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In the pro cerebrum ofterrestrial snails, 5-HT is a key modulatory substance of the generation ofsynchro
nous oscillatory activity and odor learning capability. In this study, we have analyzed the characteristics 
of the 5-HT-immunoreactive (5-HT-TR) innervation of the distinct anatomical regions of the procerebrum 
of Helix pomatia, applying correlative light- and electron microscopic immunocytochemistry. A dense 
network of 5-HT-lR innervation was demonstrated in the cell body layer, meanwhile a varicose fiber 
system of different density occurred in the different neuropil regions. At the ultrastructural level, labeled 
varicosities were found to contact both procerebral cell bodies, and different unlabeled axon profiles in 
the neuropils. The labeled structures established mostly close non-specialized membrane contacts with 
the postsynaptic profiles. The overall dense distribution of 5-HT-TR innervation supports a general modu
latory role of 5-HT in processing different olfactory events. 
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INTRODUCTION 

The pro cerebrum (PC) of terrestrial pulmonate snails and slugs has been considered 
as the center of odor processing and olfactory learning [4, 10,24]. It contains a high 
number of small size (5-8 ~m) neurons (called globuli cells) forming a cell body 
layer, located laterally to the medially situating neuropil. The neuropil is separated for 
the terminal and internal mass regions, both composed of an extremely dense system 
of axon profiles [23]. Odor information captivated by sensory neurons reach the PC 
via the tentacular ganglion, following synaptic switch [4], meanwhile other, mainly 
modulatory input arrive from the meso- [3] and metacerebrum [13, 19], and the pedal 
ganglion [4]. Although the cellular organization of the PC has been known for a 
while, there are a number of details to be cleared, including the chemical nature of 
intercellular connections involved in the integration of odor information. 
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The PC was shown to display oscillation activity related to memory storage and 
temporal coding of stimulus properties when receiving odor information [15,16,22]. 
The exact cellular basis of this synchronized activity of the local field potentials 
(LFP) and the neuronal processing of olfactory information have not yet been cleared 
completely either. Physiological studies indicated that both intrinsic and extrinsic 
mechanisms play an important role in both [17, 26], using a wide range of signal 
molecules. These chemical substances including serotonin (5-HT) have been demon
strated to participate in olfactory processes of terrestrial pulmonate gastropods [9]. 
5-HT was shown to up-regulate LFP oscillation frequency [8, 14] and influence odor 
learning capability [25] in the Limax Pc. Different odor stimuli evoked 5-HT concen
tration changes in Helix [12]. 

Based on the above findings, we have studied the 5-HT-TR innervation of the PC 
of Helix pomatia, applying correlative light- and electron microscopic immunocyto
chemistry. By this way, we wanted to gain an insight into the precise organization of 
the 5-HTergic system and provide a chemical-neuroanatomical basis for further 
physiological studies on the role of 5-HT in the olfaction of gastropods. 

MATERIALS AND METHODS 

Adult specimens of the land snail Helix pomatia were used. They were collected in 
the surrounding areas of Tihany, kept under laboratory conditions and fed on let
tuce. 

For correlative light- and electron microscopic 5-HT immunocytochemistry, the 
PCs were dissected from the cerebral ganglia fixed previously overnight at 4 QC in the 
mixture of 4% paraformaldehyde and 0.1 % glutaraldehyde diluted in 0.1 phosphate 
buffer (PB, pH 7.4). Following embedding in a mixture of 10% gelatin and 1 % albu
min, 50 /lm thick slices were cut with a Vibratome (Pelco), and processed for two
step immunocytochemistry as follows. After blocking in phosphate buffered saline 
(PBS) containing 0.25% bovine serum albumine (BSA), and then in 1% H20 2, the 
slices were incubated first with mouse monoclonal anti-5HT antiserum (Dako), then 
with a goat anti-mouse IgG coupled with HRP (Dako). Both antisera were diluted in 
PBS-BSA containing also 0.25% Triton X-lOO (PBS-BSA-TX) and the incubations 
lasted overnight at 4 QC. The specificity of the anti-5-HT antiserum has been tested 
and proved before [1]. After washing in PBS and 0.1 M Tris-HCI buffer, the immu
noreaction was visualized in 0.1 M Tris-HCI buffer by adding 0.05% DAB as chro
mogen and 0.0 I % H20 2 as substrate. The development was monitored under a stereo
microscope and stopped by changing the developing solution for 0.1 Tris-HCI buffer, 
followed by washing twice in PBS. The slices were post-fixed in 0.5% OS04 diluted 
in 0.1 M cacodylate buffer for 30 minute at 4 QC, dehydrated in graded ethanol and 
propylene oxide. Block staining was performed in 70% ethanol saturated with urany
lacetate. After dehydration the slices were mounted on slides in Araldite (Durcupan 
ACM, Fluka), and following polymerization they were analyzed in a Zeiss Axioplan 
compound light microscope. The micrographs were captured by a CCD camera 

Acta Biologica Hungarica 63, 2012 



98 TZABELLA BA TTONY AI and K. ELEKES 

(Alpha DCM51 0, Hangzhou Scopetek Opto-Electric). Immunolabeled elements were 
traced in an Olympus BH-Z light microscope equipped with a camera-lucida drawing 
tube. Slices displaying high quality of immunolabeling were selected and re-embed
ded for electron microscopy. Ultrathin sections of 60-70 nm were cut, stained with 
lead citrate and viewed in a JEOL 1200 EX electron microscope. 

RESULTS 

Following 5-HT immunocytochemistry applied on 50 /lm Vibratome sections taken 
from the Helix PC, a massive 5-HT-IR innervation was revealed in both the neuropil 
and the cell body layer (Fig. I). This dense 5-HT-TR network in the PC originated in 
the meta(post)cerebral region (MC) from where a thick axon bundle entered the PC 
with an immediate branching (Fig. 1 A, B). These branching fibers showed further 
ramifications which projected thereafter to the different regions of the PC neuropil 
(Fig. lA, B). The internal and terminal masses displayed especially dense 5-HT-IR 
supply meanwhile a third region, the "lateral" neuropil also revealed a remarkable 
5-HT-IR innervation. Camera lucida tracing clearly showed the difference of the 
5-HT-IR innervation pattern in the different neuropil regions (Fig. IB). The 5-HT-IR 
labeling in the cell body layer was also characterized by many varicose processes 
forming a network among the cell bodies (Fig. IC). Camera lucida tracing enlight
ened precisely the pattern of this innervation and the relationship between the cell 
body layer and the terminal mass (Fig. ID). Fine processes from the terminal mass 
entered the cell body layer, continuing their way among the cell bodies and forming 
a dense arrangement present overall (Fig. IC, D). 

At the ultrastructural level 5-HT-IR labeling showed a similar pattern of distribu
tion as seen in the light microscope, but obviously further information could be 
obtained as to the nature of the intercellular contacts and the fine structural profile of 
the labeled elements. Throughout both the cell body layer and the neuropil regions 
numerous strongly labeled varicosities were regularly observed (Fig. 2A, C). In the 
neuropil varicose processes and single varicosities were embedded in the mass of 
small size unlabeled elements (Fig. 2C). In the local neuropils of the cell body layer 
labeled varicosities occurred (Fig. 2A), which contacted sometimes both unlabeled 
axon profiles and a perikaryon (Fig. 2B). Labeled varicosities often ended on the 
same unlabeled axon profile, or a large labeled profile was seen contacting simultane
ously two unlabeled axon varicosities. In some cases the close but non-specialized 
membrane contact established between the labeled and unlabeled profiles could be 
clearly observed (Fig. 2D, insert). The labeled profiles were characterized by the pres
ence of numerous large (80-120 nm) granular vesicles (Fig. 2E), meanwhile the 
unlabeled axon profiles also contained sometimes a large population of electron dense 
granules (Fig. 2D, E). 
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Fig. 1. The 5-HT-TR innervation of the Helix procerebrum (PC) shown in 50 J.lm Vibratome sections 
(A, C) and two schematic drawings (B, D). A, B - A thick axon bundle (arrow), originating from the 
meta(post)cerebrum (MC) enters with rich branching (long arrows) and supplies the entire neuropil 
region of the Pc. Note the different densities of the 5-HT-TR innervation in the terminal (TM), internal 
(IM), and "lateral" (LM) neuropil. C - Higher magnification view of the 5-HT-IR innervation of the PC 
cell body layer (CB), showing the entrance of the labeled varicose fibers (arrows) from the terminal 
medullary neuropil (TM), which surround thereafter the perikarya (arrowheads). D - Camera lucida 
drawing showing the innervation pattern of the CB and TM. Note the almost equally dense network in 
the cell body laver as seen in the TM. Circles symbolize the globuli cell somata. on - olfactory nerve. 

Scale bars: A, B-1 00 J.lm, C - 60 J.lm, D - 80 J.lm 
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DISCUSSION 

Our light- and electron microscopic results presented here provide a yet unknown 
view on the anatomical organization, ultrastructure and interneuronal relationship of 
the 5-HT-IR innervation in the Helix PC, which is the functional unit responsible for 
olfactory information processing. Earlier studies demonstrated that 5-HT is involved 
in procerebral neuronal processes including its role in olfactory learning and memory 
processes [S, 9, 14]. The dense and overall distribution of 5-HT-TR varicose fibers 
suggests that 5-HT is an exceptionally important signal molecule in odor information 
processing in the Helix PC which is capable of influencing events at different ana
tomical levels: cell bodies, local neuropils in the cell body layer and medullary 
neuropil subunits. Tt is also supported at the ultrastructural level revealing close, 
mostly unspecialized, membrane contacts of 5-HT-TR varicosities with various post
synaptic profiles (cell bodies, axons). This overall existing 5-HT input system seems 
to be a pivotal extrinsic source of modulatory influence coming from other, but 
mainly from the cerebral ganglion of the snail CNS, acting on olfaction. On the other 
hand, the remarkable dense distribution of 5-HT-IR varicose fibers in the PC suggests 
that 5-HT acts on both intrinsic and other extrinsic members, hence modulating and 
at the same time orchestrating series of neuronal events, including LFP activity. 
Indeed, up to know a large number of signal molecules were shown to occur and/or 
act in the PC of gastropods [9, IS-20]. This kind of different contacts established by 
the 5-HT-IR elements are supported by our ultrastructural observations, according to 
which the labeled varicosities ended on postsynaptic profiles of various vesicle and 
granule content. 

In Helix, the different staining pattern observed after 5-HT immunohistochemistry 
in the different anatomical regions of the PC is not unique but it was also found when 
other antibodies were applied. In case of anti-FMRFamide antibody a dense fiber 
network was present in the neuropil subunits meanwhile fibers were present only 
occasionally in the cell body layer [5]. In case of immunostaining for various tachy
kinins and tachykinin-like substances a clear difference of staining intensity and 
distribution could also be observed in the medullary neuropil [6, 7], apart from small 
populations of PC cell bodies. Following NADPHd histochemistry and NOS immu-

Fig. 2. Ultrastructure of 5-HT-TR innervation in the Pc. A: In the local neuropil of the cell body layer 
labeled varicosities of different size (T) are seen. B: Higher magnification of two 5-HT-IR elements (Tl, 
T2) contacting (arrows) an unlabeled axon profile (A). Tl profile also contacts a perikaryon (arrowheads). 
C: In the terminal mass a labeled varicose process (arrows) and varicosities (T) are embedded in the mass 
of small unlabeled elements. Double arrows - intervaricose axon segments. D: In the internal mass a 
typical large size 5-HT-IR varicosity (Tl) contacts simultaneously two postsynaptic profiles (AI, A2) 
filled with electron dense granules. Insert: Higher magnification view of an other axo-axonic contact 
(arrows) framed in D. Note the close unspecialized membrane contact (between arrows). E: A 5-HT-IR 
profile (T) containing large-size (100 nm) granules (arrowheads) characteristic for the labeled profiles in 
all parts of the PC. A - unlabeled axons. m - mitochondrium. Scale bars: A, B, C, D - I J.lm, E - 0.5 J.lm 
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nohistochemistry a similar differential staining distribution was observed in the 
neuropil subunits as seen after 5-HT immunolabeling but in this case the terminal 
medulla was labeled weakly [21]. As to 5-HT itself, Bernocchi et al. [2] demon
strated 5-HT-IR innervations only in the medullary neuropil which however, might 
also be a result of the different (cryostat section) technique applied. 

In summary, based on our immunocytochemical findings, it is assumed that 5-HT 
has different roles in regulation PC activities. At the cell body level it is partly the 
modulation of activity, including the generation of LFPs, and partly involvement in 
local integration processes. In the neuropil regions 5-HT may act in synaptic rein
forcement and modulate the input of other signaling systems. Furthermore, the clear 
separation of the three neuropil subunits based on the density of 5-HT-IR innervation 
may refer to a gradual strength of the 5-HTergic influence as follows: internal mass> 
terminal mass> "lateral" mass. The way how these innervation differences are real
ized at the functional level awaits for further clarification. 
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