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Abstract: This study reports the first complete mapping of the gill epithelium in a tilapia species. Different gill epithelial
cell types of the Nile tilapia, Oreochromis niloticus L. have been identified and located using different antisera against mam-
malian proteins and various histochemical techniques: Periodic Acid Schiff (PAS), Alcian Blue pH 1.0, 2.5, 3.5, Giemsa and
Grimelius. The results show that the stratified filament epithelium of O. niloticus gill can be divided into two distinct
regions, a superficial layer, where pavement, mucous and mitochondria rich cells can be found, and a deep layer, constitut-
ed by undifferentiated, myoepithelial-like, granular and neuroendocrine cells. V-ATPase and Na*/K*-ATPase presence
allowed the identification of pavement and mitochondria-rich cells, respectively, suggesting that, in O. niloticus, pavement
cells are implicated in Na* uptake, whereas mitochondria-rich cells have a role in CI- uptake. The use of PAS and Alcian
Blue allowed the recognition of different sub-populations of mucous cells that differentiate from a common deeper precur-
sor. Neuroendocrine markers were detected in different cell populations, stating evidence for a neuroendocrine role of mito-
chondria-rich cells, and suggesting the existence of distinct neural pathways, a putative O,-chemosensory and an ion regu-
latory pathway. A defence role was attributed to the deep filament epithelium, suggested by the presence of resident giem-
sa positive- eosinophil granular cells. The antibody raised against proliferating cell nuclear antigen identified two different
cell types, the undifferentiated cells and myoepithelial-like cells. In the superficial layer, it is here stated for the first time
the existence of vimentin positive support cells.
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Introduction species [6,7], clarification of the normal histology of a
particular species is of supreme importance in order to
interpret the morphological and functional modifica-
tions occurring under pathological conditions. Fish
gills constitute the largest fraction of the body surface
area in direct contact with the water and, caused by
ventilatory movement, a particularly high water vol-
ume bypasses the large gill surface. Since relevant
physiological processes take place in the gills, such as
gas exchange, osmoregulation, excretion of nitroge-
nous waste products and acid-base balance [6], distur-
bance of the structure of this organ compromises the
survival of fish. In addition, the gills represent an
appropriate model for the study of the potential envi-
ronmental effects on the organism and, indirectly, may
be used as an indicator of the degree of environmental

Fishes comprise about 50% of the known vertebrate
species, which makes them an important resource for
the development of relevant vertebrate models, as a
replacement to mammals use in biomedical sciences,
in monitoring aquatic pollution and toxicology. Nile
tilapia, Oreochromis niloticus, is one of the most
important freshwater fish in world aquaculture [1], it is
a standard fish used in toxicity tests [2-5] and its uti-
lization as a model for the study of mammal's physio-
logical and pathological aspects is an open possibility.

Because of the reported variability in cellular com-
position and structure of tissues among different fish
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rich cells, under control and seawater adaptation con-
ditions [9-13]. To our knowledge, there are no histo-
chemistry or immunohistochemistry studies character-
izing the different cell types present in this species gill.
The histochemistry or immunohistochemistry are valu-
able tools in the identification and functional character-
ization of different cell types and, their use in the detec-
tion of environmental caused alterations may be of great
value. To enable this hypothesis to be tested further the
first step, and the main purpose of this study, was to
characterize the cell population and their specific loca-
tion in O. niloticus gill epithelium, a fish species often
used as an indicator species. In addition, and using a
battery of antisera, we intended to find new fish gill cell
markers, thus contributing and complementing the cur-
rent knowledge on the role of these cells in gill physiol-
ogy, compelling their use as vertebrate models, substi-
tuting the utilization of mammal cells.

Materials and methods

Fish. Nile tilapia, Oreochromis niloticus (Linnaeus, 1758) were
reared from the egg stage, in the Aquaculture Station of the Univer-
sity of Tras-os-Montes and Alto Douro (UTAD, Vila Real, Portu-
gal), kept in 100 L recirculating tanks (5 L/min) filled with dechlo-
rinated tap water whose quality parameters (84/449/EEC Direc-
tives, Annex 5, method cl) were maintained by mechanical and
biological filtration: pH 6.5-7.5, 60 mg HCO3-/L (alkalinity), 63
uS/cm (conductivity), 14 mg Na*/L, 2.3 mg K*/L, 4.1 mg Ca2*/L,
6.5 mg Mg2/L, 19.5 mg CI/L, 27 mg NO;7/L (nitrate), 0.5 mg
NO,7/L (nitrite), 74.5 mg CaCO;/L (hardness), 6.2 mg dissolved
O,/L, 21 mg CO,/L, 0.1 mg H,S/L (hydrogen sulfide), 0.7 mg
NH,"/L (ammonia) and 12 mg suspended solids/L. Supplemental
aeration was provided to maintain dissolved oxygen near satura-
tion, the temperature was kept at 25+1°C and the photoperiod con-
trolled (12D:12L). Fish were fed once a day to visual satiation,
with commercial fish food dry pellets (Aquasoja-Sorgal, Ovar,
Portugal): 1.9% fibre, 4.3% lipids, 37.2% crude proteins, 2.2%
Ca?%, 1.4% P and vitamins A, C, D; and E.

Tissue sampling and fixation. Experiments complied with Euro-
pean (86/609/EU) Guidelines for the correct use of laboratorial
animals. A total of 20 tilapia of both sexes, ranging from 28.6 to 44
g of body weight, were anaesthetized with 1 ml of 2-phenoxi-
ethanol/L water (Sigma, Barcelona, Spain) and euthanized by
decapitation. Gill filaments were immediately collected from the
anterior and posterior aspects of the second gill arch of the right
side of each fish. The excised gill filaments were fixed in buffered
formaldehyde (Panreac, Barcelone, Spain), or Bouin's solution
(Panreack, Barcelone, Spain), for 24 h at room temperature (22-
26°C). Following fixation, tissues were dehydrated, cleared in
xylene and embedded in paraffin wax.

Histochemistry. The paraffin blocks were serially sectioned (5 pm
thick) parallel to the long axis of the gill filament and the sections
were collected onto either clean slides or APS-coated (3-amino-
propyltriethoxysilane; Sigma Chemical Company) slides and air
dried at 37°C overnight. The sections were then dewaxed in xylene
baths, rehydrated through an ethanol series to distilled water, and
stained with periodic acid-Schiff (PAS) reaction, Alcian Blue,
Giemsa and Grimelius, for histochemistry.

For PAS reaction, the slides were rinsed in 1% periodic acid for
10 minutes, washed in running tap water for another 10 minutes, to
remove all acid, and placed in Schiff's reagent (Merck, Darmstadt,
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Germany) at room temperature during 20 minutes. Then the slides
were washed again in running tap water and stained in hematoxylin
for 1-2 minutes. Alcian Blue (AB) stains acidic groups or sulfated
glycoconjugates and glycosaminoglycans and was used to differ-
entiate these from the neutral mucins identified by the PAS reac-
tion. Three serial sections were separately incubated in a 1% solu-
tion of AB in 0.5% acetic acid (pH 3.1), in a 1% solution of AB in
3% acetic acid (pH 2.5) and in a 1% solution of AB in 0.1M HCI
(pH 1.0), for 30 minutes at room temperature. Excess color was
removed by running tap water and nuclear conterstain was done by
immersion in haematoxylin for 1 minute. A positive reaction was
identified by a Prussian blue colour. The detection of argyrophil
cells was made accordingly to the microwave modification of the
Pascual's method [14]. Briefly, after rehydration to citric acid —
glycine solution, slides were immersed in 0.5% silver nitrate solu-
tion and microwave at 400 w for 1 minute. Slides were then rinsed
in four changes of distilled water, transferred to Bodian's develop-
er (Sodium sulfite anhydrous, Hydroquinone and distilled water)
and microwave at 400 w for 40 seconds approximately. After a new
wash, rinsing in four changes of distilled water, the procedure was
successively repeated until the evident detection of argyrophil
cells. This procedure identifies most neuroendocrine cell types by
deposition of metallic silver within the secretory granules that stain
dark brown to black [15]. Following each staining procedure, the
sections were dehydrated in graded alcohols, cleared in xylene and
mounted with entellan (Merck). For Giemsa stain, the hydrated
slides were incubated for 40 minutes in a Coplin jar with Giemsa
stain. Giemsa solution was prepared by mixing 1.5 ml Giemsa
(Merck) with 50 ml of distilled water. After staining, slides were
washed in 95% ecthanol, rinsed a few seconds in absolute ethanol,
cleared in xylene and mounted with entellan. The giemsa stain is
used to differentiate nuclear and/or cytoplasmic morphology of a
variety of cells, including blood cells, platelets, red and white
blood cells and parasites.

Immunohistochemistry. Immunohistochemistry was carried out
using the avidin-biotin method (Vectastain Universal Elite ABC
Kit, Vector Laboratories, CA, USA). The paraffin sections were
collected onto APS-coated slides, air-dried at 37°C overnight, and
dewaxed through a series of xylene baths and rehydrated through
an ethanol series to distilled water. Then, they were dipped for 20
minutes in 0.3% H,0, (Merck) for endogenous peroxidase block-
ing. After rinsing 2 minutes each in tap water, distilled water and
TPBS buffer (0.05% Tween-20-phosphate-buffered saline, pH
7.2), sections were circled with a hydrophobic barrier (Dako Pen,
Dako DK, Denmark) and blocked with normal horse serum (1:100)
for 20 minutes at room temperature. Sections were then incubated
with primary antisera diluted in 10% bovine serum albumin (BSA,
Sigma). The primary antisera, working concentrations and incuba-
tion times used in this study are shown in the Table 1. Following
3x2 minutes washes in TPBS buffer, sections were incubated for
30 minutes with diluted biotinylated secondary antibody (1:50),
washed in TPBS (3x2 minutes) and incubated in avidin-biotin-
complex for 30 minutes. Following rinsing in PBS buffer, sections
were immersed in 0.05% of 3,3'-diaminobenzidine (DAB, Sigma)
in PBS buffer containing 0.03% H,0,. Subsequently, sections were
rinsed for 10 minutes in tap water, counterstained with haema-
toxylin, dehydrated, cleared and mounted. Normal horse serum
was routinely used as negative control to account for non-specific
background labelling.

The antigen retrieval technique, employed to expose epitopes
masked during tissue fixation, was used to enhance the immunoreac-
tivity of tissue sections with the vimentin and synaptophysin antisera.
The citric acid based — antigen unmasking solution (Vector Laborato-
ries. Inc, Burlingame, USA) pre-treatment was conducted following
dewaxing of paraffin and rehydration. The sections were submerged
in 1% antigen unmasking solution in PBS, microwave (600w) for 10
minutes and washed in running tap water.
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Table 1. Antibodies used in the immunohistochemical study.

S.M. Monteiro ef al.

Antibodics Source Concentration Imi}ﬁ_fﬁm inc ub?l?() ]z Gme
V-type [I+-A'lPase
i{gafl]::liog;{;l:fua;ibﬁgg rused El_ulllillllilig lllJalnT\(fl(,];ijB:f l-\’tl;lrllﬁnl?’orlugal 1500 60 minutes 2 minutes
Nat/K+A'TPase
Mouse monoclonal antibody %;pg%gl;\mol- Sciences, University of 1:300 Overnight 10 minutes
C-Kit (CD117)
TPolyclonal rabbit anti-human Dako Cytomation A4502 1:100 30 mimutes 10 minutes
Synaplophysin
Polyclonal rabbil anti-human Dako Cylomation ADO10 1:100 Overmight 10 minuics
PCNA
Mouse monoclonal antibody Calbiochem ® NAO3 1:4000 Overnight 15 minutes
Serotonin
Polyclonal rabbit igi';ﬁ:t““i“ Sigma 85545 1:500 60 minutes | 2 minutes
Vimentin
Liquid mouse monoclonal Novocastra™ NCL-L-VIM-VY 1:100 30 minutes 10 minutes

*All antibodies were incubated at room temperature

Gill Na*/K*-ATPase was immunolocalized accordingly to per-
oxidase anti-peroxidase (PAP) method. After deparaffinization and
rehydration, slides were rinsed in tap water and dipped for 15 min-
utes in 0.3% H,0, for endogenous peroxidase blocking (Merck).
After rinsing 5 minutes each in tap water, distilled water and Tris
buffer (Merck), sections were incubated for 18 hours at 22°C with
1:500 primary antibody. After 3x5 minutes washes in Tris buffer,
sections were incubated for 60 minutes with 1:40 goat-anti-mouse
IgG1 secondary antibody and then for 45 minutes in 1:100 PAP
complex (Sigma). After rinsing in Tris buffer, sections were
immersed for 10 minutes in 0.05% of 3,3'-diaminobenzidine in Tris
buffer containing 0.03% H202 (Sigma). Subsequently, sections
were rinsed for 10 minutes in tap water, dehydrated, cleared and
mounted. Antisera and PAP complex were diluted in Tris buffer,
pH 7.8, containing 0.7% non-gelling seaweed gelatin, lambda car-
rageenen, 0.5% Triton X-100 and 0.02% sodium azide (Sigma).
For negative controls the primary antibody was omitted.

Antibodies. To characterize and localize the cell populations pres-
ent in O. niloticus gill epithelia, we used antibodies raised against
the proteins described below. A brief description of their function
will be provided to facilitate the results interpretation.

The apical electrogenic vacuolar-type H*-ATPase (V-ATPase)
pumps protons across the apical membrane, creating a membrane
potential capable of driving passive Na* influx via an amiloride sen-
sitive channel against its concentration gradient [16]. This enzyme is
involved in freshwater fish osmoregulation and it was already
immunolocalized to the apical membrane of pavement cells [16, 17].
Mitochondria-rich cell (MRC) identification was made using a
mouse monoclonal antibody raised against a chicken synthetic pep-
tide corresponding to part of the highly conserved region of the
Na*/K*-ATPase a-subunit. This antibody is now in routine use for
identifying gill MRC [18]. C-Kit is a transmembrane receptor kinase
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that has a broad physiological function, mediated in part by the inter-
action with its ligand, the stem cell factor (SCF) [19-21]. C-kit
expression, mainly studied in mammals, was reported in various
developing or differentiated cell types [22] and has been linked to the
promotion of cellular migration, proliferation and/or survival, differ-
entiation, adhesion, chemotaxis and functional activation [19].
Synaptophysin is a major transmembrane glycoprotein present in the
membrane of neuronal presynapic vesicles and in synaptic-like
microvesicles of the neuroendocrine cells [23]. The synaptophysin is
implicated in the control of exocytosis and neurotransmitter release
and represents a reliable general marker of neuroendocrine cells [24].

Serotonin (5-hydroxytryptamine, or 5-HT) is a monoamine
neurotransmitter synthesized in serotonergic neurons and a broad
neuroendocrine cell (NEC) marker, which expression was previ-
ously reported in fish gill epithelia [25-27]. Proliferating cell
nuclear antigen (PCNA) is a highly conserved protein in eukary-
otes and is expressed during cell proliferation and repair [28, 29].
The protein has long half-life, and a dark granular staining in
nucleus may correspond more closely to the S-phase of the cell
cycle [29]. Vimentin is an intermediate filament protein initially
described in mesenchymal derivatives. It is co-located in immature
cells with other kinds of intermediate filaments at particular stages
of development or differentiation and is transiently expressed in
various cell types during embryonic development (see [30] for ref-
erences). Additionally, the clone V9 was recently shown to express
in tilapia differentiating cells [31].

Results

The O. niloticus gill was covered by a two layer lamel-
lar epithelium and a stratified filament epithelium. In
the filament epithelium two distinct regions could be
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Fig. 1. Pavement cells V-ATPase positive. The figure clearly
shows, at inferior (A and C) and higher (B and D) magnifications,
the location of pavement cells at the superficial region, covering
the filament and lamellar epithelia. Bar = 20 pm.

Fig. 2. Localization of mucous cells in the superficial regions of
the gill filament epithelium. A-C. Serial sections stained with AB
atpH 3.1, 2.5 and 1.0, respectively. D-F. Gill filament serial sections
stained with AB at pH of 3.1, 2.5 and 1.0, respectively. Note that dif-
ferent cells are stained with the different ranges of pH dyes, reflect-
ing the dissimilar composition in acid mucosubstances and acetic
mucins. G-1. PAS-positive mucous cells in superficial (G and I) and
deeper regions (H and I of the filament epithelium, possibly reflect-
ing the presence of precursor mucous cells. Bar=20 um.

observed, a superficial layer, essentially constituted by
columnar cells and externally covered by squamous
cells, and a deep layer, formed by undifferentiated
cells and other distinct cell types.

The rabbit polyclonal anti-peptide antibody to the
A-subunit of the V-ATPase cross-reacted with the squa-
mous epithelial pavement cells (PVC), that were
observed covering the lamellae and constituting the
superficial layer of the stratified filament epithelium

(Fig. 1).
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Fig. 3. Localization of mitochondria-rich cells in the superficial
region of the filament epithelium. A-B. Na*/K*-ATPase positive
cells located in the middle region of the superficial interlamellar
space and near the lamellar vascular axis. Note a Na*/K*-ATPase
positive cell (B) deeper in the epithelium and stained with less inten-
sity, suggesting a mitochondria-rich precursor cell. C-D. c-kit
(CD117)-positive cells in the same location of Na*/K*-ATPase pos-
itive cells. E-F. Synaptophysin positive cells also placed in the
superficial region of the filament epithelium, intercalated with
mucous cells and staining with different intensities. G-H. Grimelius
positive with same location as the ones above. Bar=20 pum.

The AB and PAS techniques, that identify acidic
and neutral mucosubstances, respectively, co-localized
mucous cells (MC). This cell type was observed most-
ly in the superficial region of the filament epithelium,
in contact with the external milieu. The sequence of
procedures utilizing AB at different pH levels showed
distinct patterns of cells localization (Figs. 2A-C, 2D-
F), demonstrating a dissimilar composition in strong
and weakly sulfated acid mucopolysaccharides.

Although it was never observed in AB- positive
cells, some PAS- positive cells, which stained with less
intensity, were observed deeper in filament epithelium
(Fig. 2H,]). Their localization and the inferior reactiv-
ity to PAS, probably indicate that these are not fully
differentiated cells, migrating to the superficial region.
Additionally, the fact that these cells do not react with
AB, may be indicative of a different constitution in



Fig. 4. Neuroepithelial cells located in the deeper region of the O.
niloticus gill epithelium. A-B. Grimelius-positive neuroepithelial
cells close to the basal membrane (A) and located in the central
region, close to the superficial filament epithelium. C-D. Sero-
tonin-positive cells with the same location observed in Grimelius-
positive cells. Bar=20 pm.

Fig. 5. Giemsa coloration evidencing the presence of eosinophile
granule cells in filament epithelium of O. niloticus gill. A-C.
Images showing the different locations of the cells and their dif-
ferent sizes cytoplasmatic granules. D. An eosinophile granule cell
located in the connective tissue beneath the filament epithelium.
Bar=10 pm.

mucins, as the cells mature. Neither, PAS- nor AB-
positive cells were observed in lamellar epithelium of
the O. niloticus gill.

The mouse monoclonal antibody to the c-subunit
of the Na*/K* — ATPase, the rabbit polyclonal antibody
to the transmembrane glycoprotein receptor (c-kit, also
known as CD117), which belongs to the subclass 111
family of tyrosine kinase receptors, the polyclonal rab-
bit anti human synaptophysin and also the histochem-
ical technique Grimelius, reacted positively with
superficial columnar to ovoid cells (Fig. 3). The
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Fig. 6. PCNA immune-positive cells. A-B. The preferential loca-
tion of undifferentiated PCNA positive cells in the deep region of
the filament epithelium, also showing the presence of myoepithe-
lial-like cells (arrowhead) at the epithelial base and in contact with
arterial lamellar vasculature. C-D. Evidence for the presence of
myoepithelial-like cells (arrowhead) at the base and lateral regions
of the filament epithelium, as if they delimit the interlamellar
space. Migration of this cell type to the lamellar epithelium, locat-
ing under the pavement respiratory cells (arrows). Bar=10 um.

Fig. 7. Vimentin-positive cells preferentially located in the basal
region of the superficial columnar epithelium (A, B and D) but
also more superficially, in the lateral region of the superficial inter-
lamellar epithelium, near of the lamellar vascular axis (C and D).
Bar=10 um.

immunopositive cells were strongly labeled and are
frequently found in the middle region of the inter-
lamellar spaces of the filament epithelium, intercalated
with mucous cells, and laterally in the lamellar inser-
tion site, in close contact with the lamellar arterial vas-
cular system. The apical region of these cells faced the
external water whereas, basally, they connect with
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Table 2. Tested antibodies that failed to induce positive results.
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Pavement Unditferentiated Neuroendocrine Macrophagic Myoepithelial
cells cells cells cells cells
MNI CD 34 Cromogranin A D68 “'Sm"ﬁ;ﬂ”“lc
Neuron specific enolase (NSE) Myeloperoxidase Cytoqueratin 903
Neurolilaments Calponin
Specific muscle actin

other deeply located cell types. No positive labeling
was observed in lamellar epithelium. Mucocytes that
have a similar shape and that also appeared in the
interlamellar spaces of the filament epithelium showed
no labeling (Fig. 3D, E, G).

Although less intense, positivity to Na*/K+ — ATPase
was also observed in smaller cells, positioned slightly
deeper in the superficial region of the filament epitheli-
um (Fig. 3B). These cells were more rounded in appear-
ance, with less quantity of cytoplasm and were never
observed in contact with the water. The remaining anti-
bodies did not label these cells. The polyclonal rabbit
anti-human synaptophysin, an acidic Ca?* binding gly-
coprotein, reacted intensely, staining the cytoplasm
vesicles dark brown in some superficial columnar cells
and light brown in other cells (Fig. 3E, F). However, no
preferential location was observed in these different
labeled cells, being both observed in the middle region
of the interlamellar space and close to lamellar vascular
axis. None of the referred antibodies reacted with cells
localized in the deep region of the filament epithelium.

Besides the superficial columnar cells (Fig. 3G, H),
Grimelius also positively stained a rounded to ovoid
cell type, deeply located in the filament epithelium
(Fig. 4A, B). Additionally, polyclonal rabbit anti-sero-
tonin creatinine sulfate complex also positively react-
ed with these cells (Fig. 4C, D), that were located
either in the baso-lateral region of the deep filament
epithelium, in close contact with the basement mem-
brane (Fig. 4A, C), or in the central region, near the
base of the superficial columnar epithelium (Fig. 4B,
D). Adjacent sections treated with primary antisera to
human chromogranin A, neuron-specific enolase and
neurofilaments presented negative immunoreactions.

Giemsa allowed the identification of granular cells,
with irregular shape and whose cytoplasm granules col-
ored pink. The granules varied in size, being observed
cells with big (Fig. 5A), intermediate (Fig. 5B) and
small (Fig. 5C) granules. These cells were located all
around in the deep region of the filament epithelium,
independently of the granules size, and were never
observed superficially, in contact with the external
milieu, or in lamellar epithelium. Granular Giemsa-pos-
itive cells were also observed in the connective tissue
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beneath the basement membrane of the filament epithe-
lium (Fig. 5D). The cells with this location had cyto-
plasm granules with homogenous small size.

The mouse monoclonal antibody raised against
proliferating cell nuclear antigen (PCNA), labeled
small cells with rounded nucleus, scattered preferen-
tially through the deep region of the filament epitheli-
um (Fig. 6A, B). Besides these ones, this antibody also
labeled a cell type with an elongated nucleus and locat-
ed deeply in the filament epithelium, in close contact
with the basement membrane (Fig. 6C). These cells
were also observed in the lateral regions of the inter-
lamellar space, accompanying the ascending vascular
axis of the lamellae (Fig. 6A, C), and in the lamellar
epithelium, beneath the respiratory pavement cells
(Fig. 6D). Although these deep cells morphologically
resemble myoepithelial cells, they did not react to spe-
cific markers for muscle cells, such as oi-smooth mus-
cle actin, cytoqueratin 903, calponin and muscle-spe-
cific actin (see Table 2).

Monoclonal anti-Vimentin antibody labeled ovoid
cells preferentially located in the basal region of the
superficial columnar filament epithelium (Fig. 7A, D),
flanking mucous and mitochondria-rich cells, some-
times emitting cytoplasmic projections to the surface
(Fig. 7B). Although more rarely, these cells could also
be observed more superficially, near the lamellar inser-
tion region (Fig.7C, D). However, they were never
seen in direct contact with the external milieu or in the
lamellar epithelium.

Discussion

The V-ATPase antibody was previously shown to react
with the apical membrane of gill PVC [17]. In O.
niloticus, it also labeled PVC that covered the great
majority of the filament and lamellar epithelia. Due to
their predominant location in lamellae, the main site of
respiratory gas exchange, for long, this has been the
sole function attributed to PVCs. However, posterior
studies indicated that these cells are also involved in
hydromineral balance and are responsible for ion
transport [17,32-37]. They have specifically been
implicated in osmotic regulation, as the site of Na*
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uptake via channels electrically associated with the
H*-ATPase of the apical membrane [16,38-40] and
thus, directly coupled to acid-base regulation. They
also have been suggested to be the dominant site for
both Na*™ and Cl- transport pathways [41], to have a
role in Ca2* uptake [42] or to contribute only to epithe-
lium surface protection [33,43-45]. In the present
study, the observed immune-reactivity of V- ATPase in
PVC and not in MRC, suggests that in O. niloticus, as
in O. mossambicus [16], the PVC and not MRC are the
site for Na™ uptake, attributing this function not only to
filament but also to lamellar PVC.

The combination of AB and PAS staining revealed,
for the first time, the existence of different sub-types of
MC, with a distinct chemical composition, in the fila-
ment epithelium of O. niloticus. This is in agreement
with results reported in Micropogonias furnieri and in
Coelorhynchus coelorhynchus gills, where MC showed
glycoproteins and acid proteoglycans with sulphate or
carboxyl groups [46-48]. Lectin histochemistry was
also used to describe different subpopulations of MC in
Salmo trutta and Oncorhynchus mykiss [49,50]. Taken
together, all these results suggest that the different sub-
populations of MC found in the gill epithelium, con-
tribute to heterogeneity in the mucus chemical compo-
sition, that can be correlated to the diverse functions
attributed in the processes of gas and ion exchange,
binding and uptake of xenobiotics and in the defense
against infectious agents. Conversely, the variation in
mucosubstances constitution is not reflected in MC-pre-
cursors, since these cells were observed with PAS stain-
ing but not with AB, suggesting that, in this species,
they differentiate from a common precursor.

The distribution of Na*/K*-ATPase, determined
using the mouse monoclonal antibody to the o-subunit,
is restricted to MRC, a population of columnar cells
localized in the superficial layer of the filament epithe-
lium, either in the middle region of the interlamellar
space or at the junctions between the filament and
lamella. The defining features of this cell type are a high
mitochondrial density and the presence of a cytoplasmic
tubular system to which the ionoregulatory enzyme
Na*/K*- ATPase is associated [6,7,38]. Accordingly,
MRC are essential in fish osmoregulation and convinc-
ing evidence exists that, in O. mossambicus, they are
mainly responsible for Cl- uptake [16]. This fact is here
confirmed, in O. niloticus, due to the observed absence
of labeling to V-ATPase. In addition, the use of this anti-
body, amply recognized as a MRC marker, allowed the
identification of smaller rounded cells, less intensely
stained, located deep in the superficial layer of the fila-
ment epithelium, confirming the differentiation of MRC
from the basal epithelial cells. However, and contrary to
what have previously been observed in other teleost
species [38], no MRC were observed in lamellar epithe-
lium.
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In addition to Na*/K*"-ATPase, different cell mark-
ers have co-localized MRC, possibly reflecting a role
of this cell type in other functions beyond the well rec-
ognized osmoregulatory function. The immunolocal-
ization of c-Kit, generally used as a proliferation
and/or differentiation marker, was observed in MRC
cytoplasm. Its expression was also previously detected
in Danio rerio neural crest-derived melanocytes,
revealing an evolutionary divergence across phyloge-
netic lineages [51]. However, in O. niloticus, this
divergence is not evident. Indeed, cytoplasmic expres-
sion of c-kit was also observed in human's renal inter-
calated cells, [52] which are known to have similar
functions and ultrastrutural features, thus suggesting a
common function to c-kit. On the other hand, c-kit
expression was not observed in the differentiating
MRC, localized by the Na*/K*- ATPase antibody and,
in addition, PCNA and vimentin, also known as undif-
ferentiated cells markers, did not co-localized MRC.
These results may be indicative that, in O. niloticus, c-
kit is not implicated in MRC proliferation or differen-
tiation. Instead, it can act as a survival factor or be
responsible for their connection/interaction to PVC, as
well as for their migration induced by changes in envi-
ronmental conditions [7]. In addition, its expression in
cells of neuronal origin [53] and in neuroendocrine
cells [54], previously reported in rats, as well as its
present co-localization with the synaptophysin, a
known neuroendocrine marker, may reveal a role of
the c-kit/SCF axis in the development of MRC neu-
roendocrine functions.

Actually, a neuroendocrine role, suggested by the
synaptophysin antibody reaction with MRC, is not
excluded by the fact that other neuroendocrine mark-
ers, such as cromogranin A, neuron specific enolase
and neurofilaments have not co-localized these cells.
Indeed, the synaptophysin expression is not dependent
on the synthesis of other markers of neuroendocrine
differentiation [24]. Re-enforcing this hypothesis are
the studies of other authors that demonstrated the
occurrence of so-called open-type neuroendocrine
cells (NEC), with immunoreactivities for met-5-
enkephalin and leu-5-enkephalin [27,55]. The location
of the referred cells was the same observed in the pres-
ent work and their ultrastructural characteristics [55]
closely resembled the ones of MRC [38]. In addition,
Grimelius that stains most NEC types, co-localized the
synaptophysin positive cells, reinforcing the idea that
these cells perform a neuroendocrine function. More-
over, in zebrafish, the gill nerve fibres are associated
with the basolateral regions of MRC, suggesting that
putative presynaptic nerve terminals release neuro-
chemicals to influence the activity of membrane-
bound ion channels [56]. Thereby, synaptophysin may
be involved in the control of ion regulation across the
gill epithelium.
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Another NEC type, occurring in the basal layer of
the filament epithelium, was stained by Grimelius.
These cells were also serotonin-positive and have pre-
viously been reported as a component of the gill fila-
ment epithelium of other teleostean [25,27] and
holostean [26] species. The ovoid cells were located
deeply in the filament epithelium near the basement
membrane or in the vicinity of the superficial epithe-
lial layer but never contacted with the external surface.
They have been implicated in O, chemoreception and
respiratory regulation in fish [57]. Accordingly to what
have been said, and as serotonin and synaptophysin do
not coexist in the same NEC, the present results sup-
port the existence, in O. niloticus, of two neural path-
ways; a putative O,-chemosensory pathway, through
which serotonin positive NEC stimulated by hypoxia
may communicate with the nervous system, and an ion
regulatory neural pathway, that may be associated with
both efferent and sensory innervation [58].

In the present study, Giemsa stain allowed the iden-
tification of granular cells whose acidic citoplasmic
granules stained pink. These cells were scattered
through the deep layer of the filament epithelium,
showing cytoplasmic granules of different sizes. Cells
with uniform small sized granules were also observed
in the connective tissue beneath the gill epithelium.
The possibility of being neutrophils or macrophages
was excluded by the negative results obtained with the
use of antibodies against myeloperoxidase, a recog-
nized neutrophil marker, and against the macrophage
antigen CD68, both known to express in fish [59,60].
Previous reports have described granular cells in the
gills of different teleost families. These, constitute a
heterogeneous cell population, which is exemplified
by their variable morphology, granular content, sensi-
tivity to fixatives, and response to drugs. Because of
this, different authors have referred to them in differ-
ent species as mast cells, basophilic granular cells, or
acidophilic/eosinophilic  granule cells [61,62].
Eosinophilic granule cells are generally thought to be
involved in the non-specific innate defense systems of
fish and have been shown to degranulate in response to
numerous immunological challenges [61]. On activa-
tion, the EGCs of teleosts can release or produce sub-
stances involved in the acute inflammatory reaction
[62] and in stimulating neutrophil migration to sites of
inflammation [63]. In persistent inflammatory reac-
tions, recruitment and accumulation of EGCs was also
observed [64,65]. However, except for a study that
reported the presence of both mast cells and eosinophil
granulocytes in gill epithelium [66], their presence was
mainly described in the connective tissue [62]. In
opposition, in the present study, the granular cells were
mainly observed in the filament epithelium and, due to
their similar staining characteristics, we believe that
these cells are members of a resident population and
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that the different granules size corresponds to different
maturation stages. Supporting this hypothesis is the
work of [67] that also observed mature eosinophil
granule cells in mitosis and in different development
stages. However, we can not exclude the possibility of
being eosinophilic granulocytes that invade the tissue
at its immature stage and mature into a secretory cell
in response to the appropriate stimuli.

The PCNA antibody, previously used in fish gill to
identify undifferentiated cells [68], recognized in O.
niloticus, two different cell types, the commonly
observed undifferentiated cells, with a rounded nucle-
us and a high nucleus to cytoplasm ratio, and cells with
a flattened nucleus and elongated cytoplasmic exten-
sions, resembling myoepithelial cells. Confirming the
statements of other authors, the former cells were
found scattered through the deep layer of the filament
epithelium and differentiate in other epithelial cell
types [7,69]. Smaller and less immunoreactive cells
were also observed in the basal part of the superficial
filament layer. On the other hand, myoepithelial-like
cells coated the lateral surfaces of the deep epithelial
layer, suggesting a role in the synthesis of the basal
lamina or in the contractile regulation of the lamellar
capillary axis. Although less frequent, undifferentiated
cells were also observed in lamellar epithelium in
direct contact with pillar cells basement membrane,
thus corroborating previous results in Trichogaster
leeri [70]. These cells had an elongated nucleus, simi-
lar to the ones of the myoepithelial-like cells, which
may suggest a similar role or a common differentiation
in pillar cells, also known to have a contractile func-
tion [71].

In the present study, vimentin positive cells are
demonstrated for the first time in the gill filament
epithelium of O. niloticus. Due to their position, flank-
ing the superficial columnar cells and contacting the
basal face of pavement cells, we may suggest a struc-
tural supporting role for this cell type. In addition, they
may also represent a transient differentiation stage of
other cell types superficially located, namely pave-
ment cells, which once differentiated no longer
express the protein vimentin.

In conclusion, our study shows that the stratified
filament epithelium of O. niloticus gill can be separat-
ed into two distinct regions, the superficial layer,
where PVC and the columnar MC and MRC can be
found, and the deep layer, with characteristics of con-
nective tissue, constituted by undifferentiated, myoep-
ithelial-like, granular and NE cells. It clearly demon-
strates the existence of different sub-populations of
MC, that differentiate from a common deeper precur-
sor and states evidence for a neuroendocrine role of
MRC, thus suggesting the existence of distinct neural
pathways, a putative O,-chemosensory and a ion regu-
latory pathway. A putative defense role is also attrib-
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uted to the deep filament epithelium, suggested by the
presence of resident eosinophil granular cells. In the
superficial layer, it is here stated for the first time the
existence of vimentin positive support cells.
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