptic current was thus generated in the voltage-clamped (- 80 mV) 
postsynaptic B3/B6 neuron by the opening of acetylcholine-gated Cll 
channels. As Cl- leaked into the postsynaptic neuron through the elec- 
trodes, the equilibrium potential for Cl- ions was gradually altered. This 
was taken into account by continuously monitoring the equilibrium 
potential and adjusting the holding potential so as to maintain a constant 
electrochemical-driving force. - 

Drum and solutions. Serotonin creatinine sulfate (Sigma) and SCP. 
(small-cardioactive peptide B; Richelieu Biotechnologi& Quebec) were 
prepared in ASW and aliquots maintained at - 20°C until needed. Mod- 
ified ASW solutions were used where indicated. The normal ASW con- 
tained NaCl, 460 mM; CaCl,, 11 mM; KCl, 10 mM; MgCl,, 30 mM; 
MgSO,, 25 mM; and HEPES buffer, 10 mM (pH 7.8). The 3:3 ASW 
solution (which contained three times the normal concentrations of Mg2+ 
and Ca2+) consisted of NaCl, 328 mM; CaCl,, 33 mM; KCl, 10 mM; 
MgCl,, 165 mM; and HEPES buffer, 10 mM (pH 7.8). The 2:l ASW 
solution (which contained 2.2 times the normal concentration of Mg2+ 
and 1.25 times the normal concentration of Ca*+) consisted of NaCl, 
368 mM; CaCl,, 13.8 mM; KCl, 8 mM; MgCl,, 10 1 mM; MgSO,, 20 mM; 
and HEPES buffer, 10 mM (pH 7.8). All data presented in the text and 
figures are expressed as mean f  standard error of the mean (SEM). 
Statistical comparisons were made with Student’s t test; paired or in- 
dependent t tests were used where appropriate. 

Results 
To investigate the importance of the polysynaptic pathway in 
the mediation of the GSW reflex, the sensory input from the 
siphon skin was simulated by applying a short-duration elec- 
trical shock directly to the siphon nerve through a suction elec- 
trode. Evoked compound EPSPs were recorded in identified 
motor neurons innervating the gill (L7) or siphon (LFS or LBS). 
The contribution of interneurons to the compound potentials 
was evaluated by replacing the normal perfusion solution (ASW) 
with another containing higher concentrations of divalent cat- 
ions (Ca2+ and MgZ+) to increase the action potential threshold 
of the interneurons. This procedure permits a reversible reduc- 
tion or complete removal of the contribution of the polysynaptic 
pathway to the neuronal circuit. This method will provide a 
good estimate of the intemeuronal contribution only if the mod- 
ified ASW is shown to have no effect on monosynaptic trans- 
mission. The effects of two different solutions (3:3 ASW and 
2: 1 ASW; see Materials and Methods) were thus tested on mono- 
synaptic transmission at three different types of synapses. The 
3:3 medium has been previously used to reduce intemeuronal 
activity (Byrne et al., 1978). 

Eflects of solutions containing high concentrations of divalent 
cations on monosynaptic transmission 
A monosynaptic EPSP can be evoked in neuron R 15 upon 
stimulation of the right pleuroabdominal connective (Frazier et 
al., 1967). The ganglion was perfused first with normal ASW 
and then successively with the two modified solutions. Figure 
1A shows that replacing normal ASW by 3:3 ASW induced a 
considerable increase in EPSP amplitude. We observed a sig- 
nificant mean increase of 163.5 * 29.0% above control in five 
preparations (t = -3.08; p < 0.05). Perfusion with the 2: 1 ASW, 
on the other hand, did not cause any significant change (decrease 
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Figure 1. Effect of modified ASWs on monosynaptic transmission. A, 
Monosynaptic EPSPs were recorded in neuron R 15 upon brief stimu- 
lation of the left pleuroabdominal connective. Replacing the normal 
ASW by the 3:3 ASW containing three times the normal concentration 
of Mg*+ and Ca2+ induced an important increase in EPSP amplitude. 
The 2:l ASW, containing, respectively, 2.2 times and 1.25 times the 
normal concentration of Mg2+ and Ca 2+, had no significant effect. Cal- 
ibration: 3 mV, 50 msec. &-The same effect was observed at the mono- 
synaptic IPSC recorded between neurons B4/5 and B3/6 of the buccal 
ganglion upon threshold stimulation of the presynaptic neuron. Cali- 
bration: 350 nS, 30 msec. C, EPSPs were recorded in motoneurons upon 
threshold stimulation of LE sensory neurons of the abdominal ganglion 
(n = 23). Interstimuli interval was 5 min. After the fourth EPSP (arrow), 
the normal ASW either was replaced with 3:3 ASW (n = 7) or 2: 1 ASW 
(n = 4) or was unchanged (n = 12). The 3:3 ASW induced an increase 
in EPSP amplitude. The 2:l ASW did not interfere with the normal 
depression of the EPSP. Each point represents the mean + SEM. The 
asterisks indicate significantly different from respective control, p < 
0.05. 

of 1.7 f  1.3%). Similar results were obtained at an identified 
cholinergic synapse of the buccal ganglion (Fig. 1B). In seven 
preparations, the inhibitory postsynaptic current (IPSC) induced 
in the postsynaptic neuron by a presynaptic action potential was 
increased 176.2 f 36.6% above control in presence of 3~3 ASW 
solution (t = -3.55; p < 0.05). The same synaptic current was 
not significantly altered by 2:l ASW solution (increase of 6.0 
k 6.4%). 

Finally, the modified ASW solutions were.tested at the mono- 
synaptic connection between LE sensory neurons and LFS or 
L7 motor neurons. Because this synapse undergoes prominent 
depression with repeated activations, it was necessary to estab- 
lish a control curve of the EPSP decline. Action potentials were 
triggered by intracellular stimulation of sensory neurons every 

5 min. After the fourth stimulation, the normal perfusion so- 
lution was either left as is (n = 12) or replaced by the 3:3 (n = 
7) or 2:l (n = 4) ASW solutions. We found that perfusion of 
the 3:3 ASW solution induced a clear increase in EPSP ampli- 
tude when compared to the control solution (Fig. 1 C). The EPSP 
amplitudes were significantly increased for the fifth through eighth 
stimulations (t = -3.08, -2.45, -2.63, -3.44; p < 0.05). The 
mean increase was 176.3 + 32.6% above control. The 2: 1 ASW 
was found to induce only a small nonsignificant decrease (- 11.4 
? 1.9%). The solutions had no apparent effect on time to peak 
and duration of monosynaptic EPSPs. 

Efects of modljied AS Ws on compound EPSPs evoked by 
siphon nerve stimulation 

Having established that the 2: 1 ASW did not have any important 
effect on monosynaptic transmission, we then investigated the 
effect of this solution on the compound EPSPs induced in the 
GSW reflex motor neurons by siphon nerve stimulation. We 
first verified that the changes in perfusion solutions were not 
associated with an infiltration of the modified ASW into the 
suction electrodes thereby possibly changing the number of sen- 
sory fibers recruited by the nerve stimulation. This was tested 
with an addition of the vital dye fast green (10%) into the per- 
fusion solution. We found that the tight-fitting suction electrodes 
did not allow any observable changes in their internal solutions 
after perfusion of fast green for 30 min (as examined through a 
microscope). As an additional control, we subsequently per- 
formed experiments using a modified experimental chamber 
that allowed the siphon nerve to exit the main chamber through 
a Vaseline-sealed aperture; the nerve was therefore stimulated 
by a suction electrode that was always exposed to normal ASW 
in the secondary chamber. We found that the 2: 1 ASW affected 
the compound EPSPs to the same extent in the two types of 
experimental setup. The finding that the same results were also 
obtained with tactile stimulation of the siphon skin (see below) 
indicates that a modification of the number of sensory axons 
recruited by the suction electrode stimulation in 2: 1 ASW was 
not a problem under our experimental conditions. 

Compound EPSPs were elicited every 5 min. Their peak am- 
plitudes were between 10 and 30 mV with the postsynaptic 
neurons hyperpolarized to about 30 mV below their resting 
potential (usually close to - 50 mV; experiments were thus per- 
formed with the neurons polarized to -80 mV). These values 
correspond to a moderate stimulation of the network (Byrne et 
al., 1978). Two to five control EPSPs were first recorded. When 
the normal ASW was replaced by 2:l ASW (Fig. 2A) a 78.3 * 
4.2% decrease in compound EPSP area was observed (measured 
with the SPIKE data analysis software) (n = 10; t = 2.94; p < 
0.01). Figure 2A also illustrates the time course of the effect and 
shows that it was reversible: reintroduction of normal ASW 
allowed recovery of the response within 30 min. The reference 
level used to calculate the effect of the treatment was the average 
of the last control EPSP before solution change and the last 
EPSP recorded during the washout period. In another set of 
experiments (n = 7), perfusion of the 3:3 ASW was also asso- 
ciated with a decrease in compound EPSP area recorded in 
motoneurons. The decrease was smaller than that induced by 
the 2:l solution: a significant decrease of 64.9 f 6.2% was 
observed (t = 9.09; p < 0.01). 

To verify if the 211 ASW was able to prevent excitatory in- 
temeurons from firing action potentials upon siphon afferent 
input, intracellular recordings were obtained in some of them. 
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Figure 2. Effect of modified ASWs on compound EPSPs and excitatory represent SEM. 

interneurons. Comuound EPSPs were evoked in motoneurons (polar- 
ized to -80 mV) ;pon stimulation of the siphon nerve. Interstimuli 
interval was 5 min. A, Bargraph represents EPSP area of a representative 

below action potential threshold. Similar effects were observed 

experiment. Perfusion with the 2: 1 ASW after the second control (CTRL) in three other preparations (n = 4); these effects were reversible 

induced an important decrease of the area of EPSPs recorded in the upon reintroduction of normal ASW. 
motoneuron (n;m! traces below). The effect was reversible upon rein- 
troduction of the normal ASW (WASH). Voltage traces correspond to 
EPSPs 2, 7, and 12 of the bar graph. Calibration: 8 mV, 40 msec. B, 
Intracellular recordings were also performed in identified excitatory 
interneurons (ZNT). These are sample traces from a representative ex- 
periment. The neuron was not polarized below its resting potential; 
siphon nerve stimulation produced one to three action potentials in the 
interneuron. In 2:l ASW, all firing was prevented. The effect was re- 
versible. Calibration: 9 mV. 40 msec. C. The same nrotocol was also 
performed in experiments where tactile stimulation bf the siphon re- 
placed siphon nerve stimulation. Perfusion with the 2:l ASW again 
induced an important decrease of compound EPSPs area. Calibration: 
10 mV, 200 msec. 

The recordings were made in the vicinity of the L14 ink gland 
motoneurons, where the L34 excitatory interneurons have pre- 
viously been identified (Frost, 1987). These interneurons receive 
monosynaptic EPSPs from the LE sensory neurons, and directly 
synapse upon LFS motoneurons. The interneurons were iden- 
tified by these connections. They were not polarized below their 
resting potential (- 55 mV). It was found that in normal ASW, 
at a stimulation level sufficient to induce compound EPSPs 
between 20 and 40 mV in LFS motoneurons, siphon nerve 
stimulation usually produced one to three action potentials in 
these interneurons. Sample recordings in Figure 2B illustrate 
that during perfusion of 2: I ASW, the neurons always remained 

Effects of modified AS W on compound EPSPs evoked by 
tactile stimulation of the siphon 

The effect of the 2:l solution on compound EPSPs in moto- 
neurons was also evaluated by substituting tactile stimulation 
of the siphon for siphon nerve stimulation. This was thought 
to be important since electrical stimulation of the siphon nerve, 
although more reliable and controllable, could recruit a popu- 
lation of sensory fibers and interneurons not really equivalent 
to that recruited by tactile stimulation of the siphon skin. The 
tactile stimulation was adjusted to evoke EPSPs that were com- 
parable to those obtained by electrical stimulation of the siphon 
nerve (peak amplitude, between 10 and 40 mV). Perfusion of 
the 2:l ASW induced a 75.4 rfr 4.0% decrease of compound 
EPSP area in the eight preparations tested (t = 4.00; p < 0.01) 
(Fig. 20. The effect was thus quantitatively the same as that 
observed with compound EPSPs induced by siphon nerve stim- 
ulation. These results are summarized in Figure 3, which also 
illustrates the extent of recovery in the washout period. 

Polysynaptic EPSPs evoked by single action potentials in 
sensory neurons of the reflex 

The above results suggested that polysynaptic connections ac- 
count for a considerable proportion of the afferent input to the 
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Figure 4. Multicomponent EPSPs to single action potentials in sensory 
neurons. An action potential (lower traces) was elicited in an LE sensory 
neuron and EPSPs recorded in a motoneuron (upper traces). In normal 
ASW, EPSPs frequently displayed multiple components. An example 
of such a polysynaptic response is illustrated. The two examples were 
successively recorded within the same experiment with an interstimuli 
interval of 5 min. Perfusion with either 2: 1 or 3:3 ASW always induced 
the rapid disappearance of the polysynaptic component of the EPSPs. 
Calibration: 9-15 mV, 30 msec. 

motoneurons. This conclusion is supported by the frequent ob- 
servation that a single action potential in an LE sensory neuron 
can evoke multicomponent, polysynaptic EPSPs in gill and si- 
phon motoneurons. An example of such responses is illustrated 
in Figure 4. These responses suggest the presence of excitatory 
intemeurons interposed between sensory and motor neurons. 
We sampled a number of synapses between LE sensory neurons 
and gill or siphon motoneurons to get an estimate of the oc- 
currence of such polysynaptic connections. We found that in 44 
synapses tested (in 30 different preparations), 24 displayed poly- 
synaptic EPSPs to single action potentials in the sensory neuron 
(54.5%). The polysynaptic component of the EPSP was lost in 
all cases (n = 12) where the perfusion solution was changed to 
the 2:l or 3:3 ASW solutions (Fig. 4). 

Selective modulation of the monosynaptic and polysynaptic 
components of compound EPSPs by 5-HT and SCP, 

The importance of the polysynaptic pathway stresses the ne- 
cessity to investigate the degree of plasticity this component of 
the GSW reflex may undergo. The neuromodulator 5-HT has 
been shown to play a significant role in the facilitation of the 
monosynaptic connections between sensory and motor neurons 
of the GSW reflex (Brunelli et al., 1976; Clark and Kandel, 
1984). The effect of this substance (5 PM, applied directly in the 
perfusion chamber) was tested on compound EPSPs evoked in 
motoneurons upon siphon nerve stimulation. We first deter- 
mined in preliminary experiments that 5 WM gave near the max- 
imal effect; this result is similar to that obtained by M. Klein 
(personal communication) on synapses between sensory neu- 
rons and motoneurons in culture (maximal effect, around 10 
PM) and those of Simmons and Koester (1986) in another sys- 
tem. Experiments were performed either in normal ASW or in 
2:l ASW to estimate the respective effect of the treatment on 
the monosynaptic and polysynaptic components of the neural 
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Figure 5. Effect of 5-HT on compound EPSPs. Compound EPSPs were 
evoked in motoneurons upon stimulation of the siphon nerve. Inter- 
stimuli interval was 1 min. Experiments were performed either in nor- 
mal ASW or in 2: 1 ASW. Approximately eight control responses were 
taken before the direct application of 5-HT in the bath to a final con- 
centration of 5 PM. A, In normal ASW, application of 5-HT had little 
effect on compound EPSPs. The last control and first test EPSP of a 
representative experiment are shown. Calibration: 8 mV, 60 msec. B, 
In 2: 1 ASW, where polysynaptic transmission is greatly reduced, 5-HT 
was found to induce a significant potentiation of EPSP area. Calibration: 
6 mV, 100 msec. C, The graph illustrates the last three controls and the 
following four test EPSPs of all experiments. EPSP areas are presented 
relative to the first plotted control (-3). Each point represents the mean 
f SEM (n = 5). The asterisks indicate significantly different from the 
last control (-I), p < 0.05. 

network. It was assumed that effects observed under 2:l ASW 
could be largely attributed to alterations of monosynaptic trans- 
mission while effects observed under normal ASW reflected a 
summation of actions on both monosynaptic and polysynaptic 
transmission. 

Two separate series of experiments were carried out: one in 
ASW, the other in 2: 1 ASW. This was necessary since we found 
in pilot studies that with repeated exposures to the drug the 
physiological effects were reduced. The siphon nerve was stim- 
ulated every minute; after about eight stimuli, when the EPSPs 
had stabilized, the drug was applied in the bath. The following 
four responses were compared to the last control response. Ap- 
plication of 5-HT (5 PM) on compound EPSPs recorded in nor- 
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Figure 6. Effect of SCP, on compound EPSPs. Compound EPSPs were 
evoked in motoneurons upon stimulation of the siphon nerve. Inter- 
stimuli interval was 1 min. Experiments were performed either in nor- 
mal ASW or in 2: 1 ASW. Approximately eight control responses were 
taken before the direct application of SCP, in the bath to a final con- 
centration of 1 PM. A, In normal ASW, application of SCP, induced a 
significant increase in EPSP area. The last control and first test response 
of a representative experiment are shown. Calibration: 4 mV, 70 msec. 
B, In 2:l ASW, where polysynaptic transmission is greatly reduced, 
SCP, was found to have little effect on compound EPSPs. Calibration: 
5 mV, 80 msec. C, The graph illustrates the last three controls and the 
following four test EPSPs of all experiments. EPSP areas are presented 
relative to the first plotted control (-3). Each point represents the mean 
2 SEM (n = 5). The asterisks indicate significantly different from the 
last control (-I): *, p < 0.05; **, p < 0.01. 

ma1 ASW had no significant effect, with a 2.0 f 7.2% increase 
in EPSP area measured for the first test response (n = 5) (Fig. 
5A, c). At higher doses (10 and 50 FM), inhibitory effects were 
sometimes observed (results not shown; see also Fitzgerald and 
Carew, 1991). In 2:l ASW (Fig. 5B,C’), 5-HT induced an 87.1 
-t 22.7% increase in the EPSP area of the first test EPSP (n = 
5; t = -3.04; p < 0.05). The three subsequent responses were 
also significantly increased (t = -2.97, -3.06, -2.44; p < 0.05) 
(Fig. 5c). A net potentiation of synaptic transmission by 5-HT 
was thus only produced on the monosynaptic component of 
compound EPSPs. 

The neuropeptide SCP, is present in the CNS of Aplysia and 
is another possible modulator involved in sensitization of the 
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Figure 7. Effect of a higher concentration of SCP, on monosynaptic 
transmission. The effect of 25 PM SCP, on monosynaptic transmission 
was assessed on nondepressed connections. All experiments were per- 
formed in 2:l ASW. Interstimuli interval was 1 min. A, EPSPs were 
evoked in motoneurons by the threshold stimulation of an LE neuron. 
After two control resuonses. SCP, was added in the bath to a final 
concentration of either 1 wk (n =-4) or 25 NM (n = 4). and four test 
EPSPs were recorded. In the control condition (n = 5j; no SCP, was 
added. SCP, at 25 UM induced a sienificant increase in EPSP amplitudes 
relative to &eir respective controls. No effect was observed when 1 PM 

was used. B, In another set of experiments, compound EPSPs were 
evoked in motoneurons by siphon nerve stimulation. At 25 PM (n = 4), 
SCP, induced an increase in EPSP areas relative to their untreated 
controls (n = 9). No effect was observed at 1 PM SCP, (n = 4). The 
asterisks indicate significantly different from respective controls: *, p < 
0.05; **, p < 0.01. 

withdrawal reflex (Abrams et al., 1984; Lloyd et al., 1985). Its 
effect (1 KM, applied in the bath) was also evaluated on com- 
pound EPSPs in two separate studies, either in normal ASW or 
in 2: 1 ASW. As was the case for 5-HT, we found that repeated 
exposures to SCP, reduce its subsequent physiological effects 
on neurons (see also Abrams et al., 1984). 

Application of the peptide (1 PM) in the presence of normal 
ASW (Fig. 6A,C) produced a significant potentiation. A mean 
increase of 12 1.3 f 3.4% above control was found for the first 
test response in five preparations (t = -3.16; p < 0.05). The 
next three EPSPs were also significantly increased (t = -4.75, 
-5.74, - 10.14; p < 0.01) (Fig. 6C). By contrast, the effect of 
1 PM SCP, was markedly different in 2:l ASW (n = 5; Fig. 
6B,C). The procedure failed to modify the compound EPSP 
area: a 2.6 * 4.4% decrease was found for the first test response. 
A significant potentiation of synaptic transmission by SCP, was 
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Figure 8. Effect of left connective stimulation on compound EPSPs. 
Compound EPSPs were evoked in motoneurons by siphon nerve stim- 
ulation. Experiments were performed in normal ASW. Interstimuli in- 
terval was 1 min. Following approximately eight controls, the left con- 
nective was stimulated for 5 set (8 Hz, each pulse 5 V, 3 msec). A, The 
traces illustrate the last control EPSP (B, -I) and first test EPSP (I) 
of a representative experiment. Connective stimulation induced a large 
increase in compound EPSP area. Calibration: 10 mV, 80 msec. B, The 
last three control EPSPs and first four test EPSPs of all experiments are 
summarized. Each point represents the mean ? SEM (n = 5). 

thus produced only on the polysynaptic component of the neural 
network underlying the GSW reflex. 

The failure of SCP, to potentiate monosynaptic transmission 
was surprising in the light of past findings (Abrams et al., 1984; 
Schacher et al., 1990). In those studies, however, doses of 25 
PM were used. The effects of 1 and 25 PM SCP, were thus verified 
directly at LE-L7 or LE-LFS synapses in the presence of 2:l 
ASW. In these experiments, only two control responses were 
taken before application of SCP, in order to allow the drug effect 
to be tested on nondepressed connections; it has been reported 
that SCP, is more effective at nondepressed EPSPs (Schacher 
et al., 1990). After the two control EPSPs, three further test 
EPSPs were evoked following application of either 1 PM (n = 
4) or 25 PM (n = 4) SCP,. In five other experiments, no treatment 
was effected and the control decline assessed (Fig. 7A). As ex- 
pected from the lack of effect of 1 MM SCP on compound EPSPs 
recorded in 2: 1 ASW, this concentration was found to have no 
effect on monosynaptic connections tested directly between LE 
and L7 or LFS neurons of the reflex (Fig. 7A). At a concentration 
of 25 FM, however, a clear potentiation of these synapses was 
noted (Fig. 7A). Both the first and second EPSPs following SCP, 
application were significantly higher than their respective con- 
trol responses (t = -2.89, -3.03; p < 0.05), with a mean in- 
crease of 33.5 f 2.6%. This concentration, unlike 1 .I.LM (Figs. 
6C, 7B) was also found to potentiate compound EPSPs evoked 
by siphon nerve stimulation in 2: 1 ASW (Fig. 7B). A significant 

difference could be observed between the first, second, and third 
EPSPs following application of 25 PM SCP, (n = 4) and their 
respective untreated controls (n = 9) (t = -2.42, -3.19, -3.21; 
p < 0.05, 0.01, and 0.01, respectively). The mean increase of 
the area for the third to fifth trials, relative to the control con- 
dition, was 57.4 f 5.6%. Application of 1 I.LM SCP, (n = 4) 
within such a protocol again failed to alter compound EPSPs 
significantly (Fig. 7B). 

Potentiation of compound EPSPs by left connective 
stimulation 

The potentiation of compound EPSPs was further studied by 
replacing application of neuromodulatory agents by left pleu- 
roabdominal connective stimulation, a procedure that is thought 
to mimic sensitization of the GSW reflex by tail or head stim- 
ulation (Castellucci et al., 1970). This treatment was only carried 
out in normal ASW because perfusion of the 2: 1 solution would 
lead to uncoupling of the facilitating intemeurons, thereby pre- 
venting a good evaluation of the effect of these facilitating in- 
temeurons on compound EPSPs. The same protocol used to 
study the effect of neuromodulator application was used except 
that connective stimulation replaced drug application. In nor- 
mal ASW, it was thus found that connective stimulation (one 
5 set train, 8 Hz, each pulse 5 V, 3 msec) induced an increase 
of 333.2 f 102.9% of compound EPSP area for the first test 
response (n = 5; t = -3.09; p < 0.05) (Fig. 8A,B). 

Polysynaptic EPSPs evoked by single action potentials in LE 
sensory neurons.. potentiation by left connective 
stimulation and tetanic stimulation 

The possibility that much of the potentiation ofcompound EPSPs 
by left connective stimulation results from increased transmis- 
sion at the level of polysynaptic connections was investigated 
by monitoring the effect of left connective stimulation on EPSPs 
evoked in motoneurons by single action potentials in LE sensory 
neurons. We hypothesized that this facilitation protocol should 
promote the recruitment of excitatory intemeurons by single 
action potentials in the sensory neurons. We found that left 
connective stimulation induced a considerable increase in the 
weight of the polysynaptic component of the responses (Fig. 
9A). In many cases, a connection that was monosynaptic in 
control trials recruited polysynaptic components following con- 
nective stimulation. Such effects were observed in six out of 
nine synapses tested (in five preparations). The average increase 
in EPSP area for the nine connections was 733.6 + 368.5% (t 

= -2.59; p < 0.05). 
To explore further the role of the polysynaptic component of 

the reflex, we examined posttetanic potentiation in the LE sen- 
sory neurons. Posttetanic potentiation is another form of plas- 
ticity demonstrated by some synapses of the withdrawal reflex. 
An action potential was elicited every minute in an LE neuron. 
After the second EPSP was evoked in a motoneuron, a brief 
tetanic stimulation was applied to the sensory neuron (three 
short 8 Hz trains of 2 set, separated by an interval of 1 set). 
This protocol induced the appearance of a polysynaptic com- 
ponent in the evoked EPSPs or increased its importance in 
synapses where a polysynaptic component was already present 
(Fig. 9B) in seven out of nine synapses tested (in four prepa- 
rations). The average increase in EPSP area for the nine con- 
nections was 305.5 f 123.8 (t = -3.19; p < 0.05). These results 
further illustrate the significant contribution of polysynaptic 
connections in the mediation of the GSW reflex. 
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Figure 9. Effect of connective stimulation and tetanic stimulation upon LEmotoneuron EPSPs. Experiments were performed in normal ASW. 
EPSPs (upper truces) were evoked in motoneurons by threshold stimulation of LE sensory neurons (lower truces). A, Two to three control EPSPs 
were recorded before stimulation of the left connective for 5 set (8 Hz, each pulse 5 V, 3 msec). This treatment resulted in an important potentiation 
of EPSPs, often associated with the appearance of multiple, polysynaptic components to the EPSPs. The records of a representative experiment 
are mesented. Traces were recorded seauentiallv. Interstimuli interval was 1 min. Calibration: IO-20 mV, 80 msec. B, The same protocol was 
repeated in another set of experiments except that tetanic stimulation (three 2 set trains of 8 Hz, intertrain interval of 1 set) of the presynaptic LE 
neuron replaced connective stimulation. This protocol also induced an important potentiation of EPSPs, again often associated with the appearance 
or potentiation of polysynaptic components of the EPSPs. A representative experiment is illustrated. Calibration: 10-20 mV, 60 msec. 

Discussion 
Importance of the polysynaptic pathway of the GS W neuronal 
network 
Despite the fact that excitatory and inhibitory interneurons have 
been described in the neural circuit of the GSW reflex (Hawkins 
et al., 198 la; Frost et al., 1988), most of the studies so far have 
focused on the monosynaptic connection between one group of 
sensory mechanoreceptors (LE cluster) and the motor neurons 
of the circuit. Recent studies, however, suggest that the contri- 
bution of the intemeurons may be important. They may indeed 
play a role in the mediation of both the amplitude and duration 
of the gill or siphon contraction (Frost et al., 199 1). A similar 
conclusion has also been reached by Byrne and his colleagues 
(White et al., 199 1) for the tail withdrawal reflex. The possible 
importance of some types of inhibitory processes within the 
intemeuronal network for the short-term inhibition of the GSW 
reflex has also been stressed by Carew and his colleagues (Fitz- 
gerald and Carew, 199 1; Wright et al., 199 1). If such polysynap- 
tic connections are important for the mediation of the reflex, 
they might also be a crucial site of plasticity. Our studies were 
designed to determine the importance of the polysynaptic path- 
way in the withdrawal reflex. They confirm and broaden the 
conclusions of the study of Byrne et al. (1978), which suggested 
that approximately 40% of compound EPSPs could be attributed 
to the polysynaptic pathway. We took care to verify that the 
modified ASW we used to reduce the intemeuronal contribution 
did not alter monosynaptic transmission. At three different types 
of synapses, we found that one of the solutions tested (3:3 ASW) 
markedly increased synaptic transmission, while the other (2: 1 

ASW) was without important effect (Fig. lA-C). Since Byrne et 
al. (1978) used a 3:3 ASW solution, this may explain why they 
underestimated the contribution of the polysynaptic pathway. 
With the 2: 1 ASW, we found that 78.3% of the compound EPSP 
(area) evoked in motoneurons of the reflex by siphon nerve 
stimulation was lost (Figs. 2A, 3). The same conclusion was 
reached when siphon skin stimulation was substituted for siphon 
nerve stimulation (Fig. 2C). Since, under our conditions, mono- 
synaptic transmission was not affected, we believe that the re- 
sponse diminution is due to the functional uncoupling of inter- 
neurons in the GSW reflex network. We have recorded from a 
subset of excitatory intemeurons (L34 cluster) and found that 
action potential firing upon siphon nerve stimulation was com- 
pletely prevented in 2: 1 ASW (Fig. 2B). We conclude that the 
polysynaptic pathway is quantitatively very important for the 
mediation of the GSW reflex (Fig. lOA). Another observation 
that indicates the significant weight of the intemeuronal com- 
ponent in the reflex is that at least 54.6% ofour sampled synapses 
(24 of 44 synapses in 30 preparations) between LE sensory neu- 
rons and motoneurons of the GSW reflex included a polysynap- 
tic component (Fig. 4). Again, it should be noted that this is 
almost certainly an underestimation, as convergence of more 
than one sensory neuron on a given interneuron is probably 
often necessary for triggering an action potential. These inter- 
neurons would not be recruited by single action potentials in 
sensory neurons. The fact that in many cases a single action 
potential in a sensory neuron is sufficient to reveal the presence 
of interneurons is indicative of very strong synapses between 
sensory neurons and interneurons. These excitatory intemeu- 
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Figure IO. Summary diagram. A, A simplified representation of the 
GSW reflex circuit. Results presented in this article suggest that ap- 
proximately 25% of the afferent input to motoneurons, following siphon 
stimulation, may be mediated by monosynaptic connections between 
sensory and motor neurons. The remaining 75% would be mediated 
through intemeurons interposed between sensory and motor neurons. 
SN, sensory neurons; MN, motor neurons; INT, intemeurons. B, The 
monosynaptic and polysynaptic components of the neuronal network 
underlying the GSW reflex may be differentially modulated: 5-HT ap- 
pears to act preferentially on the monosynaptic pathway, while SCP, 
appears to act preferentially on the polysynaptic pathway. This latter 
effect may be through a direct action on excitatory intemeurons (INT+), 
or through a modification of inhibitory intemeuronal transmission 
(ZNT-). 

rons may be thought of as mediating an amplification of the 
sensory message to the motoneurons of the reflex. 

Plasticity within the polysynaptic component of the GS W 
neuronal network 

The importance of the polysynaptic network suggests the pos- 
sibility of it being an additional site of plasticity involved in 
learning-associated modifications of the GSW reflex. It has been 
shown, for example, that some identified interneurons can un- 
dergo posttetanic potentiation (Hawkins et al., 198 1 b; Frost et 
al., 1988) and that recurrent inhibition between L30 and L29 
intemeurons is reduced during behavioral sensitization of the 
reflex (Frost et al., 1988). In this article, we have explored further 
the importance of plasticity in the polysynaptic pathway. First, 
we looked at the effect of two facilitating transmitters of the 
reflex: 5-HT and SCP,. 

The relative effect of these substances on transmission within 
the monosynaptic and the polysynaptic component of the neu- 
ronal network was estimated by comparing their effect on com- 

pound EPSPs generated in motoneurons by siphon nerve stim- 
ulation in 2:l ASW or in normal ASW. We assumed that the 
effects observed under 2: 1 ASW could be largely attributed to 
the monosynaptic component of the network. We found with 
this procedure a differential modulation of the monosynaptic 
and polysynaptic components of the GSW network (Fig. 1 OB). 
Exposure to 5-HT (5 KM) had a much greater effect on trans- 
mission ‘in the monosynaptic pathway than in the polysynaptic 
pathway (Fig. 5). By contrast, the specificity of SCP, was found 
to be opposite (Figs. 6, 7). Its effect (1 PM) was much greater on 
the polysynaptic than on the monosynaptic component of com- 
pound EPSPs. A considerable increase of SCP, concentration 
(25 PM) was required to show that the peptide could nonetheless 
potentiate transmission at the level of monosynaptic connec- 
tions between sensory and motor neurons (Fig. 7) as previously 
reported (Abrams et al., 1984; Schacher et al., 1990). 

The magnitude of the effect of 5-HT on the monosynaptic 
component of compound EPSPs is in agreement with the values 
reported for the facilitation induced by this modulator at syn- 
apses between LE and LFS or L7 motoneurons (Clark and Kan- 
del, 1984). If monosynaptic connections are responsible for ap- 
proximately 25% (Figs. 2, 3) of compound EPSPs, an 87% (Fig. 
5) increase in this component of the network should have re- 
sulted in an approximate 20% potentiation of the compound 
EPSP recorded in normal ASW, assuming that 5-HT had no 
effect on polysynaptic transmission. Only a 2% increase was 
found. It is possible that 5-HT not only fails to potentiate ex- 
citatory transmission in the polysynaptic pathway but actually 
decreases it. This hypothesis is similar to the suggestion made 
by Carew and his colleagues (Fitzgerald and Carew, 199 1; Wright 
et al., 1991) that tail stimulation and 5-HT may activate tran- 
sient inhibitory processes at the intemeuronal level at the same 
time as potentiating monosynaptic transmission. A second pos- 
sible explanation is the fact that the EPSPs, under control con- 
ditions, underwent a small but gradual depression. Because the 
drug effects were calculated in relation to the last control re- 
sponse before drug application, irrespective of the spontaneous 
decrease, a small underestimation of the effect of the treatment 
may be expected. 

The small effect of 5-HT on the compound EPSP in normal 
ASW is also in apparent contradiction with past findings that 
indicated that direct application of 5-HT to the abdominal gan- 
glion could significantly potentiate gill contraction following 
tactile stimulation of the siphon in a semiintact preparation 
(Abrams et al., 1984). The report of the blockade of GSW reflex 
sensitization through tail stimulation by the 5-HT neurotoxin 
5,7-dihydrotryptamine (Glanzman et al., 1989) might also be 
thought as incompatible with the small effect of 5-HT on com- 
pound EPSPs under normal ASW. These discrepancies could, 
however, be explained if one considers that 5-HT could also act 
at a stage later than transmitter release by the sensory neurons. 
It has been shown, for example, that 5-HT increases motoneu- 
ron basal firing rate, thereby inducing greater gill contractions 
for any given sensory input (Frost et al., 1988). 

The potentiation of polysynaptic transmission by SCP, may 
possibly be explained as resulting from increased transmission 
at synapses between excitatory interneurons and motoneurons 
or, alternatively, from decreased transmission at synapses be- 
tween inhibitory interneurons and excitatory interneurons or 
motoneurons (Fig. 1 OB). An example of an inhibitory intemeu- 
ron (L16 or L30 cluster) synapsing upon an excitatory inter- 
neuron (L29 cluster) has been reported (Hawkins et al., 198 1 a; 
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Frost et al., 1988) but the importance of such connections in 
the normal mediation of the GSW reflex and its plasticity re- 
mains unexplored. 

It is interesting to compare the control decline curves of LE- 
motoneuron synapses and compound EPSPs recorded in 211 
ASW as presented in Figure 7. One may note that the nerve- 
evoked EPSP, which is thought to be largely monosynaptic, does 
not depress as much as the LE-motoneuron synapse. Although 
we cannot provide a definitive explanation for this discrepancy, 
it should be realized that siphon nerve stimulation may recruit 
sensory neurons from many different clusters in addition to the 
LE cluster. It is very possible that sensory neurons from other 
clusters do not develop the same type of depression. Such a 
heterogeneity among different identified clusters of sensory neu- 
rons has indeed been noted for the effects of neuromodulatory 
agents on K+ currents determining action potential duration 
(Dubuc and Castellucci, 199 1; see also Rosen et al., 1989). We 
are presently investigating this heterogeneity in terms of trans- 
mitter release. 

The effect of left connective stimulation (which mimics sen- 
sitizing sensory input from the tail and head of the animal) on 
compound EPSPs induced by siphon nerve stimulation was also 
evaluated. A facilitation of 333.2% was observed (Fig. 8). Con- 
sidering the important role of polysynaptic connections in com- 
pound EPSPs, it is clear that potentiation of monosynaptic con- 
nections alone could not explain the 333.2% potentiation 
observed after left connective stimulation. If one makes the 
assumption that 75% of the compound EPSP area is attributable 
to polysynaptic connections (Figs. 2, 3) then a potentiation of 
approximately 1400% of the monosynaptic component would 
be necessary to explain the observed effect. This value is much 
higher than the potentiations previously reported for monosyn- 
aptic connections after left connective stimulation (Castellucci 
and Kandel, 1976). Although it is possible that following left 
connective stimulation, the sensory neurons already recruited 
might display an increased number of action potentials for the 
same siphon nerve stimulation, this possibility is thought un- 
likely, as occasional recordings of LE neurons during siphon 
nerve stimulation revealed that the short-duration shock used 
always produced a single action potential in these cells. These 
data may be taken as further evidence for the crucial role of the 
polysynaptic pathway in the plasticity of the GSW reflex. It is 
also interesting to note that the threefold potentiation of com- 
pound EPSP area observed after left connective stimulation is 
very similar to the figures reported for the potentiation of mono- 
synaptic EPSPs under similar conditions (Castellucci and Kan- 
del, 1976). This would tend to argue that left connective stim- 
ulation induces a proportional potentiation in the mono- and 
polysynaptic component of the GSW reflex neuronal network. 
Although part of this synaptic facilitation may be produced by 
the release of endogenous 5-HT and SCP,, it also appears very 
likely that other modulators may contribute. For example, at 
the level of the monosynaptic connections, the possibility that 
other modulators besides 5-HT participate in GSW reflex sen- 
sitization is supported by the demonstration that the facilitating 
interneurons L29, which contain neither 5-HT nor SCP pep- 
tides, are nonetheless able to potentiate monosynaptic connec- 
tions between LE sensory cells and motoneurons of the reflex 
(Hawkins et al., 198 lb; Hawkins and Schacher, 1989). Postte- 
tanic potentiation might also play a significant role in facilitating 
transmission at any stage of the neuronal network (Hawkins et 
al., 1981b; Walters and Byrne, 1984, 1985; Frost et al., 1988). 

Its actual importance in sensitization of the GSW reflex is not 
known. 

More direct support for the involvement of polysynaptic path- 
ways in the plasticity of the GSW reflex was obtained by showing 
(Fig. 9A) that left connective stimulation induces a considerable 
increase in the polysynaptic component of EPSPs induced in 
motoneurons by a single action potential in a LE sensory neuron. 
This could be due to the recruitment of additional excitatory 
interneurons by the sensory neuron and/or to an increased num- 
ber of action potentials produced by the interneurons already 
recruited. Disinhibition or increased excitability of the excit- 
atory interneurons may thus be involved, and may be an im- 
portant mechanism of plasticity of the GSW reflex. In this re- 
gard, it is interesting to notice that posttetanic potentiation of 
LE neuron synapses induced an increased recruitment of excit- 
atory interneurons (Fig. 9B). This shows directly that most LE 
neurons probably make synaptic connections with excitatory 
interneurons that produce feedforward excitation to motoneu- 
rons of the reflex. The increased recruitment of these intemeu- 
rons is probably a crucial mechanism of potentiation within the 
GSW reflex neuronal network. The importance of such mech- 
anisms will be evaluated directly by recording from identified 
excitatory and inhibitory interneurons such as those of the L29, 
L30, L34, and L35 clusters (Hawkins et al., 198 la; Frost, 1987; 
Frost et al., 1988) as well as others previously unidentified that 
we are characterizing. 

In conclusion, the data presented here suggest that polysynap- 
tic connections are responsible for a considerable proportion of 
the afferent input to motoneurons involved in the GSW reflex 
(Fig. lOA). Evidence is also presented that indicates that this 
polysynaptic neuronal network is a key site of plasticity for the 
reflex. Finally, differential modulation of the monosynaptic and 
the polysynaptic component of the network by the neuromodu- 
lators 5-HT and SCP, is apparent (Fig. 1 OB); differential effects 
of this type may be important for a fine regulation of the GSW 
reflex associated with more complex forms of learning and mem- 
ory. This selectivity may be a general principle for a variety of 
neuromodulators of the reflex, and work is presently under way 
in our laboratory to test this hypothesis. 

References 
Abrams TW, Castellucci VF, Camardo JS, Kandel ER, Lloyd PE (1984) 

Two endogenous neuropeptides modulate the gill and siphon with- 
drawal reflex in Aplysiu by presynaptic facilitation involving CAMP- 
dependent closure of a serotonin-sensitive potassium channel. Proc 
Nat1 Acad Sci USA 81:7956-7960. 

Baux G, Fossier P, Taut L (1990) Histamine and FLRFamide regulate 
acetylcholine release at an identified synapse in Aplysia in opposite 
ways. J Physiol (Lond) 429:147-168. 

Brunelli M, Castellucci VF, Kandel ER (1976) Synaptic facilitation 
and behavioral sensitization in Aplysiu: possible role of serotonin and 
CAMP. Science 194: 1178-l 180. 

Byrne JH, Castellucci VF, Kandel ER (1974) Receptive fields and 
response properties of mechanoreceptor neurons innervating siphon 
skin and mantle shelf in Aplysiu. J Neurophysiol 37: 104 l-1364. 

Byrne JH, Castellucci VF, Kandel ER (1978) Contribution of indi- 
vidual mechanoreceptor sensory neurons to defensive gill-withdrawal 
reflex in Aplysiu. J Neurophysiol 4 1:4 1843 1. 

Castellucci VF. Kandel ER ( 1976) Presvnantic facilitation as a mech- 
anism for behavioral sensinzation in A$ysb. Science 194: 1176-l 178. 

Castellucci VF, Pinsker H, Kupfermann I, Kandel ER (1970) Neuronal 
mechanisms of habituation and dishabituation of the gill-withdrawal 
reflex in Aplysia. Science 167: 1745-l 748. 

Castellucci VF, Kandel ER, Schwartz JH, Wilson FD, Naim AC, Green- 
gard P (1980) Intracellular injection of the catalytic subunit of cyclic 
AMP-dependent protein kinase stimulates facilitation of transmitter 



3848 Trudeau and Castellucci * Contribution of Polysynaptic Pathways 

release underlying behavioral sensitization in Aplysiu. Proc Nat1 Acad 
Sci USA 77:7492-7496. 

Castellucci VF, Nairn AC, Greengard P, Schwartz JH, Kandel ER 
(1982) Inhibitor of adenosine 3’:5-monophosphate-dependent pro- 
tein kinase blocks presynaptic facilitation in Aplysiu. J Neurosci 2: 
1673-1681. 

Clark GA, Kandel ER (1984) Branch-specific heterosynaptic facili- 
tation in Aplysiu siphon sensory cells. Proc Nat1 Acad Sci USA 81: 
2577-2581. 

Colebrook E, Lukowiak K (1988) Learning by the Aplysia model sys- 
tem: lack ofcorrelation between gill and gill motor neurone responses. 
J Exp Biol 139:411429. 

Dubuc B, Castellucci VF (199 1) Receptive fields and properties of a 
new cluster of mechanoreceptor neurons innervating the mantle re- 
gion and the branchial cavity of the marine mollusk Aplysiu califor- 
nicu. J Exp Biol 156:315-334. 

Fitzgerald K, Carew TJ (199 1) Serotonin mimics tail shock in pro- 
ducing transient inhibition in the siphon withdrawal reflex ofAplysia. 
J Neurosci 11:2510-2518. 

Frazier WT, Kandel ER, Kupfermann I, Waziri R, Coggeshall RE 
( 1967) Morphological and functional properties of identified neurons 
in the abdominal sanalion of Aolvsiu culifornicu. J Neuronhvsiol 30: 
1288-1351. - - _ ’ ” 

- _ 

Frost WN (1987) Mechanisms contributing to short- and long-term 
sensitization in Aplysia. PhD thesis, Columbia University. 

Frost WN, Castellucci VF, Hawkins RD, Kandel ER (1985) Mono- 
synaptic connections made by the sensory neurons of the gill- and 
siphon-withdrawal reflex in Aplysiu participate in the storage of long- 
term memory for sensitization. Proc Nat1 Acad Sci USA 82:8266- 
8269. . 

Frost WN, Clark GA, Kandel ER (1988) Parallel processing of short- 
term memorv for sensitization in Aolvsiu. J Neurobiol 19:297-334. 

Frost WN, Wu-LG, Lieb J (1991) Stimulation of the Aplysiu siphon 
withdrawal reflex circuit: slow components of intemeuronal synapses 
contribute to the mediation of reflex duration. Sot Neurosci Abstr 
17:1390. 

Gardner D (197 1) Bilateral symmetry and intemeuronal organization 
in the buccal ganglia of Aplysiu. Science 173:550-553. 

Glanzman DL, Mackey SL, Hawkins RD, Dyke AM, Lloyd PE, Kandel 
ER ( 1989) Depletion of serotonin in the nervous system of Aplysia 
reduces the behavioral enhancement of gill withdrawal as well as the 
heterosynaptic facilitation produced by tail shock. J Neurosci 9:4200- 
4213. 

Hawkins RD, Schacher S (1989) Identified facilitator neurons L29 and 
L28 are excited by cutaneous stimuli used in dishabituation, sensi- 
tization, and classical conditioning of Aplysia. J Neurosci 9:4236- 
4245. 

Hawkins RD, Castellucci VF, Kandel ER (1981a) Interneurons in- 

volved in mediation and modulation of gill-withdrawal reflex in Aply- 
siu. I. Identification and characterization. J Neurophysiol 45:304- 
314. 

Hawkins RD, Castellucci VF, Kandel ER (1981 b) Interneurons in- 
volved in mediation and modulation of the gill-withdrawal reflex in 
Aplysiu. II. Identified neurons produce heterosynaptic facilitation con- 
tributing to behavioral sensitization. J Neurophysiol 45:3 15-326. 

Jacklet JW, Rine JJ (1977) Facilitation of neuromuscular junctions: 
contribution to habituation and dishabituation of the Aplysiu gill- 
withdrawal reflex. Proc Nat1 Acad Sci USA 74: 1267-l 27 1. 

Kupfermann I, Carew TJ, Kandel ER (1974) Local, reflex, and central 
commands controlling gill and siphon movements in Aplysiu. J Neu- 
rophysiol 37:996-1019. 

Lloyd PE, Mahon AC, Kupfermann I, Cohen JL, Scheller RH, Weiss 
KR ( 1985) Biochemical and immunocvtoloaical localization of mol- 
luscan small cardioactive peptides in the nervous system of Aplysiu 
culijimzicu. J Neurosci 5: 185 l-l 86 1. 

Montarolo PC, Goelet P, Castellucci VF, Morgan J, Kandel ER (1986) 
A critical time-window for macromolecular synthesis in long-term 
heterosynaptic facilitation in Aplysiu. Science 234:1249-1254. 

Pinsker H, Kupfermann I, Castellucci VF, Kandel ER (1970) Habit- 
uation and dishabituation of the gill-withdrawal reflex in Aplysia. 
Science 167: 1740-l 742. 

Rosen SC, Susswein AJ, Cropper EC, Weiss KR, Kupfermann I (1989) 
Selective modulation of spike duration by serotonin and the neuro- 
peptides SCP,, buccalin and myomodulin in different classes ofmech- 
anoafferent neurons in the cerebral ganglion of Aplysia. J Neurosci 
9:390402. 

Schacher S, Montarolo P, Kandel ER (1990) Selective short- and long- 
term effects of serotonin, small cardioactive peptide, and tetanic stim- 
ulation on sensorimotor synapses of Aplysiu in culture. J Neurosci 
10:3285-3294. 

Simmons LK, Koester J (1986) Serotonin enhances the excitatory 
acetylcholine response in the RB cell cluster of Aplysiu culijbrnicu. J 
Neurosci 6:774-78 1. 

Taut L, Gerschenfeld HM (1962) A cholinergic mechanism of inhib- 
itory synaptic transmission in a molluscan nervous system. J Neu- 
rophysiol 25236-262. 

Walters ET, Byrne JH (1984) Post-tetanic potentiation in Aplysia sen- 
sory neurons. Brain Res 293:377-380. 

Walters ET, Byrne JH (1985) Long-term enhancement produced by 
activity-dependent modulation of Aplysiu sensory neurons. J Neu- 
rosci 5~662-672. 

White JA, Cleary LJ, Ziv I, Byrne JH (199 1) A network model of the 
tail-withdrawal circuit in Aplysia. Sot Neurosci Abstr 17: 1590. 

Wright WC, Marcus EA, Carew TJ (1991) A cellular analysis of in- 
hibition in the siphon withdrawal reflex of Aplysia. J Neurosci 11: 
2498-2509. 


