
We investigated the effect of elevated levels of humoral 5HT and DA on the feeding latency of Helix

pomatia, 1 day, 3 days and 10 days following satiation, by injecting monoamines into the haemocoel.
HPLC assay of monoamines showed that both 5HT and DA are present in pmol/ml concentrations in the
haemolymph of both starved and non-starved animals. Elevated levels of 5HT and DA were most effec-
tive at decreasing the feeding latency 10 days following satiation when DA decreased the feeding laten-
cy in a concentration dependent manner between 10–7 and 10–5 M whereas 5HT levels decreased the feed-
ing latency only at 10–6 M but increased it at 10–5 M. Immunocytochemistry revealed that both 5HT3 and
D1 receptor-like immuno-reactivity are present in cell bodies located in the same areas of the buccal gan-
glia. Our observations suggest that both humoral DA and 5HT mutually modulate the activity of the feed-
ing CPG through neurons which have these receptors.
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INTRODUCTION

Rhythmic motor behaviors are controlled by a network of interacting neurons called
central pattern generators (CPGs), which are able to generate repetitive, rhythmic
output even in the absence of sensory feedback (for rev. [3]). In snails the CPG
responsible for the rhythmic feeding movements, including biting and swallowing is
located in the buccal ganglia of the CNS [for rev. 4, 11]. The feeding motor program
is initiated and modulated by intrinsic members of the CPG, including some
dopaminergic (DAergic) neurons in the buccal ganglia [4]. These DAergic neurons
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receive sensory inputs from oral areas, therefore they have a prominent role in the
sensory motor integration while triggering the consummatory feeding response [4,
11]. In semi-intact or isolated CNS preparations externally applied DA has also been
implicated in both the initiation and modulation of rhythmic buccal motor patterns
generated by the feeding CPG in several gastropod species [4, 9, 11].

The serotonergic (5HTergic) giant cerebral neurons have excitatory effects on the
buccal feeding network but are extrinsic modulators of the feeding CPG [17, for rev.
4]. 5HT superfusion of the buccal ganglia evokes CPG controlled fictive feeding or
facilitates the feeding motor pattern [9, for rev. 2, 4]. These data suggest that both
5HT and DA exert their above effects on the feeding CPG as neurohormones, possi-
bly acting through receptors located on the cell bodies concerned. Earlier findings
support this suggestion, as both 5HT and DA are present in measurable amounts in
the haemolymph of Lymnaea [16] and Aplysia [10]. Pharmacological studies suggest
that both 5HT and DA receptors are involved in the initiation and modulation of
rhythmic activity of CPGs in both vertebrates and invertebrates [for rev. 3]. The acti-
vation of 5-HT3 receptors [for rev. 5], and D1 dopamine receptors [for rev. 12] leads
to increased activity of the neurons involved. Additionally, activation of 5HT3 recep-
tors may lead to DA release in the brain [for rev. 1]. 5HT and DA receptors have also
been shown in mollusks [for rev. 6, 15]. 

We used an HPLC assay to measure the 5HT and DA content in the haemolymph
of the land snail, Helix pomatia. By injecting 5HT and DA into the haemocoel, we
investigated the effect of elevated levels of 5HT and DA on the feeding latency of
the animals after short and long starvation. Immunostaining was also carried out to
localize any 5HT3 and D1 receptors present in the paired buccal ganglia.

MATERIALS AND METHODS

Adult specimens of the terrestrial snail, Helix pomatia, were fed to satiation with
cucumber and kept in a cage under lab conditions. Animals were used for the behav-
ioral experiments 1, 3 and 10 days following satiation. One day following satiation
the animals were active, as characterized by spontaneous locomotion. However, after
3 and 10 days the animals became inactive. Therefore, prior to experiments, they had
to be activated by osmotic stimulation [7].

Injection of monoamines into the haemocoel

Groups of activated animals were injected with 25 μl of 5HT or DA at different con-
centrations (10–5 M – 10–2 M), while control animals were injected with 25 μl of stan-
dard Helix saline. An activated animal has about 2–2.5 ml volume of haemolymph in
its body, therefore the injected monoamines are presumably diluted to a 1 : 100 ratio
in the haemolymph. The diluted (final) concentrations are used in the text and on the
graphs.



Behavioral (feeding) test

One min after injection, the animals were placed on a glass plate covered with a thin
layer of paper tissue soaked with cucumber extract. The feeding latency (the time
duration between placing the animal on the surface and its first bite) was measured.
In each experimental group 10 animals were used for behavioral testing. Animals
were considered to show a feeding response when, after placing them on the tissue,
they exhibited a feeding posture (animals stopped crawling and bent their tentacles
towards the food source, [13]). A trace of rasping could also be seen on the thin paper
tissue.

HPLC assay of monoamines in the haemolymph

Haemolymph (750 μl) was taken from each animal and added to 500 μl of 0.05 M
phosphate buffer (pH 7.6) containing 0.1 M perchloric acid and then vortexed. The
samples were centrifuged, the supernatants lyophilized and resuspended in 300 μl of
0.1 M perchloric acid containing isoproterenol as an internal standard. The
monoamines were assayed by a Waters high performance liquid chromatograph [7].

Immunocytochemistry

For immunocytochemistry the buccal ganglia were dissected and immersed into fix-
ative containing 4% paraformaldehyde buffered with 0.1 M phosphate buffer (pH
7.4) for 4 h at 4 °C. Immunocytochemistry was carried out on 35 μm thick floating
cryostat sections. Groups of sections were incubated with 5HT3A antibody (anti-rab-
bit [13], provided by Prof. A. Spier. Cambridge, UK) diluted 1 : 2000, or D1A
dopamine receptor antibody (anti rabbit, Chemicon) diluted 1 : 2000 in antibody
diluter (PBS-TX containing 0.25% BSA). Sections were incubated with antibodies
for 1 day at room temperature. The immunoreaction was visualized by the ABC
method. To test the specificity of the antibodies we used the method control in which
the antibody was replaced with BSA in the protocol and the pre-absorption control
in which the antibodies were pre-absorbed with the immunogens (control peptides)
(100 μg/ml). The pre-absorption controls only gave a weak immunoreaction in a few
cell bodies.

RESULTS

The 5HT and DA content of the haemolymph

One day following satiation the 5HT level of the haemolymph in the animals was
12.02 ± 1.31 pmol/ml (n = 5) whereas the DA content was 2.21 – 2.9 pmol/ml (n = 2).
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Ten days following satiation, when the animals were inactive, we failed to assay any
5HT or DA in the haemolymph, but after activation of the animals there was an
increase in the volume of haemolymph and a raised level of both 5HT (46.06 ± 12.33
pmol/ml, n = 5) and DA (5.16 – 6.1 pmol/ml, n = 2) in the haemolymph.

Feeding latency after monoamine injection

One day following satiation the control animals were still active (crawling) and
responded to the feeding stimulus after 26.37 ± 0.88 sec (measured as feeding laten-
cy). When the animals were allowed to feed they fed for a relatively brief time (2–5
min feeding episode). Injection of 5HT or DA did not decrease the feeding latency
at any concentration. Injection of DA at 10–5 M final concentration significantly
increased the feeding latency (50.62 ± 2.9 sec, vs. Control 26.37 ± 0.88 sec n = 10,
P < 0.01, Fig. 1a). Injection of 5HT also significantly increased the feeding latency
of the animals at both 10–6 M (up to 68.75 ± 4.4 sec, n = 10, P < 0.01) and 10–5 M
(130 ± 5.42 sec, n = 10, P < 0.01) final concentrations (Fig. 1a).

Three days following satiation the (activated) control animals showed a longer
(45.25 ± 2.22 sec) feeding latency, and they exhibited longer (10 – 20 min) feeding
episodes when left feeding. Injection to give a final concentration of 10–7 M DA in
the haemolymph increased the feeding latency (88.75 ± 6.39 sec, n = 10, P < 0.01),
while 10–5 M final concentration DA shortened the feeding latency (30.0 ± 2.31 sec,
n = 10, P < 0.05, Fig. 1b). 5HT only increased the feeding latency (203.7 ± 19.17 sec,
n = 10, P < 0.01) when its concentration reached 10–5 M in the haemolymph (Fig. 1b). 

Ten days following satiation the activated animals showed an even longer
(216.87 ± 16.74 sec) feeding latency after placing them on the tissue, and carried on
feeding for 60–90 min when left feeding. Injection of DA at 10–7, 10–6 or 10–5 M final

Fig. 1. The effect of elevated humoral DA and 5HT levels on the feeding latency after 1 day (a), 3 days
(b) and 10 days (c) following satiation. A control; B 10–7 M; C 10–6 M; D 10–5 M; E 10–4 M DA + 10–3

M 5HT; F 10–4 M 5HT + 10–3 M DA (the estimated final concentrations of the injected 5HT and DA)
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Fig. 2. 5HT3 and D1 receptor antibody labeled neuronal elements in the buccal ganglia. a. 5HT3
immunolabeled fibers (long arrows) and cell bodies are located in loose groups in the ganglion. The large
putative motoneurons (B1, B2) do not show immunostaining. In the perineurium (asterisk) fine labeled
fibers can also be seen showing a non-varicose appearance (short arrows, insert). b. D1 immunolabeled
fibers (long arrows) and small cell bodies can be seen arranged in two large groups in the buccal gan-
glion. In the perineurium (asterisk) fine varicose immunolabeled fibers (short arrows, insert) can also be 

seen. a – p anterior–posterior direction, bars 50 μm
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concentrations decreased the feeding latency in a concentration-dependent manner,
with the maximal decrease at 10–5 M (47.5 ± 3.89 sec, n = 10, P < 0.01, Fig. 1c).
Injection of 5HT decreased the feeding latency at 10–6 M final concentration
(10.7 ± 3.23 sec, n = 10, P < 0.01), but increased the latency at 10–5 M final concen-
tration (291.8 ± 13.39 sec, n = 10, P < 0.01, Fig. 1c).

Increasing both the DA and 5HT levels up to 10–4 M in the haemoplymph of
starved animals, prevented their feeding responses. DA injection caused contraction
of the longitudinal head-foot muscles which shortened and immobilized the animals.
However, when 5HT was simultaneously injected to give a final concentration of
10–5 M in the haemolymph, the animals started feeding with a significantly shorter
feeding latency compared to the control (78.0 ± 8.88 sec, n = 10, vs. control
216.87 ± 16.74 sec, n = 10, P < 0.01).

5HT at 10–4 M final concentration in the haemolymph relaxed the longitudinal
head-foot muscles with protrusion of the tentacles and evoked vigorous spontaneous
locomotion of the animal. Additionally, the animals displayed a rhythmic pharyngeal
protraction-retraction movement without rasping. However, when DA was simulta-
neously injected (up to 10–5 M final concentration in the haemolymph) the animals
responded to food presentation with a decreased feeding latency compared to the car-
rier injected control (111.4 ± 7.67 sec, n = 10, P < 0.01 (Fig. 1c).

Immunocytochemical labeling of monoamine receptors

Both 5HT3 (Fig. 2a) and D1 (Fig. 2b) receptor immunocytochemistry revealed
numerous small-sized immunoreactive cell bodies and fibers in the buccal ganglia,
arranged in loose groups. Additionally, labeled fibers were seen in both the neuropile
areas and the perineurium of the ganglia (Fig. 2a insert). The distribution of D1
immunolabeled neurons was similar to that labeled by the 5HT3 antibody. Large
diameter putative motoneurons did not display either 5HT3 or D1 immunoreactivity
(Fig. 2a, b).

DISCUSSION

HPLC assay of monoamines showed that both 5HT and DA are present in the
haemolymph of Helix pomatia which is similar to the situation found in other mol-
luscan species as Aplysia [10] and Lymnaea [16], suggesting a neurohormonal role
for both monoamines. Injection of either DA or 5HT into the haemocoel to elevate
the level of humoral 5HT and DA affected the feeding latency, depending on the pre-
vious state of the animals (satiation or starvation).

One day following satiation, when the feeding stimulus evoked only a short (2–5
min) feeding episode, the elevated levels of 5HT and DA (10–6 or 10–5 M) increased
the feeding latency of the animals. Three days following satiation, activated animals
exhibited longer (10–20 min) feeding episodes after food presentation, and a raised



level of DA (10–5 M) decreased, but the same level of 5HT increased the feeding
latency of the animal. In the case of starved animals (10 days following satiation),
activated animals exhibited the longest (60–90 min) feeding behavior after presenta-
tion of food, and DA injection resulting in 10–7 and 10–5 M final concentration in the
haemolymph decreased the feeding latency in a concentration-dependent manner.
The increased level of 5HT (10–6 M) decreased the feeding latency, while 10–5 M
5HT resulted in a longer feeding latency.

Injections resulting in a concentration of 10–4 M DA or 5HT in the haemolymph
prevented the feeding response of the animals. DA at a final concentration of 10–4 M
immobilized the animals (locomotor activity ceased) by shortening the longitudinal
head-foot muscles including the pharyngeal retractor muscles. These muscles belong
to feeding muscles and are innervated by both DAergic and 5HTergic fibers [8].
However, when the 5HT level was raised simultaneously in the haemolymph to
10–5 M the animals started to feed with a decrease in the feeding latency compared
to the saline injected control. 5HT at 10–4 M final concentration evoked vigorous
locomotion (increased the activity of locomotor CPG) and additionally evoked the
relaxation of the longitudinal head-foot muscles and a fast rhythmic protraction-
retraction movements of the head (pharynx) without rasping. However, when DA
(10–5 M final concentration) was simultaneously injected with 5HT, the animals
again started feeding with a decrease in the feeding latency. These findings are in
good agreement with earlier observations that both DA and 5HT are involved in
switching between the different buccal motor programs in the feeding CPG network
of gastropods [4, 9].

Our present immunocytochemical data showed that both 5HT3 and D1-like
immunoreactivity are visualized in the cell bodies and fibers of buccal neurons, sug-
gesting the presence of authentic 5HT3 and D1 receptors in these neurons. Since the
two types of immunolabeled cell bodies are located in the same areas we cannot
exclude the coexistence of these receptors on the same neurons. The size of these
labeled neurons coincides with the size of interneurons of the feeding CPG network
[for rev. 4, 11]. Therefore, we suggest that certain of these labeled neurons belong to
the interneurons of the feeding CPG. Since activation of both 5HT3 and D1 recep-
tors excite neurons [for rev. 5, 12], we suggest that humoral 5HT and DA can mutu-
ally increase the activity of neuronal elements of the feeding CPG through 5HT3 and
D1 receptors probably located extrasynaptically on cell bodies.
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