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Sandra Mariza Monteiro, Elsa Oliveira, Anténio Fontainhas-Fernandes, and Mario Sousa (2012) Effects
of sublethal and lethal copper concentrations on the gill epithelium ultrastructure of Nile tilapia, Oreochromis
niloticus. Zoological Studies 51(7): 977-987. Histopathology is currently being used as a screening method to
detect copper toxicity in fish. However, a knowledge gap exists regarding copper’s effects on the gill epithelial
ultrastructure. To fill in this gap, Nile tilapia Oreochromis niloticus were acutely exposed to sublethal and
lethal waterborne copper concentrations. Results showed that in the basal region of gill lamellae, a sublethal
concentration caused edema, stretching of pillar cells (PLCs), and the disappearance of pericytes (PCTs),
whereas in the apical region PLCs remained intact, and PCTs and pavement cells (PVCs) were activated. In
the filament epithelium, PVCs showed structural signs of high functional activity, while mitochondrion-rich and
mucous cells were degenerated. In the deep filament region, there were edema, loss of neuroepithelial cells,
proliferation of undifferentiated cells (UDCs), and transformation of leukocyte-like cells into macrophages.
Acclimation was characterized by vasodilatation of the entire lamellar axis and a decrease in the filament
epithelial thickness. The protruding lamellae showed PCT proliferation, whereas the superficial filament
epithelium became denser due to UDC attachment. All fish exposed to the lethal dose died within 24 h. Gills
showed vasodilatation and edema that had lifted the PVCs, and necrosis was evident. In conclusion, our
findings contribute to clarification of gill epithelial cell dynamics, and also revealed that apical and basal regions
of the lamellae showed different responses, with the apical region exhibiting higher resistance to the toxic
actions of copper. Also, superficial and deep regions of the filament epithelium showed dissimilar responses to
copper, with the deep epithelium playing important roles in regeneration and protection.
http://zoolstud.sinica.edu.tw/Journals/51.7/977.pdf
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Copper is a trace element essential for
the normal growth and metabolism of living orga-
nisms. It functions as a cofactor for key enzymes
(Puig and Thiele 2002), and in vertebrates, it is
indispensable for bone formation, development
of connective tissue, and cardiac function (Li et
al. 1996). However, this metal becomes toxic to
cells when its concentration surpasses certain
natural levels (Theophanides and Anastassopoulou
2002). The main sources of copper pollution

include mining, industrial discharge, sewage
sludge disposal, and fertilizers. Considering this
ample range of sources, lixiviation considerably
magnifies its levels in aquatic environments,
the main final deposit sites for heavy metals of
anthropogenic origin (Nor 1987). In freshwater
aquatic environments, standard non-toxic values
were set to 5-112 ug/L (Chapman 1996); however,
higher concentrations are observed in ground
and surface waters. Indeed, concentrations of up
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to 560 pg/L were previously reported in polluted
waters (Chapman 1996, IPCS 1998, US EPA
2007).

The effects of water copper contamination
on fish are of primordial interest. Even sublethal
concentrations can induce severe damage,
with negative impacts on fish performance and
enhanced susceptibility to secondary diseases that
potentially cause mortality. Accordingly, copper
levels determined during occasional monitoring
of aquatic environments might not uncover the
severity of contamination, especially in cases of
sublethal doses (Canli and Stagg 1996).

Gills represent the largest body surface area
of freshwater fish, and in the branchial epithelium,
the distance between the water and blood is
only a few micrometers (Hughes 1984). This
organ is both morphologically and physiologically
complex, performing multiple functions, such as
gas exchange, ion and water exchange, acid-
base balance, nitrogenous waste excretion,
toxicant uptake, detoxification, excretion, and
several other metabolic transformations (Wood
and Soivio 1991, Evans et al. 2005, Tang and Lee
2011). Due to its multiple regulatory functions,
delicate structure, and constant exposure to the
external environment, gills are the most sensitive
target organ of waterborne pollutants (Lauren
and McDonald 1987a b, Perry and Laurent 1993,
Pelgrom et al. 1997). In copper-polluted water,
gills are an important route of metal uptake, and
in the initial stages of exposure, retain most of the
metal burden, which may change their morphology
(Lauren and McDonald 1985, Nowak et al. 1992,
Pelgrom et al. 1995a 1997, Campbell et al. 1999).
Indeed, histopathological changes are the result
of the integration of a large number of interactive
physiological processes (van de Oost et al. 2003).
The ultrastructure of tissues and organs is altered
when the waterborne contaminant is still at low
levels. Therefore, histopathological assays may
provide a valuable screening method before
severe damage occurs (Jiraungkoorskul et al.
2007).

The Nile tilapia, Oreochromis niloticus,
constitutes a suitable biological model for toxicity
studies due to its wide geographic distribution,
great economic potential, and ease of brooding
in natural and laboratory environments. It can
provide a good model to study responses and
possible adaptations of fish populations to
aquatic pollutants. Indeed, the effects of copper
on O. niloticus gills were previously studied by
our group, who showed the induction of several

histopathological and morphometric changes
(Monteiro et al 2008, Monteiro et al. 2009a b).
However, few reports have been published on the
ultrastructure of the gills of O. niloticus, with the
effects of copper still remaining largely unknown.
Copper accumulation in the branchial epithelium
(Pelgrom et al. 1995a c), and its effects on ion
regulation (Pelgrom et al. 1995b 1997, Dang et al.
2000, Monteiro et al. 2005) and metallothionein
concentration (Dang et al. 1999, Olsvik et al. 2001,
Wu et al. 2006) were studied in this and other
tilapia species, such as O. mossambicus, with
ultrastructural studies being essentially centered
on mitochondrion-rich cells (Li et al. 1998, Dang
et al. 2000). Accordingly, in the present study,
we evaluated the toxicity of sublethal and lethal
copper concentrations on the gill ultrastructure
of O. niloticus, in order to clarify specific cell-
type responses and contribute to establishing
a more-efficient and -sensitive risk assessment
methodology.

MATERIALS AND METHODS
Animals

Nile tilapia, Oreochromis niloticus Linnaeus
(1758), were originally obtained from the Institute
Nationale de Recherche Agronomique (Rennes,
France), and were raised in the Aquaculture
Station of the University of Tras-os-Montes e
Alto Douro (UTAD) for 3 generations. Fish
were maintained at low production densities
(< 150 g/L), in glass aquaria with a freshwater
flow rate of 5 L/min. Animals were fed daily with
commercial fish food (fiber 1.9%, lipids 4.3%,
and crude protein 37.2%) to visual satiation, and
kept at a constant temperature of 25 + 1°C under
a controlled photoperiod (12-h dark: 12-h light).
Supplemental aeration was provided to maintain
the dissolved oxygen near saturation. Water
quality parameters (pH 6.5-7.5, alkalinity 63 mg/L
as HCOs', conductivity 69.5 nS/cm, Na* 14 mgl/L,
K* 2.3 mg/L, Ca?" 4.1 mg/L, Mg?* 6.5 mg/L,
CIl 20.5 mg/L, NOs™ 27 mg/L, NO2" 0.41 mg/L, and
S04 15.9 mg/L) were maintained at acceptable
levels by mechanical and biological filtration.
Experiments complied with European Guidelines
(86/609/EU) for the correct use of laboratorial
animals.
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Time course of copper exposure

To analyze the effects of copper on the
gill ultrastructure, sublethal and lethal copper
concentrations were chosen, based on preliminary
results (LCso of 1207 ng/L). Three days before the
start of the experiment, sexually mature O. niloticus
(36.7 £ 7.4 g in mean body weight) were randomly
selected from the holding tank and distributed
among 9 tanks containing 60 L of fresh water.
There were 4 fish per tank in triplicate treatments
for each concentration, for a total of n = 36. Fish
from 3 aquaria containing water with no copper
added served as the control. Fish from the
remaining tanks were exposed to concentrations
of 600 (range, 628-640) and 1300 (range, 1270-
1311) pg/L of copper, supplied as copper sulfate
(Merck, Darmstadt, Germany). The experiment
was conducted in a semi-static system with 1/3
of the water replaced every 2 d, and carried out
at a constant temperature (25 £ 1°C) and with
a controlled photoperiod (12-h dark: 12-h light).
Supplemental aeration and constant mechanical
and biological filtration were provided. The
water quality parameters mentioned above were
assessed during the experimental period, with no
significant changes observed among treatments or
acclimation tanks. During the experimental period,
fish were fed once daily to visual satiation and
were starved for 24 h before sampling.

In the sublethal concentration experiment
(600 pg/L), fish were sampled after 3 (acute) and
7 (sub-acute) d of exposure. At each sampling
time, 6 fish per treatment (2 from each tank)
were anesthetized with 2-phenoxiethanol (Sigma,
Barcelona, Spain) (1 ml/L water), weighed, and
sampled. In the group exposed to the lethal
concentration (1300 pg/L), fish were removed from
tanks after the first signs of apparent death (without
visible movements or reaction to being touched
on the caudal fin). Gill flaments were immediately
collected from the anterior and posterior aspects of
the medial region of the 2nd gill arch on the right
side of each fish.

Transmission electron microscopy (TEM)

Samples (= 1 mm?3) were fixed with 2.5%
glutaraldehyde in 0.15 M sodium cacodylate buffer,
pH 7.2, for 2 h at 4°C. Following this, they were
rinsed in buffer, for 2 h at 4°C, and postfixed with
2% osmium tetroxide in buffer containing 0.08%
potassium iron-cyanide, for 2 h at 4°C. Specimens
were then washed in buffer, dehydrated through an

ascending ethanol series, transferred to propylene
oxide, and embedded in Epon. Semi-thin sections
(1 mm) were used for a light microscopic analysis
after staining with methylene blue. Ultrathin
sections were then cut with a diamond knife
(Diatome, Hatfield, PA), collected on formvar-
coated carbon-reinforced copper grids (TAAB,
Berkshire, United Kingdom), double-stained with
5% aqueous uranyl acetate (20 min) and Reynolds
lead citrate (10 min), and examined in a JEOL
100CXIl TEM (Tokyo, Japan) operated at 60 kV.
Chemicals of analytical grade were obtained from
Merck.

RESULTS

The gill epithelium of control Oreochromis
niloticus was formed by a filament multilayered
epithelium, periodically sectioned by longitudinal
capillary axes that originated in the lamellae, which
were covered by a 2-layered epithelium. The
superficial layer of the filament epithelium (Fig. 1A)
contained mucous cells (MCs), mitochondrion-rich
cells (MRCs), their precursors, and intercalating
support cells (SCs), which were externally covered
by a monolayer of pavement cells (PVCs). The
deep layer (Fig. 1B), which was latero-basally lined
by myoepithelial cells (MECs) and basal lamina,
was formed by a network of undifferentiated cells
(UDCs), and also enclosed neuroepithelial cells
(NECs), eosinophil-like cells, and MC precursors.
Each lamella possessed a central vascular axis,
the endothelium of which was composed of pillar
cell (PLC) cytoplasmic extensions, externally
coated with a basal lamina and a loose interstitial
tissue that contained pericytes (PCTs). In the
protruding part of the lamellae, the most external
coat was composed of lamellar PVCs (Fig. 2).

Although no mortality was registered after
acute exposure (3 d) to the sublethal copper
concentration (600 ug/L), the initial part of
the protruding lamellae showed edema of the
interstitial tissue and irregular capillary shapes,
whereas vasodilatation was mostly confined to
the lamellar basal region and was associated with
stretched PLCs (Fig. 3A, B). The external cover
of PLCs also exhibited some modifications. In
the distal part of the lamellae, PCTs, exhibiting
cytoplasm and nuclear characteristics of cell
metabolic activation, were observed to be in
direct contact with the PLC basement membrane
(Fig. 4A, B). However, in the lower part of the
protruding lamellae, UDCs were also observed
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to be occupying the interstitial lamellar space
(Fig. 3A, B). Lamellar PVCs had developed
microfolds and exhibited structural characteristics
commonly associated with increased functional
activity, such as enhanced Golgi complexes, a
high quantity of rough endoplasmic reticula, and
a consequent increase in dense vesicles. These
cells also showed a thickening of the microfilament
cortical region and an increased density of the
glycocalix (Figs. 3A, 4A). In the lamellar basal

Fig. 1. Ultrastructure of the gill filament epithelium in control
Oreochromis niloticus. (A) Superficial layer showing a
dark mitochondria-rich cell (DMRC) with rod-like vesicles
in the submembrane region; a mucous cell (MC) with
dense, intermediate-dense, and pale secretory vesicles;
pale mitochondria-rich cells (PMRC) with a tubular network,
mitochondria, and lipid droplets. The PMRCs are intercalated
with support cells (SC) and covered by lamellar (LPVC) and/
or filamental pavement cells (FPVC). The presence of a
glycocalix (arrowheads) at the FPVCs but not at LPVCs can be
noted. PMRCs exhibit cytoplasmic extensions into the lamellar
interstice. Note the presence of undifferentiated cells (UDC)
and neuroendocrine cells (NEC) in the superficial region of the
filament epithelium. Capillary axis at the level of the superficial
filament layer. (B) General view of the deep filament layer with
UDCs, myoepithelial cells (MEC), precursors of macrophage-
like cells (PMo) and mature macrophage-like cell (Mo). Arrows,
basal lamina; E, erythrocyte; F, phagosome; PCT, pericyte;
PLC, pillar cell.

region, there were loss of PCTs, a retraction of the
ascending-branch of the filament basal lamina,
and replacement of the lamellar interstitial tissue
with filament MECs and UDCs showing structural
characteristics of high metabolic activity (Fig. 3B).
In the superficial layer of the filament
epithelium, there was loss of most MRCs and
MCs, with occasional degenerating pale-MRCs
found near lamellae (Figs. 3, 5A, B). Filamental
PVCs were enlarged and displayed apical crypt
formation, with conserved microfolding (Fig. 3C).
This cell type also exhibited structural signs of high
functional metabolic activity, characterized by the
presence of a euchromatic nucleus, widening of
the cytoplasm compartment, signs of enhanced
Golgian and rough endoplasmic reticular activity,
and increased formation of dense vesicles (Fig.
6C). The deep layer of the filament epithelium
was enlarged, with the network of UDCs apically

Fig. 2. Ultrastructure of the gill epithelium in control
Oreochromis niloticus; the capillary axis. (A) Upper limit of the
capillary axis. Each pillar cell (PLC) originates 4 cytoplasmic
branches that compose the endothelium lining of adjacent
capillary rows; it is externally coated by a thin basal lamina
and a loose interstitial tissue with pericytes (PCT). Lamellar
pavement cells (LPVC), less dense and with reduced numbers
of microfolds and organelles than those found in filament
pavement cells. (B) Base of the capillary axis, showing
myoepithelial cells (MEC) in the deepest region and PCTs from
there to the superficial region of the filament epithelium. Arrow,
basal lamina; c, capillary; E, erythrocyte; L, lymphocyte; NEC,
neuroepithelial cell; UDC, undifferentiated cell.
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expanded to establish direct connections with
superficial PVCs (Fig. 3A, C). UDCs showed
signs of activation, characterized by a lower
cytoplasmic electron density and increased
numbers of mitochondria, rough endoplasmic
reticular cisternae, ribosomes, dictyosomes, and

Fig. 3. Ultrastructure of gills from fish exposed to 600 pg/L
copper for 3 d. (A) Protruding portion of lamellae. Note the
irregular capillary bed (CB), interstitial edema (*), and infiltration
by undifferentiated cells (UDC), intact pillar cells (PLC) and
their basal lamina (black arrowhead), activated pericytes (PCT),
and activated lamellar pavement cells (LPVC) with microfolding
(arrows) and tight cell junctions (white arrowheads). In the
filament epithelium, note the absence of pale mitochondria-rich
cells (**) and the presence of activated filamental pavement
cells (FPVC) with attached activated UDCs (the inset shows
an activated PVC at higher magnification). (B) Basal half of
lamellae with vasodilatation, stretching, and retraction (white
arrowhead) of PLCs, the encircling of the capillary base by
activated myoepithelial (MEC) and UDCs, and the increased
thickness of the filament basal lamina (black arrowhead). (C)
Superficial region of the filament epithelium with activated
FPVCs, with tight cell junctions (white arrowhead), glycocalix,
microfolding (arrows), crypt formation (*), and attached
activated UDCs. The deep region of the filament shows a
network of interconnected (black arrowhead) activated UDCs
separated by large intercellular spaces (**) due to interstitial
edema. E, erythrocyte; G, Golgi complex; m, mitochondria; N,
nucleus; PMo, precursor of macrophage-like cell; v, vesicles.

small dense vesicles (Fig. 6A, B). Intercellular
spaces, enlarged by the interstitial edema,
contained occasional hypotrophic NECs and
degenerating MC precursors, which were mainly
filled with leukocyte-like cells that convert to
active macrophages involved in the phagocytosis
of degenerative cells (Fig. 5B, C). In the most
basal region of the filament epithelium, ME cells
exhibited structural characteristics associated with
high functional activity, as evidenced by a more-
euchromatic nucleus, widening of the myofilament-
rich cytoplasm, and several dictyosomes with
abundant cisternae (Figs. 5C, 6D). These changes
affected the entire ME cell population, including
those that lined the filament epithelium basal
region (Fig. 6D), those resting on them (Fig. 5C),
and ME cells involved in strengthening the lamellar
capillaries (Fig. 3B). The filament basal lamina
seemed to have increased in thickness, mainly due

Fig. 4. Ultrastructure of gills from fish exposed to 600 pg/L
copper for 3 d. (A) The tip of the protruding lamella, showing
intact pillar cells (PLC) and pericytes (PCT) with structural
characteristics that suggest high functional activity such as a
prominent Golgi complex (G), rough endoplasmic reticulum
(rer), and mitochondria (m). Lamellar pavement cells (LPVC)
with microfolds and a non-continuous glycocalix (black
arrowhead). (B) Lamellar interstice at the limit of the superficial
filament epithelium, showing PCTs with structural characteristics
of functional activation, the absence of light mitochondria-rich
cells (**), and their replacement with myoepithelial cells (MEC),
the cytoplasmic extensions of which cover pillar cells (PLC)
up to the filament epithelium limit. E, erythrocyte; |, interstice;
white arrowheads, basal membrane of pillar cells.
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to reticular and collagen fiber deposition (Figs. 5C,
6D).

After 7 d of exposure to 600 pg/L, the entire
capillary axis showed vasodilatation, which was

Fig. 5. Ultrastructure of gills from fish exposed to 600 pg/L
copper for 3 (A-C) and 7 d (D). (A) Degenerated pale mito-
chondrion-rich cells (PMRC) next to lamellae, showing
autolytic lysosomes (white arrowhead), a decreased number
of mitochondria, and loss of the tubular system. (B) Under
the filament pavement cell (FPVC) epithelium, note an intact
mucous cell (MC), a macrophage (Mo) with a large digestive
vacuole (*), and undifferentiated cells (UDC). (C) Basal layer of
the filament epithelium. Note the hypertrophic and hyperplastic
myoepithelial cells (MEC), the thickening of the basal lamina
(*), the network of activated UDCs, and leukocyte-like cells
(LK). (D) Filament epithelium and basal part of the lamellae
in gills from fish exposed 600 ng/L copper for 7 d. Note the
severe vasodilatation, with pillar cells (PLC) showing stretching
and retraction (white arrowhead), squamous transformation
(inset: white arrowheads), focal necrosis (black arrowheads),
intactness of the basal lamina (white arrow), and encircling by
activated filamental MECs and UDCs. The filament epithelium
is severely decreased in thickness and shows filament
pavement cells (FPVC) that are condensed and thin, with intact
cell junctions (arrow) and the near absence of microfolds. The
surface region is increased in thickness through the attachment
to PVCs of activated UDCs. In the deep region, there is a short
network of UDCs and macrophages (Mo) with large residual
digestive vacuoles (*). The basal lamina is increased in thick-
ness (**). E, erythrocyte.

especially pronounced in the basal part of the
lamellae and had induced extensive stretching
of PLCs, with focal signs of necrosis and trans-
formation into squamous cells. In this region,
the lamellar interstitial tissue was replaced by
filamental MECs and UDCs that showed structural
evidence of increased metabolic activity. PCTs and
the ascending branch of the filament basal lamina
were absent (Fig. 5D). Despite vasodilatation,
PLCs in the protruding part of the lamellae showed

Fig. 6. Ultrastructural characteristics commonly associated
with high functional activity in different cell types observed
in gills from fish exposed to 600 ng/L copper for 3 d. (A, B)
Undifferentiated cells (UDC) from the deep filament epithelium.
Metabolic activation is characterized by a less-electron-
dense cytoplasm, euchromatic nucleus (N), and enriched
mitochondria (m), rough endoplasmic reticula (rer), ribosomes
(r), and Golgi complexes (G) very active in dense vesicle (v)
formation. Arrowhead, desmosomes. (C) Pavement cells
(PVC) showing slight functional activation by the presence of a
euchromatic nucleus (N), a wider cytoplasm with high Golgi (G)
and rer activities, and a consequent increase in dense vesicles
(v). A glycocalix (g), with increased density, and cell unions,
with desmosomes (arrowheads) and junctional complexes
(arrow), is evident; m, mitochondria; *, cell interdigitations.
(D) Myoepithelial cells (MEC) from the deepest region of the
filament epithelium, showing structural signs of high functional
activation, as evidenced by a wide, euchromatic nucleus (N),
elongation of myofilament-rich cytoplasm (**), and the higher
Golgi activity (G). Note the basal lamina (arrowhead) thickened
by reticular and collagen fibers deposition (arrows) and lateral
connections (*) with UDCs.
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a rather conserved morphology, although the
external covering increased in thickness due to
PCT proliferation. The cytoplasm of lamellar PVCs
had become more electron-dense, less wide, and
had reduced Golgi activity (Fig. 7A).

The filament epithelium was extremely
reduced in thickness, showing an almost complete
absence of MRCs and MCs, although occasional
pale-MRC precursors were observed near lamellae
(Figs. 5D, 7A). Filament PVCs were denser and
flattened, with decreased microfolding and no signs
of crypt formation. The increase in densification
of the superficial layer of the filament epithelium
was due to the close attachment of UDCs to the

Fig. 7. Ultrastructure of gills from fish exposed to 600 ng/L
copper for 7 d. (A) Filament epithelium and apical half of
lamellae. Note the vasodilatation, with intact pillar cells
(PLC), pericyte (PCT) proliferation, and condensed lamellar
pavement cells (LPVC). Filamental pavement cells (FPVC)
exhibit a few microfolds (arrow) and appear attached to
activated undifferentiated cells (UDC). (B) Basal region of
the filament epithelium. Note the short network of UDCs,
the activated leukocyte-like cells (LK), the hypertrophic,
hyperplastic myoepithelial cells (MEC), and also the thickening
of the basal lamina (**). E, erythrocyte; pPMRC, precursor of
pale mitochondrion-rich cells; pillar cell basal lamina (white
arrowhead).

base of filamental PVCs (Figs. 5D, 7A). Below
this superficial region, the filament epithelium was
reduced to a short network of UDCs showing signs
of high functional activity, the intercellular spaces
of which showed no NECs or precursor cells, but
contained leukocyte-like cells and macrophages
with large residual digestive vacuoles. The basal
lamina of the filament epithelium was apparently
thicker, with deposition of collagen and reticular
fibers (Figs. 5D, 7B).

Exposure to 1300 pg/L copper was found
to be lethal to 100% of the fish in the 1st 24 h.
Gill epithelia of fish exposed to a lethal copper
concentration exhibited patches of tissues with
different degrees of injury, including regions
with complete rupture of the filament epithelium
and of the lamellar vascular axis (Fig. 8A-D).
most instances, the protruding lamellae showed
vasodilatation, with preserved PLCs and their
associated basal lamina. However, there were
an absence of PCTs, the presence of interstitial
edema, and infiltration of the interstitial tissues

Fig. 8. Ultrastructure of gills from dead fish exposed to
1300 ung/L copper. (A) Apical half of lamellae. Note the
vasodilatation, intactness of pillar cells (PLC) and their basal
lamina (white arrowhead) and also of lamellar pavement cells
(LPVC), the interstitial edema (*), and infiltration of interstitial
tissue by activated filamental undifferentiated cells (UDC). (B)
Basal half of lamellae with accentuated vasodilatation, PLCs
showing stretching and retraction (black arrowhead), necrosis
(white arrowheads), and cell lysis (*), encircled by activated
filament myoepithelial cells (MEC), and thickening of the basal
lamina (**). (C) Filament epithelium, with a lifted pavement cell
(FPVC) epithelium that is thin and condensed. Note the intense
interstitial edema which has disrupted intercellular connections
of activated UDCs. (D) Macrophage (Mo) lysis (**). E,
erythrocyte; LK, activated leukocyte-like cells; Ly, lymphocyte;
Mo, macrophage filled with large digestive vacuoles.
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by filamental UDCs. Lamellar PVCs appeared
intact and had developed microfolds (Fig. 8A). In
the basal region of lamellae, the vascular axis
showed extensive vasodilatation, with stretching
and necrosis of PLCs. In this region, the lamellar
interstitial tissue was replaced by filament MECs
and UDCs which exhibited structural characteristics
commonly associated with high functional activity.
PCTs and the ascending branch of the filament
basal lamina were absent (Fig. 8B).

Due to the marked interstitial edema, the
simple squamous epithelium of PVCs was
progressively lifted, sometimes up to the tip of the
lamellae. Filamental PVCs appeared electron
dense and thin, showing loss of microfolds,
a reduced glycocalix, and focal ruptures (Fig.
8C). The enlarged filament intercellular spaces
contained separated UDCs, leukocyte-like cells,
and macrophages with large digestive vacuoles
which frequently showed autolysis (Fig. 8C, D).
The basal lamina of the filament epithelium also
appeared strengthened (Fig. 8B, C).

DISCUSSION

Copper, as with other metal elements, is
essential for fish survival but can become toxic
when present at high concentrations. Lethality
tests provide a useful way to evaluate the toxicity
of specific pollutants, and the LCso value was
established as an acceptable limiting concentration
of a pollutant in water (Nussey et al. 1996).
However, these tests cannot accurately predict
the concentration at which a pollutant begins to
be harmful to an organism, thus underestimating
its true effect (Lauren and McDonald 1985 19873,
Taylor et al. 1995). Indeed, in the present study
with Oreochromis niloticus, we show that a
sublethal copper concentration (600 pg/L) exerted
sustained negative effects on fish gills, inducing
acute toxic damage that seemed to be later
compensated for without recovery of the normal
cytoarchitecture of the organ.

In lamellae, exposure to sublethal copper
levels displayed differential responses, with the
basal part being seriously affected, while the
protruding region manifested marked resistance
to the pollutant. The base of lamellae exhibited
vasodilatation with PLC stretching and focal
necrosis. Partial detachment of PLCs with
subsequent coalescence of capillaries or even the
disappearance of most PLCs were changes also
observed in other species exposed to copper and

other toxicants (Evans et al. 1988, Cardoso et al.
1996, Wilson and Taylor 1993, Pfeiffer et al. 1997).
In addition to this, and for the 1st time, the loss of
PCTs, was observed.

On the other hand, the protruding intact
ultrastructure of the lamellae suggested higher
resistance and evidenced a faster compensatory
response to the toxic actions, which may have
been due to its primordial function in gas
exchange, with respiratory cell injury requiring a
much-higher toxicant threshold than that observed
for cells involved in ion regulation (McDonald and
Wood 1993). Furthermore, the finding of PCT and
lamellar PVC activation during the acute phase
and the development of microfolding of lamellar
PVCs and proliferation of PCTs during acclimation
suggested a higher capacity of the protruding
lamellae for adaptation and regeneration.

In the filament epithelium, the acute toxic
effects of copper were described as inducing
necrosis and apoptosis of filament PVCs (Pelgrom
et al. 1995b, Bury et al. 1998, Li et al. 1998),
with these degenerative effects being followed
by a reparative action of filamental UDCs, which
migrate and differentiate in about 2-5 d (McDonald
and Wood 1993, Pelgrom et al. 1995b, Dang
et al. 1999). However, other studies referred
to the intactness of the squamous surface
epithelium (Cardoso et al. 1996). The present
experiments with sublethal copper concentrations
demonstrated that in the acute phase, necrosis
appeared restricted to MRCs and MCs, with the
latter showing a higher level of resistance to the
toxic actions. On the contrary, filamental PVCs
exhibited structural characteristics associated
with high functional activity and developed crypts
which in addition to the increase in surface area,
suggested that PVCs may actively entrap and
process copper. This, accompanied by UDCs
that closely attached to filamental PVCs during
acclimation to a sublethal copper concentration,
created a dense multilayered superficial epithelium
that made passage of the toxicant to the blood
difficult. At this step of adaptation and even if
a few precursor cells were found, both MRCs
and MCs were absent. Although this was not
a quantitative study, in previous work with O.
niloticus exposed to lower copper concentrations,
the stereological quantification of MRCs and MCs
showed progressive concentration-dependent
declines in these cell types in the gill epithelium,
thus supporting the present results (Monteiro et
al. 2009b). As all fish remained alive, our results
suggested that the ionoregulatory function of MRCs
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was replaced by those of filamental PVCs, the only
cell type that remained intact and continuously
differentiated from filament UDCs. Contrary to
our present results, previous studies with copper
and other pollutants revealed hyperplasia and
hypertrophy of MRCs (Baker 1969, McDonald
and Wood 1993, Speare et al. 1997, Karan et al.
1998), associated either with MC hyperplasia and
mucus hypersecretion (Mallatt 1985, Karlsson-
Norrgren et al. 1986, Speare et al. 1997) or a
reduction in MC numbers (Baker 1969, Powell
et al. 1995). As polyanionic mucins trap toxic
environmental substances, mucus hypersecretion
would prevent metal cations from crossing the
gill epithelium (Lock and Overbeeke 1981, Reid
and McDonald 1991, McDonald and Wood 1993).
Thus, the paucity of MCs after 3 d and their total
absence after 7 d of copper exposure may be
justified by an early mucus hypersecretion with
consequent MC degeneration (Miller and MacKay
1982). Declines in MRCs and MCs may be the
cause of the apparent decrease in the filament
epithelial thickness. Indeed, and supporting this
observation, a reduction in the relative epithelial
volume was observed after 7 d of O. niloticus
exposure to waterborne copper (Monteiro et al.
2009Db).

The deep region of the filament epithelium
also exhibited marked changes after exposure to
a sublethal copper concentration. Hypertrophy,
hyperplasia, and increased intercellular con-
nections among MECs, which encircled the
lamellar capillary up to the region of filament PVCs,
were initiated during the acute phase and were
maintained under acclimation. These observations
clearly show the importance of this cell type,
recently described in O. niloticus gill epithelium
(Monteiro et al. 2010b), in resistance of the organ
to toxic insults. The close proximity of pillar cells
by these cell types may represent a defense
mechanism, by increasing the barrier for copper
diffusion, and compensating for the loss of PCTs,
of PLC contractility, and of blood flow control.
These regenerative effects were in accordance
with a high concentration of copper in the blood,
as the basal filament epithelium is adjacent to the
central venous sinus and capillary base (Pelgrom
et al. 1995¢). Similarly, gills of O. mossambicus
exposed to copper showed more metallothionein-
positive cells in the basal region than in the median
region of the filament epithelium (Dang et al.
1999), reinforcing the idea of a high copper content
in the basal compartment.

The proliferation of filamental UDCs is

thought to be a compensatory defense response
by fish gills, which is unrelated to direct actions
of the toxicant but with repair mechanisms that
enable recovery and acclimation processes
(McDonald and Wood 1993). The repair process
is characterized by increased mitotic activity
that is assumed to originate in filamental UDCs
(Laurent 1984, Pisam and Rambourg 1991, Dutta
et al. 1996). These are supposed to differentiate
and replace other cell types, thus contributing
to a thickening of the filament epithelium, and
increasing the distance to external water (Evans
et al. 1988). Indeed, a quantitative study of the gill
epithelium in copper-exposed O. niloticus proved
the occurrence of UDC proliferation (Monteiro et al.
2009a). Our present results, although qualitative,
suggest that filamental UDCs proliferate and
demonstrate that a few had invaded interstitial
tissues of the protruding lamellae, where they
probably replaced injured PCTs and PLCs. In the
basal lamellar region, UDCs totally replaced the
missing PCTs and contributed to an increased cell
barrier, establishing multiple interconnections with
MECs that encircle the basal capillary bed. Upon
acclimation, the filamental PVC epithelium was
reinforced by 2 or 3 additional cell layers derived
from activated UDCs that attached and showed
differentiated morphological characteristics typical
of filament PVCs.

The presence of macrophages and leuk-
ocytes in the filament extracellular space is part
of the compensatory repair response to tissue
damage that occurs as soon as 3 d after exposure
to different types of pollutants (Wendelaar Bonga
and Lock 1992, Dutta et al. 1996, Teh et al. 1997,
Li et al. 1998), with increased injury being noted
when blood leukocyte recruitment fails (Nowak
1992). Our present results, in the acute phase of
sublethal copper exposure, clearly demonstrated
that macrophages are derived from a resident
population of filament leukocyte-like cells, with no
recruitment of blood cells noted. This observation
supports a previous hypothesis that in contrast to
other species, O. niloticus possesses a resident
granular cell type in the gill epithelium, probably
belonging to the immune defense system (Monteiro
et al. 2010a). These cells actively phagocyte
degenerated cells, and at the time acclimation is
established, they remain filled with giant residual
digestive vacuoles, whereas leukocyte-like
precursor cells had decreased, thus suggesting a
very successful adaptive response.

The present study shows for the 1st time
that lethal copper concentrations induce deep
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degenerative effects on the entire lamellar
structure and exert profound toxic actions on
all epithelial cell types, which is in accordance
with the death of all fish in the 1st 24 h. Indeed,
despite the proliferative effort of UDCs and the
higher number, size, and phagocytosing efforts of
resident leukocyte-like cells, the edema, increased
filament intercellular space that disrupted all UDC
connections, decreased precursor forms of defense
cells, and the frequent autolysis experienced by
macrophages, impeded repair activity.

In summary, this study of ultrastructural
effects of waterborne copper on gill epithelia
revealed that even at sublethal levels, the
metal can induce severe damage to fish. The
results also allow important deductions about O.
niloticus gill epithelial cell dynamics. Our findings
demonstrate that the apical and basal regions
of lamellae show different responses, with PLCs
stretching and loss of PCTs in the lamellar base,
while in the protruding region, PLCs remained
undamaged and PCTs and PVCs were activated,
showing higher resistance to the toxic actions of
copper. Also, the superficial and deep regions of
the filament epithelia showed dissimilar responses
to copper, with the deep epithelium having an
important role in regeneration and protection.
Furthermore, a lethal copper dose induced severe
irreversible tissue damage, with PLC retraction and
necrosis and the disappearance of PCTs.
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