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Abstract

In molluscs, the number of peripheral neurons far exceeds those
found in the central nervous system. Although previous studies
on the morphology of the peripheral nervous system exist, details
of its organization remain unknown. Moreover, the foot of the
terrestrial species has been studied less than that of the aquatic
species. As this knowledge is essential for our experimental model,
the pulmonate gastropod Megalobulimus oblongus, the aim of the
present study was to investigate monoamines in the pedal plexus
of this snail using two procedures: glyoxylic acid histofluorescence
to identify monoaminergic structures, and the unlabeled antibody
peroxidase anti-peroxidase method using antiserum to detect the
serotonergic component of the plexus. Adult land snails weighing
48-80 g, obtained from the counties of Barra do Ribeiro and
Charqueadas (RS, Brazil), were utilized. Monoaminergic fibers were
detected throughout the pedal musculature. Blue fluorescence
(catecholamines, probably dopamine) was observed in nerve
branches, pedal and subepithelial plexuses, and in the pedal muscle
cells. Yellow fluorescence (serotonin) was only observed in thick
nerves and in muscle cells. However, when immunohistochemical
methods were used, serotonergic fibers were detected in the pedal
nerve branches, the pedal and subepithelial plexuses, the basal
and lateral zones of the ventral integument epithelial cells, in the
pedal ganglion neurons and beneath the ventral epithelium. These
findings suggest catecholaminergic and serotonergic involvement
in locomotion and modulation of both the pedal ganglion interneu-
rons and sensory information. Knowledge of monoaminergic dis-
tribution in this snail´s foot is important for understanding the
pharmacological control of reflexive responses and locomotive
behavior.
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Introduction

In many invertebrates, especially in mol-
luscs, the number of peripheral neurons can far
exceed the number of neurons in the central

nervous system (1,2). The foot is one of the
most innervated areas in molluscs. The periph-
eral nervous system of the foot includes a pedal
plexus, which is involved in locomotion,
body movement and sensory function (1,2).
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A high degree of structural organization
has been described in the epithelial and mus-
cular areas of the foot sole in Megalobulimus
oblongus (3). The nerves from pedal ganglia
give rise to small nerves that branch out to
form the pedal plexus. This plexus consists
of a nerve meshwork with ganglionic clus-
ters located among the pedal muscle fibers.
A similar organization has been described in
other gastropods, such as Helix aspersa (4)
and Ereminia ehrenbergi (5).

The distribution of neurotransmitters in
the pedal plexus of some aquatic molluscs
has been described. Neurotransmitters such
as acetylcholine, dopamine and serotonin (5-
HT), diverse neuropeptides such as sub-
stance P and calcitonin gene-related peptide
have been identified (3,6,7). There is some
disagreement regarding the presence of
monoaminergic or peptidergic neuronal so-
mata in the foot (8).

Among invertebrates, the most common
catecholamine is dopamine, while adrenaline
and noradrenaline are rare (6). In gastro-
pods, dopamine is also the principal cate-
cholamine and there is no evidence that the
neurons are capable of synthesizing other
catecholamines (6,9). In a pharmacological
review of rhythmic behaviors such as loco-
motion or breathing, the modulatory role of
5-HT is noteworthy in the control of locomo-
tion (8,10) and feeding (11-13), while dopa-
mine has been reported to play a role in
breathing (14). In addition, the modulatory
role of 5-HT in aversive behavior (10,15) has
also been documented (16).

Most of the available knowledge con-
cerning control of locomotion behavior comes
from studies of aquatic gastropod species
(ciliary gliding or swimming gastropods).
However, terrestrial molluscs, which use
waves of pedal muscular contraction for
crawling, have been studied less (17).

One of the most difficult problems in
neuroscience is the functional identification
of the neurons involved in the networks
underlying certain behavior, specially the

modulatory and premotor interneuron cells.
A detailed analysis of the structure and chem-
ical nature of the neuronal circuits is a nec-
essary prerequisite of neurophysiological
studies. The usefulness of unique properties
of molluscan nervous system for neurobio-
logical research is widely recognized. The
involvement of the serotonergic and dopa-
minergic neuronal networks in aversive, feed-
ing, locomotive, and respiratory behavior
has been described in other gastropods.

Given the absence of studies on the dis-
tribution of monoaminergic systems in the
peripheral nervous system of terrestrial gas-
tropods and the importance of this knowl-
edge for our experimental model, M. oblon-
gus, the aim of this study was to investigate
monoamines in the pedal plexus of this snail
using the glyoxylic acid fluorescence proce-
dure and immunohistochemistry to detect
5-HT.

Material and Methods

Adult land snails, M. oblongus - Müller
1774, weighing 48-80 g were obtained from
the counties of Barra do Ribeiro and
Charqueadas (RS, Brazil) over a period of
one year. The animals were kept in a screened
terrarium, subjected to a controlled 12-h
light/dark cycle and temperature (20-25ºC)
and fed lettuce and water ad libitum.

Histofluorescent method

The histofluorescence method of De La
Torre and Surgeon (18), with some modifi-
cations (19), was used to detect monoam-
ines. Briefly, 23 snails were anesthetized by
immersion in a menthol-saturated physiologi-
cal solution (29.5 mM NaCl, 2.4 mM KCl,
6.0 mM CaCl2) for 30 min. The foot muscu-
lature was dissected out and samples of the
anterior, medial and posterior regions of the
pedal muscle were obtained (20). The tissue
fragments were frozen and horizontally or
transversely sectioned (75 µm) with a cry-
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ostat (Leitz Digital 1702) and picked up on
glass slides. The sections were incubated in
a solution containing 2% glyoxylic acid, 0.2
M sucrose and 0.236 M monobasic potas-
sium phosphate diluted in distilled water at
pH 7.4 for 3-5 min. The incubation in this
solution and the subsequent steps were per-
formed according to the method of Salimova
and colleagues (21). The sections were ex-
amined with a Nikon fluorescence micro-
scope, Optiphot-2, fitted with a V-2A filter
block (BA450 barrier filter and EX 380-425
excitation filter), giving blue fluorescence to
catecholamine fluorophores and yellow flu-
orescence to indole-reactive products.

Two control procedures were performed.
In the first, 5 snails were injected into the
anterior part of the foot (22) with 30 µg/g
reserpine phosphate (Ciba) dissolved in a
snail saline solution. The animals were kept at
room temperature and after 3 days were
processed as previously described. In the
second, glyoxylic acid was omitted from the
reaction solution used for sections from the
pedal muscle.

Immunohistochemistry

This study was performed on 8 animals.
Two snails were injected intramuscularly
with 10 mg/g 0.1% colchicine (Enila Labora-
tory) (23) 48 h before muscle removal. The
animals were then anesthetized in a menthol-
saturated physiological solution and samples
from the anterior, medial and posterior re-
gions of the pedal muscle (20) were obtained
and fixed in a fresh solution containing 4%
(v/v) paraformaldehyde in 0.1 M sodium
phosphate buffer, pH 7.4, at room tempera-
ture for 4 h. The samples were then cryopro-
tected in a 30% sucrose solution in 0.1 M
sodium phosphate buffer, pH 7.4, at 4ºC with
continuous stirring until they moved to the
bottom of the container. After freezing, trans-
verse sections (50 µm) were obtained with a
cryostat (Leitz). Sections were rinsed in
phosphate-buffered saline (PBS) and pro-

cessed for 5-HT immunohistochemistry by
the unlabeled antibody peroxidase-antiper-
oxidase procedure (24). The sections were
pretreated with 10% methanol diluted in 3%
hydrogen peroxide for 30 min, carefully
washed and blocked with 3% normal goat
antiserum in PBS containing 0.4% Triton-
X100 for 30 min. The free-floating sections
were incubated with a polyclonal antiserum
raised in rabbits against 5-HT (Sigma) diluted
1:2000 in PBS-Triton X100 with continuous
shaking for 48 h at 4ºC. The sections were
washed in PBS and incubated with anti-
rabbit IgG (1:50; Sigma) for 2 h at room
temperature. The sections were washed in
PBS and incubated with a rabbit peroxidase-
antiperoxidase antibody (Sigma) diluted 1:500
for 2 h at room temperature. In order to
develop the immunohistochemical reaction,
the sections were treated in a medium con-
taining 0.06% 3,3'-diaminobenzidine tetra-
hydrochloride (Sigma) for 10 min at room
temperature and then in the same solution
containing 1 µl 3% H2O2 per ml for 10 min.
For control, sections from the different re-
gions of the pedal muscle were routinely
processed by omitting the primary antibody.

Results

The histochemical glyoxylic acid method
labeled monoaminergic fibers of varying di-
ameters as well as the pedal plexus, located
along the pedal muscle of the foot of M.
oblongus. Both the same strong blue fluores-
cence of the catecholamines and the intense
or pale yellow fluorescence characteristic of
5-HT were observed throughout the pedal
muscle (Figure 1a,b). The 5-HT fibers quickly
faded when exposed to ultraviolet light. Along
the pedal muscle, deep orange or brownish
auto-fluorescent elements were also detected.
This auto-fluorescence remained even when
glyoxylic acid was omitted from the solution
or when the animals were submitted to reser-
pine phosphate treatment.

In the horizontal sections, monoaminer-



1046

Braz J Med Biol Res 37(7) 2004

M.C. Faccioni-Heuser et al.

Figure 1. Fluorescent micrographs of the ventral aspect of Megalobulimus oblongus showing catecholamine (CA) and 5-hydroxytryptamine (5-HT)
fluorescence in the pedal plexus. a, Note a dense mesh of CA-labeled fibers (arrowheads) against the ventral epithelium (E) and a loose CA network
in the middle region of the pedal muscle that corresponds to the pedal plexus (star). From the subepithelial plexus (asterisk) some neuronal distal
processes separated and penetrated between the epithelial cells (thin arrow). b, Section from the middle region of the pedal muscle showing 5-HT
fluorescent varicose axons (arrows). c, Detail from a. Note the intense CA fluorescent subepithelial cells (arrowheads) from which some processes
(thin arrow) penetrate between the epithelial cells (E). d, Detail of the pedal plexus (star). Observe CA fluorescence in ganglia (arrows) and in nerves
that form the mesh (small arrow). e, Note nerves longitudinally sectioned with CA (arrow) and 5-HT (double arrow) fluorescent axons. Observe 5-HT
fluorescent axons (thin arrow) in another nerve. f, A nerve over the muscle cells with CA fluorescent fibers (arrows). Bars: a = 100 µm; b, e, f = 20
µm; c, d = 50 µm.
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gic fibers of varying diameters were found
along the full extent of the foot of M. oblongus.
The fluorescence found in these fibers was
catecholamine. 5-HT varicose fibers as well
as catecholamine ganglia were observed in
the anterior, middle and posterior regions of
the foot. In the middle region, thick nerves
showing both catecholamine and 5-HT were
observed between the muscle fascicles (Fig-
ure 1e,f). In the same section, a large number
of 5-HT varicose fibers were also demon-
strable. They were located over and parallel
to the muscle fascicles, forming a delicate
mesh (Figure 1b).

In horizontal sections of the most ventral
regions, catecholamine fibers also occurred
in all the zones of the foot. The catechol-
amine fibers formed a subepithelial reticule
of fine interlinked fibers (Figure 1a,c). In
these sections the 5-HT varicose fibers were
not detected, probably as a result of being
masked by the intense blue of the numerous
catecholamine fibers. Catecholamine was
detected in the form of a close woven mesh
beneath this subepithelial reticule. This mesh
was composed of catecholamine fibers and
small nerve ganglia. In the intermediate re-
gions, the catecholamine mesh of fibers was
looser and the dimensions of the positive
ganglia and fibers were greater than those in
the ventral regions. In the middle region of
the foot muscle, a loose mesh of nerve fibers
formed the monoaminergic plexus and the
ganglia were larger than those previously
mentioned.

In transverse sections, it was possible to
observe that the catecholamine nerve plexus
was located in the middle and ventral regions
of the pedal muscle, while in the dorsal region
the catecholamine fibers were not detected.
The 5-HT varicose fibers were best ob-
served in the middle regions of the pedal
muscle.

The ventral region of the anterior, middle
and posterior regions of the pedal muscle
exhibited a dense mesh of catecholamine
fibers (described above) linked to the ventral

epithelium. The intertwining of the nerve
fibers and the ganglia could be clearly seen,
forming a monoaminergic nerve plexus that
corresponds to the pedal plexus (Figure 1a,d).
Throughout the length of the ventral pedal
musculature, 40 µm from the ventral sur-
face, an intense catecholamine reaction was
seen, taking the form of an 8-10 µm layer that
bordered the epithelial basal region, forming
the subepithelial plexus. Large numbers of
fine axons originated from this plexus, pen-
etrating between the epithelial cells (Figure
1a,c).

The ganglia of the pedal plexus showed
an intense catecholamine reaction in the neu-
ropilar region, taking the form of either a
dense network of fibers or sparse fine fibers
with varicosities. Catecholamine axons were
identified either entering or emerging from
the ganglia. However, it was impossible to
follow the trajectory of the axons within the
ganglia because of the intense fluorescence
of the neuropilar region. Catecholamine vari-
cose fibers were also observed surrounding
negative neuronal somata. Small catechol-
amine neuronal somata (3 µm in nuclear
diameter) were identified in some of the
ganglia of the pedal plexus. Few 5-HT fibers
were seen in the neuropil because, as with the
fibers of the plexus, they were probably
masked by the intense catecholamine fluo-
rescence of this region (Figure 2).

The distribution of 5-HT immunoreactive
fibers was more easily observed in the sec-
tions of the foot of M. oblongus submitted to
the immunohistochemical procedure for 5-
HT detection. A 5-HT immunoreactive nerve
network was found in the ventral regions of
the anterior, middle and posterior zones of
the foot, similar to that previously described
for monoamines using the glyoxylic acid
procedure (Figure 3). Intense 5-HT immu-
noreactive was detected in the nerve fibers
and ganglia of the pedal plexus as well as in
the region adjoining the ventral epithelium.
Many of these immunoreactive fibers in the
ganglia had not been identified using the
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glyoxylic acid method.
In the middle and ventral regions of the

pedal muscle, a 5-HT immunoreactive nerve
plexus was identified and a large number of
5-HT immunoreactive varicose axons were
detected in the muscle cells (Figure 3b). In

some cases these axons were several mi-
crometers in length and ran parallel to the
muscle cells (Figure 3a,b). No labeled plexus
was found in the dorsal region. However,
some thin nerves and 5-HT immunoreactive
varicosities were detected in this region.

Figure 2. Fluorescent micro-
graphs of sections through gan-
glia and nerves of the pedal
plexus of Megalobulimus oblon-
gus. a, b and c, Note the tightly
clustered (asterisks) fluorescent
fibers in the neuropilar region.
Catecholamine (CA) fluorescent
axons (arrowheads) entering or
exiting the ganglia. Observe 5-
HT (double arrow) and CA (ar-
row) fluorescent fibers in the
nerve fascicles. The ganglion in
b presents some CA varicosi-
ties surrounding negative neu-
ronal bodies (small arrows). A
ganglion in c displaying a CA
fluorescent neuronal soma
(small arrow). Bars: a-c = 20 µm.

Figure 3. Photomicrographs of
transverse sections of the ven-
tral region of the pedal muscle
of Megalobulimus oblongus
showing 5-hydroxytryptamine
(5-HT) immunoreactivity. a,
Positive immunoreactivity in
nerve fibers (arrows) and in
some ganglia (arrowheads) of
the pedal plexus. b, Detail from
the pedal muscle. Note 5-HT
immunoreactive nerves (arrow-
heads) and single varicose
axons (arrows) over the muscle
cells. c, Detail from the ventral
aspect of the foot, showing 5-
HT immunoreactive varicose
axons (arrowheads) of the sub-
epithelial plexus and in other
larger fibers (arrow). E = ventral
epithelium. Bars: a = 100 µm, b
= 50 µm, c = 20 µm.
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A dense arborization of 5HT immunore-
active fibers was seen in the subepithelial
regions. These fibers originated in the pedal
plexus and fanned out towards the basal
region of the ventral integument epithelium,
where they formed a delicate 5-HT immu-
noreactive nerve plexus, distributed through-
out the middle and ventral regions of the
muscle. In some cases 5-HT immunoreac-
tive fibers extended between the epithelial
cells of the ventral integument, reaching the
apical region of the epithelium (Figure 3a,b).

Neuropilar areas of 5-HT immunoreac-
tive were found in the pedal plexus ganglia.
The immunoreactive fibers of the plexus
nerves penetrated the ganglia (Figure 4).
Some fibers emitted branches within the
neuropil (Figure 4a,b), others terminated,
emitting varicose branches that wrapped
around neuronal somata (Figure 4c), while
still others passed through the ganglia with-
out emitting branches. Some 5-HT immu-
noreactive neuronal somata were identified
in the ganglia of the pedal plexus following
treatment with colchicine (Figure 4d). In
treated animals, 5-HT immunoreactive single
neurons were also located 100 to 150 µm
from the ventral epithelium. Other serotoner-
gic neurons were found adjacent to the
integument and their distal processes trav-

eled between the epithelial cells (Figure 4e,f).

Discussion

Monoaminergic fibers were identified
throughout the pedal plexus of M. oblongus.
Catecholamine nerves of varying diameters
were labeled in the medial region of the pedal
muscle, throughout the pedal plexus and in
the subepithelial plexus. Catecholamines were
also detected in the ganglia, in the epithelial
basal zone and between the lateral regions of
epithelial cells. However, 5-HT fibers were
only found in thick nerves of the medial
region of the pedal muscle, distributed as a
delicate mesh of fibers over the muscle cells.
The detection of labeled serotonergic fibers
in the pedal and subepithelial plexuses, as
well as in the basal and lateral zones of the
epithelial cells was made possible by using
the immunohistochemical procedure.

Similar monoaminergic fluorescence was
detected in the pedal plexus of Helix pomatia,
but in ganglionic neurons no fluorescence
was observed (4). In addition, similar find-
ings were reported for all foot regions of
Mytilus galloprovincialis, but only monoam-
inergic neurons near the epithelial zone were
labeled. In this mussel, the monoaminergic
fluorescence was correlated with the pres-

Figure 4. Photomicrographs of
foot section of Megalobulimus
oblongus. a and b, Detail from
the pedal plexus showing a
ganglion with an intensely 5-
hydroxytryptamine (5-HT) im-
munoreactive neuropil (aster-
isks). Observe 5-HT immunore-
active fibers (double arrows)
that enter or exit the ganglion.
c, Ganglion showing positive
axons (arrowheads) surround-
ing negative neuronal somata.
d, Ganglion displaying a 5-HT
immunoreactive neuronal soma
(arrow). e, Transverse section
from ventral region of the foot.
Positive varicose axon (arrow)
above the muscle cells and in
the subepithelial plexus (arrow-
head) over the epithelium (E).
Note a serotonergic neuronal
soma (double arrow) and its pro-
cess (thin arrow). f, Ventral epi-
thelium of foot. Observe a 5-HT
immunoreactive neuronal body
(double arrow) and its distal pro-
cess (arrow) traveling between
two epithelial cells. Bars: a-f =
20 µm.
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ence of dopamine and 5-HT in the terminal
nerve electron-dense vesicles of the foot
(25). In M. oblongus, catecholamine con-
taining subepithelial plexus and axons be-
tween the epithelial cells were identified;
these axons probable belong to neurons lo-
cated in the subepithelial plexus. However,
during the postembryonic development of
the foot of Lymnaea stagnalis, numerous
catecholamine fibers were found concen-
trated beneath the ciliated epithelium. Short
processes originating from the subepithelial
plexus neurons penetrated the epithelium and
long processes extended to the pedal nerves
(2). The differences between these findings
may be due to the fact that specimens were
sacrificed during different life stages and in
Lymnaea the pedal and subepithelial plexuses
were not completely developed. On the other
hand, the numerous labeled neurons beneath
the epithelium in Lymnaea were not identified
in M. oblongus. But in both species, catechol-
amine free terminals were located between the
ventral epithelium. The catecholamine-con-
taining cellular processes, whether or not they
form a plexus, probably mediate mechano-
and/or chemosensation reception (1,26).

What is the origin of these catecholamine
processes in the pedal muscle of M. oblon-
gus? All the fibers enter or exit the foot
through the pedal nerves. However, there are
a number of possibilities as to the origin of
these processes. They may originate from
the pedal ganglia or other central ganglia and/
or from ganglionic neurons of the pedal and
subepithelial plexuses, and/or sensory neu-
rons in which the somata may be located
between or beneath the epithelial cells of the
integument (as described above). Moreover,
in M. oblongus the largest proportion of the
catecholamine neurons and fibers of the
central nervous system are located in the
pedal ganglia. A bilateral catecholamine neu-
ronal cluster (about 50 small neurons) was
detected lateral to the pedal neuropil, extend-
ing like a column from the medioventral to
the mediodorsal portion of these ganglia

(19). A similar column was detected in Helix,
Achatina and Limax maximus (22,26-28). In
Lymnaea this column is formed by dopamin-
ergic neurons (29), although there is no
reference to its function. The presence in M.
oblongus of a catecholaminergic nerve mesh
on the pedal muscle cells and the presence of
neuromuscular junctions displaying electron-
dense and electron lucid vesicles (20) sug-
gest that catecholamine (probably dopamine)
is involved in the neuromuscular transmis-
sion in M. oblongus.

It is known that dopamine and 5-HT act
as neurotransmitters and neuromodulators in
some molluscan central sensory and motor
circuits (14,17,19,30). Dopamine is the prin-
cipal catecholamine present in several gas-
tropods (6,13,31). However, the presence of
peripheral catecholamine neurons has also
been reported in the foot of the gastropod
Lymnaea stagnalis (2) and in the pedal plexus
of M. oblongus (present paper).

In M. oblongus, the large branches of the
pedal nerves, the neurons and fibers of both
the pedal and subepithelial plexuses, the pe-
ripheral neuronal processes between the epi-
thelial cells of the integument and the vari-
cose fibers on the pedal muscle exhibited 5-
HT immunoreactive. Similarly, the large 5-
HT immunoreactive fibers may also have a
number of origins, including the pedal gan-
glia and/or the pedal and subepithelial plex-
uses as well as sensory neurons. The great-
est number of serotonergic neurons in the
central nervous system was found in the
pedal ganglion of M. oblongus. The largest
positive neuronal cluster of each pedal gan-
glion is distributed along the median edge
(19). A similar distribution of 5-HT neuronal
clusters has been identified in Lymnaea,
Achatina, Limax maximus, H. aspersa, and
H. pomatia (22,26,28,32,33). The 5-HT
immunoreactive fibers of the pedal nerves,
pedal plexus and varicosities on the pedal
muscle cells of M. oblongus may originate
from 5-HT immunoreactive neurons of the
pedal ganglia, as is the case with the pedal
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muscles of Pleurobranchaea californica and
Tritonia diomedea (8).

There is a considerable body of evidence
suggesting that 5-HT synthesized in the pedal
ganglionic neurons is involved in gastropod
locomotion (14). The 5-HT innervation of
the pedal muscle in M. oblongus probably
indicates a modulatory function as in Aplysia
brasiliana (34), Clione (35), Tritonia, and
Pleurobranchaea (8). Few studies about the
locomotion of land snails are available (16).
The 5-HT fibers of the pedal nerve branches
of M. oblongus continued into the pedal
plexus, divided and penetrated the ganglionic
neuropil, sometimes emitting collateral fi-
bers, or giving origin to labeled varicosities
that entered the cortical region and sur-
rounded negative neuronal somata or contin-
ued to other nerves of the plexus. In an
ultrastructural study of the same ganglia of
M. oblongus, the neuronal processes located
in the neuropil showed different types of
synaptic vesicles and electron-dense vesicles
in the nerve terminals of neuromuscular
junctions (3,20). Thus, taking these findings
into account we can surmise that 5-HT fibers
arising from the pedal ganglia form the pedal
plexus and may modulate the intrinsic neu-
rons. Moreover, the production of waves of
muscular contraction after 5,7-DHT admin-
istration in the pedal musculature (19) sug-
gests the involvement of 5-HT in the locomo-
tion of M. oblongus.

In the subepithelial region, 5-HT fibers
form a delicate mesh beneath the epithelial
cells. Such fibers have also been detected in
Tritonia, Pleurobranchaea and Lymnaea
(8,36). In Lymnaea, the 5-HT varicosities
found in this region arise from neurons
located in the pedal ganglia and contact the
mucus cells of the integument (36). The
ciliated epithelial cells of the foot are involved
in locomotion in several aquatic gastropods
such as Tritonia diomedea, Planorbis and
Lymnaea and some of the smaller stylom-
matophorans (37). In these snails, the pedal
ganglia stimulate the ciliary beating and 5-HT

probably acts directly upon ciliated cells,
controlling the ciliary locomotion (38) and
upon secretory cells, controlling mucus se-
cretion in ciliary gliding (36). In addition, it is
probable that dopamine exerts an inhibitory
effect on the ciliated pedal cells (36). Though
the principal means of locomotion in M.
oblongus is the wave movement of the pedal
musculature along the ventral surface of the
foot, the ciliated epithelium and the 5-HT
mesh may also be partially involved in the
foot movement, given that the forces of the
muscular waves are coupled to the substrate
by a thin layer of pedal mucus (3). 5-HT
injection prior to thermal aversive stimulation
produced a strong increase in mucus secre-
tion in the ventral zone of the foot of M.
oblongus (10). This finding suggests a sero-
tonergic involvement in the mucus secretion
of the integument. At the same time, the 5-
HT subepithelial plexus may be involved in
the modulation of the sensory information
originating from the primary sensory recep-
tors (8). The intraepithelial 5-HT distal pro-
cesses in the foot epithelium of M. oblongus
may arise from the primary sensory neurons
located beneath the epithelial cells. These neu-
rons probably send their proximal processes to
the pedal ganglia via the pedal nerves.

In the foot of Tritonia and Pleurobran-
chaea, 5-HT neuronal somata were not identi-
fied, suggesting that all 5-HT innervation origi-
nates from the pedal ganglia (8). Nevertheless,
5-HT neurons were detected in the peripheral
nervous system and branchial plexus of Aplysia
(39), in the foot of Lymax (8), and in the pedal
plexus and beneath the epithelial cells of M.
oblongus. These findings suggest that subepi-
thelial innervation may also originate from the
peripheral neuronal bodies and not only from
the central nervous system neurons.

Our working hypothesis is that 5-HT and
catecholamines play a role in controlling the
locomotion or other movements associated
with aversive behavior in the land snail M.
oblongus, and the data presented here are
consistent with it.
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