
We describe octopamine responses of 3 large buccal neurons of Lymnaea and test the hypothesis that
these are cAMP-dependent. 

The B1 neuron is excited by octopamine and the depolarisation is significantly enlarged (P < 0.05) by
application of the blocker of cAMP breakdown, 3-isobutyl-1-methylxanthine (IBMX). The B1 neuron is
also depolarised by forskolin, an activator of adenylyl cyclase. 

The B2 and B3 neurons are inhibited by octopamine, and the response is not affected by IBMX. Both
cells are excited by forskolin. 

We conclude that the B1 neuron response to octopamine is likely to be mediated by cAMP, while the
B2 and B3 responses are cAMP-independent. 
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INTRODUCTION
Although octopamine has been widely described as a transmitter and modulator in
arthropods, especially insects and crustacea (see review by [11]), it has not been well
characterised in other phyla. However, in the last five years, octopamine has been
found to have a major role in the feeding system of a model gastropod Lymnaea stag-
nalis.

Antagonists that block octopamine actions in insects impede Lymnaea feeding
[17]. Feeding is controlled and modulated by the buccal ganglia, which have 3 OC
(octopamine-containing) interneurons. These make synaptic and modulatory outputs
onto all the known feeding neurons in the buccal ganglia [16]. These connections can
be mimicked by octopamine action [3] and include chemically mediated actions on
three of the largest neurons: excitation of the B1 and inhibition of the B2 and B3 neu-
rons.

Most octopamine responses in insects (e.g. neuronal [10]; muscular [6] [19]) are
mediated by adenylyl cyclase-dependent mechanisms (see [11] for review). In a few
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cases (e.g. the leg myogenic rhythm, [7] or haemocytes, [2]) inositol-phosphate path-
ways have been implicated, suggesting at least two types of G-protein linked
responses are present in arthropods. However, no direct ion-channel receptors have
been reported. The aim of these experiments has been to test the hypothesis that the
responses seen in the buccal neurons of Lymnaea are mediated by production of
cAMP.

MATERIAL AND METHODS

The CNS was isolated as described previously. It was then placed in a saline bath [5],
and the B1, B2 and B3 neurons identified visually [14]. Impalement with K+ acetate-
filled glass micro-electrodes was facilitated by digestion of the connective tissue
sheath with protease (Sigma XIV). The bath was perfused at 1 ml/min with Lymnaea
High Mg++/High Ca++ (Hi-Di) saline, or with Lymnaea High Mg++/low Ca++ saline
(solutions described in [5]). Octopamine (Sigma) was dissolved in saline to make a
0.1 M solution and frozen until the day of use. It was diluted immediately after thaw-
ing and then perfused into the bath. 3-isobutyl-1-methylxanthine (IBMX, Sigma) and
forskolin (Sigma) were dissolved in saline and DMSO (respectively) and stock solu-
tions frozen. Freshly thawed solutions were diluted with saline, and delivered to the
bath via the perfusion system. Upon arrival, the pump was stopped and only restart-
ed when the wash was required.

RESULTS

Octopamine has direct effects on buccal neurons

Bath perfusion of octopamine in normal saline causes activation of fictive feeding
[17], so we dissolved octopamine in High Mg++/low Ca++ saline which eliminates
synaptic connections. In this saline, direct responses to octopamine are still seen.
These include a depolarisation of the B1 motoneuron and hyperpolarisation of the B2

Fig. 1. Effect of 500 μM octopamine dissolved in High Mg++/low Ca++ saline on buccal neurons.
Simultaneous recordings from a B1 motoneuron, excited by octopamine and a B2 and a B3 neuron, both
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and B3 motoneurons (Fig. 1). Analysis of repeated applications of octopamine
showed that these three buccal neurons did not share the same dose-response curve
(Fig. 2). The B3 hyperpolarising response is noticeable at 1 μM, an order of magni-
tude below the threshold for B1 and B3 responses (10 μM). As the concentration of
octopamine is increased, the size of response increases, at least until 5 mM. At the
higher concentrations, the B2 hyperpolarisation increases more quickly than the B3,
with a crossover at about 100 μM. These differences in threshold and pattern of dose-
response curves were seen consistently in the High Mg++/low Ca++ and also in the
Hi-Di saline (which reduces fictive feeding by raising the action potential threshold
by about 10–15 mV [4]).

Effect of forskolin

The diterpenoid, forskolin, has been used in many systems to activate adenylyl
cyclase. Application of forskolin in Hi-Di saline excites each of the B1, B2 and B3
neurons. It produces a long lasting (10 minute) depolarisation of the B1 neuron, on
which occasional rapid EPSPs are seen (Fig. 3). The B2 neuron, which (as usual) is
already firing steadily in the Hi-Di saline, fires faster with forskolin (Fig. 3). [We did
check that this B2 had been hyperpolarised by octopamine.] Similar results were seen
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Fig. 2. Dose response curve for octopamine application to buccal neurons. Ten applications of different
concentrations of octopamine dissolved in High Mg++/low Ca++ saline were made to one preparation,

with simultaneous recordinds from B1, B2, B3 neurons
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in both Hi-Di saline and High Mg++/low Ca++ saline, in 11 preparations. In control
experiments with 1,9-dideoxyforskolin, which does not activate adenylyl cyclase, not
effect on membrane potential or firing rate is seen.

Effect of IBMX

IBMX (3-isobutyl-1-methylxanthine) is a membrane permeable blocker of cyclic
nucleotide phosphodiesterase(s). The response of the B1 neuron to octopamine is
doubled by application of 10 μM IBMX for 20 minutes, compared to controls made

Fig. 3. Effect of forskolin on buccal neurons – simultaneus recordings from B1 and B2 in Hi-Di saline,
with a plot of the firing rate of B2 added

Fig. 4. Effect of IBMX on response of the buccal neurons B1 and B2 to 50 μM octopamine in Hi-Di
saline. A: control application; B: after 20 minutes perfusion with 10 μM IBMX. The B1 depolarising

response is stronger than in A and elicits action potentials, while the B2 is of similar size



on the same preparation before IBMX. In Hi-Di saline, 50 μM octopamine normally
produces a small depolarisation in B1, but after IBMX treatment the response is
much bigger and leads to B1 action potentials (Fig. 4). The enhanced response can
be divided into two parts: a smooth depolarisation which is larger, and short-lasting
discrete EPSPs which appear more frequently. The shape of these EPSPs is reminis-
cent of those produced by stimulating the N1 or SO interneurons [13–15]. Mea-
surement of the smooth depolarising component produced by 10 mM octopamine
shows it increased from 8.8 ± 1.6 mV to 19 ± 4 mV (P < 0.05). However, the B2,
hyperpolarisation was not increased, and showed no significant change in size
(P > 0.05), though more N1-like synaptic inputs were seen in some preparations.

DISCUSSION

Our work shows that the buccal neurons respond directly to octopamine but also indi-
cates differences in the ways that the cells react. This indicates differences in the
octopamine receptors.

B1

The B1 motoneuron is excited by octopamine. This corresponds with the excitatory
input received following OC stimulation [16]. The size of the response is signifi-
cantly increased by the cyclic phosphodiesterase blocker IBMX, suggesting that the
cAMP pathway may be stimulated by octopamine. This is supported by the excitato-
ry effect of the adenylyl cyclase activator, forskolin. A cAMP dependent octopamine
receptor was described in Aplysia [3], but it is not known whether it is expressed in
buccal neurons. From Lymnaea, Gerhardt et al. [8] extracted an octopamine receptor
(Lym oa1) which increased both cAMP and inositol phosphates when expressed in
HEK 293 cells.

B2 and B3

The B2 and B3 motoneurons are both inhibited by octopamine, as they are by OC
stimulation [16]. The simplest explanation of the lower threshold in B3 than B2 is
that the receptors may be nearer the surface of the buccal ganglia, probably on the
cell soma. This would fit with iontophoretic experiments in which it is much easier
to eject enough octopamine onto the B3 than B2 to obtain a response. The crossover
in dose-response curves may occur because the B2 has endogenous membrane rhyth-
micity, which may be affected by octopamine action.

In the B2 and B3 neurons, if octopamine activated adenylyl cyclase, we would
expect forskolin to inhibit them. However forskolin actually excites them.
Application of IBMX to either B2 or B3 produces no increase in the response to
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octopamine, which would be expected if octopamine activates adenylyl cyclase. We
conclude that the B2 and B3 octopamine receptors are not likely to activate adenylyl
cyclase and are therefore different to those in the B1 neuron. Gerhardt et al. [9]
expressed a second octopamine receptor from Lymnaea which was independent of
both cAMP and inositol phosphates in HEK 293 cells. The Lym oa2 receptor’s sec-
ond messenger was not determined, but their transfection experiments caused an
increase in a Cl– conductance. In the B2 and B3 neurons the very large hyperpolari-
sations suggest that K+ conductance is increased, which would accord with Bahls
observation [1] of K+ dependent octopamine hyperpolarisations in buccal neurons of
Helisoma.
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