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Abstract : To develop fast and sensitive biomarkers for metal exposures in Antarctic marine organisms, we
examined histological alterations of an Antarctic sentinel bivalve species Laternula elliptica following a
short-term exposure to a sublethal-level of Cd. Distinct histological alterations of tissues and cells of the
gills, kidneys, and digestive glands were observed after 8- to 16- hours of exposure to Cd, while an increase
of Cd concentrations in tissues was not detectable. Most alterations were highly localized in the epithelium
of the three tissues; epithelia were found to be detached from the remaining tissue parts. In addition, ultra-
structural changes such as cytosolic vacuolization, dilation of nucleus and rER membranes were detected in
all three tissues, which suggested that the clams are subject to sublethal stresses. Thus, histological and
ultrastructural changes on localized tissue parts were rapid and sensitive, suggesting that they may serve
biomarkers for Cd exposures. Linkages between the shown ultrastructural changes and higher biological
organization level responses are to be established by longer-term exposure experiments.
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1. Introduction

The Antarctica is the most pristine environment on earth.
However, the pristine condition of the Antarctic marine
environment has been vulnerable to input of anthropogenic
pollutants of various sources with increasing human activities
in Antarctica in recent years (Abbott & Benninghoff
1990; Suttie & Wolff 1993). Especially in coastal areas,
clevations of various toxic contaminants in seawater,
sediment, and organisms have often been reported (Lenihan
et al. 1990; Kennicutt et al. 1995; Lohan et al. 2001).
Signs of heavy metal pollution have also been reported in
the coastal areas of King George Island where eight
countries have been operating year-round stations (Lee ez
al. 1990; Hong er al. 1999; KORDI 1998). To prevent
further deterioration and to enforce effective protection of
the area, early detection of any deleterious impacts of
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heavy metal contamination by regular monitoring is
essential. Various biomarkers that provide ‘early warning’
signs of heavy metal exposures and related stress in
marine organisms have been developed and have been
applied in temperate marine environmental monitoring
since the 1980’s (McCarthy & Shugart 1990; Huggett et
al. 1992; Kramer ez al. 1994). Adoption of such biomarkers,
in addition to regular measurements of metal concentrations
in the environment and organisms, would greatly improve
the sensitivity of heavy metal pollution monitoring of
Antarctic coastal waters.

Cadmium, one of the most toxic heavy metals (USEPA
1978; Langston 1990), is of particular importance in
Antarctic marine ecosystem monitoring, since its level in
Antarctic seawater is elevated by natural biogeochemical
processes (Orren & Monteiro 1985; Fowler 1990). It is
known that Cd readily accumulates through food webs
(Fisher & Reinfelder 1995; Devi et al. 1996; Nott 1998).
As a consequence, Cd levels in Antarctic marine herbivorous
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organisms are often highly elevated (Honda er al. 1987,
Mauri et al. 1990; Berkman & Nigro 1992; Ahn et al.
1996; Bargagli et al. 1996; Moreno et al. 1997).

Cadmium is also highly elevated in the tissues of
Laternula elliptica (Ahn et al. 1996; Ahn et al. 2001), a
representative macro-benthic fauna in the shallow waters
of King George Island and also widely distributed along
the Antarctic coastal areas (Ahn 1994). This filter-feeding
bivalve has been recognized as a sentinel organism for
metal pollution monitoring in Antarctic shallow water by
virtue of its high metal accumulating capacity, wide
distribution, and high population density (Ahn ef al. 1996;
SCAR 1996).

Deleterious effects of metals can occur at different time
scales depending on the biological organization levels that
are affected. To develop sensitive biomarkers for monitoring
heavy metal pollution in the Antarctic coastal environment,
studies on biochemical, cellular and tissue level responses
to Cd exposures at various time scales have been conducted
using L. elliptica collected from King George Island. In
this paper, we present preliminary results on histological
alterations of the Antarctic bivalve Laternula elliptica
resulting from a short-term Cd exposure. Accumulations
of Cd were monitored in three organs, the gills, kidneys,
and digestive glands, which previous studies had shown to
have a strong tendency for metal accumulation (Ahn et al.
1996, 2001). Changes in the ultrastructure of the cells as
well as tissue damage were monitored after exposing the
clams to a sublethal concentration of Cd in the laboratory
with light- and electron-microscopy. The possibility of
using ultrastructural alterations as biomarkers of Cd
exposures is also discussed.

2. Materials and methods

Sample collection and preparation

Laternula elliptica were collected by SCUBA from 20-
30 m depths in Marian Cove near King Sejong Station
(62°13'S, 58°47'W) in December 2001. The collected
clams were washed in natural seawater to remove surface
debris and acclimated to the experimental condition for 2
days in a flow-through culture tank (Ahn & Shim 1998)
prior to experimentation (ca. 1.0°C)

In the laboratory, L. elliptica of similar sizes (75-85 mm
in shell length) were selected and 16 animals were put into
each plastic container containing 40 liters of untreated (or
natural) filtered (<0.2 um) (control) or Cd-treated (50 ug
Cd/liter) seawater (treatment). Seawater was aerated and
water temperature was maintained at 1.0 + 0.1°C throughout

the experiment. The clams were not fed during the
experiment. Three to four individual clams were removed
at time intervals of 2, 4, 8, and 16 hours and the soft tissue
parts were immediately dissected into muscles (siphon-
mantle), gills, digestive glands, gonads, and kidneys, and
additional parts. Subsamples of the tissue parts were fixed
with Karnovsky solution buffered with 0.1 M cacodylate
(pH 7.4) and kept at 4°C for histological examinations.
The remaining tissues were frozen immediately in dry ice
and kept at —70°C for metal analysis.

Determination of Cd concentrations

Total Cd concentrations in tissues were determined by
summing up the Cd concentrations in two different cell
fractions: a soluble fraction and an insoluble particulate
fraction. Cell fractionation and Cd concentration deter-
mination in each fraction were performed using the methods
described in Choi et al. (2001). Cd concentrations were
determined by inductively coupled plasma-mass spec-
trometry (Perkin Elmer, Elan 6100). The accuracy of the
analytical method was tested using the standard reference
materials for oysters (SRM 1566b, NIST, USA) and
mussels (CRM278, IRMM, Belgium). The recovery rates
of the oyster and mussel tissues were 104.5 and 102.2%,
respectively.

Light and electron microscopy

For light microscopic analysis, fixed tissue samples
were washed with a 1 M phosphate buffer, dehydrated in
ethanol series from 50 to 100%, replaced with 100%
xylene, and then embedded in paraffin. The embedded
samples were hardened at —20°C and sectioned to a 6 um
thickness. The sections were observed under a Nikon
Optiphot-11 microscope.

For transmission electron microscopic analysis, fixed
tissue samples were cut into proper sizes in Karnovsky
solution (pH 7.4) buffered with a 0.1 M cacodylate. The
fixed tissues were fixed again with 1% OsQ, for 2 hrs,
dehydrated through an ethanol series to 100% ethanol and
then replaced by acetone through a serial treatment. The
tissue samples were processed for electron microscopy,
embedded in Spurr mixture, incubated at 70°C for 3 days,
cut to a thickness of 70-90 nm, and double stained with
uranyl acetate for 20 min and lead acetate for 5 min. The
sections were examined using a transmission electron
microscope (JEM-1010).

For scanning electron microscopy, fixed tissue samples
were washed with a fixing buffer for 24 hrs, cut into
proper sizes, dehydrated through an ethanol series,
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replaced with 100% isoamyl acetate, and dried with the
aid of a critical point dryer. The dried samples were
coated with gold to a thickness of 200 nm and examined
under a scanning electron microscope (Hitachi, H-2500C)
equipped with EDS (Kevex).

3. Results

Cd accumulation

Fig. 1 shows Cd concentrations in each tissue part
during the 16-hr Cd-exposure period. The mean Cd
concentration in the treatment samples tended to be
slightly higher than in the control samples after 8 to 16 hrs
of Cd exposure, and the difference between the treatment
and control seem to increase with exposure time in the
gills and kidneys. However, the difference was not
statistically significant apparently due to the small sample
size (non-parametric Friedman test). Further exposure to
Cd clearly showed a significant increase of Cd con-
centration in all three tissues after 2 days (Choi ef al.

unpublished).

Histological responses

No distinct changes were detectable at either tissue or
subcellular levels within 2 hours following the Cd exposure.
However, after 8 to 16 hrs of Cd-exposures, histological
alterations were clearly visible in all the three tissues
examined. Following 16 hrs of Cd exposure, epithelial cell
layers were observed to be detached from the remaining
tissue parts in all three organs (Fig. 2). Scanning electron
micrographs showed that the detachment of the epithelial
layers was largely due to cell shrinkage (Fig. 2a,b). The
inner tissue parts of the kidneys also became porous (Fig.
2a).

Added to this, in the kidney, vesicle-like spaces were
observed between the inner and outer nuclear membranes
(perinuclear space) of the epithelial cells (Fig. 3a). Electron-
dense granules were observed both in control and Cd-
exposed renal cells (Fig. 3b). There were, however, no
distinguishable difference in the shape and quantity of
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Fig. 1. Cadmium concentrations in the gill, kidney, and digestive gland of L. elliptica from clean filtered seawater (in
open circles) or exposed to 50 ug Cd-L™ (in closed circles) for 2, 4, 8, and 16 hours (Mean +s.d., n=3 or 4 for

each data point).

Fig. 2. Scanning electron micrographs of L. elliptica (a) kidney and (b) gill epithelial parts. Digestive gland section is
shown in light micrographs (c). In all three tissues, epithelium part was shrunken and detached from other tis-

sue parts (shown in arrews). Scale bar 2 um.
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Fig. 3. Transmission electron micrographs of the renal
epithelial cells of L. elliptica exposed to 50 ug
Cd-L™ for 16 hours. (a) Vesicle-like spaces
(arrows) were forming in perinuclear space of
the nucleus (N). (b) Electron dense granules (G)
were detected in renal epithelial cells with
microvilli (MV). Scale bar 1 ym.

granules between the control and the Cd-exposed clams.

In the gills, the overall lamella structure was deformed
after a 16-hr Cd exposure (Fig. 4a). Transmission electron
micrographs showed that the lamella cells were shrunk
and the nuclei were enlarged (Fig. 4b), and thus the ratio
of nucleus to cytosolic fraction increased.

The epithelium of the digestive diverticula was mainly
composed of columnar digestive and basophilic cells.
TEM micrographs showed that normal digestive cells had
large numbers of mitochondria encompassed by well-
developed rough endoplasmic reticulum (rER) systems
and an inclusion body in its nucleus (Fig. Sa). No changes
in shape were observed in inclusion body even after the

Fig. 5. Transmission electron micrographs of the digestive
cells in the epithelium of L. elliptica digestive gland.
(a) Normal digestive cells had well developed rER.
Nucleus contained an inclusion body (I). (b) After
8 hours of exposures to 50 ug Cd-L™, the rER
was forming whirllike structures containing many
mitochondria in its structure. (¢) Formation of a
vacuole (arrow) was detected at the nucleus
membrane after 8 hours. (d) Vesicle-like space
(arrow) was shown in the perinuclear membrane
after 16 hours of Cd exposure. A large vacuole
(V) and inclusion body (I) were also detected.

Fig. 4. Gill sections of L. elliptica exposed to 50 ug Cd-L™" for 16 hours. (a) Distinct damages in lamella structure
were detected by light microscopic observation. (b) TEM micrograph showed that epithelial cells were
shrunken, leaving spaces between cells (arrows). Nuclei (N) were enlarged.
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16-hour Cd exposure (Fig. 5d). However, rER were
forming whirl-like structures (Fig. 5b) and membranes of
nucleus and rER were found to be dilated or ruptured in
an 8- to 16~ hour Cd exposed digestive gland (Fig. Sc,d).
Vacuoles were forming near the nucleus with the increase
in exposure time (Fig. 5¢,d).

4. Discussion

Distinct damages (or alterations) in tissue and cell
levels were observed in the three organs of L. elliptica
following a short-term exposure to a sublethal concentration
of Cd. The alterations were highly localized on the
epithelium. Separation of the epithelium was evident in all
three organs (Fig. 2). It was also the epithelial cells that
showed significant changes in their ultrastructure, indicating
that epithelial cells are the target sites for Cd toxicity. This
finding is in concert with previous reports that epithelial
tissues were the major sites for metal accumulation in
mollusc tissues (George et al. 1986; Marigémez et al.
1990, 2002; Nigro et al. 1992; AbdAllah & Moustafa
2002) and that they were most susceptible for histological
alterations resulting from the toxic effects of metals
(Calabrese er al. 1984; Couch 1984; Moore 1985; Lowe
& Clark 1989; Yevich & Yevich 1994; Najle et al. 2000).
Epithelial cells play a crucial role in phyiological functions.
Renal epithelial cells are involved in the excretion of
nitrogenous waste and resorption of metaboliltes. Gill
epithelial cells and cells of digestive glands play an important
role in respiratory gas exchange and intracellular food
digestion, respectively (Mason et al. 1984; Marigomez et
al. 2002). Therefore, necrotic damage in the epithelium may
result in serious dysfunction of the tissues, consequently
leading to deleterious effects at higher biological organization
levels.

It is not clear whether the observed ultrastructural changes
are compensatory (potentially reversible) or pathological
to the clams. However, such ultrastructural alterations
indicate that at least the cells were under sublethal stress
from Cd input. Similar ultrastructral changes were reported
in the cells of animals exposed to toxic metals including
Cd. Vacuolization of digestive cells of L. elliptica (Fig. 5)
is most commonly observed in cellular responses of aquatic
invertebrates, which are subjected to metal toxicity (Moore
1988; George ef al. 1986; Hinton et al. 1992; Lawson ef
al. 1995; Najle et al. 2000; AbdAllah & Moustafa 2002);
this was reported to be related to cellular detoxification
processes (Krishnakumar et al. 1990; Rubio et al. 1993;
Pawert et al. 1996). Nucleus size and membrane alteration

(Figs. 3-5) is also a typical sublethal symptom of the toxic
effects of metals (Hinton er al. 1992). No information on
related intra-cellular processes of such ultrastructual changes
is available for molluscs. Earlier studies on vertebrates,
however, showed that Cd had an early effect on protein
synthesis and thus Cd exposure induced changes in the
ultrastructures of the nucleus and rER within a few hours
(Sina & Chin 1978; Gamulin e al. 1982; Dudley et al.
1984). The same explanation may be applied to the dilatation
of the perinuclear space and rER of the digestive cells that
were detected in of this study.

Results from earlier studies made controversial predictions
on the question of whether these short-term ultrastructural
changes are reversible or irreversible. In many cases, the
ultrastructural changes would often lead to different forms
of histopathological conditions such as atrophy, hyperplasia,
necrosis, and inflammation, which eventually results in
dysfunction of tissues (Calabrese et al. 1984; Lowe 1988;
Krishnakumar et al. 1990; Hinton ez al. 1992). Long-term
laboratory exposures to sublethal concentrations of Cd
often developed various histopathological symptoms in
mollusc tissues (Clark ef al. 2000; Najle et al. 2000). On
the other hand, intermittent doses of Cd for 6 months
showed no signs of irreversible damage, as most of the
cell ultrastructural alterations were reversible (Dudley et
al. 1984). Such a discrepancy may be attributable to the
inherent variability in the cellular detoxification ability
among organisms and different levels of metal exposure.
The scallop Placopecten magellanicus has developed an
effective cellular Cd-detoxification system and showed no
evidence of cell injuries despite a 6- to 7-fold increase in
Cd content in the kidneys (Fowler & Gould 1988).
Surviving in naturally Cd-elevated environment for a long
period of time on a geological time scale (Berkman 1997),
L. elliptica might have developed efficient adaptive
strategies against Cd toxicity. The presence of biochemical
Cd-detoxifying mechanisms of this species has been
discussed previously (Choi et al. 2001). However, it is
hard to make a prediction how fast and effectively those
adaptive processes will respond if the clams are exposed
to high concentrations of Cd over a relatively short period
of time as in the case of anthropogenic contamination.
Longer-term effects of Cd on ultrastructural changes
should be monitored to elucidate the relevance of cellular-
or subcellular-level responses to the histopathology,
physiology, and survival of L. elliptica.

This study also showed that the histological response of
L. elliptica gills, kidneys, and digestive gland cells to Cd
exposure was rapid and sensitive. In fact, the response was
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evident within 8 to 16 hours after Cd exposure, before a
clear increase of Cd concentrations in tissues was detected
by the conventional acid digestion method or SEM-EDS
(Fig. 1). Rapid and sensitive alterations of cells and tissues
of L. elliptica to Cd exposures indicate that they may be
used as useful biomarkers for Cd exposures. Histological
responses, either protective cellular adaptations or path-
ological changes, to metal exposure stresses occur in a
relatively short period of time, and were suggested as
suitable biomarkers for early and sensitive detection of heavy
metal exposures and the resulting effects on organisms
(Dudley er al. 1984; Moore 1985; Hinton et al. 1992;
Yevich & Yevich 1994; Najle et al. 2000). Histological
responses may also serve as ecotoxicologically meaningful
biomarkers since they form an important link between
effects at the biochemical level and those measured in
whole organisms (Lowe 1988; Hinton et al. 1992). In
addition, analysis of histological changes in target organs
provides a valuable tool in understanding the role of
specific cells and organelles in heavy metal metabolism
(Moore 1985; Hinton ef al. 1992; Rubio et al. 1993).
Previous attempts to use histological alterations for metal
exposure monitoring in the marine environment have been
focused on histopathology rather than ultrastructrual changes
(Couch 1984; Hinton ef al. 1992; Clark et al. 2000; Teh et
al. 2000). However, as shown in this study, ultrastructural
alterations may serve as better biomarkers for metal
pollution monitoring. They respond to low concentrations
of metal in very short time scales (within a few hours) and
thus may provide earlier warning signs before they actually
develop into pathological conditions, in which detection
would take a longer time. Ultrastructural biomarkers
developed so far are mostly based on lysosomes (membrane
stability, lysosomal enlargement, and lysosomal lipofuscin
content), which are prone to being damaged by stress
(Moore 1988; Lowe & Pipe 1994). However, lysosomes
respond to various chemical and non-chemical stressors
and their alterations may be used as an integrative biomarker
for multiple stressors rather than those specific to metals
(Mayer et al. 1992). It is not clear if the ultrastructural
changes detected in this study are specific to Cd or non-
specific responses. Much work needs to be done for the
shown ultrastructural alterations to be used as biomarkers
for metal exposure monitoring in the Antarctic coastal
environment. Linkages between ultrastructural changes
and effects at higher biological organization levels such as
pathological alterations should be determined. Linkages
of specific alteration patterns to metal concentrations are
also needed (Hinton er al. 1992; Wester ef al. 2002;

Z nidardi¢ er al. 2003). In addition, methods for quantitative
analysis of structural alterations should also be developed.
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