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Preface

Pollution of the ecosystem has always been taking place to alesser or greater
extent. Since the start of the Industrial Revolution, pollution of the ecosystem has
obvioudy increased considerably, and despite the various measures adopted by
amost al countries, in one form or the other, to reduce the load of pollutants or
minimize it, significant success has aways been eluding. Metal contamination of
Aquatic ecosystems is a matter of serious concern as it is widespread and many
metals are persistent and potentialy deleterious to aguatic life.

Bioassay has been avery useful tool for understanding trace metal toxicity. It
issimple but the most important reason for the growing application of bicassay test
isthat it offers rapid, sengtive, cost effective, reliable, predictable, and interpretive
values on environmental contamination. |mmunotoxicology is now afertile domain
to develop biomarkers as effective tools in biomonitoring studies.

Through this thesis entitled ‘Haematological responses of green mussel
Perna viridis (Linnaeus) to heavy metals copper and mercury *an attempt is made
by me to understand the haematology and hematological responses of this mussel
on exposure to the two heavy metas of great concern, and to ascertain the
usefulness of haematologica parameters asreliable indicators of stress of a general
nature, so that preventive measures can be taken before mass mortality takes place.

The thesis begins with an introduction, and the rest is organized into six
chapters. Chapter 1 deals with the study of cdllular defense mechanism, the ‘blood
cells-or haemocytes, of Perna viridis. Chapter 2 is on the variations in different
parameters of haemolymph organic congtituents induced by copper and merury.
Chapters 3 and 4 are on the effects of heavy metas on enzyme activity patterns.
Chapter 5 examines the histologica dterations that have taken place in the gills of
metals exposed clams, and the 6™ and final chapter explains the bicaccumulation
pattern of heavy metalsin heamolymph, and other tissues.

This thesis provides base line data on the haematological manifestations of
the green mussel Perna viridis on exposure to heavy metas, and convincing
evidence on the use of bivave defense mechanisms as immunomarkers in
biomonitoring studies.
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The aguatic environment is highly fragile, complex and
diverse. It includes severa distinct ecosystem types such as freshwater
streams, lakes, ponds and rivers, estuaries, and marine coastal and deep
ocean waters-that encompass many different biotic, and abiotic
components of unique characteristics. Coastal seas are characterized by
highly productive and economically valuable ecosystems as well as
intense human activities capable of interfering with the system function

and properties.

Aquatic toxicology has been defined as the study of the effects of
chemicals and other toxic agents on aguatic organisms with special
emphasis on adverse or harmful effects. A toxicant is an agent that can
produce an adverse response (effect) in a biological system, seriously
damaging its structure or function or resulting in  death. A toxicant or
foreign substance (i.e., xenobiotic) may be introduced deliberately or
accidentally into the aquatic ecosystem, impairing the quality of the water
and making it unfavorable for aguatic life. Aquatic pollution means the
introduction by humans, directly or indirectly, of substances or energy
into the agquatic environment resulting in such deleterious effects as harm
to living resources, hazards to human health, hindrance to aguatic
activities including fishing, impairment of quality for use of water, and
reduction of amenities (modified from marine pollution definition by
(GESAMP,1993).Toxicity is a relative property reflecting a chemicals
potential to have a harmful effect on aliving organism. Toxicity tests are,

therefore, used to evaluate the adverse effects of a chemica on living
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organisms under standardized, reproducible conditions that permit
comparison with other chemicals or species tested, and comparison of
similar datafrom different laboratories.

Orfila is credited with the modern toxicological study. Though
toxicology has a very early history, years prior to and after the World
War 1l saw investigations on the toxicity of various materials and metals
to fish, standardizing techniques for acute toxicity testing and suggestions
for appropriate test organisms. Since 1960s, biological and aquatic
toxicological research on a wide range of pollution problems is being
conducted to determine effects on biota and their habitats for each water
body receiving wastes (Wells, 1989). The 1970s heralded a new period of
awareness and concern about water pollution and saw acute “toxicity”
being accepted as a valid parameter for governmental regulation and
guidelines for water pollution control. The number, variety and
complexity of aguatic bioassays steadily increased during the 1970s.In
the 1980s many books were published and journal Aquatic Toxicology
came into existence. The 1990’ s have seen continued growth and activity
in the field and there have been significant advances on organismal

responses (biomarkers).

For the past many years, biomarkers, defined as “biological
responses to a chemical or chemicals that give a measure of exposure or
toxic effect” (Peakall, 1992;Peakall and Walker 1994), have been
developed to provide signals of detrimental impacts on the marine
ecosystem. Biological tests and toxicological end point offer rapid, cost
effective, reliable, and unequivocal, predictable and interpretive values.
This is the smple but the most important reason for the growing

application of biological testsfor environmental protection.
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Biomonitoring at the lower levels of biologica organization allows an
“early warning system” whereby stressors can be detected at an early stage,
and dealt with before they exert their effects in higher levels of biologica
organization, i.e, a individua or community level. The appropriate use of
biomarkers in sentingl organisms provides the first set of tools with which
we can measure the actua effects of the chemicals on the biotain the field
(Sevendsen, 2004). The class bivalviais of interest in pollution studies, as it
comprises sedentary filter feeding invertebrates, which are likely to
accumulate pollutants from the environment. Bivaves have received
extensive attention in the literature owing to their reported ability to reflect
environmenta levels of trace metal contaminants in marine and estuarine
ecosystems. Bivalves exhibited severa characteristics of an ideal indicator
species (Darracott and Watling 1975; Philips, 1977a), including the
following: ability to accumulate high concentration of contaminants without
dying; a sedentary life history; high numerical abundance; sufficient life
span to permit sampling of more than one year and throughout the
monitoring period; large size so that ample tissue is available for anayss,
and good adaptation to laboratory conditions. Since mussels are a group of
major fouling organisms, they have been the subject of many toxicological
investigations. The ability of mollusk to concentrate high amount of heavy
metal s without any apparent bad effects makes these animals very dangerous
to their predators (Carpene, 1993).

Many chemicals released into the environment are able to generate
toxicity in aquatic organisms. Heavy metals conditute one of the maor
contaminants, which regularly find their way into the aquatic ecosystem.
Metas, being eements, cannot be broken down or destroyed by
degradation, instead they accumulate within the environment in different

forms. Heavy metals are a group of metallic elements with atomic weights
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greater than 40, and are characterized by similar eectronic distribution in
their external shell. An element, which is required in amounts smaller than
0.01% of the mass of the organism, is caled a trace metal. In aguatic
systems, the heavy metals of greatest concern are copper, zinc, cadmium,
mercury and lead. Many of them are essential for metabolism at lower
concentration and are vital for enzymatic activity and as respiratory
pigments in organisms. However, al essential trace metals become toxic
when their concentration exceeds a threshold vaue. Heavy metas cause
adverse biological effects, (Lawrence, 1981; Zdlikoff et a., 1994). Common
sublethal effects are behaviora (eg., swimming, feeding, attraction-
avoidance, and prey-predator interactions), physological (e.g., growth,
reproduction, and development), biochemica (e.g., blood enzyme and ion
levels), and histological changes (Sheehan et a., 1984). Recent methods for
toxicological assessment have implicated the immune system as a target of

toxicant insult after exposure to some chemicals and drugs.

With increasing interest in the use of marine aquatic organisms as
bioindicators for environmental monitoring (Sanders, 1993), cellular and
functional parameters of the immune system can now be monitored in many
sentinel species (Wong et a., 1992). Immunotoxicology is now a fertile
domain to develop biomarkers as effective tools to detect probably less
specific but very senstive signals for deleterious effects of environmental
contamination (Bernier et a., 1995; Zeeman, 1996; Burchiel et a., 1997).

Interest in bivalve “blood cells’ has developed for a number of reasons.

a.  There has been a recent escalation in research in comparative
immunology, including many studies on invertebrates. Bivalves
provide relatively simple experimental models, they may supply
clues to the ancestry of the lymphoid system, and they may have
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some novel defense reactions not yet discovered in more

complex immune systems of vertebrates.

b. Many invertebrates, especially the molluscs and crustaceans, are
now being extensively farmed to augment the food resources of
man. Clearly, a better understanding of the host defense reactions
of such species would help avoid and overcome disastrous
outbreaks of disease which are likely to occur under the artificial

and potentially stressful conditions of commercial culture.

c. Tedstsof effects of contaminants on simple systems are generally
easier, quicker, more replicable, and less expensive. Open
circulatory system of bivalves are simple and haemocytes are
easily accessible in relatively large numbers in haemolymph
fluid drawn from adductor muscle sinuses of bivalves and can be
held in vitro for several hours to examine their live properties.
M easurements can also be made on biochemical properties of the
haemocytes and haemolymph (Chu, 1988). Extraction and
anaysis of haemolymph for biomonitoring can save these

economically valuable species from being sacrificed.

d. The defense function involves transportation of pollutants,
detoxification and its elimination, and also protecting the hosts
from a variety of infections Invertebrate blood cells not only
function in “immune” or host defense mechanisms but also
perform functions such as storage, transport and/ or synthesize
food, removal of waste products, and distribution of hormones at
target sites, and are thus involved in many other vital life

jprocesses.
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This along with a lack of knowledge on the specific role of
invertebrate blood cells in these basic functions provides a magjor area of
research on molluscan haemolymph utilizing modern biochemical and
immunological techniques.

Internal defense mechanismsin bivalve molluscs: Haemocytes and
Haemolymph

Bivalves possess an open circulatory system with haemolymph (blood)
in the sinuses bathing tissues directly. The haemolymph contains cells called
haemocytes (blood cells) that float in colorless plasma. Haemocytes are not
confined to the haemolymph system but move freely out of the sinuses into
surrounding connective tissue, the mantle cavity and gut lumen and hence
these cells play important role in physiological processes such as gas
exchange, osmoregulation, nutrient digestion and transport, excretion, tissue
repair and internal defense. It serves as a fluid skeleton, giving rigidity to
such organs as the labia palps, foot, and mantle edges. Haemocytes play a
roleinwound repair by migrating in great numbers to the damaged area, and
plugging the wound while the epithelium regenerates. Haemolymph and
haemocytes are responsible for the transport of contaminants from the organ
of entry (gill, mantle) to tissues where detoxification or accumulation occur
(Ruddel and Rains 1975; George et a., 1978). Because they exhibit
transepithelial migration (diapedesis) haemocytes containing contaminants
can move into the digestive tract or outward to the externa surfaces of the
oyster for elimination in the faeces or pseudofaeces. Detoxication and
elimination have been attributed primarily to granular haemocytes, and the
proportion of this cell type is reported to be fluctuating in polluted

environments.

Haemocytes represent the most important internal defense

mechanism in marine bivalves. Agranular haemocytes (hyalinocytes)
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and granular haemocytes (granulocytes) are classically distinguished
and considered by some authors as two distinct cell types. Haemocytes
recognise foreign substances and eliminate them by phagocytosis. The
process involves several stages. chemotaxis, recognition, attachment,
internalization, followed by destruction of foreign particles through
release of lysosomal enzymes or by highly reactive oxygen species
(ROS).

Various pollutants are known to exert adverse effects on immunity,
influencing their survival. Heavy metals, which enter the marine
environment from a range of sources, disrupt the various defense
parameters and functions such as phagocytosis, and destabilize lysosomal
membranes, which play a central role in the degradation of phagocytosed
material. Similar effects have been reported for other pollutants such as
PAHs (Polycyclic aromatic hydrocarbon), pesticides, fungicides, PCBs
(Polychlorinated biphenyls) and tributyl tin. Enhanced production of
ROSs in response to accumulation of contaminants in haemocytes has
also been reported (Winston et al., 1996). The consequences of this might
include release of hydrolytic enzymes into the haemocyte cytoplasm,
resulting in enzyme degradation and organelle damage. Heightened
defenses, e.g., increase in the density, cell mortality, rate of locomotion,
antioxidant enzyme activity and superoxide generation by haemocytes
have been reported in animals living in polluted waters. All these cellular

activities of haemocytes have the potential as biomarkers.

Understanding the relevance of biomarkers in the current state of
affairs of pollution monitoring studies, and the potential of employing
defense parameters as immunomarkers in biomonitoring studies, an

attempt is made to understand the haematology and haemtological
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responses of the bivalve Perna viridis (P. viridis) on exposure to two

heavy metals, copper and mercury.
Pernaviridis

The bivalve selected to carry out the experimental study was the
Indian green mussel, Perna viridis (Linnaeus). This green mussel is
essentially an intertidal organism occurring all along the east and west
coasts of India. They inhabit primarily estuarine environments, and are
often prone to coastal pollution. The mussel forms extensive beds on
coastal rocks and other hard substrata beds often extending into
estuaries and brackish water areas with an optimal salinity of about 27
to 33ppt, and temperature between 26 to 32°C. They occur from
shallow intertidal zone to a depth of 15 m exhibiting wide tolerance for
turbidity concentrations and pollution. Wide distribution, easy
availability, and easiness to handle make these gregarious invertebrate
an ideal candidate in scientific research, in manufacturing industries

and in agquaculture activities.

Perna viridis ( P.viridis ) is a reliable and ideal candidate for
aquaculture. In 2002 the annual production of mussal was 4,500 tons of
which 500 tons come from culture (CMFRI, 2004). Mussdl landing was
6909.4 tons in 2003-04 (CMFRI, 2005). The calorific value worked out
for green mussel meat has been reported as 6.28 Ca/gm (dry weight)
(Kuriakose and Appukuttan 1980). According to them Indian mussels
contain 8-10% protein, 1-3% fat and 3-5% glycogen. In addition to this,
calcium, phosphorous, manganese, iodine and iron are also present in
considerable amount. Across India, mussel is largely a poor man’s food.
Earlier, Qasim et a. (1977) had stated that if any animal food is going to

make substantial difference in the total food production of the world, it is
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going to be mussels, particularly in tropica countries, where its

production is cheap and their predictions have come true.

By virtue of their filter feeding habit, P. viridis, can accumulate
high levels of heavy metals, pesticides and hydrocarbons from
contaminated waters that can have a severe effect on their physiology and
immune mechanism. They are sessile, euryhaline and have a smple life
cycle. They are easy to be handled, transported and transplanted for
experiments from one site to another. Mussels bioaccumulate almost any
pollutant (heavy metals, radionuclides, petroleum hydrocarbons,
pesticides etc.), and strains of various viral and bacterial diseases in their
tissues, and are capable of responding quickly to pollutants by various
behavioural, physiological, biochemical and immunological responses.
Like other bivalves, the circulatory system of P. viridisis of open-type,
which is continuously exposed to changes in environmental factors as
well as pollutants. The cellular immune system comprises of haemocytes,
which have a variety of functions with close interaction with the humoral
factors. These responses not only give a picture of the health of the
animal but also a genera measure of coastal pollution. So, use of this

green mussel can be regarded as atool to identify ‘hot spots’ of pollution.

P.viridis has been used in toxicity studies as an environment bio-
indicator. Most of the toxicity studies on P.viridis have focused on the
process of bio-accumulation in this animal, and the organs that help in
bio-accumulation of metals. A variety of bio-markers has been used in
this mussel to monitor the level of environment pollution (Chan 1988;
Krishnakumar et al. 1990; Nicholson 2001, 2003; Siu et a. 2004;
Nicholson and Lam 2005; Wang et al., 2005). Previous studies had dealt

with the effects of heavy metals, focussing particularly on  specific
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organs such as the mantle, gills, kidney, digestive gland, and gonad,
while the haemolymph was seldom considered as an organ system.
Except for a study made by Thiagargjan et al., (2006) thereisa dearth of
studies on the effects of heavy metal pollutants on the immune

competence of this mussel from Indian waters.
Collection site

Specimens of P. viridis employed in the study, were collected from
Narakkal region of Cochin backwaters. The Cochin estuary/Cochin
backwaters, one of the largest tropical estuaries of India (area -256 km?,
9° 40-10° 10'N; 76°10' -76°30E ), is facing gross pollution problems
following the release of untreated effluents from industries and domestic
sectors(Balachandran et al., 2006).The major polluting industries in the
region include a fertilizer plant, an oil refinery, rare earth processing
plant, minerals and rutile plants, zinc smelter plant ,an insecticide factory,
and an organic chemica plant (Balachandran, et a., 2006).
Anthropogenic impacts have resulted in the accumulation of heavy metals
in the estuarine sediments. Narakkal region is, however, located far from
this industrial belt, and is considered as a pristine area of Cochin
backwaters. Besides, Narakkal region is anatural bed of the study animal,
P.viridis, facilitating easy access and abundant supply of species from the
same site throughout the experimental phase without depleting the
resource. Therefore, specimens of P. viridis were collected from Narakkal
for the study purpose entirely. Stress factors chosen for the present study
were two heavy metals copper and mercury, at sub-lethal levels. Copper
is an essential element for bivalve development, and is present in many
enzymes But at elevated concentrations it is toxic. Mercury is a trace
metal normally presents at very low concentrations in marine

environment of no biological importance and is harmful.
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In the light of the significance of haemolymph in molluscan
immunological studies, and the immense economic importance of

P. viridis, the following objectives were chosen for the study:

e To understand the immune parameters of P. viridis, an important
bivave that has a wide didribution in Indian waters, and is
extensively used in aquaculture activities. The data obtained through
the present invedtigation can aso be used for future
immunotoxicological studies on thisorganism, and other molluscan
Species,

e Toanadysevariaions, if any, in the immune mechanism as aresult of

exposure of the organism to copper and mercury toxicity,

e To ascetain the potentia of bivalve defense components for use as

possible “immuno markers’ in ecotoxicologica studies,

e Toascertan if the various assays employed to measure the immunity

and antioxidant status can be considered as haemolymph biomarkers,

e To understand the alterations in the gills, which primarily and
constantly come into contact with toxins, through histo-pathological

studies, and

e To evauate the posshility of bioaccumulation in the haemolymph in
comparison to other tissues through bioaccumulation studies in the
haemolyph, and selected tissues.
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A. Haemocytesand their viability

1.1 Introduction

In bivalve molluscs, structural and functional integrity of circulating
haemocytes represent the main component of their immune system. Green
mussels P.viridis, like any other molluscs, possess, an open circulatory
system, which is continually exposed to the fluctuations of environmental
factors and contaminants. Immunotoxic effects to chemical contaminants
can be evaluated by monitoring cellular and functional parameters of the
immune system of sentind species (Wong et al., 1992). Blood cells or
haemocytes as they are popularly called move throughout the haemolymph
and tissues of bivalves and function in many aspects crucia to the surviva
of the organism. Physiological functions attributed to haemocytes include
internal defense, osmoregulation, digestion of food, nutrient transport,
wound and shell recovery, calcium transport, and protein regeneration
Cheng, (1981), as well as respiratory burst, encapsulation and phagocytosis
(Cheng, 1981; Lopez et d., 1997). Haemocytes also play an active role in
heavy metal metabolism, i.e, in the actua uptake (Galtsoff, 1964),
digtribution to various tissues (Cunningham, 1979), intralysosomal storage
(George et d., 1978) and its finad eimination. Haemocytes phagocytose
pathogens and foreign materials, protecting the anima from adverse
environmental conditions. Exposure to environmental pollutants can lead to
altered immune function increasing disease susceptibility and can potentially
affect survival of the mollusc (Coles, et al., 1994, 1995). Heavy metals get

accumulated in the granular haemocytes and overloading resultsin cell death
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due to degradative enzymes and reactive oxygen species. Heavy metals are,
thus, known immunotoxic substances and can disrupt several aspects of the

immune system.

Given the lack of identification of molluscan haematopoetic tissues
Cheng, (1983), the classification and characterization of the haemocytes
is still unclear. No uniform nomenclature for different types of observed
haemocytes exists. There have been a variety of interpretations as to how
many types of haemocytes occur in bivalve molluscs. Further, there has
been little agreement as to the designation of these cells. As a result of
analyzing these criteria employed by many for distinguishing between the
cell types, it becomes very clear that several authors have adopted
different criteria for different reasons following different methodology.
When the classification systems for bivalve haemocytes employed by
several investigators are analyzed, it becomes clear that there are only
two principal patterns, one school believing in having two types of cells,
granulocytes and hyalinocytes, and the other believing in having three
types, the granulocytes divided into two-finely granular haemocytes and
coarsely granular haemocytes (Cheng, 1981). At present the haemocytes
are classified into two major categories, granulocytes and hyalinocytes,
(Cgaraville and Pal, 1995; Cgaraville et al., 1995). Variations in
haemolymph cellular composition as well as in total and differential
counts, aong with significant cell mortality are among the first
physiological disturbances described in bivalves exposed to

environmental stressors (Anderson 1988; Fisher, 1988).
1.1.1 Review of literature

The field of immunotoxicology of bivalves has grown considerably

during the past years due to its significance in fisheries, and aguaculture
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sectors, and in ecotoxicological  studies (Anderson, 1993). Functions of
haemocytesin internal defense Stauber, 1950; Bayne,1983; Feng, 1988),
their role in digestion of food Takatsuki, 1934; Cheng, 1977; Feng et 4.,
1977), and in shell deposition ( Wagge, 1951; Watanabe, 1983) were
aready investigated. In molluscs, principaly in bivalves, it has been
established that the haemocyte numbers may be affected by
environmental factors such as stress (Renwrantz ,1990), pathogens
(Anderson et al., 1992;Cubella et a.,1993), and environmental
contaminants and physical disturbance ( McCormick-Ray, 1987,
Renwrantz, 1990; Coles et a.,1994, Santarem et a., 1994; Pipe and
Coles,1995; Carballa et al.,1998;Pipe et a.,1999; Fisher et a., 1989,
1996,1999, 2000; Chu 2000; Oliver et a.,2001; Fournier et al.,2002;
Lacoste et al., 2002; Soudant et a.,2004 ). Density of haemocytes was
found to be varying with different species, age, physical status and the
methods used (Zhang et al., 2006). It has been established that bivalve
haemocyte counts may be suppressed by a high dose of selected heavy
metals (Fries and Tripp, 1980; Cheng and Sullivan, 1984; Cheng, 19883,
b; Coles et al., 1994, 95). THC was found to decrease following exposure
of Villorita cyprinoides (V.cyprinoides) to very high levels of copper
(Suresh and Mohandas, 1990). In situ exposures of Mytilus
galloprovincialis (M.galloprovincialis) to chlorinated hydrocarbons and
trace metals resulted in impairment in the total and differential haemocyte
counts, phagocytosis and the generation and release of reactive oxygen
intermediates (Pipe, 1992). Mercury caused significant haemocyte
mortality in Crassostrea gigas (C. gigas) (Thunberg), after 24 h in vitro
incubation (Gagnaire, 2004). Studies made by Sami et d., (1992) have
shown a decrease in the number of haemocytes as a result of exposure to

polycylic aromatic hydrocarbons. Mussels exposed to cadmium for 7 days
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followed by 7 days exposure to Vibrio tubiashi had significantly higher
number of circulating haemocytes (Pipe and Coles 1995). Oliver et al.,
(2001) showed that in oysters with high defense-related activities often
had accompanying high tissue concentrations of one or more classes of
xenobiotic chemicals. Mechanical disturbance such as shaking reduced
the number of circulating haemocytes from 2.62x10° cellsml to
1.04x10%ells/ml (Lacoste et al., 2002).Alterations of total haemocyte
counts, was one of the most reliable indicators observed in polluted sites
(Auffret, 2006), and he suggested immunosuppressive conditions in

contaminated mussels.

The internal defense system and blood cell types present in bivalves
have already been reviewed (Cheng 1981; Bayne 1983; Fisher, 1986;
Auffret 1988; Feng 1988; Renwrantz 1990). Attempts at developing a
uniform classification of bivalve haemocytes have resulted in recognition
of two groups of cells, those containing many granules (granular
haemocytes or granulocytes), and those with few or no granules
(agranular haemocytes or agranulocytes) (Cheng, 1981; Bache're et al.,
1995). From the several categories of haemocytes described by many, the
majority of haemocytes belongs to granulocytes. Granulocytes have been
reported from many bivalve families except scallops (Auffret, 1988;
Henry et a., 1990; Mortensen & Glette, 1996). Mytilus edulis (M.edulis)
and Mytilus californianus (M.californianus) were found to have
eosinophilic granulocytes (Moore and Lowe, 1977, Bayne et a.,
1979).Two type of granular haemocytes based on staining and enzyme
characteristics, were found in M.edulis (Pipe, 1990a, b; Noel et al., 1994
and Friebel and Renwrantz, 1995). Staining of haemocytes showed three
types of granulocyte, the basophil, the eosinophil and a mixed type of

haemocyte in M.galloprovincialis (Carballa et a.,1997). Granulocytes
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were identified in Crassostrea virginica (C. virginica) (Feng et a., 1971;
Foley and Cheng, 1972) and in Mercenaria mercenaria (M.mercenaria)
(Cheng and Foley, 1975; Moore and Eble, 1977). Two types of granular
haemocytes were aso reported from Tridacna maxima (T.maxima)
Reade & Reade, (1976). Ultra structure of Anadara ovalis (A.ovalis)
haemocytes showed a single type of granulocyte (Rodrick and Ulrich,
1984). Wootton et a., (2003) identified 3 type of haemocytes in
Scrobicularia plana (Splana) as eosinophilic granular haemocytes,
basophilic haemocytes with eosinophilic granules, and basophilic
agranular haemocytes. Suresh and Mohandas, (1990) found a single type
of granulocytes in Sunetta scripta (Sscripta) and V. cyprinoides. Giant
clams (Tridacna crocea) have eosinophilic phagocytic granulocytes, and
non-phagocytic morula-like cells, with large lightly eosinophilic granules,

that are discharged on aggregation (Nakayamaet al., 1997).

Agranular haemocytes are a group characterised by a negative
feature, the absence of, or presence of afew, cytoplasmic granules. It has
been suggested that these agranulocytes are all hyalinocytes (Cheng,
1981), or developmental stages of hyalinocytes (Foley & Cheng, 1972).
However, a the light and electron microscope levels, agranular
haemocytes appear to be morphologically heterogeneous (Bachere et al.,
1988).They were superficially divided into two groups, blast-like cells
with a central ovoid or spherical nucleus surrounded by a rim of scant
cytoplasm lacking organelles by (Bachere et al., 1988; Henry et al., 1990)
or cells with a larger ovoid, reniform or irregular eccentric nucleus, with
or without nucleoli, and copious cytoplasm often containing a variety of
organelles. These uncertainties in identification (Feng et a., 1971), and
the less frequent occurrence of agranular haemocytes in haemolymph
(Renwrantz et a., 1979), have greatly constrained in understanding of
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their functions. Agranular haemocytes may be non-phagocytic (Carballal
et al., 1997; Nakayama et al., 1997) or less phagocytic than granulocytes
(Renwrantz et al., 1979; Tripp, 1992; Lopez et al., 1997), produce less
superoxide anions than granulocytes (Anderson et al., 1992), and have
superoxide dismutase associated with the plasma membrane (Pipe
et al., 1993).

Composition and functions of haemocytes may vary greatly
between individual bivalves (McCormick-Ray & Howard, 1991; Mourton
et al., 1992; Mortensen & Glette, 1996), with collecting site, temperature,
salinity changes and time of year (Fisher, et al., 1987, Fisher, 1988;
Oliver & Fisher, 1995; Carballal et al., 1998). As granulocytes are easily
recognizable and comprise the majority of haemocytes, in some bivalves
they have been well studied (Feng et al., 1977; Moore & Eble, 1977
Renwrantz et al., 1979; Huffman & Tripp, 1982; Rasmussen et al., 1985;
Suresh & Mohandas, 1990; Holden et al., 1994; Nod et al., 1994,
Giamberini et al., 1996; Carballal et al., 1997a). The cytoplasmic
granules contain acid hydrolases and may, therefore, be considered as a
form of lysosome (Moore & Eble, 1977; Bayne et al., 1979; Moore &
Gelder, 1985; Gelder & Moore, 1986; Pipe, 1990a; Caaraville & Pal,
1995; Giamberini et a., 1996; Carbala et al., 1997c; Lopez et a.,
1997a). Granulocytes phagocytose bacteria (Cheng, 1975; Feng et al.,
1977; Rodrick & Ulrich, 1984; Auffret, 1986; Tripp, 1992; Carbalal
et al., 1997b; Lopez et a., 1997b; Lambert & Nicolas, 1998), digesting
them in secondary lysosomes leaving digestive lamellae (Cheng, 1975;
Mohandas, 1985; Auffret, 1986), and resulting in accumulation of
cytoplasmic residual bodies and glycogen (Cheng, 1975; Rodrick &
Ulrich, 1984; Mohandas, 1985; Carbala et al., 1997b) that may be
expelled into the haemolymph (Cheng, 1975; Carballa et al., 1997b).
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Granulocytes may be selectively induced by the presence of specific
bacteria (Oubella et al., 1996; Pallard et a., 1996). They aso
phagocytose zymosan and heat - killed yeast (Moore & Eble, 1977;
Bachere et al., 1991; Anderson et al., 1992; Tripp, 1992; Anderson, 1994;
Cajaraville & Pal, 1995; Lopez et al., 1997b; Lambert & Nicolas 1998),
algae (Moore & Gelder, 1983, 1985; Gelder & Moore, 1986), cellular
debris (Bubel et a., 1977; Hawkins & Howse, 1982), protozoan parasites
(Ford et a., 1989; Mourton et a., 1992), latex beads (Cheng & Sullivan,
1984; Hinsch & Hunte, 1990; Tripp, 1992; Nakayama et a., 1997),
erythrocytes (Renwrantz et al., 1979; Tripp, 1992; Russell-Pinto
et a., 1994), and carbon particles (Reade & Reade, 1976).

Pipe (1992) has demonstrated that in situ exposures of
M.galloprovincialis to chlorinated hydrocarbons and trace metals resulted
in impairment in the DHC. A range of specific contaminants have been
shown to induce aterations in the haemocytes profile of several bivalve
species (Anderson, 1993). Studies on the effects of cadmium have
demonstrated increased numbers of small cells within the hyalinocyte
sub-population of C.gigas, following exposure to 0.3ppm cadmium ions
with a concomitant decrease in large cells (Auffret and Oubella, 1994).
Mussels subjected to cadmium or fluoranthene did not show any
alteration in haemocyte profile, however, copper was found to elevate the
percentage of basophilic haemocytes as compared with eosinophilic
haemocytes (Coles et al., 1994; 1995). Exposure of C.virginica to
cadmium resulted in increased number of cells with reduced
granulocytes, although copper was found to induce a reduction in the
percentage of the hyalinocytes (Cheng 1988a). Reports indicate that the
relative proportion of both cell types may change with either reproduction
or pollution induced stress (McCormick-Ray, 1987; Seiler and Morse,
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1988; Cheng 1990; Sami et al., 1992). Hine, (1999) reviewed the
morphology, tinctorial properties, ultrastructure and some functions of
bivalve haemocytes in relation to simple division of these cells into

granular, and agranular as suggested by Cheng (1981).

Thus, bivalve haemocytes have been implicated in diverse functions
including internal defence, which encompasses the classical phenomena such as
leucocytosis, phagocytosis, encapsulation, and nacrezation Cheng, (1981).
Reviews on cell viability in molluscs exposed to contaminants are scarce.
Trypan blue exclusion assay carried out (on exposure to 0.5, 1 and 5ppm of
Hg?") resulted in increased cell death in C.virginica Cheng and Sullivan,
1984). Fournier et al., 2001 evaluated the effect of in vivo exposure to
various concentrations of HgCl, or CH3HgCl on the viability of Mya
arenaria (M.arenaria) haemocytes and reported decreased viability of
haemocytes. Cell viability on in vitro exposure of haemocytes to heavy
metals Ag, Cd, Hg and Zn was measured by Sauve et a., (2002). Mercury
caused a significant mortality of haemocytes after 24h of in vitro incubation
(Gagnaire et al., 2004).

Degspite the large diversity of bivalve molluscs, their immunology
has been investigated only in a small number of species. The majority of
available information has come from extensive studies on the marine
mussels, M.edulis, M .galloprovincialis, and the American oyster,
C. virginica (Pipe et a., 1997; Caraballal et al., 1997; Fisher et al., 1999;
Hine, 1999;).

The main purpose of this study is to ascertain the alterations
encountered in the important haemocytes parameters, such as Total
haemocyte Count (THC), Differential Haemocyte Count (DHC), and cell
viability in the green mussel, P. viridis under stress. The stress factors

considered are the two heavy metals, copper and mercury.
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1.1.2 Materials and methods

Mussel collection and their maintenance

Anima model adopted for the present study was the Indian green

mussel Perna viridis.

Specimens of P. viridis were collected by detaching them from the
rocky intertidal area of Narakkal region of Vembanad Lake. Mussels
were quickly transported to laboratory in a plastic bucket. Mussels were
moistened with seawater collected from the sampling site instead of
submerging them into water to reduce their metabolic rate and reduce
excretion of their waste products into water that can contaminate and
cause stress to all mussels. Acclimation to laboratory conditions was
performed in large FRP tanks that were well aerated, and filled with
clean saline water of 30 £ 2 ppt ( similar to that of its natural habitat),
temperature- 28 £1° C, and pH,- 8.2 + 0.1. Animals were fed with the
algal species Isochrysis galbana of density 2x10° cells/mil.

After acclimation for a period of one week, healthy animals were
chosen for dosing experiments and subsequent anaysis of immune
parameters. (Healthy mussels shut the valves rapidly and tightly when
solid objects were introduced between their shell valves. They also bind
strongly with byssal threads to external objects).

Exposureto Copper and Mercury

Acute toxicity was performed following the standard methodol ogy
of EPA/ROC (1998) to determine the lethal concentration (L Csy) and the
sub- lethal level of copper and mercury.

All experiments were carried out in clean FRP tank of 10 -L

capacity. Specimens of P.viridis used in the present study were 5t2 cmin
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length (weight 25+ 3g). Ten mussels each were exposed to 5-L of the
required concentrations of copper and mercury. The test solution was
prepared using the analytical grade CuSO, and HgCl, to get the stock
solution. The required concentrations were made by diluting the stock
solution. Water was renewed every 24 hours with least disturbance to the
animals and they were fed for one hour daily prior to change of water
.The LC50 values were calculated using Probit Analysis (Finney 1971).
The three sub- lethal concentration selected for the metals were 6 ug/L,
12 pg/L and 30 pg/L of copper, and 10 pg/L, 20 pug/L and 50 pg/L of

mercury.
Extraction of Haemolymph for analysis

Metal -exposed mussel were taken out and dried with a tissue paper.
Very carefully shells were open apart to a width of 4mm, mantle water
drained out, and blotted dry with tissue paper. A hypodermic needle of
23G was inserted into the posterior adductor muscle, and about 1.5ml of
haemolymph withdrawn. The collected haemolymph sample was diluted
with physiological saline in 1:1 proportion, and stored at 4°C until use.
Physiological saline had a composition of 20mM Hepes buffer, 43mM
NaCl, 53mM MgSO4, 10mM KCI, and 10mM CaCl, with a pH of 7.3.
Haemolymph extraction and further analysis were carried out every 1%,
7" and 15" day of heavy metal exposure. All the analysis were done

using standard procedures.
Total haemocyte count (THC)

Total haemocyte counts (THC) were made using improved Neuber
chamber. A 100ul sample of haemolymph was placed on a
haemocytometer and haemocytes were counted out and expressed as cells

x 10° cells/ml haemolymph.
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Differential haemocyte count (DHC)

Differential haemocyte counts (DHC) were made by staining with
Giemsa stain. A sample of 100ul of haemolymph was taken on a clean,
grease- free glass dide and allowed to form a monolayer on the side by
incubating in a moist chamber for 45 minutes. It was fixed with 10%
methanol for 15min, air dried, and stained in Giemsa for 20mts. The
dlides were then viewed under a research microscope (40X) to identify

haemocytes.
Cdl viability

Viable cell were determined using Trypan blue exclusion assay
(Ford and Haskin, 1988). An equal ratio of haemolymph and trypan blue
(0.4%) was mixed and left for incubation for about 1minute. Those cells,
which appeared blue, are the dead ones while the live cells prevented dye
intrusion into cell. A total of 100 cells was counted from each slide, and

expressed as percentage of total viable cells.
Statistical analysis

Results are presented as means with standard errors. Data were
subjected to two way analysis of variance ( ANOVA ) with a Tukey post
hoc test. For all statistical tests, results were concluded significant with a
probability (P) value of < 0.05.

1.1.3 Reaults

THC in unexposed, control mussels was found to be 1.85 + 0.031x
10° cells / ml. In mussels treated with 6ug/L of copper THC showed a
decrease at 24hr, then showed an elevation on 7" and 15" day of
observation. Mussels that underwent 12ug/L copper exposure had a
biphasic response in their THC, with 1% and 15" day having decreased
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THC while 7" day having an elevated THC. At the highest sub- lethal
concentration of copper used in this study, i.e, 30ug/L, THC had an
increase on all days of exposure with a striking increase of 4.35 +
0.35x10° on day 7.

In mercury treated bivalves at the lowest sublethal concentration of
10pg/L, mussels had THC lower than the control animals on 1%, 7" and 15"
days of observation. In 20ug/L and 50ug/L exposed specimens, the THC
was initially increased but more decreased than that of the controls on 7"
and 15" day (Table. 1.1 and Figure 1.1 & 1.2).

Giemsa staining for DHC revealed mainly two types of haemocytes.
One type with granules in the cytoplasm is the granulocyte, and the other
with no granules is the agranulocytes or hyalinocytes. Granulocytes were

the most abundant popul ation of haemocytes observed in P.viridis.

Hyalinocytes and granulocytes differed in their shape and size.
Granulocytes were generally larger than hyalinocytes. Most of the
hyalinocytes had a size ranging between 2-4 um. There were occasionally
larger ones too, which had a size of about 10.32 pm. The most abundant
among hyalinocytes were the smallest cells having a size of 2um.
Hyalinocytes were concentric in shape. The hyalinocyte had a nucleus
which occupied most of the space with a smal rim of basophilic

cytoplasm.

Granulocytes were of varying sizes, from 6-13 um. As the size of
the haemocyte increased, number of granules was found to be increasing
with the largest cell possessing dense granules. Most of the granulocytes
had granules which stained dark pink on Giemsa staining, and are

therefore eosinophilic. Eosinophilic granular haemocytes dominated more
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than the basophilic ones whose granules stained blue on Giemsa staining.
Very rarely mixed granules were observed. Though the number of
granules varied in granulocytes as few, medium and dense, al the three
bearing cells are generally termed granulocytes in the present study.

Granulocytes had extending filipodia.

Granulocytes were found to be the maor population of haemocytes
in  P.viridis. It consisted of 90% of the total haemocyte counts. As a
general observation, the number of granulocytes was found to decrease
but small hyalinocyte number was found to increase with increasing
exposure in copper and mercury exposed mussels (Table.1.4, Figure 1.3
&1.4and Platel ).

Trypan blue exclusion assay is to determine the integrity of the
plasma membrane and is an important indicator of cell viability.
Unexposed control P.viridis showed 97% cell viability (almost 100%)
but mussels exposed to copper showed a time and dose dependent
response of cell mortality. Animals subjected to the highest sublethal
concentration of 30pg/L, showed increased cell mortality on 70
and 15" day.

Mercury did not have a dose or time dependent cell mortality in
mussel haemocytes. A time dependent decrease in cell viability was
observed only in mussels exposed to the highest concentration of 50 pg/L
of Hg. Mussels exposed to 10 pg/L and 20 pg/L mercury, had highest
haemocytes mortality of 25% and 28%, respectively on 7" day of
observation. (Table.1.7, Figure 1.5 & 1.6and Plate I1).

Staistical analysis showed all variations were significant at P < 0.05
probability level (Table. 1.2, 1.3, 1.5, 1.6, 1.8 to 1.11).
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1.1.4 Discussion

Changes in haemocyte counts are among the unspecific, but early
indications of physiological aterations, which are classified as
immunopathological parameters. In the present study copper and mercury
were found to adter Total Haemocyte Count (THC) confirming
disturbance to the animals. In higher concentrations of copper at 30 pg/L,
and mercury at 20 and 50ug/L concentration, there was an increase in
THC during the initial days but decreased on prolonged exposure.
Elevation of total circulating blood cells appears to be a common
response to environmental stressors. The observed increase in the
circulating haemocytes indicates a chemica stress induced by the two
heavy metals. In bivalves, not all haemocytes are found in the systemic
circulation. Bivalves have an open circulatory system and cells may
migrate from tissues to the circulatory system or vice versa (Auffret and
Oubella, 1994; ). Thisis confirmed through the present investigation, and
the increase in THC might be due to migration of haemocytes from
tissues to haemolymph as opined by Pipe et al.(1999).Circulating
haemocyte density has been found to increase with exposure to copper
(Pipeet al., 1999).

Elevated THC must be animals' strategy to detoxify the heavy metal
stress.  When mussels are suddenly exposed to copper and mercury,
haemocytes might have moved into the circulation to accumulate and
sequester metals. This can be cited as the acute response. Similarly,
Auffret and Oubella (1997) report that increase in THC might be due to
migration of haemocytes from interstitial tissues into circulation as a
consequence of cell disturbance due to loss in adhesion properties.
Elevated THC can also be due to haemopoiesis and proliferation of the
cells as well (Pipe and Coles 1995). Auffret et al., (2004, 2006) reported
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an increase in THC in mussels collected from polluted stations in his two
year survey. Pipe et al., (1999)opined elevation of total circulating blood
cells to be a common response to environmental stressors. Mussels
exposed to heavy metals had elevated circulating haemocyte numbers
(Coles et al., 1994, 1995; Pipe et al., 1999). Mytilus edulis (M.edulis) on
exposure to fluoranthene (Coles et a., 1994a, 1994b), cadmium, and
temperature stress (Renwrantz, 1990), resulted in increased total cell

counts. Exposure of C. virginica to cadmium (Cheng, 1988a).

Mussels treated with the lowest concentration of copper and
mercury at 6ug/L and 10 pg/L, respectively, had a decrease in THC by
24hour of exposure. But THC increased with days of exposure in 6 pg/L
copper treated mussel, with total haemocyte counts more than the control
values by 15" day, but not in the case of mercury. Though there was an
increase in THC on the first day for higher sublethal concentrations of 20
and 50ug/L mercury, it decreased with respect to controls on day 7 and
15, and for all daysin 10 pg/L mercury. This shows a general immuno
suppression in Perna viridis on mercury exposure. It is possible that
heavy metals in higher concentrations might have caused decreased heart
rate resulting in lower number of haemocytes in circulation, or due to cell
death or withdrawal of haemocytes to reservoirs to protect them from
direct exposure. Studies of Cheng, (1984) on a series of heavy metal
toxicity on the American oyster C. virginica revealed Hg* as highly toxic
for oyster haemocytes. This was attributed to cell death and/ or low
inflow of haemocytes from other sites into the haemolymph. The other
reason cited for reduced THC could be enhanced infiltration of
haemocytes from circulation to tissues. Migration of cells involved in
immune defense (haemocytes and brown cells) to connective tissues has

been described in molluscs on exposure to pollutants ( Seiler and Morse,
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1988; Marigo’mez et al., 1990; Zaroogian and Yevich, 1993).During
stress immunoactive haemocytes are mobilized to certain tissues where
injury or pathogen attacks are most probable. This has been described in
several marine molluscs under stress condition (Seiler and Morse 1988;
Caaraville et al., 1990 a, b ; Marigomez et al., 1990).A very convincing
evidence for this is given in another chapter of this thesis. Histology of
gills confirms the infiltration of haemocytes into gill tissue as a result of
copper and mercury stress. Another hypothesis as given by (Lacoste et
al., 2002) is that since mollusc haemocytes are involved in nutrient
transport these cells play a role in the redirection of bioenergetic
resources and leave main haemolymph vessels to convoy nutrients to
certain tissues involved in adaptation and survival. The reduction in
haemocyte number as a result of exposure to organic pollutants was
reported by Fisher et al., (1990 ); Pipe et a.,(1995 ) and Fournier et al.,
(2002), whereas copper was reported to be letha to the haemocytes
(Cheng 1998). A reduction in the haemocyte count can affect immunity
adversely.

Time dependent decrease of haemocyte count, especially in mercury
exposed P. viridis, may result in immune depression. A decrease in
phagocytic granulocytes was observed in the current study along with
decrease in cell viability, both pointed out as reason for a decrease in
THC in metal exposed mussels. Decrease in THC can also be a result of
reduced proliferation of haemocytes or movement of cells from
circulation into damaged tissues (Pipe and Coles 1995). Generally in
mollusc number of circulating haemocytes decreases with starvation and
exposure to heavy metals are found to decrease the filtration efficiency

leading to starvation which can also alter circulating haemocyte count.
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A notable eevated THC of 4.35x10° was obtained for copper exposed
mussel at 30pg/L on day 7. Smilar increase in THC was obtained by Pipe et
al., (1999) when M.edulis was exposed to copper at 0.02ppm (20ug/L) for a
period of 7days. For the lowest concentration of 6 pug/L copper, THC kept
on increasing with time of exposure which reflects increasing toxicity to

animals on prolonged copper exposure.

Several morphologically distinct categories of haemocytes have been
described, but to date there is no universally accepted system of
classification (Godling, 2003). Attempts at developing a uniform
classfication of bivalve haemocyte have resulted in recognition of two
groups of cells; those containing many granules, the granul ocytes, and those
with no granules, the hyalinocytes (Cheng 1981, 1984; Hinne, 1999). In
accordance with these works for the present study haemocytes were

recognized as two groups. granulocytes and agranulocytes.

As in many other observations, the majority of haemocytes in
P.virdis was granulocytes which contributed 90% of total cell count.
DHC in M. edulis revealed a dominance of granular haemocyte,
varying between 70% and 93% in total, within which the eosinophilic
and basophilic granular cells comprised similar proportions (Wootton
et al., 2003). Hyalinocytes in M. edulis and Ensis siliqua (E. siliqua)
and Crassostrea edule (C.edule) comprised between 6.13 and 15.75%
(Wootton et al., 2003).I1toop et al., (2006) identified granulocytes, and
agranulocytes in Indian edible oyster Crassostrea madrasensis
(C.madrasensis). In the scallop Chlamys ferreri(C. ferreri),
hyalinocytes of 5.93 pum in size comprised of about 34%, and
granulocyte of 14.43um in size constituted about 66% of cells in the
haemolymph (Xing, et. al., 2002).
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Granulocytes of P.viridis observed in the present study were larger
in size with cell diameter varying from 6-13um. Hyalinocytes were much
smaller with their size ranging from 2-4 um in diameter. This observation
on size was common to many bivalve species, e.g., M.marcenaria (Foley
and Cheng , 1974),C.virginica (Feng,1965), C.edule (Russel-Pinto et
a.,1994), M.edulis ( Rasmussen et al., 1985,Friebel et al.,1995),
M. lusoria (Wen et a.,1994 ) and C.madrasensis (Itoop et a., 2006) . In
M.edulis the eosinophils were the largest haemocyte with10-12pum
diameter, and were characterized by large numbers of granules and a
round nucleus with a low nucleus. cytoplasmic ratio (Wootton et al.,
2003). In the clam Tridacna crocea (T.crocea) eosinophilic granules were
9.6 £ 0.1 um in diameter, while agranular cells were 8.2 + 0.2 um in
diameter (Nakayamaet a., 1997).

Alternations in the relative proportion of blood cell typesin bivalves
have been observed previously in response to various stressors, including
hydrocarbons and metals (Anderson, 1993). Copper exposure was found
to reduce the percentage of hyalinocytes (Cheng, 1988a) and stimulate
the percentage of granulocytes in oyster (Ruddell and Rains, 1975) and
mussels ( Pickwell and Steinert, 1984 ). It has been reported that the
granulocyte/ hyalinocyte ratio increases on exposure to some metallic
pollutants but decreases on exposure to others (Cheng, 1990). However,
the present study has shown a drastic decrease of granulocytes and a
predominant increase in small hyalinocyte of 2 um in copper and mercury

exposed mussels, by the end of the experiment.

The granular haemocytes of bivalves carry out functions such as
phagocytosis, and are known to possess a number of lysosomal and

antioxidant enzymes, as well as antimicrobial factors localized in the
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cytoplasmic granules. (Anderson, 1993; Pipe , 1990; Pipe et a ., 1997,
Cajaraville, 1995; Hubert 1996 ). The dominance of granular haemocytes
in P.viridis, therefore, suggests that they are likely to be more capable of
active defense reactions. Predominance of granulocytes may contribute
greatly to the resilience of P.viridis in terms of its wide habitat range,
close associations with diverse macro and microorganism, and tolerance
of adverse conditions in intertidal zones or in polluted environments. In
this study, granulocytes which are endowed with phagocytic activity were
seen to decrease on exposure to copper and mercury. Such variations may
be either due to differential blood cell mortality or migration of

granulocytes into or out of tissues.

Trypan blue exclusion assay for P.viridis exposed to Cu and Hg
revealed decreased cell viability. It has been reported that haemocyte
viability in vitro is depressed in polluted or stressed bivalve molluscs
(Cheng, 1990; Alvarez and Friedl, 1992). In the present study when
mussels exposed to copper showed increased cell mortality (20%) as its
chronic effect, 14% mortality of haemocytes were observed as its acute
effect in mercury treated mussels. This discrepancy in behaviour of
animals towards the two metals can be explained by the toxic mechanism
of the metals. Hg % has a strong affinity for proteins bearing sulfhydryl
groups, and its binding to the specific —SH site leads to denaturation of
structural proteins leading to cell death. This is supported by Cheng and
Sullivan (1984) for the decreased haemocyte viability in C.virginica on
exposure to Hg”*. Lack of mortality on the first day of copper exposure
might be due to a lower affinity for such binding sites. Cell mortality
observed in copper exposed P.viridis is brought about by its accumulation
in the lysosome leading to cell death at higher concentration, and longer

exposure times.
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A dose dependent increase of mortality was observed when mussel
M.galloprovincialis was exposed to copper (Olabarrieta et al., 2001).
Similar pattern was observed in the present study with increased cell
mortality on prolonged exposure to copper. The viability of haemocytes
decreased in clams exposed to 10° M CH3HgCl for 7 days, and HgCl,, for
28 days (Fournier et al., 2001). Metal related cytotoxicity, expressed as
decreased haemocytes viability, was noted for HgCl, at 10°M. Gagnaire
et al., 2004, reported mercury to be an active pollutant that causes cell
death and modulation of haemocyte activity, and also hypothesize that
mercury has adirect action by inducing cell death. Mercury causes effects
in a short period of time. Cheng, (1990) and Alvarez and Friedl, (1992)
also reported haemocyte viability to be depressed in polluted or stressed

bivalve mollusc.

1.1.5 Conclusion

The highly regulated nature of bivalve immune system renders it
guite vulnerable to toxicants. Internal defense functions are critical to
bivalves because suppression of their activities could lead to greater
vulnerability to natural pathogens and environmental contaminants .Sub-
lethal toxicity of copper and mercury showed, in general, a decrease in
circulating haemocytes especially in mercury exposed mussels. This
reduction in THC adversely affects the competitiveness of the affected
species, which will affect their populations through higher rates of
disease, parasitism and predation in the population. DHC revealed two
types of haemocytes. granulocytes and agranulocytes. Granules present
were either eosinophilic or basophilic or rarely of a mixed type. DHC
showed a marked decrease in granulocytes and an increase of hyalinocyte
in P. viridis exposed to copper and mercury, and therefore appears as

useful indicator of heavy metal stress. Use of haemocytes and the
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monitoring of haemocytes viability may, thus, represent an idedl
biological endpoint to determine the level of toxicity linked to aquatic
contaminants. Cell viability is an easy, cheap and reliable assay to
understand cell mortality in P.viridis.

This study presents a basdline data for future biomonitoring studies
employing P.viridis. The heavy metas, copper and mercury, interfering with
the interna defense functions of haemocytes may have a profound effect on
long-term survival of highly valued green mussel, the P. wviridis. The
affected species will no longer be able to fully enact itsrole in its ecological
niche, further affecting the other inter-dependent species in the ecosystem,
ultimately affecting the fragile balance of aquatic ecosystem.

Tablel.1 Total Haemocyte counts (THC) in Copper and Mercury
exposed P.viridis

TOXICANT | Exposed days | Control 6pg/L | 12pg/l | 30 pg/L
1.862+ 1215+ | 1705+ | 2.600x

1% day
0.042 0.228 0.266 0.274
th 1.877+ 1.816+ 2.485+ 4.350+
COPPER 7" day
0.045 0.176 0.322 0.345
" 1.853+ | 3372+ | 1584+ | 2473+
15" day

0.061 0.371 0.192 0.391
TOXICANT | Exposed days | Control | 10pg/L | 20 pg/L | 50 pg/L
1.801+ 1542+ | 2266+ | 2.455%

1% day
0.046 0.274 0.479 0.177
" 1.883+ | 0738+ | 1717+ | 1.343+
MERCURY 7" day
0.051 0.068 0.159 0.100
" 1827+ | 1135+ | 1705+ | 1.535¢
15" day

0.046 0.334 0.112 0.141
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Table.1.2 ANOVA Tablefor THC in Copper exposed P.viridis

Sour ce TyngI‘LIarS;;m of df gjgpe F Sig.
Day 7.516 2 3.758 57.395 | .000
Concentration 19.131 3 6.377 97.402 | .000
Day * Concentration 23412 6 3.902 59.599 | .000
Error 3.928 60 .065
Total 423.749 72
Tablel. 3 ANOVA Tablefor THC in Mercury exposed P.viridis
Source Tg}? glquarsém df Sl\c/;ﬁzpe F Sig.
Day 4.705 2 2.352 53.625 | .000
Concentration 6.713 3 2.238 51.007 | .000
Day * Concentration 2.723 6 454 10.345 | .000
Error 2.632 60 .044
Total 215.711 72
Table.l.4 Differentiadl Haemocyte counts (DHC) in Copper and
Mercury exposed P.viridis
TOXICANT | Exposed days | Control | 6ug/L | 12 pg/L | 30 pg/L
1 day 90.193+ | 71.169+ | 67.111+ | 70.486x
0.160 3.633 7.073 7.338
90.653+ | 42.155+ | 67.162+ | 41.493+
COPPER 7" day 0.592 3.161 1.558 0.917
15" day 90.603+ | 41.493+ | 41.845+ | 60.553+
0.938 0.917 1.192 2.403
TOXICANT | Exposed days | Control | 10pug/L | 20 ug/L | 50 pg/L
1# day 90.945+ | 84.900+ | 75.198+ | 73.423+
1.094 2.020 10.057 5.577
90.565+ | 42.948+ | 63.483+ | 53.508+
MERCURY | 7"day 1145 | 2116 | 2473 | 1891
15" day 90.238+ | 53.623+ | 56.052+ | 51.933%
0.437 1.683 2.361 1.829
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Table.l.5 ANOVA Tablefor DHC in Copper exposed P.viridis

Source Tgf;hlars;m df xl?:rne F Sig.
Day 3755.080 2 | 1877.540 | 161.350 | .000
Concentration 16628.231 3 5542.744 | 476.326 | .000
Day * Concentration 4855.135 6 809.189 69.539 | .000
Error 698.186 60 11.636
Total 326185.844 | 72

Table.l.6  ANOVA Tablefor DHC in Mercury exposed P.viridis

Source Tg}? glquarsém df Sql\?l Sgrne F Sig.
Day 5372.896 2 | 2686.448 | 195.442 | .000
Concentration 11571.485 3 | 3857.162 | 280.613 | .000
Day * Concentration 3172.808 6 528.801 38.471 | .000
Error 824.729 60 13.745
Total 362756.196 72

Table.1.7 Cell Viability in Copper and Mercury exposed P.viridis

TOXICANT Exposed days Control | 6ug/L | 12ug/L | 30ug/L
COPPER 1day 97.40+ | 95.80+ | 98.00+ | 96.50+
13842 | 3.7459 | 1.6371 | 2.0030

7day 97.50+ | 97.00+ | 84.40+ | 78.00+

1.2900 | 2.8355 | 5.2437 | 4.2849

15Day 97.50+ | 84.35+ | 83.68+ | 79.77+

11815 | 6.2737 | 4.4229 | 5.8205

TOXICANT Control | 10pg/L | 20ug/L | 50ug/L
MERCURY 1day 97.82+ | 86.25+ | 91.83+ | 83.30+
1.0167 | 6.4476 | 4.8558 | 4.6721

Zday 9750+ | 15.85+ | 72.35+ | 83.38t

1.3668 | 6.0787 | 5.4376 | 5.9570

15Day 97.50+ | 81.67+ | 85.80+ | 76.20+

1.2506 | 7.6259 | 8.3523 | 5.5982
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Table1l.8 ANOVA Tablefor Cdl Viability in Copper exposed P.viridis

Source Tg}?; Llarsém df Sql\?l L?:Pe F Sig.
Day 1440.480 720.240 | 50.134 | .000
Concentration 1582.516 527.505 | 36.718 | .000
Day * Concentration 1176.322 196.054 | 13.647 | .000
Error 861.977 60 14.366
Total 599002.300 72

Table.1.9 ANOVA Tablefor Cell Viability in Mercury exposed P.viridis

Source TSX:JF;S} IolfI df Mean F Sig.
Squares Square
Day 6821.111 3410.555 | 116.038 | .000
Concentration 12074.886 4024.962 | 136.942 | .000
Day * Concentration 13195.134 2199.189 | 74.823 | .000
Error 1763.508 60 | 29.392
Total 503771.290 | 72
Table. 1.10 Multiple Comparison Test for Copper
THC DHC Cell Viability
Tukey Control Vs 6ug/L 0.612 0.000 0.001
Control Vs 12ug/L 0.515 0.000 0.000
Control Vs30 pg/L 0.000 0.000 0.000
6 ppm Vs. 12 pg/L 0.054 0.000 0.025
6 ppm Vs. 30 pg/L 0.000 0.000 0.000
12 ppm Vs. 30 pg/L 0.000 0.720 0.014
THC DHC Cell Viability
Tukey 1day Vs 7 day 0.000 0.000 0.000
1 day Vs 15 day 0.028 0.000 0.000
7 day Vs 15 day 0.001 0.189 0.027
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Table. 1.11 Multiple Comparison Test for Mercury

THC DHC Cell Viability
Control Vs 10ug/L 0.000 0.000 0.000
Control Vs 20ug/L 0.000 0.023 0.000
Tukey Control Vs 50 pg/L 0.000 0.000 0.000
10 ppm Vs. 20 pug/L 0.004 0.000 0.000
10 ppm Vs. 50 pug/L 0.895 0.000 0.000
20 ppm Vs. 50 pg/L 0.000 0.441 0.561
THC DHC Cell Viability
1 day Vs7day 0.000 0.000 0.000
Tukey 1 day Vs 15 day 0.000 0.000 0.015
7 day Vs 15 day 0.947 0.066 0.000

Haematological responses of green mussel Perna viridig( Linnaeus) to heavy metd copper andmercury 36



Cellular defense mechanisms
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Fig. 1.2 THCin Mercury exposed P.viridis
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Fig. 1.4 DHC in Mercury exposed P.viridis
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Fig. 1.6. Cdll viability in Mercury exposed P.viridis
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Plate|: Different typesof Haemocytesin P.viridis as observed
under light microscope ( 40x)
H: Hyainocyte G: Granulocyte

Platell: Dead and live Haemocytes on trypan blue exclusion assasy (40x)
L: Live D: Dead
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B. Neutral Red Retention Assay of Haemocytes
1.2 Introduction

Haemocytes, of bivalves play an active role in heavy metal
metabolism, i.e, in the actual uptake of certain metals (Galtsoff, 1964),
distribution to various tissues (Cunningham, 1979), and in the intra
lysosomal storage of metads (George et al., 1978). Furthermore,
phagocytic molluscan haemocytes are also known to participate in a
number of important physiological functions, e.g., defense against
invasion by pathogens, wound and shell repair, and nutrient transport
( Cheng, 1981), and consequently toxic effects of heavy metals on these
cells could potentialy affect survival of the animal itself . Therefore, it
appeared to be of interest to ascertain the effect of selected heavy metal

ions on the normal function of these cells.

During the last decades, considerable research efforts have been
made towards developing sensitive early warning biomarkers of pollutant
exposure and effects.Cytological biomarkers allow the determination of
pollutant impact on living organism in aquatic system and provide early
warning signals of detrimental impacts on coastal water. Metals and other
contaminants are accumulated and sequestered within the mussel
lysosomes, and excessive accumulation alters the permeability of the
membrane initiating increased autophagy and also the release of several
hydrolytic enzymes. Therefore, the degree of membrane labilisation can

be considered as proportional to the magnitude of stress.

Lysosomes are a heterogeneous group of cytoplasmic organelles,
which contain a large number of hydrolytic enzymes and are enclosed by
a unit membrane. Lysosomes are involved in a broad spectrum of
physiological and pathological functions (Moore, 1982; Cheng 1983). In
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molluscs lysosomes play a centra role in innate defense (Cheng, 1981,
Adema et a., 1991).Various important functions of lysosomes include
cell detoxification (Owen, 1972), food degradation (Owen, 1972), protein
and organelle turnover, (Owen, 1972), gamete resorption (Bayne et al.,
1978), and shell formation. Lysosomes can release lysosomal enzymes
and reactive oxygen species (ROS) (Cheng, 1983; Austin and Paynter,
1995), to destroy foreign organisms such as bacteria and viruses.
Lysosomes have the remarkable ability to accumulate toxic metals,
organic chemicas and hydrocarbons in them and act like a
‘sink’ .Excessive accumulation ultimately results in the impairment of the
single membrane bound around them, increased permeability to
substrates takes place (Moore, 1980) This response can be enhanced and
lead to lysosomal membrane fusion resulting in the formation of larger
lysosomes, and can cause deleterious cellular effects due to autophagy.
(Loweet a., 1981; Tremblay and Pellerin- Massicotte, 1997).

1.2.1 Review of literature

Elucidation of lysosomal membrane integrity utilizing neutral red
assay (NRR-assay) has been applied successfully in pollution monitoring
studies. Many molluscan cell types are very rich in lysosomes (Sumner,
1969; Moore, 1976).Excessive accumulation of many metals can induce
aterations in the structure of lysosomes, which may result in the
labilisation of the membranes (Moore and Stebbing, 1976). Determining
lysosomal membrane responses using marine mussels has proven to be
effective tools in the elucidation of cytotoxicity, (Lowe et al., 1995b;
Cheung et a., 1998; Nicholson, 1999b), and is being applied increasingly
as biomarkers in pollution monitoring. Published NRR assay data on
oysters indicate that the stability of the lysosomal membrane is associated

with stress factors the animals are experiencing, such as temperature and
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salinity changes, spawning, bacterial inoculation, environmental
contaminants, grading, starving etc. (Hauton et al., 1998, 2001; Butler
and Roesijadi, 2001; Ringwood et al., 2002; Cho and Jeong, 2005; Zhang
et al., 2006, Zhang and Li 2006). Many investigators have shown that
lysosomal destabilization is intimately associated with pollutant exposure
(Moore 1982;Regoali, et a., 1998;Ringwood et. al., 1998). Micromolar
concentrations of Hg?* and Cu®* are able to rapidly destabilize lysosomal
membranes of mussel haemolymph cells (Marchi et.al., 2004). Copper
elicited significant destabilization of haemocyte lysosomal membrane
(Nicholson 2003). Lowe and Pipe (1994) found probe retention time
significantly reduced in lysosomes of cells isolated from mussels exposed
to hydrocarbons. A significant decrease of lysosome stability was
observed in spawned oyster (Cho, 2005). Bhargavan et al., (2006) found
lysosomal membrane destabilisation in V.cyprinoides haemocytes, on

exposure to mercury.

NRR assay is simpler, more convenient and more cost efficient, and
has been widely applied to evaluate the effects of environmental and
physiological changes and mechanical stresses on molluscan species
(Lowe and Pipe, 1994; Lowe et al., 1995 b; Fernley et al., 2000; Grasvik
et al., 2000; Da Ros et al., 2002; Castro et a., 2004; Harding et al.,
20043, b; Zhang and Li, 2006). The neutral red retention (NRR) assay
measures the speed of the efflux of lysosomal contents into the cytosol
(Loweet a., 1995).

The main objective of this study is to understand the response of
haemocyte lysosomes on exposure to the heavy metals copper and

mercury, using NRR time as the indicator of stress.
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1.2.2 Materialsand Method
Neutral Red Retention Assay

Lysosome membrane stability was measured using methods
described previously by Lowe et al. (1995). Dissolving 20mg of dye in
Iml of Dimethy Sulfoxide (DMSO) a stock solution of Neutral Red
was prepared. A working solution was then prepared by diluting 15ul
of the stock solution with 5ml of physiological saline. It was filtered
and stored in a clean cool place. A 50ul sample of haemocyte cell
suspension was dispensed onto a microscopic slide and kept in a
humid, dark incubation chamber. The cells were allowed to attach for
15minutes. The excess solution was then tipped off, and fresh 50ul of
neutral red working solution was added to the attached cells, and
incubated for another 15minutes. A cover slip was placed on the layer
and viewed under a light microscope (x 400 magnification). It was
transferred to the incubation chamber after observation and thereafter
examined at every 30minutes interval. Lysosomes take up neutral red
dye and turn red in colour, helping its easy identification. In unstressed
cells, lysosomes will accumulate and retain dye for an extended period
of time. Experiment was terminated by 180 minutes or when 50% cells
lost membrane stability. Number of cells destabilized at the end was
counted out from a total of 100 cells. Controls were run

simultaneously.
Statistical analysis

All data are presented as means with standard errors. Data were
subjected to two-way analysis of variance (ANOVA) with a Tukey post
hoc test. For al statistical tests, results were considered significant with a
probability (P) value of < 0.05.
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1.2.3 Resaults

On the 1% and 15" day of exposure to sub-lethal concentrations of
copper, the number of cells with destabilized lysosomal membrane
increased with increasing copper concentration. Animals exposed to the
lowest sub-lethal concentration of copper alone had a time dependent
increase in cells with damaged lysosomal membrane. On day 7, mussels
exposed to 12ug/L and 30 pg/L copper did not have much of their cell
membranes damaged with respect to first day observation.

Mercury exposed animals showed a different pattern of NR
retention when compared to copper exposed ones. On the first day,
haemocytes with destabilized cells were more or less the same for al
concentration tested. Mussels exposed to the lowest concentration had
increased number of destabilized cells on day 7 and 15. At medium and
highest sublethal concentrations of 20 pug/L and 50 pg/L of mercury,
mussels had increased number of injured cells on 7" day when compared
today 1 and 15. (Table.1.12 Figure 1.7 and 1.8 & Plate-111)

Statistical analysis showed (Table 1.13-1.16) all variations were
significant at probability level (P < 0.05).

1.2.4 Discussion

Neutral red is lipophilic and as such will freely permegate the cell
membrane (Lowe et a., 1992). Within lysosomes, dyes become trapped by
protonisation imparting lysosomes a red colour that can be visualized
microscopicaly. Injury to their sngle membrane results in free passage of
lysosomal contents (neutral red dye) into cytosol, which is the measure of
stress. In unstressed cells lysosomes will accumulate and retain the neutral
red dye for an extended period of time. As a weak cytotoxic compound
neutral red is an additional stressor to the cells(Lowe et ., 1995a).
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Lysosome prevents cytotoxicity through metal sequestration, and
excess metal concentration makes lysosomal membranes destabilized.
The pH of lysosomes is maintained by membranes Mg?*ATPase
dependent H* ion pump (Peek and Gabbott, 1989). Any impairment in
these pumps destabilizes the membrane and will result in a reduction of
retention time. The present investigation shows lysosomal membrane
stability is significantly affected on exposure to heavy metals copper and
mercury. Generally, the reduction in NR uptake after in vivo exposure to
pollutants might result from cell damage or death (Borenfreund and
Babich, 1993). Reduced dye retention may have also occurred through
copper mediated intra lysosmoal formation of highly reactive radicals,
which induce membrane lipid peroxidation (Chavpil et al., 1976).

In this study though more than 50% of the metals-exposed animals
could maintain Neutral red dye for more than 3hours, there was aways a
sgnificant ( P< 0.05) hike in the number of cells with their membrane
damaged when compared to the controls.. The response, however, was not
entirely dose and time dependent. A smilar observation by Nicholson,
(2001) on P.viridis exposed to copper tended to have lower lysosoma
retention of neutra red, athough responses were not aways entirely
exposure-concentration dependent. Copper induced haemocyte lysosomal
membrane injury was evident usng NR probe in P.viridis. Exposure to
elevated copper concentrations may overload their sequestering capacity
thereby rendering the membrane particularly susceptible to excess ambient
concentrations (Viarengo et a., 1981). Lowe et d., (1995) examined
contaminant impact on mussel, and the presence of organochlorines, cobalt
and mercury appeared to be a major contributing factor to toxicity resulting
in blood cell lysosomal pathology.
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In mercury exposed mussels there was not always a direct relationship
between metal concentration and NR retention as the lowest concentration
of Hg showed greatest number of cells destabilized. It is probable that the
lower mercury exposures impaired the Ilysosomal membrane at
concentrations which preceded metallothionein induction thereby €eliciting
cytotoxicity (Ringwood et al., 1998).Verity and Brown (1968) demonstrated
destabilization of lysosomal membranes in mice following mercury
exposure. Working with the colonia hydroid Campanularia flexuosa,
Moore and Stebbing (1976) demonstrated elevation of free lysosomal
hydrolases following exposure to mercury, which they attributed to
decreased membrane Stability.

When comparing the effects on exposure to subletha concentration of
copper and mercury, haemocytes of mussals exposed to mercury had more
cells with their lysosoma membrane destabilized by day 7, while in copper,
more cells got destabilized on prolonged exposure. This reveals that mussels
have a better copper detoxifying mechanism asit is an essential heavy metd,
whereas mercury proves to be toxic. (Lowe et a., (1995) found mercury
and cobalt to be toxic to lysosomal membrane. They reported a significant
decrease in retention time by lysosomes of blood cells from the industria
and domestic waste prone sites (Lowe et ., 1995).

In the current study lysosomes could retain neutral red for more than
3hours when mussels were exposed to copper and mercury .This might be
because of the low sublethal concentrations used for the study, which the
mussels might have sequestered and detoxified before severe disruption
to lysosomal membrane integrity occurred. In an earlier work by
Bhargavan et al., (2006), in the black clam V. cyprinoides using 100
Mg/L, 300pg/L and 600ug/L, found reduced retention time to 30 minute
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for the highest concentration within a 96 hr exposure. This implies that
lysosoml membranes can tolerate acute exposure to sublethal levels of
copper and mercury at their sublethal concentrations, and severe
disruption occurs at higher or at letha concentrations. As stated by
Nicholson, (2001), the present study also confirms haemocyte lysosomal
membrane biomarkers in P.viridis to be robust to stressors within normal
range. Hence, NRR assay can be considered as a reliable biomarker to
assess the health of mussels.

1.2.5 Conclusion

Haemocytes represent the main component of the mussel immune
system, and have highly developed lysosomal system. Furthermore,
mussel haemocytes can be obtained without sacrificing the animal, thus
affording the opportunity of conducting non-destructive monitoring. The
present study confirms that elucidation of lysosomal membrane stability
from living cells will afford a better indication of animal condition. In the
present study more than 50% of the cells could retain neutral red dye for
more than 180 min., which might be due to low sublethal concentration
employed for the study. A singular use of membrane biomarkers in
natural condition is not preferred and suites of biomarkers are therefore,
preferable to assess sublethal toxicity. However, NRR assay proves to be
robust for contaminants and environmental parameters within normal
range, but deleterious at extreme concentrations. To conclude, P.viridis
lysosomal membrane markers are nevertheless easily ascertained and may
be useful as arapid, inexpensive, screening tool prior to measuring higher

order physiological dysfunction.
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Table.1.12 NRR-Assay of metal - stressed P.viridis

TOXICANT | Exposed days | Control | 6pug/L | 12pug/l | 30 pug/L
3 Ot 11+ 17+
st
1" day 1329 | 1033 | 4278 | 4834
CoPPER ™ day 3 12+ 10+ O
1722 | 2066 | 0516 | 1.941
" 5 18+ 20+ 21+
157 day 2168 | 3189 | 3077 | 2066
TOXICANT | Exposed days | Control | 10 ug/L | 20 pg/L | 50 pg/L
. 3t 18+ 16+ 17+
1" day 0516 | 1265 | 4457 | 5785
4+ 18+ 26+ 20+
MERCURY th
7 day 1414 | 4179 | 4690 | 1.941
5 20+ 15+ 10+
th
157 day 1871 | 2008 | 4309 | 2757

Table. 1.13 ANOVA Table for NRR-Assay in copper exposed P.viridis

Source Tg][o ;:Jlars;sm df gl?:rne F Sig.
Day 679.361 339.681 | 48.315 .000
Concentration 1711.819 570.606 | 81.161 .000
Day * Concentration 444.306 74.051 | 10.533 .000
Error 421.833 60 | 7.031
Total 12941.000 | 72

Table. 1.14 ANOVA Tablefor NRR-Assay in mercury exposed P.viridis

Source Tgf gclllularsém df gf:pe F Sig.
Day 370.083 185.042 16.509 | .000
Concentration 3946.264 1315.421 | 117.361 | .000
Day * Concentration 1008.028 168.005 14.989 | .000
Error 672.500 60 11.208
Total 25897.000 72
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Table. 1.15 Multiple Comparison Test for Copper

NRR-Assay
Control Vs6 pg/L 0.000
Control Vs 12 pg/L 0.000
Control Vs 30 pg/L 0.000
Tukey
6 ppm Vs. 12 ug/L 0.994
6 ppm Vs. 30 ug/L 0.001
12 ppm Vs. 30 pg/L 0.003
NRR-Assay
1day Vs7day 0.015
Tukey 1day Vs15day 0.000
7 day Vs 15 day 0.000
Table. 1.16 Multiple Comparison Test for Mercury
NRR-Assay
Control Vs 10 pg/L 0.000
Control Vs 20 pg/L 0.000
Control Vs 50 ug/L 0.000
Tukey
10 ppm Vs. 20 pg/L 0.081
10 ppm Vs. 50 pg/L 1.000
20 ppm Vs. 50 pg/L 0.090
NRR-Assay
lday Vs7day 0.000
Tukey 1 day Vs15day 0.006
7 day Vs 15 day 0.036
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Copper (NRR-Assay)
40 -
30 |
| Control
@ 6pg/L
3
W 12ug/L
m 30pg/L
lday 7day 15day
---Exposed Days--
Fig. 1.7 NRR assay of copper exposed P. viridis
Mercury (NRR-Assay)
40 -
@ Control
m 10pg/L
= W 20ug/L
m 50pg/L

lday Tday 15day

---Exposed Days--

Fig. 1.8 NRR-assay of mercury exposed P. viridis
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Platelll: Plate showing neutral red dye uptake by lysosomes of
haemocytes

Stages of lysosomal degradation

Lysosome stained red

due to dye uptake Lysosomal dye Autophagy of blood
lost to cytosol cell by lysosomal
enzymes

Neutral Red Retention Assay (NRR-Assay)

XA IR FHF
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2.1 Introduction

Exposure to heavy metals evokes severa behavioral, physiological,
and biochemical changes that appear to be closely related. To counteract
any stress, energy reserves, which might otherwise be utilized for growth,
and reproduction will have to be diverted towards enhanced synthesis of
detoxifying ligands (metal binding proteins, granules), or expended in
order to maintain an elevated efflux of metal. Consequently, various
enzymes related to energy metabolism alter their activity pattern
depending on the nature of stress. Excess energy is required to carry out
defensive behavioral responses that help animal to adapt and survive.
This confers some confidence in quantifying metabolic changes in the
energy parameters, and related enzyme activities as integrated markers of
healthy physiological status.

Mollusc use carbohydrates as the main source of energy for their
metabolic processes. Carbohydrates are the central point in energy
production because of its great mobility in the living systems, together
with its capacity to get compartmentalized within the cells and tissues.
The mobility is provided by glucose and compartmentalization by
glycogen. In most marine bivalves, glycogen is the maor carbohydrate
storage reserve. Electron microscopy of Splana (Wootton and Pipe,
2003), haemocytes described granular haemocytes with small granules
characterized by large deposits of glycogen with an associated ring of

mitochondria, termed as ‘glycogen lake'. The presence of glycogen and
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SER in the cells suggests a role for storage and maintenance of blood
glucose levels. Proteins are the most abundant organic molecules of
living system and form the basis of structure and function of life. Proteins
have many different physiological functions in bivalves. They are
associated with enzymes, transport, and regulation of metabolism,
defense, structural elements, and storage, and hence represent an

important biochemical constituent in mussel haemolymph.

Organisms, in response to carbohydrate depletion, use other substrates
to obtain the energy needed for its maintenance through gluconeogenesis.
Alanine and aspartate are precursor for gluconeogenesis, among amino
acids, and the initia reaction is cataysed by aanine aminotransferase
(ALT), and aspartate amino transferase (AST). Amino transferases, aso
caled transaminases, constitute a group of enzymes that catalyzes the inter
conversion of amino acidsin a-ketoacids by transferring amino groups. ALT
is dso known as glutamic pyruvate transaminase (GPT), and AST as
Glutamic oxal oacetate transaminase (GOT). ALT and AST which serveasa
strategic link between carbohydrate and protein metabolism, play as an
essential group of enzymes in the gluconeogenesis pathway. Beyond this,
the aminotransferases are good indicators of tissue lesons. They are known
to be dtered during various physiologica and pathologica conditions

making it a possible biomarker.
2.2 Review of Literature

In the case of bivalves the haemolymph carbohydrate content is
very low (Winners et al., 1978). Bayne (1973) has reported low blood
sugar levels in bivalves. The blood sugar levels of all classes of
molluscs thus far investigated appear to be glucose (Goudsmit, 1972).
Wootton and Pipe (2003), described granular haemocytes with small
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granules in S. plana characterized by large deposit of glycogen.
Toxicity of endosulfan impairs the metabolic function in
Macrobrachium malcolmsonii (M.malcolmsonii) resulting in an
increase in haemolymph proteins and total sugars (Bhavan and
Geraldine, 1997). Reduction of nutritional reserves during starvation in
either blood or tissues has been observed in several crustacean species,
and has been used as an indicator of nutrient metabolism (Pascual, et
al., 2006).Glycogen depletion and hyperglycemia have been observed
in cadmium exposed fish and explained as an effect of cadmium on the
hormonal regulation of the glucose level (Larsson and Haux, 1982;
Sastry and Subhadra, 1982). Glycogen reserves were found to be
reduced in the oyster, C.virginica, on exposure to PCB ( Encomio and
Chu, 2000). Investigations on haemolymph proteins were made by
Bayne (1973a), Santarem et al. (1992), and Robledo et al. (1995),
among others. ALT and AST are widespread in animal tissues and they
are of considerable importance in  metabolic economy.
Transaminations have been shown to occur in bivalves and in
gastropods (Read, 1962; Awapara and Campbell, 1964).
Transaminations might be of particular importance under conditions
that impose a heavy drain on the animal’s store of metabolites.
Hammen and Wilbur, (1959) have shown that in oyster they are
involved in manufacture of shell material. They probably contribute to
the supply of acid intermediates from which the molluscs synthesize
their considerable stores of glycogen. All tissues of all molluscs
assayed so far had ALT and AST activities Bishop, (1983).
Aminotransferases activity has been shown by some authors in the
haemolymph and tissues of molluscs infected with larval trematodes
(Manohar et al., 1972; Christie and Michelson, 1975). Transaminases
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are widely reported in gastropod tissues also (Sollock et al., 1979;
Mohan and Babu , 1976). Effects of heavy metals on ALT and AST
activities have been studied by Blasco and Puppo (1999).
Aminotransferases activity in the haemolymph of snails was reported
by Nabih et a. (1990), EI-Emam and Ebeid (1989), and Pinheiro et al.
(2001). Information on aspartate transaminase in flat oyster Ostrea
edulis (O.edulis) was given by Culloty et al. (2002). Activity pattern of
haemolymph transaminases in the fresh water gastropod Pila virens
(P.virens) exposed to pesticide was made by (Reju et. al., 1993).

Though changes in activity pattern of glucose and other
carbohydrates are known to occur depending upon the nature of
environmental stress, only afew studies have been conducted on toxicant
induced effects on glucose in invertebrates. Transaminases in molluscan
tissues and haemolymph have been assessed by some workers but ALT
and AST activity pattern in the haemolymph of the green mussel
P. viridis on exposure to heavy metalsis yet to be investigated.

Tissue glycogen serves as an immediate source of reserve energy
via its component glucose, and can, therefore be used as biomarkers of
environmental stress. Similarly, the enzymes involved in carbohydrate
metabolism are potent biomarkers of pollution in invertebrates
(Lagadic et.al., 1994).

Heavy meta mediated biochemical aterations in the haemolymph
organic constituents, and aspartate and alanine amino transferases activity
patterns in the haemolymph of the commercially important bivalve
P. viridis on exposure to copper and mercury were investigated, and the

results are presented in this section.
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2.3 Materialsand Methods

Maintenance of animals, methods of exposure to heavy metas, and

haemolymph extraction procedure were the same as described in Chapter 1.

Glucose was estimated using Di-nitro salicylic acid test. A sample of
approximately 0.1ml of haemolymph was added to 1ml of 5% TCA and
centrifuged a 2500rpm for 5mts.To 0.2ml of supernatant 2ml of DNS
reagent was added and kept for boiling for 10mts.It was then cooled to room
temperature and absorbance was measured at 575nm using a HITACHI-U-
2001- UV-Vis Spectrophotometer. A reagent blank and a standard of
glucose solution were also maintained. Glucose content was expressed as

mg/ml haemolymph.

Glycogen was estimated following the method described by Carall
et al. (1956).

A sample of approximately 0.1ml of haemolymph was added to 1ml of
5% TCA and centrifuged at 2500rpm for 5mts.To 0.2ml of supernatant; 1ml
of absolute ethanol was added and left overnight in cold. It was then
centrifuged for about 15mts at 3000 rpm. Precipitate obtained was dissolved
in Iml of dissolved water. A reagent blank (1 ml of water) and a standard
(Aml of glucose solution containing 30mg of glucose) were also prepared.
Two ml of anthrone reagent were added to al samples and kept for boiling
for 10mts, and then cooled at room temperature in dark. Optica density was
reed a 620nm in a HITACHI-U-2001- UV-Vis Spectrophotometer.

Glycogen content was expressed as mg/ml haemolymph.
Estimation of Protein

Proteins in the haemolymph were estimated following the method of
Lowry et al. (1951).
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Haemolymph was de- proteinised in equal volume of 5% TCA.
Contents were alowed to stand for 30 minutes at room temperature for
precipitating proteins, and were centrifuged at 3000rpm for 10 mts. The
precipitate was dissolved in 1ml of 0.1 N NaOH. Four ml of akaline copper
reagent were then added and shaken to mix well. After 10 mts, 0.5 ml of
Folin—Ciocalteau reagent added and the tubes were kept undisturbed for 30
mts. A reagent blank devoid of sample was maintained along with the
experimental tubes. The absorbance was measured at 500nm in aHITACHI-
U-2001- UV-Vis Spectrophotometer. Bovine Serum Albumin was used as
the standard. Protein was expressed as mg/ml of haemolymph.

Estimation of Aspartate amino transferase (AST)

Haemolymph ALT and AST activities were carried out following
the by the method described by Mohun and Cook (1957)

To estimate haemolymph AST activity, a 0.2 ml sample of
haemolymph was added to a test tube containing 1ml of phosphate
buffer-substrate containing 0.1M phosphate, 0.1M L-aspartate, and 2mM
2-oxoglutarate at pH 7.4. It was mixed well and incubated at 37°C for
1lhour.To this were added 0.5ml of 2, 4 DNPH and 2.5ml of 0.4M
NaOH, and the red colour developed was measured in a HITACHI-U-
2001- UV-Vis Spectrophotometer at 510nm, and the enzyme activity was
expressed in terms of U/ml.

Estimation of Alanine amino transferase (ALT)

To estimate haemolymph AST activity, a0.2 ml sample of haemolymph
was added to a test tube containing 1ml of phosphate buffer-substrate
containing 0.1M phosphate, 0.2 M L-danineand 2mM 2-oxoglutarate at pH
7.4.1t was mixed well and incubated at 37°C for 1hour.To this were added
0.5ml of 2, 4 DNPH and 2.5ml of 0.4M NaOH, and the red colour devel oped
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was measured in a HITACHI-U-2001- UV-Vis spectrophotometer at 510nm,
and the enzyme activity expressed intermsof U/ml.

Statistical analysis

Statistics Data were analyzed by two factor ANOVA for effects of
heavy metals on varying days and concentration. The Tukey test for
multiple comparisons compared means when ANOVA was significant.
Datais represented as its mean and standard errors.

2.4 Results

Glucose

Glucose level in the controls was 1.06mg/ml of haemolymph.
Copper and mercury exposed animals showed difference in glucose

values at various days of observation.

Copper exposed animas showed hyperglycemic condition on the
initial day of exposure, but the values decreased well below that of the
controls by day 15. On the 1<t day at the lowest concentration used, i.e., 6
pg/L copper, haemolymph had the highest glucose content of 1.98 + 0.375
mg/ml. By 15" day glucose values in all sub lethal concentrations were

significantly lower than that of the control values.

Mercury exposed P. viridis individuals differed from copper exposed
mussels in that they showed a bi-phasic response in their glucose
concentration. The 1¥ and the 15" day observation showed hyperglycemic
condition. A marked increase from the control values was shown on the
first day. This was followed by a steep drop in glucose levels in dl the
three concentrations on the 7" day, which again tended to increase slightly
than the control values by thel5™ day (Table 2.1, Figure, 2.1, 2.2).
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Glycogen
Glycogen value in the controls was 2.32+0.02 mg/ml.

Glycogen content decreased in copper-stressed mussels. The high
reduction of glycogen values seen in the initia stage atered and increased
on the 7" and 15™ day. The increase, however, was significantly far below

the control values. .

Mercury-exposed P.viridis specimens had reduced glycogen levels
throughout the experimental period, though a definite pattern was not
observed. Mercury toxicity decreased haemolymph glycogen content into
half (Table 2.4, Figure. 2.3, 2.4).

Proten

Total protein content in the controls of P. viridis was 1.76mg/ml of

haemolymph.

Copper exposed mussel showed day dependent increase in its
haemolymph protein content in al three concentrations. But a
concentration dependent elevation was not observed. A slight decrease in
protein content, with respect to control, was observed on day 1 in only

those mussels which were exposed to 6jug/L copper.

Mercury exposed mussels also had concentration and day dependent
increase in its total haemolymph protein content. On the 1% day at 10 and
20 pg/L mercury concentrations, haemolymph protein contents decreased
beyond control level. Haemolymph protein was found to be highest in
animals exposed to the highest concentration of mercury (Table. 2.7,
Figure. 2.5, 2.6).
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Aspartate amino transferase (AST)

AST activity level in  the unexposed P. viridis specimens was
found to be 4.55I + 0.2175 U/ml.

At 6 and 12 pg/L copper there was an initial decrease in enzyme
activity. Highest AST activity was observed in mussels exposed to the
highest concentration of copper, 30ug/L. For this concentration, the 1st
and 7" day haemolymph analysis gave increased AST activity, which
decreased by the end of the 15" day.

In the case of mercury treated mussels, the initially decreased AST
activity diminished further by the end of the experimental period, except
for an observed increase in animals at 10 and 50pg/L on the 7 day.
Inhibitory effect as a result of chronic exposure to mercury was evident
(Table 2.12, Figure 2.7, 2.8).

Alanineamino transferase (ALT)

ALT activity level in the unexposed P.viridis specimen was 1.609 +
0.055. On exposure to copper, P. viridis exhibited significantly increased
haemolymph ALT activity on the 1% and 7" day. At 6ug/L copper, on the
7" day mussels gave the highest value of 2.09 U/ml. ALT activity
decreased on prolonged exposure of 15days.

Exposure to mercury resulted in a decrease in haemolymph ALT
activity. On the 1% day, the activity was almost halved in mussels exposed
to 20 and 50 pg/L copper when in compare with the control values. ALT
activity decreased at ailmost all concentrations on days 7 and 15 (Table
2.15. Figure.2.9, 2.10)

Two way ANOVA test carried out on haemolymph glucose,
glycogen and protein values showed that the values obtained for all
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energy parameters were significant when compared with the control
values at P<0.05 level (Table. 2.2, 2.3, 2.5, 2.6, 2.8, 2.9, 2.10, 2.11,2.13,
2.14,2.16t02.19) .

2.5 Discussion

Energy levels vary when there is difference in energy demand
during growth, reproduction or when they are under stress. Results
clearly show heavy metals affect blood glucose levels. Hyperglycemia on
day 1 at al concentrations of copper might be due to glycogenolysis and
gluconeogenesis. This is proved in the light of the results of the
experiments conducted on the activity levels of glycogen and
transaminases subsequent to heavy metals exposure. Glycogen levels
decreased which might be due to its breakdown, and AST levels have
increased resulting in gluconeogenesis both resulting in increased glucose
content in the haemolymph. Mussels exposed to 6 pug/L of copper gave
the highest glucose level. This may be because the generated glucose
might not have been be used up readily in the case of 6 ug/L copper due

to itslow toxicity.

Mercury showed a biphasic response with significantly reduced
haemolymph glucose level only on 7" day with respect to control
mussels. The elevation in glucose level must be due to glycogenolysis
aone, for ALT and AST activity levels were seen to be inhibited on
exposure to mercury. Glucose transported through haemolymph from
metabolically less active tissues to metabolically more active tissues
through haemolymph can lead to a temporary increase in glucose level
(Suresh, 1993 ).Another reason might be channeling of protein reserves.
Cu, Hg, and Cd induce hyperglycemia in the freshwater prawn

Macrobrachium kistenensis, and the crab Barytelphusa canicularis
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(Nagabhushanam and Kulkarni, 1987; Machele et al., 1989).Glucose -6-
phosphate formed from the breakdown of glycogen or from
gluconeogenic pathways can be dephosphorylated to glucose and
transported around the body in the haemolymph (Gabott, 1976 ).

A decrease in glycogen content by day 1 shows larger mobilisation of
energy to overcome dtress reflecting the toxicity of heavy metals. In
shrimps under starvation haemolymph glycogen depleted fast, evidencing
haemolymph reserves were not enough to compensate starvation thereby
inducing use of muscle reserves. This substantiates the biphasic response
of glucose in mercury treated mussels though haemolymph glycogen was
depleted, and ALT and AST activities were partialy inhibited. Glycogen
depletion and hyperglycemia have been observed in cadmium exposed fish
and explained by an effect of cadmium on the hormonal regulation of the
glucose level (Larson and Haux 1982; Sastry and Subhadra,
1982).Glycogen represents the readily mobilizable storage form of glucose
for most organisms. The increased energy demand associated with stress

usually resultsin depletion of glycogen reserves (Lagadic et al., 1994).

A total absence of glycogenesis has to be ruled out as glycogen can
be synthesized from different metabolic pathways. Glycogen could be
obtained from protein when muscle proteins get transferred to blood to be
processed in digestive gland via gluconeogenesis pathway (Kucharski
and Da Silva, 1991, Oliveiraand Da Silva, 1997). Cheng and Cdli, (1974)
also observed glycogen deposits in the haemocytes of C.virgiica, and it
was suggested that the intracellular digestion of phagocytosed material
results in the isolation of carbohydrate constituents and conversion of
these to glycogen deposits within granulocytes. This interpretation can

explain the increased haemolymph glycogen content even after s15 days
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of exposure to copper. At the same time glucose concentration was found
to be very low, suggesting the inhibition of glycogenolysis, which is
brought about by enzymes phosphorylase, phosphoglucomutase, and
glucose-6-phosphatase (Wootton and Pipe, 2003 ).Ultra structural studies
on haemocytes of S. plana made by Wootton and Pipe (2003) revealed
considerable amounts of SER throughout the cytoplasm. One of the
functions of SER isin glycogen catabolism for releasing stored glycogen
as glucose through the action of various enzymes. The presence of
glycogen and SER in the cells suggests a role for storage and

maintenance of blood glucose levels.

Animals undertake adaptive responses to save nutritional reserves. In
the present study with P. viridis, a reduction in filtration rate, byssal thread
production, and minimal shell opening in heavy meta exposed mussels
might be the animals' adaptation to save energy. On the other hand, mucous
secretion was obvious in copper and mercury treated mussels. Again for the
production of mucous, glucose is essential, the requirement being met by

chanellising from metabolicaly less active tissues.

Transitory nature of changes in glucose concentrations in
haemolymph limits its usefulness as an indicator of stress but glycogen is
not as transient or sensitive to non toxicant stress and, therefore, is more
promising as biomarkers of environmental pollution (Lagadic et al.,
1994). However, in the present study chronic effect was a significant
decrease in glucose content in P. viridis exposed to copper and mercury
evidencing haemolymph glucose level as a biomarker. Whereas glycogen
had no particular pattern in its alteration, though significant decrease in

glycogen content was observed in mercury exposed animals.
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In M. edulis protein concentration was found to be ranging between
115-282 mg 100ml™ (Bayne, 1973a- cited from Gosling, 2002). Protein
value for healthy mussels obtained in the present study was 1.76 £ 0.004
mg/ml, and this falls in the range given above. In bivalves, haemolymph

proteins have been implicated to perform avariety of functions.

Many molluscs have a remarkable permeable epidermis across
which metals are transported across the epithelial cells, and exocytosed
into the blood on the basa side of the cells, from which they are

circulated around the body in amoebocytes and retained or excreted.

When heavy metas or any xenobiotic is in higher concentration,
circulating haemocytes may not be sufficient to decrease the cytotoxic
effect. In such circumstances the permeability of cell membrane is atered,
and seepage of protein occurs from within the tissue cels into the
haemolymph. An increase in haemolymph protein will thus result as
obtained in the present study, where protein concentration kept on increasing
with increasing exposure time in days. The neo-synthesi zed metallothionein-
like protein in response to metal ions may be contributing to this trend in
protein increase (Suresh, 1988).Tota protein concentration was found to be
higher in the haemolymph of prawns, M.malcolmsonii exposed to
endosulfan (Bhavan and Geraldine, 1997).

Bivalves require energy to surpass any physiological stress. During
copper and mercury toxicity in the present study, the animal uses glucose,
the immediate energy increases rapidly, and its deficiency is overcome by
gluconeogenesis. Alanine and aspartate are the major glucogenic amino
acids, which give rise to energy precursors by the activity of
transaminases. The synthesis of glucose from non-carbohydrate

precursors, from the substrates pyruvate, lactate, ketoglutarate, L-alanine,
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L-aspartic acid and L-glutamate, has been demonstrated in the whole
tissue of Biomphalaria alexandrina and Bulinus truncatus (Ishak et al.,
1975; Sharaf et al., 1975). Hence, changesin ALT and AST activities are
often associated with changes in metabolic functions and may thus
represent widespread alterations in the organism’'s physiological state.
ALT and AST activities in copper treated mussel did not show drastic
inhibition as seen in mercury treated ones. AST tended to reach control
values by 15" day of exposure. This could be explained as the conditioning
of mussels to copper toxicity or acclimatization after prolonged exposure.
Similar result was obtained by Blasco and Puppo (1999) when the clam,
Ruditapes philippinarum (R philippinarum) was exposed to copper, when no
much change in AST activity was observed. A significant increase in AST
activity in 50pug/L mercury exposed mussels can be considered as a stress
induced immediate reaction of the organism to compensate for the drain of
metabolites (Rgu et a., 1993). Elevated AST and ALT activities seen in
copper exposed animals on day 7 can be attributed to the same reason. An
increased trnasaminases could aso be due to anaerobic State persisted due to

closure of valvesto prevent the entry of toxic substances into the body.

Both AST and ALT had a general inhibitory or decreased activity in
the green mussels on contact with mercury. Inhibitory effect persisted till the
15" day for AST while ALT had stimulation on 15" day with values in
animals exposed to highest concentration of mercury nearing to those for the
control specimens. This inhibitory activity is either due to inactivation of
enzyme as a direct effect of mercury or due to lesser availability of aspartate
and aanine precursors because of the heavy uilisation of aminoacids to
counter the stress (Chow and Pond, 1972; Rgju et d., 1993).
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2.6 Conclusion

Alterations in major biochemical constituents in the haemolymph, such
as glucose, glycogen and protein indicate disturbance of the oxidative
carbohydrate metabolism. Apart from evaluating energy content as
biomarkers, this experiment shows how the animal undergoes metabolic
alteration to overcome stress. Glucose and glycogen decreased on prolonged
exposure to heavy metals. Haemolymph protein values, however,
significantly increased, which might be due to channelising tissue proteinsto
blood thereby decreasing tissue proteins. It is a matter of concern when
biochemical congtituents get decreased in P.viridis since it reflects a loss of
nutritive value of this highly cherished seafood. Nevertheless, these
parameters should be carefully assessed for field studies, and may not
produce the same result as energy parameters change according to seasons,
growth pattern, and reproduction and many biotic and biotic factors act

together giving an entirely different result and picture.

Table.2.1 Haemolymph Glucose valuesin metals exposed P.viridis

TOXICANT | Exposed days | Control | 6 pg/L | 12 pg/L | 30 pg/L
1% day 1.064+ | 1.978+ | 1.642+ | 1.806%
0.253 0.375 0.092 0.440
COPPER 7" day 1.019+ |1.183+ |1.117+ |1.386+
0.225 0.387 0.228 0.321
15" day 1.029+ | 0917+ | 0.392+ |0.557+
0.259 0.102 0.059 0.113
Control | 10 ug/L | 20 pg/L | 50 pg/L
1% day 1.050+ 1785+ | 2.216x | 2.615%
0.263 0.205 0.292 0.104
MERCURY 7" day 1.096+ | 0.924+ | 0.910+ |1.068+
0.248 0.174 0.066 0.184
15" day 1.036+ | 1.173+ |1.407+ |1.180+
0.212 0.135 0.179 0.105
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Table.2.2 ANOVA Tablefor Glucose level in copper exposed P.viridis

Source Ts}l/ﬁrel IolfI df S'\é'lfzr”e F Sig.
Squares
Day 12.668 2 6334 88.780 | .000
Concentration .594 3 |.198 2,777 .049
Day * Concentration 4.257 6 |.710 9.945 .000
Error 4.281 60 | .071
Total 114.056 72

Table.2.3 ANOVA Tablefor Glucose level in mercury exposed P.viridis

Typelll

Source Sumof | df gl‘j:pe F | sg
Squares
Day 11.164 5.582 151.195 | .000
Concentration 3.315 1.105 29.931 | .000
Day * Concentration 5.344 .891 24.125 | .000
Error 2.215 60 |.037
Total 157.455 72

Table.2.4 Haemolymph Glycogen values in metals exposed P.viridis

TOXICANT | Exposed days | Control | 6 ug/L 12 pg/L | 30 pg/L
< 2.285+ |1.003+ | 1.055% 1.530+
1° day

0.317 0.084 0.251 0.283
2331+ |1.738+ | 1.608% 1.745+
COPPER th
[ 0.125 0.064 0.161 0.262
15" da 2344+ |1.888+ |2.246% 1.608+
y 0.221 0.223 0.216 0.256
Control | 10 pg/L | 20 pg/L 50 pg/L
< 2331+ |1.269+ | 1.165% 1.732+
1° day
0.178 0.176 0.209 0.221
th 2337+ |0.0937+ |1.178% 1.152+

MERCURY | 77 day 0285 |0099 |0287 0.230

15" da 2311+ |1.380+ | 1.478% 1.237+
y 0289 |0274 |0476 0.209

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 68



Metals induced biochemical changes in the haemolymoph organic constituents

Table2.5 ANOVA Tablefor Glycogen level in copper exposed P.viridis

Source Tgf;tlaf’;m df Sl\qgll?:rne F Sig.
Day 3.869 2 193 40.268 | .000
Concentration 7.047 2.349 48.891 | .000
Day * Concentration 3.242 6 |.540 11.246 | .000
Error 2.883 60 | .048
Total 245.586 72

Table.2.6 ANOVA Tablefor Glycogen level in mercury exposed P.viridis

Source Tg}o ;Llarsgsm df gfﬁle F Sig.

Day 724 .362 5.359 |.007

Concentration 15.036 5.012 74.230 | .000

Day * Concentration | 1.467 6 244 3.620 |.004
Error 4,051 60 | .068

Total 192.550 72
Table. 2.7 Tablefor Protein valuesin metal exposed P.viridis

TOXICANT | Exposed days | Control | 6ug/L 12ug/L | 30ug/L

1% day 1755+ | 1708+ |1.870+ |1.826%

0.0298 |0.0148 |0.0164 | 0.0157

COPPER 7" day 1746+ | 2116+ |2710+ |3.723%

0.0167 |0.0475 |0.1097 |0.1212

15" day 1753+ |3.832+ |3514+ |3.679¢

0.0230 |0.1022 |0.1768 |0.0785

Control | 10ug/L | 20ug/L | 50ug/L

1% day 1753+ | 1062+ |1.090+ | 1431+

0.0256 |0.0483 |0.0353 |0.0799

MERCURY 7" day 1752+ | 1235+ |1.820+ |2.070t

0.0229 |0.1559 |0.0113 |0.0379

15" day 1753+ | 3723+ |4.122+ | 4.356%

0.0256 |0.1013 |0.0453 |0.0716
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Table. 2.8 ANOVA Table for Protein level in copper exposed P.viridis

Source TS%J?E IolfI df gf::‘e F Sig.
Squares
Day 516.477 258.238 | 163.231 | .000
Concentration 428.226 142.742 90.226 | .000
Day * Concentration | 555.504 92.584 58.522 | .000
Error 94.923 60 1.582
Total 8286.157 | 72

Table2.9 ANOVA Tablefor Protein level in mercury exposed P.viridis

Source TZ}P ;{Jarsgsm df S'\qilL?:?e F Sig.
Day 63.382 31.691 6899.610 | .000
Concentration 7.786 2.595 565.074 | .000
Day * Concentration | 21.677 3.613 786.567 | .000
Error 276 60 |.005
Total 435.450 72
Table. 2.10 Multiple Comparison Test for Copper
Glucose Glycogen Protein
Control Vs6 pg/L 0.318 0.000 0.000
Control Vs 12 ug/L 0.999 0.000 0.000
Tukey Control Vs 30 pg/L 0.091 0.000 0.000
10 ppm Vs. 12 pg/L 0.395 0.582 0.000
10 ppm Vs. 30 pg/L 0.913 0.656 0.000
20 ppm Vs. 30 ng/L 0.124 0.999 0.000
Glucose Glycogen Protein
1day Vs7day 0.000 0.000 0.000
Tukey | 1day Vs15day 0.000 0.000 0.000
7 day Vs 15 day 0.000 0.029 0.000
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Table. 2.11 Multiple Comparison Test for Mercury

Glucose | Glycogen | Protein
Control Vs 10 pg/L 0.003 0.000 0.000
Control Vs 20 pg/L 0.000 0.000 0.000
Tukey Control Vs 50 pg/L 0.000 0.000 0.000
10 ppm Vs. 20 ug/L 0.007 0.804 0.000
10 ppm Vs. 50 pg/L 0.000 0.180 0.000
20 ppm V's. 50 pg/L 0.326 0.659 0.000
Glucose | Glycogen | Protein
1lday Vs7day 0.000 0.012 0.000
Tukey | 1dayVsi5day 0.000 0.951 0.000
7 day Vs 15 day 0.002 0.026 0.000

Table.2.12 Haemolymph AST valuesin metals exposed P.viridis

TOXICANT | Exposed days | Control 6 ug/L 12 pg/L | 30 pg/L
1 da 4.509+ 3.791+ 3.950+ | 5.367+
y 0.465 0.412 0.331 0.244
th 4537+ 5.265+ 4406+ | 5.335+
COPPER 7" day
0.060 0.109 0.253 0.296
" 4.484+ 4.593+ 4583+ | 4.523+
15" day
0.150 0.170 0.091 0.438
Control 10 pg/L 20 ug/L | 50 pg/L
1 da 4,671+ 2777+ 2922+ | 1.777+
y 0.312 0.281 0.155 0.517
th 4.452+ 4.212+ 2.654+ | 3.212+
MERCURY 7" day
0.181 0.530 0.127 0.452
th 4523+ 1.749+ 1.495+ | 1.254+
15" day
0.137 0.398 0.270 0.223
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Table.2.13 ANOVA Tablefor AST activity in copper exposed P. viridis

Source TZ]P glq:JlarS;m df S'\qfl l?:pe F Sig.
Day 2.939 1469 | 18.121 | .000
Concentration 5.727 1909 | 23.542 | .000
Day * Concentration 7.626 1271 | 15.676 | .000
Error 4.865 60 |.081
Total 1552.544 72

Table2.14 ANOVA Tablefor AST activity in mercury exposed P. viridis

Source Tg}?; Llafgsm df gf::]e F Sig.
Day 22.895 11.447 105.508 | .000
Concentration 65.895 21.965 202.446 | .000
Day * 14.846 2474 22.805 | .000
Concentration
Error 6.510 60 |.108
Total 747.295 72

Table.2.15 Haemolymph ALT valuesin metals exposed P.viridis

TOXICANT | Exposed days | Control | 6pg/L | 12ug/L | 30 pg/L
1day 1.618+ 1.777+ 1.636+ 1.382+
0.101 0.309 0.256 0.159
COPPER Zday 1.597+ 2.095+ 1.696+ 1.897+
0.053 0.763 0.075 0.079
15Day 1.589+ 1141+ | 0.844+ | 0.746x
0.018 0.065 0.148 0.053
Control |10pg/L | 20 pg/L | 50 pg/L
1day 1.602+ 1230+ | 0.735¢ | 0.742+
0.038 0.118 0.104 0.103
MERCURY Zday 1.623+ | 0.724+ | 0.530+ 1.286+
0.044 0.148 0.107 0.219
15Day 1.625+ 1237+ | 0.933t 1.503+
0.078 0.109 0.169 0.081
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Table.2.16 ANOVA Tablefor ALT activity in copper exposed P.viridis

Source Tgf;hlars;m df gﬁ:?e F Sig.
Day 5.821 2911 42.451 | .000
Concentration .870 290 4.228 | .009
Day * Concentration 2.483 414 6.035 | .000
Error 4114 60 |.069
Total 169.797 72

Table.2.17 ANOVA Tablefor ALT activity in mercury exposed P.viridis

Source Tg}?;tlarsém df gl?:pe F Sig.
Day 1.176 .588 40.725 | .000
Concentration 7.211 2404 166.494 | .000
Day * Concentration | 2.258 376 26.071 .000
Error .866 60 |.014
Total 106.536 72
Table. 2.18 Multiple Comparison Test for Copper
AST ALT
Control Vs6 pg/L 0.975 0.969
Control Vs 12ug/L 0.174 0.088
Tukey Control Vs 30 pg/L 0.000 0.021
6 ppm Vs. 12 ug/L 0.071 0.220
6 ppm Vs. 30 ug/L 0.000 0.066
12 ppm Vs. 30 pg/L 0.000 0.938
AST ALT
1day Vs7day 0.000 0.176
Tukey | 1dayVs15day 0.206 0.000
7 day Vs 15 day 0.000 0.000

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 73



Metals induced biochemical changes in the haemolymoph organic constituents

Table. 2. 19 Multiple Comparison Test for Mercury

AST ALT

Control Vs 10ug/L 0.000 0.000

Control Vs 20ug/L 0.000 0.000

Tukey Control Vs 50 pg/L 0.000 0.000
10 ppm Vs. 20 pg/L 0.000 0.000

10 ppm Vs. 50 pg/L 0.000 0.022

20 ppm Vs. 50 pg/L 0.069 0.000

AST ALT

1day Vs7day 0.000 0.551

Tukey 1day Vs15day 0.000 0.000
7 day Vs 15 day 0.000 0.000
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Fig. 2.1. Haemolymph glucose levelsin copper exposed P.viridis
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Fig. 2.2. Haemolymph glucose levelsin mercury exposed P.viridis
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Fig. 2.3. Haemolymph glycogen levelsin copper exposed P.viridis
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Fig. 2.4. Haemolymph glycogen values in mercury exposed P.viridis
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Fig. 2.5. Haemolymph protein values in copper exposed P.viridis
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Fig. 2.6. Haemolymph protein values in mercury exposed P.viridis
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Fig. 2.7. Haemolymph AST values in copper exposed P.viridis
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Fig. 2.8. Haemolymph AST valuesin mercury exposed P.viridis
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Fig.2.9 Haemolymph ALT valuesin copper exposed P.viridis
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A. Acid and Alkaline phosphatases

3.1 Introduction

Quantitative assessment of enzymes is a reliable indicator of stress
imposed on the organism by environmental pollutants such as heavy
metals (Cheng, 1983a). Many physiological processes including activity
of many lysosomal hydrolytic enzymes are inhibited by heavy metals
even though these metals may aso activate certain enzymes. Two
important phosphatases are Acid Phosphatase (ACP) and Alkaline
phosphatase (ALP), both differing in their sub cellular distribution. ALP
activity was found to be highly concentrated in plasma membrane
enriched fraction, where as ACP is associated with lysosomes. They have
avery significant role in bivalve immunity. These enzymes are involved
in a variety of metabolic activities such as permeability, growth and cell
differentiation, protein synthesis, absorption and transport of nutrients,

gonadal maturation, and steroidogenesis (Ram and Sathyanesan, 1985).

A useful biochemical indicator of lysosomal stability is the specific
activity of suitable lysosomal enzyme, and acid phosphatase (ACP) (EC
3.1.3.2) is a major marker enzyme. Material to be hydrolyzed is taken
into lysosomes by endocytosis and the enzymes catalyze the hydrolysis of
most of the major polymeric compounds as well as foreign bodies entered
into animal body. Lysosomal enzymes are mainly acid hydrolases and
ACP is known to hydrolyse the phosphomonoesters, which are produced
by hydrolysis of other maor phosphates of the cell. Heavy metas
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accumulate to a relatively high concentration in lysosomes destabilizing
its single membrane. But Mohandas and Cheng (1985) have
demonstrated through an electron microscope study that the lysosomes

released from the granulocytes of M. mercenaria have two membranes.

ALP (EC 3.1.3)) is a polyfunctional enzyme, present in the plasma
membrane of al cels. (32) It hydrolyses a broad class of
phosphomonoester substrates, and acts as a transphosphorylase at alkaline
pH, 9. It aso acts as an early marker of cell differentiation in the
osteogenic lineage in bivalve mollusc (Mourie's et a., 2002). ALP
activity has been reported to be sensitive to heavy metal pollutants
(Regoli and Principato, 1995). In Venus gallina alkaline phosphatase
activity is implicated in shell formation Carpene et a. (1979). ALP in
serum and haemocytes of C. farreri were more important than any other
enzymes in immune defense Mu et al. (1999), Wootton and Pipe (2003),
Zhang et a., (2005), Pan et a., (2005).

3.1.1 Review of literature

The involvement of lysosomal system in the metabolism of many
metals, either through sequestration and binding of metals within the
lysosome or as a target of their toxicity has been reviewed by Moore and
Stebbing (1976). ACP activity pattern in the haemolymph of copper
exposed clam was investigated by Suresh and Mohandas (1989).
Rajalakshmi and Mohandas (2005) suggested ACP as a reliable marker
tool for the biological assessment of metal pollution. ACP as a lysosomal
marker enzyme that exists in the haemocytes and serum of bivalve is
suggested by Sun and Li. (1999), Mazorra, et. a.,(2002), and Wootoon
and Pipe (2003). Acid phosphatases are involved in the immune defense
of the oysters (Das, et a., 2004; Munoz et a., 2006). Various
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concentrations of copper and mercury at varying length of exposure were
found to influence ACP enzyme activity in Lamellidens corrianus
(L.corrianus). (Rajalakshmi and Mohandas 2005, 2007).

Michelson and Dubois (1973) demonstrated the presence of alkaline
phosphatase in some haemolymph samples and in al digestive gland
extracts from the snail Biomphalaria glabrata (B.glabrata). Calorimetric
techniques demonstrated increased alkaline phosphatase levels in both the
haemolymph and digestive glands from Schistosoma mansoni
(Smansoni) infected snails. Characterization and effect of heavy metal on
ALP was made by Mazorra et a. (2002) in the clam S plana, and
mercury showed highest inhibitory effects on ALP activity in various
tissues analysed. ALP, which is sensitive to metals, gives a better picture
of the general metabolic condition of the organisms (Regoli and
Principato, 1995; Xiao et a., 2002). Intestinal and serum ALP activities
were stimulated at 10 pM Cu exposure (Atli and Canli, 2007) in the fresh

water fish, Oreochromis niloticus (O.niloticus).

The sensitivity of ALP and ACP as immune defense biomarkers is
verified in this study, and observations are reported in this chapter.
3.1.2 Materialsand M ethods

The maintenance of the target animal and extraction procedure of

haemolymph was the same as explained in detailsin Chapter 1.

Alkaline and Acid phosphatase activities were determined by
following the methods of Anon (1963).

For ALP anayss, reaction mixture containing 0.1 ml of
haemolymph and 1ml of PNP (1%) substrate in 0.1 M Glycine/ NaOH
buffer at pH-9 wasincubated at 37°C for 30 min.
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Reaction mixture for ACP anaysis contained 0.1ml of haemolymph
and 1Iml of PNP (1%) substrate in citrate buffer at pH-4, which was
incubated at 37°C for 30 min. To both the mixtures for ALP and ACP
measurements, 1.5 ml of 0.1N sodium hydroxide was added to stop the
reaction. The hydrolytic product, yellow p-nitrophenol, was measured at
405 nm in a UV- Vis HITACHI-U-2001 spectrophotometer. Protein
estimation was performed as per the method of Lowrys et al.
(1951).Enzyme activity is expressed as mg PNP released/ml.

Statistical analysis

Two way ANOVA, followed by Tukey’s post hoc mean comparison
test was used to assess for significant differences between variables. Data
are reported as mean and its standard error. The level of significance was
considered at probability level (P < 0.05).

3.1.3 Result

Generdly, ALP and ACP values revealed an increase in activity with
time and concentration on exposure to the heavy metals Copper and

Mercury.

Alkaline phosphatase activity in copper- exposed animals showed a
decrease in  al concentrations applied, on the 1% and 7" day of
observation. On the 15" day, a drastic increase was observed compared to
healthy control mussels. Highest activity was observed in mussels
exposed to the highest concentration of copper, i.e., 30pg/L.

In mercury- exposed animals, 1% day showed a decrease in ALP
activity in al the three sublethal concentration used. A concentration
dependent increase in ALP activity was observed at 7th and 15" days of
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exposure, when compared with the control values. Highest concentration
of 50 pg/L showed the highest ALP activity (Table 3.1, Figure. 3.1 & 3.2).

A decreased ACP activity was detected in copper- exposed mussels
on the first day of observation. As the concentration of copper and days
of exposure increased, ACP activity also increased. ACP activity gave the
highest value in mussels exposed to 30 pg/L, the highest concentration of
copper used in study.

Low activity of ACP was observed in P. viridis on the 1% day of
exposure to mercury. ACP activity was increasing on the 7" day of
exposure when compared to the value of the 1% day, though the value
remained still lower to that of control mussels. Long-drawn-out exposure
of 15 days, however, increased the ACP activity above that of the control
mussels (Table 3.4, Figure 3.3 & 3.4.)

Statistical analysisof ACP activity in copper and mercury exposed
P. viridis showed all variables vary significant with concentration. It can
be seen that for ALP activity, concentration has no significant impact on
the dependent variable at probability level (P<0.05) (Table 3.2,3.3, 3.5,
3.6,3.16 & 3.17).

3.1.4 Discussion

The increase in activity of ACP and ALP revedls that the animals are
under metal stress. Bivalves subjected to metals avoid the toxicant intake by
valve closure and hence reducing the filtering activity. The decrease in ACP
and ALP activities at the initial stages of exposure to copper and mercury
can be attributed to this avoidance behavior of bivalves. Similar conduct was
exhibited by Anodonta cygnea (A.cygnea) and M.edulis, where filtering
activity was reduced and the period of rest increased correspondingly on
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exposure to mercury and copper (Davenport (1977), Langston and Spence,
(1995). Higher concentrations of metals lead to quicker valve closure (Tran
et a., 2003). Prolonged valve closure would prove letha due to respiratory
stress and animal's are forced to open valves, which will again permit contact

with metalsresulting in stress.

Lysosoma response was consdered as the most reliable effect
observed in mussals during stress (Grundy et a., 1996) and ACP is a
lysosoma marker enzyme that exists in the haemocytes and serum of
bivalve (Sun and Li. 1999; Mazorra, et.a., 2002; Wootoon and Pipe, 2003).
The decrease in ACP activity at the initid stages of exposure may be due to
the reason that, the available enzyme must be used up in sequestering the
metals that have already made entry into the cell, and aso due to shell
closure, the first strategy of organisms to prevent metal toxicity (Langston
and Spence,1995;Davenport, 1977). Lower ACP activity in copper and
mercury treated mussels indicates detoxification of metals with the available
enzyme without hyper production. Metallothionein might have been present
sufficiently to sequester the metal accumulated (Rgjalakshmi and Mohandeas,
2007). A low ACP activity shows that tissue damage is less compared to
those exposed to higher concentrations. Severe damage to tissues results in
seepage of enzymes from cells and tissues to haemolymph resulting i.n high
levels of enzymes in the haemolymph compartment. Decreased |ysosomal
membrane stability was observed by Regoli et a (1998) on exposure to

copper and mercury.

Haemocyte lysosoma membranes were not found to be damaged in
the early days of exposure (as observed in NRR assay and cell viability test
in Chapter 1). It implies that metal ions were getting loaded in haemocyte

lysosomes at a tolerable concentration preventing the release of hydrolytic
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enzymes, the ACP. Acid phosphatase activity and metallothionein synthesis
are so closaly related that binding of metals to the lysosomal membranes
causes increased loading of metal binding proteins within the lysosomal
compartment (Regoli et a., 1998), detoxifying the heavy meta, which
judtifies the decrease in ACP activity asimmediate response to heavy metals

in P.viridis as observed in the present work.

The excess engulfing into and storing of metals in the lysosome of
hemocytes and other cdlls lead to membrane labilisation and hydrolases are
released, which are capable of cdlular component lysis. Hydrolases are,
therefore, predominantly sequestered in an inactive form within a thick
membrane in order to prevent free access to celular congtituents. This
property is termed structure-linked latency. Toxicity of metals disrupts
lysosomal membrane integrity and causes its destabilization followed by
rdlease of stored lysosoma hydrolases into the haemolymph thereby
increasng the activity of the enzyme in haemolymph. The above
explanation justifies the hyper activity of ACP as observed a high
concentration of metals, and the extended period of exposure. The higher
activity observed in the present study can be due to the hyper- synthesis of
acid phosphatase, and its subsequent release into the haemolymph to meet
meta insult. Hyper synthesized enzymes play a protective role in the
removal of inflammation-provoking agents (Cheng 19834). Hyper synthesis
of enzyme underlines the involvement of enzyme in defense reaction, so as
to destroy the foreign bodies, biotic and abiotic (Cheng 1983b). Previous
studies show that the ACP activity in serum can reflect the immune state of
the two species of scallop A.irradians and C.farreri (Liu et ., 2004; Mu et
al., 1999; Zhang et al., 2005). Inhibition of ACP activity in digestive cedlls by
copper has been reported in mussels (Rajalakshmi and M ohandas, 2005).
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ALP activity has been reported to be sensitive to heavy meta
pollutants (Regoli and Principato, 1995) the higher activities of ALP as
observed on the 15th day of exposure to copper and mercury suggest that
an extended period of contact can lead to stress in mussel. Decrease in
ALP activity may result from disturbance of membrane transport system,
while enhancement of enzyme can be observed as a signa of tissue
damage (Atli and Canli, 2007; Karan et al., 1998)

The concentration of enzyme in haemolymph of B.glabrata infected
with larva trematodes of Smansoni appeared greater, and was
0.6520.37unitsml per mg, as shown by (Michelson and Dubious, 1973). In
the present observation, the ALP activity in highly stressed mussdl at
50pug/l was 0.655 mg p-nitrophenol released /ml haemolymph. This
increase in ALP activity on exposure to copper and mercury may represent
an “overflow” into the open circulatory system from various tissues and
haemocytes that might have got damaged due to meta toxicity. Muller
(1965) reported that tissue destruction by the parasite released arich content
of enzyme bound in the digestive gland of B. glabrata

Vallee and Ulmer (1972) reported that mercury can inactivate ALP by
binding to the sulfhydryl group of cataytic cysteine groups in the protein
backbone. Such enzyme inactivity was observed in the form of decreased
activity on the first day of exposure, which later increases on extended
exposure. In fish, the serum ALP activity generally increased following
metal exposures. (Atli and Canli , 2007) and this can be correlated with
tissue dterations and cell damage (Karan et al., 1998 ).

3.1.5 Conclusion

The apparent sensitivity of Alkaline and Acid phosphatase activities

suggests that analysis of these enzymes in haemolymph can be used as
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biomarker in metal pollution monitoring. This base line data together
with a comparison of haemolymph enzyme levels from field samples in
pollution monitoring studies endow on them the status of a promising

biomarker in aquatic toxicology.

Table3.1 Haemolymph Alkaline phosphatase activity in metals exposed

P.viridis
TOXICANT Eﬁ%‘;fd Control | 6uglL | 12uglL | 30pugL
1% da 0.442+ | 0.281% 0.221+ 0.294+
y 0.0289 | 0.007 0.005 0.004
COPPER | 7" day 0.448+ |0.387+ |0.330+ |0.410+
0.028 0.004 0.007 0.002
15 da 0.442+ | 0.692x 0.947+ 1.054+
y 0.028 0.004 0.002 0.004
Control | 10ug/L | 20 ug/L | 50 pg/L
1% da 0.431+ | 0.266x 0.300+ 0.213+
y 0.013 0.073 0.052 0.050
MERCURY | 7 day 0415+ | 0443+ |0.462+ |0512+
0.019 0.036 0.096 0.070
15" da 0.448+ | 0.555+ 0.598+ 0.655+
y 0.014 0.090 0.029 0.030
Table3.2 ANOVA Table for Haemolymph Alkaline phosphatase
activity in copper exposed P. viridis
Typelll Sum Mean .
Sour ce of Squares df Square F Sig.
Day 3.073 2 | 1537 99.056 | .000
Concentration 228 3 |.076 4.904 .004
Day * Concentration | 1.322 6 |.220 14.204 | .000
Error 931 60 | .016
Total 23.250 72

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 89



Metals induced “changes in the haemolymoph organic activity

Table3.3 ANOVA Table for Haemolymph Alkaline phosphatase
activity in mercury exposed P. viridis

Sour ce TZ]P glquarsém df Sq'\?ll?:rne F Sig.
Day .829 2 415 59.260 | .000
Concentration .018 3 |.006 .852 471
Day * Concentration .306 6 |.051 7.286 | .000
Error 420 60 | .007
Total 15.609 72

Table3.4 Haemolymph Acid phosphatase activity in metals exposed

P.viridis
TOXICANT | Exposed days | Control | 6 pg/L 12 pg/L | 30 pg/L
0554+ |0.215+ |0.186+ |0.197+
1% day
0.002 0.005 0.008 0.046
" 0545+ |0.601+ |0.639+ |0.521+
COPPER 7" day
0.002 0.007 0.004 0.004
” 0559+ |0.828+ |0.687+ | 1.028+
15" day
0.002 0.016 0.003 0.006
Control | 10pg/L | 20 ug/L | 50 pg/L
0510+ |0.289+ |0.325+ |0.232+
1% day
0.002 0.078 0.057 0.055
h 0526+ |0.448+ |0.463+ |0.475t
MERCURY 7" day
0.002 0.039 0.123 0.076
h 0528+ 0.625+ 0.650+ 0.764+
15" day
0.001 0.110 0.031 0.032
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Table3.5 ANOVA Table for Haemolymph Acid phosphatase activity in
copper exposed P.viridis

Source TZF ;Uarsém df gjg?e F Sig.
Day 2.900 2 1450 | 340.894 | .000
Concentration .049 3 .016 3849 | .014
Day * Concentration 1.314 6 219 51.493 | .000
Error .255 60 .004
Total 25.919 72

Table3.6 ANOVA Table for Haemolymph Acid phosphatase activity in

mercury exposed P.viridis

Source -I-SYJprr? IolfI df gﬁ:pe F Sig.
Squares
Day 1.101 2 551 129.831 | .000
Concentration .041 3 .014 3.257 .028
Day * Concentration | .409 6 .068 16.090 | .000
Error 254 60 |.004
Total 18.828 72

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury - 9Q



Metals induced ‘changes in the haemolymoph organic activity

Copper (Alkaline Phosphatase)

= 1.2 -

S

a1

(<]

< 0.8 | Control
— m6ug/L
2 06 Hg

2 | 12ug/L
g‘ 0.4 1 @ 30pg/L
= 02

o

(=)

g 0

lday Tday 15day

---Exposed Days----

Fig. 3.1. Haemolymph Alkaline phosphatase activity in copper exposed
P.viridis

Mercury Alkaline phsophatase)

— 12 5

E

@ 1

(%]

[5+]

2 = Control
r

© @ 10ug/L
b B 20pg/L
=

g @ 50uglL
E

o

{2

e

lday 7day 15day

—Exposed Days—

Fig. 3.2. Haemolymph Alkaline phosphatase activity in mercury
exposed P.viridis

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metas copper and mercury - 91



Metals induced ‘changes in the haemolymoph organic activity

Copper (Acid Phosphatase)

1.2

m Control
@ 6pg/lL

W 12ug/lL
m 30ug/L

mg P-nitrophenol released/m|

1day Tday 15day

—--Exposed Days-—--

Fig.3.3. Haemolymph Acid Phosphatase activity in copper exposed

P.viridis
Mercury (Acid Phosphatase)

- 12
E
@ 1
w
«©
% 08 1 @ Control
= @ 10ug/L
© 06 Ho
o B 20ug/L
=
g 0.4 1 m50pg/L
= 0.2
o
(=]
£ 0

lday Tday 15day

——Exposed Days-—

Fig. 3.4. Haemolymph Acid Phosphatase activity in mercury exposed
P.viridis

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury . 92



Metals induced “changes in the haemolymoph organic activity

B. Acetylcholinesterase-AChE

3.2 Introduction

The enzyme acetylcholineterase (AChE) which catdyses the
hydrolysis of acetylcholineis ubiquitousin the anima kingdom (Massoulie et
al., 1993, Waker and Thomson, 1991). It is a well characterised enzyme in
the vertebrates because of its critica cataytic function a the cholinergic
synapses. The enzyme acetylcholinesterase (AChE) ( EC. 3.1.1.7) hydrolyzes
the neurotransmitter acetylcholine to acetate and choline at the cholinergic
synapses, terminating nerve impulse transmisson. AChE as a potentid cell
membrane marker enzyme is aready approved (Mitchell 1965; Severson et
al., 1972, Steck et al., 1974; Watts et al., 1978).

3.2.1 Review of Literature

Since the initid work of Ellman et al. 1961, the use of
acetylcholinesterase activity as biomarkers of pollution is well
documented by Winners et al. (1978), Verma et al.(1979), Olson and
Christensen (1980), Singh and Agarwal (1983), Habig et al.(1988), Day
and Scott (1990), Payne et al.(1996), Lundbeye et al.,(1997), Owen et
al.,(2002), Dailianis,(2003), and Brown et a.,(2004).

The effect of heavy metal exposure on AChE activity in mussel was
evaluated by Ngjiimi et al., (1997) and Bainy et al., (2006). Most studies on
acetyl cholinesterase inhibition in marine molluscs have focused on whole
organism or muscle extracts of sacrificed bivalves (Bocquene, 1997, Galgani
and Bocquene, 1990, Bocquene et al., 1990, 1993, Radenac et al.,1998 and
Bainy et al.,2006). Use of whole tissue is, however, destructive in nature and
non-destructive techniques involving haemolymph and plasma are scarce. A
few studies made by Winners et al.,(1978), and Owen et al.,(2002) have

confirmed the presence of cholinesterase enzymes in molluscan adductor
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muscle haemolymph. AChE is present in the haemolymph of Aplysia, a
marine gastropod, and in the cholinergic as well as non- cholinergic neurons
(Srivatsan et al., 1992). In the haemolymph of Mytilus a true acetyl
cholinesterase exists with the highest specificity as observed by Winners et
al. (1978). The use of AChE as biomarker is documented in crustacea as
well (Foss et al., 1996; Lundebye et al., 1997).

This part of the thesis depicts AChE activity pattern in the
haemolymph of Perna viridis exposed to copper and mercury, a less
investigated aspect.

3.2.2 Materials and methods

Collection of animas, methods of their maintenance and
acclimatization together with the haemolymph extraction procedure was

the same as described in detail in Chapter 1.

AChE was analyzed following the procedure which is an optimized
version of Ellman et al., (1961). Principle underlying the reaction is that
the substrate acetylthiocholine when hydrolysed by the enzyme
acetylcholinesterase yields thiocholine. This, on subsequent combination
with DTNB, forms the yellow anion 5-thio-2nitrobenzoic (TNB) acid,
which absorbs strongly at 412nm. Extracted haemolymph samples were
centrifuged at 10,000 rpm to remove hemocytes. A 100 pl sample of the
resulting supernatant was added to 1.45 ml of 0.27mM DTNB-
5'5'dithiobis (2-nitrobenzoic acid) made up in phosphate buffer at pH
7.4, and mixed well. This was followed by addition of 50 ul of the
substrate analogue, 0.075mM acetylthiocholine iodide, and the rate of
production of the yellow anion 5-thio-2-nitrobenzoic acid was measured
at 412nm over 1min in a HITACHI-U-2001- UV-Vis Spectrophotometer,
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and expressed as U/mg protein. Protein estimation was done following
the method of Lowry et al.(1951)

Statistical analysis

All assays were performed in triplicate and the mean and standard
error were calculated. Data were analysed dstatistically by two-way
anaysis of variance (ANOVA) and Tukeys test to find significant
changes. Differences were considered significant when P < 0.05.

3.2.3 Result

Results clearly indicate stimulation of AChE activity on exposure to
copper and mercury, which went on decreasing as duration of exposure
increased. AChE assay seemed to be very sendtive and rapid as the
prominent yellow end product forms instantly on addition of enzyme source
(Table 3.7, and Figure. 3.5 & 3.6.).

At al the three sublethal concentration of copper, elevated activity
was observed in the haemolymph, with a two fold increase in the values
when compared with that of the controls on the 1% day of analysis.
Highest activity measured on the 1% day was 0.227+0.05 U/mg protein in
the haemolymph of animals exposed to 30ug/L copper. By the 7 day
AChE activity decreased, till remained higher than the control values.
On the 15™ day, activity reduced further, and values nearing to that of the
control, which was shown to be 0.093+ 0.002 U/mg proteins. For all the
concentrations haemolymph AChE activity decreased from the initial
stimulation as days of toxicity increased.

Specimens of P. viridis exposed to mercury showed an initial
increase in AChE activity. While the 10 pg/L and 20 pg/L mercury-

exposed mussels showed a 3 -fold increase in enzyme activity, those at
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the highest concentration of 50 pug/L had only 0.166+ 0.019 U/mg
protein, which is amost 2 times higher than that of the controls. This
hike was followed by a decrease in AChE on the 7" and 15" day. At
10 pg/L, there was a gradual decrease in enzyme activity, whereas at
20pg/L and 50 pg/L mercury there was a steep decrease by the 15
day. Inhibitory effect was observed in 20ug/L and 50 pg/L exposed
mussels with activity values of 0.054+ 0.002 and 0.059 + 0.015 U/mg
protein, respectively, which is below that of the control value of 0.093
(x 0.002) U/mg proteins.

All variations were statistically found to be significant at probability
level P <0.05 (Table 3.8, 3.9, 3.16, 3.17).

3.2.4 Discussion

Results strongly prove a stimulatory effect on haemolymph AChE
activity as an immediate response to stress, which then decreases on
extended exposure to Cu and Hg. Though there are classic studies to
confirm inhibitory effect of AChE activity, a handful of studies support
an increased AChE activity as aresult of heavy metal toxicity. Gill et al.,
(1991) reported increased AChE activity in skeletal muscles and brain of
fish Barbus conchonius when exposed to cadmium. A stimulatory effect
of lead in rats and oligochaetes was described by Flora and Seth, (2000).
Thaker and Haritos (1989) demonstrated that mercury (0.4mg/L) causes a
significant increase in esterase activity in shrimps while Dailianis et al.,
(2003) reported increase in AChE activity in Mytilus edulis collected

from polluted areas.

Elevated AChE content observed initially in the present study might
be a response of heavy metal toxicity. Heavy metals alter enzyme activity

by binding to the functional group of proteins like imidazole, sulphydryl,
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carboxyl, and peptide groups. Heavy metals can alter the AChE activity
not only by inhibiting but also by stimulating the catalytic function of the
enzyme (Jackin, 1974). Romani et a., (2003) based on their observation
of increased AChE in Copper exposed fish for a period of 20 days
proposed that Cu could enhance the formation of the enzyme-substrate
complex, increasing the activity of AChE. Results of the present study are
similar to that of Ngjimi et al., 1997, who found a significant increase in
AChE in Perna perna after 3 and 7day- exposure to cadmium, and 3and
4days to zinc. They also found that by the end of experimental period (11
days), AChE activity decreased significantly and tended to return to
control value.

Another possibility for AChE activation by metals could be related
to de novo synthesis of the enzyme (Romani et al., 2003).They further
suggested that metals under laboratory condition, could interact with
AChE receptor, and thereby affect its binding efficiency, leading to an
increase in AChE synthesis, to decompose the higher levels of

neurotransmitter as an acute response.

In the present study, inhibitory effect when compared to control
group was observed in 20 and 50 pg/L mercury- exposed group of
mussels. This along with decreasing activity on the 7" and 15" day
exposure to copper and mercury points to the fact that prolonged
exposure inhibits AChE activity. Hence, the inhibitory effect indicated by
researchers cannot be ruled out. Olson and Christensen (1980) determined
the order of effect of several heavy metals on AChE activity in fish, and
concluded that copper had inhibitory effect.

From the suite of biomarkers analysed in this study, haemolymph

AChE is highly supported as a marker enzyme as it is simple, sensitive,
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and rapid in its action. The rapid hydrolysis of acetylthiocholine iodide to
form yellow coloured 5 Thio- 2 nitrobenzoic acid gives a visual
measurement of enzyme reaction indicating the sensitive activity of
AChE unlike certain other enzymes tested, which are either gradual or
time consuming, or the end product is faint. Dailianis et al., (2003)
strongly recommend AChE as a biomarker especially in haemolymph and
digestive gland. Chad and Srivatsan (2003) has shown that the
cholinesterase present in the haemolymph of Aplysia is
acetylcholinesterase due to its high rate of hydrolysis towards the
substrate acetylthiocholine iodide. AChE activity in the haemolymph of
Aplysia is of a greater magnitude than in other tissues (Srivatsan, 1992).
The high AChE activity in the haemolymph in comparison with the
activities in other tissues probably indicates that, in molluscs, the role of
this enzyme may not be related to nerve impulse transmission.
Furthermore, the existence of cholinergic transmission in the peripheral
nervous system in molluscs has not so far been demonstrated
(Heyer,et.al.,1973; Mercer and McGregor, 1982).

3.2.5 Conclusion

In agreement to the other workers, the present data once again
confirm AChE to be a sensitive enzyme marker using mussel
haemolymph, as it has been demonstrated to be a non destructive
method of pollution monitoring. Acetylcholinesterase, due to its high
rate of hydrolysis towards the substrate acetylthiocholine chloride,
cofirms its presence in the green mussel P.viridis, a highly valued
aquaculture candidate in Indian waters. It is highly sensitive and is

recommended as a useful biomarker in biomonitoring studies.
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Table. 3.7 Haemolymph AChE activity in metals exposed P.viridis

TOXICANT | Exposed days | Control | 6 pg/L 12 yg/L | 30 pg/L
0.094+ | 0207+ | 0188+ |0.227+
1% day
0.052 0.009 0.024 0.050
0.091+ |0127+ |0128+ |0.149+
th
COPPER 7" day 0034 |0019 |0011 |0025
15 g 0.094+ | 0091+ | 0090+ |0.101*
ay 0.046 0.004 0.004 0.047
Control | 10pug/L | 20ug/L | 50 pug/L
0.093+ |0.307+ |0318+ |0.166%
1% day
0.029 0.011 0.035 0.019
0.093+ |0150+ |O0.111+ |0.070+
th
MERCURY 7" day 0025 |0036 |0012 |0022
15 g 0.095+ | 0145+ | 0054+ | 0.059+
ay 0.024 0.049 0.002 0.015

Table.3.8 ANOVA Table for Haemolymph AChE activity in copper

exposed P.viridis
Sour ce Téq? gélularSgSm df gf:?e F Sig.
Day .090 2 .045 | 43.588 | .000
Concentration .043 3 .014 | 13.746 | .000
Day * Concentration .030 6 .005 4.871 | .000
Error .062 60 .001
Total 1.480 72

Table3.9 ANOVA Table for Haemolymph AChE activity in mercury

exposed P.viridis
Source Tgf gclthars;m df S'\éls:pe F Sig.
Day 254 2 127 176.428 | .000
Concentration 149 3 .050 68.960 | .000
Day * Concentration 125 6 .021 28.859 |.000
Error .043 60 |.001
Total 1.939 72
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C. Na'/K"'-ATPase

3.3 Introduction

Metals exert their toxicological activity through nonspecific binding
of the metal to physiologically important target molecules. The disturbed
functioning of a number of critical cellular macromolecules and
organelles has been shown to occur in response to copper and mercury
exposure. Metal toxicity is observed when lysosomal or metallothionein
detoxification systems are overwhelmed, which causes destabilization of
lysosomal membranes, reduced ATPase function, and interactions of free
metal ions with essential enzyme systems (Moore, 1985; Roesjadi,
1996b; Ringwood et al., 2004).For example, Na' K'/Ca” Mg-ATPase
inhibition, and it appears that a variety of metals can alter the
permeability characteristics of membranes and disrupt the ionic balance
of cells by acting upon this and other metal sensitive ion translocating

enzymes.

Na'/ K ATPase (E.C 3.6.1.3) is a membrane bound enzyme,
which has important functions such as ion transport, maintenance of
the electrochemical gradient and regulation of cell volume (Heath,
1987; Canli and Stagg, 1996). The concept that Na'/K*ATPase, being
intimately involved in active transport of ions across biological
membranes, has gained wide acceptance in recent years. Gills with
their high levels of Na'/K*- ATPase activity constitute the primary
site for ion uptake from the medium to the haemolymph. Na-pump is
mainly involved in the regulation of the composition and volume of
the cell compartment. ATPase is located in cell membrane and has
been implicated in the active transport of Na'/ K* across cell

membrane.
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3.3.1 Review

Na" /K* ATPase is located in the cell membrane and has been
implicated in the active transport of Na™ and K* across cell membrane.
Na’ /K" ATPase has been known to play an important role in maintaining
haemolymph ion concentrations different from ion concentrations of their
environment (Quinn and Lans, 1966). Their use, as carrier enzymes in
ionic exchange mechanisms, has been described by Towle et al., (1976).
Alteration in the activity of this enzyme causes elevation of electrolytes
in the blood, which indicates acute stress response (Larson et al., 1981).
Na' /K" ATPase was detected in tissue homogenates of outer mantle
epithelium of Anodonta cygnea (Costaet al., 1999).

A wealth of data indicates that metal ions pass across biological
membranes, subsequently enhancing or inhibiting cellular activities like
enzyme inhibitions. Na'/ K* ATPase, which is involved in
osmoregulation and intracellular functions i.e. sodium pump, is a very
sendgitive indicator of trace metal toxicity. Atli and Canli (2007) have
reported that Oreochromis niloticus exposed to copper exhibited
decreased Na'/ K™ ATPase activity in the gill and intestine. The inhibition
of Na'/ K* ATPase activity by xenobiotics might generate perilous toxic
effect in the cell. This study explores the effect of different sublethal
concentration of two heavy metals on haemolymph Na“ /K* ATPase

activity of Perna viridis over an extended period of exposure.
3.3.2 Materialsand methods

Na’ /K™ ATPase activity was estimated by the method of Bonting
(1970). A reaction mixture containing 1.0 ml of Tris-HCI buffer (30mM,
pH 7.5), 0.2 ml each of magnesium sulphate (50mM), potassium chloride
(50mM), sodium chloride (600mM), EDTA (1mM), and ATP (40mM)

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 102



Metals induced “changes in the haemolymoph organic activity

was incubated at 37 °C for 15 min followed by the addition of enzyme
source (haemolymph), which was left to incubate for another 30min.
Reaction was arrested by adding 1.0 ml of 10% cold TCA. The reaction
mixture treated similarly was taken as the blank, but TCA was added in
the beginning itself. The reaction mixture was centrifuged and the
supernatant was estimated for the phosphorous content. The amount of
phosphorous liberated was estimated according to the method of Fiske
and Subbarow (1925). The enzyme activity was expressed as pmoles of

phosphorous liberated/min/mg protein under incubation conditions.

Two way Analysis of Variance (ANOVA) was carried out to find
out significance at P <0.05, and summary of data represented as mean

and standard error.
3.3.3 Results

Copper and mercury showed a similar pattern in Na' /K™ ATPase

activity reflecting the sensitivity of the enzyme towards heavy metals.

On the 1% day of exposure there was a hike in haemolymph ATPase
activity in copper exposed P. viridis compared to the control values.
Reduced enzyme activity observed on the 7" day further decreased on the
15" day.

Specimens of Perna viridis exposed to mercury, on 1% day
showed increased haemolymph ATPase activity when compared to
the control values. On the 7" and 15" day observation, ATPase
activity was further inhibited. Na'/ K* ATPase activity was almost
completely inhibited by the end of the whole experiment (Table. 3.10
and Figure.3.7 & 3.8).
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On statistical analysis al the values were found to be significant at
P <0.05 probability level (Table.3.11, 3.12, 3.16 & 3.17).

3.3.4 Discussion

The Na' /K* ATPase channel is probably the most well studied
ion pump, which is electrogenic, that it transports 3Na’ out and 2K* in
across a membrane for each ATP molecule that is hydrolyzed. Results
from the present study showed that Na'/ K* ATPase activity was
generally inhibited by copper and mercury on prolonged exposures,
though there was an initial enhancement in activity on the 1st day of
observation. This observation supports the previous study conducted
by Atli and Canli (2007) in copper exposed Oreochromis niloticus.
The inhibition of ATPase activity can be related to the levels of metal
ions to which the organisms were exposed. The decrease in enzyme
activity could be related to the high affinity of metalsto -SH groups on
the enzyme molecule, membrane rupture or disturbance of the ion
homeostasis. Metals may alter the enzyme activity or function in
several ways. They can bind to a number of sites on proteins including
imidazole, histidyl, carboxyl, and especially sulphydryl side chains
(Verma et al.1983). Metals may also bring about changes in
concentration of cofactors or reactants by altering membrane
permeability, including that of mitochondria, again indirectly affecting
enzyme activity. The initial enhancement of Na' / K*- ATPase activity
could possibly be due to an adaptation period dependent upon the
continuing metal effect or maintenance of the ion flux. Ay et al. (1999)
reported a decrease in the branchial Na'/ K*-ATPase activity in Tilapia
zillii after 14 days of exposure to copper and lead suggesting that
metals can alter the enzyme activity by binding to a number of sites on
proteins, especially on sulphydryl groups that cause conformational
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changes. A decrease in activity was observed in the present
investigation also, when Perna viridis was subjected to copper stress
for aperiod of 15 days.

The Na'/K*-ATPase activity measured in the present study was
0.023 pmolPi/mgprotein/min, while Rebelo, et.a. (1999) observed an
activity of 0.053umolPi/mgprotein/min in the homogenate of outer
mantle epithelium of Anodonta cygnea. The difference observed can be
due to the change in the tissue studied. Kamunde and Wood, (2003)
explained tissue-specific differences in Na'/K*-ATPase enzyme kinetics.
Rameshthangam et al., (2006) found highest Na” K™ ATPase activities in
healthy prawn tissues. In tune with this, the present observation reveals
that metal exposure for 7 and 14days showed a drastic decrease compared

to control values.

Higher Na'/ K*-ATPase has more potent Na'K™ pump activity;
consistent with high tissue concentrations of inorganic phosphorus and
high-energy charge values. High-energy charge favours Na'/ K*- ATPase
activity (Wang et al., 2003). The present study has shown a substantial
decrease in the activity of membrane bound ATPases on exposure to
copper and mercury indicating that energy production is apparently very
low during heavy metal stress, disrupting active transport of ions and
osmo effector exchanges. The fatty acid composition of cellular
membranes can modify permeability (Bell et a., 1986; Haines, 1994;
Porter et al., 1996), and can modulate the activity of Na'/K*-ATPase and
other enzymes embedded in the membranes (Gibbs, 1998; Turner
et al., 2003).
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3.3.5 Conclusion

ATPase is an integral part of the membrane and when its activity
gets atered, movement of substance by active transport would be
blocked, disrupting the functions of the organs where ATPase has been
inhibited. The results of the present study indicate that inhibition of
haemolymph Na'/K*-ATPase activity occurs following copper and
mercury exposure. Inhibiton of this ion transport enzyme in
haemolymph/haemocytes  definitely  disrupts osmoregulation  of
haemocytes, which play a pivotal role in immune defense, failing or
weakening them to survive in nature, which is a ‘cocktail’ of pollutants.
Results of the present investigation highlight the importance of
addressing the sengitivity of these enzymes when they are used as a

bioindicators of metal contamination.

Table.3.10 Haemolymph Na'/K *ATPase activity in metals exposed

P.viridis
TOXICANT | Exposed days | Control | 6pug/L | 12pg/L | 30 pg/L
1% da 0.029+ |0.062+ |0.067+ | 0.050+
Y 0.005 0.003 0.018 0.001
COPPER 7" day 0.030+ |0.019+ |0.017+ | 0.009+
0.004 0.006 0.002 0.001
15 4 0.025+ | 0.011+ |0.008+ |0.011+
y 0.005 0.002 0.003 0.002
Control | 10 pg/L | 20 pg/L | 50 pg/L
1% da 0.028+ | 0.091+ | 1.138+ | 0.064+
¥ |oo03 [0017 |0322 |0.002
MERCURY 7" day 0.028+ |0.037+ |0.011+ |0.021+
0.005 0.007 0.003 0.001
15 dax 0.027+ | 0.015+ | 0.009+ | 0.008+
y 0.003 0.003 0.002 0.003
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Table.3.11 ANOVA Tablefor Haemolymph Na'/K *ATPase activity

Sour ce Typ;{:arslém of df gjg?e F Sig.
Day .021 2 |.010 254.643 | .000
Concentration .001 3 |.000 5.806 .001
Day * Concentration .007 6 |.001 28.707 | .000
Error .002 60 | 4.08E-005
Total .088 72
Table.3.12 ANOVA Table for Haemolymph Na'/K *ATPase
Source TZ]P ;Llarsém df gs:re F Sig.
Day 1.550 2 775 89.260 | .000
Concentration 1.664 3 .555 63.901 | .000
Day * Concentration | 3.571 6 .595 68.560 | .000
Error 521 60 |.009
Total 8.395 72
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Fig. 3.7. Haemolymph Na'/K* ATPase activity in copper exposed P.viridis
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Fig. 3.8. Haemolymph Na'/K* ATPase activity in Mercury exposed P.viridis
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D. Ca® ATPase

3.4 Introduction

Ca®* ATPase, a membrane bound enzyme, which is ubiquitous in
animal cell, plays a significant role in the homeostass mechanism of
calcium. Transient elevations of cytosolic Ca’* levels are an important
component of cell signaling, whereas sustained Ca’* increases are not
tolerated by cells and generdly lead to apoptosis or cytotoxicity and
necrosis. The cytosolic concentration of free Ca®* is maintained at low levels
(107 M) by extrusion and compartmentalization systemsAn important
component of the extrusion process is the plasma membrane Ca’*-ATPase
pump showing high Ca* affinity.

It has been shown that heavy metal ions can alter Ca homeostasisin
a number of cell types (Abramson et al., 1983; Nathanson et a., 1995;
Viarengo et al., 1996; Marchi et a., 2000), thereby leading to the
disruption of cell Ca® regulation (Viarengo and Nicotera, 1991;
Viarengo, 1994). These findings are relevant for environmental studies on
the effects of heavy metals in living organisms, and the use of Ca'-
ATPase as biomarkers. P. viridis is a preferential model organism for
investigations on biomarkers of stress and their application in ecological
risk assessment (Bayne et a., 1979). In addition, mussels have been aso
used in studies on cellular calcium. It has been demonstrated that heavy
metals are able to inhibit in vitro the Ca®*-ATPase activity present in

purified plasma membranes obtained from mussel gills cells.
3.4.1 Review of literature

Ca”*-ATPase pump, the main component of Ca?* extrusion process
is localized at sarcoplasmic reticulum tubules and it removes Ca ions

from the cytoplasm for preserving the low Ca levels in the cell (Watson
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and Beamish, 1981; Saxena et a., 2000) thus playing a significant role in
the maintenance of the physiological Ca " level in the cytoplasm.

Occurrence and relative activities of Ca stimulated ATPasein different
species of molluscs have been reported by Viarengo et a. (1993), and Da
Silva et a., (2002). Burlando et a. (2004) reported inhibition and
stimulation of enzyme activities by Cu® and Hg?* , respectively, in the gills
of Mytilus galloprovincialis. Heavy metal toxicity in Ca homeostasis has
been shown by a number of cellstypes (Abramson et a., 1983; Nathanson et
al., 1995; Viarengo et a., 1996; Marchi et d., 2000), thereby leading to the
disruption of cell Ca®* regulation (Viarengo and Nicotera, 1991). Na'/K*-
ATPase, Ca’*-ATPase and Mg?*-ATPase activities have been reported in
many crustaceans. They are used as carrier enzymes in ionic exchange
mechanisms (Towle et d., 1976). Oreochromis niloticus exposed to copper
showed an increased muscle Ca?*-ATPase activity (Atli and Canli 2007).

3.4.2 Materials and methods

Ca’*-ATPase activity was estimated following the method of
Bonting (1970). To the reaction mixture containing 1.0 ml of Tris-HCI
buffer (0.125M, pH 8) 0.1 ml of CaCl, (50mM), 0.1ml of ATP(10mM)
and 0.1ml of distilled water, 0.1ml of enzyme source (haemolymph) was
added, and the mixture was left to incubate at 37°C for 15 minutes. The
reaction was arrested by the addition of 1.0 ml of 10% cold TCA. The
blank used was similar but the TCA was added in the beginning itself.
Reaction mixture was centrifuged and the supernatant was taken for
determining the phosphorous content. The amount of phosphorous
liberated was estimated according to the method of Fiske and Subbarow
(1925). The enzyme activity was expressed as pmoles of phosphorous

liberated/min/mg protein under incubation conditions.
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Statistical analysis

The two way analysis of variance (ANOVA) followed by Tukey’'s
test for multiple comparisons was checked at probability level (P< 0.05).

Summary of data as mean and standard errors is represented.
3.4.3 Result

Results showed a minute increase in Ca?*-ATPase activity on the
first day of exposure in the lowest concentration of copper (6ug/L),
which increased drastically by 7" day followed by a sharp decline in
activity. On exposure to 12 pg/L concentration of copper, Ca?*-ATPase
activity decreased compared to the control level on 1% and 15™ day of
treatment, while it showed an increased activity on the7" day of
observation. In mussels exposed to the highest concentration of copper, a
dlight initial decrease (1% day) in Ca®*-ATPase activity was noted, which
declined further (7" day), and then dlightly increased (15" day), which

was still well below the control levels.

Mussels exposed to mercury showed more inhibitory effect on
enzyme activity. Those animals exposed to 10 and 20 pg/L of mercury
had elevated enzyme activities on the 7" day of observation. A dlight
inhibitory effect shown on the 1% day for 10 and 20 pg/L concentrations
declined profusely on the 15" day. After an initia increase on the first
day, Ca®*-ATPase activity showed a sharp decline by the 15" day in
mussels exposed to the highest concentration of 50 pug/L (Table. 3.13,
Figure 3.9 & 3.10).

Statistical analysis showed that al data obtained were significant at
P<0.05 probablity level (Table 3.14 to 3.17).
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3.4.4 Discussion

Inhibitory effects of mercury and copper on continued exposure are
clear from the data presented. This must have resulted from the
breakdown of the active transport mechanism depending upon the altered
membrane permeability and also due to the disturbed Ca homeostasis.
Slight disturbances of Ca®* homeostasis, like those deriving from low-
dose heavy metal contamination, can affect the cellular ability to maintain
and modulate C&?* signaling over aperiod of time. Though there was rise
and fall in Ca?*-ATPase activity on short period of exposure (1% and 7
days), inhibition was well marked on extended exposure to 15 days.
Increase in inhibition was proportional to days of exposure in mussels
exposed at 50 pg/L of mercury. The toxic effect of copper and mercury
can be explained as follows. Hg?* and Cu®* act by preventing the
formation of the phosphorylated intermediate, an essential step in the
process of Ca?* transport (Viarengo et al., 1993, 1996). Hg*" shows a
greater effect than Cu®*, but the inhibition induced by copper is enhanced
in the presence of ascorbic acid, suggesting different mechanisms of
action for the two metal ions. The toxicity of mercury is generally
ascribed to its high affinity for nucleophilic groups such as sulfhydryls.
Copper aso shows an affinity for SH groups (Viarengo and Nott, 1993),
but its toxicity is thought to be primarily related to redox cycling
properties (Stohs and Bagchi, 1995; Viarengo et al., 2002).

At the highest concentration of both metals, mussels exposed to
mercury after an initia increase, had decreasing enzyme activity. Copper
exposed mussels showed inhibitory effect from day 1 to day 15. Mercury
had the least observed activity of 0.005 (+ 0.001) umP/min/mg protein,

whereas in copper exposed mussals activity was not as low as that of
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mercury exposed ones. This gives a picture of the magnitude of stress of
both the metals tested. As these concentrations, 30 pg/L, S0ug/L, are likely
to occur in natura conditions, whichever animal species comes across, the
observations made can be imperative. Results show that at this concentration
of copper, mussdl is likely to adapt in natural condition, while the activity

range of 50 pug/L mercury, can harm animal beyond recovery.

Burlando et al. (2004) reported that plasma membrane Ca**-
ATPase activity in mussel digestive gland on 4 days of consistent
exposure to copper proved that Cu®* is inhibitory, whereas Hg**
stimulated the plasma membrane Ca**-ATPase activity (PMCA).
Inhibition of PMCA on Hg®" treatment was reported by Viarengo et
al., (1993). When living cells were exposed for minutes to Hg?*, an
activatory effect on Ca’*-ATPase was observed (Burlando et al.,
2003a,). In the present study, concentration of mercury that was
inhibitory on 1% day showed a stimulatory effect by 7" day.

Healthy prawn tissues showed higher Ca?*-ATPase activity than
that of WSSV infected prawn (Rameshthangam et al., 2006).
Biochemical data concerning the in vitro effect of Cu?** on mussel
PMCA showed a maximum inhibitory effect on the fourth day
(Viarengo et al., 1993). In this study inhibition due to copper for short
duration (1% Day) was observed in 12 and 30 pg/L of copper, which
increased in 12 ug/L by 7" day. Ca®*-ATPase activity in the muscle
tissue of Oreochromis niloticus was reported to increase on Cu
exposure (Atli and Canli 2007). The redox cycling of copper metal
might have produced toxic hydroxyl radical causing enzyme damage
resulting in weak enzyme activity on the 15th day of exposure.
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3.4.5 Conclusion

Ca**-ATPase is indispensable for calcium homeostasis in cell.
Calcium ions are important for maintaining homeostasis of haemocytes,
and its increase lead to apoptosis or cytotoxicity and necrosis. Overall
study points out on the degrading health of green mussel P.viridis
exposed to copper and mercury for more than 15 days due to disruption in
Ca**-ATPase pump.

Table. 3.13 Haemolymph Ca?* ATPase activity in metals exposed P.viridis

TOXICANT Eﬁ‘;‘;’/ssed Control | 6uglL 12ugll | 30 gL
[da |00LF [0016+ 0008 0.014+
0.001 0.002 0.002 0.004
CoPPER | 7hgay |001F [0042+ 0018 0.007+
0.001 0.001 0.001 0.002
|50 gay | 0016 | 0O0LLE | 0010¢ 0.011+
0.001 0.003 0.002 0.001
Control 10 pg/L 20 pg/L 50 pg/L
{da | 0016F |0014r 0013 0.016+
0.001 0.004 0.002 0.006
MERCURY | 7hga |0016F 002 007+ 0.013+
0.001 0.005 0.007 0.001
150 gay | 00165 | 0010 | 0010¢ 0.006+
0.001 0.002 0.004 0.001

Table3.14 ANOVA Tablefor Ca?* ATPase activity in copper exposed P.viridis

Source Tgf gclllularsém df Sl\qgll?::]e F Sig.
Day .001 2 .001 161.908 | .000
Concentration .002 3 .001 157.483 | .000
Day * Concentration | .003 6 .000 137.531 | .000
Error .000 60 | 3.34E-006
Total .023 72
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Table3.15 ANOVA Table for Ca ?* ATPase activity in mercury
exposed P. viridis

Source Tgf ;Llarsém df Sl\t{ll L?Z?e F Sig.
Day .001 2 .001 161.908 | .000
Concentration .002 3 .001 157.483 | .000
Day * Concentration | .003 6 .000 137.531 | .000
Error .000 60 | 3.34E-006
Total .023 72

Table.3.16 Multiple Comparison Test for Copper

N a+/K * Ca2+

ALP | ACP | AChE ATPase | ATPase

Control Vs6pug/L | 0.996 | 0.997 | 0.000 | 0.436 0.000

Control Vs12ug/L | 0.548 | 0.128 | 0.001 | 0.498 0.000

Control Vs30 ug/L | 0.006 | 0.690 | 0.000 | 0.152 0.000

Tukey
10 ppmVs. 12 ug/L | 0.684 | 0.188| 0.953 | 1.000 0.000

10ppm Vs. 30 ug/L | 0.011 |0.570|0.357 |0.003 | 0.000

20 ppm Vs. 30 ug/L | 0.167 | 0.008| 0.141 | 0.004 | 0.083

Na' /K™ | ca®A

ALP | ACP | AChE
ATPase | TPase

1lday Vs7day 0.058 | 0.000 | 0.000 | 0.000 0.000

Tukey | 1day Vs15day 0.000 | 0.000 | 0.000 | 0.000 0.003

7 day Vs 15 day 0.000 | 0.000 | 0.007 | 0.021 0.000
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Table.3.17 Multiple Comparison Test for Mercury

Na+/K * Ca2+

ALP | ACP | AChE ATPase | ATPase

Control Vs10ug/L | 0.985 | 0.016 | 0.000 | 0.917 0.962

Control Vs20ug/L | 0.857 | 0.226 | 0.000 | 0.000 0.274

Control Vs50 pug/L | 0.729 | 0.492 | 0.996 | 1.000 0.012

Tukey
10 ppm Vs. 20 ug/L | 0.664 | 0.662 | 0.000 | 0.000 0.108

10 ppm Vs. 50 ug/L | 0513 | 0.355 | 0.000 | 0.950 0.003

20 ppm Vs. 50 pg/L | 0.995 | 0.956 | 0.000 | 0.000 0.522

Na+/K+ Ca 2+

ALP | ACP | AChE ATPase | ATPase

1day Vs7day 0.000 | 0.000 | 0.000 | 0.000 0.017

Tukey | 1dayVs15day 0.000 | 0.000 | 0.000 | 0.000 0.000

7 day Vs 15 day 0.000 | 0.000 | 0.040 | 0.940 0.000
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A. Superoxide anion production
4.1 Introduction

Molluscs have an innate defense system consisting of both cellular
and humoral factors. Phagocytosis, which represents an important means
to eliminate foreign particles, has been well described and documented in
invertebrate. The blood cells or haemocytes, of bivalve molluscs play a
prominent role in the defence against potentia pathogens and
xenobiotics. Immune function is largely affected by phagocytic
haemocytes, and is complemented by an array of detoxifying
mechanisms, which include release of degradative and oxidative
enzymes, and the generation of highly reactive oxygen and nitrogen
species (Wootton and Pipe 2003; Goodall et al., 2004). The production of
reactive oxygen species (ROS) by phagocytic haemocytes of bivalves is
believed to accompany the release of degradative enzymes for the
destruction of foreign material (Pipe, 1992; Noel et a., 1993).

Cellular defense reaction by the production of reactive oxygen
metabolites is immunologically vita and has been well characterized in
molluscs (Adema et al., 1991; Arumugam et al., 2000). The oxygen
dependent defence mechanism consists in the generation of reactive
oxygen intermediates (ROIs) with powerful microbicidal activity. An
important mechanism for cell killing is the production of reactive oxygen
species (ROS). Following haemocyte stimulation with the contact of any

foreign element, an increase in oxygen consumption (respiratory burst) is
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observed. This is due to an increasing activity of membrane bound
NADPH oxidase complex that assemble at either the plasma or granule
membranes, and generate H,O, in response to xenobiotics, which
catalyses the monovalent reduction of the molecular oxygen, thus
providing a variety of cytotoxic ROS. The killing of the invading
microorganisms and pathogens occurs by inflicting extensive damage to
membranes, DNA and proteins Thannickal and Fanburg, (2000). Since
the excess of ROS is dangerous also for host cells and tissues, aerobic
organisms have developed antioxidant systems to protect them from
oxidative stress damage. Among these antioxidants superoxide dismutase

isthe first and the most important defense line.
4.1.1 Review of literature

NADPH-oxidase driven superoxide anion generation produces toxic
metabolites that are capable of destroying invasve pathogens. In
invertebrates, this microbicida system has been first demonstrated in
gastropods (Dikkeboom et a., 1988). It was followed by severa others like
Larson et d., (1989) in oyster, C. virginica, and in several marine bivalves
by Bachere et a., (1991a) with specid attention to the interaction of the
oxidative metabolism with specific intracellular parasites. Changes in the
levels of generation of superoxide anion caused by contaminant exposure
have been well documented in invertebrates (Adema et al., 1991; Coles et
al., 1994, 1995; Pipe and Coles 1995; Cgaraville et d., 1996; Dyrynda et a.
1998; Arumugam et al., 2000; Wootton et a., 2003)

Alteration of ROS production by the haemocytes of bivalves submitted
to xenobiotics has been reported in the oyster C. virginica (Anderson, 1994),
in the mussels M. galloprovincialis (Carballd et d., 1997a; Pipe et d., 1995)
and M. edulis (Winston et al.,1996) and in P.viridis (Thiagargan et d., 2006)
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The intracellular release of superoxide by haemocytes was stimulated in
Vibrio challenged mussels with no copper pre exposure but was significantly
reduced in mussals pre-exposed to 0.2 ppm of copper for 7 weeks. The
generation of superoxide radicals for the killing of invading pathogens has
aso been demondgrated in some bivalves, such as the mussels M. edulis
(Nodl et al., 1991; Pipe, 1992) and the oyster C. virginica (Fisher et al.,
1996). However, Nakayama and Maruyama (1998) reported that the
haemocytes of the clam T. crocea did not produce superoxide anion contrary
to the haemocytes of the oyster C. gigas and the mussd Fulvia
mutica(F.mutica) In a comparative study M. edulis haemocytes were more
active in superoxide generation than haemocytes of C. edule and E. siliqua.
The exposure of marine molluscs to Cu can induce oxidative stress through
the formation of reactive oxygen species (Viarengo et ., 1990; Isani et al.,
2003). Intracellular superoxide anion (O%) production was the highest in
shrimp that were fed with diets supplemented with copper (Lee et al., 2002)

4.1.2 Materialsand Method

The maintenance of the target animal, and extraction procedure of
haemolymph were the same as explained in detail in Chapter 1.
Determination of Respiratory burst activity/super oxide anion production
was carried out following the method of Cheng et al. (2000).

About 0.1ml of haemolymph was incubated with NBT (0.2%) for
30 minutes at 10°C. It was then centrifuged at 1200 rpm for 10 minutes at
4°C. To the pellet, 0.1ml of 100% methanol was added and left for
incubation for 10 minutes. It was centrifuged again at 3000rpm. The
supernatant was removed and the formazan dye formed was dissolved in
120pl of 2M KOH and 140 pl DM SO and diluted with 2ml of water. The
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blue color obtained was measured at 620 nm in a UV-Visible HITACHI-
U-2001 spectrophotometer

Statistical analysis

Results are presented as means and standard errors. Data obtained
were subjected to Analysis of variance (ANOVA) with a Tukey post hoc
test. For all statistical tests, results were concluded as significant with a
probability (P) value of < 0.05.

4.1.3 Result

The reduction of NBT to formazan by the haemocytes of Perna
viridis suggested the production of superoxide anion by the green mussels
when exposed to copper and mercury. Copper- exposed mussel had a
decreased superoxide anion production on the first day when compared to
controls, which then increased on the 7" and 15" day of observation. In
those exposed to mercury, the release of reactive oxygen metabolites
from haemocytes decreased well below the control values, irrespective of
days and concentrations (Table.4.1, Figure 4.1, 4.2)

Statistical analysis showed all these alterations were found to be
significant at P< 0.05 (Table 4.2, 4.3, 4.19, 4.20).

4.1.4 Discussion

In recent years there has been increasing interest in environmental
modulation of the release of reactive oxygen intermediates. NADPH-
oxidase driven superoxide anion generation produces toxic metabolites
that are capable of destroying invasive pathogens. This cellular defense
reaction is immunologically vital and has been well characterized in
molluscs (Adema et a., 1991; Arumugam et al., 2000). In the present
study, mercury had a dightly stronger inhibitory effect on the generation
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of ROS by haemocytes, compared to copper. Although both metals had a
similar inhibitory effect on the first day of exposure when compared to
the controls, O, generation increased from that of first day to values that
were similar to those of the control on the 7th and 15" days of
observation in copper treated mussels. This implicates the ability of
mussel to adapt to the heavy metal copper.

Decrease of intra-cellular O, generation on exposure to mercury on al
days, and on the first day of copper exposure shows that intracellular
generation is susceptible to these metals. Hg?" is a toxic metal for oyster
haemocytes (Cheng and Sullivan, 1984). Reduction in O, generation due to
metal exposure (Anderson et a., 1992; Coles et d., 1994), could be
attributed to direct or indirect interactions of metals with cytoskeleton
(Gomez-Mendikute et a., 2002; Gomez-Mendikute and Cajaraville, 2003).
Perhaps, disruption of cytoskeleton proteins could in turn affect the
assembly of NADPH-oxidase complex on the plasma membrane, and this
could result in non-activation of the complex (Thiagargan et al., 2006).
Such an dteration in haemocyte activation and subsequent inhibition of O,
generation could cause susceptibility of mussel to metal toxicity over
prolonged periods of exposure, and more importantly increased generation
of ROS from metabolism that reflects oxidative stress.

The levels of superoxide anion production were strikingly higher than
the levelsin the control mussels exposed to 12ug/L copper on the 15" day
of exposures with a value of 0.107 +0.011 U/mg protein, but for mercury
exposed specimens the activity decreased to amost half to that of the control
mussels. The probable reason can be the property of copper as an effective
catalyst of many oxidation and reduction reactions and so the significant
aterations in NBT reduction could be a direct effect of the elevated copper
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levelsin the tissues due to prolonged exposure. NBT reduction assay is easy
to perform and the formaozan is produced quickly even when low aliquots
of haemolymph are taken. NBT reduction uses haemolymph as such helping
the measurement of superoxide anion from living cell, as no harsh treatment

like centrifugation or ultrsonication is employed that causes cell mortality.
4.1.5 Conclusion

From the results obtained NBT reduction assay appears to be asmple
and reliable method for rapid quantification of intracellular superoxide anion
production in P.viridis. From the results it is clear that mercury disrupts
NADP-H respiratory complex leading to the inhibition of enzyme activity in
mussals, while copper ions cause increased superoxide anion only on
prolonged exposure. The mussels can adapt to copper exposure for a short
duration while mercury exposed P. viridis has decreased ROS production,

which point out to the failure of defense mechanism.

Table4.1 Haemolymph Superoxide anion production in metals exposed

P.viridis
TOXICANT E)((jr;(;ssed Control 6 po/L 12 pg/L 30 pg/L
s 0.063+ 0.040+ 0.033+ 0.025+
1° day

0.0014 0.0043 0.0042 0.0023

0.061+ 0.068+ 0.078+ 0.053+
0.0033 0.0043 0.0055 0.0022

0.060+ 0.072+ 0.107+ 0.067+

COPPER 7st day

15stday | 10023 | 00024 |00109 | 00013
Control 10 po/L 20 pg/L 50 pg/L
) 0063+ | 0045t |0037+ |0.042+
1” day

0.0017 0.0022 0.0042 0.0013
0.063+ 0.037+ 0.042+ 0.035+
0.0013 0.0026 0.0008 0.0039
0.062+ 0.043+ 0.036+ 0.033+
0.0020 0.0027 0.0028 0.0025

MERCURY | 7" day

15" day
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Table 4.2 ANOVA Table for Superoxide anion production (Copper)

Sour ce TS)(JF;E IolfI df Mean F Sig.
Squares Square
Day .017 2 .008 428.811 | .000
Concentration .005 3 .002 88.759 | .000
Day * Concentration .009 6 .002 79.988 | .000
Error .001 60 | 1.96E-005
Total .296 72

Table 4.3 ANOVA Table for Superoxide anion production (Mercury)

Typelll
Sour ce Sﬁn of | df S'\q?ll?:pe F Sig.
Squares
Day .000 2 | 7.56E-005 | 11.620 |.000
Concentration .008 3 |.003 404.085 | .000
Day * Concentration .001 6 | 852E-005 | 13.101 |.000
Error .000 60 | 6.51E-006
Total 153 72
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P.viridis
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B. Antioxidant activities of selected haemolymph enzymes
4.2 Introduction

All aerobic organisms generate free radicals such as reactive oxygen
species (ROS) in the process of their oxidative metabolism (Felton, 1995;
Felton and Summers, 1995; Michiels et a., 1994; Pardini, 1995).These
reactive oxygen species include the superoxide anion, O, , the
hydroperoxyl radical, HO,* , hydrogen peroxide, H,O,, and the hydroxyl
radical, OHe, all intermediatesin the reduction of O, to H,O and derived
from enzymatic reactions, and auto oxidation of redox-active chemicals
occurring in living cells. These free radicals are highly reactive unstable
molecules that have an unpaired electron in their outer shell. They react
with (oxidize) various cellular components including DNA, proteins,
lipids and fatty acids. These reactions between cellular components and
free radicals lead to DNA damage, mitochondrial malfunction and cell
membrane damage. These destructive reactions contribute to the
processes of aging, carcinogenesis and cell death. Free radical formation
and the effect of these toxic molecules on cell function (which can result
in cell death) are collectively called “oxidative stress’.

Antioxidants are molecules or compounds that act as free radical
scavengers. Most antioxidants are electron donors and react with the free
radicals to form innocuous end products such as water. These
antioxidants bind and inactivate the free radicals. Thus, antioxidants
protect against oxidative stress and prevent damage to cells. By definition
oxidative stress results when formation of pro oxidants (free radicals) is

unbalanced by similar rate of consumption by antioxidants.

Oxidative stress to marine organisms, including various invertebrate

species, has been causally associated with natural abiotic factors and
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chemical contamination from anthropogenic sources. Environmental
pollutants, including trace metals and organic compounds, are known to
enhance the formation of ROS and variations in the endogenous levels of
antioxidants in marine organisms have been proposed as useful

biomarkers in monitoring studies (Winston and Di Giulio, 1991).

To protect against the effects of “ oxidative stress’, organisms have a
variety of detoxifying enzymes at their disposal, such as superoxide
dismutase, catalase, glutathione Stransferase, glutathione peroxidase and

glutathione reductase.

Superoxide dismutase (SOD) (SOD; E.C.1.15.1.1) constitutes the
first most important defense line. These virtually exist in al organisms,
and its mgjor function is to scavenge superoxide anion. SOD catalyses the
dismutation of the superoxide anion into molecular oxygen and hydrogen
peroxide (McCord and Fridovich, 1969).

202- + 2H+ — H202+ Oz

SOD is a metalloenzyme characterized by redox active metals at the
cataytic dtes, and at least three different cellular types of SOD have been
described: a Cu/Zn-SOD (SOD1) locdized in cytosol, nucleus and
peroxisomes (Fridovich, 1995), a mitochondrial Mn-SOD (SOD2) and a Fe-
SOD inhibited by H,O, which is eliminated by the action of catalase (Aebi,
1984), and glutathione peroxidase .

Catalase ( CAT; EC 1.11.1.6 ) is a commonly studied antioxidant
enzyme involved in the initial antioxidative mechanism and widely used
as a biomarker in mussel (Cajaraville et a., 2000; Khessiba et al., 2001;
Nasci et a., 2002; Lau and Wong, 2003; Rome o et al., 2003). Moreover,

high catalase activity is found in invertebrates, confirming its important
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role in antioxidant defense in aquatic invertebrates (Livingstone et al.,
1992). It reduces H,0,, produced by the superoxide dismutase enzyme
(SOD), to water and oxygen.

2H202 - 02 +2H20

2GSH + 2 H,O, — GSSG + 2H,0 (catalyzed by glutathione

peroxidase).

Glutathione-S-Transferase (GST; EC 2.5.1.18) is involved in the
detoxification of a wide variety of toxic compounds by conjugating them
to glutathione and thus facilitating their removal from the organism.
Some GSTs aso have glutathione peroxidase activity, thus providing an
oxygen-detoxification function i.e., reduction of lipid peroxides. This
activity is particularly important in invertebrates because they are
deficient in the other (vertebrate-type, selenium-dependent) glutathione

peroxidases .

Lipid peroxidation (LPO) is a well-known mechanism of cellular
injury in vertebrates and invertebrates. Malonaldehyde (MDA) is a
naturally occurring product of lipid peroxidation and prostaglandin
biosynthesis, which is mutagenic and carcinogenic. It reacts with DNA to
form DNA adducts (Marnett, 1999). Therefore, measurement of MDA is
widely used as an indicator of lipid peroxidation. MDA can react readily
with amino groups on proteins and other molecule to form a variety of
adducts.

4.2.1 Review of literature

Antioxidants represent the cellular defense mechanisms, which
counteract toxicity of reactive oxygen species (ROS), and these

mechanisms have been extensively investigated in sentinel organisms
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such as marine mussels (Winston et al., 1990; Viarengo et a., 1991a, b;
Livingstone et al., 1992; Regoli, 1998; Camus et a., 2004).
Responsiveness of antioxidants to pollutants is difficult to predict and a
high degree of variability has been reported as a function of class of
chemicals, kind of exposure, and phase of the biological cycle
(Livingstone, 2001). Antioxidants as potential indicators of oxidative
stress in marine organisms is suggested by Verlecar et al. (2008).
Laboratory and field studies have indicated that variations in the levels or
activities of antioxidants are potential biomarkers revealing a
contaminant-mediated biological effect on the organisms (Porte et al.,
1991; Ribera et a., 1991; Livingstone, 1991; Regoli and Principato,
1995; Sole” et al., 1996; Camus et al., 2004). Numerous components of
the detoxification and antioxidant system in mollusc species have been
shown to be specifically induced by metals or PAH in controlled
laboratory conditions (Regoli and Principato, 1995. Environmental
factors were found to play a crucial role in regulating the oxidative stress

capacity of tissues of P. viridis ( Verlecar et a., 2008 ).

SOD, has been reported to correlate well with immune competence of
molluscs (Liu et a., 2004). As a free radica elimination enzyme, SOD is
essential to minimize the oxidative damage to host cells in the immune
defense (Zhang et al., 2005). Study of Geret et a. (2002) indicates that Cu
induces an imbalance in the oxygen metabolism during the first week of
exposure due to a decrease in mitochondrial SOD and CAT, selenium
dependent, and total glutathione peroxidase activities. Superoxide
dismutase and Se-dependent glutathione peroxidase are two main
antioxidants in organisms (Orbea et a., 2000; Dautremepuits et al., 2004,
Chandran et a., 2005).Catalase (CAT) is a commonly studied antioxidant

enzyme involved in the initial anti-oxidative mechanism and widely used
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as a biomarker in mussdl (Cgaraville et al., 2000; Khessiba et a., 2001,
Nasci et al., 2002; Lau and Wong, 2003; Rome o0 et a., 2003). Almeida et
al. (2003) studied on the levels of lipid peroxidation in digestive gland,
mantle tissue and gills of the mussel from the contaminated site. Alteration
in antioxidant system due to copper stress was investigated by (Isani et a.,
2003;Das et al., 2004; Rgjaakshmi and Mohandas, 2005; Munoz et al.,
2006). Significant reductions in the activities of antioxidants along with
increased lipid peroxidation in WSSV-infected shrimp confirm increased
oxidative stress (Mohanakumar and Ramasamy, 2006). Increased lipid
peroxidation was observed when the clam R. decussatus and mussel M.
galloprovincialis were exposed to Cu (Geret, et. al., 2002; Romeo and
GnassiaBarelli, 1997, Viarengo et a., 1990). Lipid peroxidation is
considered a biomarker of damage (Geffard 2001). Variations in SOD,
CAT, GPx and MDA activities suggest their potential use as biomarkers of
effects, such as oxidative stress, resulting from Cd contamination in the
mollusc R. decussates (Geret, et. a., 2002)

4.2.2 Materialsand Methods

Estimation of superoxide dismutase (SOD) The maintenance of the
target animal, and extraction procedure of haemolymph were the as

explained in detailsin Chapter 1

Superoxide dismutase activity in the haemolymph/haemocyte was
determined following the method of Kakkar et a. (1984)

Haemolymph sample was extracted and diluted as explained in
chapterl. The extracted haemolymph was centrifuged at 700rpm, and the
cell- free haemolymph was used to analyse SOD activity. The assay
mixture contained 1.2ml of 0.052M sodium pyrophosphate buffer (pH
8.3), 0.1ml of 186 uM phenazine methosulphate, 0.3ml of 300uM
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nitroblue tetrazolium, and 1.3ml of distilled water and 0.1 ml of enzyme
source (haemolymph). The tubes were kept at 30°C for one minute and
then 0.2 ml of 780uM NADH was added and incubated at 30°C for 90
seconds. The reaction was stopped by the addition of 1ml of glacial acetic
acid. Reaction mixture was shaken vigorously with 4ml of n-butanol. The
mixture was allowed to stand for 10 minutes and centrifuged. The upper
butanol layer was removed. Absorbance of the chromogen in butanol was
measured at 560nm against n-butanol blank UV- Vis HITACHI-U-2001
spectrophotometer. A system devoid of enzyme served as control. One
Unit of enzyme activity is defined as the enzyme concentration required
to inhibit chromogen production by 50% in one minute, under the assay

conditions, and specific activity is expressed as units/mg protein.

Estimation of Catalase (CAT) Catalase activity was determined
following the method of Maehly and Chance (1955).

The activity was estimated spectrophotometrically following a
decrease in absorbance at 230 nm. The reaction mixture contained 0.01M
phosphate buffer (pH 7), 30uM H,O, and enzyme source (Haemolymph).
Specific  activity was expressed as International  unitsmg
protein.1U=change in absorbance / min / extinction coefficient (0.021).
Protein was estimated following the method of Lowry et al. (1951).
Estimation of glutathione peroxidase (GPx)

Glutathione peroxidase was estimated following the method of
Rotruck (1973).

To 0.2ml of 0.4M tris buffer (pH- 7), 0.2ml 0.4mM EDTA, 0.1ml
10mMsodium azide and 0.5 ml enzyme source (haemolymph) were
added and mixed well. To this mixture, 0.2ml of 2mM GSH followed by
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0.1ml of 0.2mM H,0O, solution was added. The contents were mixed well
and incubated at 37°C for 10 minutes along with a control containing all
reagents except haemolymph. After 10 minutes, the reaction was arrested
by the addition of 1.5 ml of 10% TCA. Tubes were centrifuged and the
supernatant was assayed for GSH. Values were expressed as pg of
GSH/min/mg protein. Protein was estimated following the method of
Lowry, et al. (1951).

Estimation of Glutathione S-transferase (GST)

Glutathione S- transferase was estimated following the method of
Habig et.al., 1974.

The reaction mixture containing 200ul phosphate buffer (pH 6.5)
, 20 pl 1-chloro-2,4-dinitrobenzene (CDNB) in 95% ethanol, and 730
pl distilled water was taken in the control tube, and 200 pl 0.5 M
phosphate buffer,20 ul 25mM CDNB, and 680 pl distilled water were
taken in the test sample tubes. Tubes were incubated at 37°C for 10
minutes. After the incubation, added 50 pl of 20mM GSH in both sets
of tubes. After through mixing, added 50 ul of haemolymph in the test
sample tubes. Increase in absorbance was noted at 340nm for 5
minutes using an UV-Visible spectrophotometer (HITACHI-U-2001).
Values are expressed in n moles of CDNB conjugated/min/mg protein.
Extinction coefficient between CDNB-GSH conjugate and CDNB is
9.6mM-1cm-1. Protein was estimated by the method of Lowry
et a. (1951).

Estimation of Lipid peroxidation (LPO)

Malonaldehyde content was estimated following the method of
Niehaus and Samuel son (1968).
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Haemolymph was added to 15% thiobarbituric acid, mixed well and
heated for 15 minutes in a boiling water bath. It was then cooled and
centrifuged for 10 minutes at 600g. The absorbance was read at 535 nm,
spectrophotometricaly in a UV- Vis HITACHI-U-2001 spectrophotometer
against a reagent blank that contained no haemolymph. The extinction
coefficient of malonaldehyde is 1.56 x 10° M™ cm™. Protein was
estimated by the method of Lowry et al.(1951).

Statistical analysis

All data are presented as means and standard errors. Data were
analyzed by two way analysis of variance and significance was concluded at

P < 0.05 probability level. Multiple comparison was done by Tukeystest.
4.2.3 Results

SOD showed a significant increased activity with increasing
concentrations of copper. Increase in activity was proportional to days of
exposure as well, with highest SOD activity on the 15™ day. Mercury
exposed mussel too exhibited the same trend with concentrations and
exposure days (Table. 4.4, Figure 4.3, 4.4).

CAT activity remained dlightly lower than that of the control
mussels on the first day of observation in mussels exposed to 6 and 12
ug/L of copper. On the 7" and 15" days of observation, CAT activity
showed dose and time dependent elevation.

Increased level of CAT activity was exhibited by P.viridis
specimens exposed to mercury at concentrations 10 and 20ug/L on the
first day , which increased on day 7. By the end of the experimental
period, CAT activitiesin 10 pg/L and 20pg/L mercury exposed mussels
were found decreased. The decreased enzyme levels still remained higher
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than that of the control values. Green mussels exposed to the highest
concentration of mercury had an inhibitory effect on CAT activity on the
1% and 15" days of exposure (Table. 4.7, Figure 4.5, 4.6).

Except for a marginal decrease at 6 pg/L Cu on the first day, GPx
activity increased with concentration and period of exposure in organisms
treated with copper. On analysis, mussels exposed to all concentrations of
Hg exhibited concentration and time dependent increase in GPx activity
(Table. 4.10, Figure 4.7, 4.8).

In copper treated P.viridis, GST activity was found to be higher for
those mussels exposed to 6 and 12 pg/L copper. Mussels exposed to 30 pg/L
showed an increased activity only on the 1* day of observation with activity
decreasing below control level on the 7" and 15" day. Mercury treated
P.viridis gave similar results but in this case GST activity decreased only on
thel5" day at 20 pg/L and 50 pg/L mercury exposed mussels (Table. 4.13
Figure 4.9, 4.10).

P.viridis exposed to copper showed interesting result for lipid
peroxidation. The increased lipid peroxidation activities that occurred in
the animals on the 1% and 7" day were seen to decrease. In mussels
exposed to mercury, lipid peroxidation was observed to exhibit a time
and concentration dependent increase. Mussels exposed to 50ug/L Hg
had the highest MDA produced on the 15" day of observation, whichisa
chronic effect of mercury (Table, 4.16 Figure 4.11, 4.12)

The changes in activity for both the toxicants were found to be
statistically significant at P<0.05 lelvel in terms of days and concentration
for al the above parameters analysed (Table.4.5, 4.6, 4.8, 4.9, 4.11, 4.12,
4.14, 4.15, 4.17-4.20).
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4.2.4 Discussion

Increased oxidative stress has been suggested to enhance the
antioxidant enzymes activities in animals, as a protective action towards
oxidative stress. Superoxide dismutase (SOD) is one of the main
antioxidant defence enzymes generated in response to oxidative stress. It
converts the highly toxic superoxide anions into hydrogen peroxide. In
the present study, the activity of SOD was significantly increased in the
haemolymph. On thel5" day, P.viridis exposed to the highest
concentration of mercury had a two-fold increase in SOD activity while
copper exposed ones had 3.5 fold increase. It is interesting to note that at
this time period the production of superoxide anion in Cu stressed clams
was higher while in mercury exposed ones it was lower in all
concentrations and time periods. Obviousdy, SOD could nullify the
superoxide anion stress caused by mercury faster, while in cu stressed
ones, higher production of superoxide anions is countered by higher
production of SOD to neutralize the adverse effect. This explains the
higher antioxidant activity in mussels exposed to heavy metals. Increased
SOD activity on 15" day of 0.45mg/L Hg exposure was reported by
Verlecar et a. (2008) indicating protective behaviour of the cell against
super oxide radicals. Increase in SOD activity has been reported by
Prakash and Rao (1995) in mussels exposed to Al, Pb and Cd.

Hydrogen peroxide is toxic to cells. CAT and GPX are the major
primary antioxidant defense component that catalyses the decomposition
of H,O, which is produced by the action of superoxide dismutase to H,O.
Glutathione peroxidase catalyses the reduction of hydroperoxides, with
the conversion of reduced glutathione (GSH) to glutathione disulfide
(GSSG). At high H,O, concentrations, organic peroxides are metabolized
by Catalase. The inhibition of CAT activity at the highest concentration
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of mercury by the 15" day confirms the presence of oxidative stress, and
interestingly the reverse was true in the case of Cu exposure. This
observation, i.e. decreased CAT activity on the 15" day, concurs with the
observations of Regoli and Principato, (1995), that as the stress increases,
an inhibition of enzyme activity such as CAT occurs. Reduced capability
in neutralizing various ROS and simultaneous inhibition of CAT,
characterizes an increased susceptibility to oxidative stress. The
inhibition of CAT activity, especialy for the highest concentration of
mercury, can be correlated either due to an increase of the superoxide
anion as suggested by Kono and Fridovich (1982) or to a decrease of

NADPH, since this coenzyme is required for the full activity of CAT.

Geret et a. (2002) observed copper to have a significant inhibitory
effect on the activity of CAT and glutathione peroxidase for the first day
at concentration 25 pg/L. In the present study slightly reduced CAT and
GPx activities were noted on the first day for lower copper
concentrations. According to Geret (2002) this inhibition is Cu
dependent. Copper is known to be involved in redox reactions (Fenton
reactions), which result in the production of oxyradicals. Cu*" ions aso
react with ROOH leading to the formation of ROOs and Cu’. Cu’ can
react with H,O, leading to the formation of OHe. H,0, is the substrate for
CAT and glutathione peroxidase. However, Cu” in the redox reaction use
H,O, which isno longer available for CAT and GPX. This could explain
the decrease in the activity of these enzymes on the 1% day when exposed
to copper. A similar variation in activity was observed in the gills of the
freshwater bivalve Unio tumidus after 3 days of Cu exposure (30 pg/L)
(Doyotte, et al., 1997). The increased CAT activities on the 7" and 15"
days in all concentrations of Cu are to counter the increased activity of

superoxide anions at these time periods.
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GPx is inactivated with increased levels of hydrogen peroxide,
which in turn is due to the lower activity of catalase . Though 50 pg/L
mercury treated mussel had decreased CAT activity, their GPx activity
did not decrease. It is interesting to note that the activity of superoxide
anions also decreased at this concentration. Obviously there was no need
for extra production and release of CAT, and hence decreased activity
value. GPx activity was elevated as a response to chronic toxicity for both
copper and mercury exposed P.viridis. Other studies in which increased
CAT ( Prakash and Rao, 1995) and GPX activities were reported are in
the digestive gland of P. viridisin response to metals, seasonal changesin

environmental parameters and pollutants (Verlecar et al., 2007, 2008).

Besides participating as a hydrogen donor in the glutathione
peroxidation reaction, reduced glutathione has a direct antioxidant
function by reaction with superoxide, hydroxyl radical and singlet
oxygen, leading to the formation of oxidized glutathione, and in the
present study, the activity of glutathione-Stransferase was also
significantly increased when compared with the activity in the controls
except for a few observation. Significant increase in GST activity as
observed on the 1% and 7" day in copper and mercury exposed specimen

suggests the protective action against reactive oxygen radicals.

An effective antioxidant control will end up with low MDA level
and vice versa (Lau and Wong, 2003). CAT activity in mussels exposed
to mercury at 50pg/L had a maximum inhibition and as a consequence
they had the maximum lipid peroxidation. CAT activity was well evident
in copper exposed mussel on chronic exposure of 15 days, and hence
MDA produced was almost similar to that of control mussels or below.

This shows animals can adapt themselves to copper stress, whereas
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mercury is highly toxic and could not be regulated by mussels on
prolonged exposure. Elevated SOD and CAT activities aong with
decreased lipid peroxidation prove mussels efforts to curtail oxidative
damage caused by copper. An enhanced level of thiobarbituric acid
reactive substances (TBARS) was observed in the digestive gland of the
mussel, P.viridis in response to mercury (Geret et a., 2002; Almeida et
al., 2004; Verlecar 2008).

All marine organisms are known to contain high levels of
polyunsaturated fatty acids, which are the substrates for lipid
peroxidation, and the presence of antioxidants elevates the resistance of
their cell membranes to oxidative stress. The present study has shown
that the level of lipid peroxidation was significantly increased in mercury
exposed P.viridis when compared with controls. This result is similar to
those obtained in gills and digestive gland of Mytilus edulis on mercury
exposure by Geret et a. (2002). Mercury have high affinities for
glutathione(GSH), which is the primary intracellular antioxidant agent,
and can bind and cause the irreversible excretion of GSH leading to
depletion of GSH and increase of MDA.

In present study LPO was high on 1% and 7" day of copper
exposure, which decreased by the 15" day well below that of the
control value. LPO in the gills of Ruditapes decussatus was stimulated
after 3 days of exposure to 25 pg Cu L™, and at 28 th day for 0.5 and
2.5 ug Cu L™ (Geret et al., 2002), An increase in basal peroxidation
was observed in the gills of clams (R. decussatus) exposed to 30
HgCuL™ for 9 days (Romeo and Gnassia-Barelli, 1997) in the gills of
the mussel M. galloprovincialis after exposure to 40 ugCulL™ for 6

days (Viarengo et al., 1990) . Cu ions can induce the production of
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reactive oxygen species through a Fenton-like redox cycling
mechanism (Halliwell and Gutteridge, 1984), and participate in the
initiation and propagation of lipid peroxidation (Viarengo et al., 1990).
Present study showed decreased MDA production by 15 days when
exposed to copper. Similar decrease in MDA level was obtained in
gills of Mytilus edulis on exposure to 40 pg/L™ Cu for 21 days (Geret
et al., 2002). The probable reason as cited by Geret et al., (2002) is the
pairing of copper with metallothionein resulting in an intensification of

antioxidant systems.
4.2.5 Conclusion

In the present study, significant differences have been recorded in
the activities of antioxidant enzymes in the haemolymph of P.viridis
exposed to copper and mercury as compared with the control mussels.
Thisindicates that thereis an increased level of oxidative stress due to the
presence of heavy metals, and that an imbalance is generated between
pro-oxidants and antioxidants. The study made in P.viridis haemolymph
can help to understand mechanism through which metals exert their
toxicity in organisms and hence the results can be used to explain the
impact of heavy meta toxicity on organisms in fields. Copper exposed
mussels are likely to adapt themselves even to the highest concentration
of copper but mercury exposed mussels tend to move to degradation with
its antioxidant system overwhelmed by lipid peroxidation, which can lead
to cell damage beyond control, ultimately resulting in death.

This study puts forward certain interesting questions, which need
to be addressed sooner or later. The sub-lethal concentrations of the
two metals used to study the activity pattern of acid and alkaline

phosphatases, superoxide ions, super oxide dismutase, catalase and
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other antioxidant enzymes, were the same for all enzyme studied, so
also the time- periods of exposure of the organism. While certain
enzymes showed increased activities at certain time periods others
showed decreased activities. At this stage it is difficult to ascertain if
this bivalve species has functionally different sub-populations of
granulocytes, and if so whether the different functions attributed to
haemocytes in defence mechanism are being performed by different
sub-populations of haemocytes as opined by Mohandas (1985) in his
studies on granulocytes of M.mercenaria. It has to be ascertained, in
that case, whether the different sub-populations perform different
enzyme activities or whether all the enzyme activities are performed
by all sub-populations of haemocytes with a ‘switch on-switch off’
mechanism. From the present study using two different metals as
challenges, it is assumed that each metal evokes different stimuli in the
sub-populations for the synthesis and release of enzymes into the
haemolymph. The fluctuations in the activity levels of different
enzymes on exposure of the organism to the two different metals make
one assume that the granulocytes are functionally a hetergenous
population with different sub-populations. Using the freshwater snail,
Lymnaea stagnalis, Adema et al.( 1994) confirmed the postulation of
Mohandas (1985) about the existence of functionally different sub-
population by demonstrating through separation of haemocytes by
density gradient centrifugation that in L.stagnalis there are
functionally different five sub-populations. So, it is possible that

bivalves may also be having functionally different sub-populations.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 140



Metals induced ‘changes in the Haemolymph

Table4.4 Haemolymph Superoxide dismutase activity in metals
exposed P.viridis
TOXICANT | Exposedday | Control | 6 ug/L | 12 pg/L 30 pg/L
1% day 2927+ | 35033+ | 4.187+ 5.437+
0.0745 | 0.1046 | 0.2066 0.3314
7" day 2907+ | 4.460+ | 5.497+ 6.280+
COPPER

0.0450 | 0.2871 | 0.2525 0.0980
15" day 2940+ | 6.773+ | 8.840+ 10.390+
0.0335 | 0.3652 | 0.5413 0.1457
Control | 10 pg/L | 20 pg/L 50 pg/L
1% day 2930+ | 3.810+ | 3.980t 4.330+
0.0486 | 0.1270 | 0.1268 0.0808
7" day 2917+ | 4.426+ 4,97+ 5.620+

MERCURY
0.0572 | 0.2435 | 0.1211 0.1213
15" day 2907+ | 4.390+ | 5.810+ 6.197+
0.0450 | 0.1511 | 0.1231 0.0889

Table 4.5 ANOVA Table for Superoxide dismutase activity in copper

exposed P. viridis

Source -I-S)ﬂ?;3 IolfI df Mean F Sig.
Squares Square
Day 135.870 2 |67.935 |1051.265 |.000
Concentration 194.949 3 [64.983 | 1005582 |.000
Day * Concentration | 51.425 6 |8571 132.630 .000
Error 3.877 60 | .065
Total 2443.091 72

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 141



Metals induced ‘changes in the Haemolymph

Table4.6 ANOVA Table for Superoxide dismutase activity in mercury
exposed P. viridis

Typelll Sum Mean .
Sour ce of Squares df Square F Sig.
Day 14.112 2 | 7.056 467.969 | .000
Concentration 62.333 3 120.778 | 1378.027 | .000
Day * Concentration 8.346 6 |1391 92.257 .000
Error .905 60 | .015
Total 1452.643 72
Table 4.7 Haemolymph Catalase activity in metals exposed P.viridis
TOXICANT E’é‘;@fd Control | 6ugll | 12ug/L | 30ug/L
1% day 1137+ | 1133+ |1.095+ | 2.055+
COPPER 0.0502 | 0.0183 0.1768 0.0071
7" day 1116+ |2.645+ |2.840+ |3.415+
0.0373 | 0.1202 0.0141 0.0212
15" day 1.108+ |2.850+ |10.640+ | 14.235+
0.0160 | 0.0424 |0.0141 0.0636
Control | 10ug/L 20pg/L 50pg/L
1¥ day 1137+ |3510+ |2170+ |[1.025+
MERCURY 00502 | 00424 |00531 |0.0212
7" day 1128+ | 4.623+ 5.255+ 2.807+
0.0476 | 0.1524 | 0.0925 0.1232
15" day 1134+ | 1.737+ 3.642+ 0.886+
0.0442 | 0.1023 0.1589 0.0166
Table4.8 ANOVA Tablefor Catalase activity (Copper)
Typelll Sum Mean .
Sour ce of Squares df Square F Sig.
Day 445.124 222,562 | 14075.558 | .000
Concentration 325.838 108.613 | 6869.028 .000
Day * Concentration | 386.188 64.365 | 4070.630 .000
Error .949 60 |.016
Total 2125.630 72
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Table4.9 ANOVA Table for Catalase activity in mercury exposed P.viridis

Sour ce Tgf ;Llarsém df S'\q?ll?Zrne F Sig.
Day 38.186 2 19.093 | 1844.013 | .000
Concentration 84.991 3 28.330 | 2736.165 | .000
Day * Concentration | 29.353 6 4.892 472.481 | .000
Error .621 60 .010
Total 576.901 72

Table 4.10 Haemolymph Glutathione peroxidase activity metals exposed

P.viridis
TOXICANT E)(‘j‘;‘;ssed Control | 6pgll | 12pgll | 30uglL
1% day | 1.347+ 1.282+ 3.468+ 3.900+
0.0281 0.0331 0.0549 0.0751
7" day | 1.348+ 1.797+ 4135+ 3.848+
COPPER 0.0299 0.0459 0.0907 0.0313
15" day | 1.343+ 3.460+ 4.392+ 3.488+
0.0163 0.0555 0.0656 0.0371
Control 10 pg/L 20 pg/L 50 pg/L
1% day 1.353% 1.508x 3.038+ 3.445¢
0.0273 0.0331 0.0355 0.0274
7" day |1.335% 1.728+ 3.235+ 3.815+
MERCURY 0.0235 0.0407 0.0207 0.0524
15" day | 1.355+ 2.257+ 3.458+ 4.295+
0.0308 0.0612 0.0248 0.0836
Table4.11 ANOVA Table for Glutathione peroxidase activity in copper
exposed P.viridis
Typelll Sum M ean .
Source of Squares df Square F Sig.
Day 5.458 2 | 2729 1030.866 | .000
Concentration 86.900 3 28.967 | 10941.087 | .000
Day * Concentration | 13.425 6 |2237 845.133 .000
Error 159 60 | .003
Total 677.444 72
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Table4.12 ANOVA Table for Glutathione peroxidase activity in
mercury exposed P.viridis

Source Tgfp ;Llarsém df Sl\q?IL?:rne F Sig.
Day 3.119 2 | 1559 869.093 .000
Concentration 74.453 3 [24.818 | 13831.251 | .000
Day * Concentration | 1.367 6 |.228 127.007 .000
Error .108 60 | .002
Total 554.076 72
Table 4.13 Haemolymph glutathione-S-transferase activity in metals
exposed P.viridis
TOXICANT E)((jposed Control 6 ng/L 12 pg/L 30 pg/L
ays
COPPER 1# day 6.033x 10.099+ | 15.044+ | 11.566+
0.175119 | 0.2760 0.8185 0.9728
7 day 6.017+ 13.825+ | 12.524+ | 6.090+
0.1941 1.4563 0.8718 1.0643
15" day 5.967+ 10.237+ | 11.235+ | 3.320+
0.2066 0.0909 1.5414 0.4038
Control 10 pg/L 20 pg/L 50 pg/L
MERCURY 19 day 6.033+ 10.240+ | 17.120+ | 13.868t
0.1506 0.1928 1.0726 0.4500
7 day 6.033+ 14769+ | 14.745+ | 7.737+
0.1862 0.9586 0.2556 0.3386
15" day 5.983+ 11.021+ | 3.314+ 3.150+
0.1329 0.4233 0.1689 0.1217

Table 4.14 ANOVA Table for glutathione S transferase activity in
copper exposed P.viridis

Sour ce TZ}P ;Iularsgsm df S'\qflL?:rne F Sig.
Day 110.583 2 55.291 | 79.326 .000
Concentration 607.300 3 202.433 | 290.431 | .000
Day * Concentration | 199.313 6 33.219 | 47.659 .000
Error 41.821 60 |.697
Total 7226.127 72
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Table4.15 ANOVA Table for glutathione S transferase activity in

mercury exposed P.viridis

Typelll Sum Mean ,
Source of Squares df Square F Sig.
Day 23.784 2 11892 |1801.281 |.000
Concentration 16.785 3 | 559 | 847.466 .000
Day * Concentration 13.635 6 |2272 |344.214 .000
Error .396 60 | .007
Total 511.587 72
Table 4.16 Haemolymph Lipid Peroxidation activity in metals exposed
P.viridis
TOXICANT E’é“;‘)’/fd Control | 6ugll | 12ugll | 30ug/L
1% day 0.079+ 0.082+ 0.097+ 0.170+
0.001472 | 0.000896 | 0.003033 | 0.001941
7" day 0.081+ 0.133+ 0.144+ 0.142+
PPER
co 0.0020 0.0027 0.0018 0.0043
15" day 0.079+ 0.045+ 0.063+ 0.073x
0.0017 0.0033 0.0023 0.0031
Control 10pg/L 20pg/L 50pg/L
1% day 0.080+ 0.067+ 0.061+ 0.086x
0.0020 0.0021 0.0054 0.0029
7" day 0.0703+ 0.095+ 0.105+ 0.135+
MERCURY 0.0018 0.0025 0.0045 0.0037
15" day 0.079+ | 0141+ 0.155+ 0.200+
0.0014 0.0024 0.0035 0.0059

Table4.17 ANOVA Tablefor Lipid Peroxidation ( Copper )

Source Tgf gcl|:1|ar8le;m df gjgrne F Sig.
Day .045 2 |.023 3541.200 | .000
Concentration .025 3 .008 1294.093 | .000
Day * Concentration .028 6 |.005 727.087 | .000
Error .000 60 | 6.41E-006
Total .803 72

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metas copper and mercury 145



Metals induced ‘changes in the Haemolymph

Table4.18 ANOVA Tablefor Lipid Peroxidation ( Mercury )

Typelll Sum Mean .
Source ZFSquares df Square F Sig.
Day .060 2 .030 2506.818 | .000
Concentration 034 3 011 946.089 | .000
Day * Concentration .023 6 .004 316.839 | .000
Error .001 60 | 1.20E-005
Total 941 72
Table 4.19 Multiple Comparison Test for Copper
Super
oxideanion | SOD | CAT | GPX | GST | LPO
production
Tukey | Control Vs6 pg/L 0.762 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Control Vs12 pg/L 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Control Vs 30 pg/L 0.000 0.000 | 0.000 | 0.000 | 0.004 | 0.000
6 ppm Vs. 12 pg/L 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
6 ppm Vs. 30 pg/L 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
12 ppm Vs. 30 pg/L 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Super oxide
anion SOD | CAT | GPX | GST | LPO
production
Tukey lday Vs7day .000 .000 | 0.000 | 0.000 | 0.000 | 0.000
1day Vs15day .000 .000 | 0.000 | 0.000 | 0.000 | 0.000
7 day Vs 15 day .000 .000 | 0.000 | 0.000 | 0.000 | 0.000
Table 4.20 Multiple Comparison Test for Mercury
Super
oxideanion | SOD | CAT | GPX | GST | LPO
production
Tukey | Control Vs10 ug g/L 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Control Vs20 pg g/L 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Control Vs50 pg g/L 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
10 ppm Vs. 20 ug g/L 0.001 0.000 | 0.000 | 0.000 | 0.905 | 0.000
10 ppm Vs. 50 pg g/L 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
20 ppm Vs. 50 pg g/L 0.404 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Super oxide
anion SOD | CAT | GPX | GST | LPO
production
Tukey lday Vs7day 0.003 0.000 | 0.000 | 0.000 | 0.258 | 0.000
1day Vs15day 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
7 day Vs 15 day 0.465 0.000 | 0.000 | 0.000 | 0.000 | 0.000
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Fig.4.3 Superoxide dismutase activity in copper exposed P.viridis
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Fig. 4.4 Superoxide dismutase activity in mercury exposed P.viridis
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Fig. 4.6 Catalase activity in mercury exposed P.viridis
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Fig. 4.7 Glutathione peroxidase activity in copper exposed P.viridis
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Fig. 4.8 Glutathione peroxidase activity in mercury exposed P.viridis
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Fig. 4.9 Glutathione S Transferase activity in copper exposed P.viridis
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Fig. 4.10 Glutathione S Transferase activity in mercury exposed P.viridis
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5.1 Introduction

There are various methods adopted to understand and explain the
toxic effects in marine organisms. Examining the morphological changes
and histological alterations are among the important ready reckoners
adopted by researchers. The English microscopist Quekett in 1852
defined histology as the science of the microscopic anatomy of animals
and plants. Animal histology deals with the minute structures of the
tissues and organs of the animal body. Histology can well be correlated to
physiology and biochemistry as a thorough investigation on any of these

givesinsight into the functioning of tissues and organs.
5.2 Review of Literature

With the “mussel watch” program, studies on the toxic effects of
heavy metal to marine invertebrates have gained momentum. Heavy
metal uptakes in the gills of different bivalve have been reported by
Bebianno et a (1993), Jana and Das (1997), Holwerda et a. (1989) and
Everats (1990). Pathology, as a standard part of environmental
monitoring programmes on effects of pollution, was approved by Balouet
and Poder (1981), Couch (1985), and Moore (1980). Histopathology of
gill on exposure to copper and diesel oil was studied by Auffret (1988).
.Heavy metal mediated changes in soft tissues, especially those associated
with gill filament morphology were studied by Sunila(1986,1987,1988);
and Gregory et al.,(1999) . Gomez-Mendikute et al. (2005) characterised

mussel gill cells in vivo and in vitro using morphological, histochemical
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and functional endpoints. In bivalves, such as green mussels, gill tissues
are attractive models in ecotoxicological studies because gills are the first
uptake site for many toxicants in the aquatic environment. Gill filaments
with their large surface area are the main interface between the organism
and its environment. Gills are thus continuously affected by exposure to

pollutants.

There will be structural and functional aterations in individual cell
types or groups of cells at an early stage of response before alteration in
cellular structure could manifest at organismic level (Moore, 1980). In the
present study gill tissues were analysed by histopathologic techniques to
understand alterations and damages, if any, on exposure to two heavy

metal's, copper and mercury.
5.3 Materialsand methods

Green mussels were exposed to 6, 12 and 30pg/L Copper, and 10,
20 and 50 pg/L mercury for 15 days. At the end of exposure period, gills
were gently cut out and fixed in Davidson's fixative for 24 hours.
(Davidson fixative composition- 95 % ethyl acohol -350 ml, Formalin -
200 ml, Glacial Acetic acid -115 ml and Distilled Water- 335 ml). Further
processing of the fixed tissue involved the standard procedures of
dehydration, clearing of tissue, infiltration with paraffin wax, embedding

and sectioning of tissues. The procedureis asfollows:
Dehydration

Dehydration of tissues was done with progressive higher grades of
alcohol series as- (50%, 70 % and 90 % alcohol for 1h, and 100 %

alcohol for 30min.
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Clearing

For clearing, tissues were changed to Alcohol-Acetone solution
(2:1) for 30 min, and then to acetone (45min — lhour), followed by
acetone- xylene (1:1) for 30 min, and to xylene aone (45min —

1hour).Tissues were then transferred to xylene: wax (30 min).
I nfiltration and Embedding

Tissues were infiltered in 2-3 changes of molten paraffin of melting
point 58-62°C, and then embedded in wax at 58-60°C, made into blocks

which were labeled, and stored in polythene cover.
Sectioning

Paraffin blocks were trimmed to suitable size and sections of tissue
were cut using a microtome at 5 - 7 um thickness. The resulting ribbons
containing tissue sections were fixed on to glass slides using Mayer’s egg
albumin glyceroal (1.1v/v) as an adhesive.

Staining

Before the tissue sections are subjected to staining, the sections were
deparaffinized thoroughly and hydrated. Slides were placed in xylene to de-
paraffinise, and were giving brief dips in grades of acohol (100%, 90%,
70% -20 minutes each).Following hydration dides were stained in
hematoxylin  (2-5 min). Harris Hematoxylin was prepared using
Hematoxylin Crystals-2.5 g, 100% Ethanol-25 ml, Ammonium or Potassium
Alum -50 g, Distilled Water-500 ml, and Mercuric oxide (red)-1.25 g

Sections were de-stained in acid alcohol, and counter stained in
Eosin (1min).(1% Stock Alcoholic Eosin had Eosin Y water soluble-1 g,
Distilled Water-20 ml, Alcohol, 95%-80 ml).Slides were further
dehydrated in alcohol and were then transferred to xylene (30min).Slides
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were Mounted in DPX and labeled. Sections were observed and
photographed under alight microscope (OLY MPUS BX41TF, Japan).

54 Result

By comparing the histological structure of the gills of the control

and of metals- exposed mussels, the foll owing observations were made.

Control: A healthy untreated gill showed two pairs of demibranchs
that are suspended from the ctenidial axis that is fused along the dorsal
margin of the mantle. Each arm of a demibranch is made up of ascending
and descending lamellae, which in turn is made of many gill filaments. The
neighbouring gill filaments were attached to one another through
interlocking clumps of cilia providing gills a sheet like consistency, and

each lamellae are joined with each other by interlamellar junction (Plate ).

Copper 6ug/L — Gill filament showed only a slight loss of cilia but
the tip calyx was seen to be lost. Slight detachment and degeneration of
epithelial cells were observed. Epithelial cells became more eosinophilic,
swollen with increased inter spacing of lumen. Cytoplasm of epithelial

cells became more granular.

Copperl2ug/L ppm: Major alterations at this concentration were
appearance of mucous cells, loss of cilia, desquamation of epithelial cells,
enlargement and infiltration of haemocytes (not extensive). Cells had a
vacuolated appearance and some cells, especially those at the base, were
eosinophilic and granular. Adhesion between gill filaments was observed

which might be due to hyperplasia.

Copper 30pg/L ppm: Gill Filament was highly elongated with a

swollen lumen. Loss of original shape was obviously due to high
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necrosis. Severe loss of epithelium could be observed. In spite of severe

denudation, small tufts of ciliawere seen on the lateral sides.

Mercury 10pg/L ppm - Loss of cilia were observed at many places.
Sloughing of frontal cilia was evident but lateral cilia still seen to be
present in a ruffled condition. Mucous cell formation, desquamations of
cells, eosinophilic conversion of cells and appearance haemocytes in the

dightly dilated lumen were other histological alterations.

Mercury 20pg/L ppm: The main pathological changes were loss of
cilia at many places, elongation of gill filaments, complete soughing of
epithelial cells, eosinophilic conversion of cells, hyperchromatia of the
nucleus, and haemocytic infiltration into the much dilated lumen. In
short, mussel gills at this concentration depicted the same pathol ogical
condition as those seen in lowest selected concentration of 10ug/L of

mercury but with more and severe denudation of cells.

Mercury 50ug/L: At this concentration, total loss of gill architecture
was observed. Complete desquamation of epithelial cells with loss of
cilia, dialation of gill tip and clubbing of cells were the other striking

alterations brought about by mercuric exposure.
5.5 Discussion

A gill filament has three zones: Frontal, intermediate and abfrontal
(Sunila, 1986, Gomez-Mendikute, 2005). Frontal cell possess ciliated

cells on them.

Ciliaon the gill filaments have specific arrangements and functions
(Godling, 2003).Frontal cilia, which are abundantly distributed on the free
outer surface of the gill move particles along surface of the gill to the

food grooves. Thus, the transport and uptake of nutrients and of
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contaminants occur in the frontal zone of the gill filaments Owen, 1974,
1978; Owen and McCrae, 1976). Lateral cilia are set along the sides of
the filament and these cilia are responsible for generating the feeding or
respiratory current. Lying between frontal and lateral ciliais the eulatero-
frontal cilia that flick particles from the water and convey them to the

frontal cilia

Loss of cilia was a general observation and the degree of loss was
proportional to the concentration of heavy metal tested. The first cilia to
be denuded are the frontal cilia. Due to denudation of cilia al the
aforementioned functions such as intake of water, collection of food
material and its transportation to palp are impaired. This can adversely
affect the growth of mussel, an important aguaculture candidate (Qasim
et al., 1977; Sivalingam, 1977; Sreenivasan et al., 1989) that fetches a
good market value in shellfish economy. Brown and Newell (1972)
observed reduced rates of oxygen consumption in solutions contaminated
with copper and zinc and concluded that a reduced energy demand was
caused by a suppression of ciliary activity rather than by a direct effect on
respiratory enzymes. Even after a long term exposure of 15 days the
lateral ciliawere still seen to be present. Earlier studies by Gregory et al.,
(1999, 2000) on the morphology of P. perna gill filaments exposed to
different concentrations of mercury showed ateration by 16 days that
included loss of abfrontal cilia and a marked increase in the number of
lateral cilia. Extended exposure to mercury may deleteriously affect
respiration. The observed increase in latera cilia may be a response by
the animal to increase flow of oxygenated water over the epithelium
thereby improving respiration. The “endothelial” cells are flattened non-
ciliated cells in the intermediate zone of the gill filament in which gas

exchange and interactions between the external medium and haemolymph
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occur. The destruction of endothelial cells observed here can harm the

well being of animalsin natural conditions.

Toxicants come to contact with gills first, and animal responds by
secreting excess quantities of mucus. The increased mucus production
may serve as a protective barrier to pollutants, as a binding site to capture
heavy metals before they can damage the tissues, or as a means of
expelling pollutants absorbed by secretory and other cells. (Jose et.al.,
2005). Appearance of mucous cell at lower concentration of both heavy
metals can hence be considered as animal’s effort to prevent toxicant
entry. Excess mucus secretion and low byssus production were the
immediate physiological aterations that were observed in heavy metal
treated animals. Increased mucous secretion and its deposition on gills are
known effects of heavy metal toxicity (Cusimano et al., 1986).

Gill damage will reduce the surface area leading to hypoxia under
heavy metal stress. A drop in oxygen consumption also appears to be a
protective mechanism to ensure that there is a low intake of toxicants.
Hyperplasia was found to be a common response to irritant as a form of
protection.So, by these adlterations animals are trying to defend

themselves and survive.

When specimens of P.viridis were exposed to copper and mercury,
dilation of lumen occurred giving gill filament a swollen appearance. In
addition the frontal cells were seen enlarged (hypertrophic) at the highest
concentration of copper and mercury. Increased infiltration of
haemocytes was observed in al group of treated mussel except in the
6ug/L copper- treated ones, the lowest copper concentration employed.
Presence of large number of haemocytes in the gill indicates internal

haemorrhage. Choi et al, (2003) suggested that enlargement of gill cellsis
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often accompanied by the presence of haemocytes, indicating tissue

damage as well, mainly in the form of inflammation.

Detachment and desquamation of epithelial cells were common in
all the samples with severity increasing proportional to concentration.
This indicates epithelia cells to be a target site of copper and mercury
toxicity. This finding is in concert with previous report that epithelial
tissues are the major sites for metal accumulation in molluscan tissue
(George et al.,1986; Marigomez et al.1990; Nigro et al. 1992; Abd Allah
and Moustafa, 2002), and they are most susceptible for histological
alterations resulting from the toxic effects of metals (Moore 1985). Choi
et a., (2003) observed epithelia cell layers of gill to be detached from the
remaining tissue parts of L.elliptica and Scanning Electron Micrographs
showed that the detachment of the epithelial layers was largely due to
shell shrinkage. Cell necrosis, rupture of cells, denudation of cilia, which
were some of the other morphological alteration as a consequence of
toxic insult. Gill epithelia cells play an important role in respiratory gas
exchange and therefore, necrotic damage in the epithelium may result in
serious dysfunction of the tissues, consequently leading to deleterious

effects at higher biological organization levels.
5.6 Conclusion

Histology yields basic information on tissue disorders related to the
general state of the animal. In the present investigation, the observed
severe pathological changes in the gill tissue obviously reflect a poor
health condition of mussels induced by prolonged exposure of copper and
mercury. Furthermore, it confirms gills as the target tissue for toxicity of
xenobiotics. It is concluded that though this type of histopathological

analysis requires sacrificing of the target animal, is time consuming, and
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requires great expertise in tissue sectioning and interpretation, standard
histology provides useful and reliable information on the health of
mussels.
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Hyperplasia & Hypertrophy of cells

Platelll

Haemocyte infiltration into gills (40 x)

PlatelV

esguamation of epithelial cells (40

Plate V
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ance of mucous cells
Plate VI

High necrosis (40

Plate VII

Plate VIII
Placel Histological section of gills of control P. viridis

Placell —VIII Pathological alteration in gills of P. viridis on exposure
to sub lethal concentrations of copper & mercury.
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6.1 Introduction

The key objectives addressed in the previous chapters were to
ascertain the functional ability of immunological biomarkers to detect
heavy metal stress even when metal concentrations were comparatively
low. For that purpose, a standardized set of immunopathological and
biochemical parameters was measured in the green mussel P.viridis. The
last objective of this investigation was to evaluate the possibility of
bioaccumulation of metals in the haemolymph in comparison to other
tissues. In this chapter bioaccumulation of copper and mercury in the
haemolymph was studied to confirm if the immunological alterations
observed in previous chapters were the result of bioconcentration of

heavy metals.

Bioaccumulation is the general term describing the net uptake of
chemicals, usually non essentia ones, from the environment by any or all
of the possible routes i.e., respiration and diet from any source in the
aguatic environment, where chemicals are present in water, sediment or
in other organism. Bioaccumulations, which are precursors of
cytotoxicity is the net result of uptake and excretion, and when uptake

exceeds excretion, a net bioaccumul ation of metal occurs.

Most studies on marine environment, which have attempted to
determine metals in animals, have focused on animals nearer the lower
end of the food web. This is because these animals can be directly

harvested for human or livestock consumption, can serve to transfer
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metals trophically to carnivores, and can modify the speciation,
cycling, and transport of metals in marine systems. Lying in the second
trophic level in the waters' ecosystem, mollusks have long been known
to accumulate essential and non-essential elements in aguatic
ecosystems (Dallinger and Rainbow, 1993). Studies concerning the
accumulation and toxic effects of metals in bivalve mollusks were
mostly focused on mussels in view of their wide geographic
distribution, sedentary way of life, filter feeding behaviour, convenient
size, ease of laboratory experimentation, considerable capacity for
accumulation of a wide variety of toxic compounds in their tissues as
well as high response to pollutants. One fundamental assumption and
basis of biomonitoring programmes is that the concentration in the
bivalves reflects the available levels of metals in the ambient
environment. Mussels accumulate many chemicals due to their great
filtration capacity and their contact with sediments, and concentrate
metals in soft tissues, and hence serve as bioindicators of metal
contamination (Nicholson, 2003a, b). But, this is of great concern as
bivalves that are loaded with harmful pollutants enter the food chain
on consumption resulting in biomagnifications at higher trophic levels.
The ability of mollusc to concentrate high amount of heavy metals
without any apparent bad effects could make these animals very

dangerous to their predators (Carpene, 1993).

Metal contamination of aguatic ecosystems is a matter of concern as
many metals are persistent and potentially deleterious to aquatic life. All
animals can accumulate metal dissolved in the ambient sea water and/or
from the food. Environmental pollution by metals has become one of the
most important problems in the world (Chandran et a., 2005). In aquatic

systems, the heavy metals of greatest concern are copper, zinc, cadmium,
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mercury, and lead. These elements are toxic to organisms above specific
threshold concentrations but many of them (e.g., copper and zinc) are
essential for metabolism at lower concentrations. Lead, cadmium and
mercury have no known biological function. Other elements of concern
are aluminium, chromium, selenium, silver, arsenic, and antimony, which
have contributed to serious problems in freshwater, estuarine, and coastal
ecosystems. Most of the studies on marine environment, which have
attempted to determine environmental poisoning by metals, have boosted
up in the last decades due to concern on the growing use of metals in
agricultural, chemica and industrial processes posing threats to lives of
organisms. Heavy metals investigated in the present study are copper and

mercury.

Copper is an essential element for bivalve's development, and is
present in many enzymes and respiratory pigments (White and Rainbow,
1985). Copper is a cofactor of the prion protein and many
metalloenzymes, such as cytochrome C-oxidase and Cu/Zn superoxide
dismutase, and is involved in byssus secretion.Copper, at elevated
concentrations, is toxic to organisms (Nicholson, 2003a). It can generate
reactive oxygen species (ROS) and because of its high affinity for thiol
groups, copper is also able to bind to cysteine, with consequent
inactivation of the proteins themselves. Mussels exposed to cupric ions
were shown to cause respiratory and cardiovascular depressions (Scott
and Magjor, 1972), reduced rates of oxygen consumption (Brown and
Newell, 1972), inhibited filtration (Abel, 1976), bradycardia (Scott and
Magjor,1972), retarded growth(D’Silva and Kureishy,1978), reduced
production of byssus and increased mucus production.(Scott and Major,
1972). Copper affects enzyme activities, electron transport reactions,
membrane permeability and cell division (Davenport and Redpath, 1984).
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The concentration of total copper in the clean oceanic seawater falls in
the range of about 0.05 to 0.35ug/L at the surface. Highest concentrations
occur in the low salinity regions of estuaries, and concentrations decrease

with increasing salinity.

Mercury is a trace metal normally present at very low
concentrations in marine environment. It is a non-essential metal that
consistently biomagnifies through the food chain. Mercury can exist in
various oxidation states that are highly soluble, reactive and toxic to
bivalves at low concentrations. Minamata bay incident in southwestern
Kyushu, Japan, the most extensively documented case of mercury
poisoning, reveals the deleterious effects on man, of chronic
discharges of low-level methyl mercury wastes into coastal waters. In
India, Chloroalkali plants are the main source for mercury release to
the atmosphere and surface waters. Besides, these coal-fired plants
such as thermal power, steel, and cement plants also contribute
significantly to mercury pollution (Nanda, 1993). Toxic effects of
mercury to bivalve mollusks studied so far include imbalance of Ca**
signaling pathway (Burlando et al., 2004), immunotoxicity (Gagnaire
et al., 2004), ROS generation, genetic abnormalities (Yap et al., 2004),
reduction in filtration rate, alteration in gill structure (Gregory et al.,
2002), and inhibition of Ca?*-ATPase activity (Pattnaik et al., 2007).

The aim of the present study is to understand the accumulation
pattern of copper and mercury in P. viridis haemolymph, and in tissues
such as gills, digestive gland, and other soft body parts under chronic
exposure of metals. P. viridis has an open circulatory system, and any
change in their ambient environment will be reflected in the

haemolymph as soon as water bathes gills. Hence, metal in ambient
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water will be reflected in haemolymph as well. A life in water requires
that gills and other body surfaces be designed for the efficient
exchange of oxygen and other essential molecules. Unfortunately, the
same physiological designs that make aquatic life so successful also
lead to the efficient uptake of many other nonessential chemicals
resulting in metal accumulation. The digestive gland represents the

major site of metal accumulation in bivalves (Pipe et al., 1999).
6.2 Review of literature

Transfer of metals through food chains has been considered in
studies way back to the 1960s (Bryan, 1964; Hoss, 1964). A large body
of field and laboratory studies have since indicated the concentration of
metals in bivalves. Many researchers have reported the potentiality of
using mollusks, especially mussels and oysters, as bioindicators or
biomarkers for monitoring heavy metal contaminations in agquatic system
(Philips, 1980; Philips and Rainbow, 1994; Gagnaire et a., 2004).
Estuarine and coastal waters are often at the risk of pollution of toxic
metals such as mercury from natural as well as anthropogenic sources
(Nanda, 1993; EPA, 1997; Das et d., 2001). As a major marine pollutant,
copper induces different responses at different levels in the bivalves
(Regoli et ., 1998).

Concentrations of heavy metal in soft tissue of P.viridis had already
been studied ( Eidet 1981; Philips and Rainbow, 1988; Chan 1988; Y ap
et a., 2002; Shi and Wang 2004; Verlecar et al., 2008 ) Laporte et al.,
(1997) showed mercury accumulation in the gill tissue, at smaller levels
in the carapace and internal organs, and at very low concentration in
circulating haemolymph of the crab Carcinus maenus. Mercury and other

metals, such as lead and cadmium, have been shown to bioaccumulate in
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small fish and other living organisms in marine and freshwater
ecosystems (e.g. Great Lakes) (Bernier et al., 1995). Cu** concentrations
in the mussel haemolymph was examined by Pickwell and Steinert
(1984).

6.3 Materialsand methods

For bioaccumulation studies, specimens of P.viridis were exposed
to the required sublethal concentrations of copper and mercury for a
period of 15 days . Specimens of P.viridis were maintained in clean FRP
tank containing 5L of sea water diluted with the required toxicants. Water
was changed once in 24 hours without disturbing the organism, and fresh
toxicants in the required concentrations added daily. At the end of 15
days, haemolymph samples were extracted from the adductor muscle
sinuses and stored in acid washed plastic vials. P.viridis was cut open and
dissected to separate gills, digestive gland and remaining body parts as
soft tissue. They were weighed and dried at 80°C for 48 h in hot air oven
before digestion.

For determination of copper about 0.5 g of dry tissue, and 0.5ml of
haemolymph samples were digested in concentrated nitric acid (70%),
and hydrochloric acid (70%) in 4:1 proportion. They were placed in a hot
block digester and fully digested, first at low temperature of 40°C for 1
hour, and later at 140°C for 3 hours. For mercury analysis the procedure
was dlightly different. Tissue and haemolymph were digested in a teflon
tube. Digestion was done in a microwave unit for 3 min at an intensity of
100%, and for 40 min at an intensity of 60%. The digested samples were
then diluted to a certain volume with deionised water. The samples were
then filtered, and the filtrates stored until analysis.
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The concentrations of Cu and Hg were analyzed by Inductively
Coupled Plasma-Mass Spectroscopy (ICP-MS) (Perkin — Elmer, Elan
6000). The stable metal tissue was expressed as pg/g DW (dry weight)

for tissue concentration, and pg/ml as haemolymph content.
Statistical analysis

Results are presented as means and standard errors. Data obtained
were subjected to Analysis of variance ( ANOVA) with aTukey post hoc
test. For al statistical tests, results were concluded as significant at (P)
value of < 0.05.

6.4 Results

Supporting the vast array of existing literature, bioaccumulation of
copper and mercury occurred in different tissue parts of P.viridis. The
ability of the mussel to carry elevated concentrations of copper and
mercury was remarkably great.

When haemolymph of P. viridis was analysed there was an increase
in the accumulation of copper, with increasing test concentration. Copper
content was low, 0.03 £ 0.01 pg/ml, in control mussels, while
accumulated mercury content was 0.1 pg/ml in control organisms.
Mercury accumulated in haemolymph in mussels exposed to higher

concentrations of 20ug/L and 50pg/L.

Total copper concentrations in various tissues of P.viridis increased
significantly with increasing exposure concentrations. Accumulation of
copper in tissue was the highest in the digestive gland, followed by soft
tissue and then gills. Accumulation of mercury was found to be several
folds higher in mussels in all concentrations, and the highest value was

obtained in mussels exposed to the highest concentration of mercury.
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Highest accumulation of mercury was observed in gills followed by
digestive gland and soft tissue. The accumulation pattern of copper and
mercury isillustrated (Table. 6.1)

Stetistical analysis were found to be significant at P< 0.05
probability level (Table. 6.2 t0 6.5).

6.5 Discussion

The results obtained have indicated that bioaccumulation in tissues
increased with increasing concentration, and also mussel’ s ability to limit the
bioaccumulation of copper and mercury varied from organ to organ.
Haemolymph of P.viridis exposed to copper and mercury was found to
contain higher concentration of these metals. Mussal's exposed to 30 pug/L of
copper had haemolymph copper content four times higher than that in the
control mussals. Mercury could be detected in the haemolymph of those
mussals exposed to 20ug/L and 50 pg/L of mercury. The observed results
are in agreement with those t of George et a. (1978), and Pickwell and
Steinert (1984), who found elevated copper in oyster and mussal serum,
respectively, and Laporte et a. (1997) observed increased mercury content
in the haemolymph of C.maenus .This elevated copper concentration in
haemolymph might be due to continuous secretion of copper-binding
molecules into the haemolymph as suggested by Pickwell and Steinert
(1984). Haemocytes are found to have an active role in heavy meta
metabolism, i.e., in the actua uptake (Galtsoff, 1964), distribution to various
tissues (Cunningham, 1979), intralysosomal storage (George et al., 1978),
and its fina eimination. This uptake of heavy metas by granular
haemocytes can result in high concentrations of copper and mercury.
However, when compared to the metal contentsin the gills, metalic load in

the digestive gland and soft tissues was low in haemolymph.
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Generally, tissues, where absorption takes place (like gills),
contained more metals than in other tissues (Bebianno et a., 1993). The
accumulation of heavy metals in gills, and digestive gland could be
related to the function of these organs. The gills are in continuous contact
with the external medium, and are considered responsible of the metal
transfer to organism. The digestive gland plays an important role in heavy
metal metabolism and contributes to their detoxification. This could
explain the high metal content in these organs of mussels. Metal
detoxification is achieved by employing physiological and biochemical
processes which may, for example, include the induction of metal-
binding proteins such as metallothioneins and low molecular weight

ligands, such as glutathione.

Because copper is an essentia trace nutrient, most marine
organisms have evolved mechanisms to control concentrations of the free
ion in tissues in the presence of variable concentrations in the ambient
water, sediments, and food. This might be the reason for low copper
concentration in contrast to mercury content. Copper must have
sequestered as Cu® in lysosomes in the digestive gland which can be the
reason for the increased level of copper in the digestive gland as observed
in present study. Even at the highest sublethal concentration used, the
mussels accumulated copper in the tissues only to about 5Stimes the

concentration in unexposed reference animals.

Mussel can accumulate high levels of mercury in their tissues.
Haemolymph contained comparatively lower levels of mercury. Lower
concentration reveals a great lability of the metal in haemolymph, which
should not be considered as a storage compartment but more as a

transport and distribution system. Although the concentrations of mercury

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 171



Bioaccumulation of heavy metals

in water column and sediments may be low, it has been demonstrated that
adult bivalves are capable of accumulating heavy metalsin their tissues to
severa orders of magnitude above the concentrations found in the water
and sediments. The high levels of heavy metals in the haemolymph give
evidence for the presence of metal-binding factors in mussel. In previous
investigations, accumulation of mercury was found to take place mainly
in the gills (Laporte et al., 1997), which is similar to the present findings,

where gills have the maximum accumulation.
6.6 Conclusion

High metal content occurs in haemolymph presumably in the
granules of haemocytes at their increased concentrations. Levels of
copper and mercury in the haemolymph would give an indication to the
magnitude of impact on haemocytes and various tissues. This study has
also reveaed that concentrations of heavy metals in various other tissues
are also high suggesting, their temporary storage in haemolymph before
the metals are transported to various organs of storage and detoxification.
In essence, the bioaccumulation assessment confirms that the
haemolymph is inevitably an important tissue in bioaccumulation tests for

heavy metalsin bivalves.
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Table. 6.1 Bioaccumulation of copper and mercury in different tissues of
P.viridis
TOXICANT | Exposed Tissue Control | 6pug/L | 12 pg/L | 30 pg/L
Haemolymph 0.027+ 0.045+ 0.064+ 0.122+
(ng/ml) 0.010 0.016 0.004 | 0.003
_ 2.334+ 3.662+ |5792+ | 10.830+
Gill (ug/g DW)
0.023 0.113 0.074 |0.063
COPPER
Digestive Glands | 2.763+ 5792+ | 10.830+ | 27.473+
(ug/g DW) 0.067 0.074 0.063 | 0.058
Soft Tissues 1.215+ 4923+ |9928+ |27.287+
(ng/g DW) 0.010 0.139 0.124 | 0.083
Control 10 pg/L | 20 pg/L | 50 pg/L
Haemolymph 0.100+ 0.100+ | 0.101+ | 0.210+
(ug/mi) 0.000 0.000 0.001 | 0.020
0.102+ 54.175+ | 90.727+ | 178.847
MERCU Gill (ug/g DW) *
RY 0.003 0.114 0.110 |0.104
Digestive Glands | 0.100+ 20.138+ | 38.106+ | 76.908+
(ng/g DW) 0.000 0.073 0.129 | 0.081
Soft Tissues 0.100+ 12.477+ | 28.173+ | 45.862+
(ng/g DW) 0.000 0.138 0.110 | 0.100

Table. 6.2 ANOVA Table for Bioaccumulation of copper in different

tissues of P.viridis

Source -I-SYJF?] IolfI df Sl\qfll?:rne F Sig.
Squares
Tissue 2084.315 694.772 135213.597 | .000
Concentration 3116.234 1038.745 | 202156.210 | .000
Tissue* Concentration | 1714.378 190.486 37071.681 | .000
Error 411 80 | .005
Total 6915.338 | 95
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Table6.3 ANOVA Table for Bioaccumulation of mercury in different
tissues of P.viridis

Typelll
Sour ce Sum of df S'\qfll?:pe F Sig.
Squares
Tissue 84125.666 | 3 28041.889 | 4234528.945 | .000
Concentration 73112.177 | 3 24370.726 | 3680156.656 | .000
Tissue* 54743.172 | 9 6082.575 918512.961 | .000
Concentration
Error 530 80 .007
Total 211981.545| 95

Table 6.4 Results of Multiple Comparison Test for Bioaccumulation in
Copper exposed P. viridis

p-value

Tukey Control Vs6 pg/L 0.0000
Control Vs 12 ug/L 0.0000

Control Vs 30 pg/L 0.0000

6 ppm Vs. 12 ug/L 0.0000

6 ppm Vs. 30 ug/L 0.0000

12 ppm Vs. 30 pg/L 0.0000

Table. 6.5 Results of Multiple Comparison Test for bioaccumulation in
Mercury exposed P.viridis

p-value

Tukey Control Vs 10 pg/L 0.0000
Control Vs 20 pg/L 0.0000

Control Vs 50 pg/L 0.0000

6 ppm Vs. 20 pg/L 0.0000

6 ppm Vs. 50 pg/L 0.0000

12 ppm Vs. 50 pg/L 0.0000
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Aquatic toxicology is relatively a new and still evolving discipline,
originating from the concern for the safety, conservation, and protection
of aguatic environments, and aso as an off shoot of toxicology, since
degradation of water mass is caused mainly by anthropogenic toxicants
dumped into the water bodies by human activities, directly or indirectly.
Intent of the present study was to understand and ascertain how best
haemolymph parameters, and activity patterns of selected haemolymph
organic components and enzymes activity patterns of the green mussel
P.viridis can be employed as useful and sensitive immunomarker tools
for laboratory studies, and to some extent field applications. Various
parameters tested in the present have proved that those can be essentially
useful in expanding our existing knowledge on bivalve immunity, and
immunotoxicology, particularly in relation to the increasing disease
susceptibility being documented in shellfishes. This study is al the more
important considering the fact that not too many studies have been made
in India on molluscan immunology and immunotoxicology, except

perhaps the contributions of afew.

It was found that haemolymph could be easily sampled from
individual mussels in sufficient quantities from the sinuses of adductor
muscles for analytical purpose without sacrificing the test specimens. The
first chapter shows that the highly regulated nature of bivalve immune
system renders it quite vulnerable to toxicants. A decreased cellular
defense mechanism, assessed through investigating the various

haemolymph parameters such as total haemocytes counts, differential
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counts, cell viability, and lysosomal stability on prolonged exposure to
heavy metals, was observed. Changes could easily be analysed and
guantified as these tests were simple but reliable, and they are suggested
as good immunomarker tools for screening purposes, prior to measuring

higher order physiological dysfunction.

Biochemical changes in organic constituents of haemolymph
content and aspartate amino transaminase, and aanine amino
transaminase activities in metals exposed mussels showed significant
variations from  the controls. But energy reserves such as glucose,
glycogen and protein vary according to season, age and reproductive
stage also. But considering the fact that the specimens used in the present
study were of uniform size and not fully matured gives an indication that
the fluctuations observed in the activity patterns cannot be taken lightly
or ignored totally, though additional information on these parameters
would aways be useful for better understanding of the immune
mechanisms. However, haemolymph ALT and AST activities are

recommended as useful and purposive immunomarkers.

The apparent sengtivity of ACP and ALP exhibited through
fluctuating activity patterns suggests that analysis of these enzymes at
different time-periods can be used as biomarkers in metal pollution. In
agreement with the observations of other workers, the data | have obtained
once again confirm the reliability of choosing AChE activity pattern as a
senditive haemolymph enzyme marker to assess meta stress. The observed
inhibitory effects of Na'/K* ATPase and Ca?* ATPase in their activities point
to the degrading health of P.viridis and hence can be used as a biomarker.
Super oxide anion production quantified by NBT assay was the most easily
carried out assay among the antioxidant mechanism tested in P.viridis..
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There is a shortage of readily available data on bivalve haemolymph
from our country for comparison purpose, more importantly on immunity
and immunotoxicity. One maor reason is that molluscan haemolymph
was not considered as a tissue until recently, and the significant role
haemolymph plays in defence mechanisms was under estimated.

Interestingly, the picture on molluscan defence mechanismsis still vague.

An increased metal content in haemolymph was evident from the
data obtained postulating haemolymph as an organ of bioaccumulation.
From various immune parameters and haemolymph enzyme activity
patterns analysed, copper and mercury showed toxic effects on
haemolymph. But the impact was more on those exposed to mercury than
those exposed to copper. This suggests a better detoxifying mechanism in

P.viridis for copper asit is also an essential element.

In conclusion, it can be stated that the study of immunotoxicity of
invertebrates is still very much in its infancy in our country. Full
evauation of the immunotoxic potential of the contaminants requires a
wide range of assays to assess cellular and humoral aspects in immune
mechanisms. The significance of laboratory based assessments needs
further evaluation under field conditions. The data presented above,
showing significant alterations in mussel haemolymph components
following copper and mercury exposure, demonstrate clear immune
suppression, and provide a clear indication that the immune system of
bivalve molluscs is modulated by environmental stressors. More work to
establish the link between the assays used to measure immune
competence, and the importance of their relationship to the observed

suppression of the immune mechanism is needed.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 177



Abd Allah, A. T. and Moustafa, M.A., 2002. Accumulation of lead and
cadmium in the marine prosobranch Nerita saxtilis, chemical analysis,
light and electron microscopy. Environ. Pollut. 116,185-191.

Abel, P.D., 1976. Effect of somepollutants on the filtration rate of
Mytilus.Mar.Pol.Bul., 7, 228-231.

Abramson, J.J., Trimm, JL., Weden, L. and Sdama, G., 1983. Heavy metas
induce rapid calcium release from sarcoplasmic reticulum vesicles isolated
from skeletal muscle. Proc. Natl. Acad. Sci. 80, 1526-1530.

Adamczewska, A.M. and Morris, S., 1994. Exercise in the terrestrial Christmas
Island red crab Gecarcoidea natalis. |l. Energetics of locomotion. J.
Exp. Biol. 188, 257-274.

Adema, C.M., Knaap, W.P.W. and Sminia, T., 1991. Molluscan haemocyte-
mediated cytotoxicity. The role of reactive oxygen intermediates.
Rev.Aquatic Sci. 4, 201-223.

Adema, C.M., Mohandas, A., van der Knaap, W.P.W and SminiaT 1994.
Separation of Lymnaea stagnalis hemocytes by density gradient
centrifugation. Dev. Comp.Immunoal., 18, 25-31.

Adema, C.M., van der Knapp W.P.M. and Sminia, T., 1991. Molluscan
haemocyte-mediated cytotoxicity: the role of reactive oxygen
intermediates. Rev. Aquat. Sci. 4,210-223

Aebi H., 1984. Catalase in vitro, Methods Enzymol. 105, 121-126.

Aebi, H., 1974. Catdase In: Bergmeyer, HU (Eds), Methods of Enzymatic
Anaysis. Vol.2.Academic Press, New Y ork, pp. 673-678.

Almeida E.A., Bainy, A. C. D., Loureiro, A. P. M., de Medeiros, M. H.G. and
Mascio, P. D., 2003. DNA and Lipid Damage in the brown mussel
Perna perna from a contaminated site.

Almeida, E. A., Miyamoto, S., Bainy, A.C.D., de Medeiros, M.H.G. and
Mascio, P.D., 2004. Protective effect of phospholipid hydroperoxide
glutathione peroxidase (PHGPx) against lipid peroxidation in mussels
Perna perna exposed to different metals. Mar. Poll. Bull. 49, 386-392.

Alvarez, M. R., and Friedl, F. E., 1992. Effect of a fungicide on in vitro
hemocyte viability, phagocytosis and attachment in the American
oyster, Crassostrea virginica. Aquaculture 107, 135-140.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 178



References

Alves, L.C. and Wood, C.M., 2006. The chronic effects of dietary lead in
freshwater juvenile rainbow trout (Oncorhynchus mykiss) fed elevated
calcium diets. Aquat. Toxicol. 78, 217-232.

Anderson, R. S., 1993. Modulation of nonspecific immunity by environmental
stressors. In Advances in Fisheries Science, Pathobiology of Marine and
Estuarine Organisms (J. A. Couch & J. W. Fournie, Eds) London: CRC
Press. 483-510.

Anderson, R. S, 1994. Hemocyte-derived reactive oxygen intermediate production
infour bivave molluscs. Dev. Comp. Immunol. 18, 89-96.

Anderson, R. S, Oliver, L. M. and Brubacher, L. L., 1992. Superoxide anion
generation by Crassosirea virginica hemocytes as measured by nitroblue
tetrazolium reduction. J. Invertebr. Pathol. 59, 303-307.

Anderson, R.S, Mora, L.M. and Thomson, S.A. 1994. Modulation of oyster
(Crassostrea virginica) hemocyte immune function by copper, as
measured by luminol-enhanced chemiluminescence. Comp.Biochem.
Physiol. C-Pharmacol Toxicol Endocrinol. 108, 215-20.

Anderson, R.S., 1988. Effects of anthropogenic agents on bivalve cellular and
humoral defense mechanisms. Am. Fish. Soc. Spec. Publ. 18; 238-242.

Anderson, R.S., 1994. Hemocyte-derived reactive oxygen intermediate
production in bivalve molluscs. Dev. Comp. Immunol. 18, 89-96.

Anderson, R.S,, Olliver, L.M. and Brubacher, L.L., 1992. Superoxide anion
generation by Crassostrea virginica hemocytes as measured by
nitroblue tetrazolium reduction. J. Invert. Pathol. 59, 303—7.

Anon ,1963. The colorimetric determination of phosphatase. Sgma Tech. Bull
104: Sigma Chemicals Co. St. Louis.

Arumugam M, Romestand B, Torreilles J and Roch, P., 2000 In vitro
production of superoxide and nitric oxide (as nitrite and nitrate) by
Mytilus galloprovincialis haemocytes upon incubation with PMA or
laminarin or during yeast phagocytosis. Eur. J. Cell. Biol. 79,513-519

Atli, G., and Canli,M., 2007. Enzymatic responses to metal exposures in a freshweter
fish Oreochromis niloticus Comp. Biochem. Physiol. 145 C, 282-287.

Auffret M., 1988. Histopathological changes related to chemical contamination
in Mytilus edulis from field and experimental conditions Mar. Ecol.
Prog. Ser. (46): 101-107

Auffret, M. and Oubella, R., 1997. Hemocyte aggregation in the oyster
Crassostrea gigas: in vitro measurement and experimental modulation
by xenobiotics. Comp. Biochem. Physiol. 118A (31), 705-712.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 179



References

Auffret, M., 1986. Internal defence in bivalve molluscs: ultrastructura
observations on the fate of experimentally injected bacteria in Ostrea
edulis granular hemocytes. In Pathology in Marine Aquaculture (C. P.
Vivares, JR. Bonami, E. & Jaspers, E., eds) pp. 351-356. European
Aquaculture Society Special Publication 9, Bredene, Belgium.

Auffret, M., and Oubella, R., 1994. Cytometric parameters of bivalve molluscs:
Effect of envisronmental factors. In Modulators of Fish Immune
Responses. SOSPubl. USA 1;23-32.

Auffret, M., Duchemin, M., Rousseau, S., Boutet, |., Tanguy, A., Moraga, D.
and Marhic, A., 2004. Monitoring of immunotoxic responses in oysters
reared in areas contaminated by the ‘‘Erika’ oil spill. Aquat. Living
Resour. 17, 297-302.

Auffreta, M., Rousseaua, S., Bouteta, 1.,Tanguya,A.,Baronb,J., Moragaa, D.
and Duchemina M., 2006. A multiparametric approach for
monitoring immunotoxic responses in mussels from contaminated
sites in Western Mediterranea. Ecotoxicol. Environ. Saf. 63, 393—405

Austin, K. and Paynter, K.1995. Characterisation of the chemiluminescense
measured in haemocytes of the eastern oyster Crassostrea virginica
J.Exp.Zool., 273,461-71.

Awapara, J and Campbell, JW. 1964. Utilisation of C*O, for the formation of
some amino acids in three invertebrates. Comp. Biochem. Physiol.11,
231-235.

Ay, O., Kaay, M., Tamer, L. and Canli, M., 1999. Copper and lead accumulation
in tissues of a freshwater fish Tilapia zillii and its effects on the branchia
Na KATPase activity. Bull. Environ. Toxicol. 62, 160-168.

Bachere, E., Miahe, E., Noo", D., Boulo, V., Morvan and Rodriguez, J., 1995.
Knowledge and research prospects in marine mollusc and crustacean
immunology. Aquaculture.132, 17-32.

Bachere, E., Chagot, D. and Grizel, H., 1988. Separation of Crassostrea gigas
hemocytes by density gradient centrifugation and counterflow centrifugal
elutriation. Dev. Comp. Immunoal. 12, 549-559.

Bachere, E., Hervio, D., and Mialhe, E., 1991. Luminol dependent
chemiluminescence by haemocytes of two marine bivalves, Ostrea
edulis and Crassostrea gigas. Dis. Aquat. Org. 11, 173-180.

Bachére, E., Miahle, E. and Rodriguez, J. 1995. Identification of defence
effectors in the haemolymph of crustaceans with particular reference to
the shrimp Penaeus japonicus (Bate): prospects and application. Fish
Shellfish Immunoal., 5,597-612.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 180



References

Bachre, E., Miahe, E., Noel D., Boulo V., Morvan A., and Rodriguez ’ J.1995.
Knowledge and research prospects in marine mollusc and crustacean
immunology.Aquaculture.132, 17-32

Badman, D.G., 1967. Quantitative studies on trehalose in the oyster,
Crassostrea virginica Gmelin. Comp. Biochem. Physial., 23, 621-629.

Bainy A.C.D., de Medeiros H.G., Mascio P. and de Almeida E.A., 2006.In
vivo effects of metals on the acetylcholinesterase activity of the
Perna perna mussel’s digestive gland Biotemas, 19 (1), 35-39.

Balachandran, K.K., Lalurg, C. M., Martin, G.D. Srinivas, K. and Venugopal,
P., 2006. Environmental analysis of heavy metal disposition in a flow
restricted tropical estuary and its adjacent shelf.Environmental
forensics.7,345-351.

Balouet, G. and Poder, M., 1981. Effets biologiques de la pollution par les
hydrocarbures de 1'Amoco-Cadiz sur I'ostreiculture en Bretagne
Nord. In: Arnoco-Cadiz Consequences d'une pollution accidentelle
par les hydrocarbures. CNEXO, Paris, 703-713.

Bayne, B.L., 1973aPhysological changes in Mytilus edulis L. induced by
temperature and nutritive test.Journa of the Mar. Biol. Asso. UK, 53, 39-58.

Bayne, B.L., Brown, D.A., Harrison, F., Yevich, P.D., Varela, G. and Webber,
D.L., 1980. Mussel health. In: The International Mussel Watch,
National Academy of Sciences, Washington, D.C., pp. 163-235.

Bayne, C.J., 1983. Molluscan immunobiology. In: Saleuddin, A.S.M., Wilbur,
K.M. (Eds.), The Mollusca. Physiology, Part 2, Vol. 4. Academic Press,
New York, pp. 407-486.

Bayne, C.J., Hahn, U. K and Bender, C.J., 2001. Mechanisms of molluscan host
resistance and of parasite strategies for survival.Parasitol.123, S1 59-67.

Bayne, C.J., Moore, M.N., Carefoot, T.H., Thompson, R.J., 1979. Hemolymph
functions in Mytilus californianus. The cytochemistry of hemocytes and
their responses to foreign implants and hemolymph factors in
phagocytosis. J. Invertebr. Pathol. 34, 1-20.

Bebianno, M.J., Geret, F. and Sera, M.A., Barreira L., 2002. Response of
antioxidant systems to copper in the gills of the clam Ruditapes
decussates.Mar.Environ.Res.54,413-417.

Bebianno, M.J,, Nott, JA., Langston, W.J., 1993. Cadmium metabolism in the
clam, Ruditapes decussate. The role of metallothioneins. Aquatic
Toxicol.27, 315-334

Bdl, M.V., Henderson, R.J. and Sargent, JR., 1986. The role of polyunsaturated
fatty acidsin fish. Comp. Biochem. Physiol., B 83, 711-719.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 181



References

Bernier, J., Brousseau, P., Krzystyniak, K., Tryphonas, H. and Fournier, M.,
1995. Immunotoxicity of heavy metals in relation to great lakes.
Environ. Health Perspect. 103, 23-34.

Bhargavan Bindya, P.V., Haridevi C.K. and Salih K.Y.M., 2006. Lysosomal
labilisation in Villorita as a cytologica response to metal
stress.Ecol.Env.Cons.12, (1) 63-66.

Bhavan, P.S., and Geraldine, P., 1997.Altreations in concentration of protein,
carbohydrate, glycogen, free sugar, and lipid in the prawn
Macrobrachium malcolmsonii on exposure to sublethal concentrations
of endosulfan. Pest.Biochem.Physiol. 58, 89-101.

Birkbeck T.H., McHenery J.G., Nottage A.S., 1987.Inhibition of filtration in
bivalves by marine vibrios, Aquaculture.67,247-248.

Birkbeck, T.H., 2004. Impact of season and rearing site on the physiological
and immunologica parameters of the Manila clam Venerupis (=Tapes,
=Ruditapes) philippinarum.Aquaculture 229; 401-418.

Bishop, S. H., Ellis, L. L. and Burcham, J. M. 1983. Amino acid metabolism in
Molluscs. In The Mollusca: Metabolic Biochemistry and Molecular
Biomechanics 1 (K. M. Wilbur, N.H.Verdonk, J. A. M. van der Biggelar
& A. S. Tompa, eds) pp. 243-327. London: Academic Press.

Blasco, J. and Puppo, J., 1999.Effect of heavy metals (Cu, Cd, and Pb) on
aspartate and alanine aminotransferase in Ruditapes philippinarum
(Mollusca: Bivalvia).Comp.Biochem.Physiol. 122C, 253-263.

Bocguene, 1997. Cholinesterase activities of the common scallop and the queen
scallop from the Bay of Brest (France): a tool to detect effects of
organophosphorous and carbamate compounds. Annales de I’ Institute
Oceanographique. Paris 73, 1, 59-68.

Bocgquene, G., Bellanger, C., Cadiou, Y. and Galgani, F., 1995. Joint action of
combinations of pollutants on the acetylcholinesterase activity of several
marine species. Ecotoxicol. 4, 266-279.

Bocguene, G., Galgani, F. and Truquet, P., 1990. Characterisation and assay
conditions for use of AChE activity from several marine species in
pollution monitoring. Mar. Environ. Res. 30, 75-89.

Bocquene, G., Gagani, F., Burgeot, T., Le Dean, L. and Truquet, P., 1993.
Acetylcholinesterase levels in marine organisms aong French coasts.
Mar. Poll. Bull. 26, 101-106.

Bonting, S.L., 1970. Membrane and ion transport. In: Pembroski, T. M.,
Schmidt, T.H., Blumchen, G. (Eds.), Biobehavioural Base of
Coronary Heart Disease, vol. 1. Wiley Inter Science, London,
pp. 254-363.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 182



References

Borenfreund, E. and Puerner, JA., 1985. Toxicity determined in vitro by
morphological alterations and neutral red absorption. Toxicol. Lett. 24,
119-124.

Borenfreund, E., and Babich, H.,1993. Neutra red (NR) assay. In Cel and Tissue
Culture: Laboratory Procedures (J. B. Griffiths, A. Doyle, and J. W. Newell,
Eds), pp. 4B: 7.1-7. 7. Wiley, Sussex, England.

Boyce, R. and Herdman, W.A., 1897. On a green leucocytosis in oysters
associated with the presence of copper in the leucocytes. Proceedings of
the royal society of London, 62, 30-38

Brousseau, P., Pellerin, J., Morin, Y., Cyr, D., Blakley, B., and Boermans, H.,
2000. Flow cytometry as a tool to monitor the disturbance of
phagocytosis in the clam Mya arenaria haemocytes following in vitro
exposure to heavy metals. Toxicol. 142, 145-56.

Brown, B.E. and Newell, R.C., 1972. The effect of Copper and Zinc on the
metabolism of the mussel Mytilus edulis .Mar.Biol.16; 108-112.

Brown, R. J, Gdloway, T. S, Lowe, D., Browne, M. A., Dissanayake, A.,
Jones, M. B., and Depledge, M. H., 2004. Differential sensitivity of
three marine invertebrates to copper assessed using multiple biomarkers.
Aquat. Toxicol., 66(3), 267-278.

Bryan, G.W., 1964. Zinc regulation in the lobster Homarus vulgaris. 1. Tissue
zinc and copper concentrations. J. Mar. Biol. Assoc. UK 44, 549-563.

Bryan, G.W., 1976a.Heavy metal contamination in the sea. Marine Pollution.
Johnston, R.(Ed.),Academic Press, New Y ork and London. pp 185-302

Bryan, G.W., 1984. Pollution due to heavy metals and their compounds.Marine
Ecology. Vol. V, Ocean management, Part |V, Toxicity testing.
Wat.Res., 16(3):239-262.

Bubel, A., Moore, M. N., and Lowe, D., 1977. Cellular responses to shell
damage in Mytilus edulis. J. Exp. Mar. Biol. Ecol. 30, 1-27.

Burchiel, SW., Kerkvliet, N.L., Gerberick, G.F., Lawrence, D.A. and Ladics,
G.S.,, 1997. Assessment of immunotoxicity by multiparameter
flowcytometry. Fundam. Appl. Toxicol. 38, 38-54.

Burlando, B., Bonomo, M., Fabbri, E., Dondero, F. and Viarengo, A., 2003b. Hg**
signding in trout hepatoma (RTH-149) cells: involvement of Ca’*-induced
Ce* release. Cell Calcium. 34, 285- 293,

Burlando, B., Bonomoa, M., Caprya, F., Mancindli, G., Pons, G., Viarengo, A.,
2004. Dierent eects of Hg* and Cu** on mussl (Mytilus
galoprovinciais) plasma membrane Ca2*-ATPase: Hg?* induction of
protein expression. Comp. Biochem. Physiol. C 139, 201-207.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 183



References

Burlando, B., Magndlli, V., Panfali, I., Berti, E. and Viarengo, A., 2003a.
Ligand-independent tyrosine kinase signalling in RTH 149 trout
hepatoma cells: comparison among heavy metals and pro-oxidants. Cell.
Physiol. Biochem. 13, 147— 154.

Butler, R.A. and Roesijadi, G., 2001. Disruption of metallothionein expression
with antisense oligonucleotides abolishes protection against cadmium
cytotoxicity in molluscan haemocytes. Toxicol. Sci. 59, 101-107.

Caaraville, M. P. and Pal, G., 1995. Morphofunctional study of the haemocytes
of the bivalve mollusc Mytilus galloprovincialis with emphasis on the
endolysosomal compartment. Cell Sructure and Function 20, 355-367.

Caaraville, M..P., Olabarrieta, 1., and Marigomez, 1., 1996. In Vitro Activities
in Mussel Hemocytes as Biomarkers of Environmental Quality: A Case
Study in the Abra Estuary (Biscay Bay) Ecotoxicol.Environ. Saf. 35,
253-260.

Cqgjaraville, M.P., Bebianno, M.J., Blasco, J., Porte, C., Sarasquete, C. and
Viarengo, A., 2000. The use of biomarkers to assess the impact of
pollution in coastal environments of the lberian Peninsula: a
practical approach. Sci. Tot. Environ. 247, 295-311

Caaraville, M.P., Pd, S.G. and Robledo, Y., 1995. Light and eectron microscopica
localization of lysosomd acid hydrolases in bivalve haemocytes by enzyme
cytochemistry. Acta Histochem. Cytochem.,, 28, 409-16.

Camus, L., Pampanin, D.M., Volpato, E., Delaney, E., Sanni, S. and Nasci, C., 2004.
Tota oxyradical scavenging capacity responses in Mytilus galloprovincialis
trangplanted into the Venice lagoon (ltaly) to measure the biological impact
of anthropogenic activities. Mar. Pollut. Bull. 49, 801-808

Canli, M. and Stagg, R.M., 1996. The effects of in vivo exposure to cadmium,
copper, and zinc on the activities of gill ATPases in the Norway |obster
Nephrops norvegicus. Arch. Environ. Contam. Toxicol. 31, 491-501.

Cabdld, M. J, Lopez, C., Azevedo, C. and Villaba, A. 1997. Hemolymph cell
types of the mussdl Mytilus galloprovincialis. Dis. Aquat. Org. 29, 127-135.

Carballal, M. J., Lépez, C., Azevedo, C. and Villalba, A. 1997. In vitro study of
phagocytic ability of Mytilus galloproviancialis Lmk. haemocytes. Fish
Shell- fish Immunol. 7, 403-416..

Carballal, M. J., Lopez, C., Azevedo, C. and Villalba, A.,1997. Enzymes
involved in defense functions of haemocytes of mussel Mytilus
galloprovincialis Lmk. haemocytes. J. Invertebr. Pathol. 70, 96—105.

Carbala, M. J, Loépez, M. C., Azevedo, C. and Villdba, A., 1997a
Hemolymph cell types of the mussel Mytilus galloprovincialis. Dis.
Aquat. Org. 29, 127-135.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 184



References

Carbdla, M.J,, Villaba, A., Lopez, C., 1998. Seasonal variation and effects of age,
food avallability, size, gonada development, and parasitism on the
haemogram of Mytilus galloprovincialis. J. Invertebr. Pathol. 72, 304-312.

Carall, N.V., Longlev, RW. and Roe JH., 1956. Glycogen determination in
liver and muscle by the use of anthrone.J.Biol.Chem.220.583

Carpene, E., 1993. Metallothionein in marine mollusks. In: R. Dalinger & P.
Rainbow (Eds.), Ecotoxicology of metals in invertebrates (pp. 55-72).
Tokyo: Lewis Publ.

Carpene, E., Crisetig, G., Cortesi, P., Serrazanetti, G. (1979). Effet to del
cadmio sull'attivitta della fosfatasi alcalina (3.1.3.1) di Venus gallina.
Boll. Soc. ital. Biol. sper. 55:1210-1216

Castro, M., Santos, M.M., Monteiro, N.M. and Vieira, N., 2004. Measuring
lysosomal stability as an effective tool for marine coastal environmental
monitoring. Mar. Environ. Res. 58 (2-5); 741-745.

Chad F. and Srivatsan, M., 2003.Neura and circulating cholinesterases of the
marine mollusc Aplysia californica.BECTH. MOCK. YVH-TA. CEP. 2,
62-65

Chan, H.M., 1988. Accumulation and tolerance to cadmium, copper, lead and zinc
by the green mussdl Perna viridis. Mar. Ecol. Prog. Ser. 48, 295-303.

Chan, SM., Rankin, SM., Keeley, L.L., 1988. Characterization of the molt
stages in Penaeus vannamei: setogenesis and hemolymph levels of total
protein, ecdysteroids and glucose. Biol. Bull. 175, 185-192.

Chandran, R., Sivakumar, A., Mohandass, S. and Aruchami, M., 2005. Effect of
cadmium and zinc on antioxidant enzyme activity in the gastropod, Achatina
fulica. Comp. Biochem. Physiol. C 140, 422-426.

Chavpil, M., 1976. Effect of zinc on cells and biomembranes. Med Clin North
Am 60,799-812.

Cheng, T. C. 1983. Triggering of immunologic defense mechanisms of
molluscan shellfish by biotic and abiotic challenge and its application.
Mar.Technol.Soc.J. 17, 18-25.

Cheng, T. C. 1990. Effects of in vivo exposure of Crassostrea virginica to
heavy metals on hemocyte viability and activity levels of lysosomal
enzymes. Pathol. Mar. Sci., 513-524.

Cheng, T. C. and Foley, D. A., 1975. Hemolymph cells of the bivalve mollusc
Mercenaria mercenaria: an electron microscopical study. J. Invertbr.
Pathol. 26, 341-351.

Cheng, T. C. and Sullivan, J. T., 1984. Effects of heavy metals on phagocytosis
by molluscan hemocytes. Mar. Environ. Res. 14, 305-315.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 185



References

Cheng, T. C., 1975. Functional morphology and biochemistry of molluscan
phagocytes. Annals of the New York Academy of Sciences 266, 343-379.

Cheng, T. C., 1990. Effects of in vivo exposure of Crassostrea virginica to
heavy metals on hemocyte viability and activity levels of lysosomal
enzymes. Pathol. Mar. Sci. 513-524

Cheng, T.C. and Cdli, A., 1974.An electron microscope study of the fate of
bacteria phagocytosed by granulocytes of Crassostrea virginica.
Contemp.Top.Immunol. 4, 25-35.

Cheng, T.C., 1977. Biochemica and ultrastructura evidencefor the double role of
phagocytosis in molluscs: defenseand nutrition. In: Bulla, L.AA. J.,
Cheng, T.C. (Eds), Comparative Pathobiology, Vol. 3. Invertebrate
ImmuneResponses, Plenum Press, London, pp. 21 30.

Cheng, T.C., 1981. Bivalves. In Invertebrate blood cells 1. General aspects.
Animals without true circulatory systems to cephalopods (ed. N.A.
Ratcliffe and A.F. Rowley), pp. 233-300. London: Academic Press.

Cheng, T.C., 1981. Racliffe, N.A., Rowley, A.F. (Eds.), Bivalves. In:
Invertebrate Blood Cells 1. Academic Press, London, pp. 233-300.

Cheng, T.C., 1983. Bivaves. In: Ratcliffe NA, Rowley AF, editors.
Invertebrate blood cells. London: Academic Press; 234-300.

Cheng, T.C., 1988a. In vitro effects of heavy metas on cellular defense
mechanisms of C.virginica: phagocytic and endocytic indices.
J.Invert.Pathol. 51,215-220.

Cheng, T.C., 1996. Hemocytes. forms and functions. In: Newell, R.I. E.,
Kennedy, V S, Eble, A.F. (Eds.). The eastern oyster Crassostrea
virginica. Maryland Sea Grant College, 299-329.

Cheng, T.C., 1998b. In vitro effects of heavy metas on cellular defense
mechanisms of C.virginica: Tota and differential cell counts.
J.Invertebr.Pathol. 51, 207-214.

Cheng, T.C.,, and Sullivan JT., 1984.mEffects of Heavy Metals on
Phagocytosis by MolluscanHemocytes Mar. Environ. Res. 14; 305-315.

Cheng, W. and Chen, J. C. ,2000. Effects of pH, temperature and salinity on
immune parameters of the freshwater prawn Macrobrachium
rosenbergii. Fish Shellfish Immunol. 10, 387-391.s

Cheng, W., Feng-Ming Juang , Chen, J., 2004.The immune response of
Taiwan abalone Haliotis diversicolor supertexta and its
susceptibility to Vibrio parahaemolyticus at different salinity levels
Fish Shellfish Immunol. 16, 295-306

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 186



References

Chetty, C.S., Naidu, R. C., Reddy, Y. S., Aruna, P. and Swami, K. S., 1980.
Tolerance limits and detoxification mechanisms in the fish Tilapia
mossambi ca subjected to ammonia toxicity. Ind.J.Fish.27 177-182.

Cheung, V.V., Wedderburn, R.J. and Depledge, M.H., 1998. Malluscan lysosomal
responses as a diagnostic tool for the detection of a pollution gradient in Tolo
Harbour, Hong Kong. Mar. Environ. Res.46, 237-241.

Cho, SM. and Jeong, W.G., 2005. Spawning impact on lysosomd sability of the
Pecific oyster, Crassostrea gigas. Aquaculture 244 (1-4), 383-387.

Choi J. Heeson,Ahn In-Y oiung,Lee Y oung-Suk,Kim Ko-Woon and Jeong Kye-
Heon, 2003.Higtological responses of the Atlantic Bivalve Laternula
elliptica to a short term Subletha-level Cd Exposure.25 (2);147-154.

Chow K.W. and Pond W.G., 1972. Biochemica and morphological swelling of
mitochondria in ammonia toxicity. Proc.Soc. Exptl.Biol.Med. 139.
150-156.

Christie, J.D. and Michelson, E.H., 1975. Transaminase levels in the digestive
gland-gonad of Schistosoma mansoniinfected Biomphalaria glabrata.
Comp Biochem Physiol 50B: 233-236.

Chu, F. L. E., 1988. Humoral defense factorsin marine bivalves. Am. Fish Soc.
Soec. Publ. 1988; 18:178-88.

Chu, F.L.E., 2000. Defense Mechanisms of Marine Bivalves. Mar. Biotechnol.
1-42.

CMFRI Annual report 2003-2004.
CMFRI Annual report 2004-2005.

Cales, J. A., Farley, S. R. and Pipe, R. K., 1994. Effects of fluoranthene on the
immunocompetence of the common marine mussel, Mytilus edulis.
Aquatic Toxicology 30; 367-379.

Coles, J. A., Farley, S. R. and Pipe, R. K., 1995. Alteration of the immune
response of the common marine mussel Mytilus edulis resulting from
exposure to cadmium. Dis. Aquat. Org. 22, 59-65.

Cooper, JE. and Knowler, C., 1992. Investigations into causes of death of
endangered molluscs (Partula species). Vet. Rec. 131 (15), 342-344.

Cornet M (1993) A short-term culture method for chromosome preparation
from somatic tissues of adult mussel (Mytilus edulis). Experientia 49,
87-90

Costa da., R., Barrias, C., P.F. Oliveira, P.F. and Ferreira H.G, 1999. Na'—K"*
ATPase in outer mantle epithelium of Anodonta cygnea Comp.
Biochem. Physiol. 122A, 337-340.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 187



References

Couch, J. A., 1985. Prospective study of infectious and noninfectious diseases
in oysters and fishes in three Gulf of Mexico estuaries. Dis. Aquat. Org.
1. 59-82.

Culloty S.C., Duggan P.F., Quishi X. and Mulcahy M.F., 2002.Amylase and
aspartate aminotransferase in the haemolymph of the European flat
oyster Ostrea edulis Fish Shellfish Immunol. 12, 367-369

Cunningham, P. A., 1979. The use of bivalve molluscs in heavy metal pollution
research. In: Marine pollution: Junctional responses (Vernberg, W.B.,
Thurberg, F. P., Calabrese, A. & Vernberg, F. J. (Eds)). Academic
Press, New York, 183-222.

Cusimano, R. F., Brakke, D. F., and Chapman, G. A. ,1986. Effects of pH on
the toxicity of cadmium, copper, and zinc to steelhead trout (Salmo
gairdneri). Can. J. Fish. Aquat. Sci. 43, 1497-1503.

D’ Silva, C. and Kureishy, T. W., 1978. Experimnta studies on the
accumulation of copper and zinc in the green mussel. Mar.Poll.Bull., 9,
187-190.

Da Ros, L., Meneghetti, F., Nasci, C., 2002. Field application of lysosomal
destabilisation indices in the mussel Mytilus galloprovincialis:
biomonitoring and transplantation in the Lagoon of Venice (north-east
Italy). Mar. Environ. Res. 54 (3-5), 817-822

Dallianis,S.,, Domouhtsdou G.P., Raftopoulou, E., Kaoyianni M.,
DimitriadisV .K.,2003.Evaluation of neutral red retention assay,
micronucleus test, acetylcholinesterase activity and a signal transduction
molecule (CAMP) in tissues of Mytilus galloprovincialis (L.), in pollution
monitoring Mar. Environ. Res. 56; 443-470

Ddlinger R and Rainbow P, 1993.Editors. Ecotoxicology of metals in
invertebrates. Lewis, Chelsea, MI: SETAC Specia Publications.

Dalinger R, Rainbow P, 1993. Editors. Ecotoxicology of metals in
invertebrates. Lewis, Chelsea, MI: SETAC Specia Publications.

Dallinger, R., 1995. Metabolism and toxicity of metas: metallothioneins and metal
elimination. In: Ggaraville MP (ed) Cell biology in environmental
toxicology. Universidade del PaisVasco, Bilbao, pp 171-190.

Darracott, A. and Watling H., 1975.The use of molluscs to monitor cadmium
levels in estuaries and coastal marine environments. Trans. For. Soc.
South Africa. 41, 4, 325-38

Das, P.C., Ayyappan, S., Das, B.K., Jena, JK., 2004. Nitrite toxicity in Indian
major carps. sublethal effect on selected enzymes in fingerlings of Catla
catla, Labeo rohita and Cirrhinus mrigala. Comp. Biochem. Physiol.
C138, 3-10.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 188



References

Das, S, Patro, SK., Sahu, B.K., 2001. Variation of residual mercury in penaeid
prawns from Rushikulya Estuary, East Coast of India. Ind. J.Mar. <.
30, 33-37.

Dautremepuits, C., Paris-Palacios, S., Betoulle, S., Vernet, G., 2004.
Modulation in hepatic and head kidney parameters of carp (Cyprinus
carpio L.) induced by copper and chitosan. Comp. Biochem. Physiol. C
137, 325-333.

Davenport, 1977. A study of the effects of Copper applied continuously and
discontinuoudly to specimens of M.edulis (L) exposed to steady and
fluctuating salinity levels. J.Mar.Biol . Assoc.UK. 57, 63.

Davenport, J. and Redpath, K.J., 1984. Copper and mussal Mytilus edulis (L).In :
Toxins ,Drugs and Pollution in Marine Animals. Bolis,L., Zadunaisky, J,
and Giles, R.(Ed.),Springer-Verlag,Berlin pp.176-189.

Day, K.E and Scott, 1.M., 1990. Use of acetylcholinesterase activity to detect
sublethal toxicity in stream invertebrates exposed to low concentrations
of organophosphate insecticides. Aquatic Toxicol.18, 101-114.

Depledge, M.H., 1994. The rationa basis for the use of biomarkers as
ecotoxicological tools. In: Foss, M.C., Leonzio, C. (Eds), Non
Destructive Biomarkersin Vertebrates. Lewis Publishers, pp. 271-295.

Dikkeboom, R., Tijnagel, JM.G.H. and Van der Knaap, W.P.W., 1988.
Monoclona antibody recognized hemolytic subpopulations in juvenile
and adult Lymnaen sfagnahs. functional characteristics and lectin
binding. Dev.Comp. Immunol., 12: 17-32.

Doris Abele-Oeschger, 1996.A comparative study of superoxide dismutase activity
in marine benthic invertebrates with respect to environmental sulphide
exposure J.Exp.Mar. Biol. and Ecal. 197, 39-49.

Douglas, W.R and Haskin, H.H., 1976. Oyster-M SX interactions: alterationsin
hemolymph enzyme activities in Crassostrea virginica during the
course of Minchinia nelsoni disease development. J. Invertebr. Pathol.
27: 317-323.

Doyotte, A., Cossu, C., Jacquin, M. C., Babut, M., and Vasseur, P., 1997.
Aquatic Toxicol., 39, 93-110.

Eble, A.F., 1969.A histochemical demonstration of glycogen, glycogen
phosphorylase and branching enzyme in the American oyster.
Proceedings of the National Shellfisheries Association, 59, 27-34.

El-Eman, M.A., Ebeid, F.A., 1989. Effect of Schistosoma mansoni infection,
starvation and molluscicides on acid phosphatase, transaminases and
total protein and hemolymph of Biomphalaria alexandrina. J. Egypt.
Soc. Parasitol. 19, 139-147.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 189



References

Ellman, G.L., Courtney, K.O., Andres, V. and Featherstone, R.M., 1961. A new
and rapid calorimetric determination of acetylcholinesterase activity.
Biochem. Pharmacol.7;88-95.

Encomio, V., and Chu, F.L.E., 2000. The effect of PCBs on glycogen reserves in
the eastern oyster Crassostrea virginica. Mar. Environ. Res. 50, 45-49.

EPA, 1997. Mercury Study Report to Congress. US Environmental Protection
Agency, Washington.

EPA/ROC ,1998. Environmental information of Taiwan, ROC, Environmenta
Protection Agency (EPA), Taipei, Taiwan, ROC.

Erdelmeier, 1., Gerard-Monnier, D., Yadan, J. C., and Acudiere, J., 1998.
Chemical Research Toxicology, 11, 1184-1194.

Everaats, JM., 1990. Uptake and release of cadmium in various organs of the
common mussel, Mytilus edulis (L.) Bull.Environ. Contam.Toxicol.45,
560-567.

Felton, G.W. and Summers C.B. 1995.Antioxidant systems in insects. Arch.
Insect Biochem. Physiol. 29, 187-197.

Felton, G.W., 1995. Antioxidant defenses of invertebrates and vertebrates, in:
Ahmad S. (Ed.), Oxidative Stress and Antioxidant Defenses in Biology,
Chapman & Hall, New Y ork, pp. 356-434.

Feng, S. Y., Feng, J. S, Burke, C. N. and Khairalah, L. H., 1971. Light and
electron microscopy of the hemocytes of Crassostrea virginica
(Mollusca-Pelecypoda). Zeitschrift  fur Zédllforschung und
Mikroskopische Anatomie 120, 225-243.

Feng, S. Y., Kharallah, E. A. and Canzonier, W. J., 1970. Hemolymph-free
amino acids and related nitrogenous compounds of Crassostrea
virginica infected with Bucephalus species and Minchinia nelsoni.
Comparative Biochemistry and Physiology 34, 547-556.

Feng, S.Y., 1965. Heart rate and leucocyte circulation in Crassostrea virginica.
Biol. Bull. 128:198-210.

Feng, S.Y., 1988. Celular defense mechanisms of oysters and mussels. Am.
Fish. Soc. Spec. Publ. 18, 153-168.

Feng, SY., Feng, JS. and Yamasu, T., 1977. Roles of Mytilus coruscus and
Crassodtrea gigas blood cdlls in defense andnutrition. In: Bulla, L.A. Jr.,
Cheng, T.C. (Eds), Comparative Pathobiology, Vol. 3. Invertebrate
Immune Responses. Plenum Press, London, pp. 31-67.

Fernley, PW., Moore, M.N., Lowe, D.M., Donkin, P. and Evans, S., 2000.
Impact of the Sea Empress oil spill on lysosomal stability in mussel
blood cells. Mar. Environ. Res. 50 (1-5), 451-455.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 190



References

Finney, D.J,, 1971. Probit analysis 3rd ed. Cambridge University Press, London.

Fisher, W. S,, 1986. Structure and functions of oyster hemocytes. In Immunity in
Invertebrates. (M. Brehdin ed.) pp. 25-35. Berlin: Springer-Verlag.

Fisher, W. S., 1988. Environmental influence on bivalve hemocyte function. In
Disease Processes in Marine Bivalve Molluscs (W. S. Fisher, ed.).
Amer. Fish. Soc. Spec. Publ. 18; 225-237.

Fisher, W. S, 1988. Environmentd influence on bivalve hemocyte function.
American Fisheries Society Special Publication 18, 225-237.

Fisher, W. S., Auffret, M. and Balouet, G., 1987. Response of European flat
oyster (Ostrea edulis) hemocytes to acute salinity and temperature
changes. Aquaculture 67, 179-190.

Fisher, W. S., Oliver, L.M., Winstead, J.T., and Long, E.R., 2000. A survey of
oysters Crassostrea virginica from Tampa Bay, Florida: associations of
interna dfense measurements with contaminant burdens. Aquat.Toxicol.
51, 115-138.

Fisher, W. S., Wishkovsky A., and Chu.E-F-L., 1990. Effects of tri-butyl tin on
defense related activities of oyster haemocytes. Arch.Environ.
Contam.Toxicol ., 19; 354-360.

Fisher, W.S,, 1988. Environmental in.uence on host response: environmenta
influence on bivave hemocyte function. Am. Fish. Soc. Spec. Publ. 18;
225-237.

Fisher, W.S., Chintala, M.M., Moline, M.A., 1989. Annua variation of
estuarine and oceanic oyster Crassostrea virginica Gmelin hemocyte
capacity. J. Exp. Mar. Biol. Ecol. 127; 105-120.

Fisher, W.S,, Oliver, L.M., Edwards, P., 1996. Hematologic and serologic
variability of Eastern oysters from Apaachicola Bay, Florida. J.
Shellfish Res. 15, 555-564.

Fisher, W.S, Oliver, L.M., Waker W.W., Manning C.S. and Lytle T.F., 1999.
Decreased resistance of eastern oyster (Crassostrea virginica) to a
protozoan pathogen (Perkinus marinus) after subletha exposure to
tributyltin oxide. Mar.Environ.Res. 47; 185-201.

Fiske, C.H. and Subbarow, Y., 1925. The colorimetric determination of
phosphorus. J. Biol. Chem. 66, 375-400.

Flora, G. J. and Seth, P. K., 2000. Alterations in some membrane properties
in rat brain followed by exposure to lead. Cytobios, 103: 103-109

Foley, D. A. and Cheng, T. C., 1972. Interaction of molluscs and foreign substances:
the morphology and behavior of hemolymph cells in the American oyster,
Crassostrea virginica, in vitro. J. Invertebr. Pathol. 19, 383-394.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 191



References

Foley, D.A and Cheng T.C., 1974. Morphology, hematologic parameters, and
behaviour of hemolymph cells of the quahaug clam, Mercenaria
mercenaria. Biol. Bull. 146, 343-56.

Ford, S. E., Kanaley, S. A. and Ashton-Alcox, K. A., 1989. In vitro recognition
and phagocytosis of the oyster pathogen MSX. J. Shellfish Res. 8, 468.

Ford, SE. and Haskin, H.H., 1988. Management strategies for MSX
(Haplospondium nelsoni) disease in eastern oysters. In: Fisher WS (ed)
Disease processes In marine bivalve molluscs. Am. Fish. Soc. Spec.
Publ. 18,249-256

Fossi, M.C., Lari, L., Casini, S., Mattei, N., Savelli, C., Sanchez Hernandez,
J.C., Castellani, S., Depledge, M., Bamber, S., Walker, C., Savva, D.
and Sparagano, O., 1996. Biochemical and genotoxic biomarkers in
the Mediterranean crab Carcinus aestuarii experimentally exposed to
polychlorobiphenyls, benzopyrene and methyl-mercury. Mar.
Environ. Res. 42, 29-32.

Fournier, M., J. Pdlerin, J., Y. Clermont Y ., Morin Y ., Brousseaua,P. 2001. Effects
of in vivo exposure of Mya arenaria to organic and inorganic mercury on
phagocytic activity of haemocytes . Toxicology 161; 201211

Fournier, M., Pellerin J., Lebeuf M., Brousseau P., Morin Y.and D.Cyr., 2002.
Effects of Fridovich, I., 1978. The biology of oxygen radicals. Science,
Vol. 201, pp. 875-880.

Friebel, B. and Renwrantz, L.,1995. Application of density gradient
centrifugation for separation of eosinophilic and basophilic haemocytes
from Mytilus edulis and characterisation of both cell groups. Comp.
Biochem. Physiol. A, 112, 81-90.

Friess CR. and Tripp, M.R., 1980. Depresson of phagocytosis in Mercenaria
following chemical stress. Devel op.Comp.Immunal. 4, 233-24.

Fulton, M.H., Key, P.B., 2001. Acetylcholinesterase inhibition in estuarine fish and
invertebrates as an indicator of organophosphorous insecticide exposure and
effects. Environ. Toxicol. Chem. 20, 37—46.

Gabbot, P.A., 1976. Energy metabolism In: “Marine mussels’: Their ecology,
and physiology. (Ed.B.L Bayne). Cambridge university Press,
Cambridge.293-355.

Gagnairea, B., Thomas-Guyonb, H., and Renaulta, T., 2004. In vitro effects of
cadmium and mercury on Pecific oyster, Crassostrea gigas (Thunberg),
haemocytes. Fish Shellfish Immunol.16, 501-512.

Gagani, F. and Bocquene, G., 1990. In vitro inhibition of acetylcholinesterase
from four marine species by organophosphates and carbamates.
Bull.Environ.Contam. Toxicol. 45, 243-249

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 192



References

Gatsoff, P. S. 1964. The American oyster, Crassostrea virginica Gmelin.Fisher),
Bull. Fish Wildlife Serv. 64, 1 480.

Gardner, D., 1994. Immunomodulation by metals. Fund. Appl. Toxicol. 22 (1), 1-7

Gauthier-Clerc, S. Pdlerin, J.,, C. Blaise, C. and Gagne', F., 1999. Perturbation of
the physiological condition and reproductive potential of Mya arenaria
(Mollusca Bivalva) in the Saguenay fjord (Quebec): dysfunctiona
vitellogenic process? Proceeding of the SEFA International Conference,
October 1999, Nantes, France, p. 57.

Geffard, A., 2001. Réponses du hiota a la contamination polymétallique d’'un
milieu estuarien, la Gironde, Fr: exposition, imprégnation, induction d’une
protéine de détoxication, la métallothionéine, impact au niveau individuel
et populationnel. Thése, Université de Nantes

Gelder, S. R. and Moore, C. A., 1986. Cytochemical demonstration of several
enzymes associated with phagosomal processing of foreign materia
within hemocytes of Mercenaria mercenaria. Trans. Amer. Micro. Soc.
105, 51-58.

George, S.G., Pirie, B.J. S, Cheyne, A. R,, Coombs, T. L. and Grant, P.T.,
1978. Detoxication of metals by marine bivalves: an ultrastructural
study of the compartmentalization of copper and zinc in the oyster,
Ostrea edulis. Mar. Biol. 45, 147-56.

Géret, F., Serafim,A., BarreiraL., Bebianno M.J., 2002 Response of antioxidant
systemsto copper in the gills of the clam Ruditapes decussates.54,413-417.

Géret, F., Serafim,A., Barreira L., Bebianno M.J,, 2002. Effect of cadmium on
antioxidant enzyme activities and lipid peroxidation in the gills of the clam
Ruditapes decussates.Biomarkers.7, (3) 242-256.

GESAMP (IMO/FAO/UNESCO/WMO/WHO/IAEA/UN/UNEP Joint group of
Experts on the scientific Aspects of Marine Pollution),1993. Impact of
Oil and and Related Chemicals and Waste on the marine
environment. GESAMP  Reports and  studies  No.50.London:
International maritime Organisation.

Giamberini, L., Auffret, M. and Pihan, J. C., 1996. Haemocytes of the freshwater
mussel, Dreissena polymorpha pallas: Cytology, cytochemistry and X-ray
microanaysis. J. Moll. Sudies 62, 367-379.

Gibbs, A.G., 1998. The role of lipid physical properties in lipid barriers. Am.
Zool. 38, 268-279.

Gill, T.S, Tewari, H. and Pande, J., 1991. In vivo and in vitro effects of
cadmium on selected enzymes in different organs of the fish
Barbusconchonius Ham. (Rosy Barb). Comp. Biochem. and Physiol.
100C, 501-505.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 193



References

Gomez-Mendikute ,A ., Elizondo, M., Venier P. and Cgaraville P.M. (2005)
Characterization of mussel gill cellsin vivo and in vitro Cell Tissue Res.
321: 131-140

Gomez-Mendikute, A. and Cgaraville, M.P., 2003. Comparative effects of
cadmium, copper, paraquat and benzo[a]lpyrene on the actin
cytoskeleton and production of reactive oxygen species (ROS) in mussel
haemocytes. Toxicol. In vitro 17-539-46

Gomez-Mendikute, A., Etxeberria, A., Olabarrieta, |. and Cgaraville, M.P.,
2002. Oxygen radicals production and actin filament disruption in
bivave hemocytes treated with benzo (a) pyrene. Mar.Environ. Res.
54,431-436

Goodall, P.C., Bender, C.R., Broderick, E.J. and Bayne C.J., 2004.Costitutive
differences in Cu/Zn superoxide dismutase MRNA levels and activity in
haemocytes of Biomphalaria glabrata (Mollusca) that are either
susceptible or resistant to Schistosoma mansoni  (Trematoda).Mol.
Biochem.Parasitol. 137, 321-328.

Godling, E., 2003. Bivalve molluscs.Biology, Ecology and culture.Fishing
News book.blackwell Science publishing.

Goudsmit, E. M., 1972. Carbohydrates and carbohydrate metabolism in
Molluscaln: Chemical Zoology (ed.M Florkin and B.T Scheer Vol VII,
pp219-43.

Gregory M.A. and George R.C. 2000. The structure and surface morphology of
gill filaments in the brown mussel P.perna.Zool .Afr.35; 121-129.

Gregory M.A.,George,R.C.,Marshall,D.J. and Mcclurg T.P.1999.The
effects of Mercury exposure on the surface Morphology of gill
filaments in Perna perna(Mollusca:Bivalvia).Mar.Poll.Bull., 39.1-
12:116-121.

Gregory, M.A., Marshall, D.J., George, R.C., Anandrgj, A. and McClurg, T.P.,
2002. Correlations between metal uptake in the soft tissue of Perna
perna and gill .lament pathology after exposure to mercury. Mar. Pollut.
Bull. 45, 114-125.

Grosell, M., McDonald, M.D., Walsh, P.J., Wood, C.M., 2004. Effects of
prolonged copper exposure in thee marine gulf toadfish (Opsanus beta)
I1: Copper accumulation, drinking rate and Na'™—K"™ ATPase activity in
osmoregulatory tissues. Aquat. Toxicol. 68, 263-275.

Grosell, M.,Wood, C.M. and Walsh, P.J, 2003. Copper homeostasis and
toxicity in the elasmobranch Raja erinacea and the teleost
Myoxocephalus octodecemspinosus during exposure to elevated water-
borne copper. Comp Biochem. Physiol. C 135, 179-190.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 194



References

Grasvik, B.E., Bjgrnstad, A., Camus, L., Berseth, J.F. and Andersen, O.K.,
2000. Membrane destabilisation of haemocytes measured by uptake
of fluorescent probes. Mar. Environ. Res. 50 (1-5): 432-433.

Grundy, M. M., Ratcliffe, N. A., and Moore, M. N. 1996. Immune inhibition in
marine mussels by polycyclic aromatic hydrocarbons. Mar. Environ.
Res. 42(1-4): 187-190.

Grundy, M.M., Moore, M.N., Howell, SM. and Ratcliffe, N.A.1996.
Phagocytic reduction and effects on lysosomal membranes by
polycyclic aromatic hydrocarbons, in haemocytes of Mytilus edulis.
Aquat. Toxicol. 34, 273-90.

Guluzar Atli., Mustafa Canli., 2007. Enzymatic responses to metal exposures in
a freshwater Oreochromis niloticus Comp. Biochem. and Physiol., Part
C 145 282-287

Gunther, A.J,, Davis, JA., Hardin, D.D., Gold, J., Bdll, D., Crick, JR., Scelfo,
G.M., Sericano, J., Stephenson, M., 1999. Long-term bioaccumulation
monitoring with transplanted bivalves in the San Fransisco estuary.
Mar. Pollut. Bull. 38, 170 181.

Habig, C., Di Giolio, R.T. and Abou-Donia, M.B., 1988. Comparative
properties of channel catfish (Ictalurus punctatus) and blue crab
(Callinectes sapidus) acetlycholinesterases. Comp. Biochem. Physiol.
.91C, 293-300.

Habig, W.H., Pabst, M.J., Jokoby, W.B., 1974. Glutathione Stransferase. The
first enzymatic step in mercapturic acid formation. J. Biol. Chem., 249,
7130 —7139.

Haines, T.H., 1994. Water transport across biological membranes. FEBS Lett.
346, 115-122.

Halliwell B.1994.Freeradicds and antioxidants: apersond view. Nutr Rev.52, 253-65.

Halliwell, B. and Guitteridge, JM.C., 1985. Free Radicas in Biology and
Medicine, Oxford-UniversityPress, New Y ork.

Halliwell, B. and Guitteridge, JM.C., 1999. Free Radicals in Biology and
Medicine, Oxford : Clarendon Press,

Halliwell, B., and Gutteridge, M. C. 1984. Biochemica Journd, 219, 1-14.

Hammen, C. S, and Wilbur, K. M.(1959).Carbon dioxide fixation in marine
invertebrates.1. The main pathway in the oyster.J.Biol. Chem.234, 1268-1271.

Harding, J.M., Couturier, C., Parsons, G.J. and Ross, N.W., 2004b. Evaluation
of the neutral red retention assay as a stress response indicator in
cultivated mussels (Mytilus spp.) in relation to seasonal and
environmental conditions. J. Shellfish Res. 23 (3): 745-751.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 195



References

Harding, JM., Couturier, C., Parsons, G.J., Ross, N.W., 2004a. Evauation of
the neutral red assay as a stress response indicator in cultivated mussels
(Mytilus spp.) in relation to post-harvest processing activities and
storage conditions. Aquaculture 231, 315-326.

Harris, J.O., Maguire, G.B., Edwards, S.J. and Johns, D.R., 1999. Low dissolved
oxygen reduces growth rate and oxygen consumption rate of juvenile
greenlip abaone, Haliotis laevigata Donovan. Aquaculture; 174: 265- 78.

Harvell, C.D., Kim, K., Burkholder, JM., Colwell, R.R., Epstein, P.R., Grimes
D.J.1999. Emerging marine diseases—climate links and anthropogenic
factors. Science.285: 1505-10.

Hauton, C., Hawkins, L.E. and Hutchinson, S., 1998. The use of the neutral red
retention assay to examine the effects of temperature and salinity on
haemocytes of the European flat oyster Ostrea edulis (L). Comp.
Biochem. Physiol. 119 B: 619-623.

Hauton, C., Hawkins, L.E., Hutchinson, S., 2001. Response of haemocytes
lysosomes to bacteria inoculation in the oysters Ostrea edulis L. and
Crassostrea gigas (Thunberg) and the scallop Pecten maximus (L.).
Fish Shellfish Immunol. 11, 143-153.

Hawkins, W. E. and Howse, H. D., 1982. Ultrastructure of cardiac hemocytes
and related cells in the oyster Crassostrea virginica. Trans. Amer.
Micro. Soc. 101, 241-252.

Heath, A.G., 1987. Water Pollution and Fish Physiology. CRC Press, Florida,
USA, p. 245.

Heath, JR. and Barnes, H., 1970. Some changes in biochemical composition
with season and during the moulting cycle of the common shore crab,
Carcinus maenas (L.). J. Exp. Mar. Biol.Ecol. 5, 199-233.

Henry, M., Auffret, M. and Boucaud-Camou, E., 1990. Aspects ultrastructuraux
et fonctionnels des hemocytes de quatre familles de Bivalves (Ostreidae,
Veneridae, Mytilidae, Pectinidae). Haliotis 10, 195-196.

Henry, M., Vicente, N. and Houache, N., 1991. Hemocyte characterization of
the marine

Heyer, C. B., Kater, S. B., and Karlsson, U. L., 1973. Neuromuscular systems
in molluscs. Amer. Zooal., 13, 247-270.

Hine PM. 1999 The inter-relationships of bivalve haemocytes. Fish Shellfish
Immunol. 9, 367-85.

Hinsch, G. and Hunte, M., 1990. Ultrastructure of phagocytosis by hemocytes
of the American oyster. In Pathology in Marine Science (Cheng T. C. &
Perkins, F. O., Eds) pp. 479-488. London & New York: Academic
Press.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 196



References

Holden, J. A., Pipe, R. K., Quaglia, A., and Ciani, G., 1994. Blood cdlls of the arcid
clam, Scapharca inaequivalvis. J. Mar. Biol. Asso., U.K. 74, 287-299.

Holtzman, E., 1976. Lysosomes. a survey. Springer-Verlag, Wien

Holwerda, D.A., De Knecht, J. A., Hemeraad, J, Veenhof, P.R,
1989.Cadmium kinetics in freshwater clams. Uptake of cadmium by the
excised gill of Anodonta anatine.Bull.Environ .Contam .Toxicol.42,
382-388.

Hoss, D.E., 1964. Accumulation of zinc 65 by flounder of the genus
Paralichthys. Trans. Am. Fish. Soc. 93, 364-368.

Hubert, F., vanderKnaap, W., Noel, T. and Roch P., 1996. Cytotoxic and
antibacterial properties of Mytilus galloprovincialis, Ostrea edulis and
Crassostrea gigas (bivalve molluscs) hemolymph. Aquat. Living
Resour. 9, 115-24.

Huffman, J. E. and Tripp, M. R., 1982. Cdll types and hydrolytic enzymes of soft
shell clam (Mya arenaria) hemocytes. J. Invertebr. Pathol. 40, 68-74.

Isani, G., Monari, M., Andreani, G.,Fabbri,M. and Carpene,E.,2003 Effect of
Copper Exposure on the Antioxidant Enzymes in Bivalve Mollusc
Scapharca inaequivalvis. Veterinary Research Communications.27
Suppl. 1, 691693

Ishak, M.M., Mohammed A.M., and Sharaf, A.A., 1975.Carbohydrate
metabolism in uninfected and trematode infected snails, Biomphalaria
alexandrina and Bulinus truncatus.Comp. Biochem.Physiol. 51B,
499-505.

Itoop, G., George, CK., Sanil, K.N., George, M.R., Sobhana, SK. and Nisha, C.P,,
2006.Characterisation of haemocytes of the Indian edible oyster, Crassosrea
madrasenss (Preston). Aquaculture Res. 37, 1636-1613.

Jackin, E. 1974. Enzyme responses to metals in fish. In: Vemberg, E. G. &
Vemberg, W. B. (eds.) Pollution and Physiology of Marine Organisms.
Academic Press, New York, USA, p. 59-65.

Jana, B.B., Das, S., 1997.Potential of freshwater mussel (Lamellidens
marginalis) for cadmium clearance in a model system.Ecol.
Eng.8,179-193.

Joosse, J. and van Elk., R., 1986. Trichobilharzia ocellata: physiological
characterization of giant growth, glycogen depletion, and absence of
reproductive activity in the intermediate snail host, Lymnaea stagnalis.
Exp Parasitol 62: 1-13.

Jose, A., de Oliveira David and Carmen Silvia Fontanetti, 2005.Surface
morphology of Mytella falcate gill filaments from three regions of the
Somtos estuary. 22 ,(4) 203-210.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 197



References

Kakimoto, H., Imai, Y., Kawata, S., Inada, M., Ito, T. and Matsuzawa, Y.,
1995. Altered lipid composition and differential changes in activities of
membrane bound enzymes of erythrocytes in hepatic cirrhosis.
Metabolism 44, 825-832.

Kakkar, P., Das, B., and Vishwanath D.N., 1984.a modified spectrophotometric
assay of superoxide dismutase, Ind .J. Chem. Biophy., 21,130.

Kamunde, C. and Wood, C.M., 2003. The influence of ration size on copper
homeostasis during subletha dietary copper exposure in juvenile rainbow
trout Onchorhynchus mykiss. Aquat. Toxicol. 62, 235-254.

Karan, V., Vitorovic, S., Tutundzic, V. and Poleksic, V., 1998. Functiona enzymes
activity and gill histology of carp after copper sulfate exposure and
recovery. Ecotoxicol. Environ. Saf. 40, 49-55

Khessiba, A., Hoarau, P., Gnassa-Bardlli, M., Aissa, P., Rome'o, M., 2001.
Biochemical response of the mussal Mytilus galloprovincialis from Bizerta
(Tunisia) to chemica pollutant exposure. Arch. Environ. Contam. Toxicol.
40, 222-229.

Kono, Y. and Fridovich, I., 1982. Superoxide radical inhibits catalase. J. Biol.
Chem,, 257, 5751-5754

Kracke, G. R., Beringer, T. & Koeninc, G., 1975. The sarcolemmal membrane:
selective solubilization of sarcolemma from evacuated myofiber
bundles. Expl. Neurol. 46, 32-43

Krishnakumar PK, Asokan PK, Pillai VK (1990) Physiological and cellular
responses to copper and mercury in the green mussel Perna viridis
(Linnaeus). Aquat. Toxicol. 18,163-173

Kucharaski, L.C.R. and Da Silva, R.S., 1991.Effect of diet composition on
the carbohydrate and lipid metabolism in an estuarine crab
Chsmagnathus granulata.Comp.Biochem.Physiol. 113C, 61-66.

Kuriakose, P.S., and Appukuttan, 19. Work details for rope culture of mussels.
CMPFRI bulletin. 29, 47-51.

Lacoste, A., Maham, S. K., Gélébart F., Cueff, A., and Poulet, S.A., 2002.
Stress induced immune changes in the oyster Crassostrea gigas .Dev.
and Comp.Immunol.26, 1-9.

Lacoste, A., Maham, SK., Cueff, A. and Poulet, SA., 2001. Noradrenaline
modulates hemocytic reactive oxygen species production via -
adrenergic  receptors in  the oyster Crassostrea  gigas
Dev.Comp.Immunol., 25, 285-289.

Lagadic L., Caguet T. and Ramade F., 1994.The role of biomarkers in
environmental  assessment  (5).Invertebrate  populations  and
communities. Ecotoxicol., 3, 193-208.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 198



References

Lakshmanan, P. T. and Nambisan, P. N. K. 1989. Bioaccumulation and
depuration of sometrace metalsin the mussel, P.viridis (Linnaeus). Bull.
Environ. Contam. Toxicol. , 43, 131-138.

Lambert, C. and Nicolas, J. L., 1998. Specific inhibition of chemiluminescent
activity by pathogenic vibrios in hemocytes of two marine bivalves:
Pecten maximus and Crassostrea gigas. J. Invertebr. Pathol. 71, 53-63.

Lane, C, E. and Scura, E. D.,1970.Effects of dieldrin on glutamic ocal oacetic
transaminase in Poecillia lattipinna.J.Fish.Res.Board Can. 27,69.

Langston W.J. and Spence, S.K., 1995. Biological factors Involved in Metal
Concentrations Observed in Aquatic Organisms .Metal speciation and
Bioavailability in Aquatic Systems Edited by Andre Tessier and David
R.Turner.Vol 3.

Langston, W.J., 1990. Toxic effects of metals and the incidence of marine
ecosystems. In: Furness RW, Rainbow PS (Eds) Heavy metals in the
marine environment. CRC Press, New Y ork, p 256.

Laporte, J. M., Truchot, J. P., Ribeyre F., and Boudou, A., 1997.Combined
effects of water,pH, and salinity on the bioaccumulation of inorganic
mercury,and methyl mercury in the shore crab Carcinus
maenus.Mar .Poll.Bull.34,11,880-893.s

Larson, A. and Haux, C., 1982. Altered carbohydrate metabolism in fish
exposed to sublethal levels of cadmium.J.Environ.Biol.3, 71-81.

Larson, K. G., Roberson, B.S. and Hetrick, F.M., 1989. Effect of environmental
pollutants on the chemiluminescence of haemocytes from the American
oyster Crassostrea virginica. Dis. Aquat. Organ. ; 6:131-6.

Larsson, A., Bengston ,B.E. and Haux, C.,1981.Disturbed ion balance in
flounder Platichthys flesus L. exposed to sulethal levels of
cadmium.Aquat.Toxicol. 1, 19-36

Larsson, A., Haux, C., Sobeck, M.L., 1985. Fish physiology and metal
pollution: results and experiences from laboratory and field studies.
Ecotoxicol. Environ. Saf. 9, 250-281.

Lau, P.S.,, Wong, H.L., 2003. Effect of size, tissue parts and location on six
biochemical markers in the green-lipped mussel, Perna viridis. Mar.
Pollut. Bull. 46, 1563-1572

Lawrence, D.A., 1981. Heavy metal modulation of lymphocyte activities I: In
vitro effects of heavy metals on primary humoral immune responses.
Toxicol. Appl. Pharmacol. 57, 439 — 451.

Leippe, M. and Renwrantz, L., 1988. Release of cytotoxic and agglutinating
molecule by Mytilus haemocytes. Dev. Comp. Immunol. 12, 297-308.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 199



References

Liang, L.N., He, B., Jiang, G.B., Chen D.Y. and Yao Z.W., 2004.evaluation of
mollusks as biomonitors to investigate heavy metal contaminations
along the Chinese Boha Sea. Sci.Toatal .Environ. 324, 105-113.

Lira, C.R.Sde, Gomes, E. M., Chagas, G. M. and Pinheiro, J., 2000. Influéncia
do jejum severo sobre o contelido de proteinas totais e de amdnio Na
hemolinfa de Bradybaena similaris (Férussac, 1821) (Gastropoda). Rev.
Bras. Zool. 17: 907-913.

Liu, B., Yu, Z., Song, X., Guan, Y., Jan, X., and He, J., 2006. The effect of
acute salinity change on white spot syndrome (WSS) outbreaks in
Fenneropenaeus chinensis. Aquaculture 253, 163-170.

Liu, SL, Jang, X.L, Hu, X.K, Gong, J., Hwang, H., Mai, K.S., 2004. Effects of
temperature on non-specific immune parameters in two scallop species:
Argopecten irradians (Lamarck 1819) and Chlamys farreri (Jones &
Preston 1904). Aquaculture Res.

Livingstone, D.R., 1991. Organic xenobiotic metabolism in marine
invertebrates.. In: Gilles, R. (Ed.), Advance in Comp. Environ.Physial.,
vol. 7. Springer, Berlin, pp. 45-185.

Livingstone, D.R., 2001. Contaminant-stimulated reactive oxygen species
production and oxidative damage in aquatic organisms. Mar. Pollut.
Bull. 42, 8 , 656—-666.

Livingstone, D.R., Lips, F., Garcia Martinez, P., Pipe, R.K., 1992. Antioxidant
enzymes in the digestive gland of the common mussel Mytilus edulis.
Mar. Biol. 112, 265-276.

Lopez C, Carbalad MJ, Azevedo C, Villaba A., 1997. Morphologica
characterization of the hemocytes of the clam, Ruditapes decussatus
(Mollusca: Bivalvia). J Invertebr Pathol 69:51—7.

Lopez C, Villdba A, Bachere E. 1994 Absence of generation of active oxygen
radicals coupled with phagocytosis by the hemocytes of the clam, Ruditapes
decussatus (Mollusca, Bivalvia). J. Invertebr. Pathol. 64, 188-92.

Lopez, C., Carbalal, M. J.,, Azevedo, C. and Villaba, A., 1997a. Enzyme
characterization of the circulating haemocytes of Ruditapes decussatus
(Mollusca: Bivalvia). Fish Shellfish Immunol. 7, 595-608.

Lépez, C., Cabdla, M. J, Azevedo, C. and Villdba, A., 1997b. Differentid
phagocytic ability of the circulating haemaocyte types of the carpet shell clam
Ruditapes decussatus (Mollusca: Bivavia). Dis. Aquat. Org. 30, 209-215.

Lowe, D.M., Fossato, V.U. and Depledge, M.H., 1995a. Contaminantinduced
lysosomal membrane damage in blood cells of mussels Mytilus
galloprovincialis from Venice Lagoon: an in vitro study. Mar. Ecol.,
Prog. Ser. 129, 189-196.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury - 200



References

Lowe, D.M., Moore, M.N. and Evans, B.M., 1992. Contaminant impact on
interactions of molecular probes with lysosomes in living hepatocytes
from dab Limanda limanda. Mar. Ecol., Prog. Ser. 91, 135-140.

Lowe, D.M., Pipe and R.K., 1994. Contaminant-induced lysosoma membrane
damage in marine mussel digestive cells: an in vitro study. Aquat.
Toxicol. 30, 357-365.

Lowe, D.M., Soverchia, C. and Moore, M.N., 1995b. Lysosoma membrane
responses in the blood and digestive cells of mussels experimentally
exposed to fluoranthene. Aquat. Toxicol. 33, 105-112.

Lowry, O.H., Rosenbrough, N., Farr, A.L.and Randal, R.J., 1951. Protein
measurement with the folin-phenol reagent. J. Biol. Chem.193, 265-75

Lucu, C., Towle, D.W., 2003. Na'/K*-ATPase in gills of aquatic crustacea.
Comp. Biochem. Physial., A 135, 195-214.

Lundebye, A.K., Curtis, T.M., Braven, J. and Depledge, M.H., 1997. E.ects of
the organophosphate pesticide dimethoate on cardiac and
acetylcholinesterase activity in the shore crab Carcinus maenus. Aquat.
Toxicol. 40, 23-36.

Luster, M.L., Ackermann, M.F., Germolec, D.R. and Rosenthal, G.J., 1989.
Perturbations of the immune system by xenobiotics. Environ. Health
Perspect. 81, 157-162.

Maehly, A.C. and Chance, B., 1955.Assay of Catalases and Peroxidases. In:
methods of Biochemica analysis.Vol 2(Colowick S.D and Kaplan N.O
eds) Academic Press Newyork.764.

Manohar, L., Rao, P.V. and Swami, K.S,, 1972. Variations in aminotransferase
activity and total free amino acid level in the body fluid of the snail
Lymnaea luteola during different larval trematode infection. J. Invert.
Pathol. 19,36-41.

Marchi, B., Burlando, B., Panfoli, I. and Viarengo, A., 2000. Interference of
heavy metal cations with fluorescent Ca2+ probes does not affect
Ca’+ measurements in living cells. Cell Calcium 28, 225— 231.

Marchi, B., Burlando, B., Panfoli, I., Viarengo, A., 2000. Interference of heavy
metal cations with fluorescent Ca2+ probes does not affect Ca2+
measurementsin living cells. Cell Calcium 28, 225— 231.

Marchi,, B., Burlando, B., Moore, M.N. and Viarengo,A., 2004.Mercury- and
copper-induced lysosomal membrane destabilization depends on [Ca']i
dependent phospholipase A2 activation Aquat. Toxicol. 66, 197-204.

Marigo'mez, 1., Cgaraville, M. P., and Angulo, E., 1990. Histopathology of the
digestive gland/gonad complex of the marine prosobranch Littorina
littorea exposed to cadmium. Dis. Aquat. Org. 9, 229-238.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 201



References

Marnett, L.J., 1999. Lipid peroxidation—DNA damage by malondialdehyde.
Mutat. Res. 424, 83-95.

Massoullie, J.,, Pezzementi, L., Bon, S,, Kregici, E., Valette, F.M., 1993. Molecular
and cdllular biology of cholinesterase. Prog. Neurobiol. 41, 31-91.

Matozzo, V., Bdlarin, L., Pampanin, D.M. and Marin, M.G., 2001. Effects of copper
and cadmium exposure on functiona responses of haemocytes in the clam
Tapes philippinarum. Arch. Environ. Contam. Toxicol. 41,163-170.

Mazorra, M.T., Rubio JA., and Blasco, J. 2002. Acid and alkaline phosphatase
activities in the clam Scrobicularia plana: kinetic characteristics and
effects of heavy metals. Comp.Biochem.Physiol. 131 B, 241-49.

McCord, JM. and Fridovich 1., 1969. Superoxide dismutase, J. Biol. Chem.
244, 6049-6055.

McCormick-Ray, M. G., 1987. Hemocytes of Mytilus edulis affected by
Prudhoe Bay crude oil emulsion. Mar. Environ. Res. 22, 107-122.

McCormick-Ray, M. G., and Howard, T., 1991. Morphology and mobility of
oyster hemocytes. evidence for seasona variation. Journal of
Invertebrate Pathology 58, 219-231.

Mercer, A. L., & McGregor, D. D.,1982. Neural regulation and pharmacology
of the gut of Chione stutchburyi, a bivalve mollusc. Comp. Biochem.
Physiol. , 73C, 243 251.

Meyran, J.C.and Graf, F., 1986. Ultra histochemica localization of Nat+, K+ ATPase,
Ca2+ ATPae and dkaine phosphatase activity in acacium trangporting
epithelium of a crustacean during moulting. Histochem. 85, 313-320.

Michelson, E.H. and Dubois, L., 1973.Increased aikaline phosphatase in the
tissues and haemolymph of the snail Biomphalaria glabrata infected
with Schistosoma mansoni. Comp.Biochem.Physiol. 44B, 763-767.

Michiels C., Raes M., Toussaint O., Remacle J, 1994. Importance of Se-
glutathione peroxidase, catalase, and Cu/Zn-SOD for cell survival
against oxidative stress, Free Rad. Biol. Med. 17, 235-248.

Mitchell, C. D., Mitchell, W. B. & Hanahan, D. J, 1965. Enzyme and
hemoglobin

Mohan, P. M. and Babu, K.S., 1976. Modification of enzyme activities by body
fluids,aminoacids and divalent cations in the nervous system of the
aestivating snail Pila globosa (Swainson), Ind.J.Exp.Biol.,14,232-235.

Mohandas, A., and Cheng, T.C. 1985. An Electron microscope study of the
structure of lysosome released from Mercenartia mercenaria
granulocytes. J.Invertebr.Pathol., 45, 332-334.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 202



References

Mohandas, A., Cheng, T. C. and Cheng, J. B.,1985. Mechanism of lysosomal
enzyme release from Mercenaria mercenaria granulocytes. a scanning
electron microscope study. J. Invertebr. Pathol. 46, 189-197.

Mohandas, A.1985. An Electron microscope study of endocytosis mechanism
and subseguent events in Mercenaria mercenaria granulocytes. In:
Parasitic and Related diseases (Ed.Thomas C.Cheng), Plenum
Pub.Corpn. pp. 143-161.

Mohankumar, K. and Ramasamy, P., 2006. White spot syndrome virus
infection decreases the activity of antioxidant enzymes in
Fenneropenaeusindicus Virus Res. 115, 69-75.

Mohun, A.F., Cook, I. J. R., 1957. J. Clin. Pathol., 10, 394.

Moore, C. A. and Eble, A. F., 1977. Cytochemical aspects of Mercenaria
mercenaria hemocytes. Biol. Bull. 152, 105-119.

Moore, C. A. and Gelder, S. R., 1983. The role of the ‘‘blunt’’ granules in
haemocytes of Mercenaria mercenaria following phagocytosis. J.
Invertebr.Pathol. 41, 369-377.

Moore, C.A. and Gelder, S.R., 1985. Demonstration of lysosoma enzymes in
hemocytes of Mercenaria mercenaria (Mollusca:  Bivalvia).
Trans. Am.Microsc. Soc. 104(3), 242-249

Moore, M. N. (1985). Cdlular responses to pollutants. Mar.Pollut. Bull.
16,134-139.

Moore, M. N. and Lowe, D.M., 1977. The cytology and cytochemistry of the
haemocytes of Mytilus edulis and their responses to experimentally
injected carbon particles. J. Invertebr. Pathol. 29, 18-30.

Moore, M.N. and Stebbing, A.R.D., 1976. The quantitative cytochemical
effects of three metal ions on a lysosomal hydrolase of a hydroid.
J.Mar.Biol.Ass.U.K 56, 995-1005.

Moore, M.N., 1976. Cytochemical demonstration of latency of lysosomal
hydrolases in digestive cells of the common mussel, Mytilus edulis,and
changes induced by thermal stress.Cell.Tiss.Res. 175, 279-287.

Moore, M.N., 1977. The cytology and cytochemistry of the haemocytes of
Mytilus edulis and their responses to experimentally injected carbon
particles. J.Invert.Pathol. 29, 18-20.

Moore, M.N., 1980. Cytochemical determination of cellular responses to
environmental stressors in marine organisms. Rapp. P.V. Réun. Cons.
Int. Explor. Mer. 170, 7-15.

Moore, M.N., 1982. Lysosomes and environmental stress. Mar. Pollut. Bull. 13
(2), 42-43

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 203



References

Moore, M.N., 1985. Cdllular responses to pollutants. Mar. Pollut. Bull. 16,134-139

Morris, R.J., Lockwood, A.P.M. and Dawson, M.E., 1982. An effect of
acclimation salinity on the faity acid composition of the gill
phospholipids and water flux of the amphipod crustacean Gammarus
duebeni. Comp. Biochem. Physiol. 72A, 497-503.

Mortensen, S. H. and Glette, J, 1996. Phagocytic activity of scalop (Pecten
maximus) haemocytes maintained in vitro. Fish Shdlfish Immunol. 6,
111121,

Mourie's, L.P., Almeida, M.J.,, Milet, C., Berlant, S. and Lopez, E., 2002. Bioactivity
of nacre water-soluble organic matrix from the bivave mollusk Pinctada
maxima in three mammaian cell types. fibroblasts, bone marrow stromal
cdls and osteoblasts. Comp.Biochem.Physiol. 132 B, 217-219.

Mourton, C., Boulo, V., Chagot, D., Hervio, D., Bachére, E., Mialhe, E. and
Grizel, H. 1992. Interactions between Bonamia ostreae (Protozoa:
Ascetospora) and haemocytes of Ostrea edulis and Crassostrea gigas
(Mollusca: Bivalvia): In vitro system establishment. J. Invertebr.
Pathol. 59, 235-240.

Mu ,HJ, Jang, X.L., Liu, SQ. and Guan, H.S, 1999 Effects of
immunopolysaccharide on the activities of acid phosphatase, akaline
phosphatase and superoxide dismutase in Chlamys farreri. Journa of
Ocean University of Qingdao; 29:463-8.

Muller, R, 1965. The histochemical and locaisation of phosphatases and esterases in
Australorbis glebratus. Proc.Zool.Soc.Lond.144, 229-237.

Munoz, P., Meseguer, J. and Esteban, M.A., 2006. Phenoloxidase activity in three
commercia bivave species. Changes due to naturd infestation with
Perkinsus atlanticus. Fish Shdlfish Immunoal. 20, 12-19.

Nabih, I., € Dardiri, Z., e-Ansary, A. and Rizk, M., 1990. Measurement of
some selected enzymatic activities on infected Biomphalaria
alexandrina snails. Cell. Mol. Biol. 36,637-642.

Nagabhushanam R., Deshpande J.,, and Sargjini R., 1987. Effects of some
pesticides on the biochemical constitutents of the freshwater prawn,
Macrobrachium kistensis, proc. Natl. Symp. Ecotoxicol.73.

Ngimi, S., Bouhaimi, S., Daubeze, M., Zekhnini, A., Pelerin, J., Narbonne, J. F.,
& Moukrim, A., 1997. Use of acetylcholinesterase in Perna perna and
Mytilus galloprovincialis as a biomarker of pollution of Agadir marine bay
(South Marocco). Bull. Environ. Contam. Toxicol. 58, 901—912.

Nakayama, K. and Maruyama, T., 1998. Differential production of active
oxygen species in photo-symbiotic and non-symbiotic bivalves. Dev.
Comp. Immunol. 22, 151-159.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury - 204



References

Nakayama, K., Nomoto, A. M., Nishijima, M. and Maruyama, T., 1997.
Morphological and functional characterization of hemocytes in the giant
clam Tridacna crocea. J. Invert. Pathol. 69, 105-111.

Nanda, S., 1993. The environmental impact of a chloro-alkali factory in ariver
basin in Eastern India. Environmentalist 13, 121-124.

Nasci, C., Nesto, N., Monteduro, R.A., Da Ros, L., 2002. Field application of
biochemical markers and a physiological index in the mussel, Mytilus
galloprovincialis: transplantation and biomonitoring studies in the
lagoon of Venice (NE Italy). Mar. Environ. Res. 54, 811-816.

Nathanson, M.H., Mariwala, K., Ballatori, N., Boyer, JL., 1995. Effects of
Hg2+ on cytosolic Ca2+ in isolated skate hepatocytes. Cell Calcium 18,
429—439.

Nicholson, S. and Lam, P.K.S., 2005. Pollution monitoring in Southeast Asia
using biomarkers in the mytilid mussel Perna viridis (Mytilidae:
Bivalvia). Environ. Int. 31,121-132.

Nicholson, S., 1999hb.Cytological and physiological biomarker responses from
green mussals, Perna viridis (L) transplanted to contaminated sitesin Hong
Kong coastal waters.Mar.Poll.Bull.39, 261-268.

Nicholson, S., 2001. Ecocytological and toxicological responses to copper in
Perna viridis (L.) (Bivavia Mytilidae) haemocytes |ysosomal
membranes. Chemosphere 45, 399-407

Nicholson, S., 2003 a. Cardiac and branchial physiology associated with copper

Nicholson, S., 2003b. Lysosomal membrane stability, phagocytosis and
tolerance to emersion in the mussel Perna viridis (BivalviaMytilidag)
following exposure to acute, sublethal, copper .Chemosphere 52
(2003)1147-1151

Niehaus W.G. jr. and Samuelson B. 1968. Formation of malonaldehyde from
phospholipids arachidonate during microsomal lipid peroxidation. Eur.
J. Biochem.,, 6,126.

Nigro M, Orlando E, Regoli F (1992) Ultrastructural localizatio n of metal
binding sites in the kidney of the Antarctic scallop Adamussiuln
colbecki. Mar. Biol. 113,637-643

Noél, D., Bachére, E. and Miahe, E. 1991. Phagocytosis associated
chemiluminescence of haemocytes in Mytilus edulis (Bivalvia).
Developmental and Comp. Immunology 17, 483-493.

Noel, D., Bachere, E., Miahe, E., 1993. Phagocytosis associated
chemiluminescence of hemocytes in Mytilus edulis (Bivalvia). Dev.
Comp. Immunol. 17,483-93.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 205



References

Nodl, D., Pipe, R, Elston, R.,, Bachére, E. & Midhe, E., 1994. Antigenic
characterization of hemocyte subpopulations in the mussel Mytilus edulis
by means of monoclond antibodies. Mar. Biol. 119, 549-556.

Olabarrieta, I., L’ Azou, B., Yuric, S., Cambar, J. and Cajaraville, M.P., 2001.In
vitro effects of cadmium on two different anima cell models. Toxicol.
In Vitro15, 511-517.

Oliveira, G.T. and Da Silva, R.S., 1997.Gluconeogenesis in hepatopancreas of
Chsmagnathus granulate crabs maintained on high protein
orcarbohydrate rich diets. Comp.Biochem.Physiol. 118A, 1429-1435.

Oliver, L. M. and Fisher, W. S., 1995. Comparative form and function of oyster
Crassostrea virginica hemocytes from Chesapeake Bay (Virginia) and
ApaachicolaBay (Florida). Dis. Aquat. Org. 22, 217-225.

Oliver, L.M., Fisher, W.S., Winstead, J.T., Hemmer, B.L. and Long, E.R.,
2001. Relationships between tissue contaminants and defense related
characteristics of oysters (Crassostrea virginica) from five Florida bays.
Aquat. Toxicol. 55, 203-222.

Olson, D.L., Christensen, G.M., 1980. E.ects of water pollutants andother chemicas
on fish acetylcholinesterase (in vitro). Environ. Res. 21, 327-335.

Orbea, A., Fahimi, H.D. and Cgjaraville, M.P., 2000. Immunolocalization of
four antioxidant enzymes in digestive glands of mollusks and
crustaceans and fish liver. Histochem. Cell Biol. 114, 393-404.

Oubdlla,R., Maes, P., Paillard,C and Auffret ,M.,1993. Experimentally induced
variation in haemocyte density for Ruditapes phillipinarum and
Ruitapes decussatus (Mollusca, Bivalvia). Dis.Aquat.Org. 15,193-97

Oubdlla, R., Maes, P., Allam, B., Paillard, C. and Auffret, M.,1996. Selective
induction of hemocytic response in Ruditapes philippinarum (Bivalvia)
by different species of Vibrio (bacteria). Aquat. Liv. Res .9, 137-43.

Owen, G. and McCrae, JM., 1976. Further studies on the laterofrontal tracts of
bivalves. Proc.R. Soc. Lond. Biol 194, 527-544.

Owen, G., 1972.Lysosomes, peroxisomes and bivaves.Sci.Prog.Oxford 60,299-318

Owen, G., 1974. Studies on the gill of Mytilus edulis. the eu-latero frontal cirri.
Proc.R. Soc. Lond. Biol 187, 83-91.

Owen, G., 1978. Classification and the bivalve gill. Phil. Trans. R. Soc.Lond.
Biol. 284, 377-385

Owen, R.Buxton, L.Sarkis, S.Toaspern, M., Knap A. and Depledge
M.2002.An evaluation of hemolymph cholinesterase activities in the
tropical scallop, Euvola (Pecten) ziczac, for the rapid assessment of
pesticide exposure. Mar. Pall. Bull. 44, 1010-1017

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 206



References

Paillard, C., Ashton-Alcox, K. A. and Ford, S. E., 1996. Changes in bacteria
densities and hemocyte parameters in eastern oysters, Crassosirea
virginica, affected by juvenile oyster disease. Aquat. Liv. Res. 9, 145-158.

Pan, L.Q., Ren, JY. and Liu, J. 2005 Effects of benzo (k) fluoranthene
exposure on the biomarkers of scallop Chlamys farreri.
Comp.Biochem.Physiol. 141C, 248-56.

Peola Irato, P., Piccinni, E., Cassini, A. and Santovito G., 2007. Antioxidant
responses to variationsin dissolved oxygen of Scapharca inaequivalvis and
Tapes philippinarum, two bivalve species from the lagoon of Venice. Mar.
Poll. Bull. 54, 1020-1030

Pascud, C., Arena, L., Cuzo'n, G., Gaxiola, G., Taboada, G., Vdenzuela, M., Rosss,
C. and 2004. Effect of sze-based selection program on blood metabolites and
immune response of Litopenaeus vanname juveniles fed different dietary
carbohydrate levels. Aquaculture 230, 405-416.

Pascual, C., Sanchez,A., Zenteno, E., Cuzon, G., Gabriela, G., Brito, R,,
Gelabert, R., Hidalgo,E. and Rosas C., 2006. Biochemical,
physiological, and immunological changes during starvation in juveniles
of Litopenaeus vannamei. Aquaculture 251, 416-429.

Patterson JW. and Lazarov, A. 1995. Determination of glutathione. In:
Methods in Biochemical AnalysisVol 2 (Glick, D., ed.) Inter Science
Publications. Inc., New Y ork, 259.

Pattnaik, S., Chainy, G.B.N. and Jena, JK., 2007. Characterization of Ca’'-
ATPase activity in gill microsomes of freshwater mussel, Lamellidens
marginalis (Lamarck) and heavy metal modulations. Aquaculture
270,443-450.

Payne, J.F., Mathieu, A., Melvin, W., Fancey, L.L., 1996. Acetylcholinesterase,
an old biomarker with a new future? Field trials in association with two
urban rivers and a paper mill in Newfoundland. Mar. Pall. Bull.32, 225—
231.

Peakall D.B, and Walker C.H, 1994. The role of biomarkers in environm enta
assessment (3) vertebrates, Ecotoxicol. 3. 173-179

Peakal, D. , 1992. Animal biomarkers as pollution indicators. Chapman &
Hall, London, p. 1-290.

Peek, K. and Gabbott, P.A., 1989. Adipogranular cells from the mantle tissue of
Mytilus edulis L.I. Isolaton, purification and biochemical characteristics of
dispersed cdlls.J.Exp.Mar.Biol.Ecol.126, 203-216.

Pellerin-Massicotte, J., Vincent, B. and Pdletier, E., 1993. Evauation
€ cotoxicologique de la qualite” de la baie des Anglais (Que bec). Wat.
Poll. Res. J. Can. 28, 665-689.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury - 207



References

Philips, D. J. H. and Rainbow, P.S., 1994.Biomonitoring of trace aquatic
contaminants,second ed. Chapman and Hall., London.371pp.

Philips, D. J. H., 1977aThe use of biologica indicator organisms to monitor
trace metal pollution in marine and estuarine environments-a
review.Environ.Poll. 13, 281-317.

Philips, D.JH. and Rainbow, P.S., 1988.Barnacles and mussels as biomonitors of
trace e ements. acomparative study.Mar. Ecol. Prog. Ser. 49, 83-93.

Philips,D.J.H.,1980.Quantitative agquatic biological indicators. London: Applied
Science Publishers, 1980.

Phillips, D.JH., 1995. The chemistries and environmental fates of trace metals and
organochlorines in aguatic ecosystems. Mar. Pollut. Bull. 31, 193-200.

Pickwel, G.V. and Steinert, S.A., 1984. Serum biochemical and cellular
responses to experimental cupric ion chalenge in mussels. Mar.
Environ. Res. 14, 245-265.

Pinheiro, J. and Amato, S.B., 1994. Eurytrema coelomaticum (Digenea,
Dicrocoeliidae): the effect of infection on carbohydrate contents of
intermediate snail host, Bradybaena similaris (Gastropoda,
Xanthonychidae). Mem. Ins.t Oswaldo. Cruz. 89, 407-410.

Pinheiro, J., 1996. Influence of starvation on the glycogen and galactogen
contents in the snail Bradybaena similaris (Férussac, 1821) (Mollusca,
Gastropoda). Arg. Biol. Tecnol. 39, 349-357.

Pipe, R. K., 1990b. Differential binding of lectins to haemocytes of the mussel
Mytilus edulis. Cell and Tissue Res. 261, 261-268.

Pipe, R. K., 1992. Generation of reactive oxygen metabolites by the haemocytes
of the mussel Mytilus edulis. Develop. Comp. Immunol. 16, 111-122.

Pipe, R. K., Coles, JA., Carissan, F.M.M. and Ramanathan, K., 1999. Copper
induced immunomodulation in the marine mussel, Mytilus edulis
Aquatic Toxicol. 46, 43-54

Pipe, R. K., Porte, C. and Livingstone, D. R., 1993. Antioxidant enzymes
associated with the blood cells and haemolymph of the mussel Mytilus
edulis. Fish Shellfish Immunol. 3, 221-233.

Pipe, R. K.,1990a. Hydrolytic enzymes associated with the granular haemocytes of
the marine mussel Mytilus edulis. Histochem. J. 22, 595-603.

Pipe, R., Farley, SR. and Coles, JA., 1997. The separation and characterisation of
haemaocytes from the mussdl Mytilus edulis. Cdll. Tissue. Res. 289,537—45.

Pipe, R..K., Coles, JA., Carissan, F.M.M. and Ramanathan, K., 1996. Copper
induced immunomodulation in the marine mussel, Mytilus edulis. Aquat
Toxicol., 46:43-54.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 208



References

Pipe, RK. and Coles, JA., 1995. Environmenta contaminants infuencing immune
function in marine bivalve molluscs. Fish Shellfish Immunoal., 5; 581-595.

Pipe, R.K., 1987. Ultrastructural and cytochemical study on interactions
between nutrient storage cells and gametogenesis in the mussel Mytilus
edulis. Mar. Biol. 95, 519-528.

Pipe, R.K., 1992. Generation of reactive oxygen metabolites by the haemocytes
of the mussel Mytilus edulis. Dev. Comp. Immunol. 16, 111-122.

Pipe, RK., 1995. Assays for measuring immune response in the mussd Mytilus
edulis. In: Stolen, J.S., Fletcher, T.C., Smith, SA., Zdikoff, JT., Kaatari,
SL., Anderson, RS, So" deha’ Il, K., Weeks-Perkins, B.A. (Eds),
Techniquesin Fish Immunology. SOS Publications, Fair Haven, pp. 93-100.

Pipe, RK., Coles, JA., Thomas, M.E., Fossato, V.U and Pulsford A.L., 1995.
Evidence for environmentally derived immunomodulation in mussels
from the Venice lagoon Aquat. Toxicol. 32; 59-73.

Pipe, RK., Coles, JA. Carissan, F.M.M., Ramanathan K., 1999. Copper
induced immunomodulation in the marine mussel, Mytilus edulis.
Aquatic toxicol. 46,43-54.

Pipe, RK., Faley, SR. and Coles, JA., 1997. The separation and
characterisation of haemocytes from the mussel Mytilus edulis. Cell
Tissue Res., 289, 537-545.

Porte, C., Sole, M., AlbaigesJ. and LivingstoneD.R.,1991.responses of mixed
function oxygenase and antioxidanse enzyme system of Mytilus sp. to
organic pollution.Comp.Biochem.Physiol . 100C(1/2), 183-186.

Porter, R.K., Hulbert, A.J., Brand, M.D., 1996. Allometry of mitochondrial
proton leak: influence of membrane surface area and fatty acid
composition. Am. J. Physiol. 271, R1550-R1560.

Prakash, N.T. and Jagannatha Rao, K.S., 1995. Modulations in antioxidant
enzymes in different tissuesof marine bivalve Perna viridis during
heavy metal exposure. Mol. Cell. Biochem. 146, 107-113.

Qasim, S.Z., Parulekar, A.S.,S. Harkantra, SN., Z.A. Ansari, Z.A., and Nair,A.,
1977. Aquaculture of the green mussel, Mytilus viridis; cultivation on
ropes from floating rafts. Indian J. Fish. 6: 15-25.

Quinn, D.J. and Lane, C.E., 1966.1onic regulation and Na/K stimulated ATPase
activity in the land crab Cardiosoma guanhami. Comp.Biochem.
Physiol.19, 533-543.

Radenac, G., Bocquene, G., Fichet, D., Miramand, P., 1998. Contamination of a
dredged-materia disposa site (La Rochelle Bay, France). The use of the
acetylcholinesterase activity of Mytilus edulis (L.) as a biomarker of
pesticides. the need forsss a critical approach. Biomarkers 3 (4/5), 305-315.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury - 209



References

Rainbow, P.S. and Dallinger, R., 1992. Metal uptake, regulation andexcretion in
freshwater invertebrates. In: Dallinger R. Ranbow PS (Eds)
Ecotoxicology of metals in invertebrates, Chap 7. SETAC Special
Publications Series, Lewis Publishers, Roca Katon, FL, p 119-132

Rgdakshmi, S. and Mohandas, A., 2005. Copper-induced changes in tissue enzyme
activity in afreshwater mussel. Ecotoxicol. Environ. Saf. 62, 140-143.

Rajalakshmi, S. and Mohandas, A., 2007. Impact of mercury on the activity
pattern of a marker enzyme in a freshwater bivalve. Environmentalist.
DOI 10.1007/s10669-007-9135-3

Ram, R. N. and Sathyanesan, A. G. 1985. Mercuric chloride, cythion and
ammonium sulfate induced changes in the brain, liver and ovarian
alkaline phosphatase content in the fish Channa puntae- tus. Envir.
Ecol. 3:263-268

Rameshthangam, P. and Ramasamy, P., 2006. Antioxidant and membrane
bound enzymes activity in WSSV -infected Penaeus monodon Fabricius
Aquaculture. 254, 32-39

Rand, G. M. and Petrocdli,S. R., 1985. (Eds.): Fundamentas of Aquatic
toxicology.Methods and applications.Washington, DC: Hemisphere, 1985.

Rasmussen, L.P, Hage, E and Karlog, O. 1985. An electron study of the
circulating leucocytes of the marine mussel, Mytilus edulis. J. Invertebr.
Pathol. 45,158-67.

Read, K.R.H., 1962.Transamination in certain tissue homogenates of the
bivalved molluscs Mytilus edulis L. and Modiolus modiolus L.
Comp.Biochem.Physiol. 7,15-22.

Reade, P. and Reade, E., 1976. Phagocytosis in invertebrates. studies on the
haemocytes of the clam Tridacna maxima. J. Invert. Pathol. 28, 281-290.

Rebelo da Costa, Barrias, C., Oliveira, P.F., and FerreiraH.G., 1999. Na'—K"*
ATPase in outer mantle epithelium of Anodonta cygnea Comp.
Biochem.Physiol. A, 122, 337-340

Regoli, F., 1998. Trace metals and antioxidant enzymes in gills and digestive
gland of the Mediterranean mussel, Mytilus galloprovincialis. Arch.
Environ. Contam. Toxicol. 34, 48-63.

Regoli, F., Nigro, M., and Orlando, E. 1998. Lysosoma and antioxidant
responses to metals in the Atlantic scallop Adamusciumcobbecki.
Aquat. Toxicol. 40, 375-392.

Regoli, F.and Principato, G., 1995. Glutathione, glutathione-dependent and
antioxidant enzymes in mussel, Mytilus galloprovincialis, exposed to
metals under .eld and laboratory conditions—implications for the use of
biochemical biomarkers. Aquat. Toxicol. 31, 2, 143-164.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 210



References

Reu, M.K., Suresh, P.G. and Mohandas, S., 1993. Activity pattern of
haemolymph transaminases in the freshwater gastropod Pila virens
(Lamarck) exposed to pesticides.Sci. Total Environ.833-843.

Renwrantz, L. and Stahmer, A., 1983. Opsonizing properties of an isolated
hemolymph agglutinin and demonstration of lectin-like recognition
molecules at the surface of hemocytes from Mytilus edulis. J.Comp.
Physiol .149, 535-546.

Renwrantz, L. R., Daniels, J. and Hansen, P. D. 1985. Lectin-binding to
haemocytes of Mytilus edulis. Dev. Comp. Immunol. 9, 203-210.

Renwrantz, L., 1990. Internal defence system of Mytilus edulis. In Sudies in
Neuroscience, Neurobiology of Mytilus edulis (G. B. Stefano.
Ed.)Manchester: Manchester University Press 256-275

Renwrantz, L., Schmalmack, W., Redd, R., Friebd, B. and Schneeweil}, H. 1996.
Converson of phenoloxidase and peroxidase indicators in individua
haemocytes of Mytilus edulis specimens and isolation of phenoloxidase
from haemocytes extract. J. Comp. Physiol. 165B, 647-658.

Renwrantz, L., Yoshino, T., Cheng, T. and Auld, K., 1979. Size determination
of hemocytes from the American oyster, Crassostrea virginica, and the
description of a phagocytosis mechanism. Zoologische Jahrbiicher.
Allgemeine Zoologie und Physiologie der Tiere 83, 1-12.

Ribera, D., Narbonne, JF., Michel, X., Livingstone, D.R. and OHara, S., 1991.
Responses of antioxidant and lipid peroxidation in mussels to oxidative
damage exposure. Comp. Biochem. Physiol. 100C, 177-181.

Ringwood, A. H., Hameedi, M. J., Lee, R. F., Brouwer, M., Peters, E. C.,
Scott, G. I., Luoma, S. N., and Digiulio, R. T. 1999. Bivave
biomarker workshop: overview and discussion summaries.
Biomarkers, 4, 391-399.

Ringwood, A.H., Conners, D.E. and Hoguet, J., 1998a. Effects of natural and
anthropogenic streeors on lysosoma destabilization in  oysters
Crassostrea virginica. Mar. Ecol. Prog. Ser. 144, 163-171.

Ringwood, A.H., Conners, D.E. and Hoguet, J., 2002. The effects of natural
and anthropogenic stressors on lysosomal destabilization in oysters,
Crassostrea virginica. Mar. Ecol., Prog. Ser. 166, 163—-171.

Ringwood, A.H., Hoguet, J., Keppler, C. and Gielazyn, M., 2004. Linkages
between cellular biomarker responses and reproductive success in
oysters. Mar. Environ. Res. 58, 152—155.

Ritz, D.A., Swain, R., and Elliot, N..G., 1982. Use of mussel Mytilus edulis
planulatus (Lamarck) in monitoring heavy metal levels in sea water.
Aust . J. Mar. Freshwat. Res. 33, 491-506

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 211



References

Robledo, J. A. F., and Figueras, A.,1995. The effects of culture, depth, season
and stock source on the prevalence of Marteilia refringens in cultured
mussels (Mytilus galloprovincialis Imk.) from Galicia, Spain. J.
Parasitol. 81, 354-363.

Rodrick, G. E. and Ulrich, S. A., 1984. Microscopical studies on the hemocytes of
bivalves and their phagocytic interaction with selected bacteria
Helgolander Meeresunter suchungen 37, 167-176.

Roesijadi, G., 1996b.Metallothionein and its role in toxic metal regulation..
Comp. Biochem. Physiol. 113C, 117-123.

Rogers, J.T., Wood, C.M., 2004. Characterization of branchial lead—calcium
interaction in the freshwater rainbow trout Oncorhynchus mykiss. J.
Exp. Biol. 207, 813-825.

Romani, R., Antognelli, C., Baldracchini, F., De Santis, A., Isani, G., Giovannini,
E. and Rosi, G. 2003. Increased acetylcholinesterase activitiesin specimens
of Soarus auratus exposed to subletha copper concentrations. Chemico-
Biological Interactions, 145, 321-329.

Romeo, M., Mourgaud, Y., Gead, A., GnassaBadli, M., Amiard, JC. and
Budzinski, H., 2003. Multimarker approach in transplanted mussels for
evauating water quality in Charentes, France, coast areas exposed to different
anthropogenic conditions. Environ. Toxicol. 18, 5, 295-305.

Romeo, M., & Gnassia-Bardli, M., 1997. Comp. Biochem. Physial., 118C, 33-37.

Roseijadi, G. and Fellingham, G. W., 1987. Influence of Cu, Cd and Zn
preexposure on Hg toxicity in the mussel M.edulis. Canadian J. Fish.
aquatic science 44,680-684.

Rotruck, J.T., 1973. Selenium: Biochemical Role as a Component of
Glutathione Peroxidase. Science, 179: 588-590.

Ruddell, C.L. and Rains, D.W., 1975. The relationship between zinc, copper,
and the basophils of two crassostreid oysters, C. gigas and C. virginica.
Comp. Biochem. Physiol. 51, 585-591.

Russdll-Pinto, F., Reimao, R., and de Sousa, M., 1994. Haemocytes in
Cerastoderma edule (Mollusca, Bivalvia): distinct cell types engage in
different responses to sheep erythrocytes. Fish Shelfish Immunol. 4,
383-397.

Sami, S, Faisa, M., and Huggett, R. J., 1992. Alterations in cytometric
characteristics of hemocytes from the American oyster Crassostrea
virginica exposed to a polycyclic aromatic hydrocarbon (PAH)
contaminated environment. Mar. Biol. 113, 247-252.

Sanders, B.M., 1993. Stress proteins in aguatic organisms. an environmental
perspective. Crit. Rev. Toxicol. 23 (1), 49-75.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 212



References

Santarém, M.M., Figueras, A., Robledo, JA.F.and Cadas, J.R., 1992. Variation
of the defense mechanisms in two groups of mussels, Mytilus
galloprovincialis Lmk.cSeasonal and environmental effects-preliminary
results. Aquaculture, 107,185-188

Santarém, M.M., Robledo, JA.F., Figueras, A., 1994. Seasonal changes in
hemocytes and serum defense factors in the blue musse Mytilus
galloprovincialis. Dis. Aquat. Org. 18; 217-222.

Sastry, K. V., Sharma, K., 1979. In vitro inhibition of three phosphatases by
mercuric chloride and their reversal by chelating agent EDTA. Bull.
envir. Contam. Toxic. 23:741-746

Sastry, K.V. and Subhadra, K., 1982. Effects of cadmium on some aspects of
carbohydrate metabolism in a fresh water catfish Heteroneustes fossilis.
Toxicol. Lett.14, 15-55.

Sauve’, S., Brousseau, P., Pellerin, J., Morin, Y., Sene’cal, L., Goudreau, P. and
Fournier, M.2002. Phagocytic activity of marine and freshwater
bivalves: in vitro exposure of hemocytes to metals (Ag, Cd, Hg and Zn)
Aquat. Toxicol. 58, 189-200.

Saxena, T.B., Zachariassen, K.E., Jorgensen, L., 2000. Effects of ethoxyquin on
the blood composition of turbot, Scophthalmus maximus L. Comp.
Biochem. Physiol. C 127, 1-9.

Schulz-Baldez, M., 1977. Lead transport in the common mussel Mytilus edulis.
In. MC Lusky DS, Berry AJ (Eds) Physiology and behavior of marine
organisms. Pergamon Press, Oxford, p 211-219

Scott, D.M. and Mgor, CW., 1972.The effect of copper Il on survivarespiration
and heart rate in the common blue mussal mytilus edulis

Seiler, G. R., and Morse, M. P., 1988. Kidney and haemocytes of Mya arenaria
(Bivalvia): Normal and pollution-related ultrastructural morphologies. J.
Invert. Pathol. 52, 201-214.

Sevendson, 2004. A review of lysosomal membrane stability measured by
neutral red retention: Is it aworkable earthworm biomarker? Ecotoxicol.
Environ. Safety, 57, 1, 20-29.

Severson, D. L., Drummond, G. I. and Sulakhe, P. V., 1972. Adenylate cyclase
in skeletal muscle. Kinetic properties and hormonal stimulation. J.
Biol.Chem. 247, 2949-2958.

Sharaf, A.A., Mohammed, A.M., Elghar, M.R.A., and Mousa A.H., 1975.Control
of snall hosts of bilharziasis in Egypt.2.Effect of triphenyl tin hydroxide
(Du-Ter) on carbohydratemetabolism of the snails Biomphaaria
alexandrina and bulius truncates.Egypt. J. Bilharziasis.2, 37-47.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 213



References

Sheehan, P.J.,, Miller, D.R.,Butler, G.C.,and Bourdeau,P., 1984. Effects of
pollutants at the ecosystem level. SCOPE 22.Chichester.Wiley,

Shi, D. and Wang, W.X., 2004.Modification of trace metal accumulation in the
green mussel Perna viridis by exposure to Ag, Cu, and Zn.Environ.Poll.
132, 265-277.

Sindermann, C. J., 1980. The use of pathological effects of pollutants in marine
environmental monitoring programs. Rapp. P,-v. Reun. Cons. int.
Explor. Mer 179: 129-134

Singh O., Agarwa R.A. 1983.In vivo and In vitro studies on synergism with
anticholinesterae pesticides in the snail Lymnaea acuminata. Arch.
Environ. Contam. Toxicol.12, 483-487

Siu, WH.L., Cao, J, Jack, RW., Wu, R.S.S,, Richardson, B.J,, Xu, L. and Lam,
PK.S, 2004. Application of the comet and micronucleus assays to the
detection of B[a]P genotoxicity in haemocytes of the green-lipped mussel
(Pernaviridis). Aquat. Toxicol . 66, 381- 392

Sivalingam, P.M., 1977. Aquaculture of the green mussel Mytilus viridis (L.).
in Malaysia. Aquaculture 11: 297-312.

Sole’, M., Porte, C., Biosca, X., Mitchemore, C.L., Chipman, JK.,
Livingstone, D.R. andAlbaiges, J., 1996. E.ects of the _Aegean Sea_ ail
spill on biotransformation enzymes, oxidative stress and DNAadductsin
the digestive gland of the mussel (Mytilus edulis L.). Comp. Biochem.
Physiol. 113C, 257-265.

Sollock, R.L., Vorhaben J.E. and Campbell, JW., 1979. Transaminase reactions
and glutamate dehydrogenase in gastropod hepatopancreas. J.Comp.
Physiol. 129, 129-135.

Sreenivasan, P.V., R. Thangavelu and P. Poovannan., 1989. Biology of the
green mussel, Perna viridis (L.) cultured in Muttukadu Lagoon, Madras.
Indian Journal of Fisheries 36: 149-155.

Srivatsan M., Peretz B., Hallahan B., Tadwaker R. J. Comp.Physiol. B. 1992.
162. P. 29.

Stauber, L.A., 1950.The fate of India ink injected intracardially into the oyster
Ostrea virginica (Gmelin). Biol. Bull. 98, 227-241.

Steck, T. L. (1974). The organization of proteins in the human red blood cell
membranes.A review. J. Cell Biol. 62, 1-19.

Stohs, S.J., Bagchi, D., 1995. Oxidative mechanisms in the toxicity of metal
ions. Free Radic. Biol. Med. 18, 321— 336.

Sumner , A.T.,1969.The distribution of some hydrolytic enzymes in the cdlls of the
digestive gland of certain lamellibranches and gastropods,J.Z00l.158,277-291.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 214



References

Sun, H. S. and Li, G.Y., 1999. The activities and their electron microscopic
cytochemistry study of AKP and ACP in haemolymph of Chlamys
farreri. J. Fish. &i. China.6, 4:6-9.

Sunila 1., 1987. Histopathology of of mussels (M.edulisL.) from Tvarminne
area, the Gulf of finland (Baltic Sea).Ann.Zool.Fennici.24, 55-69

Sunila, 1., 1986. Chronic histopathological effects of short term copper and
cadmium exposure on the gill of the mussel M.edulis. Journal of
Invert.pathol .47, 125-142.

Sunilal., 1988pallution related Histopathological changes in the mussel Mytilus
edulisL. inthe Baltic sea. Mar.Environ.Res.24; (1-4) 277-280.

Sunila,l.,1988.Acute histopathological responses of the gill of he
mussel,Mytilus edulis,to exposure by environmental pollutants. Jornal
of Inverrt.Pathol.52,137-141.

Suresh, K. and Mohandas, A., 1990. Effect of sublethal concentrations of
copper on hemocyte number in bivalves. J. Invertebr. Pathol. 55,
325-331.

Suresh, K. and Mohandas, A., 1990. Number and types of hemocytes in Sunetta
scripta and Villorita cyprinoides var. cochinensis (Bivalvia), and
leukocytosis subsequent to bacteria challenge. J. Invertebr. Pathol. 55,
312-318.

Suresh, K., 1988. Haematology of some marine and estuarine molluscs of
commercial importance.Ph.D thesis .Cochin University of Science and
technology.

Suresh, K., Mohandas, A. 1990. Hemolymph acid-phosphatase-activity pattern in
copper-stressed bivalves. J. Invertebr. Pathol. 55, 118-25.

Takatsuki, S., 1934. On the nature and functions of the amoebocytes of Ostrea
edulis. Qrt. J. Microsc. <ci. 76, 379-431.

Thaker, J., Chhaya, J., Nuzhat, S., Mittal, R., Mansuri, A.P., Kundu, R., 1996.
Effects of chromium (VI) on some ion-dependent ATPases in gills,
kidney and intestine of a coastal teleost Periophthalmus dipes. Toxicol.
112, 237-244.

Thiagargjan, R., Gopaakrishnan, S. and H. Thilagam, H.,2006
Immunomodulation in the Marine Green Mussel Perna viridis exposed
to Sub-Lethal Concentrations of Cu and Hg Arch. Environ. Contam.
Toxicol. 51, 392-399

Towle, D.W., Pamer, G.E. and Harris, JL., 1976. Role of gill Nat+-K+-
dependent ATPase in acclimation of blue crabs (Callinectes sapidus) to
low salinity. J. Exp. Zool. 196, 315-322.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 215



References

Tran, E. F., Gilles, D., and Jean, C. M., 2003. Copper detection in the Asiatic
clam Corbicula fluminea. Optimum valve closure response. Aquatic
Toxicol., 65, 317-327.

Tripp, M. R., 1992. Phagocytosis by hemocytes of the hard clam, Mercenaria
mercenaria. J. Invertebr. Pathol. 59, 222-227.

Turner, N., Else, P.L. and Hulbert, A.J., 2003.Docosahexaenoic acid (DHA)
content of membranes determines molecular activity of the sodium
pump: implications for disease states and  metabolism.
Naturwissenschaften 90, 521-523.

Valee, B.L. and Ulmer, D.D., 1972.Biochemical effects of mercury, cadmium
and lead, Annu.Rev.Biochem. 41, 91.

Verity, M.A. and Brown, W.J,, 1968. Activation and stability of lysosoma acid
phosphohydrolase.Biochem.Biophys.Acta.151, 209-219.

Verlecar, X.N., Jenaa, K.B. and Chainy, G.B.N., 2008. Modulation of
antioxidant defences in digestive gland of Pernaviridis (L.), on mercury
exposures. Chemosphere, 71, 10, 1977-1985.

Vema, SR., Tyagi, A.K. Bhanaga, M.C. and Ddda R.C., 1979.
Organophosphate poisoning to some fresh water teleosts—acetyl
cholinesterase inhibition. Bull.Environ.Contam. Toxicol. 21, 502-506

Viarengo, A., 1994. Heavy metal cytotoxicity in marine organisms: effects on
Ca®* homeostasis and possible alteration of signa transduction
pathways. Adv. Comp. Environ. Physiol. 20, 85— 109.

Viarengo, A., Burlando, B., Bolognes, C., 2002. Cellular responses to copper in
aguatic organisms. importance of oxidative stress and dteration of signa
transduction. In: Massaro, E.J. (Ed.), Handbook of Copper Pharmacology
and Toxicology. Humana Press, Totowa, NJ, pp. 417—431.

Viarengo, A., Canes, L., Moore, M.N. and Orunesu, M., 1994, Effects of Cu?* and
Hg® on the cytosolic Ca2+ level in mulluscan blood cellsevaluated by
confoca microscopy and spectrofluorimetry. Mar. Biol.119, 557-564.

Viarengo, A., Caned, L., Pertica, M. and Livingstone, D.R., 1991a. Seasondl
variations in the antioxidant defence system and lipid peroxidation of the
digestive gland of mussels. Comp. Biochem. Physiol. 100C, 187—190.

Viarengo, A., Caned, L., Pertica, M., Livingstone, D.R. and Orunesu, M., 1991b.
Age-related lipid peroxidation in the digestive gland of mussels. Therole of
antioxidant defence systems. Experientia. 47, 454-457.

Viarengo, A., Canes, L., Pertica, M., Poli, G., Moore, M. N., and Orunesu, M.
1990. Comp. Biochem. Physiol. 97C, 37-42.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 216



References

Viarengo, A., Mancinelli, G., Pertica, M., Fabbri, R., Orunesu, M., 1993.
Effects of heavy metals on the Ca2+-ATPase activity present in gill cell
plasma membrane of mussels (Mytilus galloprovincialis Lam.). Comp.
Biochem. Physiol. 106C, 660— 665.

Viarengo, A., Nicotera, P., 1991. Possible role of Ca2+ in heavy meta
cytotoxicity. Comp. Biochem. Physiol. 100 C, 81— 84.

Viarengo, A., Nott, J.A., 1993. Mechanisms of heavy metal cation homeostasis
in marine invertebrates. Comp. Biochem. Physiol. C 104, 355— 372.

Viarengo, A., Pamero, S., Zanicchi, G., Capélli, R., Vaissiere, R., Orunesu, M.,
1985. Role of metalothioneins in Cu and Cd accumulation and
elimination in the gill and digestive gland cells of Mytilus
galloprovincialis Lam. Mar. Environ. Res. 16, 23-36.

Viarengo, A., Pertica, M., Mancinelli, G., Burlando, B., Canesi, L., Orunesu,
M., 1996. In vivo effects of copper on the calcium homeostasis
mechanisms of mussel gill cell plasma membranes. Comp. Biochem.
Physiol. C 113, 421-425.

Viarengo, A., Petica, M., Mancindli, G., Da Monte, G., Orunesu, M., 1991.
Biochemical characterization of the plasma membrane Ca2+ pumping
ATPase activity present in the gill cells of Mytilus galloprovincialis Lam.
Comp. Biochem. Physial., B 100, 753— 758.

Viarengo, A., Zanicchi, G., Moore, M.N., Orunesu, M., 1981. Accumulation
and detoxication of copper by the mussel Mytilus galloprovincialis
Lam.: a study of subcellular distribution in digestive gland cells. Aquat.
Toxicol. 1, 147-157.

Vlahogianni , T., Dassenakis, M., Scoullos, JM. and VaavanidisA. 2007.
Integrated use of biomarkers (superoxide dismutase, catalase and lipid
peroxidation) in mussels Mytilus galloprovincialis for assessing heavy
metals pollution in coastal areas from the Saronikos Gulf of Greece
Mar.Poll. Bull. 54, 1361-1371.

Von Wachtendonk, D. and Neef, J., 1979. Isolation, purification and molecular
properties of an acetylcholinesterase (E.C.3.1.1.7) from the
haemolymph of the sea mussel Mytilus edulis. Comp. Biochem. Physial.
63C, 279-286.

Wagge, L.E., 1951. The activity of amebocytes and of alkaline phosphatases
during the regeneration of the shell in th snail Helix aspersa. Qtr. J.
Microsc. Sci. 92, 3077-3210.

Waker, C. H., & Thompson, H. M., 1991. Phylogenetic distribution of
cholinesterases and related esterases. In P. Mineau (Ed.),
Cholinesterase-inhibiting insecticidesl-17. Amsterdam: Elsevier.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 217



References

Wang S, Hong H, Wang X (2005) Bioenergetic responses in green lipped
mussels (Perna viridis) as indicators of pollution stress in Xiamen
coastal waters, China. Mar. Poll. Bull. 51,738-743

Wang, W.N., Wang, A.L., Wang, L.P, Liu, Y., Sun, R.Y., 2003. Calcium
phosphorous and adenylate levels and Na'-K*-ATPase activities of
prawn, Macrobrachium nipponense, during the moult cycle. Comp.
Biochem. Physiol. 134A, 297-305

Watanabe, N., 1983. Shell repair. In: Wilbur, K.M. (Ed.). The Mollusca, Val. 4.
Physiology, Part 1. Academic Press, New York, pp. 289-316.

Watanabe, Y., 1981. Intracellular digestion of horseradish peroxidase by the
intestinal cellsin larvae or juveniles of some teleost. Bull. Jpn. Soc. <ci.
48, 37.42.

Watson, T.A., Beamish, F.W., 1981. The effects of zinc on branchial adenosine
triphosphatase enzymes in vitro from rainbow trout, Salmo gairdneri.
Comp. Biochem. Physial., 68 C, 167-173.

Watts JA. and Pierce K.S., 1978. Acetylcholinesterase: A Useful Marker for
The Isolation Of Sarcolemma From The Bivalve (Modiolus Demissus
Demissus) Myocardium J. Cell Sci. 34, 193-208.

WEeélls, P.G., 1989. History and practice of biologica effects assessment for
aquatic protection in Canada:a synopsis.Biology in the new Regulatory
Framework for Aquatic Protection. Proceedings of the Alliston
Workshop, April 1988, edited by K.E.Day; E.D Ongley R.P Scroggins,
and H.R.Eisenhauer:5-29.Burlington,Ont: National water Research
Institute.

Wen, C.H, Kou, G.H, Chen, S.N., 1994. Light and electron microscopy of
hemocytes of the hard clam, Meretrix lusuria (Roding).
Comp.Biochem.Physiol. A108, 270-86.

White, S.L., Rainbow, P.S., 1985. On the metabolic requirements for copper,
zinc and cadmium in molluscs and crustaceans. Mar. Environ. Res. 16,
215-229.

Winners W., Neef J. and von Wachtendonk D., 1978. Distribution of
cholinesters and cholinesterases in haemolymphs and smooth muscles of
molluscs.61, C; 121-131.

Winners, W., Neep, J. and von Wachtendonk, D., 1977. Distribution of
cholinesters and cholinesterases in haemolymphs and smooth muscles of
molluscs. Comp. Biochem. Physiol. C61, 121-131.

Winston, G. W., Moore, M. N., Kirchin, M. A. and Soverchia, C., 1996.
Production of

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 218



References

Winston, G.W., Di Giulio, R.T., 1991. Prooxidant and antioxidant mechanisms
in aguatic organisms. Aquat. Toxicol. 19, 137—191.

Winston, G.W., Livingstone, D.R. and Lips, F., 1990. Oxygen reduction
metabolism by the digestive gland of the common mussel, Mytilus
edulisL. J. Exp. Zool. 255, 296-308.

Wong, C.K.C. and Wong, M.H., 2000. Morphological and biochemical changes
in the gills of tilapia (Oreochromis mossambicus) to ambient cadmium
exposure. Aquat. Toxicol. 48, 517-527.

Wong, S., Fournier, M., Coderre, D., Banska, W. and Krzystyniak, K., 1992.
Environmental immunotoxicology. In:Peakal, D. (Ed.), Animal
Biomarkers as Pollution Indicators.Chapman and Hall/CRC Press, Boca
Raton, FL, p.291.s

Wootton E.C. and Pipe R.K. 2003. Structural and functional characterisation of
the blood cells of the bivalve mollusc, Scrobicularia plana. Fish
Shellfish Immunol. 15, 249-262

Wootton E.C., Dyrynda, E.A. and Ratcliffe, N.A., 2003.Bivalve immunity:
comparisons between the marine mussal (Mytilus edulis), the edible
cockle (Cerastoderma edule) and the razor-shell (Ensis siliqua).Fish
Shellfish Immunoal. 15, 195-210

Xiao, R., Xie, L.P,, Lin, J.Y., Li, C.H., Chen, Q.X., Zhou, H.M., Zhang, R.Q.,
2002. Purification and enzymatic characterization of akaline
phosphatase from Pinctada fucata. J. Mol. Catal., B Enzym. 17, 65-74.

Xing, J, Zhan W-B, and Zhou L., 2002. Endoenzymes associated with
haemocyte types in the scallop Chlamys farreri Fish Shellfish Immunoal.,
13,271-78.

Yap, CK., Tan, S.G., Ismail, A., Omar, H., 2004. Allozyme polymorphisms
and heavy metal levels in the green-lipped mussel Perna viridis
(Linnaeus) collected from contaminated and uncontaminated sites in
Malaysia. Environ. Int. 30, 39-46.

Yevich, P. O. and Barszcz, C. A., 1976. Histopathology as a monitor for marine
pollution; results of the histopathologic examination of the animals
collected for the U.S. mussel watch program. Report of the U.S.
Envsironmental Protection Agency

Zaroogian, G., and Yevich, P., 1993. Cytology and biochemistry of brown cells
in Crassostrea virginica collected at clean and contaminated stations.
Environ. Pollut. 79, 191-197.

Zatta, P., Gobbo, S., Rocco, P., Perazzolo, M., Favarato, M., 1992. Evaluation
of heavy metal pollution in the venetian lagoon by using Mytilus
galoprovincialis as biological indicator. Sci. Total Environ. 119, 29-41.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metals copper and mercury 219



References

Zeeman, M., 1996. Comparative immunotoxicology and risk assessment. In:
Stolen, J.S,,

Zdiko, S. A., Kaattari, J. T., Anderson, S. L., et al., editors. Techniques in fish
immunology:  fish  immunology  technicd  communications 4
immunological and pathological techniques of aguatic invertebrates. Fair
Haven, NJ: SOS Publications; 1995, pp. 93-100.

Zelikoff, J.T., Twerdok, L., Bayne, C., Fletcher, T.C., Hefti, E., Secombes, C.,
Anderson, D.P., Kaatari, S. 1994.(Eds), Modulators of Immune
Responses. SOS Publications, Fair Haven, pp. 317-329.

Zhang, Z. and Li, X., 2006. Evaluation of the effects of grading and starvation
on the lysosomal membrane stability in Pacific oysters, Crassostrea
gigas (Thunberg) by using neutral red retention assay. Aquaculture 256,
537-541.

Zhang, Z.F, Shao, M.Y, Kang, K.H. 2005. Changes of enzyme activity and
hematopoiesis in Chinese prawn Fenneropenaeus chinensis (Osbeck)
induced by white spot syndrome virus and zymosan A. Aquaculture
Research 36,674-81.

Haematological responses of green mussel Perna viridis ( Linnaeus) to heavy metal's copper and mercury 220



	Title
	Certificate
	Declaration
	Acknowledgement
	Preface
	Contents
	Introduction
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Conclusions
	References



