
Though adult Lymnaea are bimodal breathers, young animals breathe mainly through the skin and adults

through the lung. Operant conditioning changes adult breathing behavior from aerial to cutaneous. We

hypothesized that this behavioral change is caused by alterations in the neuronal circuit during both

development and conditioning. We focused our study on whether the synaptic connection between

RPeD1 and RPA6 neurons is modulated during development and conditioning. Our findings indicated

that the RPeD1 has an excitatory monosynaptic contact with the RPA6 in young naïve and operantly-

conditioned adult animals. The relationship of this contact was well correlated with their respiratory

behavior.
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Lymnaea respiratory behavior changes during development; young animals breathe

mainly through the skin, whereas adults breathe mainly through the lung [9].

Lukowiak et al. demonstrated that operant conditioning modulates respiratory behav-

ior in adult animals; i.e. prior to conditioning, adult animals show pulmonary respi-

ration whereas after operant conditioning they breathe via the skin [2]. We hypothe-

sized that this behavioral change is due to alterations in the neuronal circuit during

both development and conditioning. Respiration in Lymnaea is controlled by three

neuron groups; sensory neurons, central pattern generators (CPG), and motor neu-

rons [4, 8]. The right pedal dorsal 1 (RPeD1) is a CPG and neurons in the right pari-
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etal A (RPA) group are the motoneurons that control aerial respiratory muscles [7, 8].

Among the RPA neurons, RPA6 has a monosynaptic contact with RPeD1 [1]. We

examined whether the synaptic connection between the RPeD1 and RPA6 neurons is

modulated during development and/or conditioning. Three experimental groups were

analyzed behaviorally and electrophysiologically; naïve young (shell length: > 15

mm) control, adult (shell length; < 20 mm) control, and operantly-conditioned adult. 

The animals were described previously [6]. The procedure for operant condition-

ing was performed according to Lukowiak et al. [2]. To select for animals according

to respiratory behavior, each animal was placed into a 500-ml flask of hypoxic water

(bubbled with N2 for 15 min beforehand in a 1000-ml glass beaker). Young and adult

animals that reached the surface of the hypoxic water fewer than 3 times over a 15-

min period were not included in the study. Four sessions of operant conditioning ses-

sion were performed for 15 min every 1 h in 1 day. In each session, when the animal

reached the water surface, a tactile stimulus was delivered to the pneumostome area

with a hand-held Plexiglas rod each time the animal attempted to open its pneu-

mostome. The tactile stimulation to the pneumostome area always evoked a whole-

body withdrawal response, which caused the pneumostome to close immediately.

The number of tactile stimulations to the pneumostome was recorded for each ani-

mal. Memory retention tests were performed 24 h later.

Fig. 1. Synaptically-induced excitatory effects of RPeD1 on RPA6. In both cases, excitation in RPeD1

induced a monosynaptic excitatory effect in RPA6. Inset shows serotonin-positive neurons, named RPA1

to RPA6, in the right parietal ganglion
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Within a few days after the conditioning, electrophysiologic examination was per-

formed. To assess the synaptic connection between the RPeD1 and RPA6 neurons,

simultaneous intracellular recordings were made from the RPeD1 and RPA6 neurons

with an isolated central nervous system preparation. The preparation and methods of

electrophysiology were described previously [6].

The operantly-conditioned adult animals breathed significantly less often through

the lung compared to naïve adult animals, as previously demonstrated [3]. Because

RPA group neurons comprising 7 to 13 cells are serotonergic [10], we immunohisto-

logically identified each cell from RPA1 to RPA6, based on its relative position in the

right parietal ganglion. Among these neurons, we identified the right most caudal

neuron as RPA6, which had a diameter of approximately 50 μm (Fig. 1).

Spontaneous impulse discharges in RPeD1 occur more frequently in young ani-

mals than in adult animals [5]. In young naïve animals, cutaneous breathers, there

was a clear excitatory monosynaptic connection between RPeD1 and RPA6 when the

postsynaptic elements were hyperpolarized so as to generate less impulse activity in

response to excitation of the RPeD1 neuron, which was induced by injecting depo-

larizing current. The same excitatory monosynaptic connection was observed in the

operantly-conditioned adult preparation, i.e., depolarization of RPeD1 induced an

excitatory postsynaptic potential in RPA6, even in high divalent cation-containing

saline (24 mM Mg2+; 12 mM Ca2+; Fig. 1). On the other hand, we did not detect any

excitatory effect at this synapse in the naïve adult preparation. These electrophysio-

logic findings were well correlated with the respiratory behavior. Because we do not

know the physiologic role of RPA6 in respiratory behavior, we cannot refer to these

synaptic changes as direct conditioning-induced synaptic modifications. Previous

studies, however, demonstrated that RPA group neurons are motoneurons that con-

trol the mantle cavity muscle or pneumostome opener muscle [7, 8]. The present

findings indicate that the RPeD1 to RPA6 synapse mediates respiratory information

related to aerial respiration.
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