Neotropical Ichthyology, 7(3):491-498, 2009
Copyright © 2009 Sociedade Brasileira de Ictiologia

Response of mucous cells of the gills of traira (Hoplias malabaricus)
and jeju (Hoplerythrinus unitaeniatus) (Teleostei: Erythrinidae)
to hypo- and hyper-osmotic ion stress

Sandro Estevan Moron?, Cassio Arilson de Andrade? and Marisa Narciso Fernandes?

The mucous cells (MC) of traira, Hoplias malabaricus, and jeju, Hoplerythrinus unitaeniatus, two ecologically distinct
erythrinid species, were analyzed in fish exposed to deionized (DW) and high ion concentration (NaCl and Ca?") water (HIW)
during 15 days to evaluate the MC responses to ion challenge. MCs are localized in the leading and trailing edge and,
interlamellar region of the gill filament epithelium but, in H. unitaeniatus, they are also found in the breathing or lamellar
epithelium. MC density is lower in H. malabaricus, the exclusively water-breathing fish, than in H. unitaeniatus, a facultative
air-breathing fish. The transference to DW or HIW did not change the MC density and surface area, excepting in H. malabaricus,
in the first day of exposure to DW. A single MC containing three types of glycoproteins (neutral, acidic and sulphated) was
identified in the gill epithelium of both, H. malabaricus and H. unitaeniatus. The amount (based on the intensity of histochemistry
reaction) of these glycoproteins differed between the species and were altered after exposure to DW and HIW showing little
adjustments in the amount of mucosubstances in the MC of H. malabaricus and reduction of acidic and sulphated glycoproteins
in H. unitaeniatus. The decreasing of these glycoproteins in H. unitaeniatus reduced the mucus protection against desiccation
of gill tissue when change the ion concentration in water.

As células mucosas (CM) em traira, Hoplias malabaricus, e jeju, Hoplerythrinus unitaeniatus, dois eritrinideos ecologicamente
distintos, foram analisadas em espécimes expostos a agua deionizada (DW) e agua com alta concentracéo de ions (NaCl + Ca?*,
HIW) durante 15 dias para avaliar as respostas das CMs. As CMs estdo localizadas no lado aferente e eferente e regido
interlamelar no epitélio do filamento branquial, mas em H. unitaeniatus, CMs estdo presentes no epitélio respiratério ou
lamelar. A densidade de CMs é menor em H. malabaricus, espécie com respiracdo exclusivamente aquética, do que em H.
unitaeniatus, espécie com respiracao aérea facultativa. Atransferéncia para AD e HIW ndo alterou a densidade de CMs e a sua
superficie, exceto em H. malabaricus, no primeiro dia de exposicdo & AD. Um Unico tipo de CM contendo trés tipos de
glicoproteinas (neutra, acida e acida sulfatada) foi identificado no epitélio branquial de H. malabaricus e H. unitaeniatus. A
quantidade das glicoproteinas (avaliada pela intensidade da reagdo histoquimica) diferiu nas duas espécies e foi alterada apds
a transferéncia para AD e HIW mostrando pequeno ajuste na quantidade de cada mucosubstancia secretada pelas CMs em H.
malabaricus e reducdo de glicoproteinas acidas e sulfatadas em H. unitaeniatus. A diminuicdo dessas glicoproteinas em H.
unitaeniatus reduz a prote¢do do muco sobre o tecido branquial quando ¢ alterada a concentracéo de ions na da agua.
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Introduction

The structure and function of fish gills have been well
described by several authors (Munshi, 1960; Hughes, 1966;
Hughes & Munshi, 1979; Hughes et al., 1979; Laurent, 1984;
Roy & Munshi, 1986; Munshi & Singh, 1992; Fernandes et
al. 1994; Evans et al., 2005; Moraes et al., 2005; Banerjee,
2007; Fernandes et al. 2007). The main cells that constitute
the filament epithelium from the inner to the outer cell layer
are non-differentiated, neuroepithelial, chloride, mucous and
pavement cells. The lamellar or respiratory epithelium has
two cell layers which consist of pavement cells in the
outermost layer and undifferentiated cells in the innermost
one. Several studies on the teleost gill epithelium have
emphasized the pavement cells (PVCs) of the lamellar
epithelium which are directly related to gas exchange and
the chloride cells (CCs) which are related to the ion regulation
as well as the changes of these cells in response to the
internal and/or external ionic or acid-base environment
(Munshi, 1964; Perry & Laurent, 1993; Goss et al., 1994;
Moron & Fernandes, 1996; Fernandes & Perna-Martins,
2001; Moron et al., 2003; Sakuragui et al., 2003). Mucous
cells (MCs) in the epithelial lining of the gill filament and
their responses to environment have been intensively
studied by Munshi, Hughes and their associates (Hughes
& Munshi, 1979; Singh & Munshi, 1996; Parashar &
Banerjee, 1999a, 1999b, 1999c, 2002; Chandra & Banerjee,
2003, 2004; Diaz et al., 2004, 2005; Banerjee, 2007).

The mucus, secreted by the MCs, on the gill surface has
been considered an important protection against abrasive
injuries by solid materials suspended in water, pathogenic
bacteria, parasites (McCahon et al., 1987; Deszfuli et al., 2003),
air-exposure (Chandra & Banerjee, 2003, 2004; Banerjee, 2007)
and pollutant (Hughes et al., 1979; Hemalatha & Banerjee,
1997a, 1997b; Singh & Munshi, 1996; Ledy et al., 2003;
Roberts & Powell, 2005; Singh & Banerjee, 2008). Furthermore,
mucus may play a role in the ion regulation (Handy et al.,
1989; Roberts & Powell, 2003; Powel, 2007). Mucous cells
present in the gill filament epithelium and their secretion may
be a mechanism for adaptation to different conditions of the
aquatic environment. Changes in the density of the mucous
cells of gills and skin (Paul & Banerjee, 1997) have been
considered as a response to the changes in the ion
concentration in water such as sodium, calcium and chloride
(Perry & Wood, 1985; Laurent & Hebibi, 1989) and xenobiotics
(Wendelaar Bongaet al., 1989).

Most of the Brazilian freshwater is soft and ion-poor
(Esteves, 1998) and fish inhabiting such environment exhibit
great diversity in the distribution and density of some gill
cells as a compensatory adjustments to maintain the gill
functions (Fernandes & Perna-Martins, 2001, 2002; Moron et
al., 2003). For example, the traira, Hoplias malabaricus, a
water-breathing fish, and the jeju, Hoplerythrinus
unitaeniatus, a facultative air-breathing fish, living in the same
environment show different chloride cell density in the
filament and lamellar epithelia of gills and also in the response
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to different ion concentration in water (Fernandes & Moron,
1996; Moron & Fernandes, 1996; Moron et al., 2003). The
distribution of CMs in the lamellae of H. unitaeniatus is
probably related to air breathing mode of respiration and fish
behavior which may be found moving on land to reach water
ponds during the dry season.

As the MCs are active cells present in the gills and there
are evidences that they respond to environmental changes
(Banerjee, 2007), the aim of the present study was to quantify
the mucous cells and identify the mucosubstances
(glycoproteins) present in these cells in the gills in the two
ecologically distinct erythrinid species, H. malabaricus and
H. unitaeniatus as well as their responses to ion challenge
consisted of exposure to absence and high concentration of
Na*, Cl-and Ca*" in the freshwater environment.

Material and Methods

Experimental animals and holding conditions

Specimens of H. malabaricus (Bloch) (n = 24) weighing
117.8+5.3gand H. unitaeniatus (Spix) (n = 24) weighing 70.5
+ 2.1 g were collected from the Mogi-Guacu basin, Sdo Paulo,
Brazil and kept in 1000 L aquarium supplied with continuously
flowing aerated water (water composition: inmM L*: Na* =
0.034£0.002, Ca?* =0.043+0.001, K*=0.023 £ 0.001, Mg* =
0.073+0.003, CI'=0.014 £ 0.0004, conductivity =6.2+1.0mS,
hardness 26.0 as mg L* CaCO,, pH 6.8 £0.2) at25+ 1°C for 1
month. The photoperiod was 12 h light and fish were fed
once a week with live fish (Astyanax sp.). During the
experiment, no feeding was allowed.

Experimental protocols

The fish were divided into three groups (eight animals in
each group). One group served as the control and was
transferred to aquarium with water having the same Na*, Ca**
and CI- concentration as the acclimation water. The second
group was transferred to aquarium with deionized water
(Na*, K*, Ca?*, Mg?* and CI- were not detected and pH was
6.5-6.7). The third group was transferred to aquarium
containing water enriched with NaCl and Ca?* (water ion
compositioninmML™: Na*=0.50+0.01, Ca* =2.13+0.09, K
=0.023 £ 0.01, Mg* = 0.0073 £ 0.001, CI-=0.678 + 0.015;
conductivity 20.4 mS, hardness 94.7 asmg L* CaCO,, pH 6.7-
6.8).

The temperature of water of the aquaria were maintained
at 25°C and renewed daily without disturbing the fish. After
one, two, seven and 15 days, eight fish of each group were
randomly removed from their respective experimental
aquariums and killed by spinal dislocation. The gill arches
were excised, individually separated and fixed in 2.5%
glutaraldehyde buffered to pH 7.4 with 0.1 M phosphate
buffer, at 4°C. Systematic random samples of filament were
taken from dorsal, middle and ventral regions of the each gill
arch and processed for light microscopy (LM) and scanning
(SEM) and transmission (TEM) electron microscopy.
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Mucous cell histochemistry

Fixed gill filament samples were dehydrated in graded
ethanol, cleared in xylene and embedded in paraffin and
sectioned at 3 um. Mucins were demonstrated using Alcian
blue (AB) at pH 1.0 (sulphated glycoproteins, Lev & Spicer,
1964) and pH 2.5 (acid glycoproteins, Mowry, 1956; Pearse,
1985) and, periodic acid-Schiff (neutral glycoproteins,
McManaus, 1948). To identification of MC containing more
than one type of glycoproteins PAS technique was also
employed in combination with AB pH 1.0 and pH 2.5.
Methylation and saponification processes were used to
ascertain the chemical nature of the mucosubstances. The
reagent groups of the carbohydrate hydroxyl, carboxyl and
sulphate ester was chemically blocked. Sections were treated
with a solution of HCI in methanol to evidence carboxyl groups
and remove O-sulphate esters, n-sulphate groups and amino
groups. The methylation was used to block carboxyl groups
and to remove ester-sulfate groups. The saponification was
an unblock procedure used after the methylation (Kiernan,
1999).

The quantification of MCs and the identification of the
glycoproteins were based on the intensity of histochemistry
reactions against a background stain, whenever necessary,
for better visualization of the gill epithelium. Stained sections
were examined under a light microscope Olympus-Micronal
CBA-K using systematic 10 random fields in each section.
Positive-staining MCs were assessed semi quantitatively as
0 unstained, + weak, ++ moderated, +++ strong.

Transmission (TEM) and scanning (SEM) electron
microscopy

Glutaraldehyde fixed samples for TEM analyses were post
fixed with 1.0 % osmium tetroxide buffered to pH 7.4 with the
same buffer, dehydrated using a graded acetone series and
embedded in Araldite 6005 (Ladd Research). Semi-thin
sections (0.5 mm) were stained with toluidine blue and
examined under an Olympus photomicroscope. Ultra-thin
sections (~60 nm) were stained with 2.0% uranyl acetate and
0.5% lead citrate and examined with a JEOL 100 CX
transmission electron microscope at 60 or 80 kV.

For SEM analyses, the samples from each gill arch
consisted of two to three filament pairs of hemibranchs
attached by the septum and fixed with 2.5% glutaraldehyde
buffered to pH 7.4 with 0.1 M phosphate buffer. The samples
were dehydrated using a graded ethanol series up to absolute
ethanol, soaked of 1,1,1,3,3,3-hexamethyldisilazane (Aldrich)
and air dried. Filament pairs were glued with silver paint onto
the specimen stub, coated with gold (99%, Degussa) in a
vacuum sputter and examined on a DSM 940 ZEISS Scanning
Microscope at 25 kV. Mucous cell density in contact with the
external medium was determined using random SEM
photographs of epithelial surface of the filaments at a
magnification of 3000x (5 non-contiguous fields). The mucous
cell apical surface area was determined by tracing the apical
perimeters of all MCs visible in the microphotographs, using
a morphometric software program (Sigmascan Pro 3.0 Jandel
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Scientific Inc) as described by Bindon et al. (1994) and Moron
etal. (2003). All cell (complete and partial) areas were used
for the determination of the MC density and MC fractional
area (MCFA). MCFA represents the fraction of the gill
filament epithelial surface of apical surface of MCs. MCFA
and MC densities were calculated using the following
equations:

MCFA = X apical area of whole and partial MCs in microphotograph
Total area of epithelium in microphotograph

MC density = MCFA/average of apical area of whole MCs in
microphotograph

The MCFA data were presented as a percentage (%) of
filament surface area and MC density data were presented as
number of cells/mm? of filament surface (n/mm?). The mean
values for each fish were then calculated and these values
used to determine the average of each experimental condition.

Statistical analyses

The statistical analyses were done using the program
GraphPad Instat (GraphPad Software, version 3.0, San Diego,
CA). The variance analysis (ANOVA) was applied to determine
differences among groups. Tuckey’s test with 95% confidence
limit was applied to compare the mean values whenever a
level of significance occurred.

Results

No fish died during the experimental period. Mucous cells
number is higher in H. unitaeniatus than in H. malabaricus
and did not alter after transfer to deionized water and/or water
with high ion concentration. Mucus release into water was
not quantified but it was more copious in H. unitaeniatus
than in H. malabaricus during exposure to deionized water
and in ion-rich water.

The MCs of H. malabaricus and H. unitaeniatus are
located mainly in the afferent and efferent gill filament borders.
Few mucous cells were also distributed between the
secondary lamellae (Fig. 1a, b, c, d). In H. unitaeniatus, the
MCs were also found in the lamellar epithelium (Fig. 1b, d).

Atypical MC is characterized by a basal irregular nucleus,
numerous secretion vesicles with different diameters and
electron density which occupy the entire cytoplasm of the
cell (Fig. 2a, b). The secretion granules are liberated directly
into the environmental water (Fig. 2a, b, c).

The MC density in the edge of the gill filaments is higher
in H. unitaeniatus comparing to H. malabaricus (Fig. 3 and
4). H. malabaricus maintained in DW increased significantly
(p <0.05) the individual MC surface area and fractional area
on the 1%t day exposure (p < 0.05), but no significant change
in the MC density (Fig. 3). No alteration was observed in
the MC number of H. malabaricus exposed in water with
high ion concentration (Fig. 3). Hoplerythrinus unitaeniatus



Fig. 1. a-b. Saggital section of gill filament showing filament and lamellar epithelium. c-d. Cross section of filament showing the
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distribution of mucous cells (arrowheads). a and ¢, Hoplias malabaricus. b and d, Hoplerythrinus unitaeniatus. Scale bar in
mm. aa - filament afferent artery, ¢ - cartilage, cc - chloride cell, cvs - central venous sinus, ea - filament efferent artery, L -

lamella.

transferred and maintained in DW and in HIW did not
present any alterations in the mucous cell number and
density (Fig. 4).

All the three glycoprotein types (acid, acid sulphated and
neutral) was identified in the same MC of the gill epithelium
of H. malabaricus and H. unitaeniatus however, the amount
of each variety of the carbohydrate (intensity of reaction)
differed in the two species (Table 1). Following the transfer of
the fishes to DW and HIW the amount of glycoproteins in
the MCs of the gill epithelium altered (Table 1). The MCs of
H. malabaricus however showed slight increase in its neutral
glycoproteins content during the two first days of exposure
in the deionized water. On the other hand, MCs of H.
unitaeniatus presented a reduction in their acidic and
sulphated glycoproteins on the 2, 7" and 15" day of exposure.
In water having high ion concentration there was a reduction
of sulphated glycoproteins (7" and 15" day) in H. malabaricus
and acidic and sulphated glycoproteins throughout the
experimental period. Areduction in neutral glycoproteins was
however noticed only in the 7" day of experiment in H.
unitaeniatus.

Discussion

In general, the MC density and mucus production vary
among different fish species. They also vary at different
environmental conditions (Laurent, 1984). Handy & Eddy
(1991) demonstrated the absence of mucus in the surface of
the gills of unstressed rainbow trout, Oncorhynchus mykiss.
Numerous studies have shown that increased amounts of
mucus secretion is induced by stresses of acid (Berntssen et
al., 1997), salinity (Roberts & Powell, 2003), gill diseases (Powell,
2007), pollutants (Parashar & Banerjee, 2002; Fernandes &
Mazon, 2003; Singh & Banerjee, 2008), air exposure and
desiccation (Olson, 1996; Parashar & Banerjee, 1999a, 1999b,
1999c; Chandra & Banerjee, 2003, 2004; Banerjee, 2007).

The higher MC density in the gills of the air-breathing
erythrinid, H. unitaeniatus than those in the water-breathing,
H. malabaricus, may be related to mode of respiration and a
possible protection against desiccation when fish is out of
water (Parashar & Banerjee, 1999b, 1999c). H. unitaeniatus is
known for its moving between ponds (Saul, 1975) during dry
season. This hypothesis is supported by the presence of
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Fig. 2. a. TEM photomicrograph of mucous cell (MC) in the
filament epithelium of Hoplias malabaricus. Note pavement
cells (PVC) covering MC. b. TEM photomicrograph of mucous
cell (MC) in the filament epithelium of Hoplerythrinus
unitaeniatus. Note different electrondensity of secretory
granules (G). c. SEM photomicrograph of filament epithelium
showing mucous granules releasing by MC between PVC
cells, at epithelial surface. Scale bar in mm. Arrows indicate
mucous granules.

MCs even in its lamellar epithelium which rarely occurs in
water-breathing species but is reported in other air-breathing
fish such as Clarias batrachus (L.) (Olson, 1996) and Channa
striata (Bloch) (Chandra & Banerjee, 2003, 2004) and the
knowledge that mucus has low permeability to water
(Shepherd, 1989).

Other hypothesis that may explain the differences of MC
density between these two erythrinid fish is related to ion
regulation. H. unitaeniatus has larger number of chloride cells,
including those in the lamellae while H. malabaricus, living
in the same environment, has lower chloride cell density and
that is restricted only to filament epithelium (Moron &
Fernandes, 1996; Moron et al., 2003; Fernandes et al., 2007).
The interspecific chloride cell variability between these
erythrinid was related to interspecific rate of ion uptake and
may reflect differences in their efficiency to maintain ion
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Fig. 3. Mean values (= SEM) of mucous cell density, individual
surface area and mucous cell fractional area (MCFA) at
filament epithelial surface of Hoplias malabaricus exposed
to deionized water and high ion concentration water.
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surface area and mucous cell fractional area (MCFA) at
filament epithelial surface of Hoplerythrinus unitaeniatus
exposed to deionized water and high ion concentration water.
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Table 1. Mucosubstances in the mucous cells of the gill
epithelium of H. malabaricus and H. unitaeniatus of the
controls groups and groups maintained in deionized water
and water with high ions (NaCl + Ca?") concentration. 0 =
negative reaction; + = weak positive reaction; ++ = moderate
positive reaction; +++ = intense positive reaction.

Hoplias malabaricus

Glycoproteins Time (days)

Control 1 2 7 15
Deionized water
acid + + + ++ +
sulphated ++ ++ + ++ ++
neutral + ++ ++ + +
High NaCl and Ca*" water
acid + + + + +
sulphated ++ ++ ++ + +
neutral + + + + +

Hoplerythrinus unitaeniatus

Glycoproteins Time (days)

Control 1 2 7 15
Deionized water
acid +++ +++ +++ ++ ++
sulphated +++ ++ ++ ++ ++
neutral ++ ++ ++ ++ ++
High NaCl and Ca*" water
acid +++ ++ ++ + ++
sulphated +++ + ++ + +
neutral ++ ++ ++ + ++

balance (ratio between ion gain/loss) as suggested by Moron
et al. (2003). Chloride and mucous cells in the lamellar
epithelium increase the water blood barrier for respiratory
gases diffusion (Fernandes et al., 1998; Fernandes & Perna-
Martins, 2002), and consequently reduces O, uptake
(Sakuragui et al., 2003) and CO, excretion (Powell & Perry,
1997). Conversely, the mucous layer covering lamellae seems
to have no significant effect on oxygen transfer (Lusts &
Gross, 1979) and provides unstirred layer mucus which limits
ion movements to diffusion fluxes and also contributes for
epithelial ion impermeability. The polyanionic nature of mucus
helps to trap neighboring cations at the gill surface resulting
in an ionic gradient from mucosal layer to flowing water on
the gills (Shephard, 1989). Thus, the higher MC density with
increased mucus production in H. unitaeniatus may help this
species to reduce water loss when the fish is out of water and
the loss of ion when it is within water.

lon challenge often induces MC responses. Anguilla
anguilla has large number of MCs in the gill filament and the
variation in the ion concentration in the water alters the
number and the distribution of MCs in this species (Laurent
& Dunel-Erb, 1980). The MC number in freshwater acclimated
Oncorhynchus mykiss was higher in the efferent side of
filament around the marginal channel of lamellae (Morgan &
Tovell, 1973). However, it decreased when fish was transferred
to sea water (Laurent, 1984). Later studies with the same
species showed no significance in the MC density following
adaptation to sea water although, these MCs increased in the
size (Laurent & Hebibi, 1989). Hypostomus plecostomus
adapted to water with high ion concentration (NaCl and Ca?")
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had a significant increase in the density of the MC while their
exposure to distilled water resulted in hypoplasia and
hypotrophy of these cells (Fernandes & Perna-Martins, 2002).
In H. malabaricus and H. unitaeniatus the responses of MCs
to ion challenge were not reflected in their density. However,
alterations in their histochemical properties were quite evident.

Neutral glycoproteins have low viscosity and may protect
and lubricate gill epithelium against the physical injuries while
the acidic and sulphated acid glycoproteins provide high
viscosity and may help the adhesion of particles in suspension
in water (Sibbing & Uribe, 1985) or prevent the proliferation of
potentially pathogenic microorganisms in the epithelial surface
(Mittal et al., 1994b). In the case of air-breathing fish, sulphated
glycoproteins are also related to the protection against
desiccation during emersion to take the atmospheric air (Mittal
etal., 1994a; Parashar & Banerjee, 19993, b; Chandra & Banerjee,
2003, 2004).The transference of the erythrinids, H. unitaeniatus
and H. malabaricus, to deionized water (absence of ions) or
water with high ion concentration resulted in changes of the
chemical characteristics of glycoproteins produced by the MC.

In conclusion, the transfer H. malabaricus and H.
unitaeniatus to deionized water and water with high ion
concentration caused minor alterations in histochemical
nature of the glycoproteins. The MC density however, did
not show such fluctuation. The reduction of acidic and
sulphated glycoproteins in the gills of H. unitaeniatus may
be considered as a disadvantage for this species, mainly in
deionized water as the reduction of unstirred mucus layer
may reduce the ion gradient close to epithelial surface and
favor ion loss. However in the nature fishes never face the
stress of deionized water exposure.
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