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PREFACE

Molluscs form valuable fisheries in various parts of India and for that

matter throughout the world. They are being used as food, as a source of lime,

pearls and decorative shells, and as constituents of medical preparations.

Although the available resources are exploited at numerous places, the total

production is not high compared to that from other countries. In India where

malnutrition is widesprbad, aquaculture of oysters, mussels, clams etc. can

very much augment production from fishing natural beds and provide protein

and mineral-rich food. In recent years, following an increase in the fishing

effort and greater awareness of the resources, there has been a steady rise

in molluscan production, and newly developed methods are being adopted in

mariculture programmes for increased production. But as is the case with‘

other culture programmes, molluscan fisheries are also likely to get set-backs

because of bacterial, viral, protozoan and metazoan parasitic outbreaks, and

in studies designed to elucidate the mechanisms that may affect or influence

the susceptibility and/or non-susceptibility of molluscs to invading organisms,

it is essential that considerations be given towards understanding the internal

defence mechanisms of molluscs when confronted with non-self substances,

and the role of molluscan blood cells and haemolymph in internal defence.

Before detailed studies relative to the defence mechanisms are

envisaged, it is necessary to obtain several details regarding haemocytes and

haemolymph. For eg., the following very relevant questions need be answered

Are there different types of haemocytes in molluscs? Does age cause

alterations in the total blood picture? Do pollutants cause change in the

blood picture? What hydrolytic enzymes occur in blood‘? What is the state

of a non-self organism that become degraded intracellularly? etc.



Such information is essential for programmes designed to the development

of potential biological control agents for undesirable molluscs ( those which

act as intermediate hosts for larval trematodes, the adults of which are

parasitic in human beings, domestic animals, birds etc.), to understand and

prevent microbial and other parasitic diseases that weaken or destroy

commercially important molluscs, and also to logically and rationally develop

and design methods to depurate molluscs that have become biotically and

abiotically polluted.

Yet another important aspect that needs an emphasis is the utilization

of marine organisms as models for research directed at understanding the

basic bio-medical problems that remain unresolved. Examples could be cited

where modern bio-medicine has taken major strides as a result of international

use of marine organisms as models: studies on Horse-shoe crab by Bang (1956)

led to the discovery that all Gram-negative bacteria produce endotoxin which

is lipopolysaccharide in nature and the toxin causes septicemia; the discovery

of Hoffstein and Weissman (1975), (based on their work on dog—fish Mustelus

canis) linking _gouty arthritis with the uptake of monosodium urate (MSU) by

phagocytes, and subsequent cell death causing inflammation. It is also an

area of interest to invertebrate pathologists because, studies with this view

as the guiding theme not only may help resolve human disease problems,

but also those affecting fisheries and related areas, all induced by an altered

environment. Yet another strong point favouring their increased use is the

explosive growth of aquaculture in recent years. Additionally, the aquaculture

facilities themselves, generally oriented toward propagating animals for food,

can diversify by including the propagation of species that prove valuable in
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medical research. Aside from its scientific advantages, the use of marine

organisms has a practical advantage, viz., many species of marine animals

are readily available, usually at low cost.

It is well known that under certain conditions, populations of oysters

and clams are susceptible to destructive epizootics caused by pathogenic

micro-organisms. It has also been shown that exposure of mammals to certain

heavy metals causes increased susceptibility to and severity of microbial

infections (Koller, 1980). Consequently, pollutants that affect haemocyte

viability or interfere with internal defence functions of the haemocytes which

are considered as the major means of defence in moliuscs against invading

foreign organisms and pathogens (Cheng, 1981) may have profound effect on

long term survival of molluscan populations. All these justify the significance

of the present study in the context of the current status on molluscan

culture programme, and how the data on molluscan haematological studies

.could be taken as the reliable criteria for pollution monitoring studies.



INTRODUCTION



INTRODUCTION

The earliest work in India on molluscan blood was that of Narain

(l968,l972a,b;l973). His study was mainly on the circulating amoebocytes,

formed elements of the blood and blood chemistry of Lamellidens corrianus.

Pal and his group are working on blood cells associated with the digestive

tubules of some marine and estuarine bivalves (Pal and Modak, 1981; Pal

et al., 1983). Contributions from Patel and his group include the spectrophoto

metric studies on the haemoglobin of Anadara spp. (Patel and Patel, 1964),

the effects of ionising radiation on haemoglobin of marine lamellibranchs

(Patel and Patel, 1971), the effects of environmental parameters on tissue

lysosomal marker enzymes in the tropical blood clam Anadara granosa (Patel

and Patel, 1985), and the interactions of Mercury, Selenium and Glutathione

on lysosomal enzyme response in 5. granosa (Chandy and Patel, 1985). To

my knowledge, apart from these published work, no other information is

available on molluscan blood from India.

In India, molluscs have occupied a marked place in the affairs of man

from time immemorial, in his affairs of state and economy, of mind and

aesthetic values, of religion and rites of worship. From their pride of place

in mythology and legend they have inspired countless tales in folklore, caused

long-standing customs and traditions, and in more recent times come to

occupy prominent position in heraldry and royal insignia, besides featuring

conspicuously in the economy of vast sections of the people (Mukundan, 1968).

Mussels and clams have considerable local importance. While mussels are

an important molluscan fishery resources in India, in terms of total production

clams are the foremost (Nayar and Rao, 1985). Besides, being a good source

of protein from the nutritional point of view, they have got the advantage



of easy digestibility, and form good source of minerals. They are being

regularly used as subsistence food by fishermen communities in some localities.

From commercial point of view, there are extensive sub-fossil molluscan shell

deposits in the Vembanad Lake, largely comprising of clams, the total

resources of which has been estimated at 2 to 4 million tonnes (Nayar and

Rao, 1985). The annual estimated production of shells from this lake is

l98809t of which live clams form 26859t (Rasalam and Sebastian, 1976).

The shells form the raw material for the manufacture of cement and calcium

carbide. Lime shells are used for a number of purposes, such as preparing

mortar and slaked lime, for neutralising acidic soil, and in rayon and paper

industries. When they are exploited for these purposes indiscriminately, a

large number of young ones are also caught, causing depletion in the
recruitment.

The capacity of bivalves to accumulate potentially toxic heavy metals

in their tissues far in excess of environmental levels is well known (Phillips,

l976a,b; 1977a; Roberts, 1976; Calabrese, et al., 1984), and has become the

focus of increasing number of studies. Bivalves may be either suspension or

deposit feeders, and these feeding strategies pose different problems with

respect to threshold levels of environmental stress. The fact that bivalves

can accumulate toxic heavy metals restricts their use as food, and hence of

global. concern. Goldberg (1975) has urged for a global mussel watch on the

concentration of certain contaminants in the tissues of different species of

lx_'lmly_§ to provide an integrated index of environmental condition. The

mussels continuously sample their environment and hence the average
concentrations of the metals in the habitat medium will be reflected in their

tissues. Several Indian workers have also reported that clams, mussels and



oysters can concentrate heavy metals in their tissues to significant extent

(Lakshmanan, 1982; National Seminar on Mussel Watch, 1986).

Likewise, it is established that molluscs have the ability to concentrate

micro-organisms from the environments in which it habits (Kelly, 1956;

Metcalf and Stiles, 1965; Liu et al., 1966; Slanetz et al., 1968; Cabelli and

l-leffernan, 1970). There are reports stating that they have served as vehicles

for the transmission of enteric diseases to man (Hart, 1945; Dougherty and

Altman, 1962). Bivalves when placed in a sea water environment free of

these organisms, will give off the enteric micro-organisms from the body.

The phenomenon by which it is accomplished, and environmental factors

affecting it are studied in the oyster (Wells, 1916; Wood, 1961; Hedstrom and

Lycke, 1964; Mitchell et al., 1966), the soft clam (Arcis2 and Kelly, 1955;

Erdman and Tennant, 1956), and the mussel (Dodgson 1928; Crovario, 1958).

This is mediated by physiological functions such as pumping rate, filtration

efficiency, the rate of transport and elimination of materials through the

epithelium, etc. Elimination of bacteria includes the phagocytic activities

of cells in the haemolymph (Bang, 1967). These phagocytic cells are

continuously lost to the exterior through epithelial borders (Cheng et al., 1969).

This is an efficient mechanism to clear phagocytized bacteria and other

materials (Malek and Cheng, 1974). The exteriorized phagocytes are carried

away in mucus or faeces by the water stream set up by natural pumping

‘action in the body of bivalves (Houser, 1964; Malek and Cheng, 1974).

Molluscan ghaemocytes have been implicated in diverse functions including

an active function in internal defence against invading foreign materials.

Before detailed studies relative to the defence mechanisms are envisaged,



it ls necessary that the numbers and types of haemocytes as well as their

normal behaviour be ascertained. Such studies are absolutely essential as

preface to studies concerned with functions related to internal defence.

Phagocytosis of foreign materials by haemocytes is an important aspect of

internal defence mechanism and this aspect is particularly important in

molluscan aquaculture programmes as haemocytes phagocytose both biotic

and abiotic foreign materials. Hence, in the present study data on total and

differential count as well as observations on the uptake mechanism of foreign

materials by haemocytes have also been included. The study has been extended

to four size groups of the two species of clams to find out whether there

are differences in the total and differential blood count, organic composition

of haemolymph, and activities of acid and alkaline phosphatases in different

size groups.

Bivalve molluscs are found in aquatic habitats ranging from oceanic

waters to fresh water. The open marine environment is relatively stable

with respect to the physico-chemical composition, but in coastal and

estuarine habitats significant fluctuation may occur. Thus, these bivalves

are frequently exposed to a range of sub-lethal levels of environmental

stresses such as salinity, temperature, oxygen etc., and to further stress, arising

from man's activities such as offshore drilling, dredging or the release of pollut

ants, and to the stress caused by micr0—0rganisms, protozoan and metazoan

parasites. Bayne (1975) gave the following working definition of stress as

applied to marine bivalves. "Stress is a measurable alteration of a physiological

(behavioural, biochemical, or cytological) steady-state which is induced by an

environmental ‘change, and which renders the individual (or the population)



more vulnerable to further environmental change". The adverse effects of

stress, in general, on aquatic organisms including bivalves have been generally

identified with their acute and lethal impacts. Mortality is the end point

that can be readily recognised and quantified, hence the standard assay for

acute toxicity testing for pollutants in aquatic organisms measures the particular

stress condition of concentration which causes 50% mortality over a standard

period of time (LC 5(}. The sub-lethal effects can be induced at much lower

levels than the LC50. While not directly resulting in death, sub-lethal effects

can affect survival through effects on behaviour, growth, physiology and reprod

uction (se'e Akberali and Trueman, 1985). The ultimate test of significance

of a sub-lethal effect of environmental stress is whether it has an impact

on the propagation of a species and on its population (Waldichuk, I979,

Bayne et al., 1979a; 1981).

The effects of environmental variables on bivalves have been studied

on the organisms, tissue and at cellular levels. In the past, the main approach

adopted by many has been through experiments where either a particular

response or a multitude of the responses of the animals are monitored in

relation to experimental variation of a single experimental variable, such

as salinity, temperature or pollutant, while maintaining other factors as

constant as possible. These studies were mainly at the organismal levels and

as Akberali and Trueman (1985) has put it "It is now perhaps the right time

for sub-lethal levels of the heavy metals to be examined in detail at tissue

and cellular level". Sub—lethal effects can have far more serious long-term

consequences on various processes which can ultimately affect the survival

and propagation of species. In the past, in studies dealing with sub-lethal



effects of heavy metals, particular attention was given to specific organs

such as mantle, gills, kidney, digestive gland,gonad etc. but haemolymph was

seldom considered as an organ system. Therefore, in my studies, attention

was given specifically to this system because bivalves have an ‘open
circulatory system and hence the body tissues are continuously bathed in

haemolymph, and the transport of materials to the environment or to other

organs from the site of entry occurs through circulating system, and it can

be a reliable initial indicator of the type of metabolic response occurring

within the organism under stress.

As mentioned earlier, biotic and abiotic factors cause stress and induce

adverse effects on tissues, cells and cellular organelles. In many cases, the

earliest detectable changes of "primary events” are associated with a

particular type of subcellular organelle such as the lysosomes, endoplasmic

reticulum and mitochondria. Many marine invertebrates, and molluscs in

particular, have organs or tissues whose physiological functions are heavily

dependent on a highly developed lysosomal system. Functional disturbance

of these lysosomes, will lead to deleterious consequences for the organism

(Moore and F arrar, 1985). The 1ysosomal—phagosomal complex forms a vacuolar

intracellular digestive system capable of catabolising both endogenous cellular

components and exogenous substances which are engulfed by the processes

of autophagy and heterophagy, respectively. Under conditions where organisms

are stressed, autophagy can function as a physiological survival mechanism

or in severe cases, it can represent a pathological condition (Ericsson, 1969). In

contrast, heterophagy involves the endocytosis, ie., pinocytosis and phagocytosis

of materials, frequently nutritive, from the extracellular environment and their



subsequent transport into the lysosomal vacuolar system, thus providing the

means for the intracellular digestion of external substances. Besides autophagy

and heterophagy, the lysosomes are involved in other physiological activities

such as storage, excretion, resorption, cell proliferation, immune mechanism,

and in the control of cellular immunity (see Moore, 1982; Patel and Patel,

1985).

One of the fundamental biochemical properties of lysosomes is the

structure-linked latency of their hydrolytic degradative enzymes which is a

direct consequence of the impermeability of the lysosomal membrane to many

substrates as well as the internal membrane bound nature of many of the

enzymes which renders them inactive (Moore, 1980). But the membrane

stability of the lysosomes can be altered under certain conditions which will

subsequently activate and in some instances release, the previously bound

enzymes (Moore, 1980). Lysosomal _destabilisation has been demonstrated

in the mussel Mytilus edulis in response to hypothermia and thermal death,

starvation, reduced salinity and experimentally induced spawning, variety of

polycyllic aromatic hydrocarbons as well as hormones (Moore et al., 1979;

Moore, 1980; Moore, 1982; Pipe and Moore, 1985; Patel and Patel, 1985; and

others).

It has been established that molluscan haemocytes, especially granulocytes

represent a major site of lysosomal enzyme synthesis although the head foot

and visceral mass are also considered to be the sources for lysosomal enzyme

synthesis (Cheng, 1983a). Under normal condition these acid hydrolases are

restricted to within the lipoprotein lysosomal membrane; however, if the

granulocytes are challenged with a variety of abiotic and biotic factors, the



lysosomes become unmasked or destabilised (Moore et al., 1979; Cheng, 1983b).

Studies by Cheng and his associates have revealed that challenge with bacteria

results in the hypersynthesis of lysosomal enzymes within haemocytes and the

subsequent release of these hydrolases into serum through degranulation (see

Mohandas et al., 1985; Mohandas, 1985). Obviously, during stress caused by

abiotic as well as biotic factors, there is release of acid hydrolases from

the lysosomes into the serum. This is yet another reason to choose

haemolymph as an organ system to understand the effect of stress caused

by the abiotic factor (copper) and the biotic factor (bacteria) in the present

study.

Xenobiotic (toxic environmental.- chemical)—induced alteration of the

permeability or fluidity of the lysosomal membranes could result in interference

with the normal processes or turnover of intracellular proteins and organelles

(autophagy) as well as the intracellular digestion of pinocytosed or phagocytosed

food (Moore, 1982), and hence it was thought worthwhile to investigate the

activities of protein, carbohydrate and glycogen in the haemolymph of clams

exposed to copper and bacteria. By activation of a Xenobiotic to a more

toxic molecular species mediated by cytochrome-p-450, which is an integral

component of the endoplasmic reticulam, damage is caused to DNA, protein

or membranes (Moore, 1985). Moreover, changes in ATP content and in

protein synthesis following sublethal exposure to copper have been reported

by Viarengo et al. (l980a).

Since stress imposed by abiotic and biotic factors causes the release

of acid hydrolases from lysosomes into the haemolymph, it was thought

worthwhile to investigate the release pattern of acid phosphatase, the marker



lysosomal enzyme, in the haemolymph of clams dosed with copper, and

exposed to bacterial challenge. It is known that heavy metals can inhibit

the activity of many enzymes (Dixon and Webb, 1967; Mahler, 1961; Roesijadi_,

1980-1981) or stimulate the activity (lordachescu et al., 1978). The result

maybe a disturbance of metabolic integration leading to damage to cellular

function. it is also known that many toxic substances or their metabolites

cause cell injury by reacting primarily with biological membranes, and among

the damages are included, changes in the content or activity of enzymes or

other membrane components (Moore, 1985). It is noted that alkaline

phosphatase is considered as a marker enzyme of plasma membrane (Bogitsh,

1974). Since granulocyte plasma membrane is involved in phagocytosis also

(Mohandas et al., 1985), it was thought worthwhile to investigate the activity

pattern of this marker enzyme in the haemolymph of clams dosed with copper,

and exposed to bacterial challenge.

While many molluscs are well adapted to survive anoxic or hypoxic

conditions, there are only limited uniformity in the biochemical pathways

lnthe energy metabolism that are employed (Kluytmans et al., 1980). Further,

in bivalves anaerobic glycogen breakdown results in multiple end-products

whose formation differs considerably among species, fluctuates quantitatively

with time and is dependent on several factors (Zurburg and Kluytmans, 1980;

Meinardus and Gade, 1981). Lactate, which is the classic end-product of

carbohydrate fermentation, is normally not considered by some as a main

anaerobic product during anoxia/or hypoxia in bivalves where accumulation

of succinate or alanine occurs. As exception to this was reported by a few

(Gade, 1980; Zurburg and Ebberink, 1981), an experiment was designed to
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determine‘ the lactic acid levels in the haemolymph of §.scripta exposed to

sublethal concentrations of copper and mercury with a view to find out

whether (i) lactic acid could be one of the end-products, if not the major

one, in bivalves "under environmental hypoxic conditions prevailing within the

shell, and (ii) whether haemolymph could be taken as an organ system in

studies related to end-product accumulation in specific tissues of bivalves.

So, in general, the four important rationales for studying the various

aspects of molluscan blood are: (i) to understand how the economically

important molluscan species defend themselves against infectious agents as

this is particularly important in molluscan culture programmes, (ii) to understand

the various aspects of molluscan blood for academic reasons as very little

work has been done in India on molluscan blood, (iii) to understand the

internal defence mechanisms of undesirable molluscan species so that some

methods may be devised to reduce or suppress their ability to recognize and

to degrade pathogens, and as a consequence render them more vulnerable

to the attack by microbial biological control agents, and (iv) to monitor

pollution in marine and brackish water environments as it has been suggested

that quantitative determination of the levels of the lysosomal enzymes can

be employed as a reliable indicator of the stress by environmental pollutants.

In the present study, the two species of clams used were Sunetta scripta

(Lime) and Villorita cyprinoides var. cochinensis (Hanley). While §_.scripta

is a typical marine form, showing a salinity tolerance of 25°/oo to 35°/oo

(Latha Thampuran, personal communication), ygyprinoides var.cochinensis is

considered to be a brackish water form showing a salinity tolerance of 4.73°/oo

to 27.Il°/oo (Sivankutty nair and Shynamma, 1975). Specimens of _S_.scripta
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were collected from off Fort Cochin, and y_.g/prinoides var.cochinensis from

the backwaters at Nettor, 5 km south of Ernakulam.

The thesis is arranged in eight chapters. In the first chapter, opinions

of different workers on the various aspects of bivalve haemolymph and

haemocytes, and their functional role including the part they play in defence

mechanisms are brought together in the form of a review. The second

chapter is on the haemocytes, and the third one deals with the variation

of haemolymph glycogen and carbohydrate concentrations in the four size groups

of the two clam species, and also when subjected to abiotic and biotic challe

nges. The fourth chapter deals with variations in protein concentrations

"in the haemolymph under the same conditions as mentioned above. Variations

in the haemolymph acid and alkaline phosphatases activities in clams of the

four size groups, and subsequent to abiotic and biotic challenges are outlin

ed in the fifth and sixth chapters, respectively. The seventh chapter contains

observations on the end—product accumulation study in _S_.scripta exposed to

sub-lethal concentrations of copper and mercury. Summary of the work forms

the eighth chapter, followed by the list of references.



CHAPTER I



REVIEW OF LITERATURE

The cells of the haemolymph -haemocyte- in bivalves are distributed

throughout the vascular system, and since the bivalves possess an open

circulatory system the haemocytes are also found in the tissues. Earlier

literature indicates the presence of different types of haemocytes in bivalves

and the parameters used to differentiate them were cell size, nuclear size,

presence or absence of granules, differential staining of the cells and their

inclusions, etc. Recent studies, however, show that many of the different

types of haemocytes can be grouped into one or two categories. A brief

review of literature given below lays emphasis on the types of cells,

haemopoiesis, ontogeny, cell behaviour and the functional role of haemocytes,

such as shell repair, nutrient digestion and transport, excretion, wound repair,

and internal defence.

In this thesis, and particularly in the review part, the term, leucocyte,

haemocyte, blood cell, haemolymph cell, and amoebocyte are used rather

loosely but convey the same idea, and mean only the haemocytes, ie., the

cells of the haemolymph.

CELL TYPES

The classification of the types of cells that occur in haemolymph of

molluscs originated with Cuenot (1891). Numerous subsequent investigators

have followed this line of research. The earlier studies as well as many

recent ones have employed static morphological features, staining properties

of nucleus, cytoplasm and granules etc., to classify these cells, but in most

cases the interpretations have been conflicting. Cheng (1981) has given a

detailed account of the designations given to the various types of bivalve

haemocytes, and the characteristic features of - these cells. When the
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classification systems for the molluscan haemocytes employed by the various

authors are analysed, it is apparent that there are only two principle patterns.

The first, originated by Cuenot (1891), recognises three categories of cells;

finely granular haemocytes, coarsely granular haemocytes and cells with very

little cytoplasm. The second system attributable to Takatsuki (l934a), involves

classifying these cells into two categories-granular cells i.e., those with

conspicuously large numbers of cytoplasmic granules, and hyalinocytes, i.e.,

those with less cytoplasm and including only a few granules or none. All

subsequent classification systems may be considered modifications of one

of these _two systems.

The formerly employed system of distinguishing between several types

of cytoplasm-homogenous, granular, alveolar, fibrilar, etc., (Jordon, 1952)-is

no longer considered valid since morphology of cytoplasm at the light

microscope level is easily altered by employing different fixatives. Moreover,

electron microscope studies on blood cells of several species of molluscs have

revealed that the cytoplasmic granules are functional organelles such as the

mitochondria, lysosomes, phagosomes, Golgi etc. (Cheng, 1984). Variations

in the numbers of one type of organelle over another coupled with the methods

of fixation could result in morphological differences at light microscope level.

Also, differences in the dimensions of the cytoplasmic granules could reflect

ontogenies ofdifferent stages during the physiological cycle of a cell.

Cell dimensions also have been employed as a criterion for distinguishing

between types of haemocytes, but the recent contributions on the behaviour

of molluscan haemocytes particularly their spreading behaviour, give clear

indications that dimensions of haemocytes measured in vitro vary considerably.
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The cell sizes by themselves are not a totally reliable criterion. It is,

however, noted. that differences in granulocytes and other interchangeably

designated agranulocytes are based on cell dimension but this is not the

only difference. It should be emphasized that real size differences may

occur among structurally similar cells as has been pointed out by Renwrantz

et al. (1979). Rather than classifying the different size-classes of granulocytes

as being distinct, Cheng (1984) considers them to be of one kind, but at

different developmental stages. The same holds true for the different types

of granular cells of Crassostrea gigas as described by Tanaka et al. (1961),

of Mytilus coruscus as described by Feng et al. (1977), of Mercenaria

mercenaria as described by Moore and Eble (1977) and for the different types

of lymphocytes of Area inflata as described by Ohuye (1937).

Considering that the classification system initiated by Cue'not (1891)

based on finely or coarsely granular cytoplasm is not natural, Cheng (1981,

1984) accepted Takatsuki's ( 1934a) system which considers molluscan haemocytes

to be of two categories, granulocytes and hyalinocytes. But this system has

been modified ‘ because of the differences in the staining affinities of

granulocytes. Dundee (1953), Ruddell (197lb, c), Narain (1969, 1972a) Hazleton

and Isenberg (1977), among others, considered the granulocytes with

acidophilic granules to be distinct from those with basophilic and sometimes

neutrophilic granules.

But critical microscopical studies on a large number of identically

treated cells of clams and oysters by Galtsoff (1964), Feng et al. (1971),

Foley and Cheng (1972, 1974), and others, have revealed that granulocytes

may include two or three combinations of acidophilic, basophilic and
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neutrophilic granules. Thus the demarkation between types of granulocytes

based on the staining affinities of the granules seems unnatural, especially

when it is known that most of the cytoplasmic granules in some species are

true lysosomes (Yoshino and Cheng, 1976a; Moore and Eble, 1977; Mohandas

et al., 1985), or as in the case of oysters, are secondary phagosomes (Cheng

and Cali, 1974; Cheng, 1975). The occurrence of both alkaline and acid

phosphatases in the cells and serum of Crassostrea virginica and l\_/Lmercenaria

(Cheng and Rodrick, 1975) indicates that both basophilic and acidophilic

granules may be present in the granulocytes. This indicates that one of the

two phenomena mentioned below or both may be taking place: (1) There are

vesicles that have an alkaline milieu in which alkaline phosphatase can

function, and there are other vesicles that have an acidic milieu in which

acid phosphatase and other acid hydrolases can function, and (2) All of the

granules or vesicles go through an alkaline phase prior to becoming acidic.

Evidence favouring the first interpretation was provided by Yoshino and Cheng

(19763) when they demonstrated that not all of the granules in the granulocytes

of lg/*l.mercenaria include acid phosphatase activity. Evidence for the second

hypothesis again comes from the work of Yoshino and Cheng (l976a) which

is interpreted to mean that the cells they examined were entering the

acid phase. Supportive evidence for the second hypothesis includes the finding

of several ‘workers that all of the hydrolases associated with bivalve

granulocytes are lysosomal acid hydrolases (see Cheng, 1981, 1984).

Another characteristic that has been employed to distinguish between

types of haemocytes is the acidophilic and basophilic nature of the nucleus

(Feng et a1., 1977). It is, however, noted that the basophilic or acidophilic
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nature of the nucleus is a function of the intranuclear RNA synthesis which

changes with age and/or primary function at the time, and hence cannot

be relied as a diagnostic characterisitic.

The basophilic or acidophilic nature of the cytoplasm has also been

pointed out as a diagnostic criterion (Dundee, 1953). It is interesting to note

the finding of Foley and Cheng (1972) who have demonstrated that staining

of the cytoplasm of haemocytes, specifically the granulocytes, of gvirginica

is dependent on the fixative used. Also, the basophilic or acidophilic nature

of the cytoplasm may depend on the staining characteristic of the nucleus

at that time, and hence this diagnostic criterion is also not reliable.

In view of the reasons for rejecting certain commonly employed criteria

to distinguish the so-called types of molluscan haemocytes, it now appears

that there are only two categories of cells, granulocytes and hyalinocytes

or agranulocytes (Cheng, 1984). However, there are detectable staining and

other morphological alterations that occur during aging and functionalships

during the life of cells. In this context the reports of Renwrantz et al.

(1979), Yoshino et a1. (1979), and Cheng et al. (l980b) that there are sub-

populations of granulocytes in (_3.virginica, serve to point out that subtle

differences, most yet unexplored, do occur among molluscan haemocytes,

but these differences most probably reflect functional differences during the

ontogeny of cells of the same line.

HAEMOPOIESIS

In vertebrates there are definite erythropoietic and leucopoietic areas.

As to the haemopoietic sites of bivalve haemocytes, there are no definitive

answers. In the case of bivalves, Cuénot (1891) suggested that haemocytes
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may have their origin in special "glande lymphatiques" at the base of the

gills. Wandering phagocytic cells have been described as originating in

connective tissues, from the epithelial layers of various tissues, and from other

sources (Wagge, 1955). According to Narain (1973), K. Tanake in japan

considered the alimentary tract to be the center of haemopoiesis in bivalves

and suggested that the breakdown products of food may be utilised for

haemocyte production by the ciliary lining of the intestinal wall. Wagge (1951)

has reported that in the gastropod Helix aspersa certain haemocytes originate

from the mantle epithelium and others from the connective tissue of the

mantle. Millott (1937) in jorunna tomentosa described the formation of

haemocytes by budding from the hepatopancreas. Miiller (1956) reported that

blood cells of the gastropod Lymnaea stagnalis are formed continuously in

connective tissue, particularly in the lung. Pan (1958) suggested that the

haemocytes of the gastropod Biomphalaria glabrata may be formed from

fibroblasts situated in the trabeculae of the mantle blood sinuses and from

a cellular reticulum found in the wall of the kidney near the pericardium.

Kinoti (1971) in Bulinus truncatus; Lie et al. (1975) and Joky et al. (1985)

in §. glabrata have identified what they consider as amoebocyte--producing

organ (APO). In §.g1abrata it is situated between the pericardium and the

posterior epithelium of the mantle cavity. The ultrastructure of the
amoebocyte-producing organ in §.glabrata as reported by Jeong et al. (1983)

consists of small clusters of primary amoeboblasts resting on the epithelial

cells lining .the pericardium. The amoeboblasts are held in a loose reticulum

formed by extensions from smooth muscle and few fibroblastic cell. Secondary

amoeboblasts and amoebocytes constitute further stages of this cell line.
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Amoebocytes resembling cells in the snail circulation, appear in the blood

sinus passing through the interior of the amoebocyte~producing organ.

Gatenby and Hill (1934), Haughton (1934), Bourne (1935) and Crawford

and Barer (1951) who examined tissues of fl.aspersa maintained in culture,

have reported that haemocytes differentiate from connective tissue, particularly

that found in the mantle. Cheng and Rifkin (1970) hesitate to accept this

as irrefutable fact because certain types of molluscan cells maintained in

culture, particularly epithelia and connective tissue elements, such as

fibroblasts, are capable of becoming dissociated from surrounding cells,

rounding up and even becoming phagocytic. This can be interpreted as

dedifferentiation, so common among certain types of cells maintained in

culture.

In addition to the formation of leucocytes at presumably specific

haemopoietic sites, various investigators have reported that these cells are

capable of multiplying by division. Bohuslav (1933a, b) has expressed the

opinion that haemocytes migrating from tissues maintained in culture can

divide both by mitosis and amitosis while Gatenby (1932), Gatenby and Hill

(1934), Gatenby et al. (1934), and Bourne (1935) have described only amitotic

division of haemocytes associated with cultures of the mantle of the snail

I_-l_.aspersa. Gresson (1937) in Modiolus, and Fretter (1939) in Philine asperta

reported leucocytes undergoing division. In addition to nuclear division, Bourne

(1935) described cytoplasmic fragmentation as another mechanism for the

formation of new cells.

No satisfactory account has yet been published as to where haemopoiesis

actually occurs in bivalves. It- is generally believed that haemocytes arise

from differentiation of connective tissue cells (Cheng, 1984).
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In vertebrates, apart from the recognition of erythropoietic and

leucopoietic areas, the sequences of development of blood cells are also worked

out. The sequence of development is called ontogeny. The ontogeny of

bivalve haemocyte is also not clearly understood, and there is difference

of opinion.

ONTOGENY

If haemocytes are formed primarily from the differentiation of

haemopoietic tissue cells, it would appear essential to recognize that ontogenic

stages occur between the youngest blast cells and the mature circulating
cells.

The two detailed accounts of the ontogeny of molluscan haemocytes

are those of Mix (1976), and of Moore and Lowe (1977). Their accounts

are mostly based on interpretive evaluations. In addition, Cheney (1969),

in an unpublished dissertation, has presented some information. Mix (1976)

based on the data of several investigators, postulated the occurrence of a

leucoblast which is the stem cell. It differentiates into a hyalinocyte.

Subsequently these hyalinocytes are believed to differentiate into "granular

hyalinocytes" or two classes of "intermediates". Following this, the granular

hyalinocytes are believed to differentiate into basophilic and acidophilic

granulocytes, while one of the "intermediates" is believed to give rise to

fibroblasts and myoblasts, while the second group of "intermediates" is

postulated to differentiate into pigment cells.

Moore and Lowe (1977) recognised two developmental series: (1) the

basophilic haemocyte growth series, and (2) the acidophilic haemocyte growth

series. The basophilic haemocyte growth series is comprised of a variety of
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structural types. The youngest in this series are small (4-6 ,um in diameter),

and include a small volume of basophilic hyaline cytoplasm. They are generally

spherical and include a spherical nucleus. As the cytoplasmic volume increases,

it becomes strongly basophilic and with a high RNA content. lnterpretatively,

it was proposed that as these small basophilic hyaline cells develop, they become

larger basophilic haemocytes (7-10 ,um in diameter). The RNA content later

decreases in these cells, and the cells frequently take on an irregular

appearance, produce pseudopods, and develop cytoplasmic granules and vacuoles.

Nuclei also become irregular in outline.

The second growth series, the acidophilic line, is represented only by

the eosinophilic granular haemocytes. These cells measure 7—l2 ,um in diameter,

and the degree of acidophilic nature of the cytoplasmic granules increases

with growth. They regarded this as a separate line, as no morphologic forms

were observed which might represent cells intermediate between macrophages

and granular haemocytes.

Cheng (1984), based on accumulated data, has given another ontogenic

line. He postulated a hypothetical granuloblast. From this cell arises young

granulocytes designated as progranulocytes characterised by relatively small

size, few cytoplasmic granules and basophilic nucleus. They are the smallest

of the circulating cells of the granulocyte line, are capable of phagocytosis,

though not actively, and also produce few pseudopodia when spread.

The progranulocyte gives rise to granulocyte I which is a medium-sized

cell with numerous cytoplasmic granules some of which are basophilic, others

acidophilic, and still others refractile. They are actively phagocytic, with

pseudopodia of filopodial type, and have increased numbers of organelles such
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as Golgi, rough endoplasmic reticulum, liposomes and lysosomes, and have

relatively high levels of acid hydrolase activity. They are capable of

contributing to clumping.

The granulocyte I matures into a granulocyte II which is the largest of

the granulocyte line, containing large numbers of cytoplasmic granules, most

of them being acidophilic. They have cytoplasmic vacuoles, Golgi, smooth

and rough endoplasmic reticulum, liposomes and lysosomes. They are actively

phagocytic, produce large numbers of semi—permanent filopodia when spread,

have the highest levels of acid hydrolase activity, and actively involve in

clumping.

If a granulocyte II has phagocytosed foreign materials and intracellular

degradation has occurred, it becomes a spent granulocyte (earlier designated

as fibrocyte). Such a cell is characterised by a few filopodia commonly at

two poles, a few cytoplasmic granules, larger number of cytoplasmic vacuoles

of various shapes and sizes, less lysosomal and hydrolase activity, and their

phagosomes commonly include digestive lamellae and amorphous, partially

digested materials. In their cytoplasm, clumps of glycogen granules will be

present.

Under certain pathological conditions, several granulocyte lls may become

fused to become a multinuclear giant cell, designated as a macrocyte.

A hypothetical hyalinoblast is proposed for the hyalinocyte line also

by Cheng (l984). According to him, hyalinoblast is capable of dividing and

differentiating into young hyalinocytes, designated as prohyalinocytes. Such

a cell is characterised by a relatively large nucleus surrounded by a small

volume of cytoplasm, absence of cytoplasmic granules, none or a few lobopodia,
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and the cell is essentially basophilic.

The prohyalinocyte matures into a hyalinocyte which has a relatively

small volume of cytoplasm surrounding a large nucleus. It includes few

cytoplasmic granules and moves by producing a small number of lobopodia.

There is a third line comprised of serous cells, brown cells or pigmented

cells. Although these cells do occur in the general circulation, they are

formed in Keber's glands.

The molluscan haemocytes are highly variable in behaviour, ie., spreading,

migrating, endocytosing foreign materials, dimensions, staining affinities and

in other morphological features (Cheng, 1984). So, further studies are needed

to derive any conclusive opinion on the ontogeny of haemocytes.

Having reviewed the ontogeny of haemocytes, it is only appropriate

to look into the behaviour of these haemocytes in vivo and in vitro.

CELL BEHAVIOUR

Feng (19653) has observed that in gvirginica, the number of circulating

leucocytes is dependent upon the amount of turbulence produced by cardiac

action. He has also proposed that number of leucocytes may also vary with

the feeding and excretion cycles since leucocytes participate in both these

activities.

When living cells of gvirginica are first placed on a glass slide, they

are mostly irregularly oval (Foley and Cheng, 1972). When freshly examined,

the cells include a single or several tufts of filopodia-like extensions. It is

noted that fresh cells commonly form clusters. However, if the preparation

is permitted to stand, there is an exomigration of cells from each cluster

in a defined pattern. The migrating cells commonly become crescent-shaped
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and the activity generally commences ‘at about 5 min. after freshly drawn

haemolymph is placed on slides maintained at 22° C. When permitted to

stand for several minutes they commence to spread against the substrate.

This begins within 15 min. post preparation. The spreading process is

initiated when the cells become more or less spindle-shaped, and with the

filopodia irregularly situated along the surface. As time progresses the

peripheral cytoplasm of each cell tends to flatten out against the substrate

so that the cytoplasmic granules and vacuoles become confined to the

endoplasm, and at this time unbranched pseudopod generally occur at the

periphery. The adherence of cells to the substrate is attributed to positive

thigmotaxis (Foley and Cheng, 1972). By the time the spreading process

terminates, in 15 to 25 min., fine rib-like cytoplasmic rays extend towards

the periphery from the region of endoplasm and terminate along the outer

margin of the cell as fine cytoplasmic extension.

When haemocytes of l\_x_l.mercenaria are placed on a slide, mostly they

are irregularly oval- or spindle-shaped (Foley and Cheng, 1974). Upon contacting

the slide, both agranular and granular leucocytes adhere and commence to

spread. Haemocytes will adhere to and spread on both the upper and lower

glass surfaces. Spreading of individual cells begins with adherence to the

slide. Cells that do not adhere do not spread. Haemocytes not only adhere

to glass but also to one another. In l\_/_l.mercenaria, agglutination of the haemoc

ytes occur in vitro, and is more pronounced if the haemocytes are mixed with

sea-water or with homologous serum. The spreading behaviour of l_\_/Lmercenaria

leucocytes was employed by Foley and Cheng (1974) to identify the cell

types.
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In the living state, haemocytes of _l\g.mercenaria take up vital dyes

(Foley and Cheng, 1974). The cytoplasmic granules take up Neutral Red from

a concentration of 0.02% within 15 sec. The refractile inclusions do not take

up the dye. When exposed to Janus Green B at a concentration of 0.002%

nearly all of the cytoplasmic granules take up the dye rapidly. After 15 min.,

some granules appear violet or purple, thus indicating possible reduction of

this dye to diethyl Safranin. Refractile granules do not take up this dye.

When exposed to a mixture of Neutral Red and Janus Green B at a final

concentration of 0.001% for each stain, the cytoplasmic granules appear red.

FUNCTIONS OF HAEMOCYTES

Haemocytes are known to serve a variety of functions, and are involved

in shell repair, nutrient digestion and transport, excretion, wound repair, and

internal defence against foreign materials.

I. SHELL REPAIR

The blood cells of lamellibranchs have been implicated in the transfer

of shell material to the site of shell formation during the repair of shell

damage (Dunachie, 1963; Beedham, 1965; Saleuddin, 1967; Bubel, 1973). In

almost all cases amoebocytes migrate on to the outer surface of the mantle

epithelium at the early stage of shell repair (Watabe, 1983), but in Musculus

and Anodonta the amoebocytes adhered to the basal part of the outer

epithelium during shell repair (Kawaguti and Ikemoto, 1962; Tsujii, 1976).

But Saleuddin (1970) rarely observed amoebocytes in the mantle of m.

The reports on the function and time of migration of amoebocytes are

controversial (Saleuddin, 1980). Beedham (1965) has reported that amoebocytes

pass through breaks in the damaged epithelium and form a protective barrier
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for the mantle before the formation of organic membrane in Anodonta. But

Kapur and Gupta (1970) in Euplecta indica, Watabe and Blackwelder (1976)

in Brachydontes exustus, and Watabe and Blackwelder (1980) in Pomacea

paludosa showed that the migration of amoebocytes occurred after the

formation of organic membrane at the beginning of the repair. Abolins—Krogis

(1963) has made observations in Helix pomatia similar to that of Beedham

(1955) but barrier formation was not mentioned.

Amoebocytes have been reported to transport calcium and other repair

materials to the sites of shell repair (Wagge, 1951; Dunachie, 1963; Abolins~

Krogis, l963,l972,1973; Kapur and Gupta, 1970; Tsujii, 1976). However,

McGee~Russel (1957), and Durning (1957) did not assign them any role in the

repair process. Timmermans (1973) and Watabe and Blackwelder (1980) did

not detect significant amounts of calcium in the amoebocytes. In their

experiment, Bubel et al. (1977) could not find the deposition of shell materials

by granulocytes in M. however, they presumed that granulocytes play

a role in this process. Their presumption was strengthened by the report

that in 1\_/_l._edu_lis. shell repair is a slow process (Wagge and Mittler, 1953;

Meenakshi et al., 1973)

There is, however, general agreement that during shell repair, amoebocytes

are involved in the transport of materials from the hepatopancreas to the

region of shell repair. Based on the observation of Moore and Lowe (1977)

of a close association between granulocytes and Leydig and digestive tubule

cells in i\_4._<;gL1l_is,_ Bubel et al. (1977) indicated that granulocytes may transport

materials to the region of shell repair. Despite several investigations on

molluscan shell repair, the evidence for the role played by haemocytes in this
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process is somewhat conflicting. As Wilbur (1964), and Beedham (1965)

assumed, the amoebocytes may play a limited role in the early stage of shell

repair, but the majority of the repair process is accomplished by the mantle

epithelium (Watabe, 1983). Abolins-Krogis (1976) has also indicated the

significant role played by amoebocytes in shell repair but added that the bulk

of the substances needed for the complete restoration of materials of the

damaged shell came from other sources in the body.

11. NUTRIENT DIGESTION AND TRANSPORT

The role of haemocytes in digestion has been comprehensively reviewed

by Takatsuki (19343), Wagge (1955), Owen (1966), Purchon (1968) and Narain

(1973). In molluscs, digestion of food is both extra and intracellular.

Extracellular digestion takes place in the lumen of the intestine by enzymes

released from dissolution of the crystalline style. Intracellular digestion takes

place within two categories of cells; digestive cells of the digestive diverticula,

and haemocytes. As bivalves have an open circulatory system, haemocytes

are found migrating through tissues. Some migrate into the lumen of the

alimentary tract and pinocytose soluble nutrients and phagocytose particulate

food stuffs (Yonge, 1923, 1926; Takatsuki, 1934a; Yonge and Nicholas, 1940;

Zacks and Welsh, 1953; Wagge, 1955; Zacks, 1955; Owen, 1966; Purchon, 1968;

Narain, 1973; and others}. Once inside the cell, digestion commences and

the haemocytes pass back into the deeper tissues of the body and in this

manner transport nutrients to various tissues (Yonge, 1926). George (1952),

however, was unable to show that amoebocytes in the gut were able to pass

into the tissues. The finding of Feng et al. (1977) of carotenoids, specifically

flavenoids, [3-carotene, canthaxanthin and other unidentified xanthophylls,
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which can only be synthesized by plants, in haemocytes indicates that the

haemocytes must have acquired them by phagocytosing pigment-—bearing

unicellular algae which comprise the diet of these filter feeders.

The haemocytes are also capable of reversing this process and capturing

unwanted materials in the haemolymph and transporting the material for

disposal in the faeces (Stauber, 1950; Tripp, 1958a, 1960; Morton, 1980;

Fisher, 1986). Pal and Modak (1981!) have suggested that amoebocytes make

frequent characteristic, topographic association with the digestive cells of

the digestive diverticula implying that their role in digestion, assimilation

and waste removal is more important than is at present realised.

In view of the recent findings, nutrient digestion and transport cannot

be considered as an isolated function, and it is so intimately associated with

internal defence that in many ways the two are indistinguishable.

Ill. EXCRETION

Durham (1891) reported that degenerated pigments are excreted from

Anodonta and I_J_r_i_i_c_> via the exodus of laden haemocytes. Canegallo (1924)

in U_i1ig and Orton (1923) in oysters reported the excretion of oil globules

and metals,respectively. Stauber (1950), Tripp (1960) and Feng et al. (1977)

have reported that indigestible particles and macromolecules are voided via,

the migration of foreign material-laden phagocytes across certain ' epithelial

borders. Cheng et al. (1969) have demonstrated that Indian ink experimentally

injected into Littorina scabra are rapidly phagocytosed by haemocytes, most

of which are subsequently eliminated from the body via exodus through the

epithelia of the nephredial tubules.

Another aspect of the excretory function of haemocytes involves the
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pericardial glands which are also known as Keber's glands. These glands

which comprise a part of the excretory system, are prominent in most

bivalves occurring in two locations, on the auricle and/or mantle and empty

into the pericardial cavity. The Keber's glands are also the sites for the

production of the so-called brown or serous cells. Takatsuki (1934b) who gave

the most detailed description of brown cells has reported that they are

amoeboid and capable of phagocytosing carmine particles. He proposed that

they are modified leucocytes. The most important function attributed to

serous cells is related to their role in the removal of degradation products

of dead or moribund parasites and metabolic by—products of successful

parasites (Cheng, 1981).

IV. WOUND REPAIR

It is known that haemocytes are involved in wound repair (Pauley and

Sparks, 1965; Des Voigne and Sparks, 1968; Pauley and Heaton, 1969; Ruddell,

1971a; Sparks, 1972). As to the exact mechanism and the extent of

involvement, opinions differ. It is said that the clumping of haemocytes is

intimately involved in wound healing. Clumped haemocytes have been reported

to delineate and plug wounds and arrest haemorrhage (Dakin, 1909; Drew, 1910);

Goodrich, 1919; Orton, 1923; Des Voigne and Sparks, 1968, 1969; Ruddell,

1971a; Foley and Cheng, 1972). From these studies, the sequence of events

during wound repair is as follows (Cheng, 1981).

1. Infiltration (at least in oysters) of the wounded area by large number

of haemocytes.

2. The aggregate haemocytes form a plug as well as delineate the area.

3. Healing proceeds from the interior of the lesion toward the surface.
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4. Collagen is deposited between the cells comprising the plug and later

both the haemocytes and collagen are replaced by Leydig cells.

5. Meanwhile phagocytic haemocytes infiltrate and phagocytose the

necrotic cell debris.

It is noted that there is no fibrin or any other plasma involvement, and

the fusion between the haemocytes is not permanent as they can reverse

the process and dissolve the clot by returning to an individual existence

(Narain, 1973; Fisher, 1986).

But Pauley and Heaton (1969) in Anodonta oregonensis reported little

cellular response associated with repair. According to them, the edge of the

wound invaginates in an apparent attempt to close the incision and this is

the only response noted during the first eight days. A clot is formed only

rarely in the wound channel and this results from infiltration and aggregation

of haemocytes, and these do not completely fill the wound channel. An

extremely weak cellular response also occassionally develops in the surrounding

tissues. Initially, a few fibroblasts are intermingled with the haemocytes and

these deposit scanty collagen—like material. Subsequently, the haemocytes

are almost completely replaced with fibroblasts which are connective tissue

cells. Ruddell (l97la) has indicated that fibroblast—1ike cells are normally

associated with wound repair sites. Replacement of the surface ciliated

epithelium results from division and migration of adjacent healthy epithelial

cells, and this occurs without the formation of a cellular wound plug. Thus,

the lack of a pronounced initial cellular response and subsequent lack of

involvement of large quantities of connective tissue fibres categorizes wound

healing in Qorejonensis.
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It has been proved beyond doubt that the haemocytes play an important

role in internal defence against foreign materials. In recent years, research

on molluscan haemocytes has been directed mainly to understand their role

in internal defence against non~self materials. Stauber (1961), in his review

on immune mechanisms of invertebrates, informally defined cellular defence

as being of three categories, viz., Leucocytosis, Encapsulation and phagocytosis.

This scheme has been adopted by several subsequent workers, and has been

extended to include Nacrezation also (Cheng and Rifkin, 1970). Like

vertebrates, the internal defence mechanisms of invertebrates are also of two

types: Innate and Acquired. Innate mechanisms are those that are assumed

to be genetically mediated and represent the native capabilities of the host

to act against an invader. Acquired mechanisms are those that develop in

the host in response to previous exposure to non—self material. Theoretically,

both innate and acquired internal defence mechanisms can be of two types,

Cellular and Humoral.

INNATE CELLULAR INTERNAL DEFENCE MECHANISMS

Innate mechanisms are of prime importance in host-parasite relationships

in invertebrates. The known types of phenotypic manifestations of innate

cellular internal defence mechanisms in bivalves comprise such mechanisms

as Leucocytosis, Encapsulation, Nacrezation and Phagocytosis.

LEUCOCYTOSIS

Leucocytosis is defined as an increase in the number of leucocytes or

haemocytes and is a forerunner of phagocytosis and/or encapsulation since

the increased number of cells contributes to these active processes
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(Cheng, 1981). Leucocytosis as associated with parasitism, including helminth

parasitism, has been conveniently summarised by Farley (1968). It is still

not known whether these cells are formed de novo or represent cells released

from sequestration sites in tissues.

ENCAPSULATION

Encapsulation involves the enveloping of an invading organism or experi

mentally introduced tissue too large to be phagocytosed by host cells. Studies

directed at molluscs, in general, and bivalves in particular, have been reviewed

by Cheng and Rifkin (1970). They have also attempted to classify the different

capsules formed in terms of both the parasite and host material used in

the capsule. When a parasite on entering the host, is recognised as non-self,

usually the first reaction is leucocytosis. Many of these cells migrate towards

the parasite and form a capsule of discrete cells around it. It is believed

that this migration of cells is the result of chemotaxis in response to

molecules incorporated in parasite's body surface and in other instances to

secreted molecules which in the case of trematodes and cestodes, are

usually mucopolysaccharides, in the case of nematodes it was reported to be

the exsheathing fluid (Cheng, 1986), and in the case of protozoa and bacteria,

it could be a relatively small peptide (i-lowland and Cheng, 1982). Rifkin

and Cheng (1968) reports another mechanism in gvirginica infected by the

larva of the tapeworm Tetragonocephalum. Here, the parasite compresses

the surrounding connective tissue cells and this triggers the host cells to

synthesize the precursor of the fibrous material which becomes deposited

intercellularly, and gradually become concentrically deposited in layers around

the parasite (Rifkin et al., 1969). After the parasite is encapsulated by
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fibres, the granulocytes and the brown cells migrate into the matrix of the

capsule. This migration is followed by the death of the parasite, and

eventually the parasite's tissues are completely disintegrated and the fragments

become phagocytosed by host granulocytes. Besides these two types of

encapsulation, other minor types are also known which also involve blood cells

and connective tissue fibres (Cheng and Rifkin, 1970). According to Cotz

(1986), amoebocytes, mainly granular, infiltrate to the region where the foreign

body is introduced. The amoebocytes which are directly attached to the

foreign body surface flatten and extend protrusions into the irregularities of

the foreign surface. The cellular envelope solidifies by the interdigitation of

pseudopodia. Within the flattening cells mlcrotubules and bundles of

microfilaments appear. The intercellular spaces between the middle and outer

layer become filled with connective tissue fibrils in an amorphous ground

substance which is synthesized by amoebocytes transformed into fibroblasts.

The extent of capsule formation differs depending upon the degree of

compatibility of the host and the parasite. The capsules are thick in non

susceptible hosts whereas in susceptible ones there is no or a very little

reaction. The activity of encapsulating haemocytes is not restricted to the

formation of a solid capsule but also for the formation of a cellular envelope.

They infiltrate and phagocytose the foreign tissue until only a small "granuloma",

mainly of connective tissue, is left behind.

Cheng and Rifkin (1970) have proposed that encapsulation represents

aborted attempts at phagocytosis, and this concept is based on the observation

that the first cells to approach a foreign body too large to be phagocytosed

become initially flattened against the surface of the foreign body in a fashion
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which could be interpreted to be unsuccessful attempts at phagocytosis.

It is of interest to note that not all parasites too large to be phagocytosed

become encapsulated. This is suggestive of co-evolution of the host and the

parasite (Cheng, 1986; Fisher, 1986). The fates of encapsulated parasites

differ, while some are destroyed, others continue to develop normally. The

reason for this difference remains unresolved.

NACREZATION

Nacrezation (a term coined by Cheng, 1967) or pearl formation, is another

type of cellular defence mechanism known in molluscs. When zooparasites or

grains of sand occur between the inner surface of the shell (nacreous layer)

and the mantle of bivalves, the mantle is stimulated to secrete nacre that

becomes deposited around the object. The result is pearl formation.

PHAGOCYTOSIS

Phagocytosis is a well known type of internal defence mechanism in

invertebrates. It involves the uptake of foreign materials by certain types

of host cells and thus prevents direct contact of such materials, biotic or

abiotic, with the host's tissues. That molluscan haemocytes are capable of

phagocytosis has been known since I-laeckel's (1862) report on Helix and Thetis.

In vitro experiments have demonstrated that haemolymph cells of eleven

species of fresh water mussels phagocytose carbon and carmine particles

(Dundee, 1953) and haemolymph cells of gvirginica phagocytose various marine

bacteria (Bang, 1961), yeast (Eble and Tripp, 1969), and viruses (Fries and

Tripp, 1970).

It is noted that not all foreign organisms inside the body of molluscs are

phagocytosed. It is reported that the mutualistic zoochlorellae in Lymnaea,
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Anodonta and l_JLig are seldom found within host cells (Yonge and Nicholas,

I940; Goetsch and Scheuring, I962; Buchner, 1965), and are presumed to lead

an extracellular existence. Similarly, it is noted that all invading organisms

will not induce phagocytosis. It has been reported that ‘in _C_.virglnica the

presence of the sporozoan Minchlnla nelsoni and virus Staphylococcus aureus

phage 80 induces little or no phagocytosis (Feng, 1966a, 1967; Feng and

Stauber, 1968). Again, it is noted that not all phagocytosed foreign materials

are eliminated; some are retained within the cytoplasm of host cells for longer

periods while others, specifically, a number of micro—organisms and the fungus

Perkinsus marina, grow and multiply therein (Prytherch, 1940; Mackin, 1951;

Michelson, 1961).

CELLS INVOLVED IN PHAGOCYTOSIS

In the early 70's, it was very uncertain which cell type is the most

active from the stand-point of phagocytosis. though qualitative observations

had indicated that in gvirginica, the granulocyte is the active phagocyte

(Bang, 1961; Galtsoff, 1964; Cheng and Rifkin, 1970). Recent evidences have

piled up to show that in gvirgjnica, l§_l.mercenaria and MLtilus campechiensis,

it is the granulocytes that are the most active from the stand-point of

phagocytosis (Foley and Cheng, 1975; Rodrick and Ulrich, 1984). But in

Pinctada radiata (Nakahara and Bevelander, 1969), in gglgas (Ruddell, l971a,c),

and in Tridacna maxima (Reade and Reade, 1972), the agranular cell has been

reported to be the actively phagocytic cell. Moore and Lowe (1977) considered

these haemocytes as functionally analogous to macrophages in lv_i_\gm1_s._ but did

not consider them as agranular as they contained granular inclusions. In a

critical review of the existing literature on bivalve haemocytes, Cheng (I981)
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concluded that the smaller phagocytic macrophages described by Moore and

Lowe (1977) are younger (smaller) granulocytes, and Rasmussen et al. (1985)

comparing their studies on the leucocytes of l_\_Ii._e_glis with those of Moore

and Lowe (1977) opined that the macrophages are similar to the large

granular leucocytes.

ENERGY REQUIREMENTS DURING PHAGOCYTOSIS

Phagocytosis is an energy requiring process. Cheng (l976a) has reported

that there is no increase in oxygen consumption by l\_’l.mercenaria haemocytes

actively phagocytosing Bacillus megaterium, indicating that glycolysis is the

energy-providing pathway. This conclusion was strengthened by the fact that

KCN does not inhibit phagocytosis. It was also reported that nitroblue

tetrazolium reduction, characteristic of mammalian phagocytosis, is absent in

M.mercenaria haemocytes, and the myeloperoxidase —hydrogen peroxide- halide

antimicrobial system of mammalian phagocytes is also wanting.

FACTORS AFFECTING PHAGOCYTOSIS

Various factors affect phagocytosis, many of which are not well

understood. In all the in vivo studies, the rate of clearance of bacteria from

the body of bivalves has been shown to be slower (Feng, 1966b; Feng and

Stauber, 1968) or less efficient (Feng and Feng, 1974; Foley and Cheng, 1975)

at lower temperatures ie., 5-9° C. From the available data of in vitro studies,

it is now known that phagocytic activity is enhanced by higher temperatures

(Foley and Cheng, 1975; Rodrick and Ulrich, 1984), and this finding is in

general accord with in vivo experiments on clearance rates performed by others.

Preliminary evidence from on-going research implies that the influence of

temperature may be, atleast partially, due to its effect on haemocyte
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locomotion which has a Q 10 of about 2 (Fisher, 1986). Lower particle clearance

in vivo at lower temperatures in oysters may be because of the decreased

ability of the cells to phagocytose heterologous materials at lower temperatures,

and also due to the effect of lower temperature on haemocyte locomotion,

as the elimination of bacteria include the phagocytic activities of haemocytes

(Bang, 1967) and continued loss of phagocytic cells laded with bacteria to the

exterior through epithelial borders (I-Iouser, 1964; Cheng et al., 1969; Malek

and Cheng, 1974).

Studies by Cheng and Rudo (l976a), Cheng and Howland (1979), Font

(1980), and Cheng et al. (1981) indicate that chemotactic response of the

haemocytes to foreign substances vary depending upon the nature of the

non-self substances, and it is interpreted to mean that the chemical

configuration of the non—seif substance affects chemotaxis of the haemocytes

which in turn affects phagocytosis. In a subsequent study, Cheng and I-lowland

(1982) showed that coichicine and cytochalasin interfere with microfilaments

and microtubules formation in gvirginica haemocytes and produced significant

increase in percentage of inhibition of chemotaxis. This implies the necessary

need of an intact cytoskeletal system for chemotactic response. Such

pharmacological substances which interfere with the process of chemotaxis also

affect phagocytosis.

Cheng and Sullivan (1984) have shown that heavy metal ions also affect

phagocytosis. Exposure of haemocytes to Hg 2* resulted in increased

phagocytosis at 0.1 ppm, and at higher concentrations of 0.5,i and 5 ppm

resulted in increasing inhibition of phagocytosis and increasing cell death.

Besides temperature, chemical configuration of the non-self substances,
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certain pharmacological substances and heavy metal ions, other factors such

as ph size, and species of molluscs, nature of challenge, lectin binding sites

on haemocytes, phagocytosis enhancing factors in serum, integrity of the cell

coat or glycocalyx etc. also influence phagocytosis (Mohandas and Cheng, 1985a).

UPTAKE MECHANISM DURING PHAGOCYTOSIS

Currently it is accepted that the mechanism of phagocytosis, actually

consists of four distinct stages: (a) Attraction of phagocytes to the non-self

material, (b) Attachment of the non-self material to the surface of the

phagocyte, (c) internalization, and (d) Intracellular digestion.

(a) Attraction of phagocytes to the non-self material.

Both the processes, phagocytosls and encapsulation, involve the migration

of haemocytes towards the non-self substances. This migration was first

demonstrated by Cheng et al. (1974) and was attributed to chemotaxls.

Subsequently, Cheng and Rudo (l976a), and Cheng and Howland (1979)

demonstrated chemotaxis of Qvirginica haemocytes to several species of live

Gram—positlve and Gram-negative bacteria (but not to heat killed ones). Font

(1980) demonstrated chemotaxis of haemocytes of _C_3_.virginica to dead (but not

live) cercaria of several species of marine trematodes. Cheng et al. (1981)

have also demonstrated that haemocytes collected from (_3.virginica 2hr. post

challenge with live _I_3_.mggaterium were significantly less chemotactic to this

bacterium. They attributed this to: (1) qualitative differences in recognition

sites on haemocyte surfaces which are capable of recognizing chemotactic

signals, (ii) quantitative differences in surface recognition sites on sub

populations of molluscan haemocytes, and (iii) altered composition of serum

and other changes subsequent to an insult. In support of all the three, there
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are evidences. It is noted that sub-populations of haemocytes occur in

gvirginica (Renwrantz et al., 1979; Yoshino et al., 1979; Cheng et al., 1980b)

and in gastropods (Sminla and Knaap, 1986). Recent studies on haemocyte

lectin receptors and E-rosetting properties of molluscan haemocytes, and studies

on their surface antigens by the application of monoclonal antibodies suggest

that the population of circulating molluscan haemocytes may actually be

composed of molecularly and antigenically distinct cell sub-populations potentially

capable of some degree of functional compartmentalization (Yoshlno and

Granath, 1985). It is possible, as suggested by Cheng (l983a) that the

different sub-populations of granulocytes are quantitatively and/or qualitatively

differentially stimulated by exogenous factors. In support of the third, it is

noted that alterations occur in molluscan serum as a result of infection, and

specifically qualitative and quantitative changes were observed in serum protein

fractions, in the composition of free amino acid pools, and carbohydrates

(Cheng et al., 1981). Also, alterations in the internal defence mechanisms of

molluscs as a result of previous challenge are well known (Cheng et al., 1981).

(b) Attachment of the non-self materials to the surface of the phagocyte.

This represents the second phase of cellular response. Invertebrates do

not synthesize, antibodies, and one class of non-immunoglobulin molecules that

may be involved in non-self recognition is agglutinins, and the invertebrate

agglutinins that have been characterised, have been shown to be lectins

(Sharon and Lis, 1972; Lackie, 1980). Lectins are divalent or rnultivalent

carbohydrate binding non-immunoglobulin proteins that agglutinate cells and/or

precipitate glyco—conjugates through interaction with glycoproteins or glycolipids

(Boyd and Shapleigh, 1954; Barondes, 1981). Although carbohydrate binding
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specificity is unanimous for binding by iectins, secondary forces such as

hydrophobiclty and charge interaction, possibly operating through muitivalent

binding, may also stabilise the bond (Olafsen, 1986). In molluscs, iectins have

been described from the tissues and sera. A limited number of studies have

been conducted to ascertain whether binding sites occur on bivalve haemocytes

and also for serum iectins and haemocyte iectins. From studies conducted

on these aspects in bivalves by Jenkin and Rowley (1970), Baldo et ai. (1977),

Hardy et ai. (1978), Yoshino et al. (1979), Cheng et al. (1980b, 1984), Vasta

et al. (1982, 1984), Renwrantz and Stahmer (1983), and others, a few generali

sations could be made: (1) binding sites occur on cell surfaces, (2) haemocyte

iectin is an integral plasma membrane protein, (3) the haemocyte iectin is

located on the outer surface of the cell membrane and its distribution is

irregular, suggesting that "patching"-and "capping"-like phenomena occur,

(4) iectins are present in serum also, (5) the haemocyte membrane iectin is
serologicaiiy related to the serum iectin, (6) distribution of the surface iectin

on haemocytes is heterogeneous, ie., not associated with a specific sub-population

of cells alone, (7) iectins bind specifically to polysaccharides and glyco-conjugates

(a protein-protein recognition system associated with chemotaxis also occurs,

(Howland and Cheng, 1982)], (8) serum iectins facilitate endocytosis, and (9)

different sub-populations of haemocytes show differences in specific surface

binding sites. From these findings, it can be surmised that: (1) the non-self

particle or molecule revealing a compatible saccharide on its exposed surface

can become bound to a membrane iectin, or (2) a non—self molecule or

particle with the appropriate sugar moiety on its exposed surface can become

bound to the surface of a phagocyte bearing the same sugar by a serum iectin.
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In either case, there is specific binding during attachment involving lectins

(Cheng, 1985).

In the light of current knowledge of induction phenomena at cellular

level what have been stated thus far suggests that atleast three categories

of binding or recognition sites occur (Cheng, 1983a). Specifically, there must

be one category on the surface of granulocytes that receives the signal

generated by the insult, the second category of binding sites on the nuclear

surface to initiate the signalling of intranuclear events, and a third category

of signal receiving sites on the surface of lysosomes, the activation of which

induces degranulation. The occurrence of the first category of binding sites

has been demonstrated clearly. The nature of the second and third categories

of recognition sites is yet to be investigated.

It has been suggested by several investigators that naturally occurring

serum lectins in invertebrates may serve the function of opsonins, although

these lectins are chemically quite different from vertebrate opsonins (Robohm,

1984; Cheng et al., 1984). The term "opsonin" is now used to represent any

agent in serum which acts on particles to increase their ingestion by

phagocytes (Robohm, 1984). Although a limited degree of specificity is

reported in moliuscan opsonins, it is noted that l\_/llt_i_l_u_s haemocytes apparently

can recognize non-self materials in the absence of serum lectins (Bayne

et al., 1979b). Renwrantz and Stahmer (1983) have recently shown that

Ca "'* alone could stimulate in vitro phagocytosis of yeast by l\_Qy_t_i1§_

haemocytes in the absence of serum opsonins. On balance, it appears that

the efficacy of the recognition function of haemocyte surface receptors can

be enhanced by plasma components.
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All these studies make one thing clear that the specific chemical

interaction of molluscan haemocyte lectins with external ligands can trigger

responses which, in many cases, can be directly related to internal defence.

As yet, however, it is still unclear how the lectins operate in vivo and the

nature and extent of any regulatory mechanism which modulates their

reactivity in cellular resistance.

(c) Internalization.

In bivalves, there are three morphologically distinguishable uptake

mechanisms. Bang (1961) in gvirginica, and Mohandas (1985) in Lhmercenaria

have reported that motile bacteria about to be phagocytosed by granulocytes,

initially stick to the surface of the granulocyte, generally to the surface of

the filopod, and subsequently they are taken into the cytoplasm by gliding

along filopodia and become enclosed in a phagosome. The ectoplasm that

forms a web between adjacent pseudopods serves as a trap, and the uptake

of bacterial cell is affected when they are trapped in the web (Bang, 1961;

Mohandas, 1985).

Cheng (1975) in gvirginica, and Mohandas (1985) in M.mercenaria

granulocytes observed a second uptake mechanism in which no filopodia is

involved. This mechanism involves the formation of invaginations on the cell

surface, and the bacteria are endocytosed into vacuoles. In the two mechanisms

mentioned above, microtubules are involved as it was shown that the

filopods in gvirginica and in l\_d.mercenaria include microtubules, and they

extend internally into the cytoplasm (Foley and Cheng, 1972; Cheng, 1975;

Mohandas, 1985). The ecdoplasmic web and the lining of the channel through

which bacteria pass, and become endocytosed also contain a rich array of



42

microtubules. This finding supports that mlcrotubules are involved in these

types of uptake mechanisms.

The third mechanism as reported in _Q.virginica by Renwrantz et al.

(1979) involves the formation of funnel-shaped pseudopodia, and the rat

erythrocytes are endocytosed by gliding into a phagosome in the ectoplasm.

In addition to phagocytosis of particulate non-self materials, the

pinocytosis of soluble molecules has also been reported (Feng, 1965b). The

mechanism(s) involved in pinocytosis by molluscan cells, however, remains

uninvestigated.

(d) Intracellular digestion.

The process of intracellular digestion is apparantly the same, whether

it is food stuff or engulfed foreign organisms (Cheng, 1981), and has been

clarified by electron microscope and biochemical studies. Cheng and Call

(1974), employing §_.virginica as the model demonstrated that bacteria are

initially taken into large membrane lined vesicles, the primary phagosomes,

where the development of digestive lamellae occurs. The partially digested

bacteria are transferred to secondary phagosomes where the bacteria are

subjected to further degradation. Eventually, the digestive lamellae disappear,

and meanwhile, glycogen is synthesized from the degradation product, ie.,

glucose. Concurrent with the appearance of glycogen granules, primarily as

«rosettes, the wall of the enclosing phagosome begins to break up and

eventually disappear. Clumps of glycogen are set free in the cytoplasm where

they coalase. Later the cytoplasmic glycogen is discharged into serum

enveloped by the plasmalemma of the granulocytes (Cheng and Call, 1974;

Chang, 1975). There are now ample evidence that the amount of glycogen
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in haemolymph increases after the phagocytosis of bacteria, and the synthesis

of glycogen is from sugar of bacterial origin (Cheng, 1975, l977a,b; Cheng

and Rudo, 1976b; Rodrick and Ulrich, 1984).

In l\_fi.mercenaria, formation of secondary phagosome appears to be absent,

and phagosomal wall do not appear to breakdown so as to release glycogen

into the cytoplasm, but the occurrence of phagosomes containing clumps

of glycogen granules and nondigestible materials close to the granulocyte

plasma membrane with sprout-like extensions merging with the plasma

membrane suggests the process of expulsion of these glycogen granules and

nondigestible materials from the phagosomes directly to the exterior of

granulocytes, obviously into the serum (Mohandas, 1985). The non—carbohydrate

constituents are expelled from primary phagosomes to the exterior of the

phagocytes as residual bodies (Cheng, 1975; Mohandas, 1985).

Cytoplasmic granules of granulocyte as revealed by light microscopy

in M.mercenaria, M.edulis and Mya arenaria have subsequently been shown

to be lysosomes (Cheng, 1975; Yoshino and Cheng, 1976a; Moore and Lowe,

1977), and in gvirginica, they were found to be secondary phagosomes

(Cheng and Call, 1974; Cheng, 1975) by electron microscope studies. In all

species of molluscs studied so far, lysosomes were found to be involved in

the degradation of non-self materials, and the next step was obviously to

identify the lysosomal enzymes. Several lysosomal hydrolases in both

haemocytes and serum have been identified by employing biochemical and cytoc

hemical methods in l\_/Lmercenaria (Cheng and Rodrick, 1975; Cheng 1976b;

Moore and Eble, 1977; Yoshino and Cheng, l976a), l\_._/l.campechiensis {Rodrick

and Ulrich, 1984), Qvirginica (Eble, 1966; Cheng and Rifkin, 1970; Feng
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et al., 1971; Rodrick and Cheng, 1974; Cheng, 1976b; Yoshlno and Cheng,

1976b; Rodrick and Ulrich, 1984), M.edulis (Moore and Lowe, 1977), Mytilus

californianus (Bayne et al., i979b), l\_/_l.arenaria (Cheng and Rodrick, 1974;

Cheng and Yoshlno, 1976a; Huffman and Tripp, 1982), and in .f_l.granosa (Chandy

and Patel, 1985; Patel and Patel, 1985).

(2) INNATE HUMORAL INTERNAL DEFENCE MECHANISMS

The contribution of innate humoral factors to invertebrate defence

mechanisms has not been studied extensively. There are, however, some

evidences for their existence in moliuscs. In invertebrates they fall under

two functional categories: (1) Those that are directly parasitocidal:- Tripp

(1960) has reported that bacteria innoculated into gvirginica were rapidly

destroyed extracellularly. A constituent in the tissue extracts of several

species of marine pelecypods, especially that of Q.gig_as_, that will induce

the ectopic immobilization and encystment of the cercariae of the echinostome

Himasthla guissetensis, preventing their penetration into the second intermediate

host, has been reported by Chang et al. (1966). Wittke and Renwrantz (1984)

have shown that a haemolytic substance is secreted by l}_/l.e_d_u_l_i§ haemocytes.

(ii) Those that enhance cellular reaction:— Agglutinins or lectins are the

bivalve humoral factors that enhance cellular reactions, and these glycoproteins

enhance phagocytosis, and are believed to function as opsonins in bivalves.

In gvirginica, Tripp (1958b), and Feng (1959) reported the occurrence of both

agglutinating and properdin-like properties. Johnson (1964) reported that saline

extracts of the butter-clam Saxidomus giganteus will agglutinate human A1

and A18 erythrocytes, and Tripp (1960; 1966) reported that the mantle fluid,

serum and pericardial fluid will agglutinate erythrocytes of chicken and a
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variety of mammals, and the fact that oyster fluids agglutinate the human

blood cell types A, B, AB and 0 indicates a lack of specificity.

(3) ACQUIRED CELLULAR INTERNAL DEFENCE MECHANISM

Nothing is known about this in bivalves.

(4) ACQUIRED HUMORAL INTERNAL DEFENCE MECHANISMS

The two categories of acquired humoral factors are (1) Syntheized

antimicrobial factors, and (ii) Secreted lysosomal enzymes.

(1) Synthesized antimicrobial factors

In bivalves, to date, antimicrobial property of only one lysosomal

enzyme is well established. McDade and Tripp (1970) and Rodrick and Cheng

(1974) in (_3.virginica, and Cheng and Rodrick (1974) in l§_'l.arenaria, have

reported that lysozyme from the haemolymph will Iyse several Gram-positive

and Gram-negative bacteria. But Rodrick and Cheng (1974), and Cheng and

Rodrick (1974) found no lytic effect on Stgalgglococcus aureus by gvirginlca

and l»_/_i.arenaria haemolymph lysozymes. These studies show that the lysozyme

is active only against certain bacteria, and the reason for it is not well

understood. But it can be generally stated that the lysozyme in serum can

serve as defence molecules against susceptible organisms.

(ii) Secretedjsosomal enzymes

Lysosomal hydrolases as mentioned earlier, play a significant role in

intracellular degradation. Lysosome occur abundantly in certain types of

bivalve haemocytes-the granulocytes. The pH optima of these lysosomal

hydrolases are normally in the acid range, although some may be active in

neutral pH also (Dean, 1977). These hydrolases include, lysozyme, acid and

alkaline phosphatases, I3-glucuronidase, amylase, lipase, aryl sulphatases, etc.
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These enzymes are reported both from the haemocytes and also from the

serum. From the studies of Cheng and Rodrick (1974), Rodrick and Cheng

(1974), Cheng et al. (1975, 1977, l978a), Cheng and Yoshino (1976 a,b), Cheng

and Butler (1979) and also of others, it is well established that in bivalves

and gastropods during phagocytosis, there is hypersynthesis of lysosomal

enzymes in granulocytes, and subsequently they are released into the serum.

Yoshino and Cheng (1977), Cheng et al. (l980a), and Cheng and Rodrick (1980)

have also shown that in gastropods, besides haemocytes, tissues of the head

foot and visceral mass are also the sources of lysosomal enzymes and they

are released into the haemolymph.

The information regarding the release of lysosomal enzymes into serum

comes from the study, employing i_v_‘i.mercenaria as the model, by Cheng (1975),

Cheng et al. (1975), and Foley and Cheng (1977). They demonstrated that

degranulation in molluscan granulocytes is the morphological reflection of the

release of enzymes into the haemolymph, and that degranulation is not

restricted to actively phagocytosing cells but is enhanced during phagocytosis.

Scanning electron microscope and transmission electron microscope studies

by Mohandas et al. (1985), and Mohandas and Cheng ( 1985b) on l_\_._’l.tnercenaria

granulocytes, have revealed that the iysosomes protrude from the membrane

surface of granulocytes or form distended segments along filopodia, and at

this time they are attached to the granulocytes by means of stalks. Later

they get detached and are released into serum. The released lysosome is

bound by two membranes, the inner lysosomal membrane and the outer

granulocyte membrane. The mechanisms of detachment of iysosomes from

the granulocyte plasmamembrane and the subsequent rupture of the iysosomes
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releasing the enclosed hydroiases are not well understood. An autocatalytic

mechanism (Mohandas et al., 1985), or differences in the internal osmotic

pressure within the released lysosomes and in the serum caused by calcium

influx (Mohandas and Cheng, l985b), may be operating.

In general, during a parasitic challenge, there is hypersynthesis of certain

lysosomal enzymes and they are released into the serum. Consequently, when

parasites make contact with the elevated levels of lysosomal enzymes, atleast

some are killed. The killing mechanism may be direct, ie., one or more of

the enzymes attack and destroy the foreign invader, or indirect, ie., one or

more of the enzymes cause chemical alterations of the parasite's body surface

so that it becomes recognised as foreign and is attacked by the host

haemocytes. Cheng (1977a), and Mohandas et al. (1985) have demonstrated

that some bacterial species that are endocytosed have altered surfaces resulting

from lysosomal enzyme action. Relative to the possible role of lysosomal

enzymes acting as defence molecules against incompatible helminths, Cheng

et al. ( 1978b). reviewing the earlier literature, have suggested that the

elevated levels of serum aminopeptidase may alter the surface proteins of

secondarily introduced parasites and thus act as a form of acquired humoral

immunity. It is noted that several other workers have provided evidences

of enhanced cellular and humoral reactions as a result of previous challenge

with foreign materials. It needs to be pointed out, however, that enhancement

of host reaction does not appear to be the case always. Exposure to non

seif materials may enhance, suppress or not affect moliuscan internal defence

mechanisms (Cheng, 1983a). if an invading organism is not deleteriously affected

by serum lysosomal enzymes, the reasons may be (i) the enzymes are
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incompatibie with the surface structure of the invader, (ii) the host fails

to recognise it as foreign or the invader fails to trigger the release of

enzymes, and (iii) the invader secretes a substance that inhibits or inactivates

the enzyme (Cheng, 1977a).

-0



CHAPTER II



HAEMOCYTES OF SUNETTA SCRIPTA AND

VILLORITA CYPRINOIDES VAR. COCHINENSIS

The concept of haematological manifestation in response to a stress,

either biotic or abiotic, is old, and is used rather widely for the identification

of stress factors. In medical and veterinary sciences, this is used as an

indispensable tool for diagnostic purpose of various diseases including those

caused by stress factors. In lower forms, characterisation of haematological

manifestations is not codified upto the extent seen in medical and veterinary

sciences. The reason for this situation is due to the great diversity of the

lower forms, and also to the great variation encountered in them. But much

of the information regarding the haematological variations are gathered from

the study of lower forms; particularly insects, crustacea, and moilusca.

Metchnikoff (1968, page 76; quoted from Cheney, 1971) in 1891 defined

leucocytes as "colourless cells, possessing one or rarely two nuclei, and a

protoplasmic body capable of amoeboid movement. In many invertebrates

there is only one variety of mobile blood corpuscles containing a few sparse

granules, whereas in certain others, such as many insects and moliuscs, two

varieties occur- granular leucocytes, with a large number of coarse granules,

and hyaline leucocytes, with a few or no granules". Within the broad range

of this definition, the literature has been abundantly supplied with an array

of names- haemocyte, amoebocyte, phagocyte, blood cell etc.,- all assigned

to leucocytic cells. In the present study I have used the terminology haemocyte

for the cells found in the haemolymph of clams. As indicated in the review

of literature, different morphological varieties of cell types were mentioned

by different workers, and in one paper (Betances, 1922) up to 76 different
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varieties of cell types were classified from iamellibranchs. Although the

recent classification adopted by Cheng (1981, 1984) indicates the presence of

two varieties of haemocytes, granulocyte and hyaiinocyte in bivalves, the

occurrence of different sub-populations of haemocytes as reported by Renwrantz

et al. (1979), Yoshino et al. (1979), Cheng et al. (l980b), the detectable

staining and other morphological alterations that occur during aging and function

alships during the life of the haemocyte, may, in future, give clues for

reclassification of haemocytes in a different way.

Regarding the number of circulating haemocytes and the factors that

affect their distribution, not much data are available, except perhaps the

contributions made by Feng (l965a, l966b), Cheney (1971), Gurski and Eble

(1973), and Foley and Cheng (1974). Besides the cytology of the molluscan

haemocytes, some contributions have also been made on the cytochemical

aspects. Zacks and Welsh (1953) demonstrated cholinesterase and lipase in

l\_/Lmercenaria, and Zacks (1955) published the first extensive cytological and

cytochemical study of blood cells of this animal. Feng et al. (1971) described

the cytology, fine structure and cytochemistry of gvirginica haemocytes while

Martin (1970) studied the cytochemistry of _S__g;y_ia haemocytes. Moore et al.

(1972), and Foley and Cheng (1974) reported on the cytochemistry of various

enzymes in the haemocytes of l_v_i.mercenaria. Subsequently, Yoshino and Cheng

{1976a) reported the fine structural localisation of acid phosphatase in this

species. Some more contributions on the cytochemical aspects of the

haemocytes of l\_/_l.mercenaria and l\_/l._e_ci_u_l_i§_ were made by Moore and Eble (1977),

and Moore and Lowe (1977). In a recent review, Moore (1980) has discussed

the use of cytochemical procedures in the determinations of cellular responses
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to physical and chemical environmental stressors.

The immediate fate of soluble and particulate materials introduced into

molluscs is well known. Specifically, injected particulate materials are

phagocytosed, unless they are too large, in which case they are encapsulated

(Cheng, 1967; Feng, 1967; Cheng and Rifkin, 1970; Foley and Cheng, 1974).

Before detailed studies relative to various functions of molluscan

haemocytes are undertaken, it is necessory that the number and types of

haemocyte cells, as well as their normal behaviour be ascertained. in this

chapter the morphological and behavioural aspects of the circulating cells

of the haemolymph of §.scripta and Egyprinoides var. cochinensis are described.

In addition, an attempt has been made to study certain cytochemical aspects

of the haemocytes of these two species of clams, and also to establish

haematological parameters in four size groups of the two clams species in

order to determine their normal values and to ascertain whether these are

interrelated. Further, an attempt has also been made to find out whether

there is any difference in the total number of circulating haernocytes in the

most commonly available size groups of clams of the two species when

subjected to biotic and abiotic stress factors.

MATERIALS AND METHODS

Specimens of Sunetta scijpta were collected off Fort Cochin, and those

of Villorita gypginoides var. cochinensis from Nettoor, near Panangad. They

were brought to the laboratory immediately after collection and while transport

ation, they were kept in water taken from the collection sites. In the

laboratory, specimens of §. scripta were gradually brought to 30%: salinity,

and y_.gvprinoides var. cochinensis to 15°/oo salinity. They were acclimated in
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the respective salinities mentioned above until used for experiments. The

acclimation period ranged from 4 to 5 days. In the laboratory they were

reared in large Plastic tubs fitted with biological filters kept outside the tub.

To facilitate the establishment of the bacteria in the filter, circulation of water

through biological filters was done at least two days prior to transferring the

specimens to the tubs. Particular care was taken to ensure that in none of

the tanks was crowding and oxygen acting as limiting factors. All the

experiments were carried out at room temperature (29;~,.l° C).

An algal culture of Synechocystis species was maintained in the laboratory

and specimens were fed regularly with this during the entire acclimation period.

Generally, feeding was done in the morning and at this time the circulation

through the filters was stopped for about 2 hrs. as a precaution to prevent

the trapping of the cells in the filters.

SELECTION OF ANIMAL GROUPS

To obtain information on the haemocyte number and the relative

proportions of the types of haemocytes in different size groups of clams, four

size groups were selected for §_.scripta and _\_/_.gyprinoides var. cochinensis.

They were 30-32mm, 36-38mm, 38-40mm and 42-44mm for _S_.scripta, and

24-26mm, 34-36 mm, 38-40mm and 44-46mm for _\[.cyprinoides var.cochinensis.

To minimise variations, if any, within the same size group, the range was

reduced to 2 mm in all the size groups of the two clam species. To find out

the total counts in experiments where specimens of the clam species were

exposed to copper and bacteria, the size group 38-40 mm was chosen, because

of (1) their abundance in natural collection, and (2) the required quantity of

haemolymph could be collected from individual specimens.
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COLLECTION OF HAEMOLYMPH AND ESTIMATION OF

TOTAL HAEMOCYTES

After acclimating the clams for 4 to 5 days, specimens were taken out

of water and dried with a cloth. With the help of a scalpel, the shells were

opened a little, taking care not ‘to tear the adductor muscle. Keeping the

shells open with the thumb, the mantle water was poured off and excess

water, if any, in the mantle cavity was removed with a blotting paper.

I-Iaemolymph from the posterior adductor muscle sinus was withdrawn with a

tuberculin syringe fitted with a 23-gauge needle, and rinsed with 40% formalin.

Rinsing of the syringe with formalin prevented the adherence of haemocytes

to the syringe and their clumping. A 0.3 ml sample of haemolymph was

withdrawn into the syringe and shaken well. The first few drops were expelled

out, and the next drop was discharged to the haemocytometer. The cells were

allowed to settle for l to 2 minutes. The cells in the corner four squares

were counted, and the number of cells per cubic millimeter was calculated

and expressed as haemocytes per mm3. Sampling was done from 32 specimens

in 30-32mm size group, 39 from 36-38 mm size group, 26 from 38-40 mm size

group, and 41 from 42-44 mm size group of §.£r_ip_t__a, and 13 each from the

four size groups of _\j.cyprinoides var. cochinensis.

In the experiment designed to study the effect of copper as a stress

factor, the haemolymph samples for total count were taken every 24 hrs. and

continued for 5 days, and in the other experiments where the clams were

injected with bacteria, samplings were done at 3, 6, I2, 24, 48, 72, 96 and

120 hrs. post-injection.
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HAEMOCYTE DIFFERENTIAL COUNT

A 0.3 ml ‘sample of haemolymph was withdrawn from the posterior

adductor muscle sinus of the clams, and 2 or 3 drops were discharged on to

a previously cleaned glass slide. The slides were then kept in a humidified

chamber ( A large petrl dish with a fitting cover, at the bottom of which

was kept a damp filter paper with provision to keep the slides off the damp

filter paper) for 10 minutes to allow it to spread. After 10 minutes, the slides

were taken out of the humidified chamber and flooded with 10% formo-calcium

(10 cc of cone. formalin plus 90 cc distilled water plus 1 gm of anhydrous

calcium chloride) and kept for 10 minutes. The formo-calcium was drained,

and the slides were then rinsed in buffer (phosphate buffer, 0.05 molar,

pH 6.8), and post- fixed in 95% ethyl alcohol for one minute. They were

stained with Wright's stain in absolute methyl alcohol for one minute. An

equal quantity of buffer was then added. Two minutes later the slides were

flooded with fresh buffer, then with distilled water, and finally air dried.

Although it was not necessary to cover blood smears, after initial observation

they were mounted in DPX.

The slides were also stained with Giemsa stain. The haemolymph

placed on the slides was permitted to settle on the slide for 10 minutes in

a humidified chamber, after which the adhered cells were fixed by flooding

the slids with 3% seawater-glutaraldehyde. Subsequently, the attached cells

were rinsed in distilled water for 2 minutes, dehydrated in .-95% ethanol for

1 minute, and air dried. The cells were then stained with 4% Giemsa's stain

in S'c'>rensen's buffer, pH 6.5, for 20 minutes, rinsed with fresh buffer followed

by distilled water, and air dried.
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Some of the slides were stained with lead haematoxylin-basic fuchsin

stain following the method of Guide and Cheng (1980). The haemolymph placed

on the slide was permitted to settle on the slide for 10 minutes in a
humidified chamber. The resulting mono layers were fixed by one of the three

following methods:

1) Complete replacement of the serum with 1% glutaraldehyde in S6rensen's

buffer, 0.05M, pH 7.4 for 30 minutes,

2) Complete replacement of serum with 10% buffered formalin for 15 minutes,

or

3) removal of serum followed by immersion in absolute methanol for 5 minutes.

Cells fixed in glutaraldehyde and formalin were washed for 10 minutes

in running tap water, while those fixed in methanol were washed for 5 minutes.

Following fixation and washing, the haemocyte monolayers were stained according

to the following regimen:

Reynolds (1963) lead citrate mordant - 30 minutes
Wash in running tap water - 1 minute
Stain with haematoxylin (Guida and Cheng,l980) - 15 minutes

Wash in running tap water - 5 minutes
Expose to Scott's solution (l-lumason, 1967) - 3 minutes
Wash in tap water - 5 minutes
Counter stain with 0.25% aqueous basic fuchsin - 20 seconds

Dehydrate with acetone, 2 changes - 3 minutes each
Clear with xylene, 2 changes - 3 minutes each
Mount with DPX
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The preparations were examined under oil immersion, and the percentage

composition was determined by averaging differential counts of 100 cells using

oil immersion. Measurements of cells and nuclei were made on fixed

preparations using calibrated occular micrometer.

For experiments on phagocytosis and pinocytosis, ten specimens each of

the size group 38-40 mm of the two clam species were acclimated for 4 to

5 days and used for experiments.

PHAGOCYTOSIS OF BACTERIA

A 0.3 ml sample of haemolymph was withdrawn from the posterior

adductor muscle sinus of each clam, and two to three drops discharged on to

previously cleaned glass slides. Two to three drops of live bacterial suspension

( I x 10 ‘2 cells of .y4'_b__ri9_ species) were also discharged over the haemolymph

drops, throughly mixed, and the slides were then kept in a humidified chamber.

After two hrs., the serum was drained and the adhered haemocytes were fixed

in 10% formo-calcium. Ten min. post fixation, the fixative was drained, the

slides were washed with buffer, and stained with Wright's stain as mentioned

above.

Three more sets of slides prepared in the same way were used for the

cytochemical localisation of glycogen, alkaline and acid phosphatases in the

haemocytes, subsequent to phagocytosis. Fixation and staining procedures are

described elsewhere.

PINOCYTOSIS OF PROTEINS

To study the pinocytosis of protein molecules by haemocytes, the

procedure for the preparation of the slide was the same as mentioned above.

A 10% solution of bovine serum albumin, stained with Congo red was prepared.
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Two to three drops of this solution were discharged over the haemolymph

drops on the slide (lzl proportion). The slides were kept in a humidified
chamber. Two hrs. later the serum was drained and the smear was fixed in

10% neutral Formo-Calcium. Ten min. post-fixation, the fixative was washed

off, leaving a layer of fixative over the smear, and the slides were examined

immediately.

PINOCYTOSIS OF OIL

Two drops of oil (Tween 80) were mixed with two drops of haemolymph

on a slide and the preparations were kept in a humidified chamber for 2 hrs.

Subsequently, the serum was drained off, and the smear was fixed in 10%

Formo-Calcium for 10 min. The preparations were stained with Sudan Black

and observed immediately.

DOSING THE ANIMALS WITH COPPER

Clams were acclimated for 4 to 5 days in 60-litre seawater tanks

(30%: salinity for §_.scripta; l5%o salinity for Lcyprinoides var. cochinensis)

fitted with biological filters. Clams of 38-40 mm size group were selected

for the experiments. On the fifth day, 80 specimens of §_._s_gr_ip_t_a_ were

transferred to each of the three 20-litre tanks. The three tanks were filled

with filtered seawater (30%o salinity), and dosed with 1,3 and 5 ppm of Cu2*.

These three batches of clams constituted the experimental group. For Cu2*,

the salt used was 0150 4.51120 (Glaxo labs., Bombay). The 80 clams changed
to the fourth 20-litre tank filled with filtered seawater served as controls.

The water was changed daily, and the metal ion concentrations in the

experimental tanks were maintained at their respective levels, throughout the

experimental period of five days. Feeding was stopped during the experimental
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period, and particular care was taken to ensure that in none of the tanks

were crowding, oxygen, temperature and/or salinity acting as limiting factors.

At every 24 hrs. for 5 days, a 0.3 ml sample of haemolymph was
withdrawn from the adductor muscle of each of the 15 clams from each

experimental batch by employing a I-ml syringe attached to a 21-gauge

hypodermic needle. The total haemocyte count was made as mentioned

earlier. Collection of haemolymph samples from the control group was

identically carried out.

In the case of Lcyprinoides var. cochinensjs, the methodology was

slightly different. In this species, each experimental batch consisted of 60

specimens, and the three batches of clams dosed with 0.l5, 0.30, and 0.45

ppm. copper constituted the experimental group, and the 60 clams of the fourth

20-litre tank filled with filtered seawater served as controls. The salinity

of seawater was adjusted to 15°/oo for this species. The experiment lasted

5 days, and haemolymph sampling was done every 24 hrs.

In this experiment more clams than the required number were reared

as experimentals and controls anticipating mortality during the course of the

experiment.

CHALLENGING OF CLAMS WITH LIVE BACTERIA

Live yj_l3'_i_g species were used for studying the animal's reaction towards

a biotic challenge. yil_3_1_'i9_ sp. was cultured on hard agar, and 24 hrs. after

plating, it was harvested using 2% sterile saline. Specifically, 2°/o sterile

saline was poured over the agar and with a loop, it was mildly agitated to

detach the cells from the agar. These cells in saline formed a suspension,

and it was transferred into a sterile 20 ml test tube. The required number
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of cells, i.e., lxl08 cells/0.02 ml, was obtained through serial dilution. The

exact number was calculated through a standard graph prepared for the

purpose by plotting the number of cells against the optical density.

The bacterial suspension (IxI03 cells/0.02 ml) was injected into the

clam in the following way. The clams were taken out of water and the

surface was dried with a towel. The shell was opened in the same way as

done for taking the haemolymph. A 0.02 ml of bacterial guspension was

injected into the foot-gonad region with a sterile 1- ml tuberculin syringe,

attached to a 21-gauge hypodermic needle. in the control group, the

untreated clams were left alone. Clams consisting the second group of controls

were each injected with 0.02 ml of sterile 2% saline.

In _§.§_c_tjp_t_§ the experimental group consisted of 280 clams divided into

eight batches of 35 clams each. From these batches of clams, haemolymph

was collected in the same way, as mentioned earlier, at 3, 6, 12, 24, 48, 72,

96, and 120 hrs. post-injection with bacteria to study the haemocyte number.

Appropriate numbers of untampered and saline injected controls were also

maintained, and collection of haemolymph samples from clams comprising these

control groups was identically carried out. Methods of rearing the clams

and other pre-requisites usually followed in these sorts of experiments were

the same as described in detail earlier.

In X.lprinoides var. cochinensis, the only difference was in the number

of specimens used. Here, the experimental group consisted of 200 clams

divided into eight batches of 25 clams each. Appropriate numbers of

untampered and saline injected controls were also maintained.

In all the experiments, _S__.scripta was reared at 30%o salinity, and
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_\_/_.9yprinoides var. cochinensis at l5%o salinity; feeding was stopped during

the experimental period, and particular care was taken to ensure that in none

of the tanks, crowding, oxygen, temperature and/or salinity acting as limiting

factors.

STAINING FOR GLYCOGEN

For localisation of glycogen in the haemocytes, PAS technique was

employed (Humason, 1979).

Fixation:

Gendre Fluid :

Ethyl alcohol (95%) saturated with picric acid -— 80.0 ml.

Concentrated formalin - 15.0 ml.
Glacial acetic acid - 5.0 ml.

Solutions :

Periodic acid :

Periodic acid (H104) - 0.6 gm.
Distilled water - 100.0 mi.
Concentrated nitric acid - 0.3 ml.
Schiff reagent :

Basic fuchsin - 0.5 gm.
Distilled water - 85.0 ml.
Sodium metabisulphite (Na2S2O5) - 1.9 gm.N HCl - 15.0 ml.
Sodium metabisulphite

Sodium matabisulphite (Na2S2O5) - 0.5 gm.Distilled water - 100.0 mi.
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A thick smear of haemolymph was prepared on a clean glass slide, and

allowed to spread for 10 min. in a humidified chamber. The serum was drained

after 10 min. and the thick film of haemocytes was fixed in Gendre fluid

for 20 min. It was then washed 3 times in 80% ethyl alcohol. Following

fixation and washing, the haemocytes were stained according to the following

regimen:

Treat with periodic acid solution - 5 minutes.
Wash in running water - 5 minutes.
Treat with Schiff reagent - 10 minutes.
Transfer through sulphite solutions, 3 changes - 1.5 minutes each.

Wash in running water - 5 minutes.
Dehydrate, clear and mount.

The control slides, after fixation in Gendre fluid and washing away the

fixative with 80% ethyl alcohol followed by distilled water, were treated with

a 1°/o diastase solution in 0.2M phosphate buffer, pH 6.0, for 1 hr. at 37° C.

After 1 hr. the control slides were stained as described above.

STAINING FOR ALKALINE PHOSPHATASE

Gomori method (Frankel and Peters modification, 1964, cited from

Humason, 1979) was followed for the cytochemical localisation of alkaline

phosphatase in haemocytes. The haemolymph was placed on a clean slide.

After two hrs when the haemocytes had spread, the serum was drained off,

and the adhered and spread cells were immediately fixed in chilled absolute

acetone for two min. it was then hydrated by dipping twice in 80% acetone,

then in 50% acetone, and finally in distilled water. The slides were put in

the incubating solution at 37°C for 45 min., the composition of which is as

follows:
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0.8% paranitrophenyl phosphate - 2.0 ml.
2% sodium barbitol - 2.0 ml.
Distilled water - 1.0 ml.
2°/o calcium chloride - 4.0 ml.
5% magnesium sulphate - 0.2 ml.

After 45 mln., they were washed well in distilled water, treated with

2% cobalt nitrate for 5 min., again rinsed in distilled water, then treated with

2°/o yellow ammonium sulphide for 2 min., rinsed in distilled water, dehydrated,

cleared and mounted in DPX.

Control slides were incubated in an incubating solution lacking in 0.8%

paranitrophenyl phosphate. All other procedures regarding the preparation

and staining of these slides were the same as described above.

STAINING FOR ACID PHOSPHATASE

Gomori method (Humason 1979) was followed for the cytochemical

localisation of acid phosphatase in haemocytes. The haemolymph was placed

on a clean glass slide. After two hrs when the haemocytes had spread on

the glass slide, the serum was drained off and the adheared and spread cells

were immediately fixed in chilled absolute acetone for two min. It was then

hydrated by dipping twice in 80%, then in 50% acetone, and finally in distilled

water. The slides were placed in the incubating solution at 37° C for one

hour, the composition of which is as follows:

Acetate buffer (0.2M, pH 3.6) - 2.5 ml.
Distilled water - 10.0 ml.
Lead nitrate - 0.012 gm.
3% Sodium glycerophosphate - 1.0 ml.
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After one hour, the slides were rinsed In distilled water for a few

seconds, washed briefly in 1°/o aqueous acetic acid for 1 min., washed in distilled

water for 1 min., treated with 1% aqueous ammonium sulphide for 2 min.,

again washed in distilled water for several min., and then dehydrated, cleared

and mounted in DPX.

Control slides were incubated In an incubating solution without the

substrate. All other procedures regarding the preparation and staining were

the same as described above.

VITAL STAINING WITH NEUTRAL RED

A solution of 0.01% neutral red in 30°/oo or 15%.: filtered seawater (for

§.scripta and X.cmrinoides var. cochinensis, respectively) was mixed with

haemolymph in 1:4 proportion on a glass slide, and allowed to spread for

10 min. in a humidified chamber. After this period, the serum was drained

and the preparation was viewed under a microscope before drying up.

STATISTICAL ANALYSIS

The two-tailed 't' test (Zar, 1974) was employed to determine possible

statistically significant differences in the number of haemocytes in the

haemolymph of clams of the four size groups, and of the control and experi

mental batches.

RESULT

TOTAL I-IAEMOCYTE COUNT IN THE FOUR SIZE GROUPS OF

SUNETTA SCRIPTA AND \_lI_LLORlTA CYPRINOIDES VAR. COCHINENSIS

Table IA gives the average, standard deviation and range of the total

haemocyte count in the four size groups of §_.scripta. Statistical analysis of

the data revealed the following: The average value of the total haemocyte



o8T2.om 8:.-oEm 8B-oS~ 88-82 owcmm

3% 38 3.3 3.2. cm H
88 SS 85 $8 2:? .522

2 2 2 2 .2

as 8.3. as aim as 8.3.. as 8-3“ 95.3 aim

w_m:o=Eooo 38> moEo:_._9no m:.8_:>

.8 wane...» Ram .38 05 E nEE\mo§ooEowI _3o._..m: 03¢...

omuwoof 8S.-o_8 83-83 83-8mm owcmm

92: Ba: 33; 3.9; mm H
3% 2% $3. $3. o_._§ =82

:. 8 8 an .7._

ea 31% as 8.8 E5 8.8 as 3-8 9.8» 3%

«Stow mfiocam

.3 3:2» oi» .58 one 5 m.EE\mo§ooEom$ .30..‘ :4: 055.



64

of the 42-44 mm size group was significantly lower than the average values

of the three other size groups (P< 0.01). The average value of the total

haemocytes of 38-40 mm size group was significantly lower than the average

value of 30-32 mm size group.

Table 1 B gives the average of the total haemocyte count in the four

size groups of !.cyprinoides var. cochinensis. Statistical analysis of the data

revealed that there was no significant difference in the values when compared

between the size groups in all possible combinations.

DIFFERENTAL COUNT OF HAEMOCYTES IN THE FOUR SIZE GROUPS OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS

Tables 2A and 2B give the differential count of the four size groups

of the two species of the clams. For the differential count, although three

staining techniques were employed, as mentioned earlier, satisfactory results

were obtained only by staining the haemocytes with Wright's stain. In a

well-spread condition, two categories of cells could be distinguished,

granulocytes and agranulocytes. Statistical analysis of the number (in

percentage) of granulocytes and agranulocytes in the four size groups of the

two clam species revealed no significant difference. However, the percentage

of agranulocytes was roughly half of that of granulocytes in the four size

groups of the two species of clams.

GRANULOCYTES: The granulocytes of four size groups of §_.§<_:gp_t_a_ did not

show any significant difference in dimensions. The granulocyte of _S_._s_g_r_i_p_t3

measured 22.6 1 8.07 x 17.2 £6.65 pm and that of y_.gyprinoides var. cochinensis

measured 22.43 7.84 1116.9 36.12 pm. The measurement of the nucleus was

6.61 1.601! 5.4 11.43 pm for _S_.scripta, 6.9 t1.3ox 5.5 *2 1.47 /um for ggygrinoides
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var. cochinensis (Figures A and B). The staining reaction was found to be the

same for the granulocytes of both the species of clams. During spreading,

the cytoplasm was found to flow along the surface of the slide in an irregular

fashion. At this time, the cytoplasm could be distinguished into an inner

endoplasm and an outer ectoplasm. The granulocytes are characterised by the

presence of large numbers of cytoplasmic granules, which. are primarily

restricted to the endoplasm. In a well spread condition, these cells produce

thin filopodia each with a supporting rib-like structure that originates in the

endoplasm (Figures E and F). Thus,the pseudopods produced by the granulocytes

are semlrigid structures, rather than temporary cytoplasmic protrusions.

Occasionally, in both the species of clams, adjacent granulocytes were found

to fuse with one another resulting in large multlnucleated cells. The

endoplasm contains the nucleus. The cytoplasmic granules’ may be totally

basophilic, totally acidophilic or a combination of both. The cytoplasm and

the nucleus were also found to be basophilic or acidophilic.

AGRANULOCYTE2 : The agranulocyte of §.gg_i_p£§ measured 25.7 ‘E 7.66 x

19.0: 5.72 pm, and that of _\[.cyprinoides var. cochinensis measured 25.0 t7.16x

18.5’; 5.33 mm. The measurement of nucleus was 7.7 '3 1.46 x 6.9 11.55 pm

for §_.scripta, and 7.72 1.43 x 7.1 1‘ 1.42 pm for y_.cyprinoides var. cochinensis

(Figures C and D). The staining reaction was found to be the same for the

agranulocytes of both the species of clams. During spreading, the cytoplasm

could be seen flowing along the surface of the slide in an irregular fashion.

It is difficult to differentiate between the inner endoplasm and the outer

ectoplasm. These cells were also nucleated, but the cytoplasm contained none

or a very few granules. In general, the cytoplasm appeared fibrous. These
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cells also included one or several tufts of filopod-like protrusion each supported

by rib-like structure that originates from within.

CELL ADHERENCE AND SPREADING

Haemocytes when taken from the adductor muscle sinus and placed on

the glass slides were mostly irregularly shaped. Upon contacting the slides

both granular and agranular haemocytes adhere and commence to spread.

This generally begins 5-10 min. post preparation, although some commence

sooner. The spreading of the cells was found to be induced by Ca2+ ions, and

also when the slides were smeared with albumin. Spread granular and agranular

cells are motile and show active cyclosis. The spreading process is initiated

when each cell becomes more or less spindle-shaped and with filopodia situated

irregularly on the surface. The number of these cytoplasmic ' extensions varies

between cells. Contact between an attached and non-attached cell usually

results in the adhesion of the two. Such cells may be of the same or of the

different types.

As time progresses, the peripheral cytoplasm of each cell tends to flatten

out against the substratum so that the cytoplasmic granules and vacuoles become

confined to the endoplasm. At this stage, in unstained preparations, the cells

could easily be differentiated into granular and agranular haemocytes.

Unbranched pseudopods generally occur along the periphery. The adherence

of the cytoplasm to the glass slide is not exclusively due to gravity, since cells

have been observed identically adhering to the underside of a cover glass in

hanging drop preparations, thereby indicating a positive thigmotaxis. Although

several of these explanted cells appear to be subcircular in outline, some were

elongated and others irregularly crescent-shaped. The cytoplasmic inclusions
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become quite distinct at this stage, and vacuoles also become very clear in

granulocytes. At this stage in granulocytes, the granules also become very
distinct.

Within 15 to 20 min. post preparation, the spreading process terminates

and fine rib-like cytoplasmic rays could be seen extending towards the periphery,

from the region of endoplasm in granulocytes, and from within in agranulocytes,

and terminating along the outer margin of the cells as fine ectoplasmic

extensions. The spaces between adjacent pseudopods are gradually filled by

flowing ectoplasm, ie., the ectoplasm forms a web between adjacent pseudopods.

These rays appear semi-rigid and were found shifting laterally without marked

bending. These cytoplasmic extensions are not limited to any specific region

of the cell surface, and the frquency of their production is not different in

granular and agranular cells.

The nuclei of both granular and agranular cells are essentially identical,

being of the compact type with more or less evenly distributed chromatin.

As ementiond earlier, the haemocytes on the slide adhere together to

form clumps (Figures G and H). These clumps are clusters of cells, generally

composed of 2 to 15 cells, but occasionally large clumps were also seen.

Formation of large clumps was found to be aided by the presence of air bubbles

in the haemolymph during sampling. Also, when haemolymph samples of two

individuals in the same size group of the same clam species were mixed,

formation of large clumps was observed. However, the cells forming the

clumps, when allowed to stand for 15 to 30 min., were seen to migrate away

from the c_lups,_ in a more or less defined pattern, and the fusion of abutting

cells have been observed. The smaller the cmmps, the more complete will
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be the exomigration of haemocytes. This clearly shows that during clump

formation there is no cell fusion taking place. The formation of clusters of

haemocytes is a serious problem while withdrawing the haemolymph for

studying the total haemocyte counts. However, cluster formation can be entirely

prevented if the haemolymph is withdrawn by a hypodermic syringe attached

to a warm needle or using a hypodermic syringe rinsed with 40% formalin or

any dilute acid. Since there was no cell death, this method was preferred

to withdraw the haemolymph for studying the total haemocyte number. One

drawback in this procedure was that the cells fall to spread on glass slides,

and hence it was found unsuitable to study the cell behaviour.

PHAGOCYTOSIS OF BACTERIUM

Phagocytosis involves the uptake of foreign materials by a certain types

of host cells, and prevents direct contact of such materials, biotic or abiotic,

with the host's tissues. Two types of uptake mechanisms have been observed

in S.§_q;i_m_a and Lgyprinoides var. cochinensis. In the first mechanism, the

motile bacteria about to be phagocytosed by granulocytes of §.g:;_ipia_ and

_\_/Jcgyprinoides var. cochinensis initially stick to the surface of the molluscan

cell, generally to the surface of the filopod and subsequently they are taken

into the endoplasm by gliding along the filopodia and become enclosed into

a phagosome (Figures I and J). The second uptake mechanism involves

formation of invaginations on the cell surface and the bacteria are endocytosed

into vacuoles. I-iere, the involvement of the filopodia is rather doubtful

(Figures K and L).

In both the species of clams, more than 75°/o of the granulocytes were

found to be involved in phagocytosis of bacterium. The involvement of
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agranulocyte in this process could not be ascertained with certainty at light

microscopic level.

PINOCYTOSIS OF PROTEIN AND OIL

Within 2 hrs, most of the haemocytes were found to uptake bovine serum

albumin (Figures M and N) and tween 80 (Figures 0 and P). Although about

90% of the haemocytes were involved in this process, it is difficult to

ascertain, the role played by agranulocytes in this uptake mechanism. However,

it is believed that in both the species of clams, the agranular haemocytes

are also involved in pinocytosis. The uptake mechanism is similar to the

second type of uptake mechanism of bacterium by haemocytes, and involves

the formation of invaginations on the cell surface and the protein molecules

and oil globules are pinocytosed into vacuoles. In this uptake mechanism,

there is no involvement of filopodia.

TOTAL HAEMOCYTE NUMBER IN THE l-IAEMOLYMPH OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS

DOSED WITH THREE CONCENTRATIONS OF COPPER

The total number of haemocytes in _S_.scripta and Lcyprinoides var.

cochinensis when exposed to three different concentrations of copper for

5 days is given in Tables 3A and 3B, and Figures 1A and iB, respectively.

In §.§g_i_§ dosed with 1, 3 and 5 ppm of copper, the total number of

haemocytes did not vary significantly in the control and the experimentals

during the exposure period of five days. The data were analysed statistically

in all possible combinations and '__E' values were greater than 0.05. However,

in 1/_.cyprinoides var. cochinensis exposed to 0.15, 0.30 and 0.45 ppm of copper,

the values were found significantly lower in 0.15 ppm and 0.30 ppm copper
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dosed clams at 48, 72, 96 and 120 hrs; and in 0.45 ppm copper-dosed clams

on all the five days when compared with the values for the respective days

of the respective controls (_F_’_< 0.05). When a comparison was made between

concentrations on all the five days, the values in 0.15 ppm copper-dosed clams

were found to be significantly higher from 48 hrs onwards when compared with

the values of 0.30 ppm copper-dosed clams, and the values of 0.45 ppm

copper-dosed clams were found to be significantly higher from 72 hrs onwards

when compared with the values of 0.30 ppm copper-dosed clams in the

respective days (§< 0.05). In the other combination between the values of

0.15 and 0.45 ppm dosed clams, there was no significant difference in the

values (§’_> 0.05).

TOTAL HAEMOCYTE NUMBER IN THE HAEMOLYMPH OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS

INJECTED WITH VIBRIO SP.

The total number of haemocytes in _S_.scripta and _\_/_.cyprinoides var.

cochinensis when injected with 1x10 cells/0.02 ml of yi_t_>_r1g sp. is given in

Tables 4A and 4B, and Figures 2A and 2B, respectively.

In §.s_(:_I_'i1)t_a, the cell counts were significantly high (34 0.05) in bacteria

injected clams at 48, 72 and 96 hrs when compared with the respective control

values, and the values were significantly high at 6 and 48 hrs when compared

with the values of saline injected clams at the respective time periods.

When a comparison was made between untampered controls and saline injected

controls, the value of saline injected clams was significantly higher at 6 hrs

only (£4 0.05). In the case of Egprinoides var. cochinensis, in bacteria

injected clams, the haemocyte counts were significantly high (E< 0.05) at 3,
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6 and 12 hrs when compared with the values of untampered controls at the

respective time periods, and with saline injected clams the values were

significantly high (fi< 0.05) at 6, 12, 48, 96 and 120 hrs. When a comparison

was made between the values of untampered control and saline injected control,

the value of saline injected controls was significantly high at 3 hrs only

(_E<0.05).

CYTOCHEMICAL LOCALISATION OF GLYCOGEN,

ACID AND ALKALINE PHOSPHATASES IN THE l-IAEMOCYTES OF

SUNET'I‘A SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENS_LS

In §.scripta, 2 hrs after the in vitro challenge with bacteria, when the

haemocytes were stained for glycogen, 60 to 80% of the granulocytes showed

intense reaction for glycogen (Figure Q), whereas in Lcyprinoides var.

cochinensis, only 20 to 25% of the granulocytes showed the presence of glycogen

(Figure R). Even in this 20 to 25% granulocytes, the staining was less intense

than that of §_.scrlpta.

In §_.scripta and _\{.cyprinoides var. cochinensg, the acid phosphatase

activity was intense in 70 to 80°/o of the granulocytes, 2 hrs after the in vitro

challenge with bacteria whereas alkaline phosphatase activity was very less

and usually gave a diffuse staining.

UPTAKE OF‘ VITAL STAIN BY THE HAEMOCYTES OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCI-IINENSIS

GRANULOCYTES : The cytoplasmic inclusions- the granules, took up Neutral

Red from the concentration used, and appeared purple within three to four

minutes (Figures S and T) in both _$_.scrlpta and y_.cyprinoides var. cochinensis.

Neutral Red in the concentration employed did not appear to be deleterious

to these cells.

AGRANULOCYTES : No uptake of the vital stain was observed in these cells.
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DISCUSSION

Molluscan haemocytes have been implicated in diverse functions such as

wound repair, shell repair, nutrient digestion and transport, excretion and

internal defence. The various functions of haemocytes have been described

in detail in the review of literature, and hence a repetition is avoided. As

a preliminary to detailed studies on the responses of haemocytes to

experimentally induced biotic and abiotic stress conditions in §_.scripta and

y_.gyprinoides var. cochinensg, it is necessary to determine the number of

circulating haemocytes and to characterise the various types of haemocytes.

In the present study, the number of haemocytes in the four size groups

of §.scripta was found to vary from a minimum of 1800 to a maximum of

8280, and in the four size groups of _\[.gvprinoides var. cochinensis it varied

from 1920 to 6720. Regarding the number of circulating haemocytes and the

factors affecting the number in circulating haemolymph, studies are very few.

Feng (19653) has observed that the number of circulating haemocytes in

gvirginica is dependent upon the amount of turbulence produced by cardiac

action but no correlation was found between wet weight and haemocyte number.

The number of leucocytes was found to vary with the feeding and excretion

cycles, since leucocytes are involved in both these activities. Later, Feng

(l966b) has reported that there is a diurnal cycle of feeding activity in

l\_/Lmercenaria also and the cycle can be disrupted by changes in the intensity

of light, salinity and temperature or by the presence of organic materials;

individual clams may remain inactive ie., not pumping for several days. Cheney

(1971) has reported that the average cell count for all circulating haemocytes
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for the Manila clam Tgges semidecussata as 1650 _+ SD. 180 per mm 3, Foley

and Cheng (1974) found no difference in total haemocyte counts of ls_/Lmercenaria

from the two geographical locations, Buzzard's Bay (l9S4.9 +_ SD~ 1062.7) and

Great Bay 0411.? f_ SD- 879.9), Thompson et al. (1978) observed the total

number of circulating haemocytes in M.californianus as 7626 1 SD. 2569. They

also observed that there was no consistency in the direction of change in the

cell count made at 1 hr. and 6 hr. post bleeding. in the present study, the

total haemocyte counts in the largest groups of clams (§.§_c_r_ip_t_a) were found

to be significantly lower. This observation, and the observations of Feng

(l965a,b), Foley and Cheng (1974), and Thompson et al. (1978), undoubtedly

show that the differences in the total numbers of circulating haemocytes are

dependent upon the physiological state of the individual clams. Although it

was marked in the case of _$_.scripta, it was only apparent in the case of

'_V_.cyp_rinoides var. cochinensis. In this context, it is worth mentioning the

observation of Stumpf and Gibertson (1978) in the gastropod §.glabrata

where two strains examined showed logarithmic increase in cell number with

increasing snail size. They, however, have added that the association between

snail size and haemocyte number does not necessarily suggest a cause and effect

relationship, and alternatively explain that both these factors may be associated

with a third factor, such as, age. Although Thompson et al. (1978) observed

no significant difference in the total haemocyte number after bleeding in

l_\_/Lcalifornianus, in the gastropod _l:.stagnalis, the number of blood cells was

found to increase considerably after incision or haemolymph withdraw] (Muller,

1956; Sminia, 1972). In another gastropod, _l§5_.glabrata an increase in the total

number of haemocytes subsequent to certain larval trematode infection was
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observed by Michelson (1975); Stumpf and Gilbertson (1978, 1980), and Jeong

et al. (1980), but Lie and Heyneman (1976) found no increase in haemocyte

number in the same snail species infected with yet another larval trematode.

Thus, besides the physiological state of the -individual specimens, other factors

that affect the haemocyte numbers of molluscs, in general, are: (1) age,

(2) feeding-excretion cycles, (3) cardiac activity, (4) temperature, (5) infection,

(6) wounding.and (7) host strain difference.

Although it has been generally agreed that there are only two type of

haemocytes in bivalves, granular and agranular haemocytes, regarding the relative

percentage of these cells, there is little agreement. Cheney (1971) reported

the commonly designated two types of haemocytes in the Manila clam, but

the percentage of different types of cells was based on the nuclear diameter

and a clear picture is not evolving. In l_v__i.mercenaria, one of the best studied

species, Foley and Cheng (1974) reported 58.4% granulocytes and 4l.6°/o

agranulolcytes in cells fixed immediately, but cells from the same animal fixed

and stained after spreading on a glass slide yielded 67.7% granulocytes, 24.1%

fibrocytes and 8.2% hyalinocytes. These specimens were collected from the

Buzzard's Bay. From specimens collected from the Great Bay, cells fixed

immediately showed 65.7% granulocytes and 34.3% agranulocytes. But fixed

and stained preparations yielded 67.6% granulocytes, l9.6% fibrocytes, and 12.8%

hyalinocytes. Results from different laboratories also showed wide variations.

In addition to the above data for l\_/Lmercenaria, other workers have

reported the proportions of granulocytes:agranulocytes as 98:2 (More and Eble,

1977); 81:14 (plus 5% fibrocytes, Fries and Trip, 1980) and 30-50:50-70

(R.S. Anderson, quoted from Huffman and Tripp, 1982). Similarly, in _C_Z_.virginica ,
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Galtsoff (1964) reported 40% agranulocytes, and presumably 60% granulocytes,

while Feng et al. (1971) found 37.2% granulocytes, and presumably 62.8%

agranulocytes, almost exactly the opposite. Renwrantz et al. (1979) reported

70% granulocytes and 30% agranulocytes, and more recently Rodrick and Ulrich

(1984) found 54.6% granulocytes and 45.4% agranulocytes in gvirginica. In

l\_/Lcampechienasis, the percentages of the granulocytes and agranulocytes were

58.4 and 41.6, respectively (Rodrick and Ulrich, 1984), and in l~_{_l.arenaria they

were 76.5 and 23.5, respectively (Huffman and Tripp, 1982).

Examination of individual reports indicates that such variation may be

due to different populations of animals examined, seasonasl variation, cell

source (adductor sinus, heart or pericardial fluid), examination of live cells,

cells fixed immediately or cells fixed after they have been allowed to adhere

to glass, type of fixation and stain, and perhaps other factors. Thus, it is

not possible now to generalise with confidence about the composition of

molluscan haemocyte populations in individuals within a species or to compare

similar cells among species (Huffman and Tripp, 1982).

In granulocytes, of both the species of clams, the granules were found

to be acidophilic, basophilic or a combination of both. Feng et al. (1971)

and Foley and Cheng (1972) have observed that in (_Z.virginica granulocytes

also such a situation occurs. Cheng (1975) concluded that, rather than treating

them as being of two distinct types, they were to be considered of the same

type; only the pl-is of the mileu within the granules fluctuate. Although the

functional reason for this fluctuation remains to be elucidated, the occurrence

of different metabolic phases which are correlated with the pH changes, has

been suggested by him. Yoshino and Cheng (l976a) have indicated that there
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must be non-synchronised chemical cycle which occurs within these granules.

According to Huffman and Trip (1982), this striking variation is due to age

and/or the metabolic history of individual cells, with younger cells being more

active metabolically and gradually loosing synthetic capability with age. They

.have also indicated that enzyme masking may account for some of this variation.

During adherence and spreading of haemocytes several filopods are formed,

each with a supporting rib-like structure with fans of ectoplasm stretched

between the filopods. Although the number of such filopods formed was more

or less the same in the granulocytes and agranulocytes of both the species

of clams examined, in .l§_/l.mercenaria Foley and Cheng (1974) observed that these

processes were more on granulocytes than on hyalinocytes (agranulocytes).

In gvirginica, although agranulocytes are capable of producing filopods, they

do not spread like granulocytes (Foley and Cheng, 1972). Basically, as in the

case with §_.scripta and _\_l_.cyprinoides var. cochinensis, the frequency of pseudopod

projection is not different in agranular and granular haemocytes of gvirginica.

Although rib—1ike structures were found in the granular and agranular haemocytes

of both the species of clams examined, in gvirginica this was present only

in granulocytes (Foley and Cheng, l972). Subsequently, these rib-like structures

have been demonstrated to be comprised of a fascicle of microtubules and it

is believed that these organelles aid in maintaining the rigidity of the filopods

(Cheng, 1975). The filopods of l}__/Lmercenaria also include microtubules which

extend internally into the endoplasm (Mohandas, 1985).

Haemocytes not only adhere to glass but also to one another as observed

in the present study, as well as in gvirginica (Foley and Cheng, 1972), , and

in l\_/_l.mercenaria (Foley and Cheng, 1974). In the present study agglutination
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was observed also when haemolymph samples of two individuals of the same

size group of the same clam species were mixed. Foley and Cheng (1974) have

observed that agglutination was more pronounced if the leucocytes were mixed

with seawater or with homologous serum. A few attempts have been made

to investigate the causative factors of clumping in lamellibranchs. The studies

made in this connection in lamellibranchs, such as, Cardiurn norwegicum (Drew,

1910), and l._.corrlanus (Narain, 1972a) suggest that contact and friction with

foreign objects and mechanical agitation may act as promoting causes for

agglutination and that haemorrhage may impart the power of amassing to the

amoebocytic blood elements (Narain, 1973).

Fusion of adjacent granulocytes was observed in the present study in both

the species of clams. Foley and Cheng (1972), however, did not observe

multinucleated cells in _C_.virginica. But Foley and Cheng (1974) and Cheng

(1975) observed the phenomenon in l_\_4.mercenaria. Sparks and Pauley (1964)

have reported the occurrence of multinucleated cells in _Q.gi_g§§_, that have been

subjected to injury. Cheng and Galloway (1970) have found similar cells in

the gastropod Helisoma duryi normale that received allografts and xenografts.

Though definite explanation could not be given for the occurrence of this

process, Cheng and Galloway (1970) have suggested that they may serve as

an additional line of defence against incompatible materials, such as allografts

and xenografts, which are not lysed and are too large to be phagocytised.

Phagocytosis is an important type of internal defence mechanism in

vertebrates as well as in invertebrates. Basically, phagocytosis and pinocytosis

come under the broad category of endocytosis in which vesicles and vacuoles

formed by the plasma membrane regulate the uptake of molecules in a cell's
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environment. Phagocytosis or 'eating‘ is used to describe the uptake of large

particles. This uptake occurs by the close apposition of a segment of plasma

membrane to the particle's surface. Particle's size has been described as

having the range of 0.01 pm to 10 pm, and may include micro-organisms as

well as inert particles (Cohn, 1972). Pinocytosis is used to describe the

vesicular uptake of everything else, which include small particles, soluble

macromolecules and low molecular weight solutes.

A comprehensive review of early literature on the subject of phagocytosis

by the haemocytes of the oyster was compiled by Takatsuki (l934a). Modern

studies on molluscan phagocytosis commenced from the works of Stauber, who

traced the ultimate disposition of Indian-ink particles experimentally injected

into (_Z_.virginica. Since then, critical reviews of the fates of a variety of

experimentally introduced foreign materials which are phagocytosed in molluscs,

have been published, among others, by Cheng (1967), and Feng (1967). Briefly,

it is now known that digestible particles which are macromolecules are degraded

within oyster leucocytes (Tripp, 1958a,b;1960; Feng, 1959, l965b), while

indigestible particles and macromolecules are voided via the migration of foreign

material-laden phagocytes across certain epithelial borders (Stauber, 1950; Tripp,

1960; Feng, 1965b).

That rnolluscan haemocytes are capable of phagocytosis is known since

Haeckel's (1862) report on filig and 'l_‘l1€_:_1_;_i§; but it was uncertain which cell

type was the most active from the standpoint of phagocytosis. With the

quantitative study on the haemocytes of gvirginica and l;/Lmercenaria, performed

by Foley and Cheng (1975) and similar types of work done subsequently by

others, it is now considered almost certain that in most of the bivalves, the



79

granulocytes are more phagocytic than the agranulocytes.

Of the two types of the uptake mechanisms observed in the present study,

the first one is comparatively less observed. Bang (1961) appears to be the

first to report this kind of uptake mechanism by the granulocytes of (_3.virginica.

Subsequently, it has been observed in 1\_/_l.mercenaria granulocytes, although less

frequently (Mohandas, I985). As mentioned earlier, the ectoplasm forms some

sort of a web between adjacent pseudopods in §_.scripta and \_/.cAyprinoides var.

cochinensis. In this uptake mechanism, the pseudopodia and the ectoplasmic

web are ‘mainly involved. It is noted that, in I_\__/Lmercenaria the ectoplasmic

webs contain a rich array of microtubules (Mohandas, 1985). Bang has also

reported similar ectoplasmic web between adjacent pseudopods in gvirginica

haemocytes, and has suggested that this cytoplasmic web serves as a trap, and

the uptake of bacterial cells is effected when they are trapped in the web.

The role of microtubules in the cytoplasm, besides aiding in maintaining the

rigidity of filopods, is also assumed to be supportive to the ectoplasmic web

itself to maintain rigidity (Mohandas, 1985). It has also been observed by him

(Mohandas, 1985) in ly_l.mercenaria granulocytes that the microtubules are arranged

longitudinally as well as latitudinally, and this arrangement may be to restrict

the lateral shifting and marked bending of pseudopods.

The main uptake mechanism that has been observed in §_.scripta and

!.cyprinoides var. cochinensis granulocytes is the one involving endocytosis.

After contact has been achieved between a granulocyte and bacteria

invaginations on the surface of phagocyte develop and the bacteria are taken

into the endocytotic vesicle. The involvement of microtubules in this process

in these two species of clams, is difficult to ascertain at light microscopic
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level. This type of uptake mechanism has also been observed in gvirginica

(Cheng, 1975), and in l\_/_l.mercenaria (Mohandas, 1985). Electron microscopic

studies of endocytosis mechanisms in l‘_\_/l.mercenaria (Mohandas, I985) have

revealed the role of microtubules in this type of uptake mechanism also. Here,

the microtubules are believed to be involved in trapping the bacteria into the

ectoplasmic web and help them glide through the channel into the primary

phagosome. The presence of bacteria in the web, microtubules all along the

channel, and bacteria inside the channel, all are supportive of this contention

(Mohandas, 1985).

In the present study, a high percentage of granulocytes was found to be

actively involved in phagocytising the bacteria. Although morphologically

different types of haemocytes have been previously described in several molluscan

species, until recently, it had not been demonstrated whether there are

functional differences correlated with the morphological ones. Most of these

studies concerned with the quantification of phagocytosis and particle clearance

have demonstrated the effect of some experimental parameters on phagocytosis,

but did not involve differentiation between the activities of the different types

of cells (Tripp, 1958a, 1960; Feng, 1966a; Feng and Stauber, 1968; Feng and

Feng, 1974; Bayne, 1983). As a result, functional differences between types

of cells could not be discerned. But studies by Bang (1961), Galtsoff (1964),

Cheng and Rifkin (1970), Cheng (1975), Cheng and Foley (1975), Huffman and

Tripp (1982), Rodrick and Ulrich (1984), Rasmussen et al. (1985) have revealed,

beyond any shadow of doubt, that in several species of bivalves, there are only

two types of haemocytes- granulocytes and agranulocytes/hyalinocytes, and of

these, granulocytes in gvirginica, M.mercenaria and lgeorggechiensis were
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found to be the most active from the point of phagocytosis. However, in

§.radiata (Nakahara and Bevelander, 1969), in 9.333% (Ruddell, 1971a). and

in Lmaxima (Reade and Reade, 1972), agranular haemocyte were found to be

phagocytic. The confusion in l_‘_v_i.i§ regarding the type of cell involved in

phagocytosis was solved by Cheng (1981), and Rasmussen et al. (1985) by

changing the terminology of the cell type ‘macrophages’ to granulocytes.

Foley and Cheng (1975) performed a quantitative study on the haemocytes

of _C_.virginica and M.mercenaria and ascertained that in (_3.virginica 87.28%

of granulocytes as compared to 12.32% of hyalinocytes were associated with

experimentally introduced Staphylococcus aureus, and 83.48% of granulocytes

as compared to 16.80% of hyalinocytes were associated with experimentally

introduced §.cLli. In the case of haemocytes of M.mercenaria 12.82%--Of

granulocytes as compared to 2.56% of hyalinocytes were associated with

bacteria (Foley and Cheng, 1975; Cheng, 1981).

In another study on gvirginica, Renwrantz et al. (1979), have demonstrated

that 2% of the hyalinocytes and 80% of the granulocytes exhibited phagocytic

activity towards rat erythrocytes. Studies by Bayne et al. (l979b) on

I_\_/_1.californianus revealed that both agranular and granular haemocytes are

capable of phagocytising yeast or blood cells. Rodrick and Ulrich (1984)

have demonstrated that in M.campechiensis, gvirginica and _1_\_.g\@_l_i_s, the

granulocytes are more highly phagocytic although figures were not given.

Foley and Cheng (1975) and Rodrick and Ulrich (1984) have also demonstrated

that the phagocytic activity varied with the nature of the challenge and

temperature. An increase in temperature was found to influence favourably

the phagocytic ability of F haemocytes.



82

The term pinocytosis was first introduced by Lewis (1931). Feng (l965b)

has demonstrated the in vivo and in vitro uptake of proteins by oyster

leucocytes by employing serological techniques and fluorescent microscopy.

It has also been reported by several workers that metals in a soluble

micromolecular form such as chelated iron, lead, zinc, copper, and cadmium

enter epithelial cells by pinocytosis (Simkiss and Mason, 1983). Since the

mechanism of pinocytosis does not differ from the second type of uptake

mechanism of phagocytosis where only plasma membrane takes active

participation, the involvement of microtubules may be believed to be taking

place here also, since it has been demonstrated at ultrastructural level

(Mohandas, 1985) that microtubules are involved in the second type of uptake

mechanism. Regarding the uptake of metal ions from solution, at present there

appears to be no clear interpretation, although the specific involvement of

ion pumps in the absorption of trace metals from solutions is indicated

(Simkiss and Mason, 1983). Evidence in favour of this interpretation has been

provided by George and Coombs (1977) who have shown that ligand binding

of Cd, Fe or Pb ions increases the rate at which they enter l_x_/l.gcl1_.1_l_i§.

In copper-dosed clams, there was no significant difference between controls

and experimentals in the case of §.scripta, however, in the case of _\_I_.cy1ginoides

var. cochinensis a significant drop was observed in the experimentals and to

a certain extent it was dosage dependent. It is noted that the concentrations

of copper used for _S_.scripta were well below the LC5 values, and those used0

for y_.cyprinoides var. cochinensis were very near to its LC 50 values. It has

been shown that _S_.scripta can stand 10 ppm of copper for more than 7 days

without mortality (Latha Thampuran, personal communication).
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The importance of haemocytes in metal metabolism was pointed out by

Ruddell and Rains (1975) who reported that basophilic granulocytes of §2_.gig§_§

and _C_S_.virginica contain deposits of zinc and copper. These observations have

been extended by George et al. (I978) who reported that zinc was associated

with phospherous in the basophilic cells whereas copper occurred with a

sulphur ligand in acidophilic cells. Iron and lead may also be contained in

membrane bound vesicles of amoebocytes in I\_/_1.§d_1_1l_is (George et al., 1976;

Coombs, 1977). It is interesting to note that Pirie et al. (1984) have found

different oyster species containing blood cells with different metal composition.

As to the actual mechanisms of these metal deposition within haemocytes

opinions differ, and currently there are at least three theories (Simkiss and

Mason, 1983). The first theory suggests that metals either in a particulate

form or in association with denatured proteins in the blood are phagocytosed

by amoebocytes in an indiscriminate way. The metals are treated as any other

foreign material, but being resistent to digestion, they accumulate in the

cytoplasm of these cells. The second theory proposes that amoebocytes represent

a specific detoxification system that removes metal ions from the haemolymph

and thereby keeps the concentrations in the blood below toxic level. This

theory proposed by George et al. (1976) explains the pinocytic uptake of some

soluble metals and could account for the specificity in metal uptake. The third

theory implies that the amoebocytes are involved in the specific transportation

of metals around the body, to the kidney and other tissues for storage and

eventual excretion. in gvirginica, Ruddell (197lb,c) has suggested that

amoebocytes may have an important function in discharging copper at sites

of injury or cellular stress. I-Ie envisages copper as aiding the phagocytosis
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of bacteria and microbes by binding pathogenic material into a'denatured form.

Cheng and Sullivan (1984) have reported that gvirginica exposed to 5 ppm

Cu 2+ showed a statistically significant increase in the phagocytosis of

polysterene spheres. In other situations, amoebocytes have been observed,

leaving the body by diapedesis after traversing the epithelial layers of the heart

and kidney (Brown and Brown, 1965). Ruddell (l97lb) believes that this may

be one of the methods of removing zinc— and copper- laden amoebocytes from

the bodies of oysters.

Except perhaps the work of Pickwell and Steinert (1984) practically

nothing is known about the haemocyte number in stressed bivalves. However,

Thompson et al. (1978) observed an increase in the number of circulating

haemocytes in l_\_/Lcalifornianus when exposed to air, and attributed this increase

to a release of these (cells from the digestive gland. In their studies with

l_§_Il._e_<_i_t_1_l_i§, Pickwell and Steinert (1984) found a spectacular drop in macrophage

counts (young granulocyte) specifically at higher concentration, indicative of

a toxic effect due to copper stress. They have also observed that macrophage

counts in copper stressed clams declined earlier than in controls. Another

spectacular observation was the dramatic increase in granulocyte (mature

granulocyte) numbers in mussels exposed to the highest concentration (267 ppb

of Cu2+ ). The reason for finding no significant difference in the total

haemocyte count in the controls and experimentals of _S_.scripta is attributed

to the fact that the concentrations of the toxicant used were far below the

LC 50 values. Apparently the concentrations of the metal ion never reached
a threshold level above which the haemocytes may get involved in the specific

transportation of metals to the kidney and other tissues for storage and
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eventual excretion. in _\_/_.cyprinoides var. cochinensis, there is a clear indication

that haemocyte counts in copper-dosed clams declined significantly from the

control values. it is believed that in stressed clams there is migration of

haemocytes, as metal-laden haemocytes, transporting these metals to the

kidney and other tissues for storage and eventual excretion. The role of

haemocytes in transporting metal ions to various tissues has been stressed by

George et al. (1976) and Coombs (1977). As indicated earlier, when the

haemocyte counts of clams exposed to the three concentrations of copper were

analysed, in 0.15 ppm and 0.45 ppm copper-stressed _\[.cyprinoides var.

cochinensis, the values were significantly higher than those of 0.30 ppm copper

dosed clams from 48 hrs onwards and 72 hrs onwards,respectively. Interestingly,

there is no significant difference in the values of 0.15 ppm and 0.45 ppm dosed

clams on any day. In the light of the study by Pickwell and Steinert (1984),

although no differential count of haemocytes was made by me in Cu2+ stressed

clams, the following explanations are given to my observations. In 0.30 ppm

copper-dosed clams, there was mass migration of metal—laden ("mass mortality"

of Pickwell and Steinert, 1984) young granulocytes, but there was no substantial

increase in mature granulocytes, and this is reflected in the low haemocyte

count observed from 48 hrs onwards. In 0.15 ppm copper-dosed clams, since

the concentration was less, there was less mass migration of young granulocytes

and no substantial increase in mature granulocytes. So, obviously, the haemocyte

counts of 0.15 ppm copper-dosed clams were significantly higher than those

of 0.30 ppm copper-dosed clams from 48 hrs onwards. In 0.45 ppm copper

dosed clams, there was mass migration of young granulocytes due to high

concentration of the toxicant but there was also dramatic increase in mature
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granulocytes, apparently from other sources. Hence, in 0.45 ppm‘ copper-dosed

clams, the counts were significantly higher than those of 0.30 ppm copper-dosed

clams from 72 hrs onwards. In 0.l5 ppm copper-dosed clams as mentioned

earlier, there was less mass migration of young granulocytes and no substantial

increase in mature granulocyte, but in 0.45 ppm copper-dosed clams, although

there was mass migration of young granulocytes, there was dramatic increase

in mature granulocytes. Obviously, the net result is an apparent stable

haemocyte count with no significant statistical difference. In this context,

it is interesting to note the observation of Cheng and Sullivan (1984) on the

effects of heavy metals on phagocytosis by (_3.virginica haemocytes. They have

observed that in these oysters, haemocytes exposed to 1 ppm copper, did not

show any alteration in the phagocytic ability, but those exposed to 5 ppm

copper, showed a statistically significant increase in phagocytic ability. It is

known that Cd 2+, Pb2+ and Zn2+ bind to negatively charged ionogenic groups

on the plasma membrane on mammalian macrophages, resulting in a measurable

decrease in the net negative surface charge of these cells (Kiremidjian

Schumacher et al., 1981). Assuming that the same principle may be operative

in oyster haemocytes also, Cheng and Sullivan (1984) have indicated that the

decreased surface charge may enhance binding and subsequent phagocytosis of

non-polar particles, such as latex spheres, simply by facilitating hydrophobic

interactions. To me, it appears, that besides this phenomenon, the increased

phagocytosis at higher concentration of copper may be due to the involvement

of more number of granulocytes at higher concentration of copper.

Since the cellular processes involved in stressed condition caused by biotic

and abiotic factors are entirely different, the variations in haemocyte number,
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in clams injected with y_i_tflg sp. are explained in a different way. As indicated

in the review, there are several reports that haemocytes phagocytose bacteria.

However, there is difference in the resident time of bacteria in the body

depending on the route of entry. Hartland and Timoney (1979) have reported

that oysters and clams innoculated via the intracardial route, generally exhibited

a slightly greater persistence of bacteria than when exposed in the surrounding

water. The fact that in §.scripta and in }/_.cyLrinoides var. cochinensis, the

response to the presence of bacterium in the system, varies with time clearly

indicates interspecific difference. The significant increase in the number of

haemocytes in the Vibrio injected §.scripta started at 48 hrs and continued

till 96 hrs, whereas in _\[.cyprinoides var. cochinensis, it started at 3 hrs and

continued upto 12 hrs. Obviously, to combat the microbial challenge, more

haemocytes were mobilised into the system from other sources or more number

of haemocytes were produced within 3 hrs in _\j.cyprinoides var. cochinensis,

and within 48 hrs in the case of §.scripta. At this stage, however, it is

difficult to differentiate whether, the increase in the number of haemocytes,

subsequent to bacterial challenge was due to mobilisation or due to leucocytosis.

The higher values in saline treated §_.scripta at 6 hrs, and in _\[.cyprinoides var

cochinensis at 3 hrs when compared with the respective controls, are explained

as immediate stimulation/response to the presence of an abiotic factor (saline)

in the system. This also shows that the stimulation is not as great as that

resulting from challenge with bacteria. Interestingly, in §_.scripta, at all time

periods, there were increased cell counts in saline treated individuals when

compared with the controls. But in gcyprinoides var. cochinensis except at

3 hr- and 72 hr- time periods the values in saline treated individuals were less
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than the control values. Whereas, in §_.scripta, the bacteria injected clams

recorded significantly higher counts than those of the untampered controls

only from 48 hrs onwards, in _\[.cyprinoides var. cochinensis this was observed

from 3 hrs onwards upto 12 hrs and beyond this time period, though the values

were not statistically significant, the counts were always on the higher side.

Although, the bacteria-challenged X.cyprinoides var. cochinensis had significantly

higher counts than those of saline treated ones at certain time periods, and

in §.scripta, the saline treated ones had higher values than the bacteria

challenged ones at one time period, and the vice-versa at another time period,

at this stage it is difficult to give a definite explanation. From these
investigations, it is however, clear that the number of haemocytes varies (1)

between species, (2) cell counts will be affected by challenge, biotic or

abiotic, and (3) the response may be immediate or delayed.

Although comparable data are not available on bivalves, Michelson (1975),

in the gastropod _l§.glabrata, has reported a two-fold increase in haemocytes

two weeks post infection with Schistosoma mansoni, and interestingly Stumpf

and Gilbertson (1978) reported two-fold increase in haemocytes 2 hrs post

infection of the same snail sp. with miracidia of _S_.mansoni. But Lie and

Heyneman (1976) found no increase in haemocyte number of §.glabrata infected

with Echinostoma lindoense. Jeong et al. ([980) have also reported increased

haemocyte count in §.glabrata sensitized and re-sensitized to _f§.lindoense.

Cytochemical studies on molluscan haemocytes have been made by a few

workers. Huffman and Tripp (I982) have reported that glycogen is present

in small amounts in the cytoplasm of granular haemocytes of liharenaria. Moore

and Lowe (i977) made a similar observation in I\_/Ledulis cells. In the same
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year, Moore and Eble (1977) reported that the glycogen is not present in

agranular cells but occurred in small and large granulocytes of l_\_/Lmercenaria.

Electron microscope studies of gvirginica haemocytes performed by Cheng

and Cali (1974) to ascertain the fate of phagocytosed bacteria, have revealed

that glycogen is situated initially within secondary phagosomes, but later as

the phagosome disintegrates, the granules become distributed in large clumps

throughout the cytoplasm. Further studies carried out by Cheng and Rudo

(l976b) in Qvirginica injected with 14 C-—labelled Bacillus megaterium have

also revealed that bacterial degradation results in the synthesis of more

glycogen from sugar of bacterial origin. Transmission electron microscopic

studies by Rodrick and Ulrich (1984) on I\_/Lcargaechiensis exposed to gmegaterium

have also revealed numerous glycogen rosettes in numerous phagocytic vesicles.

In l\_/Lmercenaria granulocytes, electron microscope studies performed by Mohandas

(1985) have revealed that along with the degradation of bacteria within the

phagosomes more glycogen granules appear within the phagosome and these

phagosomes containing clumps of glycogen granules and non-digestible materials

are expelled from the phagosome to the exterior, obviously into the serum.

These studies, thus indicate that glycogen is present in small amounts in the

cytoplasm of haemocytes in several bivalve species, and that subsequent to

phagocytosis of bacteria there is increase in the deposition of clumps of glycogen

granules within the cytoplasm.

The present study has demonstrated alkaline and acid phosphatase activities

in the haemocytes of §.scripta and y.cyprinoides var. cochinensis, and that the

activities of these enzymes increase upon challenge with bacteria. Lysosomal

enzymes such as non-specific esterase, and acid and alkaline phosphatases have
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been demonstrated in the haemocytes of l§_/Lmercenaria (Yoshino and Cheng,

1976a; Moore and Eble, (1977) and of gvirginica (Feng et al., 1971), as well

as acid phosphatase and B-glucuronidases in 1\_/_l.californianus {Bayne et al.,

(197%). Moore and Lowe (1977) observed that macrophages (granulocytes) of

l_\_/_1.e_d§i_l_i§ were strongly reactive for acid hydrolases activity. Huffman and

Tripp (1982) have demonstrated non-specific esterase, and acid and alkaline

phosphatases in l_\_d.arenaria haemocytes. As observed in the present study,

some cells have great activity of acid phosphatase, some have great activity

of alkaline phosphatase while others have no apparent enzyme activity. Huffman

and Tripp (1982) have also made similar observations, regarding the hydrolytic

enzymes in the haemocytes of l\_/_l.arenaria. From these studies, it is obvious

that the phagocytes of different species of bivalves vary widely in their

enzymatic content. In vertebrates, for example, neutrophils of cats and

chicken are devoid of alkaline phosphatase activity, while those of hamsters

and ginea pigs, have a great deal of alkaline phosphatase activity (Kaplow,

1973). Further, within a single species, the cellular enzyme content may vary

with physiological condition, for example, humans with bacterial infections have

elevated alkaline phosphatase activity, while those with viral infections have

normal or below normal enzyme activity (Kaplow, 1973). In invertebrates, the

variations in cell enzyme content have been attributed to age, metabolic

history of individual cells and physiological state of the individual. The finding

of Yoshino and Cheng (19763) that not all of the lysosomes in each cell

include acid phosphatase suggests a non—synchronised chemical cycle occurring

within this organelle or the lysosomes represent a chemically heterogenous

population as suggested by Dean (1977), Schellens et al. (1977). Dean (1977)
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has indicated that lysosomes even in single cell types are quite variable in

their enzymatic constitution, and the heterogenity in size and shape of this

organelle (Cheng and Foley, 1975) reflects the divergent functional activities

of lysosomes in different types of cells as indicated by Schellens et al. (1977).

Enzyme masking has also been accounted for some of these variations (Huffman

and Tripp, 1982).

Regarding the vital staining of inclusions in haemocytes, what was

considered as specific granules in the granulocytes of M.mercenaria by

Zacks and Welsh (1953) was later treated as atypical mitochondria by

Zacks (1955). Zacks (1955) has also stated that those vacuoles in

leucocytes that take up Neutral Red are not the same as the granules that

take up Janus Green B. Zacks (1955) has also reported that Neutral Red

vacuoles are not performed in the granulocytes, but form as the dye accumulate

in these cells. But Foley and Cheng (1974) have stated that these specific

granules in the granulocytes of I\_/l.mercenaria take up both Janus Green B and

Neutral Red. They did not observe large populations of granules, selectively

staining with Janus Green B when a mixture of Janus Green B and Neutral

Red was used, and opined that there is only one type of cytoplasmic granule

in llhmercenaira and it is stained with both these stains. Interestingly, in

the same species Moore and Eble (1977) observed four types of granules of

which blunt granules (identified as mitochondria) and dot-like granules (identified

as lysosomes), were found to take up both Janus Green B and Neutral Red.

It is noted that the electron microscope studies performed by Cheng (1975),

and Cheng and Foley (1975) on the haemocytes of l\_/Lmercenaria have revealed

that these granules are membrane-bound vesicles containing a homogeneously
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electron-dense substance, and these granules have subsequently been demonstrated

to be true lysosomes (Yoshino and Cheng, 19763). Recently Mohandas (1985)

has demonstrated that in I_\_/_1.mercenaria granulocytes, these granules may appear

as electron dense or as electron lucid vesicles depending upon the phase of

activity.

-0



CHAPTER III



GLYCOGEN AND TOTAL CARBOHYDRATE IN THE HAEMOLYMPH

OF SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS

Early studies on the biochemical composition of bivalves have shown

that, in most cases, changes in body weight are mainly due to changes in

carbohydrate or glycogen content, and correspond to seasonal changes, or in

some instances to the reproductive cycles or in certain other instances to a

combination of both (Gabbott, 1976). For example, in l_\_!l.g1_1_l_i_s_, the seasonal

cycle of storage and utilisation of glycogen reserves is closely linked to an

annual reproductive cycle (Gabbott, 1976),‘ but in Meretrix casta this was

attributed to seasonal changes (Salih, 1979). In exceptional cases as in Ostrea

§g_i_i_li_§, the glycogen storage cycle and the annual reproductive cycle are not

clearly separated (Gabbott, 1976). In almost all living things stored energy

is used up (1) when the animal faces a depletion in the food supply, (2) when

it is made unavailable by physical, chemical or physiological agents, (3) when

it becomes nmessary to direct much energy to a particular cause, such as,

burst activity during escape from adverse conditions, or gametogenesis, and

(4) when the animal faces environmental or physiological stress. In almost

all these circumstances, the major share of stored energy comes from the

carbohydrate or glycogen reserves. Thus, carbohydrates form 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 the glucose, and compartmentalization by glycogen,

glucose-6-phosphate, etc.

In bivalves, it is interesting to note that there are differences in the

energy reserves from which the energy is drawn to combat stress, depending
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on the seasons. For example, there are clear differences in the balance of

carbohydrate and protein reserves in l_§_4.gdy_l_i_s_ between summer, autumn and

winter (Bayne, 1973; Gabbott and Bayne, I973). In the autumn, during more

prolonged starvation, there was a marked increase in the utilisation of lipid

reserves (Bayne, 1973). Bayne and Scullard (1977) have shown that in winter,

nitrogen excretion rates increased as a result of starvation (indicative of mainly

protein catabolism). Also, in winter, anaerobic metabolism may take place

largely at the expense of protein reserves and this, in turn, will involve the

conversion of amino acids into succinate (Gabbott, 1976). But during summer,

the energy loss was accounted for by the utilisation of carbohydrate and lipid

(Gabbott and Bayne, 1973; Bayne and Scullard, 1977). The measured loss of

carbohydrate was for free sugars in the non-mantle tissue (presumably from

the digestive gland). But information on the metabolic balance between the

glucose utilisation and gluconeogenesis in marine bivalves is lacking (Gabbott,

1983), although this is probably a common feature of all organs (de Zwaan,

1983). Similarly, in the tropics, where there is no clear cut difference of

seasons, the information regarding the variation, if any, in the energy reserve

utilisation is also lacking. Similar are situations where informations are lacking

on the quantity of reserves available in bivalves of different age groups, and

also on the type of reserves (carbohydrate, protein or lipid) from which

energy is drawn when these animals are exposed to biotic and abiotic stress.

In order to get more information on these lines, experiments were designed

to study the total carbohydrates and glycogen in the haemolymph of _$_.scripta

and _\_{.gyprinoides var. cochinensis of (1) four size-groups, each, (2) under heavy

metal stress, and (3) during bacterial challenge. The results of this study are
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reported in this chapter.

MATERIALS AND METHODS

Methods of collection of clams, rearing the clams, acclimatisation, selection

of size groups, mode of collection of haemolymph, dosing the clams with copper,

challenging the clams with bacteria, and the statistical analysis of the data

were the same as described in detail in chapter ll. As described earlier,

concentrations of the copper ions used were different in the two species of

clams, but dosage of the bacterial suspension was the same. For §.sc_ri_pt_a_

the salinity used was 30°/oo and, for _\[.gyprinoides var. cochinensis it was 15°/oo.

The number of clams employed for studying haemolymph glycogen and

total carbohydrates in the different size groups are given below. In the case

of _§.scripta, 12 clams from each size group, and in the case of y_.gprinoides

var. cochinensis 13 clams from each size group were employed for the estimation

of haemolymph glycogen, and for the estimation of total carbohydrates in the

haemolymph 20 clams from each size group of §.scripta, and 13 clams from

each size group of 1/_.cyprinoides var. cochinensis were employed.

To study glycogen in the haemolymph of _S_._s£r_ip_t_a_ of the size group

38-40 mm, dosed with the three concentrations of copper, the total number

of clams used is as follows: The experimental group consisted of 180 clams

(60 in each of the three experimental batches), and the control group consisted

of 60 clams. In the case of y_.cyprinoides var. cochinensis also the 38-40 mm

size group was used, and the experimental group consisted of 180 clams, and

the control group 60 clams. Haemolymph was withdrawn every 24 hrs for

5 days for the estimation of glycogen from 10 specimens each of the

experimental batches and 10 from the control group, each day.
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To study the total carbohydrate in the haemolymph, the experimental

group of each clam species consisted of 180 individuals, and the control group

60 individuals.

For the determination of glycogen and total carbohydrate, the haemolymph

samples withdrawn were 0.50 ml and 0.10 ml respectively, from each clam.

For the determination of glycogen in the haemolymph of S._.<‘>_<:_r_i_}Jt_a and

_\[.cyprinoides var. cochinensis subsequent to challenge with bacteria at a

concentration of l x 103 cells/0.02 ml, haemolymph samples were collected

at 3, 6, 12, 24, .48, 72, 96 and 120 hr-time period post-challenge. For each

clam species, for each time period, the untampered control group, 2°/o saline

injected control group, and the bacteria—injected experimental group consisted

of 10 clams each.

For the determination of total carbohydrate in the haemolymph of

§. and y_.cyprinoides var. cochinensis subsequent to bacterial challenge

at a concentration of 1 x 103 cells/0.02 ml, haemolymph samples were

collected at 3, 6, 12, 24, 48, 72, 96 and 120 hr-time period post-challenge.

In the case of _$_.£rjp_t_a for each time period, the untampered control group

consisted of 20 clams, 2% saline-injected control group consisted of 20 clams,

and the bacteria-injected experimental group consisted of 30 clams, whereas

in the case of ycyprinoides var. cochinensis they were 15, 15 and 25, respect

ively. For the determination of glycogen and total carbohydrate, the samples

of haemolymph withdrawn were 0.50 ml and 0.10 ml respectively.

In this experiment, more clams than the required number were reared

as experimentals and controls anticipating mortality during the course of the

experiment.
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ESTIMATION OF GLYCOGEN

Glycogen in the haemolymph was estimated following the method of

Montgomery (1957) after deproteinising the sample with 10% TCA. For this,

to 1.0 ml of 10% TCA a 0.50 ml sample of haemolymph was pipetted and

thoroughly mixed. It was then centrifuged at 2500 rpm for 10 minutes. The

supernatant was gently decanted into another test-tube. For the determination

of glycogen, 1.0 ml sample of this was taken into another test-tube, and

1.2 ml of 95% ethyl alcohol was added and mixed. It was kept overnight in

a refrigerator and. then centrifuged at 2500 rpm for 15 minutes. The supernatant

was very carefully decanted. To the precipitate, 2.0 ml of distilled water

and 0.1 ml of 80% phenol were added. To this, 5.0 ml of concentrated

sulphuric acid was added forcefully, to aid mixing. It was then left at room

temperature for 30 minutes. After cooling, the optical density was read at

490 nm. The concentrations of glycogen in the samples were found out from

the standard graph prepared by employing oyster glycogen (Sigma chemical

company, USA.) as the standard.

ESTIMATION OF TOTAL CARBOHYDRATE

Estimation of total carbohydrate was carried out following the method

of Dubois et al. (1956). A 0.1 ml sample of the haemolymph was pipetted

into a large test-tube containing 0.1 ml of 80% phenol. To this 1.9 ml of

distilled water was added bringing the total volume to 2.1 ml. To this, 5.0

ml of concentrated sulphuric acid was added forcefully, allowing thorough mixing.

It was left at room temperature for 30 minutes. After cooling, the optical

density was determined at 490 nm. From this optical density, the concentration

of total carbohydrate in the haemolymph was found out from a standard graph
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employing glucose as the standard. The total carbohydrate per ml was then

found out and expressed as pg glucose equivalents per ml.

RESULT

GLYCOGEN IN THE HAEMOLYMPH OF THE FOUR SIZE GROUPS OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSl_S_

Table 5A gives the mean value, standard deviation, and range of

haemolymph glycogen in the four size groups of §.scripta and Table 5B shows

the same in the four size groups of Lcyprinoides var. cochinensis. In both

these cases when the mean value of glycogen, for different size groups were

compared, there was no statistically significant difference.

TOTAL CARBOHYDRATE IN THE HAEMOLYMPH OF FOUR SIZE GROUPS

OF _SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS

Tables 6A and 6B show the mean values, standard deviation, and range

of total carbohydrate in haemolymph in the four size groups of S.§g_ip_t_a

and Xgyprinoides var. cochinensis, respectively. Comparison of mean values

of total carbohydrate within the species showed no statistically significant

difference in any of the possible combinations.

GLYCOGEN IN THE HAEMOLYMPI-I OF SUNETTA SCRIPTA AND

XILLORITA CYPRINOIDES VAR. COCHINENSIS, DOSED WITH THREE

CONCENTRATIONS OF COPPER

Haemolyrnph glycogen values in _S_.scripta and gcyprinoides var. cochinensis

when exposed to three sub-lethal concentrations of copper for five days are

given in Tables? A and 7B, and Figures 3A and 3B, respectively.

In _S_.scripta dosed with three concentrations of copper, when the mean

values of haemolymph glycogen were compared, there was no statistically
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significant difference between the control and the experimentals during the

exposure period of five days. The same was the case when the mean values

of haemolymph glycogen of clams exposed to different concentrations of copper

were compared among themselves. In all the above cases the ‘_l_°_' values were

greater than 0.05. In _\[.cyprinoides var. cochinensis, exposed to copper, the

situation was different. When the mean values of 0.15 ppm copper-dosed clams

were compared with the mean values for glycogen of the control group, the

values of 0.15 ppm copper-dosed clams were significantly lower than the

control values at‘ 48 hrs (f’_< 0.02). When the mean values for glycogen of

0.30 ppm copper-dosed clams were compared with the control values, values

of the 0.30 ppm copper-dosed clams were significantly lower at 48 hrs

(_P_’_< 0.02), 96 hrs (_l3<0.05), and at 120 hrs (E< 0.05). When the mean values

for glycogen of 0.45 ppm copper-dosed clams were compared with the control

values, the values of the 0.45 ppm copper-dosed clams were significantly lower

at 48 hrs (E< 0.05), 96 hrs (_l_°_<0.0l), and 120 hrs (34 0.01). When the mean

glycogen". values of 0.15 ppm copper-dosed clams were compared with those

of the 0.30 ppm copper-dosed clams, the values of 0.30 ppm copper-dosed

clams were significantly lower at 120 hrs (E< 0.05). The values of 0.45 ppm

copper-dosed clams were significantly lower at 96 hrs (_E< 0.01) and 120 hrs

(E-< 0.01), when compared with the values of 0.15 ppm copper-dosed clams.

The mean values of glycogen of 0.30 ppm copper-dosed clams and 0.45 ppm

copper-dosed clams showed no significant difference when compared.
3.319

I

Q3q.4 56/5. )5
50/?
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TOTAL CARBOHYDRATE IN THE HAEMOLYMPH OF SUNETTA SCRIPTA

AND VILLORITA CYPRINOIDES VAR. COCHINENSIS DOSED WITH

THREE CONCENTRATIONS OF COPPER

The total carbohydrate values in the haemolymph of §.scripta and

ycyprinoides var. cochinensis when exposed to the three different concentrations

of copper for five days are given in Table 8A and 8B, and Figures 4A and

4B, respectively.

In §_.§g_ipt_a dosed with the three concentrations of copper, the mean

values of total carbohydrate of 1 ppm copper-dosed clams when compared with

the mean values of the controls, the mean values of 1 ppm copper-dosed

clams were significantly higher at 24 hrs (_f_’< 0.01), 48 hrs (E4 0.05), 72 hrs

(_E< 0.01), 96 hrs (‘l_.°_-< 0.01), and 120 hrs (_f:< 0.01). The mean values of total

carbohydrate of 3 ppm copper-dosed clams were significantly higher than the

control values of 24 hrs (_l_°< 0.01), 48 hrs (_f_’< 0.01), 72 hrs (_f_’< 0.01), 96 hrs

(E-< 0.01), and 120 hrs (_fj< 0.01). The total carbohydrate values of 5 ppm

copper-dosed clams were also significantly higher than the control values at

24 hrs Q_’< 0.02), 48 hrs (f_’< 0.01), 72 hrs (E-< 0.01), 96 hrs (_f:< 0.01), and

120 hrs (f< 0.01). When the total carbohydrate values of 1 ppm copper-dosed

clams were compared with the values of 3 ppm copper-dosed clams, the

values of 3 ppm copper-dosed clams were significantly higher at 48 hrs

if-<0.0l), and 96 hrs (_l:_’<0.0l). When the values of 1 ppm and 5 ppm copper

dosed clams were compared, the values of 5 ppm copper-dosed clams were

significantly higher at 48 hrs (_lf<0.02), 96 hrs (_lf<0.0l), and 120 hrs §E<0.0l).

The total carbohydrate values of 3 ppm and 5 ppm copper-dosed clams did

not show any statistically significant difference between themselves.
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In ggrglnoldes var. cochinensis, the total carbohydrate values of 0.15

ppm copper-dosed clams were significantly higher than the control values at

72 hrs (E<0.02), 96 hrs (E-<0.0l), and 120 hrs (E<0.05). When the total carboh

ydrate values of 0.30 ppm copper-dosed clams were compared with the values

of the controls, the values of 0.30 ppm copper-dosed clams were significantly

higher at 24 hrs (_E< 0.01), 48 hrs (_E<0.0l), 72 hrs (_E< 0.05), 96 hrs (E-< 0.05),

and l20 hrs (_P_< 0.01). The total carbohydrate values of 0.45 ppm copper-dosed

clams were also significantly higher than the control values at 24 hrs (l_°_< 0.01),

48 hrs (§’_<0.05), 72 hrs (E< 0.02), 96 hrs (fi<0.05) and 120 hrs (2-3 0.05).

GLYCOGEN IN THE HAEMOLYMPH OF SUNETTA SCRIPTA AND

VILLORITA CYPRINOIDES VAR. COCHINENSIS WHEN INJECTED

WITH VIBRIO SP.

Haemolymph glycogen values in __S_.scripta, and Egyprinoides var. cochinensis

when challenged with bacteria are given in Tables 9A and 9B, and Figures 5A

and 5B, respectively.

In §_._s_c_rip_t_a_ when the glycogen values of the saline-injected controls were

compared with the values of the untampered controls, the differences in values

were found to be insignificant, and when the values of _\_/_i_l:_»1_°_ig-injected clams

were compared with those of the untampered controls, the glycogen values

of _\_/_i_t_>g_i_g—injected clams were significantly higher at 3 hrs (E<0.0l).

In _\_/_.g'p_11noides var. cochinensis when the glycogen values of saline-injected

controls were compared with the values of untampered controls, there were

no significant differences. When values of the Vibrio-injected clams were

compared with those of the untampered controls, the glycogen values of the

Vibrio-injected clams were significantly higher at 24 hrs (l_3_<0.02). The values
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of saline-injected control clams and Vibrio-injected clams, on comparison,

did not show any statistically significant variation.

TOTAL CARBOHYDRATE IN THE HAEMOLYMPH OF §UNE'I'I§ SCRIPTA AND

VILLORITA CYPRINOIDES VAR. COCHINENSIS

WHEN INJECTED WITH VIBRIO SP.

Haemolymph total carbohydrate values in §_.scripta and ygyprinoides var.

cochinensis when challenged with bacteria are given in Tables l0A and 10B,

and Figures 6A and 6B, respectively.

In §.scripta,. the mean values of total carbohydrate in saline-injected

controls were found to be significantly higher (§< 0.05) than the mean value

of untampered control at 3 hrs only. When the carbohydrate values of yi_b@-inj

ected clams were compared with the carbohydrate values of untampered controls,

\_’ip_ri_o_-injected clams showed significantly higher values at 3 hrs (E< 0.01),

6 hrs (f’_<0.01), and 12 hrs (l_’_<0.05). The carbohydrate values of _V_ilg_i_<_)_-injected

clams and saline-injected clams, when compared, did not show any statistically

significant difference during the entire period of the experiment.

In ggprinoides var. cochinensis, the total carbohydrate values of the

saline-injected controls were significantly higher than the values of the

untampered controls at 3 hrs (B-< 0.05), 6 hrs (E< 0.02), and 12 hrs (_F_’_< 0.05).

When the carbohydrate values of the _\[i_l3r_iQ_-injected clams were compared with

those of the untampered controls, _\1i§_r_i_g-injected clams showed significantly

higher values at 3 hrs (_E< 0.01), 6 hrs (lf_< 0.01), 12 hrs (E-< 0.01), 24 hrs

(_13< 0.01), 48 hrs (§>_< 0.02), 72 hrs (g< 0.01), 96 hrs (_I3< 0.01), and 120 hrs

(_E< 0.01). When the carbohydrate values of the saline-injected controls and
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\_li_b_r_ig—lnjected ones were compared, the _\fl)_r'i_o-injected clams showed

significantly higher values of carbohydrate at 3 hrs (E< 0.02), 6 hrs (E-< 0.01),

12 hrs (E_< 0.05), 24 hrs (_l_’_<0.0l), 48 hrs (E<0.0l), 72 hrs (340.01), 96 hrs

(E<0.01), and 120 hrs (_F_’<0.0l).

DISCUSSION

In the present study, in §.scripta and y_.gyprinoides var. cochinensi_s, no

significant differences were found in the mean values of glycogen, and total

carbohydrates in the haemolymph among the different size groups of each

species studied. Variations in the levels of glycogen and total carbohydrate

in tissues can be expected when there is difference in the energy demand

generally during growth, reproduction or when they are under stress. Since

tissue glycogen and total carbohydrate have not been estimated in the present

study, it is difficult to predict the variations of these reserves in the tissues

of clams of four size groups. In the present study, since there were no

statistical differences in the haemolymph glycogen and total carbohydrate

values, it is presumed that in the haemolymph compartment the levels of these

reserves are maintained at the upper limit by conversion into tissue glycogen,

as indicated by Barry and Munday (1959).

In copper-stress experiments, in §_.scripta, the haemolymph glycogen values

did not show any significant variation from the control values. In y_.cyprinoides

var. cochinen§i_s, however, the glycogen level was lower in the experimentals

than in the controls, especially towards the end of the experimental period.

At 96 and 120 hrs, a gradation in the glycogen content was clearly evident,

ie., the higher the concentration of the metal ions, the lower the glycogen
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values in the haemolymph.

Interestingly, in §.s_m'_i13_t_§, the carbohydrate values were significantly

higher in all the copper-dosed clams than in the controls, and values of the

3 ppm, and 5 ppm copper-dosed clams were significantly higher than those

of the l ppm copper-dosed clams, particularly towards the end of the

experimental period. in _\[.cyprinoides var. cochinensis also the carbohydrate

values were significantly higher in the copper-dosed clams than in the controls.

In this species, however, the values in the experimentals did not show a

definite gradation with respect to concentration as was evident in the case

of §_.scripta.

The minor deviation in the trend seen in the values of haemolymph

glycogen and total carbohydrate in §_.scripta and Ecyginoides var. cochinensis

is attributed to the species difference. Moreover, the concentrations of copper

ions employed in each species were also different. In §_.scripta, the

concentrations employed were far below the LC50 limits, while in the case

of y_.gyprinoides var. cochinensis, the concentrations employed were near to

its LC50 limit. This aspect has also contributed to the difference shown by
the two species.

Interestingly, in both the clam species, during copper stress, there is

a strong tendency for increased carbohydrate concentration in the haemolymph

compartment. The increase was, to a certain extent, dependent on the

concentration of metal ion used, and in general, increasing with increasing

concentration. Similarly, though there was a strong tendency for a reduction

in the glycogen content in the haemolymph compartment in }/_.cyprinoides var.

cochinensis after 72 hrs, it was only apparent in §_.scripta.
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A survey of literature indicates very little work on carbohydrate and

glycogen contents in the haemolymph compartment of bivalves under normal

conditions, and also while under stress. Jeffries (1972) recognised a stress

syndrome in response to environmental pollution, and infection of the shells

by the polychaete, Polydora, and indicated that the levels of carbohydrate and

free amino acid fell and the molar ratio of free taurine to glycine increased

in the tissues.

In normal cases, in marine molluscs the level of blood sugar is controlled

at the upper limit by conversion into tissue glycogen (Barry and Munday, 1959),

and the loss of a true hepatic function in molluscs has led to the proliferation

of Leydig tissue for the local storage of glycogen (Eble, 1969). This removes

the requirement for a high blood glucose level because the body tissues have

their own supply of carbohydrate (Gabbott, 1976).

The observed increase in the total carbohydratae values in the haemolymph

compartment points out to the fact that the carbohydrate might have come

from other sources. In the later period of the experiments, the observed

reduction in haemolymph glycogen in _\_/_.cjprinoides var. cochinensis may be

due to the conversion of glycogen to glucose for reasons mentioned below.

The absence of a reduction in haemolymph glycogen in _S_._s_gript_a may be

because in this species the breakdown of glycogen in the haemolymph

compartment may be taking place only at a later stage or the conversion of

glycogen to glucose is less. The observed increase in total carbohydrates in

haemolymph may partly be due to haemolymph glycogen, breakdown product

(glucose), and also due to glucose transported through haemolymph from

metabolically less active tissues to metabolically more active tissues
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to meet the stress situation. From the present data, it can be rightly assumed

that glycogen contributes only around l/5th towards the total carbohydrate

values in the haemolymph compartment, and the major share is obviously

contributed by other simple sugars. In their experiments, Thompson et al.

(1978) have also indicated that glycogen accounted only approximately 22%

of the carbohydrate present in the haemolymph of l\_/_l.ca1ifornianus.

During copper-stress experiments, the behavioural responses of the clams

used in the present study, in response to copper ions are, valve closure and

secretion of mucus. Studies by Latha Thampuran (per. comm.) have revealed

that there is a reduction in the uptake of oxygen from the environment, and

filteration rate. Valve closure by the clams and the respiration ‘depressing’

activity of the Cu2+ ions (Shapiro, 1964; Brown and Newell, 1972; "Scott and

Major, 1972; Prabhudeva and Menon, I986) lead to anaerobiosis and result in

a drop in pH. The valve closure response may be a signal mechanism for

‘turning down‘ -the activity of phosphofructokinase resulting in a majorreduction

in overall metabolic rate (de Zwaan, 1983). This is highly essential because

if the metabolic rate is not reduced, the energy demand will be high, and to

meet this anaerobically the animal has to draw its energy reserves heavily.

The reduction in pH leads to a pronounced fall in the affinity of phosphofructo—

kinase for fructose-6—phosphate, and general inhibition of catalytic rate at all

substrate levels (Ebberink, 1980). The degree of the pH drop, and hence the

fall in affinity. of phosphofructokinase, varies with the tissues as there can

be differences in the degree of anaerobiosis by -the different tissues. This

contention is strengthened by a number of evidences in favour of the existence

of specific tissue differences in anaerobic maintenance metabolism as
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reflected in enzyme spectra (de Zwaan, 1977; Collicutt, I975; Addink and

Veenhof, l975; Collicutt and Hochachka, 1977; I-Iolwerda and de Zwaan, 1980).

In all the tissues for the basal metabolism, glycolysis will proceed upto

the point_of phosphoenolpyruvate (PEP). In carbohydrate metabolism in bivalves,

the PEP is a branch point and the flow of carbon through phosphoenolpyruvate

branch point is determined by the degree of tissue hypoxia and both pathways

(under aerobic condition, PEP is converted into pyruvate, and under anaerobic

condition (phosphoenolpyruvate carboxykinase activity is favoured by the

inhibition of pyruvate kinase by alanine and low pH) PEP is converted into

oxaloacetate and ultimately into succinate) operate together (Livingstone and

Bayne, 1974; de Zwaan and de Bont, 1975). The extent to which one pathway

will predominate over the other will depend on the particular conditions

within the body tissues, where the level of hypoxia is reduced, succinate will

be removed by oxidative metabolism or if hypoxia persists, it may be converted

to propionate. This is supported by the fact that during anaerobic fermentation

of carbohydrate, volatile fatty acids can be one of the end products in some

instances (Kluytmans et al., 1977; 1978; Zurburg and Kluytmans, 1980). The

ability to respire anaerobically also varies in bivalve tissues, depending on the

easy accessibility of oxygen from the environment or circulatory system. For

example, deeply located tissues have a greater tendency to respire anaerobically

than superficially located tissues as a result of relative oxygen availability (de

Zwaan, 1983). it has been suggested that in bivalve molluscs, some tissues

may be adapted to function anaerobically while others which are near to the

sites of gas exchange may be primarily aerobic (Booth and Manguni, 1978).

Chaplin and Loxton (1976) have reported that the gill is able to obtain oxygen
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during aerial exposure, and will follow a predominantly aerobic fuel degradation.

From the foregoing account, it seems that during stress, different tissues

draw energy by predominantly aerobic or predominantly anaerobic processes.

For example, to combat the stress, the vital tissues will have to be provided

with the required energy, and for this, the energy requirement of some other

tissues (eg. gonad) may have to be greatly reduced. In such circumstances,

there is a differential flux of carbon between the tissues. Carbohydrate from

metabolically less active tissues may be‘ transferred to the metabolically more

active’ tissues through haemolymph. The clams may be trying to adjust to the

inhibition of phosphofructokinase activity resulting from the copper dosage by

providing the substrate, fructose—6-phosphate, in a greater concentration within

the cells to maintain the carbon flux to meet the maintenance metabolism.

This can be effected only by maintaining a higher concentration of glucose

in the haemolymph so as to retain a concentration gradient.

The other observed behaviour, ie., secretion of more mucus in response

to copper, is the function of the epithelial layer lining the mantle cavity.

For the production of mucus, glucose is essential and may be transported

from metabolically less active tissues. Glucose-6-phosphate (formed from the

breakdown of glycogen or from the gluconeogenic pathways) can be

dephosphorylated to glucose and transported around the body in the haemolymph

(Gabbott, 1976).

Reddy and Rao (1983), based on the fact that copper readily forms

copper soaps with long fatty acids, have tentatively hypothesised that the

observed increased levels of free fatty acids in copper exposed freshwater

gastropod, as a mechanism for reducing copper toxicity or mechanisms for
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copper storage. They have also indicated that during copper exposure the

immediate demand for energy might be met from lipids. It may be noted

that in molluscs, conversion of glycogen into fatty acids or triglycerides also

takes place (Gabbott, 1976). For this, glycogen may be mobilised from other

tissues, where it can be spared, through the haemolymph. When such mobilisation

takes place from tissues, through haemolymph, there will be elevation of total

carbohydrate levels in the haemolymph concomitant with depletion of this

fuel reserve in the tissues. The observed elevated total carbohydrate values

in the haemolymph may be due to this mechanism also. Depletion of tissue

glycogen and total carbohydrates in copper-exposed bivalves (Lakshmanan and

Nambisan, 1977, 1985), and of carbohydrates in copper-exposed gastropod

(Ramesh Babu, 1980... quoted from Reddy and Rao, 1983) is already documented.

Regarding other stress factors, widdows and Bayne (1971) have shown that

there is no increase in blood sugar during the first seven days of acclimation

to high temperature. Thompson et al. (1978) have reported that in

l_\__/Lcalifornianus subjected to nutritional, thermal, and exposure stress, there

were no changes in plasma carbohydrates, lipid or protein attributable to

exposure, ration or increased temperature.

In bacteria-"challenged S.scripta, the haemolymph glycogen values were

found to be significantly higher in the VL’Q3r_i<)_-injected clams, than in the

untampered controls at 3 hrs. In y.cyprinoides var. cochinensis, the values

of Vibrio-injected ones showed significant increase than those of the untampered

controls at 24 hrs. This increase in the glycogen content at 3 hrs in §.scripta,

and 24 hrs in }/_.cyprinoides var. cochinensis is attributed to the glycogen

synthesised through degradation of bacteria by the phagocytes. The time
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difference shown by the two clam species is attributed to the species
difference.

It may be added that cytochemical studies conducted on the haemocytes

of §_.scripta and ycyprlnoides var. cochinensig at 2 hr post challenge with

bacterium revealed high glycogen content in these cells. That there is species

difference in the process of degradation is evident from the works of Cheng

(1975), Cheng and Rudo (l976b) and Rodrick and Ulrich (1984). Cheng (1975)

has reported a significant rise in haemolymph glycogen in gvirginica at

24 hr post-challenge with Escherichia coli in vivo, and Rodrick and Ulrich

(1984) have obtained similar results in l_\;l.campechiensij, _(_Z_.virginica and

A.ova1is at 1 hr post-challenge with §.coli and Vibrio anguillarum, in vivo.

By employing 14C-labelled §.megaterium as the challenging agent, Cheng

and Rudo (l976b), and Cheng (l977b) also have demonstrated that the

degradation of phagocytosed bacteria in (_3.virginica haemocytes leads to the

synthesis of glycogen from sugar of bacterial orign and its eventual release

from phagocytes. Cheng and Rudo (l976b) reported that 14C activity was

detected in the glycogen extracted from the sera at 24 hrs post—injection and

detected in haemolymph cells at 16 hr post-injection. All these clearly

indicate that the time taken for the degradation of bacteria differs from

species to species. Electron-microscopic studies on the granulocytes of §._\Li_r_—

gi_r1_ic:_a (Cheng and Cali, 1974), and l‘_l_4.mercenaria (Mohandas, 1985) have revealed

that subsequent to bacterial exposure, the bacteria are degraded in the phagoso—

mes, by lysosomal enzymes, and the glycogen thus ‘formed is finally released

into serum.

ln _S_.scripta subsequent to bacterial challenge, the total haemolymph
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carbohydrate of the y__i_b__ri_q-injected clams showed significantly higher values

at 3, 6 and 12 hrs than the untampered controls, and the y_i_b_ri_g-injected

ggyprinoides var. cochinensis showed higher values at 3, 6, 12, 24, 48, 72,

96, and 120 hrs.

Removal mechanisms for the bacteria introduced into the body include

the phagocytic activities of cells in the shellfish haemolymph (Bang, 1967).

These phagocytic cells are continuously lost to the exterior through epithelial

borders (Cheng et al., 1969), a process which provides an efficient clearance

mechanism for phagocytosed bacteria and other materials (Malek and Cheng,

1974). The exteriorised phagocytes are carried away in mucus or faeces by

the water stream set up by natural pumping action in the body of the

shellfish (Houser,, 1964; Malek and Cheng, 1974). These mechanisms are

believed to be operating in Vibrio-injected _$_.scripta and ggyprinoides var.

cochinensis also. The above mentioned pumping action is affected by ciliary

action. The epithelial tissues bearing cilia consume energy for setting up the

water current. A steady supply of glucose is provided to this area of the clam

body by the mobilisation of stored glycogen from other tissues. The transfer

of glucose is through haemolymph, and hence the high total carbohydrate

content in the haemolymph of Vibrio-injected §.scripta and _‘[_.gyprinoides var.

cochinensis when compared with the respective controls. That addition of glucose

to water increased the filtration rate of l_\;i.edulis has been demonstrated by

Theede (1963), and Thompson and Bayne (1972). Manohar and Rao (1975) have

reported a hyperglycemic factor in Lymnaea luteola in response to parasitism.

Perhaps, such a hyperglycemic factor may be operating in these clam species

also in response to the presence of Vibrio in the body.
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In the saline-injected clams an increase in the total carbohydrate values

when compared with the control values was observed in the initial period of

the experiment. This is interpreted as a short-term response to the injection.

-0



CHAPTER IV



PROTEINJN THE HAEMOLYMPI-I OF SUNETTA SCRIPTA

AND YILLORITA CYPRINOIDES VAR. COCHINENSIS

In vertebrates, the serum proteins play an important role in maintaining

the osmolality, transport of ions, immune mechanisms, and honioeostasis. In

lower forms, including bivalves, proteins do the same function. The main

difference, however lies in the actual mechanism. In bivalves, the haemolymph

proteins have been implicated to perform a variety of functions, such as

transport of ions, detoxification of metal ions (Simkiss and Mason, 1983),

recognition of self and non-self materials (Cheng, 1986), etc.

In many animals the circulating fluids contain specific proteins that

transport metal ions around the body, and may even deliver them specifically

to particular cell types. In vertebrates such functions have been shown for

nickel transport by nickel plasmin, and for iron transport by transferrin,

whereas albumin carries copper and zinc ions (Harrison and Hoare, 1980).

Information on the way by which metals are transported in molluscs is often

sparse, although it has been shown that the main plasma proteins, which are

often the respiratory pigments, can function in this way (Simkiss and Mason,

1983). The retention of metal ions in the blood may be a problem for

molluscs, in general. It appears, therefore, that haemocytes in the blood,

like mucus on the epidermis, may be a particularly interesting molluscan

adaptation of great relevance to metal metabolism. Simkiss and Mason (1984)

have shown that many heavy metals are retained within the tissues by reactive

ligands. These may be inducible, metabolised and excreted, and it is "the

‘turnover’ and availability of these ligands which may ultimately determine

the final concentration of the metal in the animal. They have also indicated
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that ligands are very specific for particular metals or are non-specific in

nature and capable of binding a wide variety of metals, and the ligands

may contribute to a general system of detoxification while the former

appear to be integrated into precise metabolic pathways. They have added

that specific cells, such as basophils, appear to contain high capacity ligands

that will bind a variety of metals.

iany molluscs have a remarkably permeable epidermis from which it is

possible to obtain simple diffusion pontentials for metal ions and from which

a large number of blood proteins can also escape (Simkiss and Wilbur, 1977).

The gills, foot, mantle and the alimentary tract have all been implicated as

sites of uptake (Chipman, 1966; Shuster and Pringle, 1969; Harrison, 1969;

Schulz-Baldes, 1974; Fowler and Benayoun, 1974; George and Pirie, 1980;

Roesijadi, 1980; Simkiss and Taylor, 1981). During the uptake of metals

across molluscan epithelia, endocytosis has been described. The metals are

transported across the epithelial cells and exocytosed into the blood on the

basal side of the cells, from which they are circulated around the body in

amoebocytes and retained or excreted. There is extensive evidence that

copper in _I:.stagnalis (Spronk et al., 1973) and in §.g1abrata (Cheng and Sullivan,

1974), mercury and iron in I_\_’§.mercenaria (Fowler et al., 1975), cadmium in

Mgedulis (George and Coombs, 1977) and in Protothaca staminea (Roesijadi,

1980), are all taken up by molluscs at a rate that is roughly proportional to

the concentrations in the water. The main blood proteins of molluscs are

the respiratory pigments.

It is generally agreed that the metals are protein bound as soon as they

enter the vascular system so that there is probably a concentration gradient
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inward (Simkiss and Mason, 1983). Evidence in favour of this interpretation

has been provided by George and Coombs (1977), who have shown that ligand

binding of cadmium, iron or lead ions increases the rate at which they enter

l_gf1.§_<i__u_l_i__s. It is possible that mucus binding may provide a ligand source for

increasing metal ion uptake although some workers have suggested intracellular

sources of metallothioneins, copper-chelation or low molecular weight compounds

as alternative mediating molecules (Roesijadi,‘ 1980). George and Pirie ‘;(l980)

have identified a zinc-binding protein in M.edulis. There is also evidence that,

in tissue homogenates, a number of low molecular weight compounds, such as

taurine, lysine and homarine bind metals such as zinc, and copper in Q.edulis

(Coombs, 1974), although it is uncertain whether the complexed metals occur

in the blood or are confined within the tissues. Besides the metal-—bincling

proteins, the other cellular storage systems include metalloproteins (ferritin);

metalloenzymes (iron, copper and zinc containing enzymes; George and Coombs,

1975), and metal containing cells (Pore cells and connective tissue calcium

cells). As with the storage systems, the detoxification system can be separated

into the formation of inorganic precipitates (Bouquegneau and Martoja, 1982),

compartmentation process within membrane limited vesicles of granulocytes

(George et al., 1975; Simkiss and Mason, 1983), binding to specific proteins

(Noel-Lambot, 1973; Talbot and lviagee, "1973; George et al., 1979; Frankenne

et al., 1930; Roesijadi, 1930; 1930-31; Viarengo et al., 19303; 19313; 1934a";

1985), and to accumulation in lysosomes and residual bodies (Viarengo et al.,

1981a).

In the present investigation an attempt is made to find out the haemolymph

protein values in clams of different size groups, and also to find out whether
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there are differences in the values in clams exposed to copper, and challenged

with bacteria.

MATERIALS AND METHODS

Methods of collection of clams, rearing the clams, acclimatisation,

selection of size groups, mode of collection of haemolymph, dosing the clams

with copper, challenging the clams with bacteria, and the statistical analysis

of the data were the same as described in detail in chapter 11. As mentioned

earlier, concentrations of the copper ions used were different in the two

species of clams, but dosage of the bacterial suspension was the same. For

§.scripta the salinity used was 300/00 and for X.cyprinoides var. cochinensis,

it was 15%;.

In the case of §.scripta, 20 clams from each size group, and in the case

of _\[.cyprinoides var. cochinensis, 13 clams from each size group were employed

for the estimation of haemolymph protein in different size groups of clams.

To study haemolymph protein in §_.scripta, dosed with three concentrations

of copper, 330 clams were used for the experimental group (110 clams in each

of the three experimental batches), and the control group consisted of 85 clams.

In the case of X.cyprinoides var. cochinensis the experimental group consisted

of 180 clams, and the control group 60 clams. The size group selected for

both the clams species was 38-40 mm. Haemolymph was withdrawn every

24 hrs for 5 days for the estimation of haemolymph protein from 20 specimens

each of the experimental batches, and 15 from the control group in the case

of §.scripta, and in the case of X.cyprinoides var. cochinensig, from 10 specimens

each of the experimental batches and 10 from the control group, each day.

To study haemolymph protein in §.scripta and gcyprinoides var.cochinensis
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subsequent to bacterial challenge at a concentration of l x 108 cells/0.02 ml,

haemolymph samples were collected at 3, 6, 12, 24, 48, 72, 96 and l20~hr

time period post-challenge. in the case of _S_.scripta, for each time period,

the untampered control group and 2% saline~injected control group consisted

of 20 clams each, and the bacteria-injected experimental group consisted of

30 clams, whereas in the case of _V_.cyprinoides var. cochinensis, they were

15, 15 and 25 respectively.

More clams than the required number were reared as experimentals and

controls anticipating mortality during the course of the experiment.

ESTIMATION OF PROTEIN

Estimation of protein was done by the method of Lowry et al. (lflS‘J51).

Haemolymph was withdrawn and expelled into a clean test-tube. A 0.30 ml

sample of the expelled haemolymph was then pipetted into a centrifuge tube

containing one ml of 10% TCA. It was shaken well and then centrifuged at

2500 rpm for 15 minutes. The supernatant was slowly poured out. The

precipitate was dissolved in one ml of 0.lN NaOH. From this a 0.5 ml sample

was pipetted into a large test-tube, made upto one ml with distilled water.

Five ml of alkaline copper reagent was then added and shaken well. After

10 minutes, 0.5 ml of Folin's Phenol reagent was added and shaken well.

After 45 minutes, the optical density was read at 500 nm. From this optical

density, the corresponding concentrations were found out from the standard

graph employing bovine serum albumin as the standard.
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RESULT

PROTEIN IN THE HAEMOLYMPH OF THE FOUR SIZE GROUPS OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS

The mean value, standard deviation and range of haemolymph protein

in the four size groups of §.scripta are given in the Tablet 11A and those of

y_.gyprinoides var. cochinensis in Table llB. In both cases, when the mean

value of haemolymph protein in different size groups were compared, there

was no statistically significant difference.

PROTEIN IN THE HAEMOLYMPH OF SUNETTA SCRIPTA AND VILLORITA

CYPRINOIDES VAR. COCHINENSIS DOSED WITH THREE

CONCENTRATIONS OF COPPER

Haemolymph protein values in §.scripta and _\{.gyprinoides var. cochinensis

when exposed to three sub-lethal concentrations of copper for five days are

given in Tables 12A and 12B, and Figures 7A and 7B respectively.

In §_.s<_:Liptg, when the mean values of haemolymph protein of 1 ppm

copper-dosed clam were compared with the mean values of the controls, those

of 1 ppm copper-dosed clams were significantly lower at 48 hrs (P< 0.02),

72 hrs (f< 0.05), 96 hrs (f_< 0.02), and 120 hrs (E< 0.01). The mean values

of protein of 3 ppm copper-dosed clams were significantly lower than the

control values at 120 hrs (£410.01). The mean values of control and 5 ppm

copper-dosed clams, on comparison, did not show any significant difference.

When the mean protein values of 1 ppm and 3 ppm copper-dosed clams were

compared, the protein values of 1 ppm copper-dosed clams were significantly

lower at 72 hrs (P<0.05), 96 hrs (__F_’<0.0l) and 120 hrs (f< 0.01). When the

values of 1 ppm and 5 ppm copper-dosed clams were compared, the protein

values of 1 ppm copper-dosed clams were significantly lower at 48 hrs
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(F;-< 0.01), 72 hrs (P_<0.05), 96 hrs (E-< 0.01) and 120 hrs (l_3<0.0l). The values

of 3 ppm copper-dosed clams were significantly lower than the 5 ppm copper

dosed clams at 48 hrs (l:<0.05) and 120 hrs (E< 0.01).

In y_.gyprinoides var. cochinensis, haemolymph protein values in 0.15 ppm

copper-dosed clams were significantly lower than the control values at 24 hrs

(E< 0.01), 48 hrs (E< 0.01), 72 hrs (l:<0.02), 96 hrs (P< 0.02), and 120 hrs
(B< 0.02). When the mean protein values of 0.30 ppm copper-dosed clams

were compared with the values of the controls, the values of 0.30 ppm copper

dosed clams were significantly lower at 48 hrs (_l:<0.0l), 72 hrs (l:-<0.0l), and

96 hrs (F_’-< 0.01). On comparing the mean protein values of 0.45 ppm

copper-dosed clams with the values of the controls, it was found that the

protein values of 0.45 ppm copper-dosed clams were significantly lower at

48 hrs (§’_< 0.05), 72 hrs (E< 0.01), and 96 hrs (E< 0.05). When the protein

values of 0.15 ppm and 0.30 ppm ‘copper-dosed clams were compared, it was

found that the protein values of 0.15 ppm copper-dosed clams were significantly

lower (l:<0.0l) at 120 hrs. When the values of 0.15 ppm and 0.45 ppm
copper-dosed clams were compared, the protein values of 0.15 ppm copper

dosed clams was significantly lower than those of 0.45 ppm copper-dosed clams

at 120 hrs. On comparison, the values of 0.30 ppm and 0.45 ppm copper-dosed

clams did not show any significant difference.

PROTEIN IN THE HAEIVIOLYMPH OF SUNETTA SCRIPTA AND VILLORIT/\_

CYPRINOIDES VAR. COCHINENSIS INJECTED WITH VIBRIO SP.

Haemolymph protein values in _S_.scripta and X.cyprinoides var.cochinensis

at different time periods subsequent to Vibrio—injection are given in Tables

13A and 13B, and Figures 8A and 8B, respectively.
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In §.scripta, the mean values of protein of the saline-injected and

1i_l_>_1_'lc_>_-injected clams did not show any significant difference from the values

of the controls. When the values of saline-injected and y_ip_r_i_g—injected clams

were compared, there was no significant difference.

In _\_/_.g'ginoides var. cochinensis, the mean protein value of saline-injected

controls showed no significant difference with the values of untampered

controls at any time period. The mean value of _\[@r_i_<_)_-injected clams also,

did not show any significant difference with the value of untampered control

at any time period. When the values of the saline—injected and _\_/_i_b_ri_g-injected

clams were compared, there was no significant difference.

DISCUSSION

The mean haemolymph protein values in the four size groups of each

species, §.scripta and _\[.cyprinoides var. cochinensis, showed no significant

difference. In the haemolymph compartment protein/ml remained the same

irrespective of the differences in the size groups in both the species studied.

In the copper—dosing experiments with _S_.scripta, the pattern in protein

values shown by the copper-dosed clams was different depending on the

concentration of copper employed. One ppm copper-dosed clams showed

significantly lower values than the control from 48 hrs onwards upto the end

of the experimental period (120 hrs), whereas 3 ppm copper-dosed clams showed

significantly lower values than the controls only at 120 hrs. Five ppm

copper-dosed clams showed no significant difference in values from the

controls. One ppm copper-dosed clams showed significantly lower protein

values than those of "the 3 ppm copper-dosed clams from 72 hrs onwards,



121

whereas 1 ppm copper-dosed clams showed significantly lower protein values

than those of the 5 ppm copper-dosed clams from 48 hrs onwards. Three ppm

copper-dosed clams showed significantly lower values than those of the 5 ppm

copper-dosed clams at 48 and 120 hrs.

From the results briefly described above, it is evident that the protein

value in the haemolymph compartment in copper stressed condition is a

matter of balance between entry and exit of protein into and out of the

haemolymph compartment. This view is strengthened by the fact that

wherever there is significant difference, within the copper-dosed clams, the

clams dosed with higher concentration of copper showed greater amount of

haemolymph protein. When compared with the controls, the lowest

concentration employed showed significantly lower protein values.

Similar trend in haemolymph protein values is shown by copper-dosed

y_.gyprinoides var. cochinensis also as briefly described below. 0.15 ppm

copper-dosed clams showed significantly lower levels than the controls from

24 hrs onwards upto the end of the experimental period (120 hrs), whereas

0.30 ppm and 0.45 ppm copper-dosed clams showed significantly lower levels

than the contrlos from 48 hrs onwards upto 96 hrs only. The absence of any

significance for the value at 120 hrs is explained as the establishment of the

balance between the entry and exit of protein into and from the haemolymph

compartment. As in copper-dosed §.scripta, here also, the clams dosed with

higher concentration of copper showed significantly higher values, but only

towards the end of the experimental period.

Difference in trend in }/_.c3/Lrinoides var. cochinensis (ie., lower protein

values in all the copper-dosed clams than the control values at 48, 72 and
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96 hrs) from §_.scripta, is attributed to the species difference, and also to

differences in the concentrations of the metal ion used. It may be noted

that George et al. (7984) have reported interspecies differences in the heavy

metal detoxication in oysters.

Many molluscs have a remarkably permeable epidermis so that metal ions

can reach the haemolymph by simple diffusion (Simkiss and Wilbur, 1977).

Though mechanisms for the transport of metals in the blood of molluscs are

not clearly understood, there are, however, numerous examples that show that

metals can rapidly reach the tissues by this route. Various systems for losing

or immobilising metals have been recognised in bivalve molluscs, apart from

the possibility of diffusion. These include the immobilisation of heavy metals

in membrane—bound vesicles prior to their excretion from the kidney (Bryan,

1973‘;/George and Pirie, £1,980; Carmichael et al., 1980; Viarengo et al., 198713;

Simkiss et al., 1982; Calabrese et al., 1934), and by binding to wandering

leucocytes, polysaccharides, amino acids and proteins, eg., metallothioneins

(George et al., l§79; Bryan, l§79; Roesijadi, I980; Viarengo et al., l980a,b’).

In 1 ppm copper-dosed §_.scripta and in 0.15 ppm copper-dosed y_.cyprinoides

var. cochinensig the metal ions entering the haemolymph compartment

(because of the permeability of the epidermis) are removed preventing the

accumulation of copper ions to toxic levels. This is achieved by binding it

with haemolymph protein and the denatured protein is removed from the

haemolymph through the mediation of haemocytes. This is the reason for the

significant drop in the concentration of the haemolymph protein in 1 ppm

copper-dosed _S_.scripta, and in 0.15 ppm dosed }/Jgyprinoides var. cochinensis.

In these clams, exposed to low concentration of copper, alteration in cell
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permeability may be less or nil, resulting in less or no seepage of cytosol

into the haemolymph compartment. Earlier it has been pointed out that in

0.15 ppm copper-dosed Ecyminoides var. cochinensis, there is migration of

metal laden haemocytes to bring down the Cu2+ ions in the haemolymph

compartment, which was manifested as a drop in the number of circulating

haemocytes. ln 1 ppm copper-dosed §_.scripta, on the other hand, though the

removal of ions may be taking place with the involvement of protein (resulting

in a drop in protein values), there was no significant difference in the number

of circulating haemocytes. This is interpreted to mean that in §_.scripta, the

loss of haemocytes from the haemolymph compartment may be balanced by

the mobilisation of haemocytes into the haemolymph.

The role of wandering leucocytes (circulating haemocytes) in bringing

down the metal ions in the haemolymph compartment has been recorded

(George et al., 1976/;(’ Coombs, l£977). Amoebocytes (haemocytes) have been

observed leaving the body by diapedesis after traversing the epithelial layers

of the heart and kidney (Brown and Brown, 1965). The metal, either in a

particulate form or in association with denatured proteins in the blood, are

phagocytosed by amoebocytes in an indiscriminate way (Simkiss and Mason,

1983).

In 3 ppm copper-dosed '_S_.scripta and 0.30 ppm copper-dosed y_.<1prinoides

var. cochinensis also, removal of ions from the haemolymph compartment by

haemocytes is taking place. In _\[.cyprinoides var. cochinensg, the significant

drop in the number of circulating haemocytes points out the above fact. In

§_.scripta at this concentration also, there was no significant difference in the

number of circulating haemocytes, because, even this concentration may not
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be sufficient to alter the balance of haemocyte's exit and entry into the

haemolymph compartment. However, since the concentration of ions is greater

at these levels, the removal of ions by the above-mentioned process alone

may not be sufficient to decrease the cytotoxic effect of copper ions. In

such circumstances, the permeability of the cell membrane is altered and

seepage of protein occurs from within the tissue cells into the haemolymph.

The protein added in this way into the haemolymph may be balancing the loss

of protein caused by removal of denatured protein through the mediation of

haemocytes. The no significance in the haemolymph protein values when

compared with the controls in the case of 3 ppm copper-dosed _S__.scripta upto

96 hrs, and in the case of 0.30 ppm copper-dosed _\_’.cyprinoides var. cochinensis

upto 24 hrs may be due to the entry of protein due to seepage. When the

permeability of the cell mambrane is thus altered by Cu2+ ions in higher

concentration, it leads to seepage of protein into haemolymph compartment

but also results in an alteration of osmolality, and maintenance of osmotic

balance becomes essential to combat the stress. In 3 ppm copper-dosed

§.scripta, this correction of altered permeability sets in between 96 hrs and

120 hrs, whereas in 0.30 ppm copper-dosed y_.cyprinoides var. cochinensis, it

sets in much earlier ie., between 24 hrs and 48 hrs. This correction may be

achieved by the use of a compatible solute system (Brown and Simpson, i972)

involving amino acids along with other solutes. The contribution of protein

degradation to the free amino acid pool may be substantial under certain“

conditions (Bishop et al., 19813. It is possible that while some denatured

proteins are removed by the haemocytes, some are degraded further into

amino acids and these amino acids may also be contributing, at least in part,
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to the amino acid pool. Pickwell and Steinert (1984) have reported that

relatively high initial concentrations of cupric ion seemed to initiate early

increases in haemolymph proteolytic activity above control values. As

mentioned earlier, in 3 ppm copper-dosed _S_.scripta it sets in between 96 hrs

and 120 hrs, and in 0.30 ppm copper-dosed Egyprinoides var. cochinenfi,

between 24 and 48 hrs. When such a correction mechanism is operating, the

protein loss from the haemolymph compartment by the earlier mentioned

metal removing process involving haemocytes (Which were operating all the

time periods) will be more pronounced as there is no entry of protein into the

haemolymph. In this situation, there will be a reduction in the total haemolymph

protein values which is shown by §.scripta at 120 hrs and by _\[.cy1)Linoides var.

cochinensis at 48, 72 and 96 hrs. The loss of protein also cannot be borne

indefinitely, and in _\_/_.cyprinoides var. cochinensis, after 96 hrs the correction

mechanism stops for a while, and more protein may be coming to the

haemolymph compartment again to make good the loss of protein in the

metal detoxication process and this may be a cyclic process. As a result

in y_.gyprinoides var. cochinensis, at 120 hrs, no significant difference in

protein value was observed. In §.scripta, this may occur at a later stage,

ie., after 120 hrs.

In 5 ppm copper-dosed _$_.scripta and 0.45 ppm copper-dosed _\[.gvprinoides

var. cochinensis, since the concentrations of metal ions are the greatest,

here also the membrane permeability is altered and the seepage of protein

occurs. In _S_.scripta it persists during the entire period of the experiment.

in 0.45 ppm copper-dosed y_.ggprinoides var. cochinensis, the seepage is

checked by 24 hrs as in 0.30 ppm copper-dosed clams but starts again after
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96 hrs. This is the reason for the observed no significant difference in

protein values when compared with the controls during the entire period of

the experiment in §.scripta, and upto 24 hrs in y_.cjprinoides var. cochinensis.

In Lgvprinoides var. cochinensis once the correction mechanism sets in by

about 24 hrs, the protein loss from the haemolymph compartment by the already

mentioned metal removing process involving haeniocytes (which were operating

all the time) will be more pronounced as there is no entry of protein into the

haemolymph. In this situation also as mentioned earlier, there will be a

reduction in _the haemolymph protein values, which is shown at 48, 72 and 96

hrs. After 96 hrs more protein may be seeping into the haemolymph

compartment because of the temporary suspension of correction mechanism,

to make good the loss of protein in the metal detoxication process, and this

may be a cyclic process. Again, in §_.scripta, this may be occurring at a later

stage.

In copper-dosed y_.cJprinoides var. cochinensij at 120 hrs, and in _S_.scripta

at all time periods, there is a tendency of protein increase with increasing

metal ion concentration. The neo-synthesised metallothionein—lil<e protein in

response to metal ions may be contributing to this trend in protein increase.

The wide spread occurrence of a low molecular weight, sulphydryl-rich, heat~

stable and soluble metal binding protein in vertebrates and invertebrates is

now well established (Roesijadi, 1980-87). This protein has a high affinity

for various metals, including copper, mercury, silver and zinc (Cherian and

Goyer, 197895, and is highly adapted to form metal complexes. The large

number of cysteinyl residues are actively involved in metal binding and form

mercaptide bonds. They are also characterised by the absence of aromatic
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amino acids and histidine (Vallee, 19%). The induction of metallothionein

synthesis is controlled at the transcriptional level (Roesijadi, I980-8}). Although

Vallee and Ulmer (1972) and Weser and Hubner (1970) have observed that

cadmium can stimulate the activity of RNA polymerase, Viarengo et al. (1982)

have reported reduced synthesis of RNA polymerase I and ll in the digestive

gland cells of copper exposed mussels, and have indicated that this may depend

not upon a direct effect of copper ions on the transcriptional process, as

believed earlier, but rather, on the cytotoxic effect the metal has on the

cytoplasm. Recent studies on molluscs have demonstrated that Cd2+,Cu2+

Hg2*, etc. are able to induce the synthesis of metal1othionein—like proteins

(Casterline and Yip, 197%; Noel-Lambot, 197%; Noel-Lambot et al., 1978;

George et al., 1979; Marshall and Talbot, l97{9; Carmichael et al., 1986,

Viarengo et al., 19865; 1931afb; 1982; 1982ta; 1985; Roesijadi and Hall, 1‘9’81;

among others). The molluscan metal binding protein, however, exhibit certain

properties, not characteristic of metallothioneins (Ridlington and Fowler, 1979}

George et al., 1979; Marshall and Talbot, 1979‘), and are, therefore, often

referred to as metallothionein-like proteins. In general, however, the

similarities between the molluscan proteins and metallothionein appear to be

strong when one considers their metal binding properties.

The general perception of metallothionein as primarily a detoxifying

protein, is altered with the reported occurrence of these proteins in unexposed

animals also. Because of this it is suggested that this protein plays a

regulatory role in the metabolism of metals, such as, Cd, Zn, and Cu

(Roesijadi, 1980-8i; Engel, 1987). Further, Cousins (19835) has indicated that.

it is also involved in stress reactions.and Udom and Brady (l98(L)d’)i and Li et
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al. (1980) have suggested that, besides regulatory, it has a transport function

also in normal physiology.

it may be noted that Viarengo et al. (l980a,b; 198$) have demonstrated

that in the cells of the gill, digestive gland and mantle from mussels exposed

to sub-lethal concentration of Cu2+ , amino acid uptake, overall protein

synthesis, ATP content and the synthesis of RNA polymerase I and II are

significantly reduced. Metal ions are known to inactivate protein molecules

through non-specific binding or cross-linking of essential side chains and by

promoting irreversible denaturation (Ulmer, i970)’.

In )/_il3_rig—injected experiments, the haemolymph protein did not show any

significant variation between the experimentals and the controls during the

entire experimental period in both the clam species used for the study.

Because bacteria are not totally composed of carbohydrates, naturally the

question arises as to what happens to the non-carbohydrate constituents.

Since there is no difference in the protein values in the experimentals, it is

possible, as suggested by Cheng (1975|l,'i that they are expelled from phagosomes

to the exterior. Or the protein may be degraded further into amino acids.

-0



CHAPTER V



ACID PHOSPHATASE ACTIVITY IN THE HAEMOLYMPH OF SUNETTA SCRIPTA

AND VILLORITA CYPRINOIDEIS VAR. COCl-lINENSI_S

The impact of pollutants on an organism is realised as disturbances at

different levels of functional complexity. It includes responses to toxic

environmental chemicals at the sub—cellular and cellular levels of organisation.

In many cases, the earliest detectable changes are associated with a particular

type of sub-cellular organelle, such as lysosomes, endoplasmic reticulum and

mitochondria (Fowler et al., 1975; Sternlieb and Goldfischer, 1973; Moore and

Stebbing, 1976; Moore, 1977', 1986; Zaba and Harris, 1973; George, l983a,b;

Pickwell and Steinert, 1984; Moore et al., 19811; Akberali et al., 1934).

There are many ways in which the structure and/or function of

organelles and cells can be disturbed by toxic contaminants (Slater, 1978).

Toxicological investigations in mammals have shown that much of the damaging

action of environmental xenobiotics is produced by highly reactive metabolites

(Slater, 1978f. It is these activated chemical forms that are responsible for

the initiation of primary intracellular disturbances. These may rapidly spread

into a complex network of associated secondary and higher order disturbances

which become progressively more difficult for the cell to reverse or modify.

In mammalian toxicological studies, study of enzyme activity is a routine

practice, since this provides a method for the determination of subtle, sub-lethal

alterations. When it comes to bivalves, it can give a greater insight on the

nature of mechanisms where there is a greater bioaccumulation of trace

metals which is unparallel. Even to draw on the resources of mammalian

toxicology is of limited value, as what little is known of mechanisms in lower

organisms indicates that they are often markedly different from those of higher
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organisms (Parke, 1981), ‘L

Study of cellular responses to pollutant-induced cell injury may make it

possible to observe alteration in the structural-functional organisation in

individual target cells or groups of cells at an early stage of a reaction to

cell injury, before an integrated cellular response would manifest at the

level of whole animal physiological processes, and long before there were any

changes at the population level (Moore, 19805:

As circumstantially linked to pollutant effects, a number of abnormal

cellular conditions have been reported in mussels and bivalves. These include

the presence of proliferative neoplastic cells in l1i.e_dL1_lis, possibly linked to

exposure to polynuclear aromatic hydrocarbons (Lowe and Moore, 1978:, Mix

et al., 1979):‘ abnormal occlusion of haemolymph sinuses by large numbers of

haemocytes, termed granulocytomas (Lowe and Moore, 197931) which was linked

especially with the presence of pollutant—-related effects at a number of

environmental sites where the mussels were known to be stressed.

More concrete evidence of contaminant-related pathological changes in

cell structure has been obtained from investigations of the hepatopancreas of

marine mussels. This has involved pollutant-induced alterations in the

epithelial cells of the digestive tubules, often leading to epithelial thinning

or apparent atrophy (Couch, 1984): These morphological disturbances have been

quantitatively assessed in l\_ri.edulis in response to water accomodated fraction

of North Sea crude oil (Lowe et al., l98l):/ and in the clam M.mercenaria

in response to benzo(a)pyrene, hexa chlorobenzene and pentachlorophenol

(Tripp et al., 1984:). Lysosomal disruption in mussels in response to copper

and phenanthrene (Pickwell and Steinert, 1982; Moore et al., 19843, extracellular
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release of lysosomal enzymes (Harrison and Berger, 1982), and inhibition of

cellular immunity in molluscs (Cheng and Sullivan, 1984). have also been reported.

Mussels and periwinkles have a proven sensitivity to the sub-lethal chemical

perturbations that may be expressed at the cellular and sub-cellular levels of

organisation (Bayne et al., 1981; 1985; Dixon, 198?).

Lysosomes are an ideal starting point for investigations of generalised

cellular injury in marine molluscs as many cell types in these animals are

particularly rich in lysosomes (Summer, l96§l, and lysosomes are noted for their

compartmentalization and accumulation of a wide variety of organic chemicals

and metals (Allison, 1969; Moore, 1980; George, 1983a,b). And many of these

xenobiotics induce alterations in the bounding membrane of the lysosomes

leading to destabilisation (Viarengo et al., l98la;y Moore and Lowe, 1985).

Investigations of digestive cell atrophy or thinning have revealed that there

is significant increase in lysosomal volume in mussels (i_\_d._e_cQli_s). This increase

in lysosomal volume involved the formation of pathologically enlarged or giant

lysosomes and this alteration is associated with membrane destabilisation or

increased permeability resulting in reduced latency of lysosomal enzymes

(Moore and Clarke, 1982; Moore et al., 1985). Release of degradative

hydrolytic enzymes from the lysosomal compartment into the cytosol may

result from destabilisation of the lysosomal membrane (Moore, 1973; Baccino,

19785/, and such destabilisation may also involve increased lysosomal fusion

with other intracellular vacuoles leading to the formation of pathologically

enlarged lysosomes.

The lysosomal membrane is often a target of injury by xenobiotics.

Injury resulting in destabilisation of the lysosomal membrane bears a
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quantitative relationship to the magnitude of the stress response (Bayne et al.,

19793”;/V 1982)/, and this presumably contributes to the intensity of catabolic

or degradative effects, as well as to the level of pathological change that

results. The destabili.sed membrane allows the release of lysosomal hydrolytic

enzymes into the cytoplasm and extracellular environment (Bayne et al., 1976;

Moore and Stebbing, 197%; Pickwell and Steinert, 19é4).

Lysosome may be important as a detoxication system particularly for

metals (Viarengo et al., 1931‘a; 193'4b; George, 19335.6). As with other

detoxication systems, this process is effective until the storage capacity of

the lysosomes is overloaded, or the lysosomes are damaged directly by the

accumulated contaminant (Moore, et al., 1985). The consequences of these

lysosomai changes would be increased autolysis activity leading to atrophy.

Cytochemical techniques such as the measurement of lysosomal

membrane stability (hydroiase latency) and study of the activity of marker

enzymes, acid phosphatase and alkaline phosphatase, can provide insight into

the mechanisms of xenobiotic-induced cell injury. Caution is required in the

interpretation of lysosomal damage as a primary injury, when it may, in some

instances, be a secondary or higher order effect. This type of approach

provides information on mechanisms involving molecular alterations in the

lysosomal membranes, which undoubtedly contribute to disturbances of the

integration of cellular function (Slater, 1978i:

Also biochemical interpretations of effects in many molluscan (and

mammalian) tissues are often plagued by problems incurred from the fact that

many cell types are present, whereas only a small number of these may be

susceptible to initial damage. Also, the same cell type in various physiological/
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structural states will probably respond quite differently, so it is important to

identify cyclical activity in cells of interest (Lowe et al., 1981? 1982)‘:

Apart from this, there is emerging evidence of modification of cellular

reactions in mixtures of xenobiotics. Chandy and Patel (19853 ‘l have reported

that the tropical blood clam exposed to mercury, selenium and glutathione

individually and in combination showed different effects in lysosomal enzyme

activity in vitro and in vivo. These types of modifications can be subtle

rather than direct is clear from recent work on mussels, where some of the

interactive modifications affected cellular recovery from xenobiotic insult by

copper and phenanthrene, rather than the immediate reactions to cell injury

(Moore et al., 1984}?!

Lysosomal systems has been shown to be very sensitive to changes in

the intra and extracellular environment and subsequently to be involved directly

or indirectly in regulating many physiological and pathological processes.

In mussels and clams, the lysosomal destabilisation has been demonstrated also

in response to hypothermia, and thermal death, starvation, changes in salinity,

exposure to air, experimentally induced spawning, steroid hormone etc.

(Moore et al., l97Sl; Patel and Patel, 1985‘). Autolytic responses, involving

lysosomes, have also been induced in molluscs by parasitic and nutritional

stresses (Thompson et al., 1974‘: Yoshino, 1976; Moore and Halton, 1977).

Besides, challenging with bacteria also causes destabilisation of lysosomes and

subsequent release of acid hydrolases (Cheng, l983;a).

Evaluation of the possible role of lysosomes, in the deposition or

degradation of pollutants including heavy metals, and in the degradation of

micro—organisms like bacteria, could be utilised to quantify the changes in
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lysosomal latency which in turn could be monitored as an index for pollution

caused by biotic and abiotlc factors. This can be achieved through a

knowledge of the concentrations of the important lysosomal marker enzymes.

The present study was, therefore, designed to evaluate the activity pattern

of one of the lysosomal marker enzymes, acid phosphatase, in the haemolymph

compartment of two clam species exposed to different concentrations of copper

and challenged with bacteria.

MATERIALS AND METHODS

Methods of collection of clams, rearing the clams, acclimatisatlon,

selection of size groups, mode of collection of haemolymph, dosing the clams

with copper, challenging the clams with bacteria and the statistical analysis

of the data were the same as described in detail in chapter II. The
concentration of the copper ions, the dosage of bacterial suspension used, and

the salinity used for the two clam species were also the same as described

before.

In the case of §_.scripta, 12 clams from each size group, and in the case

of Lhgyprinoides var. cochinensis, 13 clams from each size group were employed

for studying the haemolymph acid phosphatase activity in the different size

groups selected.

For studying the haemolymph acid phosphatase activity during stress

induced by copper ions, the following setup was used. For §._s£Llp_t_a, the

experimental group consisted of 180 clams (60 in each of the three experimental

batches), and the control group consisted of 60 clams. In the case of _\_'_.

gprinoides var. cochinensis also, the experimental group consisted of 180

clams and the control group 60 clams. Haemolymph was withdrawn every
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24 hrs for 5 days for the estimation of acid phosphatase activity from 10

specimens each of the experimental batches and 10 from the control group,

each day.

For the determination of acid phosphatase activity in the haemolymph of

§.scrlpta and Lcyprinoides var. cochinensis, subsequent to challenge with

bacteria at a concentration of 1x10 cells/0.02 ml, haemolymph samples were

collected at 3, 6, 12, 24, 48, 72, 96 and 120 hr-time period post challenge.

For each clam species, for each time period, the untampered control group,

2% saline-injected control group, and the bacteria-injected experimental group

consisted of 10 clams, each.

In this experiment also, as described earlier, more clams than the

required number were reared as experimentals and controls anticipating

mortality during the course of the experiment.

ESTIMATION OF ACID PI-IQSPHATASE ACTIVITY

Acid phosphatase activity was determined following the methodology of

Sigma technical bulletin (No: 104) with some modifications. To study the

enzyme activity, 0.1M citrate buffer of pH 3.6 was used. The incubation

temperature was 37.4.-0.10 C.

To 1 ml of the frozen buffer containing 100 mM of NaCl, 0.1 ml

haemolymph was added using a 0.1 ml pipette, and immediately frozen till

analysed. At the time of analysis, the buffer-enzyme mixture was kept in

a water-bath at 37° C. When the temperature of buffer-enzyme mixture

reached 37° C, 0.1 ml of substrate (2 mg of p-nitrophenyl phosphate sodium

salt (Merck) in 0.1 ml) was added using a 0.1 ml pipette to start the reaction.

After incubating for one hour at 37°C, the reaction was stopped by adding
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2 ml of 0.25N NaOH. The yellow colour of p-nitrophenol in the alkaline

medium was read at 410 nm. The concentration of p-nitrophenol formed was

found out from a standard graph of p-nitrophenol. Simultaneously, the protein

content of 0.1 ml haemolymph was found as described before. From this

pmoles of p-nitrophenol liberated per mg protein per hour was calculated.

RESULT

ACID PHOSPHATASE ACTIVITY IN THE I-IAEMOLYMPH OF THE

FOUR SIZE GROUPS OF §UNE'I'TA SCRIPTA AND

YILLORITA CYPRINOIDES VAR. COCI-IINENSIS

Table 14A gives the mean value, standard deviation and range of

haemolymph acid phosphatase activity in the four size groups of §.scripta, and

Table 14B shows the same in the four size groups of y_.gprinoides var.

cochinensis. In both these cases when the mean value of acid phosphatase

activity for different size groups were compared, there was no statistically

significant difference.

ACID PI-IOSPI-IATASE ACTIVITY IN THE HAEMOLYMPI-I OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINEN§§

DOSED WITH THREE CONCENTRATIONS OF COPPER

Haemolymph acid phosphatase activity values in §_.scripta and

y_.cJ/prinoides var. cochinensis when exposed to three sub-lethal concentrations

of copper for five days are given in Tables 15A and 15B, and Figures 9A and

9B, respectively.

In §_.scripta, when the values of acid phosphatase activity of 1 ppm

copper-dosed clams were compared with the values of the controls, the values
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of 1 ppm copper-dosed clams were found to be significantly higher at 24 hrs

(_l:< 0.01) and 48 hrs (_l:< 0.01). Acid phosphatase activity of 3 ppm copper

dosed clams were found to be significantly lower than that of the controls

at 120 hrs (l_°_< 0.05). Five ppm copper-dosed clams showed significantly

higher values than the controls at 48 hrs (g< 0.01) but significantly lower

values at 96 hrs (E< 0.05). and 120 hrs (_1=_>_<0.02). The values of 1 ppm copper

dosed clams on comparison with the values of 3 ppm copper-dosed clams, did

not show any significant difference. The values of 1 ppm copper-dosed clams

were significantly higher than the values of 5 ppm copper-dosed clams only

at 24 hrs (E< 0.01). When the values of 3 ppm and 5 ppm copper-dosed clams

were compared, the values of 3 ppm copper-dosed clams were significantly

higher at 24 hrs (E<0.02).

In y_.cyprinoides var. cochinensis, the values of acid phosphatase activity

of 0.15 ppm copper-dosed clams were found to be significantly higher at

24 hrs (§< 0.05), 48 hrs (f’_< 0.05), and 96 hrs (§< 0.01) than the values of the

controls in the respective days. The mean value of 0.30 ppm copper-dosed

clams were significantly lower than the values of the control at 120 hrs

(g-<0.01). The mean values of 0.45 ppm copper-dosed clams were significantly

lower than the mean value of the control at 48 hrs (E<0.02), 72 hrs (i_3_<0.01),

and 120 hrs (E-<0.01). When the mean values of 0.15 ppm and 0.30 ppm

copper-dosed clams were compared, the values of 0.15 ppm copper-dosed clams

were significantly lower at 72 hrs (E-< 0.05), but significantly higher at -96 hrs

(_l3_< 0.01), and 120 hrs (§<0.01). The mean values of 0.15 ppm copper-dosed

clams were significantly higher than the mean values of 0.45 ‘ppm coper-dosed

clams at 48 hrs (E_< 0.01), 72 hrs (f_< 0.01), 96 hrs (E<0.01).and 120 hrs
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(E<0.01). Similarly the mean values of 0.30 ppm copper—dosed clams were

significantly higher than the mean values of 0.45 ppm copper-dosed clams at

48 hrs (E_<0.01), 72 hrs (I_°_<0.01), and 120 hrs (_l?_-<0.0l).

ACID PHOSPHATASE ACTIVITY IN THE HAEMOLYMPH OF

SUNE'l‘I‘A SCRIPTA AND VILLORITA CYPRINOIDQ VAR. COCHINENSIS

WHEN INJECTED WITH VIBRIO SP.

Haemolymph acid phosphatase activity in §_.scripta and y_.gyprinoides var.

cochinensis when challenged with bacteria are given in Tables 16A and 16B,

and Figures 10A and 10B, respectively.

In §_._sgg_i_p_tg, 2% saline-injected controls showed significantly higher values

than the untampered controls at 3 hrs (f_< 0.01). The mean values of _\_/_i__b_r19_

injected clams were significantly higher than the mean values of the untampered

controls at 3 hrs (_l_°_< 0.01), 6 hrs (E< 0.02), 12 hrs (34 0.05), and 24 hrs

(34 0.05). When the mean values of the 2% saline-injected controls and !ii_>_r_i_c_:—

injected clams were compared, the mean values of _\Li_t3r_'_i_<_)_-injected clams were

significantly higher at 12 hrs (E-<0.02),and 72 hrs (§’_~< 0.02).

In y_.gvprinoides var. cochinensis, the mean values of 2% saline—injected

controls were significantly higher at 3 hrs (E-< 0.02). y_iQ;_i_o_-injected clams

showed significantly higher mean values than the controls at 3 hrs (_i_°_< 0.01),

6 hrs (E_< 0.01), and 12 hrs (_E< 0.01). The mean value of 2% saline-injected

clams was significantly lower than the mean value of y_ii)_r_i<_)_-injected clams

at 6 hrs (_I3<o.o1).
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DISCUSSION

In the present study, the mean values of haemolymph acid phosphatase

activity did not show any significant difference among the four size groups

of the clam species studied. This shows that under normal conditions, the acid

phosphatase activity will not vary significantly among the size groups.

In copper-stress experiments with §.scripta and y.clprinoides var. cochinensis,

the pattern of peak activity clearly shows that in the haemolymph the acid

phosphatase activity is determined by its synthesis, its release into the

haemolymph compartment and its final loss. In the two clam species studied,

the differences in the time—periods, showing the maximum and minimum mean

activities, are attributed to species difference, and to the concentrations of

the metal ions used. Apart from these, the onset of destabilisation, and

reduction of latency of enzyme also influence the activity pattern of the

enzyme.

There are reports that many of the xenobiotlcs induce alterations in the

bounding membrane of the lysosomes leading to destabilisation (see review,

Moore and Lowe, 1985). This destabilisation causes release of hydrolytic

enzymes from the lysosomal compartment into the cytosol (Moore, 1976;

Baccino, 1978: and others), and such destabilisation may also involve increased

lysosomal fusion with other intracellular vacuoles leading to the formation

of pathologically enlarged lysosomes. In the light of these reports, the observed

increase in haemolymph acid phosphatase activity in §.£ip_t_a_ dosed with 1

ppm copper and in gcyprinoides var. cochinensis dosed with 0.15 ppm copper

in the early time periods is interpreted as the release of the enzyme into the

haemolymph compartment from lysosomes as a result of destabilisation of
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lysosomal membrane. This may have also resulted from the cytotoxicity of

copper ions through increased turn over of organelles, and hence, increased

lysosomal activity resulting in increased release of lysosomal enzymes. Such

an explanation was also given by Koenig (196§l, Norseth (1968), and Roesijadi

(1980) "”for increased lysosomal enzyme activities in organisms exposed to sub

lethal concentrations of metal ions. It is also possible that, the lowest copper

ion concentration used in the present study was readily detoxified before

significant lysosomal damage took place. in this context it is worth mentioning

the presumption of Chandy and Patel (198%) that at lower concentrations the

metal ions that have entered the system are engulfed into lysosomes and

subsequently transformed into biologically inactive forms. There is reason

to believe that the presence of metal ions causes increased production and

release of acid hydrolases into the haemolymph, and subsequently the metal

ions, in non-toxic forms, are taken into the lysosomes of haemocytes and

eventually removed. This transformation and inactivation of metal ions, are

probably carried out by the acid hydrolases released from lysosomes. In

comparatively low concentrations of copper, the transformation and

inactivation of the metal ion are carried out by the lysosomal enzymes

normally present in the haemolymph although the presence of metal ions may

lead to a hypersynthesis of lysosomal enzymes. The hypersynthesised enzyme

is not immediately made use of, and this is reflected as increased enzyme

activity in the early time periods. But in the later time periods, the

hypersynthesised enzyme is also made use of for the inactivation and

transformation of the metal ion as the clams are still under exposure to copper,

and hence, no significant difference in the values are noticed in the later time
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periods. Since destabilisation has already taken place in the early time periods,

it is also possible that the enzyme is not released in significant amount into

the haemolymph and hence no significant difference in the activity values

at later time periods. The hypersynthesis of acid hydrolases, in situations

like this, has been well explained by Cheng (1983a,b), and Cheng and Mohandas

(l985l/ with the ‘involvement of recognition sites on molluscan haemocytes.

In §.scripta dosed with 3 ppm copper and in Lcyprinoides var. cochinensis

dosed with 0.30 ppm copper, the absence of increased enzyme activity in the

early time periods may be due to two reasons: (1) because of the higher metal

ion concentration, the peak enzyme activity (because of destabilisation of

lysosomes) might have taken place much earlier, ie., before 24 hrs, or (2)

because of the concentration of the metal ion was higher, the
hypersynthesised enzyme was also made use of from the very first day itself

for modification and inactivation of metal ions, and hence no significant

difference need be expected in the values in the initial time periods. However,

as the clams continue to be under metal—exposure condition, the higher

concentration of copper has affected the synthesis of the enzyme also, and

this is reflected’ as a significant drop in the enzyme activity by 120 hrs.

The above mentioned two reasonings are applicable in the case of

§.§c_:;i_pia dosed with 5 ppm copper, and _\_I_.cyprinoides var. cochinensis dosed

with 0.45 ppm copper. The pattern of activity, however, is different in the

sense that since the concentrations used were the highest, the adverse effect

of metal ions on the synthesis of the enzyme had started much earlier. With

the result, the significant drop in haemolymph enzyme activity in _S_.g:r_i})t_a

started by 96 hrs, and in Lcyprinoides var. cochinensis by 48 hrs.
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When we look at the data, it is evident that at certain time period

between two time periods, in the experimentais, the enzyme activity value

has shown significant or no significant difference from the controls at the

respective time periods. In 5 ppm copper-dosed §.§c_flp;a, the value at 72 hrs

does not show significant difference, but at 48 and 96 hr-time periods they

do. The value at 48 hrs is significantly higher but those at 24 and 72 hrs

are not. Similarly in ggyprinoides var. cochinensis in 0.15 ppm copper-dosed

clams the value at 72 hrs is not significantly higher or lower but the values

at 48 and 96 hr-time periods show significant variations. The same is the case

with the value of 0.45 ppm copper-dosed clams at 96 hr-time period when no

significant difference was noticed. This difference in the pattern of activity

is explained in the following way. It is noted that lysosomes even in single

cell types are quite variable in their enzymatic constitution (Dean, 1977)‘; and

the heterogeneity in size and shape reflects the divergent functional activities

of lysosomes in different cell types (Schellens et al., 1977).; Moreover,

the cytoplasmic granules in the granulocytes of several species of molluscs

have been considered to be true lysosomes (see Mohandas et al., 1985). The

finding of Yoshino and Cheng (1976a) that not all of the cytoplasmic granules

within the granulocytes of l\_/-Lmercenaria include acid phosphatase activity

prompted them to suggest that these vesicles represent a chemically heterogenous

population or there is a non-synchronised chemical cycle which occures within

the granules (lysosomes). In the present study, the observed differences in

the pattern of haemolymph acid phosphatase activity is attributed to the

non-synchronised chemical cycle occurring in the lysosomes.

_It has been reported that integrity of lysosomal membrane is adversely
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affected by Hg2+ ions, resulting in subsequent release of acid hydrolytic

contents into the cytoplasm (Verity and Relth, 1967;‘ Lauwerys and Buchet,

1972), A similar association between lysosomal system and heavy metals has

also been reported in marine lamellibranchs, especially in l\_fl.edulis (Moore, l977;"“

Lowe and Moore, 1979b; George et a1., 1982i. Roesijadi U980)“ observed

increased activity of acid phosphatase in the gills of the clam gstaminea at

sub-lethal exposure to copper. In lower concentrations of copper, Pickwell

and Steinert (1984) found that haemolymph lysozyme levels in l_\__ri._g<_iyE_ did not

differ significantly from the control values. In their experiments with

§s_.granosa, Chandy and Patel (l985f observed that Hg, Se and glutathione,

either alone or in combination had no significant effect on acid phosphatase

activity, in vivo, but in vitro inhibition of arylsulphatase and acid phosphatase

depending upon the concentration of mercury used and inhibition of acid

phosphatse activity by selenium were also observed. They concluded that clams

exposed to these, individually or in combination showed different effects on

lysosomal enzyme activity in vivo and in vitro. it is also known that heavy

metals inhibit the activities of several enzymes (Dixon and Webb, 1967):

Yoshino et al. (H566) have shown that Hg2+ inhibits enzymes of Kreb's cycle.

Have (1969), Sporn et al. (1970), Vallee and Wacker (1970) have found that

cadmium influences the rate of action of certain enzymes by activation,

inactivation, uncoupling reactions or mechanisms yet to be defined. Webb

(1966)? and Jakim et ai. (1970) reported that heavy metals usually inhibit

enzymatic and metabolic process in vitro. Jackim (1974) who studied the

influence of cadmium, copper, lead and silver on the activities of xanthine

oxidase, acid and alkaline phosphatases, catalase, Na+ and K + ATPase, and
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Mg 2+ A'l‘Pase in vivo and in vitro showed that there are no consistent

relationships between in vitro effects of the metal on enzyme (which are

usually inhibitory) and the effect of exposing the whole animal to the same

metal. This report clearly shows that the effect of heavy metal ions is not

a direct effect alone. It acts on the membrane system of the cell also, and

the observed effect of enzyme activity when the whole animal is exposed to

a metal is the result of a combination of the above two or more reactions

of heavy metal ions with the various cytosystems. In l\_/l._<a_cl1.1_l_i§, -concentration

dependent labilisation of lysosomes was observed on exposure to copper

(Harrison and Berger, 1982')’; no significant reduction in lysosomal integrity

when copper concentration was low, but significant reduction in lysosomal

latency when the concentration was the highest.

In general, the higher the heavy metal ions, the lesser will be the

synthesis, storage, and release of the enzymes, and alteration in membrane

permeability and/or membrane destabilisation caused by metal ions in higher

concentrations will result in lesser enzyme turn over-ie., lesser synthesis,

storage, and release which will reflect as lesser enzyme activity in the

haemolymph.

In §.§g:_r_ip;tg injected with _\[_ib_1'ig sp. the acid phosphatase activity was

significantly higher from 3 hrs upto 24 hrs whereas in Lcyprinoides var.

cochinensis it was from 3 hrs upto 12 hrs. This is interpreted as the release

of this hydrolytic enzyme from the lysosomes in response to a biotic challenge.

Studies by Cheng (19753, Cheng et al. (19755 and Foley and Cheng (1977) on

M.mercenaria; Cheng and Rodrick (1974) and Cheng and Yoshino (19763) on

l\_/lya arenarg; and Cheng and Yoshino (1976b'l, Cheng et al. (197§; l9'l8a,b)
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Cheng and Butler (1979) and Cheng and Mohandas (1985) on §.g1abrata have

demonstrated that challenge with heat-killed and/or live §.megaterium results

in the hypersynthesis of lysosomal enzymes within haemocytes and subsequent

release of these hydrolases into serum. It may be noted that intense staining

for acid phosphatase activity was observed in the haemocytes of _$_.s_c:_r_i_[1t_a

and Lcyprinoides var. cochinensis, 2 hr post—challenge with _‘_J_il_)_1j_g sp., in vltro.

That the lysosomal enzymes released from the granulocytes into the serum

act on bacterial cell walls, causing their degradation is evident from the

work of Cheng (1975; 1977‘a,b) and Mohandas et al. (1935). From these

contributions, it appears that the partial degradation of bacterial cell wall,

at least of certain species, may be a pre-requisite for endocytosis of bacteria

by granulocytes. It may also be noted that the release of lysosomal enzymes,

into serum subsequent to bacterial challenge is through degranuiation (Cheng,

1975; Cheng et al., 1975; Foley and Cheng, 1977; Mohandas et al., 1985)

and is not due to the disruption of cell membrane (Cheng et al., 1973;

Mohandas et al., 1985; Mohandas and Cheng, 1985b). it may also be noted

that the degranuiation is not restricted to actively phagocytosing cells, but

in enhanced during phagocytosis (Foley, 1974; Cheng, 1975; Foley and Cheng,

1977).

This investigation, as well as that of Jyodhirmyi and Rao (1987): reveal

that just as in vertebrates, changes in the haemolymph enzyme activity

profiles as a result of exposure to pollutants, parasitism or challenge with

bacteria, can be of significant diagnostic value.

The observed increase in enzyme activity at 3 hrs in the 2°/o saline—injected

calms of both the species, may be due to the tissue trauma. Cheng et al.

(1977):. in §.glabrata found an elevated lysozyme-like activity both in water

and bacteria injected clams.



CHAPTER VI



ALKALINE PHOSPHATASE ACTIVITY IN THE HAEMOLYMPH OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS

As described in chapter V, the lysosomal membrane is often the target

of injury by xenoblotics. Injury resulting in destabilisation of the lysosomal

membrane bears a quantitative relationship to the magnitude of the stress

response (Bayne et al., 1979a; 1982), and this presumably contributes to the

intensity of cataboiic or degradatlve effects, as well as to the level of

pathological change that results. Literature concerning this has been briefly

reviewed in chapter V.

Apart from the lysosomal detoxication systems, many organic xenobiotics

are metabolised by the microsomal‘ (smooth endoplasmic reticulum) cytochrome

P-450 dependent monooxygenases. Some of these toxic chemicals can stimulate

the proliferation of the smooth endoplasmic reticulum and/or its associated

monooxygenases, and cytochrome P-450 reductase (Conney and Burns, 1972).

Though no detoxication system has been implicated for the plasma

membrane, its" behaviour towards a xenobiotic insult is of interest. Plasma

membrane which forms the bounding membrane will be the first membrane

to confront a xenoblotic insult. ‘ Since it has been reported that destabilisation

of the lysosomal membrane as a result of injury by xenobiotics, bears a

quantitative relationship to the magnitude of the stress response (Bayne et al.,

1979a; 1982; and others), it is of interest to study whether the same

destabilisation occurs in the plasma membrane. For this alkaline phosphatase,

which is considered as a marker enzyme for the plasma membrane (Bogitsh,

1974):) is selected, and its activity followed during the stress imposed by abiotic

(copper) and biotic (bacteria) agents for a period of 120 hrs. A large number
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of metalloenzymes, and metal ion-activated enzymes are now known. A variety

of metals, including copper and zinc, are involved structurally in the formation

of metalloenzymes in molluscs; and alkaline phosphatase is one among these

enzymes (George and Coombs, 1975).

Alkaline phosphatase also catalyses the hydrolytic cleavage of phosphoric

acid esters with pH optimum in the alkaline range. In bivalves, Narain (1973)

states that there are indications that the phosphatase activity of the

amoebocytes is somehow involved during the process of transfer and deposit

of shell material.

MATERIALS AND METHODS

Methods of collection of clams, rearing the clams, acclimatisation, dosing

the clams with copper, challenging the clams with bacteria and the statistical

analysis of the data were the same as described in detail in chapter 11. The

concentration of the copper ions, the dosage of the bacterial suspension used,

and the salinity used for the two clam species were also the same as described

before.

In the case of :.~‘._.s_c:1-_i_1)__tg, 12 clams from each size group, and in the case

of y_.cyprinoides var. cochinensis, 13 clams from each size group were employed

for studying the haemolymph alkaline phosphatase activity in the different

size groups selected.

For studying the haemolymph alkaline phosphatase activity in the two

clam species during stress induced by copper ions, the experimental setup was

the same as described in chapter V for acid phosphatase.

For studying the alkaline phosphatase activity in the haemolymph of

§_.scripta and ficyprinoides var. cochinensis, subsequent to challenge with
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bacteria, the same experimental setup as described in chapter V was used.

In this experiment also, as described earlier, more clams than the required

number were reared as experimentals and controls anticipating mortality during

the course of the experiment.

ESTIMATION OF ALKALINE PHOSPHATASE ACTIVITY

Alkaline phosphatase activity in the haemolymph was determined following

the methodology of Sigma technical bulletin (No: 104) with some modifications.

To study the enzyme activity, 0.05M glycine-Na0H buffer of pH 9.6 was used.

The incubation temperature was 37 10.10 C.

To 1 ml of the frozen buffer containing 100 mM of NaCl and 0.1 mg

of MgCl2 , 0.2 ml of haemolymph was added using a 0.2 ml pipette, and
immediately frozen till analysed. At the time of analysis, the buffer—enzyme

mixture was kept in a water-bath at 37° C. When the temperature of the

buffer—enzyme mixture came to 37° C, 0.1 ml substrate (2 mg of p-nitrophenyi

phosphate sodium salt (Merck), in 0.1 ml) was added using a 0.1 ml pipette to

start the reaction. After incubation for one hour, the reaction was stopped

by adding 10 ml of 0.05N NaOH. The yellow colour was read at 410 nm.

The concentration of p-nitrophenol was found out from a standard graph of

p-nitrophenol. Protein content of 0.2 ml ghaemolymph was found out

simultaneously and activity was expressed as pmoies of p-nitrophenol liberatedl

mg protein/hour.
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RESULT

ALKALINE PHOSPHATASE ACTIVITY IN THE

HAEMOLYMPH OF THE FOUR SIZE GROUPS OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS

Table 17A gives the mean value, standard deviation, and range of

haemolymph alkaline phosphatase activity in the four size groups of §.scripta,

and Table 17B shows the same in the four size groups of Lgyprinoides var.

cochinensis. In both these cases when the mean values of alkaline phosphatase

activity for different size groups were compared, there was no statistically

significant difference.

ALKALINE PHOSPHATASE ACTIVITY IN THE HAEMOLYMPH OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS,

DOSED WITH THREE CONCENTRATIONS OF COPPER

Haemolymph alkaline phosphatase activity values in §.§§_r_ip_t_a_ and

_\j.cyprinoides var. cochinensis when exposed to three sub—lethal concentrations

of copper for five days are given in Tables 18A and 18B, and Figures 11A and

11B, respectively.

In §.s;r_ipt_a, when the values of alkaline phosphatase activity of 1 ppm

copper—dosed clams were compared with the mean values of the controls, the

mean values of 1 ppm copper-dosed clams were found to be significantly higher

at 24 hrs (_E<0.02), 72 hrs (E-<0.0l), 96 hrs (_I_’_<0.0l), and 120 hrs (E-<0.0l).

The 3 ppm copper-dosed clams showed significantly higher values than the

controls at 96 hrs (f_< 0.01), and 120 hrs (_l?_<0.0l); and 5 ppm copper—dosed

clams showed significantly higher values than the controls at 24 hrs (E< 0.01),

72 hrs (E-< 0.05), 96 hrs (F_’<0.0l), and 120 hrs (f_<0.0l). When the mean
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values of 1 ppm and 3 ppm copper-dosed clams were compared, 1 ppm copper

dosed clams showed significantly higher values at 72 hrs (E-<0.05), and 120

hrs (E-< 0.01). The mean values of 1 ppm copper-dosed clams did not show

any significant difference when compared with the values of 5 ppm copper

dosed clams. When the mean values of 3 ppm copper-dosed clams were

compared with the values of 5 ppm copper-dosed clams, 5 ppm copper-dosed

clams showed significantly higher values at 24 hrs (E< 0.02), and 120 hrs

(£< 0.02).

In X.cyprinoides var. cochinensis, the mean values of 0.15 ppm, 0.30 ppm

and 0.45 ppm copper-dosed clams showed no significant difference from the

mean values of the controls, during the entire experimental period. The mean

values of 0.15 ppm copper-dosed clams were significantly lower at 96 hrs

(_E< 0.02) but significantly higher at 120 hrs (E-< 0.05) when compared with the

mean values of 0.30 ppm copper-dosed clams. The mean values of 0.45 ppm

copper-dosed clams were significantly lower than the values of 0.15 ppm copper

dosed clams at 72 hrs (_I3<0.01), and 120 hrs (£40.01). Similarly, the mean

values of 0.45 ppm copper-dosed clams were significantly lower than the values

of 0.30 ppm copper-dosed at 96 hrs (fi<0.05).

ALKALINE Pl-IOSPHATASE ACTIVITY IN THE HAEMOLYMPI-I OF

SUNETTA SCRIPTA AND VILLORITA CYPRINOIDES VAR. COCHINENSIS,

WHEN INJECTED WITH VIBRIO SP.

Haemolymph alkaline phosphatase activity values in S.scripta, and

Lcyprinoides var. cochinensis when challenged with bacteria are given in

Tables 19A and 19B, and Figures 12A and 12B respectively.

In _S__.scripta, the mean values of the 2% saline—injected clams. were
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significantly higher at 48 hrs (§<0.01) than the values of the untampered

controls. The values of _\lLi>_r;i£>_-injected clams were significantly higher than

the control values at 72 hrs (_E<0.0l), and 96 hrs (E-< 0.05). When the mean

values of the Xi_tfl9_—injected clams were compared with the values of 2%

saline-injected clams, the _\fli;_ig-injected clams showed significantly lower values

at 48 hrs (_l3<0.05) but significantly higher values at 72 hrs (_E_< 0.02).

In gcyprinoides var. cochinens_i§, the mean value of 2% saline-injected clams

showed significantly higher values than the controls at 72 hrs (E<0.05), whereas

the y_ib_ri_g—injected clams showed significantly higher values at 72 hrs (3-4 0.05),

96 hrs (§< 0.05), and 120 hrs (_Ij< 0.02). When the mean values of 2% saline—

injected and _\_’_i_tgi_o_—injected clams were conpared, the _\fl>_ri_o-injected clams

showed significantly higher values at 96 hrs (_i3_< 0.01), and 120 hrs (£40.01).

DISCUSSION

In this study also, the mean values of haemolymph alkaline phosphatase

activity in the two clam species did not show any significant difference among

the different size groups. This shows that normally, the alkaline phosphatase

activity will not vary significantly among the size groups.

In copper-dosed experiments, in __S_.s_ci;i}>_t§1, 1 ppm copper-dosed clams showed

significantly higher alkaline phosphatase activity at 24, 72, 96‘ and 120 hrs,

whereas acid phosphatase activity (in the previous experiment) showed significant

increase only at 24 and 48 hrs, than the controls. Clams dosed with 3 ppm

copper showed significantly higher alkaline phosphatase activity at 96 hrs and

120 hrs, whereas acid phosphatase activity was significantly lower at 120 hrs
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on comparing with the controls. When the values of the 5 ppm copper-dosed

clams were compared with the control values, alkaline phosphatase activity

was significantly higher at 24, 72, 96 and 120 hrs, whereas acid phosphatase

activity was significantly higher at 48 hrs but significantly lower at 96 and

120 hrs.

In y_.cyprinoides var. cochinensis, dosed with copper, 0.15 ppm copper-dosed

clams showed no significant difference in the alkaline phosphatase activity during

the entire experimental period when compared with the controls, whereas

significantly higher acid phosphatase activity values were shown by the 0.15

ppm copper-dosed clams at 24, 48, and 96 hrs. Clams dosed with 0.30

ppm copper also did not show any significant difference in alkaline

phosphatase activity whereas acid phosphatase showed a significant decrease

in activity at 120 hrs. When values of the 0.45 ppm copper-dosed clams were

compared with the control values, alkaline phosphatase activity showed no

significant variation, whereas acid phosphatase activity showed significantly

lower values at 48, 72 and 120 hrs.

From a comparison of alkaline and acid phosphatase activity patterns in

the same time periods in §_._§_cgp_t3 and y.cyprinoides var. cochinensis, it is clear

that the two enzymes need not be released simultaneously into the haemolymph

compartment. This study gives an insight into the efficient mechanism of

compartmentalization of enzymes in different membrane systems.

Since, in clams dosed with different concentrations of copper, the values

of alkaline phosphatase activity showed either non-significant variation (as in

Lcyprinoides var. cochinensis), or were significantly higher (as in _S_.scripta),

it is apparent that only destabiiisation of the plasma membrane has happened,
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resulting in the release of the enzyme but synthesis was not affected. But

in the case of acid phosphatase activity, the destabilisation of lysosomal

membrane had taken place in the early time-periods, and in later time-periods,

and also in higher concentrations of copper, the synthesis of the enzyme was

also affected. Obvious from the data are the information that (1) the metal

ion has different effects on different enzymes, and (2) the release pattern of

the enzymes need not coincide. Although Cheng and Rodrick (1975), and

Huffman and Tripp (198?) have treated alkaline phosphatase as one of the

lysosomal enzymes, the data from the present study do not give enough

supporting evidence to share this view mainly because lysosomal membrane

destabilisation has not resulted in simultaneous release of both the enzymes.

However, considering the fact that (1) lysosomes even in a single cell type

are quite variable in their enzymatic constitution (Dean, 1975), (2) there are

different sub-populations of haemocytes- molecularly and antigenically

distinct- with some degree of functional compartmentalization (Yoshino and

Granath, 1985), and (3) different sub-populations may show different lysosomal

enzyme activities, and the particular challenging agent may evoke the same

or different stimulus in the different sub-populations resulting in the release

of one or several types of lysosomal enzymes (Mohandas, 19853, it is possible

that the observed difference in the release pattern of the two enzymes, may

be due to the non-synchronised chemical cycle within the cell, as suggested

by Yoshino and Cheng (19763).

In _$_._s_c_r_iJ_>ta_, the y_i_|_);i9_-injected clams showed significant higher activity

than the controls at 72 and 96 hrs, whereas significantly higher acid phosphatase

activity was seen at 3, 6, 12 and 24 hrs. The saline-injected clams showed
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significantly higher activity at 48 hrs than the controls, but the acid phosphatase

activity of saline-injected clams was significantly higher at 3 hrs.

In ggyprinoides var. cochinensis, the E-injected clams showed
significantly higher activity than the controls at 72, 96, and 120 hrs, whereas

significantly higher acid phosphatase activity was shown at 3, 6 and 12 hrs.

The saline-injected clams showed significantly higher alkaline phosphatase

activity than the controls at 72 hrs whereas the acid phosphatase activity

showed significantly higher values in saline-injected clams at 3 hrs.

In §.scripta and _\_’.gyprinoides var. cochinensis, challenged with bacteria,

the increase in alkaline phosphatase activity does not coincide with the increase

in acid phosphatase activity. Acid phosphatase is a lysosomal hydrolysing

enzyme, and discharge of lysosomal hydrolases has been implicated in internal

defence (Cheng, 1975): whereas alkaline phosphatase activity has been implicated

in the deposit of shell material (Narain, 1975). The function they perform

in the body is different, and hence the observed non-coincidence in their

activity.

The role of haemocyte plasma membrane in the uptake of bacteria is

well documented (Mohandas, 1985). It is also known that the bacteria that

are endocytosed have altered body structure caused by the action of iysosomal

enzymes, including acid phosphatases (Cheng, 197713, 1978; Mohandas, 1985).

Since the uptake of bacteria takes place subsequent to the alteration of

bacterial cell wall, the higher activity of acid phosphatase in the early time

periods to effect alteration of bacterial cell wall; and the higher activity of

alkaline phosphatase in the later time periods, probably right at the time of

uptake of bacteria involving haemocyte plasma membrane, may be correlated.
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During saline and bacterial injections, when the shell is opened for

inserting the needle some damage to the shell occurs in both the clam species.

Since _\[.gyprinoldes var. cochinensis has a thin shell, the damage is more in

this species. It was observed that, by about 72 hrs onwards, the shell margin

at the site of damage was slowly being covered by a leathery membrane.

The significant increase in alkaline phosphatase activity also starts at that

time period. So, the increase in alkaline phosphatase activity is considered

also as a response towards shell repair. Alkaline phosphatase activity has been

implicated in the deposit of shell meterial (Narain, 1973). In the shell

regeneration process only the contribution of alkaline phosphatase is probable

because shell deposition is possible only in the alkaline pH. This view is

supported by the fact that calcium from the shell is taken to buffer the

lowering of pH during anoxia or hypoxia (Crenshaw and Neff, 1965; Richardson

et al., 1931} Wilbur and Saleuddin, 19335’. The fact that saline-injected clams

of the two species showed significantly higher alkaline phosphatase activity

at 48 and 72 hrs, and the Vi_l>rig—injected ones from 72 hrs onwards indicates

that both the explanations may be true and valid.



CHAPTER VII



LACTIC ACID IN THE HAEMOLYMPH OF SUNETTA SCRIPTA

It is well known that heavy metal ions when present above threshold

concentrations in marine ecosystems act as pollutants to organisms. In

pollution bioassay studies, estimation of oxygen consumption is a routine

practice to assess the metabolic rates of the test animals. But the lowest

estimated rate based on oxygen uptake does not necessarily apply to situations

in which metabolism is partly or totally anaerobic (de Zwaan, 198:3). Bivalves

are known for their ability to engage in anaerobic metabolism during stress.

Therefore, estimation of metabolic rates in these invertebrates during total

or partial anaerobiosis must also involve the biochemical analysis of

end-products together with the determination of oxygen uptake. By identifying

the end-products accumulated during glycolytic fermentation, the ATP equivalent

can be derived for each identified end-product from the reaction sequences

of giycolytic fermentation. By adding to the catabolic ATP production the

net utilisation of energy reserves from the phosphagen and ATP pools, the

total ATP consumption rate can be obtained (de Zwaan, 1981;). This indirect

method has been applied to assess the metabolic rate in a variety of bivalves

(de Zwaan and Wijsman, 1976; Ebberink et a1., 1979? de Zwaan et ai., 1986;

Glide, 1986; Meinardus and G°ade, 1981; Livingstone, 1985; and others).

Switching over to anaerobic metabolism under anoxic and hypoxic conditions

does not necessarily mean that aerobic metabolism does not occur at reduced

oxygen tension. Livingstone and Bayne (1974, 1977), de Zwaan and de Bont

(1975), Mangum and Burnett (1975), among others, have recorded the operation

of both the pathways in bivalves at reduced oxygen tensions. in all animals

where anoxia leads to an activation of the phosphoenolpyruvate carboxykinase
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pathway resulting in the production of succinate or a derivative, other routes,

employed either to maintain redox balance or to gain ATP by substrate level

phosphorylations, may lead to the accumulation of a variety of other

intermediates (Kluytmans et al., 1980}.

Investigations on anaerobic metabolism in moliuscs have revealed increasing

complexity and flexibility regarding the number of end-products formed. In

bivalves, besides the classical end-products, such as succinate, lactate, octopine,

and alanine, volatile fatty acids and _l\_l—carboxyethy1 alanine have also been

detected (Kluytmans et al., 1975, 1978’/;' Coliicutt and Hochachka, 1977:).

Contributions from India relative to the effects of trace metal pollutants

on bivalves have dealt, mostly, with acute toxicity and uptake kinetics. Very

little information is available on metabolic end-products in specific organs

under prevailing anoxic and/or hypoxic conditions subsequent to complete or

partial valve closure as a result of exposure to pollutants. However, Lakshmanan

and Nambisan (1985? have reported that in whole tissues of the bivalves

Perna viridis and Villorita cyprinoides var. cochinensis the lactic acid levels

increased but glycogen levels decreased with increasing lethal concentrations

of Cu 2+ and Hg 2+ ions over a period of 2, 4 and 24 hrs.

Bivalves have an open circulatory system and the body tissues are

continuously bathed in haemolymph. Since haemocytes and haemolmph are

involved, among other functions, in nutrient digestion, transport, and excretion,

end-products formed in one specific organ can be removed from the production

site to other organs for storage or other cyclical activities. Thompson et al.

(1978) ‘/have stated that haemolymph functions as a "sink" into which the

tissues deposit ammonia and probably other metabolic end-products after a
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period of anaerobiosis. Moreover, an analysis of end-products may provide

initial clues as to the type of metabolism that occurs while under environmental

stress. With these views in mind, and as a prelude to detailed studies on

end-product accumulation in specific organs of bivalves under anoxic/hypoxic

conditions, an experiment was designed to determine the levels of lactic acid

in haemolymph of the marine clam Sunetta scripta exposed to two sub-lethal

concentrations of Cu 2+ and l~lg2+. The sub-lethal concentrations were determined

as a result of pervious bioassays.

MATERIALS AND METHODS

Methods of collection of clams, rearing the clams, acclimatisation, mode

of collection of haemolymph, dosing the clams with copper and the stati~ ;_ical

analysis of the data were the same as described in detail in chapter II. But

the concentration of copper employed was different. In addition to copper,

mercury was also used in this study. Clams of the size group 35-40 mm were

selected for the experiment.

To study the haemolymph lactic acid levels, 60 clams were transferred

to each of the four 15-litre tanks. The four tanks were filled with filtered

seawater and dosed with 1 and 3 ppm of copper, and 1 and 3 ppm of mercury

ions, respectively. These four batches of clams constituted the experimental

group. The 60 clams changed to the 15-litre tank filled with filtered seawater

served as controls. The water was changed daily and the metal ion
concentrations in the experimental tanks were maintained at their respective

levels throughout the experimental period of 5 days. Feeding was stopped

during the experimental period, and particular care was taken to ensure that

in none of the tanks was crowding,_oxygen, temperature and/or salinity acting
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as limiting factors.

At every 24 hrs for 5 days, 1.0 to 1.5 ml of haemolymph was withdrawn

from the adductor muscle of each of the 10 clams from the experimental group,

and expelled into clean 5 ml centrifuge tubes and used within 2 min. Collection

of haemolymph samples from clams comprising the control group was identically

carried out.

ESTIMATION OF‘ LACTIC ACID

The quantitative determination of lactic acid in the haemolymph, was

done following the method of Barker (1957). A 0.5 ml sample of haemolymph

from each clam of the control and experimental groups was discharged into

5-ml centrifuge tubes containing 1 ml of 5% TCA within 2 min of collection.

The supernatant was decanded and 1 ml of this supernatant was taken into

a centrifuge tube. To this ,1 ml of 20% CuSO4 solution and 3 ml of distilled
water were added and shaken well. Approximately 1 gm of powdered

Ca(OH) 2 was added, and shaken well. The mixture was allowed to stand at

room temperature for 30 min, with occassional shaking, and was then

centrifuged. Duplicate aliquots of 1.0 ml of the supernatant fluid were carefully

withdrawn from beneath any surface particles and the outside of the pipette

wiped clean with a fresh filter paper and was transferred to a 20-ml test tube,

0.05 ml of 4% CuSO4 solution was added, and the tube was chilled in an ice

and water bath. Exactly 6.0 ml of concentrated H280 4 was added slowly from

a pipette and at the same time the contents of the tubes were mixed. The

rack of tubes was then placed in a boiling water bath for 5 min, removed,

and cooled to below 20° C. Then 2 drops of the p—hydroxy diphenyl solution

were added from a pipette known to deliver 0.05 ml of this solution per drop.
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The precipitated reagent was dispenced throughout the acid as quickly and

uniformly as possible. The tubes were then placed in a beaker of water at

30°C and allowed to stand for at least 30 min. The precipitated reagent was

redispersed by shaking at least once during the incubation period. Excess

reagent was dissolved by heating the tubes in boiling water for 90 sec., then

cooled them in cold water. The developed colour was read against the reagent

blank at 560 nm. The average of the duplicate reading was used to calculate

the lactate content of the aliquot by referring to a calibration curve prepared

by using lithium lactate.

RESULT

Haemolymph lactic acid levels in §.§:_r_ip_t3 dosed with two sub-lethal

concentrations of Hg2+ and Cu 2+ are given in Table 20 A and Figure 13 A.

It was observed that the clams of the experimental group closed their

valves and produced excess mucus, although there was no mortality. Statistical

analysis of the data revealed the following. In the controls and in all the

experimental groups, significant decrease (E-< 0.001) was noticed on the 5th

day values when compared with the 1st day values in their respective groups.

Whereas in controls and copper-dosed clams, the decrease in lactic acid values

started on the 2nd day (f'_< 0.001), in mercury-dosed clams it started on the

3rd day (E< 0.05). When compared with the controls, the values were not

significant on all the 5 days for 1 ppm l-lg2* - and Cu 2*-dosed clams whereas

they were significantly higher (E-< 0.05) even on the 5th day for 3 ppm

Hg 2+- and Ca2+-dosed clams. In general, the values were found to be lower

in Cu2+-dosed clams than in Hg2*’ -dosed ones.
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DISCUSSION

It is well known that certain heavy metal ions when present in marine

ecosystems even at very low concentrations can severly affect the basic

metabolism of marine organisms (Thurberg et al., 1974; Capuzzo and Sasner,

1977')/. Heavy metal ions either depress or elevate the rate of oxygen uptake

in marine bivalves. When the rate of oxygen uptake decreases in such a

situation, most often it is attributed to valve closure (Schlieper, 1955; Shapiro,

1964; Bayne et al., 197;, Phillips, l977b), decreased ciliary activity and

filtration rate (Brown and Newell, 197;; Abel, 197%‘, Lakshmanan, 1982; Mathew

and Menon, 1983? Howell et al., 198% Prebhudeva and Menon, 1985), direct

metabolic effect (Shapiro,  Phillips, l977b), or to cellular damage of gills

and ciliated cells (Prabhudeva and Menon, 1986). Both Cu2* and Hg 2* act

as respiratory depressants in bivalves as reported by Shapiro (1964), Brown and

Newell (19725,/S Scott and Major (19727, Mathew and Menon ‘((1983), Prebhudeva

and Menon (198%), Baby and Menon (198i§l, among others.

Studies by Latha Thampuran (personal communication) in our laboratory

have indicated that in §._§z;i_p_t_a there is a decrease in oxygen uptake when

dosed with Cu2"' at 1 and 2 ppm. Since there was no mortality as observed

in the present study as well as in that by Thampuran, it is concluded that

_S_._sgrig§_ can very well tolerate copper and mercury stress up to 3‘ppi'Il.

Several bivalves have well developed and efficient respiratory mechanisms

that allow a sufficient uptake of oxygen even when present at low tensions

(Bayne and Livingstone, -1977);. This,. however, does not mean that at reduced

oxygen tensions the clams are still totally dependent on aerobic metabolism.

On the contrary, in §.scripta the operation of aerobic and anaerobic pathways,
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as suggested by Chen and Awapara (1969), Livingstone and Bayne (19743 1977),

de Zwaan and de Bont (19735, and Mangum and Burnett (1973) for other bivalves,

may be occurring simultaneously. The present study on end-product accumulation

shows the operation of anaerobic pathway also under hypoxic condition resulting

in the accumulation of lactic acid in the haemolymph. Furthermore, the data

presented. indicate that the pathway leading to the production of lactic acid
is operating effectively during the initial days, and also when the metal ion

concentration is high.

Fairly high haemolymph lactic acid values were recorded in the controls

and in all the experimental groups on the 1st day. As a result of transfer.

to new tanks at the begining of the experiment, certain amount of stress is

imposed on all the clams. Those in the control group opened their valves

within 3-5 hrs, protruded their siphons, and revealed high ciliary activities.

All of these burst activities demand high energy resulting in initial functional

hypoxia and the consequent lactic acid production on the first day. Significant

reduction in haemolymph lactic acid levels in the subsequent days indicates

that the clams could overcome the initial stress and rapidly attain homeostasis.

Ellington (1983) has indicated that some animals may still retain an anaerobic

component even after recovery from hypoxia.

In the experimental animals, the situation is entirely different as the clams

produced excess mucus, closed their valves, and seldom protruded siphons.

All of these features precede the virtual establishment of hypoxia within the

shell. It is possible, however, that vigorous mechanical and metabolical

activities are occurring to clear the toxic metabolic ions that have entered

the systems. All these activities occurring under environmental hypoxic



I63

conditions result in the accumulation of lactic acid in haemolymph at 24 hr.

But the significant drop in values on the 2nd day in Cu2* -dosed clams and

on the 3rd day in Hg2+ -dosed clams in comparison with their respective 1st

day values indicates that the clams still under hypoxic conditions have either

reduced the mechanical and metabolic activities to tide over the prevailing

situation or have switched over to some other pathway(s). The time difference

is attributed to the difference in the metals used.

There were no significant differences in lactic acid values in 1 ppm

Hg 2* and Cu2* -dosed clams in comparison with those of the controls on all

days but significantly higher values were recorded in 3 ppm Hg 2"- and

Cu 2+- dosed clams even on the 5th day. It is noted that the mechanisms

operating in the controls and the experimentals are totally different.

Specifically, the controls, which were undergoing aerobic metabolism, were

initially under functional hypoxia, but the experimentals were under

environmental hypoxia throughout and resorted to anaerobic metabolism. The

calms dosed with 1 ppm of the metals, although under less stress than those

dosed with 3 ppm, might have adopted regulatory mechanisms or switched over

to other pathway(s). When the stress is greater, as is the case in clams dosed

with 3 ppm of the metal ions, the pathway leading to the production of lactic

acid is still operating inspite of the fact that the 5th day values are significantly

lower than the respective 1st day values but significantly higher than the 5th

day value for the controls. The continued production of lactic acid by

3 ppm-dosed clams, however, does not mean that they have not adopted

regulatory mechanisms or other pathway (s) is not operating.

The lower lactic acid values in Cu2"'—dosed clams than in Hg 2+.dosed clams,
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in general, are attributed to the difference in the chemical nature of the

metals used, and further the Cu 2*-dosed clams regulate their activities and

achieve some other transition route(s) faster than the Hg2*-dosed clams.

The two aspects of the present study that need further elaboration are:

(1) whether lactic acid could be one of the end-products if not the major one

in bivalves under environmental hypoxic conditions prevailing within the shell,

and (2) whether haemolymph could be taken as an organ system in studies

related to end-product accumulation in specific tissues of bivalves. For both,

the answer is positive for the following reasons. While many molluscs are well

adapted to survive hypoxic or anoxic conditions, there is only limited uniformity

in the biochemical pathways of energy metabolism that are employed (Kluytmans

et al., 1980}./ Moreover, in bivalves anaerobic glycogen breakdown results in

multiple end—products whose formation differs considerably between the species,

fluctuates quantitatively with time during anoxia, and is dependent on several

factors (Zurburg and Kluytmans, 1980; Meinardus and Gade, 19817. Lactate

which is the classical end-product of carbohydrate fermentation, is normally

not considered by some as a main anaerobic product during anoxia/hypoxia in

bivalves where accumulation of succinate and/or alanine occurs (Hammen, 1966:

Stokes and Awapara, 196%; de Zwaan and Zandee, 1971?; de Zwaan and van

Marrewijk, 1973). However, Ebberink et al. (1975), Gade (1985), Meinardus

and Gade (i98l'), and Zurburg and EbberlnkV(1981) have reported that sluggish

and sessile bivalves utilise arginine phosphate during anoxia but accumulate

alanine or lactate. Lakshmanan and Nambisan (1985) have reported that in

the bivalves E.viridis and y_.cyprinoides var. cochinensis the tissue levels of

lactic acid increased with increasing concentrations of Hg 2* and Cu 2* and
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duration of exposure. These reports clearly indicate that in certain species

of bivalves lactic acid is one of the end products during anoxia/hypoxia.

In most of the studies dealing with end-product accumulation in bivalves

under anoxic/hypoxic conditions, particular attention was given to determining

the levels of these products in specific organs such as the muscles, mantle,

gills, digestive gland, etc., but haemolymph was seldom considered as an organ

system. As bivalves have an open circulatory system, the body tissues are

continuously bathed in haemolymph, and transport of end-products to the

environment or to other organs from the site of origin occurs through it.

Moreover, the concentration of end-products in haemolymph is a reliable initial

indicator of the type of metabolic response occurring within the organism under

stress. Hence, it is strongly argued that in studies related to end-product

accumulation in specific tissues in bivalves, haemolymph should also be

considered as an organ system. In support of this, it is noted that Crenshaw

and Neff (19695; have observed that after 24 hr aerial exposure of Mercenaria

mercenarg, succinate in total tissues and the combined mantle and extrapallial

fluid accumulated at equal rates. Zurburg and Kluytmans‘"i(l980) have reported

that in Mytilus edulis_, during anoxia the concentrations of acetate and

propionate in haemolymph were equal to those in other organs.

At this stage it is difficult to correlate the significant decrease in lactic

acid levels in haemolymph of the experimentals with gluco(neo)genesis. However,

in another experiment (Chapter II) I have observed that the haemolymph glycogen

levels in §.§_c_rip_t_g did not alter significantly in controls, and in those dosed

with 1, 3, and 5 ppm of Cu 2*. Most bivalve organs and tissues store

respectable amounts of glycogen and gluco(neo)genesis is probably a common
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feature of all organs (de Zwaan, 1983) although information on the metabolic

balance between the glucose utilisation and gluconeogenesis in marine bivalves

is lacking (Gabbott, 19833: It is possible that lactic acid is transported via

haemolymph to foot, hepatopancreas etc., from other tissues. Although

supportive evidence for this speculation is limited, it includes the progressive

decrease in haemolymph lactic acid levels as observed in the present study,

my observation mentioned earlier (Chapter II) and the observation of Haeser

and de Jorge (1971),/in the pulmonate Strophocheilus oblongs musculatus.



CHAPTER VIII



SUMMARY

In recent years there is increased awareness regarding the potentiality

of molluscan fishery as a good resource to provide protein and mineral-rich

food. For increased molluscan production, new methods are being adopted in

mariculture programmes. In intensive molluscan culture programmes, set—backs

because of bacterial, viral, protozoan and metazoan parasitic out-breaks are

not uncommon. Bivalves are also peculiar in the sense that they have the

capacity to accumulate potentially toxic heavy metals in their tissues far in

excess of eivironmental levels. Likewise, it is also estzblished that molluscs
have the ability to concentrate micro-organisms from the environments in which

it habits. There are reports indicating that they serve as vehicles for the

transmisson of enteric diseases to man. A thorough knowledge about the

mechanisms involved in these processes will also answer several problems of

public health importance. Yet another important aspect that needs an emphasis

is‘ the utilisation of marine organisms as models for research directed at,

understanding the basic bio—medical problems that remain unresolved. The use

of marine orgnisms has a practical advantage, Viz., many species of marine

animals are readily available, usually at low cost. The effects of environmental

variables on bivalves have been studied at the organismal, tissue and cellular

levels.‘ In the past, in studies dealing with sub—lethal effects of heavy metals,

particular attention was given to specific organs such as mantle, gills, kidney,

digestive gland, gonad etc., but haemolymph was seldom considered as an organ

system. Therefore, in my studies, attention was given specifically to this

system because bivalves have an open circulatory system and hence the body

tissues are continuously bathed in haemolymph, the transport of materials occurs
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through the circulatory system, and it can be a reliable initial indicator of

the type of metabolic response occurring within the organism under stress.

In the present study, two species of clams, Sunetta scripta (Linne) and

Villorita cyprinoides var. cochinensis (Hanley) were used. The thesis is divided

-into eight chapters. In the first chapter, opinions of different workers on the

various aspects of bivalve haemolymph and haemocytes and their functional

role including the part they play in defence mechanisms are brought together

in the form of a review. The second chapter is on the haemocytes, and the

third one deals with the levels of haemolymph glycogen and total carbohydrates

in the four size groups of the two clam species, and also when subjected to

abiotic and biotic challenges. The fourth chapter deals with variations in protein

concentrations in the haemolymph under the same conditions as mentioned above.

Variations in the haemolymph acid and alkaline phosphatases activities in the

clams of the four size groups, and subsequent to abiotic and biotic challenges

are outlined in the fifth and sixth chapters respectively. The seventh chapter

contains observations on the end-product accumulation study in §._s§Li_p_t3 exposed

to sub-lethal concentrations of copper and mercury. Summary of the work

forms the eighth chapter, followed by the list of references.

CHAPTER-I. In review, information giving emphasis on the types of haemolymph

cells (haemocytes), haemopoiesis, ontogeny, cell behaviour and the functional

role of haemocytes, such as shell repair, nutrient digestion and transport,

excretion, wound repair and internal defence are given. In the past, there

was no agreement on the classification of the types of the cells present in

the haemolymph of bivalves. Earlier workers employed different criteria, such

as the nature of the cytoplasm, presence or absence of granules, size of the
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cell, staining reaction of the nucleus etc. and proposed different classifications,

some identifying as many as seven types of cells. But recently these commonly

employed criteria were rejected on specific grounds, and now it appears that

there are only two categories of cells — granulocytes and agranulocytes/

hyalinocytes. However, there are detectable staining and other morphological

alterations that occur during aging and functionalships during the life of cells.

No satisfactory explanation has yet been given as to where haemopoises actually

occurs in bivalves. It is generally believed that haemocytes arise from

differentiation of connective tissue cells. The sequence of development

(ontogeny) of bivalve haemocytes is also not clearly understood, and there are

differences of opinion. In the haemolymph, the number of circulating

haemocytes is dependent upon the amount of turbulence produced by cardiac

action. These haemocytes when drawn from the body are irregularly oval, and

form clusters. When allowed to stand, they adhere to glass and there is an

exomigration of haemocytes from the clumps. They are also known to take

up vital dyes such as Neutral Red, and Janus Green B. The haemocytes have

been implicated to perform a variety of functions, and are involved in shell

repair, nutrient digestion and transport, excretion, wound repair and internal

defence against foreign materials. In shell repair process, the haemocytes are

reported to transport calcium and other materials to the sites of shell repair.

Though aggregates of haemocytes are observed in shell repair sites, the actual

mechanism by which they contribute to the shell repair is not well understood.

The involvement of haemocytes in nutrient digestion has been recognised long

back and now there is a view that they transport nutrients into the body by

picking digestible matter from the lumen of the intestine, and during movement
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(by diapedesis) into deeper tissue intracellular digestion commences and the

products of digestion are discharged into the exterior ie., to the deeper tissues.

The role of haemocytes in excretion is mainly based on the report of the

migration of foreign material-laden phagocytes across certain epithelial borders.

Their role in wound repair has been recognised long back but as to the exact

mechanisms and the extent of involvement, opinions differ.

The part played by the haemocytes in internal defence against foreign

materials is important. The known types of phenotypic manifestations of innate

cellular internal defence mechanisms in bivalves comprise such mechanisms

as leucocytosis, encapsulation, nacrezation and phagocytosis. Of these,

leucocytosis, is defined as an increase in the number of leucocytes or haemocytes

and is a forerunner of phagocytosis and/or encapsulation, since the increased

number of cells contributes to these active processes. Encapsulation involves

the enveloping of an invading organism or experimentally introduced tissues

too large to be phagocytosed by host cells. Nacrezation is the secretion of

nacre around a foreign object. Phagocytosis is a well known type of internal

defence mechanism in invertebrates. It involves the uptake of foreign materials

by certain types of host cells and thus prevents direct contact of such materials,

biotic or abiotic, with host's tissues. It has generally been agreed that the

granulocytes are the most active from the stand—point of phagocytosis, and

currently it is accepted that the mechanism of phagocytosis actually consists

of four distinct stages: (1) Attraction of phagocytes to the non-self material,

(2) Attachment of the non-self materials to the surface of the phagocyte,

(3) internalization, and (4) Intracellular digestion. Literature available on all

these aspects are critically reviewed in this chapter.
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CHAPTER-ll. In this chapter, an attempt is made to find out the variation

if any, in haemocyte number when the two species of clams, §.scripta and

y_.cyprinoides var. cochinensis were subjected to abiotic (copper ions) and biotic

(Vibrio sp.) insults. In copper-dosed _§.scripta no significant difference in the

haemocyte number was observed between the experimentals and controls, where

as in copper-dosed ycyprinoides var. cochinensis, a significant drop in the

number of haemocytes, which was to a certain extent dosage dependent, was

observed. With the available knowledge, an explanation is provided for this

observation. In 1ibr_ig—injected §.scripta, a significant increase in the number

of haemocytes started at 48 hrs and continued till 96 hrs whereas in

!.cyprinoides var. cochinensis it started at 3 hrs and continued upto 12 hrs,

indicating a clear interspecific difference in response to the presence of

bacterium in the system. Since the cellular processes involved in stress caused

by abiotic and biotic factors are entirely different, reasons for the variations

in haemocyte number in clams injected with \@*_i9 sp. are explained in a

different way.

CHAPTER-III. In bivalves, it is interesting to note that depending on the seasons

there are differences in the energy reserves from which the energy is drawn

to combat stress. Early studies on the biochemical composition of bivalves

have shown that in most cases, changes in body weight are mainly due to

changes in carbohydrate or glycogen content, and correspond to seasonal changes.

Apart from this, very little information is available on the changes in the

haemolymph glycogen and carbohydrate values during abiotic (heavy metal)

and biotic (bacteria) stresses. And this aspect was investigated in the present

study.
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In copper-stressed §.scripta, the haemolymph glycogen values did not show

any significant variation from the control values, whereas in X.cyprinoides var.

cochinensis, the glycogen level was lower in the experirnentals than in the

controls, especially towards the end of the experimental period. In _S_.scripta

and gcyprinoides var. cochinensis the carbohydrate values were significantly

higher in copper-dosed clams than in the controls. In bacteria-challenged

_S_.scripta, the haemolymph glycogen values were found to be significantly higher

than the values of the untampered controls at 3 hrs, whereas in ygyprinoides

var. cochinensis, this increase was noticed at 24 hrs. This increase in glycogen

content is attributed to the glycogen synthesised through degradation of bacteria

by the phagocytes. The time difference shown by the two clam species is

attributed to the species difference. In §.scripta, subsequent to bacterial

challenge, the haemolymph total carbohydrate showed significantly higher values

upto 12 hrs, and the Vibrio-injected y.cyprinoides var. cochinensis showed higher

values than the controls at all the time periods. The possible reasons and the

probable mechanisms operating are explained to interpret the observed

hyperglycemia in the haemolymph when the clams are under abiotic and biotic

stresses.

C1-lAPTER—lV. In this chapter, variations in haemolymph protein values in

§.scripta and ycyprinoides var. cochinensis, under abiotic and biotic stress

are reported. In bivalves, the haemolymph proteins have been implicated to

perform a veriety of functions, such as transport of ions, detoxification of

metal ions, and recognition of self and non—self materials etc. In §.scripta,

the pattern in protein values shown by the copper-dosed clams was different

depending on the concentration of copper employed. A similar trend in
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haemolymph protein values was shown by copper—dosed y_.gygrinoides var.

cochinensis also. From the results it is evident that the protein values in the

haemolymph compartment in copper—stressed condition is a matter of balance

between entry and exit of protein into and out of the haemolymph compartment.

In the light of available literature an explanation for the observed variations

in protein values in copper—dosed clams is given. In Xgigg-injected clams of

both the species, the hemolymph protein values did not show any significant

variation between the experimentals and the controls during the entire

experimental period. This aspect is also discussed in this chapter.

CHAPTER-V. Lysosomal system has been shown to be very sensitive to changes

in the intra and extracellular environment, and subsequently to be involved

directly or indirectly in regulating many physiological and pathological processes.

In mussels and clams, lysosomal destabilisation has been demonstrated in

response to xenobiotics, hypothermia and thermal death, starvation, changes

in salinity, exposure to air, steroid hormone etc. Evaluation of the possible

role of lysosomes in the deposition or depuration of pollutants including heavy

metals, and in the degradation of micro-organisms like bacteria, could be

utilised to quantify the changes in lysosomal latency which in turn could be

monitored as an index for pollution caused by abiotic and biotic factors. An

attempt in this direction was made by studying the activity pattern of one

of the lysosomal marker enzymes, acid phosphatase, in the haemolymph

compartment of the two clam species exposed to different concentrations of

copper and challenged with bacteria. In copper-stress experiments with

_§.scripta and y_.cyprinoides var. cochinensis, the pattern of peak activity clearly

shows that in haemolymph the acid phosphatase activity is determined by its

synthesis, its release into the haemolymph compartment and its final loss.
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In the two clam species the differences in the time-periods showing the

maximum and minimum mean activities are attributed to species difference,

and to the concentrations of the metal ions used. In general, the higher the

metal ions, the lesser will be the synthesis, storage, and release of the enzymes,

and alteration in membrane permeability and/or membrane destabilisation caused

by metal ions in higher concentrations will result in lesser enzyme turnover,

ie., lesser synthesis, storage and release which will reflect as lesser enzyme

activity in the haemolymph. ln §.scripta injected with _V_ilflg sp. the acid

phosphatase activity was significantly higher from 3 hrs upto 24 hrs, whereas

in y.cyprinoides var. cochinensis it was from 3 hrs upto 12 hrs. This is

interpreted as the release of this hydrolytic enzyme from the lysosomes in

response to a biotic challenge. The observed increase is interpreted as the

lysosomal enzymes released from the granulocytes into the serum _to act on

the bacterial cell walls to cause their partial degradation before being

phagocytosed by the granulocytes. This is also discussed in this chapter.

Cl-lAPTER—VI. Apart from the lysosomal detoxication systems, many organic

xenobiotic are metabolised by the microsomal (smooth endoplasmic reticulum)

cytochrome P-450 dependent monooxygenases. Though no such detoxication

system has been implicated for the plasma membrane, its behaviour towards

a xenobiotic insult is of interest. Plasma membrane which forms the bounding

membrane will be the first membrane to confront a xenobiotic insult. Since

it has been reported that destabilisation of the lysosomal membrane as a

result of injury by xenobiotics bears a quantitative relationship to the

magnitude of the stress response, it is of interest to study whether the same

type of destabilisation occurs in the plasma membrane. For this, alkaline
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phosphatase, which is considered as a marker enzyme for the plasma membrane,

is selected and its activity followed during the stress imposed by abiotic (copper)

and biotic (bacteria) agents for a period of 120 hrs.

In _S_.§g_r_ipt_a, clams dosed with copper showed significantly higher

haemolymph alkaline phosphatase activity but the onset of peak activity differed

with the concentrations employed. In ycyprinoides var. cochinensg, no

significant variation in alkaline phosphatase activity was noticed. By comparing

the activity patterns of acid and alkaline phosphatases for the same time periods

in §.scripta and X.cyprinoides var. cochinensis, it is clear that the two enzymes

need not be released simultaneously into the haemolymph compartment. Reasons

for this are mentioned. This study also gives an insight into the efficient

mechanism of compartmentalization of enzymes in different membrane systems.

In §.scripta and ggprinoides var. cochinensg, Vibrio-injected clams" showed

significantly higher activity at 72 and 96 hrs, and 72, 96 and 120 hrs,

respectively. This increase in alkaline phosphatase activity does not‘ coincide

with the increase in acid phosphatase activity described earlier, suggesting

non-synchronised release of these enzymes from different membrane systems.

This aspects are also discussed in this chapter.

CHAPTER-Vll. In pollution bioassay studies, estimation of oxygen consumption

_is a routine practice to assess the metabolic rates of the test animals. But

the lowest estimated rate based on oxygen uptake does not necessarily apply

to situations in which metabolism is partly or totally anaerobic. Bivalves are

known for their ability to engage in anaerobic metabolism during stress.

Therefore, estimation of metabolic rates in these invertebrates during total

or partial anaerobiosis must also involve the biochemical analysis of end—produ.cts
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together with the determination of oxygen uptake. In most of the studies

dealing with end-product accumulation in bivalves under anoxic/hypoxic

conditions, particular attention was given to determining the levels of these

products in specific organs such as the muscles, mantle, gills, digestive gland,

etc., but haemolymph was seldom considered as an organ system. As bivalves

have an open circulatory system, the body tissues are continuously bathed

in haemolymph, and transport of end-products to the environment or to other

organs from the site of origin occurs through it. Moreover, the concentration

of end-products in haemolymph is a reliable initial indicator of the type of

metabolic response occurring within the organism under stress. In this chapter,

the lactic acid levels in the haemolymph of §.scripta when exposed to copper

and mercury are reported with emphasis on two aspects:

1) whether lactic acid could be one of the end—products if not the major

one in bivalves under environmental hypoxic conditions prevailing within the

shell, and

2) whether haemolymph could be taken as an organ system in studies

related to end-product accumulation in specific tissues of bivalves.

For both, the answer is positive and the reasons for this conclusion are

also discussed in this chapter.
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