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The pro cerebrum of stylommatophoran snails produces nitric oxide (NO)-modulated oscillatory local 
field potentials which are considered the basis of olfactory information processing. Although the function 
of NO is well characterized in the PC, the identification and distribution of NO synthase (NOS) has not 
known completely. In the present study, applying a mammalian anti-NOS antibody, a 170 kDa molecular 
weight NOS-like protein was demonstrated in the pro cerebrum homogenate of Helix pomatia. NOS-like 
immunolabeling of the globuli cells, the internal and terminal neuropils displayed an identical distribution 
compared to that of NADPH-diaphorase reactive material, confirming the specificity of immunohisto
chemistry. The detailed characteristics of the immunostaining (different intensity of the neural perikarya, 
a gradual appearance in the terminal neuropil and in the axon bundles of the tentacular nerve, as well as 
an intense, homogeneous distribution of NOS-like immunoreactivity in the internal neuropil) suggest that 
NOS is expressed constitutively, maintaining a high level of the enzyme in neuropil areas. NOS accumu
lation in the internal neuropil suggests that NO plays an important role in delivering olfactory signals 
extrinsic to the pro cerebrum, and integrating them with other sensory modalities, respectively. Our results 
are the first, demonstrating unequivocally the presence of NOS and resolving its differential distribution 
in the Helix procerebrum. 
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INTRODUCTION 

The gaseous neurotransmitter nitric oxide (NO) is a prominent component of the 
array of neurotransmitters found in the olfactory information processing system of 
animals, including gastropods [7]. The olfactory integrative center in terrestrial sty
lommatophoran snails is the procerebral lobe (PC) of the cerebral ganglion. Neural 
networks of the PC generate odor-specific local field potential oscillatory waves 
which are related to the process of memory formation [26]. NO contributes to the 
characteristics of this oscillation; in the presence of NO the oscillation dynamics is 
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modulated, meanwhile without NO the oscillation is inhibited [6]. NO has been pro
posed to influence PC activity through the classical way by increasing cyclic guano
sine monophosphate (cGMP) level in the intrinsic neurons, and also to forward olfac
tory information outside the cerebral ganglion through an unknown mechanism [5]. 
The cellular and network organization of the PC was examined by dye-filling tech
niques [21, 25] and electrophysiology [12]. According to these studies and other 
investigations on the properties of ion channels and signaling systems of the PC (for 
review, see [26]), a significant amount of information, including NO-signaling, has 
been accumulated enabling to create a model for the central processing of olfactory 
information [5,26]. On the other hand, the fine structural and functional characteris
tics of this model, and also the integration of the results obtained from different 
methodical approaches are still waiting to be resolved. In the case of NOS, the distri
bution of the enzyme was described in the PC by the histochemical NADPH
diaphorase (NADPH-d) reaction [2, 4, 5, 7, 9], however, neither its high resolution 
localization nor its identification by immunological techniques has not yet been 
reported. Therefore, the aim of our present study was to demonstrate NOS in the PC 
of Helix pomatia, applying different (Western and dot) blotting techniques, and a 
comparative NADPH-d histochemical and NOS immunohistochemical analysis. 

MATERIALS AND METHODS 

NOS Western blot 

Three pairs of PC were homogenized in a standard SDS-containing lysis buffer and 
centrifuged in 10,000 g for 5 min. The protein content of the homogenate (214.1 mg/ 
ml) was determined using a BCA reagent (Pierce, Rockford, IL). Aliquots of the 
supernatant were kept frozen until use. Proteins in 1: 5 dilution (l0 !J,lIwell) were 
resolved in the standard SDS-containing loading buffer, electrophoresed, and blotted 
onto nitrocellulose membrane. Membranes were blocked by 5% non-fat milk, then 
incubated with a rabbit polyclonal anti-NOS antibody (Sigma-Aldrich, St Louis, MO) 
diluted to 1 : 1000, at 4 QC overnight. The antibody was raised against the synthetic 
peptide (Asp-Gln-Lys-Arg-Tyr-His-Glu-Asp-lle-Phe-Gly), derived from the amino 
acid sequence 1113-1122 of the N-terminal of the mammalian NOS. This sequence is 
found in each NOS isoforms and it is highly conserved in the animal kingdom. 
Following incubation with a HRP-conjugated horse anti-rabbit antibody (Vector Lab. 
Burlingame, CA, I : 2000), the visualization of the reaction product was carried out 
with ECL reagent (Pierce, Rockford, IL). For specificity control, prior to loading onto 
the gel, the PC homogenate was incubated with the anti-NOS antibody and the pellet 
was (or was not) discarded by a short centrifugation at 1000 g. Non-specific binding 
of the secondary antibody was tested by omitting the anti-NOS antibody incubation 
step. 
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NOS dot blot 

To provide further evidence for specific labeling with the anti-NOS antibody, the fol
lowing dot blot experiment was performed. Ten III PC homogenate, containing 21.4 
mg/ml protein, was dropped and dried on nitrocellulose membrane and incubated 
with the anti-NOS antibody (1 : 1000), or with the different mixtures of the antibody 
and a NOS electrophoresis standard (recombinant mammalian nNOS protein, 
Cayman Chemicals, Ann Arbor, MI). In the mixture the antibody was incubated in 
different dilutions (I : 1000, I: 5000, I: 10,000) with the NOS standard (1 : 800), 
respectively, for I h at room temperature as recommended by the manufacturer. From 
the NOS electrophoresis standard 2.5 III (50 ng/lll) was dried on filter paper and incu
bated with the NOS antibody. The immunoreaction was similar to that detected in 
Western blotting. 

NADPH-d histochemistry 

Incubation solution of the NADPH-d reaction was prepared and the procedure was 
carried out according to Scherer-Singler et al. [22]. Cryostat sections were incubated 
in a solution containing 1 mM ~-NADPH, 0.2 mM nitroblue-tetrazolium, 0.1% 
Triton-X 100 in Tris-HCl buffer (0.1 M, pH 8.1), for 10 min - 1 h in darkness at room 
temperature and stopped as the blue formazan precipitate was developed. 

NOS immunohistochemistry 

After blocking of the endogen peroxidase activity by 1 % H20 2, and the non-specific 
binding sites by 4% NGS, 4% paraformaldehyde-fixed cryostat sections were incu
bated at 4 QC overnight with the same anti-NOS antibody used in Western blotting, 
diluted to 1: 200. The immunoreaction was developed using a biotin-conjugated anti
rabbit antibody raised in horse for 1 h (Vector Lab., Burlingame, CA, 1 : 50), followed 
by avidin-HRP labeling for 30 min (Vector Lab., Burlingame, CA, 1: 40). The reac
tion was visualized by 0.05% DAB and 0.001 % H20 2. Alternate sections were also 
made to compare NOS immunostaining with NADPH-d histochemistry. 

RESULTS 

Immunodetection of NOS in Helix PC homogenate 

The immunodetection of NOS in the PC and the specificity test of the detection were 
carried out applying Western and dot blot experiments, respectively (Fig. I). In a 
conventionally prepared Western blot strip, probed with the mammalian anti-NOS 
antibody a prominent band was observed at ~ 170 kDa mw (Fig. I AI) which matched 
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Fig. 1. A: NOS Western blot on Helix PC homogenate samples. I. Conventionally perfonned Western 
blot. 2. Sample was gently shaked for one hour at room temperature prior loading onto the gel (control 
reaction of 3,4). 3-4. Samples were incubated with the anti-NOS antibody at room temperature for one 
hour, prior to loading onto the gel. Tmmunoprecipitate was not (3) or was (4) discarded by centrifugation. 
5. Secondary antibody control. Incubation with the anti-NOS antibody was omitted. Molecular weights 
indicated show the place of the prestained Kaleidoscope standards (Bio-Rad, Hercules, CA, 161-0324). 
B: NOS dot blot. I. Mammalian nNOS electrophoresis standard labeled with the anti-NOS antibody. 
2. PC homogenate labeled with the anti-NOS antibody. 3-5. PC homogenates labeled with the anti-NOS 
antibody in a dilution of I: 1000 (3), I: 5000 (4), I: 10,000 (5) incubated with the mammalian nNOS 

electrophoresis standard diluted to 1 : 800 for 1 hour at room temperature prior to probing 

well with the mw of the mammalian neuronal (n)NOS [14] and the molluscan 
LimNOS [15, 16]. Beside this NOS indicative band, some other faintly labeled bands 
were also seen. In order to check the specificity of the immunoreaction, the PC 
homogenate was incubated with the anti-NOS antibody prior to loading onto the gel. 
In this experiment it turned out that the intensity of the ~ 170 kDa mw band was 
decreased significantly (Fig. 1A3), and that the immunoreaction was the weakest 
when the precipitate was discarded by centrifugation (Fig 1 A4)' Comparing it to that 
seen in Fig. lAb the intensity of the ~170 kDa band became more pronounced when 
the homogenate was not incubated with the antibody, but gently shaken for 1 h at 
room temperature similar to the process with stripe A3 and A4. Noteworthy, three 
faintly labeled bands located between ~ 70-100 mw and seen in Fig. 1 A 1 and A2 were 
also present in Fig. A3 and A4 opposite to bands observed at the low mw. In fact, the 
secondary antibody did not label any procerebral proteins (Fig. I As). 

The immunolabeling specificity experiments were extended using a recombinant 
mammalian NOS protein and the PC homogenate on dot blot. The anti-NOS antibody 
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labeled both the dot of the NOS standard (Fig. IB j ), and the dot of the PC homoge
nate (Fig. IB2). When the anti-NOS antibody was incubated with the NOS standard 
in the same concentration as for the PC homogenate dot (1 : 1000), and then probed 
on the PC homogenate, the intensity of the immunoreaction was significantly weaker 
(Fig. 1 B3)' Performing the same procedure with more diluted concentrations of the 
antibody resulted also in weak signals (Fig. IB4,s)' 

Fig. 2. NADPH-d reactive (AI, BI) and NOS immunoreactive (A2, B2) elements demonstrated in alter
nate cryostat sections taken from the Helix PC. A. The internal (IN) and the intermediate neuropils (IMN) 
are labeled intensively, whereas the zone of globuli cell perikarya (cz), the lateral neuropil (LN) and the 
terminal neuropil (IN) are labeled moderately with the NADPH-d reaction (AI) and NOS immunoreac
tion (A2). Arrows: NADPH-d reactive and NOS immunoreactive fibers in the tract ofthe tentacular nerve. 
Note the identical distribution oflabeling by both techniques visualizing NOS. B. Identical staining pat
tern with NADPH-d reactivity (BI) and NOS immunoreactivity (B2) shown at higher magnification in 
the cytoplasm of neural perikarya (solid arrowheads), of the globuli cell zone (cz) and in axon bundles 
(open arrowheads) projecting towards the terminal neuropil (TN). ct: connective tissue; *: tentacular 
nerve; * *: enter of the medial labial nerve; * * *: enter of the external labial nerve. Scale bars: A 100 nm; 

B20nm 
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Distribution of NADPH-diaphorase reactivity and NOS immunoreactivity 
in the Helix PC 

Distribution of NOS in the PC was investigated applying both NADPH-d histochem
istry and NOS immunohistochemistry (NOS IHC) reactions, respectively (Fig. 2). 
Parallel cryostat sections taken from the whole PC showed that the NADPH-d reac
tive and the NOS immunoreactive (NOS-TR) structures were identical (Fig. 2A 1,2)' 

The internal neuropil and an additional neuropil region nearby the PC were strongly 
labeled by both the NADPH-d histochemical and NOS immunohistochemical (NOS 
THC) reactions. The nearby neuropil region is a presently defined area, and will be 
named as intermediate neuropil. Tt is located near to the baso-Iateral part of the PC in 
the metacerebrum, and receives ipsilateral sensory projections from both the tenta
cles, and the head area (see also [11 D. 

The staining was homogeneous, in the internal and intermediate neuropils, in con
trast to the terminal neuropil which showed only moderate reactivity with the 
NADPH-d/NOS IHC reactions, and a gradual from top to base increasing intensity of 
NADPH-d reaction (Fig. 2A1)' The lateral neuropil remained silent for the NADPH-d/ 
NOS IHC reactions. The globuli cell layer (cellular zone) was also positively labeled 
by both staining techniques (Fig. 2A1,2)' It became more evident at higher magnifica
tion revealing that many perikarya contained NADPH-d reactive and NOS-IR mate
rial in the cytoplasm (Fig. 2B1,2)' The staining intensity ofthe perikarya was different. 
In the interperikaryonal space NADPH-d reactive and NOS-IR material accumulated 
and formed axon bundles resulting in a columnar organization of cell body layer. In 
axon bundles of the tentacular nerve some fibers also displayed both NADPH-d reac
tivity and NOS immunoreactivity, and a gradual increase from top to base of the 
labeling could be observed in these fibers (Fig. 2A d. 

DISCUSSION 

In the present study we have provided molecular and morphological evidences for the 
presence of NOS in the olfactory center of the terrestrial snail, Helix pomatia. Using 
an antibody raised against the common sequence found in all NOS isoforms it was 
possible to identify a protein, the mw of which is fairly matching with that of the 
mammalian neuronal NOS [14]. Immunohistochemical labeling of this protein in 
cryostat sections shows a similar staining pattern to that obtained with the NADPH-d 
reaction which is regarded the histochemical equivalent of anti-NOS immunoreac
tion. NOSINADPH-d are localized both in globuli cells and the main (internal, termi
nal) neuropil areas in the PC. Up to now in a number of studies NADPH-d histochem
istry was applied, meanwhile some other also tried different anti-NOS antibodies to 
visualize the distribution of NOS in molluscs [3, 9, 10, 17-20,24]. However, because 
of the possible reactivity of non-NOS NADPH-diaphorases [I], and the lack of a 
specific molluscan NOS antibody, the results obtained are not coherent and should be 
handled with caution. Moreover, those who used mammalian NOS antibodies on mol-
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luscan tissues did not carry out specificity tests [3, 9, 17-20], or even if an absorption 
test with the epitope [24] or with the purified enzyme [10] was made, the results were 
not illustrated. Our experiments, including specificity control reactions, provide a 
reliable evidence for the presence ofthe NOS protein in a mollusk. Namely, the inten
sity of the predicted NOS-TR band and dot could be weakened both by the precipita
tion of NOS of the PC homogenate with the antibody and the absorption of the anti
body with a purified NOS. The faint bands which become even paler parallel to the 
predictive NOS-TR band on PC homogenate pretreated with the anti-NOS antibody 
could be some breakdown products of the full length NOS. 

According to our light microscopic observations, the NADPH-d reaction and the 
NOS immunoreaction labeled the same anatomical regions of the PC with similar 
staining intensity. The only notable difference between the two techniques is that the 
gradual from top to base increase of the NADPH-d reaction in the terminal neuropil 
cannot be seen following NOS immunohistochemistry. Tt is possible, however, that 
the resolution of the NADPH-d reaction is much better in this region than that of the 
NOS immunoreaction, since the same staining phenomenon is seen in axon fibers of 
the tract of the tentacular nerve after the application of both techniques. 

In the cellular zone/globuli cell layer a number of differently stained NADPH-d 
reactive and NOS-IR perikarya are randomly distributed. This staining pattern was 
similar to that found earlier with the NADPH-d reaction in Helix [2, 9] and in Limax 
[4], and recently following the in situ hybridization of a probe designed to the partly 
cloned LimNOS gene [5]. The difference in the staining intensity of the globuli cell 
perikarya may refer rather to the actual state of NOS synthesis, than to different types 
of neurons, since both cell types, the bursting and non-bursting neurons that have 
been distinguished until in the PC by their physiological properties displayed the 
LimNOS hybridization signal [5]. The gradual from top to base increase of the 
NADPH-d reactivity in the terminal neuropil and the axon bundles of the tentacular 
nerve, as well as the permanent and uniform NADPH-d/NOS positive staining pattern 
of the internal and intermediate neuropils suggest that (i) non-bursting neurons of the 
cellular zone which are the only intrinsic neurons in the PC that project to the internal 
neuropil [25] and the axons forming the tentacular nerve and projecting towards to 
the intermediate neuropil contain NOS, and (ii) NOS is continuously synthesized and 
transported to the internal and intermediate neuropil providing a steady level of NOS 
concentration. The internal neuropil have a rich innervation originating from other 
ganglia of the CNS [23], whereas the intermediate neuropil receives chemosensory 
axons from the lower tentacles and the head area ([11] and our unpublished observa
tions). Therefore NO might have an important function in transmitting olfactory 
information to the whole CNS, and also in co-ordinating between olfaction and taste
tactile sensory modalities. Trabecula-like parts, which are axon bundles, containing 
NADPH-d reactive and NOS-TR materials, result in a columnar organization of the 
cellular zone. The direction of the columns is perpendicular to the oscillatory wave 
propagation of the PC and to the orientation of cell clusters activated synchronously 
[26]. However, such a columnar compartmentalization was proposed when PC activ
ity was recorded [13] and when specific odors evoked decoupling of PC neurons from 
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the overall field potential oscillation [8]. Therefore cell columns may represent some 
functional units related to neural activity of olfactory processing. In summary, our 
findings strongly support earlier physiological observations and suggest a key role of 
NO in interneuronal communication underlying olfactory processes in the PC of sty
lommatophoran snails. Moreover the present results provide a strong basis to inves
tigate further the molecular pathways inducing NOS activation. 
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