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Glycoconjugate histochemistry and nNOS
immunolocalization in the mantle and foot epithelia 
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Abstract: Glycosaminoglycans and NO synthase probably regulate mucous cell secretion in the skin of Tapes philippinarum.
We have demonstrated the presence of "protein" cells, "glycogen" cells, "phenol" cells and five types of mucous cells, with
different chemical composition of the mucus in the mantle epithelium of T. philippinarum. The foot epithelium contained
"protein" cells and two types of mucous cells. Using biotinylated lectins, in the mantle and foot epithelia we have shown specific
sites for the following oligosaccharides: α-D-glucose, α-D-mannose, α-L-fucose, α-D-1,3-N-acetyl-galactosamine and
α-N-acetyl-glucosamine. nNOS immunoreactivity in the intraepithelial and intradermal cells and in the mucocytes suggested
a regulatory role of NO in mucus secretion, as demonstrated also in other invertebrates. 
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Introduction 

Studies on the skin of the mantle and foot of species
belonging to various classes of Mollusca [18] have
shown that these organisms secrete a mucus involved in
numerous functions, such as locomotion, defence, of-
fence and prey capture. The presence of mucoproteins,
glycosaminoglycans and glycoproteins has been demon-
strated in the secretion of specialized cells, i.e. "protein
cells", "phenol cells", "glycogen cells" and mucocytes.
In the mucus of both terrestrial and marine gastropod
molluscs, sialic acid is sometimes replaced by muramic
acid [4, 6, 7, 21, 24].

Nitric oxide (NO) is present in the central and
peripheral nervous systems, and is also involved in
modulation of exocrine secretion in the skin of some
mammals [22, 23] and in muscle cells of some primi-
tive molluscs [19]. NO was also recently demon-
strated in the tegument of invertebrates [15, 16] and
in the surface epithelia of the skin and gills of lower

vertebrates [29, 30, 31], where it plays a modulatory role
in mucus secretion. 

Previous studies of several species of Gastropoda
Prosobranchia have shown that the mucous cells in the
skin of the mantle and foot vary in number and localiz-
ation within the same species [2, 3, 7].

Recently we carried out a phylogenetic study of the
Indopacific bivalve mollusc Tapes philippinarum. This
species was introduced to the upper Adriatic Sea for
aquacultural purposes in 1983, replacing the native
Tapes decussatus [27], and was later introduced to the
brackish Lake Faro (Messina). 

The aim of the present immunohistochemical study
was to investigate the role of NO in the functional activities
of the tegument of the foot and mantle of T. philippinarum.
Moreover, using histochemical methods and exogenous
lectins, we made an attempt to characterize the chemical
nature of the mucus, also in comparison with that of the
related species Tapes decussatus [9].

Materials and methods

Individuals of Tapes philippinarum were collected from Lake Faro
(Messina). They were fixed in Bouin, Carnoy and 4% paraformalde-
hyde and embedded in paraplast. Sections were stained by the
Mallory method modified by Ignesti (Carazzi hemalum , 1% acidic
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fuchsin, Mallory’s solution) and Galgano I (Mayer’s hemalum, 0,1%
acidic fuchsin, 1% phosphomolybdic acid, Mallory’s solution). 

The following histochemical methods (Table 1) demonstrating
proteins, glycoproteins and acidic proteoglycans were used.

Proteins: bromophenol blue method [20], ninhydrin-Schiff, chlo-
ramine T-Schiff, performic acid-Schiff, Morel and Sisley, Millon,
and Adams reactions, diazoreaction [8], Sakaguchi reaction [26].

Glycoproteins: alcian blue-PAS (AB-PAS) reaction according to
McManus [17]; dimedone-PAS reaction.

Acidic proteoglycans: AB (pH 1); AB (pH 2.5).
Distinction between glycoproteins and acidic proteoglycans: AB-

PAS (pH 1 and 2.5).
Distinction between acid proteoglycans with different acidities:

AB-C.E.C. (critical electrolyte concentration): 0,05% AB, inhibition
of alcianophilia at graded molarities of 0.5-1 M MgCl2 in acetic
buffer (pH 5.8) weak methylation-AB (pH 2.5); strong methylation-
AB (pH 2.5); weak methylation-saponification-AB (pH 2.5); strong
methylation-saponification-AB (pH 2.5). Acid hydrolysis in 0.1 M
acetate buffer (pH 2.5) for 4 h at 60˚C followed by AB (pH 2.5) also
without saponification.

Methods of enzymatic digestion: PAS-amylase; AB-neuramini-
dase (pH 2.5, from Clostridium perfrigens) with and without saponi-
fication; testicular hyaluronidase. 

Specific sugar residues: biotinylated lectins and avidin-biotin-
peroxidase method (ABC) [13] was employed. The biotinylated
lectins used (Vector Laboratories, Burningame, California, USA),
their origin, specificity and inhibiting sugars are reported in Table 2.

Controls were performed by incubating the sections with the
specific sugar.

To reveal nNOS, tissue sections were incubated overnight at 4˚C
in a humid chamber with polyclonal rabbit anti-human brain nNOS
antibodies, diluted 1:200 (nNOS type I antibodies; code 606-259-
1550; Biomol, Hamburg, Germany). The sections were then washed
in PBS and incubated for 2 h with a goat anti-rabbit IgG-peroxidase
conjugate (1:100; Sigma, Munich, Germany). Peroxidase activity
was visualized by incubation of the sections for 5-12 min at room
temperature in a solution of 0.015% 3,3’-diaminobenzidine in 0.01
M Tris buffer (pH 7.6) containing 0.005% H2O2. Negative controls
included omission of the primary antibody or its substitution with
non-immune rabbit serum. 

Results

In Tapes philippinarum, the skin of the mantle is mor-
phologically and histologically different from that of the
foot. The simple epithelium of the foot, raised into more
numerous folds on the dorsal surface, is composed of
ciliated columnar cells on the dorsal face and of noncil-
iated cuboidal cells on the ventral face. The connective
tissue consists of intertwined collagen fibres mixed with
bundles of muscle fibres. Mucocytes are evident only on
the dorsal face (Fig. 1). 

In the mantle, the skin consists of rather loose con-
nective tissue, crossed by muscle fibres. On the edge of
the mantle, there are four deep folds where the external
simple epithelium is composed only of nonciliated cu-
boidal cells, while in the thickness of the folds there are
also goblet cells. The mucous cells contain glycopro-
teins and proteoglycans with acidic groups (Fig. 2) 

The histochemical methods revealed "protein" cells
among epithelial cells in both the mantle and foot. The
diazoreaction carried out in alkaline medium with Fast
blue showed "phenol" cells only in the mantle. PAS-

positive cells showing the presence of glycoproteins
were only found in the mantle. The staining was not
present in sections treated with α-amylase, indicating
the presence of "glycogen" epithelial cells coexisting
with mucous cells in the underlying connective tissue.
Moreover, the reactions to show acid glycosaminogly-
cans revealed five types of mucous cells in the mantle:
cells with glycoproteins only, with sulphated acidic pro-
teoglycans, with proteoglycans containing carboxyl
groups, and with glycoproteins and proteoglycans con-
taining carboxyl groups (Fig. 3). 

Some mucous cells of the foot epithelium contained
carboxyl acidic proteoglycans (Fig. 4) others also gly-
coproteins (Fig. 5).

Sialic acid and hyaluronic acid were not found in the
tegument of the mantle and foot.

Use of the ConA, PHA-L, PNA, WPA and SBA
lectins showed that the secretion of the intraepithelial
and intradermal mucous cells of the mantle and foot
were positive for α-D-glucose and α-D-mannose (Fig.
6), oligosaccharides (Fig. 7), α-D-gal and (1-3)-D-Gal-
Nac (Fig. 8), α-L-fucose (Fig. 9) and N-acetyl-D-galac-
tosamine or D-galactose (Fig. 10). In the surface
epithelium of the mantle, few neuroendocrine cells were

Table 1. Conventional histochemical methods for visualization and
identification of glycoconjugates (GCs)

Procedure GCs revealed

PAS Glycoproteins

AB pH 1 Proteoglycans with sulphate groups 

AB pH 2.5 Proteoglycans with carboxyl groups

AB pH 2.5/PAS Proteoglycans with carboxyl groups
and glycoproteins 

Neuraminidase digestion Sialic acid

AB (C.E.C.) Sialic acid

Table 2. Lectins employed and their major binding specificities

Lectin Origin Carbohydrate
specificity

Inhibitor
sugar

ConA Canavalia 
ensiformis

α-D-mannose, α-
D-glucose

D-Mann

PHA-L Phaseolus 
vulgaris

oligosaccharides D-GalNAc

PNA Arachis hypogea D-galactose D-gal

SBA Glycine max
N-acetyl-D-
galactosamine>
D-galactose

D-galNAC

WPA
Lotus 
tetragolobus

α-L-fucose L-fucose

WGA Triticum vulgaris
N-acetyl-D-
galactosamine>
sialic acid

D-GlcNac
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Fig. 1. Transversal section of the foot. Note the mucous cells
in the dorsal ciliated epithelium. Mallory mod. Ignesti stain-
ing. × 900. Fig. 2. The mantle: alcianophilic (AB-positive)
intradermal and intraepithelial mucous cells (arrows) and
only intraepithelial AB-PAS-positive mucous cells. AB
(pH=2.5)-PAS. × 1400. Fig. 3. The mantle epidermis, after
AB (pH=1)-PAS: some mucous cells with sulphated groups
PAS-positive (red), other mucous cells AB-positive (arrow-
heads). × 1400. Fig. 4. AB (pH=2.5)-positive mucous cells
containing proteoglycans with carboxyl groups in the foot
skin. × 900. Fig. 5. After AB (pH=2.5)-PAS, some positive
mucous cells with acidic proteoglycans (red) and PAS-posi-
tive mucous cells (blue) are seen in the foot skin. × 900.
Fig. 6. Several ConA-positive mucous cells in the epidermis
of the dorsal foot. × 900. Fig. 7. PHA-L-positive mucous
cells in the fold of the mantle epidermis. × 1400.
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Fig. 8. PNA-positive mucous cells in the mantle epidermis.
× 1400. Fig. 9. WPA-positive mucous cells in the ventral
nonciliated epithelium of the foot. × 1400. Fig. 10. SBA-
positive mucous cells in the mantle epidermis. × 1400. Fig.
11. WGA-positive neuroendocrine cells (arrows) in the
mantle epidermis. × 1400. Fig. 12. nNOS-positive neuroen-
docrine cells (arrows) and muscle fibres (arrowheads)in the
mantle epidermis (a,b). × 900. Fig. 13. nNOS-positive mu-
cous cells in the skin of the dorsal foot. × 1400.



positive for WGA (Fig. 11). In the mantle epithelium,
nNOS-positive nonmucous cells were found (Figs. 12a-
b), while in the foot epithelium only the mucous cells
were nNOS-positive (Fig. 13).

Discussion

The skin of the mantle and foot of Tapes philippinarum,
structured differently in the two regions, presents simi-
larities with that of Mercenaria mercenaria [12], Venus
verrucosa [7] and Ensis siliqua [1]. The cytochemical
investigation of the mantle and foot epithelia revealed
the presence of "protein" cells, "glycogen" cells and a
few "phenol" cells only in the mantle, and five types of
mucous cells. Previous histochemical studies of both the
skin and mantle of several species of Lamellibranchia
demonstrated the presence of tyrosine, tryptophan and
amine radicals in the "protein" cells [1, 7, 9, 25]. How-
ever, these substances are not present in T. philippina-
rum. The presence of "phenol" cells only in the mantle
epithelium partially agrees with the situation in other
species. The presence of "glycogen" cells, in addition to
mucocytes, only in the mantle epithelium is interesting;
in other species, these cells are found only in certain
areas of the epithelium [1, 6, 9, 25]. The mucous cells of
the mantle epithelium contain glycoproteins as well as
acidic proteoglycans with both sulphur groups and car-
boxyl groups either alone or coexisting with glycopro-
teins. In the tegument of the foot, the secretory material
of these cells was positive for either sulphated acidic
proteoglycans or for acidic proteoglycans with carboxyl
groups. The chemical composition of the mucus in the
mantle and foot agrees with what was observed in Tapes
decussatus [9] and in Ensis siliqua [1].

Conventional histochemical techniques failed to re-
veal sialic acid in the mucous cells. However, specific
sites for sialic acid in these cells were shown with WGA.
Sialic acid was found to be absent in previously studied
molluscs, with the exception of the freshwater species
Parreysia corrugata [14]. This absence from mucous
cells [5] has been explained by the lack of enzymatic
systems responsible for the incorporation of sialic acid
residues into the mucus. The presence of N-acetyl-glu-
cosamine sites in mucocytes of the skin of Tapes philip-
pinarum, revealed with WGA, suggests that sialic acid
is masked by other organic compounds that prevent its
detection by conventional histochemical techniques.
The presence of glycoconjugates positive to ConA,
PHA-L, SBA and PNA in the mucus of both the foot and
mantle could be related to the role these molecules play
in the recognition and elimination of pathogens. They
could be part of a defence system contributing to a
protective mechanism in the mucous epithelia of inver-
tebrates. PNA positivity in the mucus also indicates an
involvement in electrolyte homeostasis. Glycocon-
jugates in the mucus positive to PNA and SBA also

regulate the functional integrity of membrane receptors
in the transduction of membrane signals [28]. 

The presence of nNOS in intraepithelial and intrader-
mal mucous cells of the foot of T. philippinarum agrees
with what was observed in skin glands of domestic
mammals [10, 22, 23] and in the earthworm epidermis
[15], where NO is involved in the modulation of mucus
secretion with paracrine activity and in cell-cell com-
munication. In the mantle tegument, the mucous cells
were negative to nNOS, while the nNOS-positive in-
traepidermal cells are probably neuroendocrine in na-
ture, what is in line with previous studies of the
epidermis of L. terrestris [15]. The presence of neuroac-
tive substances such as NO in specialized cells of the
mantle epidermis can be explained by the functional
adaptation of the tegument of invertebrates during evol-
ution, especially in relation to its secretory activity. The
presence of sialic acid, revealed by WGA, and the nNOS
positivity in neuroendocrine cells confirm previous find-
ings in the earthworm [15]. 

WGA-binding sites in the neuroendocrine cells may
be related to the release of secretory substances which
occurs by exocytosis in the paraneuronal cells [11]. In
the foot epithelia, nNOS-positive mucous cells probably
release the mucus by autocrine activity. In the mantle
epithelia, nNOS-positive neuroendocrine cells secrete
NO inducing, by paracrine function, the mucous cells to
release the mucus. 
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