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INTRODUCTION 



Life is complex process and we have a very little knowledge about its 

origin. There are two main views on the appearance of the life on earth. The 

origin of life was either due to external source created supernaturally by 

mankind or a gradual orderly progression from non-living matter to living 

organisms (McAlester, 1968). The vast scientific community does not accept 

the view on the possibility of origin of life by supernatural power. It is generally 

believed that the life is originated due to long sequences of chemical evolution. 

In the modern world, all organisms showed unique chemical and physical 

attributes broadly on their construction and compositional activities although 

they differ in many of their basic biogenic activities (McAlester, 1968). 

However, their basic biogenic activities like utilization of energy and 

reproduction show similar pattern. 

The first definite trace of life in the form of blue-green algae was 

found in Canada, which is considered to be at least thousand million years 

old (Weller, 1969). All marine plants are primitive forms and they have no 

significant difference from the ancient forms. It is believed that many 

developments had occurred in the plants after they led the way ashore 

some 400 million years ago. As compared to 250,000 species of flowering 

plants on the lands, only less than one hundred species of plants are found 

in the ocean (Price, 1971). 

There are many theories to demonstrate the biologic evolution. It was 

the ancient Greeks who visualized for the first time the nebulous transition 

from the inorganic to the organic and further from the plants to animals in a 

series, attaining more perfection and leading up to man. Later on, Buffen—a 

French Zoologist and Linnaeus—a Swedish Botanist, suggested the 
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possibility of some kind of evolution among organisms subsequent to their 

creation. In the middle of the eighteenth century, Lamarck— a French 

Zoologist presented for the first time, a complete integrated theory of 

biologic evolution. Lamarck's theory postulated that the animals acquired 

new characters according to their need. As soon as the single-celled 

animals became multi-celled animals, diversity in their forms and habits 

occurred rapidly. These characters slowly started diversifying by use or 

disuse process and they were passed on by inheritance to their 

descendants. According to Lamarck's theory, modifications in the characters 

of animal took place from a simple organism. But the theory of Lamarck on 

inheritance of acquired character was not accepted by the naturalists 

(Weller, 1969). 

In the middle of the nineteenth century with the declaration of 

Darwin's theory, a new era in the understanding of biologic evolution 

started. Darwin's theory described three main bases for the evolution; 1) the 

individuals making up a species vary more or less among themselves in 

form, physiology and behavior; 2) the potential for reproduction of every 

species far exceeds the necessity to maintain its number, and 3) 

competition for food and shelter for living resulted in the elimination of the 

weaker and less well adapted animals. The theory of survival for the fittest 

and principal of natural selection presented a new idea of biologic evolution. 

According to Darwin's theory, many animals that were present in the past 

geologic era have become extinct because of their weak adaptability 

(Weller, 1969). 
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Ocean is a treasure house of many living creatures. About 26 phyla 

of marine organisms are found in the ocean whereas arthropods contribute 

four-fifths of all marine animal species with over 35,000 varieties. These 

arthropods have jointed limbs and an outer shell, which they molt as they 

grow. Surprisingly, quite a few marine organisms, which were once 

suspected to be extinct, still flourish as living animals. Horseshoe crab, a 

chelicerate arthropods belonging to the class merostomata, is one such 

amazing creature. The horseshoe crab is known as the oldest "living fossil" 

because the archeal body of this animal has not shown any significant 

phenotypic change even after a span of 350 million years (Mikkelsen, 1988; 

Chatterji and Abidi, 1994). 

Evolutionary history of the horseshoe crab 

The horseshoe crab has descended from mud dwelling primitive 

arthropods called trilobite, which lived in the Precambrian seas, nearly 600 

million years ago (Price, 1971). The horseshoe crab evolved into its present 

shape, about 350 million years ago and remained unchanged. Although the 

horseshoe crab has a long history, it left a very little geological record 

(Chatterji, 1994). The first fossilized horseshoe crab (Mesolimulus walchi, 

Desmerest, 1822) was found from the upper Jurassic layer of famous 

lithographic lime stone of Bavaria in West Germany, Limulitella decheni, 

Mesolimulus syriacus, M. nathrosti, M. woodwardi and Psamalimulus 

gottingenesis were the other species of the horseshoe crab reported after 

some time from the Oligocene layer of a brown coal of Teuchern near 

Mersberg. In the Cretaceous strata of Lebanon and Jurassic layers of 

Australia, fossil record of Austrolimulus fletheri were also found. The 
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Precambrian layers of Kansas (U.S.A) and cretaceous layers of Colorado 

(U.S.A) contributed further to the fossil records of Palaeolimulus avitus and 

Limulus .coffini, respectively (Mikkelsen, 1988; Chatterji, 1994). Considering 

how so many animals including dinosaurs and many other late corners to 

the Mesozoic era have became extinct completely, it is a wonder how the 

humble horseshoe crab has survived for such a long period. It appears that 

the animal can tide over all kinds of situations arising from its estuarine and 

coastal shallow habitats. It can tolerate a wide range of salinity, 

temperature, desiccation and submergence. 

It is generally believed that the ancestors of the horseshoe crab 

inhabited in brackish or freshwater environments (Weller, 1969). The fossil 

record showed that the oldest horseshoe crab was similar to the aglaspids 

with less abdominal segments. The body of the horseshoe crab slowly 

started shortening from the late Paleozoic period and the abdominal 

segments were reduced from ten to six. These segments were fused from 

behind at a later stage and the posterior part of the body developed a rigid 

shield, similar to pygidium of a trilobite but terminated into a movable telson 

(Mikkelsen, 1988). The fossil records showed that these forms were not 

having well defined appendages. The five pairs of walking legs, 

discontinuing up to abdomen, were present in the primitive forms. Gradually 

the first four pairs started developing pinching claws whereas, the last pair 

terminated in primitive spines. In modern horseshoe crab, these five pairs 

are highly specialized appendages with broad, flat and overlapping plates. 

The external gills of the horseshoe crab were developed partly from these 

appendages. 

6 



The horseshoe crab belongs to the benthic community. They prefer 

calm sea or an estuary with muddy sand bottom (Quammen, 1982; Grant, 

1984; Hicklin and Smith, 1984; Kelsey and Hassall, 1989). Most of the 

biogenic activities of the horseshoe crab occur in the open ocean. They 

specifically migrate towards the shore for the purpose of breeding. As such, 

the horseshoe crab is subjected to face a wide range of change in 

environmental conditions. Although detailed knowledge on the complete life 

cycle of the animal is not yet known, it is, generally believed that the animal 

inhabited the littoral zone of the sea, for most part of its life. During their 

migration for breeding towards inter-tidal zone, they experience lower 

salinity than the littoral zone (Chatterji, et al., 1994). Similarly, the juveniles, 

while migrating out towards the sea, also experience the low saline 

conditions of the inter-tidal zone to comparatively high saline conditions of 

the littoral zone. The animal can also tolerate a wide range of temperature. 

The fluctuating habitats encountered by the amazing horseshoe crab during 

their different stages of life, reflect their ability to tolerate and adapt to 

different environmental conditions. 

It is rather interesting to know that an animal like the horseshoe crab 

whose distribution pattern is patchy, has highly specialized methods for 

detecting its selected habitat for reproduction and dispersal (Shuster and 

Botton, 1985). These methods ensure the animal of their safe arrival to their 

respective places and reduce the chances of mortality during their 

migration. Such characteristics could possibly be responsible for providing 

an evolutionary advantage to the horseshoe crab for their very long survival. 

On the contrary, the uniformly distributed animals are subjected to more 
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competition for their biological needs and get less opportunity to survive for 

a longer period (Botton et a/., 1988). 

The study on the distribution of horseshoe crab is difficult because 

migration of the animal is totally dependent on two important physical stimuli 

- the tide and - lunar periodicities (Botton et al., 1994). There have been a 

few attempts to study the distribution of the horseshoe crab in the last few 

decades. The occurrence of a species of the horseshoe crab, Tachypleus 

hoeveni, was reported for the first time from the coast of Moluccas 

(Mikkelsen, 1988; Chatterji, 1994). Two more species of the horseshoe 

crab, Limulus and Cancer mollucensis were reported from the same region, 

afterwards (Mikkelsen, 1988). . 

The most diversified Paleozoic group is represented only by four 

species of the horseshoe crab with discernible morphology and three 

genera confirmed, so far, all over the world. It is rather interesting to note 

that among these four species, Limulus polyphemus and Tachypleus 

tridentatus occur in a north-south-north direction whereas, Tachypleus gigas 

and Carcinoscorpius rotundicauda in east-west-east direction including India 

(Mikkelsen, 1988; Chatterji, 1994). Among the Asian species of the 

horseshoe crab, T. gigas is morphologically more closely related to T. 

tridentatus than C. rotundicauda (Mikkelsen, 1988). The classification of the 

easily identifiable features shows high degrees of similarity among all the 

species of the horseshoe crab (Chatterji, 1994). 

8 



The horseshoe crab and its uses 

The horseshoe crab has been useful to human in different ways for 

the past several decades (Shuster et al., 2003). It is believed that the early 

Indians used the tail spines of the crab as spear tips and the body after 

grinding as a fertilizer for their fields and ponds (Chatterji, 1994). In India, 

some of the tribes inhabiting the northeast coast of Orissa still use the 

tailpiece to get relief from different types of pains by tying it on the arms or 

pricking it on the forehead (Chatterji and Vijayakumar, 1987). It has been 

reported that the tail tips are used for healing arthritis or other joint pains 

and sold by faith healers in West Bengal (personal communication). The tail 

of the horseshoe crab is also used for making small ornaments in China. It 

is believed that Indians in early days used to eat the appendages of the 

horseshoe crab. They also used the hard carapace as a vessel for eating 

food and drinking water. In China, people use the carapace as a hat or ladle 

as the size of the carapace of T. tridentatus species is very big. 

The eggs of T. gigas are used as a delicacy in Singapore, Malaysia 

and Borneo (Mikkelsen, 1988). People of southern part of China blend the 

meat of the appendages with sauce and serve it as food (Shuster et al., 

2003). It is said that in Singapore, pregnant women eat the egg mass of the 

horseshoe crab to get immunity to their fetus. In India, the dead carapace 

of the crab is boiled with mustard oil and used for treating rheumatic pain in 

West Bengal. 

In Korea, the fishermen sell hundreds of dried shells of the 

horseshoe crab to tourists and to the entrepreneurs involved in the tourism 

industry, for decorative purposes (Mikkelsen, 1988). But in India, at 
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present, the fishermen are not fully aware of the commercial importance of 

the horseshoe crab and they throw them back into the sea when they are 

caught in the trawl net while fishing. 

In Balramgari (Orissa) India, the horseshoe crab is found in 

abundance and known as Rama-Lekhani' (pen of Lord Rama). The tribes 

inhabiting the nearby area call this valuable crab as `Bombkachchi' 

(Chatterji and Singh, 2002). in the present day world no body consumes 

this crab, as there is hardly any flesh in the body (Mishra, 1991; 

Vijayakumar, 1992). 

The unique physiology of the heart and functioning of the optic nerve 

of the horseshoe crabs make them even more interesting to the biomedical 

researchers (Mikkelsen, 1988; Shuster et al., 2003). The crab has 

altogether nine eyes, which are located under the prosoma. Out of these, 

two pairs are known as true eyes though the rest of organs are also 

sensitive to light (Chatterji, 1994). The compound eyes of the horseshoe 

crab can polarize light and the crystal lining cones concentrate it tenfold. 

This is an adaptation for their continuous living in translucent and dark 

muddy waters. The vision is also sensitive to infrared and ultraviolet lights. 

They help the horseshoe crabs to find their way on cloudy days when the 

Sun is not visible and a small patch of clear sky is enough for the animal to 

locate the Sun. This principle has been very useful in developing a compass 

for navigation in Polar Regions where magnetic compass is not reliable and 

the celestial navigation is also difficult as the Sun and stars are not visible in 

the long polar twilight. The design of eye structure of the horseshoe crab 

has also been successfully adopted in designing solar energy collectors. 
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The optic nerve cells of the crab are cross connected in such a way 

that when one nerve is stimulated, its partner nerve gets inhibited. These 

results in an increase in contrast of the images looked at by the horseshoe 

crab. In 1967, Prof. H. K. Hartline of U.S.A. shared a Nobel Prize for his 

notable work on the functioning of optic nerves of the horseshoe crab 

(Mikkelsen, 1988). General Electrical Company U.S.A developed a video 

system based on this principle to provide sharper TV images. The principle 

has also helped in developing improved radar system 

Pharmaceutical uses 

The blood or haemolymph of the horseshoe crab is white but it turned 

into blue when exposed to air. Hence, it is also known as blue-blooded 

animal. The blue colour is attributed to haemocyanin, a copper based 

molecule that carried oxygen throughout the circulatory system of the crab 

(Mikkelsen, 1988). 

The blood cells of T. gigas are known as amoebocyte (Shuster, 

1982). These amoebocytes are elliptical with a prominent nucleus. The 

cytoplasm in the amoebocyte is densely packed with large refractile 

granules that consist of all factors required for blood clotting mechanism. 

The amoebocytes aggregate quickly when exposed to minute amount of 

endotoxins (Levin and Bang, 1968). In presence of endotoxins the shape of 

the amoebocyte changes and simultaneously long processes extending 

from one amoebocyte to the other appear in pseudopod like fashion (Levin 

and Bang, 1964 a & b). This process is followed by degranulation of the 

amoebocyte and release of all the clottable proteins or coagulogen that 
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immobilized and engulfed the endotoxins to form a firm gel or clot 

(Jorgensen and Smith, 1973; Chatterji and Singh, 1997 a & b). 

There are two types of coagulogen mRNAs present in the 

haemolymph of the horseshoe crab. A detailed biochemical study of the 

haemolymph shows that these coagulogens consist of 175 amino acids with 

20 amino acids in a pre segment (Srimal and Bachhawat, 1985; Srimal et 

a/., 1985). Besides this, the haemolymph also consists of an important 

serum protein, known as LACTIN, which is useful in the diagnosis of gram-

positive bacteria (Mikkelsen, 1988). 

It has also been found that the intensity of the fragrance of perfumes 

could be increased by mixing the haemolymph (Chatterji, 1994). The 

haemolymph of the horseshoe crab is also important in homoeopathic 

practices. Limulus medicine introduced for the first time by Dr. C. Herring in 

homoeopathic therapies is prepared from the haemolymph of the horseshoe 

crab. There are number of applications of this medicine for the treatment of 

mental exhaustion gastro-enteric symptoms, cholera and drowsiness after 

sea bathing. 

Endotoxin is present in the triple layered cell wall of gram-negative 

bacteria, which is composed of polysaccharide lipids and smaller peptides 

(lipopolysaccharide or LPS). The amount of endotoxins in a cell is reported 

to be 104  g. The release of endotoxins in the surrounding medium is due to 

rupture or lysing of the bacterial cell wall. Toxicity of endotoxin is basically 

due to the presence of lipid-A fraction with LPS. The endotoxin has an 

extraordinary resistance power of tolerating a wide range of temperature 

and tolerance to all types of detergents (Young et al., 1990). 
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The gastro-intestinal tract of the human being is a house for gram-

negative bacteria. The most common gram-negative bacteria belong to the 

families of Psudomonadaceae, Entererobacteriaceae (mainly Eschrichia 

cob), Bacteriodaceae and Neisseriaceae. An important symbiosis exists 

between the gram-negative bacteria and human being for mutual benefits. 

A little LPS of gram-negative bacteria is beneficial in producing stimulation 

in our immunological surveillance and increased non-specific body 

resistance to different pathogens. Endotoxins have also been reported to 

induce necrosis and regression of malignant tumors and helpful in providing 

protection against the vascular and haemodynamic effects of radiation 

(Levine et al., 1988). The prevention of absorbing endotoxins from the 

gastro-intestinal tract to blood circulatory system is mainly controlled by the 

liver-regulated mechanisms, which involved detoxification of endotoxins. 

But if any chance the endotoxins of these gram-negative bacteria even in a 

small fraction, enter into the blood stream, it becomes extremely toxic and 

badly affects the body especially the hypothalamus of the brain, the blood 

cells, the hormonal system, the metabolic system and the immunological 

surveillance system (Chatterji, 1994). Dissemination of intravascular 

coagulation, hemorrhage, hypertension, circulatory collapse or even deaths 

is the effects of endotoxins. The most common example of the effect of 

gram-negative bacteria is septicemia where 30% mortality rate has been 

reported in spite of taking all the necessary precautions. 

The presence of these endotoxins in human beings is generally 

assessed with the help of rabbit vaccine test. Apart from the method being 

not very sensitive, it results in the death of the animal. In India, 

approximately 30,000 to 40,000 rabbits are sacrificed every day, for this 
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purpose. In addition a huge amount of expenditure is also involved in the 

maintenance of rabbit colony. But the pioneering research of Levin and 

Bang (Chatterji, 1994) on endotoxin diagnosis with the help of a reagent 

prepared from the blood of the horseshoe crab has opened a new chapter in 

the history of diagnosis of endotoxins. This process is popularly known as 

Limulus Amoebocyte Lysate or LAL test Dr. R. Nandan, a USA based, an 

Indian scientist was the first man who got a patent of LAL test in the year 

1956. 

A clotting enzyme-the lysate has been discovered in the 

amoebocytes of the horseshoe crab which clots and forms a firm opaque 

gel, in no time, when exposed to minute amount of endotoxin or bacterial 

pyrogens (Cohen, 1979; Rudloe, 1979). The rate of gelation of lysate is 

directly related to the concentration of endotoxins, which in turn is 

dependent on protein content of lysate. In lysate, the most important factor 

is the enzymatic activity, which basically controls the rate of gelation at a 

particular concentration of endotoxin (Chatterji, 1994). The lysate is so 

sensitive that it can detect one millionth of a billionth gram of endotoxin in 

just less than an hour (Ross and Bruck, 1982). 

The pyrogen test with the help of lysate is simple, sensitive, accurate 

and easy to perform. The test does not require any special type of 

equipment. The test sample (0.1 ml) is mixed with lysate (0.1 ml) in a sterile 

test tube and incubated in a water bath at a constant temperature of 37 °  C 

for a period of 2 hours. If the solution is clear, waterish and runs down the 

wall of the test tube, the sample is considered to be free from gram-negative 

bacteria. But, if the solution turns into a firm opaque gel and sticks to the 
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bottom of the test tube when inverted, the sample is considered to be 

contaminated with gram-negative bacteria. 

The key factor of forming gel by lysate in the presence of endotoxins 

is yet to be known, though several proteases known as factor B, C and 

clottable enzymes are identified. These enzymes are present in an inactive 

form and termed as zymogen (Srimal and Bachhawat, 1985). But in the 

presence of endotoxin, these inactive enzymes are converted into active 

enzymes by a series of reaction and called as ecocytosis. 

In recent times the biomedical properties of the horseshoe crab have 

assumed great importance due to unanticipated marketing of Limulus 

Amoebocyte Lysate as an endotoxin tester in food, drug and pharmaceutical 

industries (Cooper, 1979; Mikkelsen, 1988; Chatterji, 1994). The lysate test 

has been proved to be a better substitute for the rabbit vaccine test because 

of its efficiency in terms of quick result and economy (Rudloe, 1979). 

The pyrogen testing by lysate at present is a promising and sensitive 

method for the detection of endotoxins (gram-negative bacteria) even up to 

100 pg/m1 (Rudloe, 1979; Mikkelsen, 1988). It has become a basis for thee 

in vitro test for pyrogens associated with parental pharmaceutical and drugs, 

which are intended for human use. The lysate test is recognized by Drug 

Regulatory Authorities and Industry in most of the countries and commonly 

used as an end-product testing method for endotoxin associated in human, 

animal injectables and drug products. Endotoxaemia, urinary infection, 

infection of eye and bacterial meningitis can also be detected efficiently with 

the help of lysate. Very recently, it has also been discovered that the 

bacterium responsible for gonorrhea (Neiserria gonorrhea) is a gram- 
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negative bacterium, possessing an endotoxin, which is extremely reactive 

with lysate. In 1970, the Federal Food and Drug Administration of the U.S.A. 

permitted lysate test for testing radiopharmaceutical, viral vaccine and 

various pharmaceutical products. An important protein detecting the vitamin 

B12 deficiency in human beings has also been discovered very recently, in 

the lymph part of the haemolymph of the horseshoe crab. 

Enemies of the horseshoe crab 

The eggs of the horseshoe crab are reported to be eaten by striped 

bais, striped killi fish, silver perch, northern king fish, Atlantic silverside and 

flounders (Shuster et al., 2003). The appendages and gill books of the 

young limuli are most sought after by the puffer and catfish. Plovers, sand 

pipers and gulls are also considered to be regular predators of the 

horseshoe crab eggs and larvae in the beach nest (Shuster et al., 2003). 

The other predators causing considerable damage to the horseshoe crab 

population are tiger sharks, leopard shark, loggerhead turtles, rays and 

swordfish. The horseshoe crab has great fear of mosquito and it dies if 

bitten by mosquito (Mikkelsen, 1988). 

In India, the local fishermen are not fully aware of the economic 

importance of the horseshoe crab and discard them with a nuisance value 

(Chatterji and Vijyakumar, 1987). This is because they damage their nets 

when trapped while operating shore seine and cast net during high tides. 

Fishermen catch these crabs and throw them on the shore causing a very 

high mortality of the animals. Besides, a large number of crows also 

contribute to a great extent to the mortality of the animal during spawning 

migration to the beach. The crows turn the crabs upside down and then eat 
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the eggs by badly damaging the haemocoel of the crab. The crows also 

damage the nests and eat the fertilized eggs (Chatterji, 1994). 

Apart from these, the indiscriminate exploitation of the horseshoe 

crab for medicinal and other purposes also threatens its population towards 

extinction all over the world. In the U.S.A. itself about 50,000 brooder crabs 

are sacrificed every year for the preparation of Limulus Amoebocyte 

(Mikkelsen, 1988; Chatterji, 1994). This activity has resulted in considerable 

depletion of the population of the horseshoe crab along the coast of the 

U.S.A. Japan was the first country to realize the declining trend of the 

horseshoe crab (T. tridentatus) population and subsequently implemented 

conservative measures by declaring the horseshoe crab as a national 

monument. The other possible reason for decrease in the population of the 

horseshoe crab in several places is the degradation and destruction of the 

habitat especially the breading ground of the animal. 

As the horseshoe crab has assumed great significance in biomedical 

research, it is essential to protect this valuable creature from extinction 

along the India coast (Technical Report, 1998). Rearing and breeding of the 

horseshoe crab under confined environment is quite possible since the 

animal is hardy and can tolerate a wide range of temperature, salinity and 

other environmental conditions. As the horseshoe crab migrate regularly 

towards the shore for breeding purpose, it is rather prudent on our part to 

protect the breeding beaches from destruction and environmental 

degradation (Chatterji, 1994; Chatterji and Singh, 2002). The adequate 

measures should be adopted in protecting the valuable breeding beaches 

along the coast. Regular plantation of casuarinas trees along the coast to 
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control beach erosion, protection of sand dune vegetation on the beaches, 

ban on removal of sand gravel from the breeding beaches for construction 

purpose, enforcement of the technique of removal of blood by entrepreneurs 

without sacrificing and disturbing the normal life cycle of the horseshoe crab 

are the other important measures to be strictly followed by the 

environmentalists. 

Genesis for undertaking the present study 

Egg of the mysterious horseshoe crab is filled with valuables. The 

egg of the horseshoe crab is larger than the sperm greenish in colour and 

surrounded by an extra cellular egg envelop (Chatterji, 1994). The fluid, 

which is filled between the outer envelope and embryo, is known as peri-

vitelline fluid. The peri-vittelline fluid contains important primitive types of 

proteins. An attempt was made as such to see the uses of peri-vitelline fluid 

in various purposes. It was observed that the peri-vitelline fluid helped in 

proliferation of [3-cells (Parab et al., 2004) that may be used in insulin 

production in human being. The peri-vitelline fluid contains proteins such as 

hemagglutinins and hemocyanin, which may have an important role during 

embryogenesis (Sugita and Sekiguchi, 1979; Shishikura and Sekiguchi, 

1984 a & b). The embryo in the peri-vitelline fluid goes through four molts 

before hatching. Shishikura and Sekiguchi (1984 a & b) reported that the 

hemagglutinating activity in peri-vitelline fluid of the Indo-Pacific horseshoe 

crab, Tachypleus gigas dramatically increases after the third embryonic 

molting. Studies on chick developing embryo showed that the peri-vitelline 

fluid contained some biological active compounds that influenced early 

vertebrate embryonic development. Chick embryo explants cultured in vitro 
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is used as a model system as several features of chick embryo 

development are remarkably similar to mammalian development and these 

embryos are more amenable to in vitro culture and experimentation (Parab 

et al., 2004). It was observed that peri-vitelline fluid tended to stimulate 

several aspects of chick embryonic development. Peri-vitelline stimulated 

the development and differentiation of specific organs such as brain and 

heart. This clearly indicates that peri-vitelline fluid contains molecules that 

stimulate growth and differentiation of specific organs. It has also been 

observed that peri-vitelline fluid of the developing embryo of horseshoe crab 

showed the presence of both anti- and pro-angiogenic activities in an in vitro 

study. This is an important observation, since inhibition of angiogenesis is a 

way to "suffocate" developing tumors by depriving them of vascular irrigation 

and oxygen supply. Isolation of such a factor and its antagonist present in 

the peri-vitelline fluid of the developing embryo of horseshoe crab is of 

biomedical and economic importance (Mirshahi personal communication). 

Organogenesis and cell replacement therapy is going to be one of 

the more popular methods to tackle several dreaded medical complications 

including diabetes and degenerative diseases related to heart (Mirshahi et 

al unpublished data). In vitro organ development and stem cell biology are 

two of the approaches that will underline the success of such a strategy. 

However, in order to achieve ideal organ growth, differentiation and/or 

regeneration, it would be essential to identify, purify and employ specific 

molecules, either individually or in various combinations. The same is true 

for successful applications of stem cell biology where in one needs to 

provide a defined milieu to naive stem cell so as to coax them to take one or 

the other developmental pathway, at the choice of the researcher. The 
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possible source for such novel molecules is marine animals included 

amazing horseshoe crab. 

The PVF of the Indian horseshoe crab contains peptide(s) 

capable of positively influencing differentiations of specific organs. 

Such peptides are likely to be present in minute quantities and may be 

as proteins in addition to the four major proteins reported in the 

Japanese horseshoe crab (Nagai et al., 1999). The use of peri-

vitelline fluid for maintaining the original phenotype of CD34+ stem 

cells, enhancements of colony and capillaries formation in vitro, 

vasculogenesis process and myocyte differentiation were discussed in 

detail in Chapters 1-3. 

The biomedical properties of horseshoe crab depend on the ecological 

conditions as these parameters play an important role on the physiological aspect 

of the animals. Hence in Chapter 4 the culture of amoebocytes in vitro considering 

the importance and requirements of amoebocyte lysate in biomedical science for 

rapid detection of pyrogens was demonstrated in detail. The main aim of the 

present study was to produce amoebocyte lysate without disturbing the natural 

population of the animals. Additionally, production of amoebocyte lysate through in 

vitro technique would also ensure the uniform sensitivity of the product under 

different seasons. Similarly in Chapter 5 the culture condition of the horseshoe 

crab was described in relation to different environmental conditions. This attempt 

was made to standardise the best culture condition to keep the donors for bleeding 

the horseshoe crab. The entrepreneurs interested in using horseshoe crab for 

biomedical purposes would have to follow these culture conditions to maintain the 

horseshoe crab population under simulated condition. 
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The re-generating properties of the gill lamellae were discussed in Chapter-6. 

Basically this study will help in finding out this important factor in near future that 

can be used to develop effective drug for regeneration of degenerated cells like 

Islets of langerhan's cells. So all these chapters are interrelated justifying the 

biomedical properties under the umbrella of marine biological approaches. 
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Chapter-1 
Role of peri-vitelline fluid of the fertilized eggs in maintaining the original 

phenotype of CD 3e stem cells, enhances colony and capillary formation in 
vitro 



Diverse processes such as embryonic development, tumor growth 

and tissue repair are linked by the absolute requirement for a vascular bed 

to deliver nutrients and oxygen to metabolically active cells. The clinical 

importance of controlled vascular growth is illustrated by disease states 

resulting from imbalances in blood vessel formation, such as Diabetes 

mellitus. Vasculopathies associated with diabetes include excessive blood 

vessel formation (eg, retinopathy, glomerular nephropathy) and accelerated 

atherosclerosis leading to coronary artery disease, peripheral vascular 

disease and cerebrovascular disease (Martin et al., 2003). A number of 

growth factors essential for wound healing, including VEGF, b-FGF-2 and 

platelet-derived growth factor (PDGF)-B, have also been found to be 

reduced in experimental diabetic wounds (Beer et al., 1997). 

Vascular endothelial growth factor (VEGF)-A, referred subsequently 

as simply VEGF and b-FGF members of a family of growth factors with 

essential roles in vascular and lymphatic growth and patterning, has been 

shown to be deficient in experimental and clinical diabetic wounds (Frank et 

al., 1995). VEGF acts through at least two receptors, expressed primarily on 

endothelial cells, along with other vascular cytokines to induce and maintain 

the vasculature (Carmeliet, 2000). VEGF and b-FGF are the prototype 

members of this family and has been shown to be absolutely essential for 

vascular development (Carmeliet et al., 1996). VEGF and b-FGF facilitate 

tissue repair by increasing vascular permeability, allowing the efflux of 

inflammatory cells into the site of injury and increasing the migration and 

proliferation of pre-existing endothelial cells. However, exogenous 

administration of VEGF and b-FGF result in leaky malformed vessels, which 
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has raised a great concern regarding its therapeutic usefulness (Drake and 

Little, 1995). 

Recent studies have established that angiogenesis is not the sole 

mechanism by which new vessels are formed. It is now apparent that bone 

marrow-derived cells, including endothelial progenitor cells (EPCs) are 

mobilized in response to trauma or ischemia and are able to contribute to 

tissue repair and new blood vessel formation (Takahashi et al., 1999; Gill et 

al., 2001). The development of blood vessels from blood-borne endothelial 

precursors, termed as vasculogenesis, was previously thought to be 

restricted to embryonic development, but is now accepted to play a role in 

postnatal processes including tissue repair (Crosby et al., 2000). 

During early developmental stages of the embryo of horseshoe crab, 

as the inner egg membrane is being freshly formed, the space between the 

inner egg membrane and embryo (peri-vitelline space) is filled with peri-

vitelline fluid (Sekiguchi, 1988). Since it was previously shown that peri-

vitelline fluid (PVF) added to early chick embryo induces an increase of 

cardiac vasculogenesis (Parab et al., 2003), we were interested to analyze 

the action of PVF in human stem cell-induced vasculogenesis. 

It is now generally accepted that bone marrow stem cells differentiate 

into endothelial and hematopoietic cell progenitors. The stem cells appear to 

have antigenic determinants, including CD 34 k , ACC133 and VEGFR2, 

although their phenotype may be plastic (Peichev et al., 2000). These cells 

respond to growth factors, prominent among them is Vascular Endothelial 

Growth Factor (VEGF) that induced CD 34 +  to differentiate into endothelial 
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cells (Hill et al., 2003). A number of studies indicate that these cells or their 

progeny may be a significant source of endothelial cells in adult pathologic 

and non-pathologic vascularization and may participate in vascular repair 

(Peichev et al., 2000). Treatment with exogenous bone marrow-derived 

cells can promote vascularization, accelerating restoration of blood flow to 

ischemic tissues and improving cardiac function after ischemia. Hence, 

certain amount of hope can justifiably be entertained that either alone or in 

combination with other angiogenic factors, these cells can be used to treat 

ischemic and vascular diseases in the near future. 

Formation of capillaries tubes in vivo is an early event in the 

establishment of fine blood carrying capillary network during embryogenesis 

and later in adult during wound healing as well as growth and dissemination 

of tumors. Whereas, colony formation is a process of cell organization and 

indicate the inherent potential of these cells to become organized 

progressively leading to the genesis of organs. The present study 

particularly relates to an interesting study on the peri-vitelline fluid obtained 

from the fertilized eggs of the Indian horseshoe crab (Tachypleus gigas, 

Muller) on the maintenance of the original phenotype of CD 34 +  stem cells, 

enhancement of the formation of capillary tubes as well as large colony 

formation in vitro. 
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Materials and Methods 

The fertilized eggs of the horseshoe crab were collected from the nests 

located on the sandy beach at Balramgari (Orissa). The eggs were 

incubated at a constant temperature (37±1 °  C) in artificial incubators till the 

eggs became transparent and showed the movement of trilobite larvae as 

described (Chatterji, 1994). The peri-vitelline fluid (PVF) was collected using 

a sterilized 22-gauge needle under highly aseptic condition immediately 

after the eggs became transparent and showed the movement of trilobite 

larvae. The peri-vitelline fluid was aliquoted and stored at -20 °  C and freeze-

dried using a tabletop freeze dryer (Edward: Micromodulo). When required, 

the freeze-dried sample of PVF was dissolved (1 mg/ml) in Endothelial 

Basal Medium (EBM MV2). From this stock solution of PVF, 100 pl sample 

was re-suspended in 1 ml of EBM MV2 medium (to make the final 

concentration 0.1 mg/ ml) containing IGF 20 pg/L, Gentamycine 50 mg/L, 

Arachnoid acid 1 mg/L, EGF 20 [tg/L, Amphotericin 5000 pg/ L and 5% 

Fcetal Calf Serum. 

The human bone marrow from healthy volunteers (donors for bone 

marrow transplantation) was collected from the Haematology Division of the 

Hospital Hotel Dieu, Paris (France). The mononuclear cells from the cells 

were then immediately separated by Ficoll centrifugation technique and then 

bone marrow was diluted in 40 ml of L- Glutamin enriched with RPMI 1640 

medium. The mononuclear cell ring was collected and separation of CD 34 + 

 cells was carried out using immune-magnetic beads as per the protocol of 

Easy Sep Stem Cell Technologies Inc U.S.A. 
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Isolated CD 34+  cells were cultured in 5 different culture flasks 

(adjusted at 2x106  cells/flask containing 5 ml EBM MV2 medium enriched 

with 5% Fetal Calf Serum) and in 5 labteks (50 x 10 3  cells/well containing 

0.5 ml of EBM MV2 medium enriched with 5% Fetal Calf Serum). Before 

transferring the cells, culture flasks were treated with gelatine (1X). Five 

sets of small culture flasks were prepared in different combinations; i.e. Set 

A: control cells, Set B: addition of VEGF (10 pl, 0.25 pg/500 pl), Set C: 

addition of b-FGF (10 pl, 0.25 pg/500p1), Set D: addition of VEGF and b-

FGF, Set E: addition of PVF (0.1 mg/ml). All these sets were incubated for 

22 days at 37° C with 5% CO2 and 95% humidity. The number of CD 34+ 

 attached to the surface was counted in each flask. 

Colony formation assay: The assay was performed as described by Hill et 

al. (2003). The isolated CD 34+ cells were re-suspended at 2.5 x 10 6 

 cells/ml in culture medium in two different sets i.e. Set A: Medium EBM MV2 

+ cell suspension + 5 % Fcetal Calf Serum + VEGF and b-FGF ((10 pl, 0.25 

pg/500 pl); Set B: EBM MV2 medium + cell suspension + PVF (0.1 mg/ml) 

+5 % Fcetal Calf Serum. This was followed by plating the cells at 2 ml/well in 

fibronectin-coated 6-well plates (Becton Dickinson, UK) and incubated for 

two days at 37° C with 5% CO2 and 95% humidity. After two days, the non-

adherent cells were removed, counted and re-suspended at 0.5 to 1 x 10 6 

 cells/ml in fresh medium in two different sets as described above. 

The colonies in each well were then identified and counted. A typical 

colony was defined as a central core of «round» cells surrounded by 

elongated «sprouting» cells at the periphery and was classified as Colony 
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Forming Unit Endothelial Progenitor Cell (CFU-EPC). Colonies of 

endothelial progenitor cells isolated in this fashion exhibited many 

endothelial cell characteristics, including expression of CD31 and VEGFR-2 

(Asahara et al., 1997). 

Capillary formation assay: In vitro, angiogenesis was tested using human 

bone marrow endothelial cells (HBMEC) kindly provided by Prof. Pienta of 

University of Michigan, Comprehensive Cancer Center Ann Arbor, Michigan, 

USA. The technique employed for the study of in vitro angiogenesis is same 

as described by Kern et al. (2003) and modified as given below. HBMEC 

were prior incubated with endothelial basal medium (EBM) with 5% Fcetal 

Calf Serum and antibiotics at 37° with 5%CO2 to obtain the 90% confluence 

in the presence of PVF (0.1 mg/ml) and in its absence in two different 

culture flasks. Matrigel depleted in growth factor was used to study capillary 

tube formation. For the assay, 96-well plates pre-coated with matrigel 

(Becton-Dickinson, Le Pont de Claix, France) were employed. The matrigel 

was allowed to polymerize for 1-2 hours at 37° C after which the previously 

detached (with accutase) HBMEC were seeded with 3.5 x 10 4  cells / well 

onto the matrigel-coated wells. With different incubation times at 37° C, 

capillary tube formation was assessed using an inverted microscope fitted 

with a digital camera (Nikon-Diafot). The images were acquired and 

processed using the micro vision computer (Microvision Instruments, Evry, 

France). The capillary network was quantitiated by recording the number of 

connections between three or more capillary-like structures, number of 

capillaries tubes and the length of the capillaries after 4, 8 and 12 hours. 
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Results 

Viability of CD 3e cells in PVF 

The results of the present investigation clearly showed that in PVF, 

a significant increase in the number of adherent cells was observed. The 

cells remained viable for a relatively longer duration, as compared to cells 

cultured with VEGF or b-FGF or both (Figure 1.1). The addition of VEGF 

induced an increase in the number of adherent CD 34 +  cells after 22 days in 

culture as compared to control cultures. The effect of b-FGF was slightly 

higher than that of VEGF. A combination of VEGF and b-FGF showed a 

synergetic effect. Interestingly, PVF alone induced a remarkable increase of 

adherent CD 34+  cells attached to the surface. However, there was no 

synergetic effect of PVF when combined with VEGF and b-FGF (Figure 

1.1). 

Colony formation 

Similarly, the number of colonies formed in culture wells on days 4, 8 

and 12 was ascertained under light microscope (Figure 1.2). In the control 

experiments (without PVF), the number of colonies was maximal on day 8 

(Figure 1.2) whereas in presence of PVF, the number of colonies increased 

considerably by —55% as compared to the control group where no PVF was 

used. This increase was continued through days 8 and 12 (Figure 1.2). In 

addition, in PVF treated cultures, the colonies appeared bigger with a larger 

number of cells per colony as compared to control group (Plate 1.1). 
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Capillary network formation 

The formation of capillaries network is clearly demonstrated in 

Plates 1.2 a-d during 1 hours of experiment. The formation of capillaries 

was relatively much higher when the cells were treated with PVF. The 

numbers of intersections after 4 hrs were -70% higher as compared to 

control group (Figure 1.3). The number of intersections started decreasing 

after 8 hrs and at 12 hrs where no intersection was visible in both the 

groups (Figure 1.3). Similarly the number of capillary tubes after 4 hrs of 

experiment was higher (-63%) when the cells were cultured in presence of 

PVF (Figure 1.4). To demonstrate the pro-angiogenic effect of PVF, the 

length of capillaries was also measured and it was found that in presence of 

PVF the length of capillaries increased -70% more than in the group where 

no PVF was used (Figure 1.5). 
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Discussion 

The ability of CD 34 +  cells to differentiate into endothelial cells can be 

determined in vitro by plating endothelial cells onto an extracellular matrix, 

such as collagen, fibronectin and/or gelatin. Adherent colonies of ECs can 

subsequently be detected by their morphology and immune-reactivity to EC 

markers (Rafii et al., 1995; Shi et al., 1998; Rafii, 2000). Further analysis of 

endothelial progenitor cell homing and incorporation into sites of neo-

vascularization (e.g. following bone marrow transplant into recipient mice) 

can be performed using antibodies specific for human endothelial cell 

markers (Kalka et al., 2000). 

A number of growth factors for the in vitro expansion of endothelial 

precursor cells are available in the market. One such combination 

comprising VEGF, b-FGF, IGF and EGF resulted in 80 to 90-fold expansion 

of cells expressing EC antigens (Kalka et al., 2000). Other growth factor 

combinations described in the literature include VEGF, b-FGF and IGF 

(Suhonen et al., 1996) and b-FGF together with VEGF (Peichev et al., 

2000). The identification and isolation of endothelial progenitor cells is 

difficult due to the absence of specific endothelial markers and functional 

assays to distinguish migrating endothelial progenitor cells from sloughed 

mature ECs (Rafii et al., 1995). ECs and matured wall-derived ECs express 

common endothelial-specific markers including VEGFR-2 (KDR, Flk-1) 

(Eichmann et al., 1997), Tie-2 and Tie-1 (Sato et al., 1995, Suri et al., 1996), 

VE-Cadherin (Johnstone et al., 1998), CD34, PECAM (CD31) and E-

Selectin (Peichev et al., 2000). Other endothelial markers include von 
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Willebrand factor (vWF), P1H12 (CD146), thrombomodulin, CD36, Endoglin 

and Integrin a V113. Identification of ECs is further complicated by the fact 

that hematopoietic stem cells and their progeny (particularly monocytes) 

express markers similar to those expressed by endothelial cells, such as 

VEGFR-1 (Flt-1), CD34, PECAM-1, Tie-1, Tie-2 and Von Willebrand's factor 

(Peichev et al., 2000). The antibody P1H12 (CD146) has been used 

successfully for the enrichment of circulating ECs from peripheral blood 

prior to analysis (Lin et al., 2000). 

The peri-vitelline fluid of the horseshoe crab has been reported to 

contain proteins such as hemagglutinins and hemocyanin that could play an 

important role during embryogenesis (Sugita and Sekiguchi, 1979; 

Shishikura and Sekiguchi, 1984 a & b). The hemagglutinating activity in 

peri-vitelline fluid of the Indo-Pacific horseshoe crab Tachypleus gigas 

increases dramatically after the third embryonic molting (Shishikura and 

Sekiguchi, 1984 a & b). A multimeric lectin of 450 kDa composed of a 40-

kDa sub-unit was purified from the peri-vitelline fluid of T. gigas, using 

affinity chromatography (Sugita and Sekiguchi, 1979). Also insulin 

producing beta cell differentiating factor has been identified and 

characterized in the peri-vitelline fluid of the fertilized eggs of the Indian 

horseshoe crab (Parab et al., 2004). The agglutin binding substances from 

the peri-vitelline fluid of Tachypleus gigas embryo has been purified and 

characterized (Shishikura and Sekiguchi, 1984 a & b). The expression of 

VEGFR-2 and AC133 by circulating human CD 34 +  cells has been identified 

in a population of functional endothelial precursors (Peichev et al., 2000). 
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From the present results, it appears that the number of CD34 +  cells 

attached to the surface of flask is much higher in the presence of PVF than 

in the presence of VEGF and/or b-FGF. Since vascular development 

requires many cell adhesion interactions, including cell-matrix interactions, 

both with basement membranes and with surrounding extra cellular 

matrices, it is suggested that the contribution of PVF in vascular 

development could be due to increased in cell attachment. In fact there was 

a significant increase (2.8 times) of attached CD 34 +  cells when exposed to 

PVF alone as compared to culture cells exposed to VEGF alone. Similarly, 

the difference was 1.94 times more in PVF exposure as compared to b-FGF 

exposure. When both VEGF and b-FGF were used concomitantly, an 

additive effect on the number of CD 34 +  attached cells was observed. This 

was 2.15 times more as compared to cells exposed to VEGF and 1.49 times 

more as compared to b-FGF. This clearly indicated that combined presence 

of VEGF and b-FGF has a cumulative effect in enhancing the number of 

attached CD 34+  cells. The addition of a third component, namely, PVF 

further enhanced the cumulative effect. But surprisingly the use of PVF 

alone surpasses the cumulative effect shown by all the three components 

combined. Hence the present investigation shows that PVF largely 

surpasses the beneficial effect rendered by VEGF or b-FGF or even both 

together in increasing the number of attached CD 34 +  cells. 

In addition it was shown that PVF added to human endothelial cells 

was responsible for an increase in capillary tube formation. This process is 

a prerequisite in vasculogenesis. The most prevalent in vitro assay to 

determine clinical vasculogenesis is to evaluate the colony-forming unit of 

endothelial progenitor cells exhibiting expression of CD31 and vascular 
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endothelial growth factor receptor 2. With this in aim, the present 

investigation was undertaken to show the ability of CD34+ cells to expand 

the clonogenic-derived cells ex-vivo. The effect of PVF, as well as its 

combination with VEGF and b-FGF was tested. Concerning the colony 

formation, PVF induces an increase in the number of colony forming units 

and the size of the colony formed in the presence of PVF was much bigger. 

The data of the present study clearly show the role of PVF in 

differentiation of stem cells CD34 +  into endothelial progenitor cells which 

form colony forming units (CFUs). They contain more cells per colony than 

colonies formed in its absence. The action of PVF is much stronger than 

that of VEGF and b-FGF. This could explain the cardiac promoting effect of 

PVF on early embryo of horseshoe crab (Parab et al., 2004). The results of 

the present study suggest that PVF could improve stem cell therapy for 

vasculogenesis in patients with severe myocardial ischemia. This is a highly 

interesting result which can be translated into development of new CD 34 + 

 cells culture medium and procurement of much higher yield of the CD 34+ 

 cells in near future for the purpose of transplantation or for exploiting their 

plasticity to be guided towards differentiation into different sub-lineages. 
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Summary 

In the peri-vitelline fluid (PVF) of the fertilized eggs of Indian 

horseshoe crab, Tachypleus gigas (Muller), a significant increase in the 

number of adherent cells was observed. The cells remained viable for a 

relatively longer duration, as compared to cells cultured with VEGF or b-

FGF or both. In the control experiments (without. PVF), the number of 

colonies was maximal on day 8 whereas in presence of PVF, the number of 

colonies increased considerably by -55% as compared to the control group. 

This increase was continued through days 8 and 12. In addition, in PVF 

treated cultures the colonies appeared bigger with a larger number of cells 

per colony as compared to control. The formation of capillaries was 

relatively much higher when the cells were treated with PVF. The numbers 

of intersections after 4 hrs were -70% higher as compared to control group. 

The number of intersections started decreasing after 8 hrs and at 12 hrs 

where no intersection was visible in both the groups. Similarly the number of 

capillary tubes after 4 hrs of experiment was higher (-63%) when the cells 

were cultured in presence of PVF. To demonstrate the pro-angiogenic effect 

of PVF, the length of capillaries was also measured and it was found that in 

presence of PVF the length of capillaries increased by -70% more than the 

group where no PVF was used. 

34 



Control 

   

   

 

■ Mean 

   

   

VEGF 
	

bFGF VEGF+bFGF 
	

PVF 

Attachment of CD34+ cells to the surface 
after 22 days of culture 

160 
0 

140 
-secn  

Vas  co 120- 

0 a^ 
L  

100 
'6 80 - 

g a 60 -
c 

40- 

L 

 
cm 

20- 
a) 

0 ct>  

Figure 1.1: Attachment of CD 34+ cells after 22 days 
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Figure 1.2: Formation of colonies 
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Control 
	

PVF treated 

Plate 1.1: Colony Formation 
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Capi lary 	Junction 

Control 
	

Treated with PVF 

A: Capillary network formation Migration of human bone marrow endothelial cells 
(0.1 mg/ml of PVF at 0 hrs) 

B: Capillary network formation-migration of human bone marrow endothelial cells 

(0.1 mg/ml of PVF at 4 hrs) 

Plate 1.2a: Capillary network formation: migration of human bone marrow 
endothelial cells 
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Control 
	

Treated with PVF 

C: Capillary network formation-migration of human bone marrow endothelial cells 
(0.1 mg/ml of PVF at 8 hrs) 

D: Capillary network formation-Migration of human bone marrow endothelial cells 
(0.1 mg/ml of PVF at 12 hrs) 

Plate 1.2b: Capillary network formation Migration of human bone marrow 
endothelial cells 
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40 



N
um

be
r  

o
f
 in

te
rs

ec
ti

o
ns

/w
e

ll 

Pro-angiogenic activity (0.1mg/m1 PVF) 

25 

20 - 

15- 

10 - 

5 - 

1 
	

2 
	

3 

Hours 

❑ With PVF 

■ Control (Without PVF) 

Figure 1.4: Pro-angiogenic activity (Number of intersections) 

41 



Pro-angiogenic activity (0.1mg/m1 PVF) 

25000 
c 

45  .0 	 ■10000 - 
.c E 

_1 

0 2 

ts) 
c 
o

5000 - 

❑ With PVF 

• Control (Without PVF) 

to 

• 	

20000 - 

- 

• 

++ 
= e 15000 - 
ful- E 

0 

4 hours 	8 hours 	12 hours 

Hours 

Figure 1.5: Pro-angiogenic activity (Length of capillaries) 

42 



Chapter-2 
Role of peri-vitelline fluid of the fertilized eggs of the Indian horseshoe crab in 

vasculogenesis 



Vasculogenesis is a process of differentiation of stem cell 

endothelial progenitor cells (EPC) into mature endothelial cells. It 

contributes to new vessel formation (Rumpold, et al, 2004). Vasculogenesis 

is closely resembles the embryological process in which 'haemangioblasts' 

differentiate in primitive vessels. The ability to isolate stem cells recently has 

opened up exciting vistas to help the re-vascularization of ischemic tissues. 

The existence of EPC has been convincingly shown in both animals and 

humans (Rafii Avecilla, et al 2003, Rafii and Lyden, 2003, Zwaginga and 

Doevendans, 2003, lshikawa and Asahara, 2004). Cellular progenitor 

population for the generation of EC may serve as cellular source for 

therapeutic vasculogenesis. It could represent a novel approach to treat 

patients with ischemic disease that are not curable with conventional 

treatments. Therapeutic angiogenesis / vasculogenesis and ex vivo 

engineered endothelial progenitor cells have already been successfully 

used for the treatment of peripheral limb ischemia (Jackson et al., 2001; 

Alessandri et al. 2004). Cell based regeneration therapy has been widely 

touted as a novel means of repairing of damaged heart after myocardial 

infarction (MI), chemotherapy-induced damages or other injuries leading to 

heart failure (Yeh et al., 2003). 

A key role of stem cell research is to understand how differentiation is 

controlled and then to know how to direct the cellular development. 

Research on both embryonic and adult stem cells will make a 

complementary contribution to these objectives. Studies of human 

embryonic stem cells may yield information about the complex events that 

occur during human development (Malouf et al., 2001). A primary goal of 
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such type of work has been to identify how undifferentiated stem cells 

become differentiated (Yeh et al., 2003). Scientists know that turning genes 

on and off is central to this process. Some of the most serious medical 

conditions, such as cancer and birth defects are due to abnormal cell 

division and differentiation. A better understanding of the genetic and 

molecular controls of these processes may yield information about how 

such diseases arise and suggest new strategies for therapy. A significant 

hurdle to this use and most uses of stem cells is that scientists do not yet 

fully understand the signals that turn specific genes on and off to influence 

the differentiation of the stem cell. Human stem cells could also be used to 

test new drugs (Malouf et al., 2001). 

Stem cells are unspecialized and one of the fundamental properties 

of a stem cell of not having any tissue-specific structures that allow it to 

perform specialized functions. A stem cell cannot work with its neighbours to 

pump blood through the body (like a heart muscle cell). It cannot carry 

molecules of oxygen through the bloodstream (like a red blood cell) and it 

cannot fire electrochemical signals to other cells that allow the body to move 

or speak (like a nerve cell). However, unspecialized stem cells can give rise 

to specialized cells, including heart muscle cells, blood cells, or nerve cells 

(Terada et al., 2002). Stem cells are capable of dividing and renewing 

themselves for long periods. Unlike muscle cells, blood cells, or nerve cell 

which does not normally replicate themselves, stem cells may replicate 

many times. When cells replicate themselves many times over it is called 

proliferation. A starting population of stem cells that proliferates for many 

months in the laboratory can yield millions of cells. If the resulting cells 
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continue to be unspecialized, like the parent stem cells, the cells are said to 

be capable of long-term self-renewal (Wang et al., 2003). 

The specific factors and conditions that allow stem cells to remain 

unspecialized are of great interest to scientists. It has taken scientists many 

years of trial and error to learn to grow stem cells in the laboratory without 

them spontaneously differentiating into specific cell types. For example, it 

took 20 years to learn how to grow human embryonic stem cells in the 

laboratory following the development of conditions for growing mouse stem 

cells. Therefore, an important area of research is to understand the signals 

in a mature organism that cause a stem cell population to proliferate and 

remain unspecialized until the cells are needed for repair of a specific 

tissue. Such information is critical for scientists to be able to grow large 

numbers of unspecialized stem cells in the laboratory for further 

experimentation (Malouf et al., 2001). 

Adult stem cells typically generate the cell types of the tissue in which 

they reside. In a living animal, adult stem cells can divide for a longer 

period. They can give rise to mature cell types that have characteristic 

shapes, specialized structures and functions of a particular tissue. The 

differentiation pathways of adult stem cells are descibed in detail in Plate 

2.1 (Stem cell Information, The National Institute of Health Resource for 

stem cell research). 

A blood-forming adult stem cell in the bone marrow, for example, 

normally gives rise to the many types of blood cells such as red blood cells, 
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white blood cells and platelets (Malouf et al., 2001). Until recently, it was 

thought that a blood-forming cell in the bone marrow is haematopoietic stem 

cell that might not give rise to the cells of a very different tissue such as 

nerve cells in the brain. However, a number of experiments over the last 

several years have raised the possibility that stem cells from one tissue may 

be able to give rise to cell types of a completely different tissue, a 

phenomenon known as plasticity (Plate 2.1). Examples of such plasticity 

include blood cells becoming neurons, liver cells that can be made to 

produce insulin and haematopoietic stem cells that can develop into heart 

muscle. Therefore, exploring the possibility of using adult stem cells for cell-

based therapies has become a very active area of investigation by 

researchers. 

An adult stem cell is an undifferentiated cell found among 

differentiated cells in a tissue or organ can renew itself. They can 

differentiate to yield the major specialized cell types of the tissue or organ. 

The primary roles of adult stem cells in a living organism are to maintain and 

repair the tissue in which they live. Some scientists now use the term 

somatic stem cell instead of adult stem cell. Unlike embryonic stem cells 

that are defined by their origin (the inner cell mass of the blastocyst), the 

origin of adult stem cells in mature tissues is unknown. 

Cellular progenitor cell population for the generation of EC may serve 

as cellular source for therapeutic vasculogenesis or tumour targeting 

therefore, representing a new approach to treat patients with ischemic 

disease that are not curable with conventional treatments. This may also be 
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used in targeting drugs for cancers in which the promotion of neovascular 

formation is an important matter. Therapeutic angiogenesis / 

vasculogenesis and ex vivo engineered endothelial progenitor cells have 

already been used for the treatment of peripheral limb ischemia (Alessandri 

et al. 2004). Various cell populations such as embryonic stem cells, cord 

blood cells, mesenchymal cells and bone marrow stem cells have been 

suggested as a source for replacement therapy. It will be useful to identify a 

readily available cell source that does not require significant manipulation. 
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In a preliminary attempt to examine the presence of differentiating 

factors on chick developing embryo it was observed that there are some 

important compounds present in the peri-vitelline fluid of the early 

developing embryos of the horseshoe crab that help in organanogenesis 

process when the study was carried out on chick model. In a preliminary 

study made at the INSERM-Universite Paris 6, it has been found that when 

chick embryo is incubated with peri-vitelline fluid it shows the enlargement 

of heart tissue. On the basis of these observations it has been concluded 

that there can be two possibilities for the enlargement of heart, either it was 

due to vasculogenesis or pro-angiogenesis. We know that adult bone 

marrow stem cells have been shown to differentiate into different cell 

typyes. Hence on the basis of preliminary studies an attempt has been 

made and demonstrated that the peri-vitelline fluid stimulated the adult 

human bone marrow stem cells to transdifferentiate into cardiomyocytes, 

mature endothelial cells or smooth muscle cells using specific markers. 
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Material and Methods 

The fertilized eggs of the horseshoe crab were collected from the 

nests located on the sandy beach at Balramgari (Orissa). The eggs were 

incubated at a constant temperature (37+1 °  C) in artificial incubators till the 

eggs became transparent and showed the movement of trilobite larvae. The 

peri-vitelline fluid was collected using a sterilized 22-gauze needle under 

highly aseptic condition immediately after the eggs became transparent and 

showed the movement of trilobite larvae. The peri-vitelline fluid was 

aliquoted and stored at -20°  C. 

The peri-vitelline fluid was freeze dried using a table top freeze dryer 

(Edward:Micromodulo). The freeze-dried sample of PVF was re-suspended 

(1 mg/m1) in Endothelial Basal Medium (EBM MV2) purchased from Promo 

Cell (Cat no C-22 221). Bone marrow was collected from the Haematology 

Division of the Hospital Hotel dieu Paris 4. Ficoll Centrifugation Technique 

then immediately separated the adherent cells from the bone marrow. In this 

technique, at first 1 ml of bone marrow was diluted in 40 ml RPM! 1640 —L-

Glutamin Medium purchased from PAA Laboratories (Cat no E-15-039). The 

diluted samples (10 ml each) were then transferred slowly into conical tubes 

containing 4 ml of Lymphocyte Separation Medium (Lymphozyten 

Separations Medium: Cat No: J 11-004). The four conical tubes were then 

centrifuged at 1650 rpm for 30 minutes. The supernatant from all the tube 

was collected whereas all pellets were discarded. The supernatant was 

diluted to 50 ml with PBS (1X) (Dulbecco's Phosphate Buffered Saline 10X 

by PAA Laboratories, Austria: Cat No H15-01) and centrifuged again at 

1200 rpm for 10 minutes. The supernatant was discarded and pellets were 

51 



diluted in to 20 ml RPMI-1640 with 10% Foetal Calf Serum (Promo Cell: Cat 

No C 37310). This was followed by centrifugation of the samples again at 

1200 rpm for 10 minutes. The supernatant was discarded and pellets were 

used for separation of CD 34 +  cells. 100 pl from the stock solution of PVF 

was re-suspended in 1 ml of EBM MV2 medium containing IGF 20 p.g/L, 

Gentamycine 50 mg/L, AA 1mg/L, EGF 20 1.1g/L, Amphotericin 5000 p.g/L, 

5% fcetal calf serum (Promocell) to make the final concentration 0.1 mg/ ml. 

The separation of CD 34 +  cells from the mixed population of the cells 

was done using Immunomagnetic Beads following the protocol as described 

by Easy Sep Stem Cell Technologies Inc U.S.A. The separated CD 34 +  cells 

were counted by haemocytometer and adjusted at 2x10 6  in 5 culture flasks 

containing 5 ml EBM MV2 medium for FACS study and 50x 10 3  cells/well in 

2 labteks, each well containing 400 pl of EBM MV2 medium for immuno 

fluorescence study. The surface of the culture flasks and labteks was 

treated with gelatine (1X) before transferring the medium. The following 

scheme was followed for experimentation: 

A: For FACS study 

Set A: Medium EBM MV2 + cell suspension + 5 % Fcetal Calf Serum. 

Set B: EBM MV2 medium + cell suspension + VEGF (10 pl, 0.25 pg/500 pl) + 
5% Fcetal Calf Serum. 

Set C: EBM MV2 medium + cell suspension + bFGF (10 pl, 0.25 pg/500p1) +5% 
Fcetal Calf Serum. 

Set D: EBM MV2 medium + cell suspension + VEGF + b-FGF (10 pl, 0.25 
pg/500 pl) +10% serum. 
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Set E: EBM MV2 medium + cell suspension + PVF (0.1 mg/ml) +5 % Fcetal Calf 
Serum. 

B: For immuno fluorescence study 

Set A: Medium EBM MV2 + cell suspension + 5 °A) Fcetal Calf Serum 

Set B: EBM MV2 medium + cell suspension + PVF (0.1 mg/ml) +5 % Fceta 
Calf Serum 

All the culture flasks were taken out from the incubator and then the 

medium was removed. The samples were washed thoroughly with PBS (1X) 

solution for three times. The cells from each flask were detached by 

Accutase (PAA Laboratories GmbH Cat No. L11-007) and transferred into 

15 ml centrifuge tubes. The samples were centrifuged at 1100 rpm for 10 

minutes to remove Accutase and then re-suspended in 1 ml PBS (1X). The 

cells from each centrifuge tube were divided in to 4 different FACS tubes 

(100,000 cells / tube) and again centrifuged at 1100 rpm for 10 minutes. 

PFA solution (4%) was then added for five minutes at room temperature into 

each FACS tube and sample was vortexed. Each tube was again washed 

with PBS (1X) and then permeabilized with Triton (1%) for 20 minutes. To 

avoid unspecific adsorption in the further steps, PBS: BSA (1%) was added 

for 30 min. The samples were washed again with PBS (1X) three times. To 

detect the antigens present in the cells, 2 incubations of 1 hr at room 

temperature were performed. The first one after adding primary antibodies 

diluted 1/100 in PBS:Alb [rabbit Ig anti human von Willebrand Factor (Dako 

Cytomation Polycional Rabbit Anti Human von Wiilibran Factor - Cat No A 

0082)] and mouse Ig Anti Smooth Muscle actin (Zymed Laboratories Inc; 

Cat No 18-0106) in different sets of test tubes. After three times washing of 

the samples with PBS (1X), the 2nd  incubation was performed by adding 
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the secondary antibodies previously diluted at 1/100 in PBS containing 1% 

albumin (biotinylated anti rabbit Ig and biotinylated anti mouse Ig by 

Amersham). The samples were washed with PBS (1X) and then 

streptavidine fluorescence (Amersham Cat No RPN 1232 V1) was used for 

staining. Finally the samples were washed three times with PBS (1X). For 

negative controls, primary antibodies were not added to the tubes. All the 

samples were analysed by FACS analysis using a Flow-cytometer (Model: 

Beckton & Dickenson). 

All the labteks were removed from the incubator and washed 

thoroughly with PBS (1X) solution for three times. 4% para - formaldehyde 

(PFA) was added into each well of labtek and kept at 4° C for five minutes 

for fixation. Each well of labtek was again washed with PBS (1X) and then 

permeabilized with Triton (0.1%) for 20 minutes. To avoid unspecific 

adsorption in the further steps, PBS: BSA (1%) was added in the labteks for 

30 minutes. The samples were washed again with PBS (1X) three times. 

Then, in all the wells of a labtek except negative controls, primary antibodies 

diluted 1/100 in PBS containing 1% Alb [rabbit Ig anti human von Willebrand 

Factor (Dako Cytomation Polyclonal Rabbit Anti Human von Wiilibran 

Factor; Cat No A 0082)] and mouse Ig Anti Smooth Muscle actin (Zymed 

Laboratories Inc; Cat No 18-0106) was added. After an incubation period 

of 1 hr at room temperature, the wells of the labteks were washed three 

times washing with PBS (1X). This was followed by addition of secondary 

antibodies (Streptavidine conjugated anti rabbit Ig Amersham and RPE 

conjugated anti mouse Ig; Amersham Cat No RPN 1232 V1) diluted 1/100 in 

PBS:BSA for double staining. Both the antibodies were used at the dilution 

of 1/100 in PBS containing 1% albumin. The labteks were washed three 
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times with PBS (1X). The slides from the labteks were detached and 

permanent slides were prepared with fluroprep. The slides were analysed 

using both a microscope for fluorescence and a confocal microscope. 

For each test, while incubating the samples, only the 2nd labelled 

antibody was added and these sets were treated as negative controls. By 

immunocytochemistry, it was confirmed (as already found by flux cytometry) 

that PVF induced an important differentiation of CD 34 +  cells in endothelial 

cells (Von Willebrand) and in smooth muscle cells (S-M actin). 

The effect of PVF on cell migration was also studied for 24 hrs. For 

the analysis of cell migration and for that 5 x 10 4  HBMEC (human bone 

marrow endothelial cells) were cultured in 24 well plates in the presence of 

M131 medium containing 5% FCS and 5% MVGF (Microvascular Growth 

Factors from Cascade Biologics) until 80% confluency. This was followed by 

scratching a line through the layer artificially creating an open scar or 

wound. Then, M131 medium containing only 2% FCS (to avoid cell 

proliferation) in the presence or absence of PVF was used at a 

concentration of 100 µg/ml in each well. The open gap was then inspected 

microscopically over time as the cells move in and fill the damaged area. 

Cell migration was evaluated by measuring the quantum of cells migrating 

to the wounded edge after 0, 3, 6, 9 and 24 hrs of intervals with the help of 

image analysing system 
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Results 

At first a comparison was done on the differentiation of CD 34 +  stem 

cells into endothelial cells using different growth factors such as VEGF, b-

FGF, the mixture VEGF and b-FGF and PVF that was expressed by Von 

Willebrand factor as an endothelial cell marker. The FACS analysis showed 

that the effect of PVF on CD 34 +  stem cell differentiation into endothelial 

cells was found to be stronger than that observed with VEGF, b-FGF and 

mixture of VEGF and b-FGF (Figure 2.1). The mean fluorescence intensity 

was 28 for VEGF, b-FGF and mixture of VEGF and b-FGF whereas it was 

38 when the cells were treated with PVF. This showed that in PVF the 

differentiation of CD 34 +  cells into endothelial cells were greater than 73.7% 

as compared to other known growth factors. The results were further 

confirmed by immuno staining studies where the expression of Von 

Willebrand factor in presence of PVF was significantly much more higher as 

compared to control group where PVF was not used (Plate 2.3). 

The effect of PVF in differentiating CD 34 +  stem cells into smooth 

muscle cell actin was also studied. The expression of smooth muscle cell 

was increased approximately by two times as compared to cells cultured in 

both VEGF and b-FGF (Figure 2.2). The results of immuno-fluorescence 

carried out on slides showed that CD 34 +  cells when incubated with PVF 

were differentiated into vascular smooth muscle cells expressing vascular 

smooth muscle cell actin (Plate 2.4). 
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The effect of PVF on human bone marrow endothelial cells showed 

that in presence of PVF a significant migration of cells was observed. About 

50% cells migrated towards each other and filled the wound created 

artificially (Plate 2.5a-e). The wound was completely filled with cells within 

24 hrs showing a very high activity of PVF (Plate 2.5a-e). The migration of 

human bone marrow endothelial cells after 6, 9 and 24 hrs of experiment 

was 5.8, 19.2 and 24.3% respectively that was higher as compared to 

control groups (Figure 2.3). 
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Discussion 

The isolation of human embryonic endothelial cells has potential 

therapeutic implications, including cell transplantation for repair of ischemic 

tissues and tissue engineering of vascular grafts. Recently, several studies 

demonstrated the use of adult endothelial progenitor cells for such 

applications (Kawamoto et al., 2001). It would be important to examine the 

efficiency of embryonic stem cells in such applications, because ES cells 

can be expanded without apparent limit (Amit-et al., 2000). ES cell-derived 

cells could be created in virtually unlimited amounts and available for 

potential clinical use. Another area in which embryonic endothelial cells can 

potentially be beneficial is the engineering of complex tissues where 

vascularization of the regenerating tissue is essential. Several approaches 

are now being developed to vascularize engineered tissue in vitro before 

transplantation (Black et al., 1998). Vascularization in vitro is important to 

enable cell viability during tissue growth, induce structural organization and 

promote integration upon implantation. The formation of the first capillaries 

takes place mostly during early stages of embryogenesis when endothelial 

cells are generated from precursor cells (Flamme et al., 1997). Isolated 

human embryonic endothelial cells or progenitor cells can be critical for 

such applications. Future studies should include further analysis of the 

molecular mechanism underlying endothelial differentiation and 

vasculogenesis during human embryoid body's differentiation and 

investigation of growth factor involvement in this process. In addition, efforts 

to identify and isolate early embryonic progenitors are important to provide 

tools for elucidating regulatory elements in vasculogenesis and to potentially 
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shed light on vasculogenic and angiogenic mechanisms involved in 

pathological situations affecting the vascular system. 

Research on adult stem cells has recently generated a great deal 

of excitement. Scientists have found adult stem cells in many more tissues 

than they once thought possible. This finding has led scientists to ask 

whether adult stem cells could be used for transplants? In fact, adult blood 

forming stem cells from bone marrow have been used in transplants for 30 

year (Yeh et al., 2003). Certain kinds of adult stem cells seem to have the 

ability to differentiate into a number of different cell types provided if they 

are given right conditions. If this differentiation of adult stem cells can be 

controlled in the laboratory, these cells may become the basis of therapies 

for many serious common diseases. 

Stem cells can give rise to specialized cells and when unspecialized 

stem cells give rise to specialized cells, the process is called differentiation 

(Orlic et al., 2001, Toma et al., 2002). Scientists are just beginning to 

understand the signals or factors inside and outside the cells that trigger 

stem cell differentiation. The internal signals are controlled by a cell's genes, 

which are interspersed across long strands of DNA and carry coded 

instructions for all the structures and functions of a cell (Badorff et al., 2003). 

The external signals for cell differentiation include chemicals secreted by 

other cells, physical contact with neighbouring cells and certain molecules in 

the microenvironment. However, there are still many questions pertaining to 

stem cell differentiation remained unanswered. We still do no know whether 

the internal and external signals for cell differentiation are similar for all 
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kinds of stem cells or not. Similarly, the information of specific sets of 

signals that promote differentiation into specific cell types is also lacking. 

Addressing these questions is critical because the answers may lead 

scientists to find new ways of controlling stem cell differentiation in the 

laboratory, thereby growing cells or tissues that can be used for specific 

purposes including cell-based therapies (Vassilopulos et a/., 2003). 

Attempts have also been made to differentiate the stem cells into 

different cell types and various compounds stimulated differentiation (Parab 

et al., 2003). In all these investigations, cells from an adult human bone 

marrow were used to demonstrate the vasculogenesis. All recent studies 

have focused on the use of embryonic stem cells and bone marrow derived 

cells, including adult hematopoietic stem cells, mesenchymal stem cells and 

bone marrow side population cells (Orlic et al., 2001). CD34 +  cells from the 

bone marrow and peripheral blood have been successfully used for 

regeneration of the blood vessels after experimental myocardial infection 

(Kocher et al., 2001). 

In previous attempts, it was observed that peri-vitelline fluid (PVF) 

added to early chick embryo induced an increase of cardiac vasculogenesis 

(Parab et al., 2003). This interesting observation encouraged seeing the 

action of PVF on human stem cell-induced vasculogenesis. In my present 

investigation, I demonstrated that the peri-vitelline fluid of Indian horseshoe 

crab promoted the differentiation of CD 34 +  cells into different cell types in 

vitro (endothelial cells and smooth muscle cells) using specific cell markers. 

The frequency of differentiation of adult bone marrow stem cell into 
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endothelial and smooth muscle cell is very high. Such differentiation of stem 

cells into vascular cells is a rare event and an inductor of this differentiation 

process would certainly be useful in therapeutic applications. 

Recent data indicate that the adult stem cell is able to produce 

differentiated cell types of other tissues or organs. The adult human 

peripheral blood cells have been shown to differentiate into mature cells of 

non-hematopoietic tissues, such as hepatocytes and epithelial cells of the 

skin and gastrointestinal track. These cells were also reported to 

transdifferentiate into human cardiomyocytes, mature endothelial cells and 

smooth muscle cells in vivo (Yeh et al., 2003). Using human HLA as a 

marker for the donor cells Yeh et al. (2003) demonstrated 

transdifferentiation of CD 34 +  cells into cardiomyocytes in vivo. However, in 

their studies the frequency of the event has been observed to be low in un-

injured hearts. The cells derived from transplanted CD 34 +  cells 

demonstrate mature cardiomyocyte morphology and seem to be integrated 

into the myocardium of the peri-infarct area. The fact that no 

transdifferentiated cardiomyocytes were found inside the infarct zone is in 

agreement with in vitro observation between the donor and host cells are 

necessary for transdifferentiation. CD 34 +  cells from the bone marrow and 

peripheral blood have long been recognized to contain endothelial 

progenitors (Yeh et al., 2003). Consistent with these findings, double 

staining of the blood vessels with anti-HLA and anti—VE-cadherin 

documented the transdifferentiation of peripheral blood CD 34 +  cells into 

vascular endothelial cells. It has also been reported that CD 34 +  cells in 

human blood contain a population of smooth muscle progenitor cells. Yeh et 

61 



al. (2003) demonstrated the potential of these cells to differentiate into 

vascular smooth muscle cells in vivo. 

Terada et al. (2002) demonstrated in vitro that bone marrow stem 

cells were able to fuse with embryonic stem cells and to adopt their 

phenotype. Recently, Vassilopoulos et al. (2003) and Wang et al. (2003) 

demonstrated that cell fusion was the major mechanism in regeneration of 

the damaged hepatocytes of mice. Because no chromosome analysis was 

performed in my study, I could not exclude the possibility that cell fusion is 

partly responsible for the phenotype conversion of the injected CD 34 +  cells, 

especially in myocytes where fusion of myotube is part of the differentiation 

process. However, the phenotypic conversion of the injected CD 34 +  cells 

into endothelial cells or smooth muscle cells may occur predominantly 

through transdifferentiation. 

The mechanism resulting in transdifferentiation is not yet understood 

and may be influenced by epigenetic or genetic modifications caused by 

various compounds including PVF. The identification of signaling molecules 

that promote differentiation of specific subtypes will help in understanding 

these processes in adult stem cells. Thus, by continuing basic human adult 

stem cell research using the egg extract of Indian horseshoe crab and 

comparing gene expression patterns and phenotypes, the future application 

of human stem cells (ES, adult stem and progenitor cells) in clinical settings 

may become more viable. Therefore, the scope of PVF as an inductor of cell 

differentiation for cell therapy is high in near future. 
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Summary 

The differentiation of CD 34 +  stem cells into endothelial cells using 

different growth factors such as VEGF, b-FGF, the mixture VEGF and b-

FGF and PVF was compared using Von Willebrand factor as an endothelial 

cell marker. The effect of PVF on CD 34 +  stem cell differentiation into 

endothelial cells was found to be stronger than VEGF, b-FGF and mixture of 

VEGF and b-FGF. With PVF, the differentiation of CD 34 +  cells into 

endothelial cells was greater than 73.7% as compared to other known 

growth factors. The immuno staining studies showed much higher 

expression of Von Willebrand factor with PVF as compared to other growth 

factors. Similarly, the effect of PVF in differentiating CD 34 +  stem cells into 

smooth muscle cell actin was increased approximately by two times as 

compared to cells cultured in both VEGF and b-FGF. The results of 

immuno-fluorescence carried out on slides showed that CD 34 +  cells when 

incubated with PVF were differentiated into vascular smooth muscle cells 

expressing vascular smooth muscle cell actin. The effect of PVF on human 

bone marrow endothelial cells showed that in presence of PVF a significant 

migration of cells was observed helping in healing the wound. 
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Expression of Von Willebrand factor 
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Figure 2.1: Expression of Von Willebrand Factor 
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Expression of smooth muscel cell actin 
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Figure 2.2: Expression of smooth muscle cell actin 
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Set A: Control 
	

Set B: Cell expressing VWF 

Plate 2.3 Expression of Von Willebrand factor with PVF 
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Set A: Control 
	

Set B: Cell expressing muscle actin 

Plate 2.4 Expression of smooth muscle actin with PVF 
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Control 
	

Treated with PVF 

Plate 2.5a: Migration of human bone marrow endothelial cells (0.1 mg/ml of PVF at 

0 hrs) 
(Arrows showing artificially created wound) 
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Control 
	

Treated with PVF 

Plate 2.5b: Migration of human bone marrow endothelial cells (0.1 mg/ml of PVF 
at 3 hrs) 
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Control 
	

Treated with PVF 

Plate 2.5c: Migration of human bone marrow endothelial cells (0.1 mg/ml of PVF at 6 hrs) 
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Control 
	

Treated with PVF 

Plate 2.5d: Migration of human bone marrow endothelial cells (0.1 mg/ml of PVF at 
9 hrs) 

(Arrows showing 50% wound healing) 
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Control 
	

Treated with PVF 

Plate 2.5e: Migration of human bone marrow endothelial cells (0.1 mg/ml of PVF 
at 24 hrs) 
(Arrows showing 100% wound healing whereas circles show less healing) 
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Chapter-3 
Role of peri-vitelline fluid in myocyte differentiation of bone marrow stem 

cells in vitro 



Cardiac disorders and congestive heart failure has been remaining 

among the Nation's most prominent health challenges despite many 

breakthroughs in cardiovascular medicine. In fact, despite successful 

approaches to prevent or limit cardiovascular disease, the restoration of 

function to the damaged heart remains a formidable challenge. For those 

suffering from common, but deadly, heart diseases, stem cell biology 

represents a new medical frontier. Researchers are working toward using 

stem cells to replace damaged heart cells and literally restore cardiac 

function. The destruction of heart muscle cells, known as cardiomyocytes, 

can be the result of hypertension, chronic insufficiency in the blood supply to 

the heart muscle caused by coronary artery disease or a heart attack, the 

sudden closing of a blood vessel supplying oxygen to the heart. Despite 

advances in surgical procedures, mechanical assistance devices, drug, 

therapy and organ transplantation, more than half of patients with 

congestive heart failure die within five years of initial diagnosis. Researches 

have shown that therapies such as clot-busting medications can re-establish 

blood flow to the damaged regions of the heart and limit the death of cardio-

myocytes. Scientist have been exploring ways to save additional lives by 

using replacement cells for dead or impaired cells so that the weakened 

heart muscle can regain its pumping power. 

Recently, Orlic et al. (2001 a & b) reported on an experimental 

application of hematopoietic stem cells for the regeneration of the tissues in 

the heart. In their study, a heart attack was induced in mice by tying off a 

major blood vessel, the left main coronary artery. Through the identification 

of unique cellular surface markers, the investigators then isolated a selected 

group of adult primitive bone marrow cells with a high capacity to develop 
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into cells of multiple types. Jackson et al. (2001) demonstrated that cardiac 

tissue can be regenerated in the mouse heart attack model through the 

introduction of adult stem cells from mouse bone marrow. 

New advances in cardiomyocyte regeneration are being made in 

human embryonic stem cell research and because of their ability to 

differentiate into any cell type in the adult body, embryonic stem cells are 

another possible source for cardiac repair cells. The first step in this 

application was taken by Itskovitz-Eldor et al. (2000) who demonstrated that 

human embryonic stem cells can reproducibly differentiate in culture into 

embryoid bodies made up of cell types from the body's three embryonic 

germ layers. Among the various cell types noted cells that had the physical 

appearance of cardiomyocytes, showed cellular markers consistent with 

heart cells and demonstrated contractile activity similar to cardiomyocytes 

when observed under the microscope. There has however still been an 

unsolved controversy about the role of endogenous progenitor cells in 

cardiac homeostasis and myocardial regeneration (Anversa et al., 2007). 

Several reports suggest that bone marrow (BM)—derived 

hematopoietic stem cells (Orlic et al., 2001 a & b), mesenchymal stem cells 

(Shake et al., 2002; Barbash et al., 2003) and mononuclear cells (Strauer et 

al., 2002; Perin et al., 2003) exhibit a high degree of differentiation 

plasticity and thus could potentially be used to regenerate infarcted 

myocardium in humans. These reports have however been challenged 

vigorously and the concept of transdifferentiation of adult hematopoietic 

stem cells has recently been called into question (Wagers et al., 2002; 

Wagers and Weissman, 2004). Furthermore, the identity of the specific BM- 
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derived cellular subset(s) capable of regenerating cardiac tissue remains 

elusive. 

Parab et al. (2004) showed PVF of the Indian horseshoe crab 

contains peptide(s) capable of positively influencing differentiations of 

specific organs. Such peptides are likely to be present in minute quantities 

and may be as proteins in addition to the four major proteins reported in the 

Japanese horseshoe crab (Nagai et al., 1999). 

In this work, the fertilized eggs of the horseshoe crab were used for 

their pharmacologic potential. In this study it has been demonstrated that 

PVF either alone or in combination with pro-angiogenic factors, improve 

differentiation of CD34 +  stem cells into myocytes. Therefore, it is suggested 

that PVF contains an active component enhancing the differentiation of 

stem cells in myocytes, which may have therapeutic application in ischemic 

cardiopathy and vascular diseases 
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Material and Methods 

The fertilized eggs of the horseshoe crab were collected from the 

nests located on the sandy beach at Balramgari (Orissa) in India. The eggs 

were incubated at a constant temperature (37+1 °  C) in artificial incubators 

and the peri-vitelline fluid (PVF) was collected using a sterilized 22-gauze 

needle under highly aseptic condition immediately after the eggs became 

transparent and showed the movement of trilobite larvae. The peri-vitelline 

fluid was aliquoted and stored at -20 °  C for further use. Peri-vitelline fluid 

was also freezing dried on a tabletop freeze dryer. The freeze-dried sample 

of peri-vitelline fluid was re-suspended in sterilized distilled water for further 

purification. 

FPLC and SDS-PAGE analaysis: The peri-vitelline fluid was sub-

fractionated using a Fast Pressure Liquid Chromatography (Amersham 

Bioscience) using Superose 12 Hr 10/30 column at room temperature. The 

fractions were eluted in phosphate buffered saline (pH 7.4) with 1.45 mM of 

NaCI and 0.5 ml fractions were collected and stored at -20 °  C until further 

use. A comparison was also performed to asses the most effective fraction 

of PVF. The SDS-PAGE analysis was done using 15% gel with Coomassie 

Brilliant Blue (Laemmli, 1970). The amino acid sequencing of the purified 

fraction was done at Applied Bioscience, Mass Spectrometry Laboratory, 

New Delhi for identification of the protein. 

77 



Assessment of myocyte differentiation activity using purified fraction 

Bone marrow CD 34+  cells preparation: At first, bone marrow was 

collected from the Haematology Division of the Hospital Hotel Dieu Paris 4 

in France and Ficoll Centrifugation Technique was immediately used to 

separate the mononuclear cells from the bone marrow. The cell layer 

present in the supernatant was collected whereas all pellets were discarded. 

The cells were washed with PBS (1X) (Dulbecco's Phosphate Buffered 

Saline 10X by PAA Laboratories, Austria: Cat No H15-01) and centrifuged 

again at 1200 rpm for 10 minutes. The cell pellets were suspended in RPMI-

1640 containing 10% Foetal Calf Serum [FCS] (Promo Cell). This was 

followed by one more centrifugation of the material at 1200 rpm for 10 

minutes for the separation of CD 34 +  cells. The separation of CD 34+  cells 

from the mixed population of the cells was done using Immunomagnetic 

Beads following the protocol as described by Easy Sep Stem Cell 

Technologies Inc U.S.A. 

Cell culture: The isolated CD 34 +  cells were suspended in EBM-MV2 and 

their number adjusted at 4x10 5  cells/ml. Then 5 ml of cell suspension was 

transferred into a culture flask that was previously coated with gelatin (1X). 

Nine flasks were used for this study. To analyze the biological activity, in 

enhancement of colonization of a fraction of the peri-vitelline fluid of the 

fertilized eggs of horseshoe crab, cells were suspended in EBM MV2 

Medium containing 10% FCS and enriched with different growth factors 

(VEGF, b-FGF and 8 th  fractions of PVF) according to the requirement of 

different experiments. All culture flasks were kept for three weeks in an 
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incubator at 37°C injected with 5% CO2 to obtain the 90% confluence of the 
• 

cells. 

Colony formation assay: The assay was performed as described 

previously in Chapter-1 

Peroxidase Staining: 

Two labteks were prepared to observe peroxidase staining 

Set A: Medium EBM MV2 + cell suspension + 5 % Foetal Calf Serum 

Set B: EBM MV2 medium + cell suspension + 8th  fraction of PVF (0.1 
mg/ml) + 5 % Foetal Calf Serum. 

Both the labtecks were kept for three weeks in an incubator at 37° C 

injected with 5% CO 2  to obtain the 90% confluence of the cells. For the 

identification peroxidase activity of cells from colonies, the cells cultured in 

the wells of labteks were fixed by 4% paraformaldehyde during 5 min at 4°C 

and then permeabilized with Triton (0.1%) for 20 min. Then the cells were 

washed with PBS 1X and the peroxidase was detected by incubating cells 

for 20 min at room temperature with freshly prepared 100 IA of DAB (0.5 

mg/ml + H202 0.1% final concentration). After an incubation period of 20 min 

at room temperature, the wells of the labteks were washed three times 

washing with PBS (1X). The slides from the labteks were detached and 

permanent slides were prepared with fluroprep. The slides were analysed 

using light microscope and photographs were taken of both the labteks. 
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Immuno-fluorescence staining: The following two sets were prepared for 

immuno-fluorescence staining: 

Set A: Medium EBM MV2 + cell suspension + 5 % Fcetal Calf Serum 

Set B: EBM MV2 medium + cell suspension + 8th  fraction of PVF (0.1 
mg/ml) + 5% Fcetal Calf Serum 

The fixation and the permeabilisation of the cells were performed as 

described above. To avoid unspecific adsorption in the further steps, 

PBS:BSA (1%) was added in the labteks for 30 min. After washing, the 

wells were incubated for 30 min at 4° C in presence of rabbit anti-human 

myoglobin (Sigma Cat No M 8648) fluorescein-labelled anti-rabbit Ig 

(Amersham Cat no 1034). The two antibodies used were diluted by 1/100 in 

PBS containing 1% albumin. The labteks were washed three times with 

PBS (1X). The slides were analysed using both fluorescence microscope 

and a confocal microscope. The number of positive cells was counted. For 

each test, incubating the samples only with fluorescein-labelled anti-rabbit Ig 

antibody without adding the rabbit anti-human myoglobin antibody 

performed negative controls experiments. 

FACS analysis: 

Assessment of effective dose of PVF by FAGS analysis for myoglobin 
expression 

Four different flask were prepared for dose assessment activity 

1. Medium EBM MV2 + cell suspension + 5 % Fcetal Calf Serum 

2. EBM MV2 medium + cell suspension + PVF, 8th  fraction of PVF (0.1 
mg/ml) +5 % Fcetal Calf Serum 
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3. EBM MV2 medium + cell suspension + 8 th  fraction of PVF (0.01 mg/mI)+5 

% Fcetal Calf Serum. 

4. EBM MV2 medium + cell suspension + 8 th  fraction of PVF (0.05 mg/ml) + 5 

% Fcetal Calf Serum 
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FACS analysis for myoglobin expression in presence of different 

growth factors 

The following protocol was followed for myoglobin expression: 

Set A: Medium EBM MV2 + cell suspension + 5 % Fcetal Calf Serum 

Set B: EBM MV2 medium + cell suspension + VEGF (10 pl, 0.25 pg/500 p1) 
+ 5 % Fcetal Calf Serum. 

Set C: EBM MV2 medium + cell suspension + b-FGF (10 pl, 0.25 pg/500p1) 
+ 5 % Fcetal Calf Serum. 

Set D: EBM MV2 medium + cell suspension + VEGF + b-FGF (10 pl, 0.25 
pg/500 pl) +10% serum. 

Set E: EBM MV2 medium + cell suspension + 8 th  fraction of PVF (0.1 
mg/ml) +5 % Fcetal Calf Serum. 

The same method as described in Chapter-2 was used for 

immunocytochemical study by FACS analysis using a Flow-cytometer 

(Model: Beckton & Dickenson) and rabbit anti-human myoglobin antibody 

(Sigma Cat No M 8648) was used to observe the expression of myoglobin 
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Results 

A total of 10 peaks were detected in the peri-vitelline fluid of the 

horseshoe crab on FPLC profile (Figure 3.1). Initially all fractions collected 

by this methods were analysed for the presence of myocyte differentiation 

activity to select the most effective fraction (Figure 3.2). Before initiating the 

experiment, the most effective dose of the fraction 8 th  was also assessed by 

FACS analysis for myosin expression. It was found that 0.1 mg/ml showed 

the maximum expression (Figure 3.3). Since the 8 th  fraction was showing 

highest myocyte differentiation activity, it was further analysed for its purity 

on SDS-PAGE (15% gel). A single band having 29-30 kDa molecular 

weights was obtained showing the purity of the fraction (Plate 3.1). The 

protein sequencing of the fraction 8 th  showed 221 amino acids (Figure 3.4). 

Fraction 8 th  of PVF induced the differentiation of bone marrow stem 
cell to myocyte 

In order to identify the myocytes present in the colonies formed after 

long-termed culture of bone marrow stem cells, cells expressing myosin 

were identified both by immunohistochemical analysis and FACS analysis. 

In immunohistochemical analysis PVF was found to induce a great 

expression of myosin in some adherents cells incubated with PVF as 

compared to control cells cultured in the presence of VEGF or b-FGF (Plate 

3.2). Similarly, the mean fluorescence intensity of cells cultured in presence 

of PVF was also much greater as compared to control cells or cells cultured 

in the presence of VEGF or b-FGF (Figure 3.5). 
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Peroxidase activity was also performed to identify myoglobin of 

adherent cells (Plate 3.3). It appeared from the results that the number of 

cells having a peroxidase activity in colonies obtained in the presence of 

PVF was greater than that of control experiment. This result was in high 

correlation with those showing myoglobin detection. The results of the 

present studies thus showed that PVF helped in improving the differentiation 

of bone marrow stem cell to myocyte. 
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Discussion 

Several molecules isolated from various marine organisms such as 

microorganisms, algae, fungi, invertebrates and vertebrates; are currently 

under study at an advanced stage of clinical trials. They are either directly or 

in the form of analogues deduced from structure-activity relationships. Some 

of them have already been marketed as drugs. 

In this chapter an attempt was made to demonstrate that the purified 

fraction having molecular weight of 23-26 kDa polypeptide from peri-vitelline 

fluid of the fertilized eggs from the Indian horseshoe crab improved the 

differentiation of bone marrow stem cells into myocytes. The present study 

also indicated that the PVF fraction not only induced stem cell differentiation 

but also helped in colony formation and promoted conversion of bone 

marrow progenitor cells to myocytes. In another study Parab et al. (2004) 

demonstrated that peri-vitelline fluid stimulated cardiovascular regeneration 

in experimental model. These authors have also discussed the possibility of 

shunting of bone marrow progenitor cells towards cardiomyocyte 

differentiation . 

Several colony-stimulating factors already reported from marine 

origin (Misra et al., 1994). In this study, it has been clearly shown the effect 

of PVF in the development of myocyte from bone marrow stem cells CD34 + . 

However, multilineage developmental. capacity of the CD34 +  cells, 

especially into myocytes and smooth muscle cells is still controversial. 

Asahara et al. (2006) conducted a series of experiments to prove the 

hypothesis that vasculogenesis and cardiomyogenesis after myocardial 
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infarction may be dose-dependently enhanced after CD34 +  cell 

transplantation. The present study also confirms the improvement in the 

differentiation of CD34 +  cell to myocyte in presence of PVF. 

Marine natural products have been a source of new leads for the 

treatment of many deadly diseases such as cancer (Cragg et al., 2006, GuI 

and Hamann, 2005) and acquired immuno-deficiency syndrome (Tziveleka 

et al., 2003). The pharmacology of marine compounds with anthelminthic, 

anti-bacterial, anti-coagulant, anti-diabetic, anti-fungal, anti-inflammatory, 

anti-malarial, anti-platelet, anti-protozoal, anti-tuberculosis and anti-viral 

activities affecting the cardiovascular and nervous systems have also been 

reviewed elsewhere (Mayer et al., 2004). Number of marine peptides has 

been isolated in recent years, which exhibit potent biological activities and 

many of the compounds showed promising anticancer activity. Didemnin 

was the first marine peptide that entered in human clinical trials in USA for 

the treatment of cancer, and other anticancer peptides such as kahalalide F, 

hemiasterlin, dolastatins, cemadotin, soblidotin, didemnins and aplidine 

have entered in the clinical trials (Rawat et al., 2006). 

On the basis of the present results it can be concluded that PVF 

improved the differentiation of the bone marrow stem cells into myocyte. It 

is also evidenced that b-FGF and VEGF can also be involved but at a lesser 

extent than PVF in differentiation of bone marrow stem cells to myocytes. 

This present study thus opens up entirely new possibilities using PVF for 

medical application to improve stem cell differentiation into cardiomyocytes 

on severe ischemic diseases, which can not be improved by classic therapy. 
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Summary 

The FPLC profile of peri-vitelline fluid showed 10 peaks where 

fraction 8 th  showed highest activity. The most effective dose of the fraction 

8th  was also assessed by FACS analysis for myosin expression and a dose 

of 0.1 mg/ml showed the maximum expression. Since the 8 th  fraction was 

showing highest myocyte differentiation activity it was further analysed for 

its purity on SDS-PAGE where a single band having 23-26 kDa molecular 

weight was obtained. The protein sequencing of the fraction 8 th  showed 221 

amino acids. In order to identify the myocytes present in the colonies 

formed after long-termed culture of bone marrow stem cells, cells 

expressing myosin were identified both by immunohistochemical and FRCS 

analysis. In immunohistochemical analysis, PVF was found to induce a 

great expression of myosin in some adherent's cells incubated with PVF as 

compared to control cells cultured in the presence of VEGF or b-FGF. 

Similarly, the mean fluorescence intensity of cells cultured in presence of 

PVF was also much greater as compared to control cells or cells cultured in 

the presence of VEGF or b-FGF. It appeared from the results that the 

number of cells having a peroxidase activity in colonies obtained in the 

presence of PVF was greater than that of control experiment. These results 

showed that PVF helped in improving the differentiation of bone marrow 

stem cell to myocyte. 
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Figure 3.1: FPLC profile of peri-vitelline fluid (Buffer: 7.4; sample load 
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Fraction size: 0.5 ml 
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Figure 3.2: Assessment of most effective fraction of PVF 
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Figure 3.3: Assessment effective dose of PVF(8 t  Fraction) by the expression of 
myoglobin 
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Plate 3.1: Gel profile of the 8 th  fraction of PVF 
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VQWHQ1PGKLIVIHITATPHFLWGVNSNQQIYLCRQPCYDGQ 
WTQISGSLKQVDADDHEVWGVNRNDDIYKRPVDGSGSWV 
RVSGKLKHVSASGYGYIWGVNSNDQIYKCPKPCNGAWTQ 
VNGRLKQIDGGQSMVYGVNSANAIYRRPVDGSGSVVQQIS 
GSLKHITGSGLSEVFGVNSNDQIYRCTKPCSGQWSLIDG  

LKQCDATGNTIVGVNSVDNIYRSG 

Figure 3.4: Sequence of fraction 8 th  of PVF 
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Figure 3.5: Expression of myoglobin by differentiating CD 34 +  Cells 

93 



Effect of PVF in the Differentiation of CD34+ cells into 
cardiomyocytes (Expression of myoglobin ) 

 

Control 

Expression 
of myoglobin 
With PVF 

Plate 3.2: Effect of PVF (8 th  Fr) in the differentiation of CD 34 +  cells into 
cardiomyocytes (expression in myocytes) 
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Peroxidase Staining expressed by CD34+ cells in 

presence of PVF 

Control 
	

With PVF (8th fraction) 

Plate 3.3: Peroxidase activity in presence of PVF 
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Chapter-4 
A comparison of the sensitivity of amoebocyte lysate produced from in vitro 

grown amoebocytes and amoebocytes collected from wild stock 



Water and life are closely linked to each other. This has been 

recognized throughout history by civilizations and religions and it is still a 

matter to study for scientists. Liquid water is required for life to start and for 

life to continue. No enzymes work in the absence of water molecules. No 

other liquid can replace water. Living organisms maintain a constant water 

balance in their body in order to survive. 

It is believed that the life began in a watery medium i.e. the sea. 

Therefore, a significant relationship exists between the general composition 

of seawater and body fluids of the aquatic animals (Macallum, 1926). 

Animals in all environments (aquatic and terrestrial) must maintain the right 

concentration of solutes and amount of water in their body fluids. This 

involves excretion i.e. getting rid of metabolic wastes and other substances 

such as hormones which would be toxic if allowed to accumulate in the 

blood via organs such as the skin and the kidneys. Keeping the water and 

dissolved solutes in balance is referred to as osmoregulation. 

Many marine invertebrates (such as jellyfish, scallops, crabs, oysters, 

etc.) are osmo-conformers and have body fluids that are similar in 

composition to seawater. This condition is described as either isosmotic or 

hyperosmotic, relative to seawater. Beyond that, they either conform to 

environmental conditions, or they regulate. Some invertebrates, such as 

brine shrimp (sold in the back of comics as "sea monkeys") and mosquito 

larvae are capable of tolerating extremely high salinities (as great as 10 

times sea water). 

96 



Marine arthropods exhibit all possible patterns of osmoregulation 

(Prosser, 1973) and their extra cellular fluids are in osmotic equilibrium with 

the surrounding seawater (Mantle and Farmer, 1983). Osmoregulation in 

marine arthropods is basically an effect of salinity on the osmotic and ionic 

properties of the haemolymph (Gilles and Pequeux, 1983). Salinity 

variations during different seasons, significantly, influence the volume of the 

haemolymph and body weight of the marine arthropods (Shaw, 1958; 

Prosser, 1965 and Robertson, 1970). The responses by haemolymph are 

related to hypo-regulation at low salinity when the volume of haemolymph 

increases considerably during monsoon period and hyper-regulation or 

conformity at higher salinities when the volume of the haemolymph 

decreases during summer and post monsoon periods. 

Invertebrates have a characteristic host defensive mechanism, which 

differs of those of mammalian immune systems (Brehelin, 1986). In the 

horseshoe crab this defence system is carried out by the haemolymph, 

which contains a type of cell called amoebocyte or hemocyte (Levin and 

Bang, 1964 a & b). The hemocytes are extremely useful to bacterial 

endotoxins, lipopolysaccharides which are a major outer membrane 

component of gram-negative bacteria. The amoebocytes aggregate quickly 

when exposed to minute amount of any endotoxin (Mikkelsen, 1988). The 

shape of amoebocytes changes and simultaneously long processes 

extending from one amoebocyte to the other appear in a pseudopod like 

fashion. When amoebocytes come in contact with gram-negative bacteria 

or lipopolysaccharide, they begin to degranulate and the resulting granular 
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components initiate haemolymph coagulation (Levin and Bang, 1964 a & b; 

Ornberg and Reese, 1979; Iwanaga et al., 1992). 

Arthropods have developed a unique immune system without the 

acquired immunoglobulin-dependent immunity found in vertebrates. Therefore, 

innate immunity, the pre-extinguished immediate ability to prevent and limit 

invading microbes and pathogens, is likely to be a major host defence system 

in arthropods. The hemolymph of horseshoe crabs contains three abundant 

proteins, hemocyanin, C-reactive protein, and a 2-macroglobulin. One type of 

granular cells are accounting for 99% of the total hemocytes (Armstrong, 

1991; Toh et al., 1991). 

The granular cells are extremely sensitive to bacterial endotoxin, i.e. 

lipopolysaccharides (LPS). The cells release granular components in 

response to LPS stimulation (Toh et al., 1991; Iwanaga, 1993; Kawabata et 

al., 1996; Muta and Iwanaga, 1996). This response is thought to be 

important for host defence in engulfing and killing invading microbes, in 

addition to preventing the leakage of hemolymph. The hemocytes contain 

large and small granules that selectively store proteins and defence 

molecules, including serine protease zymogens, a clottable protein that 

participates in the coagulation cascade, protease inhibitors, antibacterial 

peptides, lectins, and others (Kawabata et al., 1996). Lectins are a group of 

sugar-binding proteins that recognize specific carbohydrate structures and 

agglutinate a variety of animal cells by binding to cell-surface glycoproteins 

and glycolipids. 

98 



It recent times, the biomedical properties of the horseshoe crab a 

living fossil, has attained unanticipated importance due to marketing of 

Limulus Amoebocyte Lysate as a rapid bacterial tester in food, drug and 

pharmaceutical industries. The horseshoe crab is a hardy animal and can 

thrive well in diluted or saturated seawater by maintaining steady state. 

Salinity, has been reported to significantly influenced the of the hemolymph 

and body weight of the marine during different months (Chatterji et al., 

1992). Considering seasonal fluctuation in the sensitivity of amoebocyte 

lysate an attempt has also been made to culture amoebocyte producing 

tissue for the purpose of generating amoebocyte lysate of uniform sensitivity 

(Joshi et al., 2002). In the present investigation, an attempt has been made 

to compare the sensitivity of amoebocyte lysate produce by in vitro and in 

vivo techniques. 
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Materials and methods 

Preparation of glassware: 

All glassware used for the preparation of amoebocyte lysate were 

kept in liquid soap for 24 hours and then washed thoroughly twice with tap 

water. After removing the traces of tap water, the glassware was washed 

three times with pyrogen free double distilled water. All glassware was kept 

for drying for 24 hours at 20 °  C in an oven. These glassware were removed 

and plugged with cotton and cotton gauge. They were autoclaved for 15 

minutes at 14 lbs pressure and kept safely for further use. 

Preparation of N-ethylmaleimide anti-coagulant: 

a. 1 N HCI: 8 ml Conc HCI was taken in 100 ml of sterilized double distilled 

water. 

b. 0.1 M TRIS: 1.21 g of Tris was dissolved in 50 ml of double distilled water 

and mixed properly. The pH of the solution was adjusted to 7.4 with 1 N 

HCI. The volume of the solution was finally made to 100 ml with double 

distilled water. 

c. 3 g NaCI and 0.125 g N-ethylmaleimide (NEM) were taken in 50 ml of 

double distilled water. To this 50 ml of 0.1 M IRIS was added. The pH of 

the resultant solution was adjusted to 7.4 with 0.1 N HCI. Now the 

strength of the TRIS was 0.05M. The solution was then filter sterilized by 

using 22-micron glass filter and kept safely at 4 °  C for further use. 
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Reconstitution of endotoxin 

The commercially available endotoxin standard prepared from E. coli 

(0.55:B% lipopolysaccharide) was obtained from Sigma Chemicals (Cat 

210-SE). The endotoxin standard was reconstituted in pyrogen free double 

distilled water (5.9 ml) before performing the endotoxin assay. The solution 

was vortex to mix the material properly. This gave 4000 EU/ml of endotoxin 

and treated as stock solution. 

Preparation of serial dilutions of endotoxin 

In three test tubes, marked A, B and C, 9 ml of pyrogen free double 

distilled water was taken. 

Set 1: 1 ml of stock solution was added to test tube marked A, giving 400 
EU/ml. 

Ser 2: 1 ml of solution from test tube marked A was added to test tube 
marked B, giving 40 EU/ml. 

Set 3: 1 ml of solution from test tube marked B was added to test tube 
marked C, giving 4 EU/mI. 

Preparation of 5X antibiotics 

Penicillin (0.5 ml) and streptomycin (0.5 ml) were dissolved in 100 ml 

of sterilized double distilled water and the solution was kept for further use. 

Preparation of Tween 80 solution 

Tween 80 (0.5 ml) was mixed in 0.5 ml of sterilized seawater (salinity 

-30 ppt). The solution was filter sterilized with 22-micron swiney filters. 
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The present investigation was based on the specimens collected 

during their migration towards the intertidal zone for spawning at Balramgari 

in Orissa (Lat 19 °  16' N Long 84 °  53' E) during pre-monsoon, monsoon 

and post-monsoon periods. Monthly observation from June' 2004 to May' 

2005 were carried out on 250 specimens (130 females and 120 males) from 

a marked 200 m transect during highest high tides (Indian Tide Table, 

2004). After determining the sex of each individual, specimens were blotted 

lightly with filter paper and then weighed to nearest 1 g on a single pan 

electronic balance. A sterile disposable syringe fitted with pyrogen free 

collected Haemolymph of each of the crab 14-gauge: 3.8 cm hypodermic 

needle. 

Before the collection of haemolymph, the base of the last pair of 

thoracic appendage of the horseshoe crab was cleaned with a gauze piece 

moistened with absolute alcohol. Haemolymph (20 ml) was collected from 

each crab and transferred to a pyrogen free polypropylene centrifuge tube 

containing 3 ml of N-ethylmaleimyde anticoagulant. The amoebocytes were 

separated by centrifugation (850 rpm) at a temperature of 4 °  C. The 

supernatant solution was discarded whereas white packed amoebocytes 

were washed with pyrogen free 3% sodium chloride solution. The 

amoebocytes were then kept at 4° C for lysing for 24 hours in pyrogen free 

double distilled water. The cellular debris was finally removed by 

centrifugation at 1500 rpm at 4°  C and the lysate decanted in sterile pyrogen 

free vials. Supernatant clear solution was then removed and kept at -20 °  C 

for pre-freezing. The amoebocyte lysate samples were then freeze-dried 

using a table top lyophilizer (Edward: Micromodulo) and finally all samples 
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were vacuum sealed with the help of mechanically operated closing device 

of lyophilizer. 

The preparation of lysate required absolute precaution for pyrogen 

contamination at all processing steps. All apparatus and reagents were 

pyrogen free as described by Chatterji et al. (1992). 

Amoebocyte culture in vitro 

The book gills of both male and female specimens of horseshoe crab 

were sterilized with 70% alcohol. The gill flaps about (100 leaf like 

structures) were removed with the help of a pair of sharp and sterilized 

scissors. The gill flaps were dipped for 2-3 min in concentrated Betadine 

solution and then washed with 70% alcohol for 15 min. The gill flaps were 

transferred into sterilized seawater of 720 mM molarity. This was followed 

by addition of 1% antibiotics, 0.5 ml penicillin and 0.5 ml streptomycin for 2 

hrs. The gill flaps were again removed and dipped in 10% Betadine solution 

for 15 min. The flaps were washed again with sterilized seawater. These gill 

flaps were again immersed in seawater with 5X antibiotics for 10 min. The 

flaps were washed with seawater and 1X antibiotics. The flaps after 10 min 

were removed and transferred into seawater with 25 pg/ml of fungizone and 

kept for 10 min. The flaps were washed again with sterilized seawater. The 

gill flaps were then transferred in 6-well plate containing 3 ml seawater with 

1 X antibiotics and 0.25 pg/ml of fungizone. The solution was incubated at 

room temperature on a rocker platform for 48 hrs. 
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Selection of a suitable culture medium 

An attempt was made to select a suitable culture medium for the 

cultivation of gills and for that media namely; Grace's insect medium, M M 

medium, 2X L-15 and RPMI-1640 were used in the present study (Figure 

4.1). The most suitable medium for in vitro maintenance of gill flaps was 2X 

L-15 (Figure 4.1). 

After 48 hrs of incubation the flaps were transferred into 2x L-15 

medium containing 0.5% Tween 80. The flaps were again incubated on a 

rocker platform for 24 hrs. This was followed by stimulation of the flaps with 

10% sterilized horseshoe crab serum for releasing of amoebocytes after 24 

hrs. This resulted in release of amoebocytes within and outside the gill flaps. 

The release of amoebocytes was monitored every week for a period of 1 

month and at every harvest the cell count was recorded. 

Long-term maintenance of amoebocytes in vitro 

The amoebocytes produced from the gill flaps were obtained by 

centrifugation. These cells were seeded in tissue culture dishes along with 

2X L-15 medium and 10% horseshoe crab serum. The cultures were fed at 

an interval of 5-10 days with fresh medium and serum. The amoebocytes 

were maintained by this method showed no change in morphology and 

viability for more than 3 months. 

Harvesting of amoebocytes 

The amoebocytes along with medium were collected after their 

release within and outside the gill flaps. Release of amoebocytes in males 
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and females was observed every week for a period of one month and at 

each harvest the number of cells was counted and recorded. 

The amoebocytes collected by in vitro cultivation and amoebocytes 

obtained from the wild population were cultured on sterile pyrogens free 

cover slips in 2X L-15 medium. The attachment of cells was observed within 

48 hrs. These cover slips cultures were processed further for porpidium 

iodide (PI) staining to study the morphology and size of the amoebocytes 

cells under confocal laser microscope. 

The wells of the 6 well plates were properly washed so that loosely 

attached cells were removed completely. The content of each well was 

transferred into a sterile 50 ml tube and centrifuged at 2000 rpm for 15 min 

at room temperature to obtain amoebocyte pellets. The amoebocytes were 

washed with sterilized seawater and transferred to eppendorf tube with 

distilled water. The tube was kept at 4°  C for over night for lysing of the 

amoebocytes and then centrifuged at 3000 rpm for 15 min. The clear 

supernatant was removed and kept at -20 °  C for pre-freezing. After 6 hrs, 

the amoebocyte lysate was freeze dried and vacuum-sealed using a 

tabletop freeze dryer. 

Using endotoxin standard assessed the sensitivity of amoebocyte 

lysate. 0.2 ml sample of amoebocyte lysate with 0.2 ml of solutions either 

from A or B or C were taken into four sterilized endotoxin test tubes with a 

control without amoebocyte lysate. All the test tubes were vortexed for 5 

minutes and then incubated at 37±1 °  C in a water bath for 2 hours. 
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Formation of gel with different intensity indicated the presence of quantity of 

endotoxin. 
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Results 

The amoebocytes obtained from in vitro culture of gill flaps were in 

the size range of 4 to 4.5 micron. However, the size of amoebocytes 

obtained from the wild population was in the range of 12-15 micron (Plate 

4.1). The amoebocytes though were maintained for 4 weeks, but no further 

growth was recorded in the size of amoebocytes cultured by in vitro 

technique. 

No significant difference in the number of yield, cells counts and cell 

morphology was observed between the amoebocytes obtained from males 

and females (Figures 4.2 & 4.3). Maximum numbers of cells were obtained 

in the first week of culture (males-18,00000 and females-22,00000). But 

during the successive weeks, the numbers of cells were reduced. During 

second to fourth weeks, the numbers of cells were in the range of 10,00000 

to 12,00000 in males and 15,0000 to 18,00000 in females (Figures 4.2 & 

4.3). 

The sensitivity of amoebocytes was assessed with different seasons 

and with amoebocyte lysate prepared by in vitro technique. It was found that 

the sensitivity of amoebocyte lysate varied during different seasons (Table 

4.1). Maximum sensitivity of amoebocyte lysate prepared from the wild 

population was recorded during pre-monsoon period whereas the lowest 

during monsoon season (Table 4.1). The amoebocyte lysate prepared 

during pre-monsoon period showed ability to detect endotoxin up to 4 EU/mI 

whereas a very low sensitivity of amoebocyte lysate was observed in 
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monsoon (4000 EU/mI). The sensitivity was also very low (4000 EU/mI) in 

the amoebocyte lysate produced by in vitro technique (Table 4.1). 
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Discussion 

The horseshoe crab is mainly confined to the polyhaline region of the 

estuaries but immature specimens have also been found to migrate into 

mesohaline waters (Magnum et al., 1976). In fact, all stages of the 

horseshoe crab are able to tolerate a wide fluctuation in the salinity of the 

environment. Limulus has been found occur in waters of salinity 6-8 x 10 3 

 showing a lower salinity tolerance when the animal faced a gradual 

acclimatization (Robertson, 1970). The horseshoe crab shows a perfect 

mechanism of osmoregulation, which enables the animal to ensure a proper 

intracellular water balance in particular environment. The animal 

successfully, maintains more or less hypo-osmotic state in dilute media 

whereas, in more concentrated media, the haemolymph osmolarity strictly 

follows the osmolarity of the external environment. 

Mature specimens of Tachypleus gigas migrate towards shore and 

lay their eggs in nests on sandy beaches, round year. The metamorphosis 

of the larvae takes place in waters where the salinity does not vary greatly. 

But in the intertidal zone, the animal is subjected to great osmotic stresses 

due to high and rapid fluctuations in salinity besides desiccation during the 

low tide. Adult specimens of the Limulus have also been reported 

migrating, shoreward during spring and summer for spawning purpose 

(Shuster, 1982) and thereby face salinity variations ranging from 6-32 x 10 -3 . 

It has been reported that during monsoon season when the salinity 

decreased considerably, due to land run off, the volume of haemolymph 

increased by 26.0% in females (Chatterji et al., 1992). This is basically due 
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to hypo-osmotic condition when water from the environment passes inside 

the body of the crab to maintain equilibrium between internal and external 

osmotic state. Decrease in salinity of the environment results in diffusive 

movement of water into the animal body across permeable surface. The 

permeability of water is largely through highly chitinized gills of the 

horseshoe crab. 

The most important factor to minimize the diffusive movement of 

water is to reduce the concentration and osmotic gradients between the 

haemolymph and the external conditions. Similarly, during summer and post 

monsoon periods when the salinity of the environment is relatively high and 

the hyper-osmotic condition prevails, water passes outside the body of the 

horseshoe crab resulting in decrease in the values of haemolymph-the 

maximum of 19.8% in females (Chatterji et a/., 1992). During the monsoon 

period, the haemolymph volume increased by 15.7% as against 12.9% 

during post monsoon period in males (Chatterji et at., 1992). However, in 

normal seawater, Limulus has been found to be iso-osmotic and showed no 

significant difference in volume of haemolymph of the horseshoe crab and 

the salinity of the surrounding water are supposed to be in iso-osmotic 

condition. The animal tissues act adequately in regulating the haemolymph 

concentrations over this wide range of salinity changes ((Mantel and 

Farmer, 1983). It has also been observed that the ionic composition of 

haemolymph varies from the medium regardless of the osmotic 

relationships. At high salinities, the haemolymph of the crab has been 

found hypo-ionic and hyper-osmotic to the medium (Robertson, 1949; 1953; 

Robertson and Waterman, 1960). The haemolymph collected from 6 
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samples of Limulus over a period of 3 summers showed hypo-osmotic state 

(Cole, 1940), whereas, McManus (1969) reported an iso-osmotic state of 

haemolymph on L. polyphemus when kept in tanks of running seawater of 

25 x 1 0-3  salinity. 

At high salinities, the body weight of the horseshoe crab has been 

reported to decrease considerably, as against an increase at lower salinities 

(Robertson, 1970). In shore crab, Carcinus maenas, the body weight of the 

animal increased when the animal moved into diluted seawater of 50% to 

the normal seawater (Prosser, 1965). In a similar way, during an 

investigation the body weight of T. gigas was reported to increase by 

approximately 9.8% in female (221-240 mm size) and by 3.09% in male 

(141-160 mm size) (Chatterji et al., 1992). During post monsoon period, the 

body weight decreased by 18.2% in females and 6.1% in, males. These 

fluctuations in body weight are more pronounced in females rather than in 

males of T. gigas. In study (Robertson, 1970), it has been reported that the 

body size has no relation with osmotic steady state even though it is related 

to salinity. 

Though salinity plays an important role in the fluctuating the volume 

of haemolymph in different seasons, it is still not ascertained whether the 

variation in the salinity has any significant effect on the sensitivity of 

amoebocyte lysate or not. Jorgenson and Smith (1973) reported that in 

June/July through October maximum lysate preparations could be possible. 

The variability in the haemolymph is related to eco-biological changes rather 

than any other factor. The possibility of causing the variability is supported 
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by the fact that the activity of amoebocyte lysate increases when the 

horseshoe crab gets acclimated to dilute seawater (Robertson, 1970). In 

Uca pugilator the activity of certain enzymes have been reported higher 

when the animal acclimated in low salinity medium (Mantel and Landesman, 

1977). Sullivan et al. (1974) reported that in dilute seawater, the 

concentration of copper based hemocynin increased considerably. At 

present, the problem of amoebocyte lysate variability with season is of great 

concern, as a causative factor for this variability has still not been 

elucidated. 

In the attempt made under this investigation, the technique of culture 

condition for the long-term maintenance of the gill flaps in vitro were 

optimized for 30 days. Perhaps this is the first investigation carried out on a 

long-term culture of gill lamellae in the Indian species of the horseshoe crab. 

Studies carried out previously described the process of disinfecting the gill 

flaps with Alcide Expor and modified Grace's insect medium (Friber et al., 

1992). It has been always a problem to insert a pyrogen free glass needle 

into the blood channel at the edge of the gill and slide it between two layers 

to open the gill lamellae for purging (Hilly and Gibson, 1989). In the present 

study the process has been simplified to maintain the intact of gill as organ 

culture without opening them and thus retaining their tissue architecture, 

possibly because of the simulation of the in vivo conditions by the use of the 

rocker platform. In this study instead of Alcide Expor, Betadine was used for 

disinfecting the flaps. The 2X L-15 medium helped in maintaining the 

osmolarity similar to that of seawater (720 mOsm) and pH 7.4. This resulted 

in the successful release of amoebocyte cells in vitro for a longer duration 
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without affecting the cell number till the 4 th  harvest. The presence of 

amoebocytes in large number at every harvest indicated the production and 

release of amoebocytes in organ-cultured of gill flaps, continuously. 

The confocal laser microscopy studies showed significant difference 

in the size of amoebocyte cells released in vitro process as compared with 

those obtained form the wild population. There might be immaturity of in 

vitro-released amoebocytes that required further investigation. This aspect 

deserves investigations in detail. Future studies on this particular aspect 

may elucidate methods whereby sensitivity of amoebocyte lysate can be 

assessed by the measurement of amoebocyte lysate composition in the 

haemolymph of the horseshoe crab in Indian waters during different 

seasons. 
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Summary 

No significant difference in the number of yield, cells counts and cell 

morphology was observed between the amoebocytes obtained from males 

and females. However, amoebocytes obtained from in vitro culture of gill 

flaps were in the size range of 4 to 4.5 micron and from the wild population 

12-15 micron. Maximum numbers of cells were obtained in the first week of 

culture (males-18,00000 and females-22,00000). But during the 

successive weeks, the numbers of cells were reduced. During second to 

fourth weeks, the numbers of cells were in the range of 10,00000 to 

12,00000 in males and 15,0000 to 18,00000 in females. The sensitivity of 

amoebocyte lysate varied during different seasons and a maximum 

sensitivity from the wild population was recorded during pre-monsoon period 

(4 EU/ml) whereas the lowest during monsoon season (4000 EU/mI). The 

sensitivity was also very low (4000 EU/ml) in the amoebocyte lysate 

produced by in vitro technique. 

114 



Selection of an appropriate media 
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Figure 4.1: Experiment to select a suitable culture media to culture gill flaps 
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Yield of amoebocytes in males 
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Figure 4.2: Amoebocyte yield in males (in vitro production) 
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Yield of amoebocytes in females 
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Figure 4.3 Amoebocyte yield in females (in vitro production) 
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Amoebocytes produced by in vitro gill culture 

Amoebocytes obtained directly from the wild population 

Plate 4.1: A comparison of the amoebocyte cells produced by gill culture 
And amoebocytes obtained from wild stock 
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Table 4.1: A comparison in the sensitivity of amoebocyte lysate produced from 

both in vitro and in vivo stocks 

Sensitivity 
(endotoxin unit 
/ ml of lysate) 

Amoebocyte lysate 

Wild population In vitro 

Pre-monsoon Monsoon Post-monsoon 

4000 ++++  + + + + + ++ 

400 + + + + +++  

40 + + + + ++ 

4 ++ + 

[++++ = Highly sensitive] 

[+ 	=Less sensitive] 
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Chapter-5 
Respiratory metabolism of the trilobite larvae of Indian horseshoe crab 



Respiration is a process by which an organism exchanges gases 

with its environment. The term now refers to the overall process by which 

oxygen is abstracted from air and is transported to the cells for the oxidation 

of organic molecules while carbon dioxide (CO 2) and water - the products of 

oxidation, are returned to the environment. In single-celled organisms, gas 

exchange occurs directly between cell and environment, i.e. at the cell 

membrane. In plants, gas exchange with the environment occurs in special 

organs called as the stomata, which are located mostly on the leaves. 

Organisms that utilize oxygen obtain energy are aerobic or oxygen-

dependent. Some organisms can live in the absence of oxygen and obtain 

energy from fuel molecules solely by fermentation or glycolysis. However, 

these anaerobic processes are much less efficient, since the fuel molecules 

are merely converted to end products such as lactic acid and ethanol with 

relatively little energy-rich ATP produced during these conversions. 

In complex animals, where the cells of internal organs are distant 

from the external environment, respiratory system facilitates the passage of 

gases to and from the internal tissues. In such systems, when there is a 

difference in pressure of a particular gas on opposite sides of a membrane, 

the gas diffuses from the side of greater pressure to the side of lesser 

pressure and each gas is transported independently of other gases. For 

example, in tissues where carbon dioxide concentration is high and oxygen 

concentration is low as a result of active metabolism, oxygen diffuses into 

the tissue and carbon dioxide diffuses out. 
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In lower animals, gas diffusion takes place through a moist surface 

membrane, as in flatworms; through the thin body wall, as in earthworms 

through air ducts, or tracheae, as in insects or through specialized tracheal 

gills, as in aquatic insect larvae. In the gills of fish the blood vessels are 

exposed directly to the external (aquatic) environment. Oxygen-carbon 

dioxide exchange occurs between the surrounding water and the blood 

within the vessels and the blood carries gases to and from tissues (Chatterji, 

1994). 

In other vertebrates, including humans, gas exchange takes place in 

the lungs. Breathing is the mechanical procedure in which air reaches the 

lungs. During inhalation muscular action lowers the diaphragm and raises 

the ribs as such atmospheric pressure forces air into the enlarged chest 

cavity. In exhalation the muscles relax and the air is expelled. This 

combined rhythmic action takes place about 12-16 times per minute when 

the body is at rest. The rate of breathing is controlled mainly by a respiratory 

center in the brain stem that responds to changes in the level of hydrogen 

ion and carbon dioxide in the blood, as well as to other factors such as 

stress, temperature changes and motor activities. 

In higher vertebrates, oxygen-poor, carbon dioxide-rich blood from the 

right side of the heart is pumped into the lungs and flows through the net of 

capillaries surrounding the alveoli, the cup-shaped air sacs of the lungs. 

Oxygen diffuses across the capillary membranes into the blood and carbon 

dioxide diffuses in the opposite direction. The oxygen combines with the 
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protein hemoglobin in red blood cells as the blood returns to the left side of 

the heart, is pumped throughout the body and is released into tissue cells. 

Carbon dioxide passes in the opposite direction from the cells of the tissues 

to the red blood cells. In the blood, carbon dioxide exists in three forms as 

bicarbonate ion, in which form it serves as a buffer, keeping blood acidity 

fairly constant. The free carbon dioxide gas is available for diffusion from the 

blood into the lungs. • 

Respiration in marine organism is to obtain sufficient quantity of 

oxygen and release carbon dioxide. It is also an important phenomenon in 

controlling different physiological activities of the animal such as 

maintenance of the blood pH, proper oxygen tension of the blood and 

normal body temperature. The most frequently used parameter in 

crustacean respiratory metabolism is the oxygen consumption by the 

animal. Respiratory metabolism of marine organism is dependent on many 

environmental factors. Among those salinity, temperature and pH are the 

main external factors controlling the respiratory metabolism of the marine 

organisms (Wolvekamp and Waterman, 1960). There are some important 

intrinsic factors like body size of the animal that also play an important role 

on the metabolic rate of the organisms (Bliss, 1983). 

Horseshoe crabs have well developed external gills in the form of 

appendages, which are known as gill lamellae. Due to the low concentration 

of oxygen in water, the gills must be as efficient as possible in order to 

extract oxygen. These lamellae are made of extremely thin membranes (1 

cell thick). They are the primary sites of gas exchange. Water flows across 
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the gill lamellae and oxygen is removed and passes into the blood by 

diffusion. The actual uptake of oxygen depends on a number of factors the 

surface area of the lamellae, the thickness of the gill epithelia across which 

the oxygen moves and the oxygen tension across the membranes. Since 

the rate of oxygen diffusion depends on an appreciable gradient existing in 

any decrease in oxygen tension that occurs will affect the rate of oxygen 

uptake. As the blood absorbs more oxygen from the water in the gill 

chamber, the oxygen content of the water decreases and the rate of 

diffusion decreases as well. 

The gill lamellae have well-developed circulating system with blood 

vessels that helped the animal in respiration (Chatterji, 1994). Gases diffuse 

from the surrounding water through moist epithelium of the gill and circulate 

these to the blood vessels. In the present study, an attempt has been made 

and reported here to determine the influence of salinity, temperature and pH 

on the respiratory metabolism of the young trilobite larvae of the Indian 

horseshoe crab, T. gigas. 
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Materials and methods 

A 6 volts 900 mA DC current was used to collect eggs and sperms 

from the adult male and female of horseshoe crab. The fertilization process 

was completed in a Petri dish as described earlier by Chatterji (1994). 

Hatching of the trilobite larvae was occurred between 42 and 45 days after 

incubation at a constant temperature of 27±1 °  C. The trilobite larvae were 

collected and divided into several groups immediately after hatching. The 

larvae were acclimated separately in 10 L filtered seawater (5 pi) of different 

salinities (range: 10-40 psu), pH (range: 5-9) and temperature (range: 10-

40°  C) before the commencement of the experiment. 

Seawaters of different salinities were prepared by diluting 40 psu of 

seawater with sterilized freshwater. A refractometer (Atago, S/Mill, Japan) 

was used to determine the salinity. The pH of seawater was adjusted from 

5-7 by 1 N HCI and 7-9 by 1 N NaOH solutions. Thermostatic titanium 

heaters were used to control temperatures of the experimental tanks 

ranging from 20-40°  C whereas temperature from 10-20 °  C in refrigerated 

and heated water bath with a circulator (2160 Bath and Circulator) (range: -

30 to 100°  C; tank capacity 36.7 L). 

Oxygen consumption in trilobite larvae was studied in specially 

designed glass respiratory chambers of 4 L capacity. A small PVC tube was 

fitted at one end of the glass respiratory chamber to insert the oxygen 

probe. The oxygen concentration was recorded with the help of a pinpoint 
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dissolved oxygen monitor (Make: YSI Hand Operated Oxygen: Temperature 

Meter Model 55/12FT). 

To study the effect of salinity on the respiratory metabolism, the 

trilobite larvae ranging in weight from 0.063-0.089 g were initially acclimated 

for one hour in 10 L seawater of different salinities ranging from 10 to 40 

psu (Grashhoff, 1979). A single larva was then transferred from the 

acclimatization tank to each respective respiratory chamber. Oxygen value 

was recorded immediately after transferring the larvae into respiratory 

chambers. This was followed by sealing of the surface of respiratory 

chamber with liquid paraffin to avoid any diffusion of oxygen from the 

atmosphere. The respiratory chamber was kept inside the constant 

temperature water bath with a continuous circulation at a constant 

temperature of 27±1 °  C. The pH of the water was maintained at 7.0 in each 

set of experiment. 

In the second set of experiment the trilobite larvae were acclimated in 

5 acclimatization tanks of 10 L capacity and at salinity of 30 psu. The pH of 

each tank was ranged from 5 to 9. A portable pH meter (Philips: PP 9046) 

was used for recording the pH of the seawater after calibrating it with 

standard pH Buffers of 4.2, 7.0 & 9.2. 

In the third set of experiment, the effect of temperature ranging from 

10 to 40°  C on the respiratory metabolism of trilobite larva was studied. 

About 50 L filtered seawater of salinity of 30 psu and pH of 7.0 was aerated 

for two hours at the beginning of the experiment. A single trilobite larva was 

125 



then transferred into a respiratory chamber. The respiratory chamber was 

kept in a temperature-controlled water bath. The temperature of the water 

bath was adjusted slowly to the desired level to avoid any physical stress to 

the larva. Before sealing the surface of the respiratory chamber with liquid 

paraffin, oxygen value was recorded with the help of an oxygen meter. 

In all sets of experiment, the value of oxygen was recorded at an 

interval of 2 hours till 12 hours. The depletion of oxygen (g - 1  body weight / 

hour) was considered as the amount of oxygen used by the trilobite larvae 

during the experimental period. 
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Results 

During the acclimatization and experimental period, no mortality was 

observed in the trilobite larvae that showed sturdiness of the animal under 

different stress conditions. The influence of salinity on the respiratory 

metabolism of trilobite larva is presented graphically in Figure 5.1. The 

oxygen consumption was more or less uniform at all salinity ranging from 

10-40 psu indicating the least influence of salinity on the oxygen 

consumption of trilobite larvae. The correlation coefficient values showed 

that the relationship between oxygen consumption and salinity was not 

significant (P>0.05; r=0.245). 

The effect of temperature on the oxygen consumption is presented in 

Figure 5.2. Variation in oxygen consumption was not much between 

temperature 20°  and 30°  C. At temperature 10 °  C the rate of oxygen 

consumption was the minimum. A sudden increase in the oxygen 

consumption was recorded at a temperature 40 °  C. The data were tested 

statistically by applying analysis of variance where a significant relationship 

was observed between temperature and oxygen consumption (P<0.05; 

r=0.97). 

A similar trend in oxygen consumption was observed pH 6 and 7 

where moderate consumption of oxygen was observed (Figure 5.3). 

However, at pH 5, 8 and 9, the rates of oxygen consumption were found to 

be relatively greater indicating unfavorable conditions (Figure 5.3). The data 

were tested statistically and it was found that a high degree of correlations 

existed between pH and oxygen consumption (r=0.98). The analysis of 
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covariance showed a significant relationship between oxygen consumption 

and pH (P <0.05). 
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Discussion 

The metabolic rate varies with change in salinity, temperature and 

pH. In addition to these parameters, other factors like size of the animal, 

light condition and oxygen present in the environment also play a significant 

role in controlling the oxygen consumption. Several studies have been 

carried out to show that the oxygen consumption varied in juveniles and 

post-larvae of the penaeid prawns in relation to changes in salinity (Kutty, et 

al., 1971; Gaudy and Sloane, 1981, Janakiraman, et al, 1985 and Diwan, et 

al., 1989), temperature (Kutty, et al., 1971; Yagi, et al., 1990; Villarreal and 

Rivera, 1993) and body weight (Kurmaly et al., 1989). In the present study, 

salinity did not show any significant effect on the oxygen consumption in 

trilobite larvae. Similarly, in P. monodon, the influence of salinity on the 

oxygen consumption has not been found to be significant (Gaudy and 

Sloane, 1981; Lei et al., 1989). However, in P. stylirostris an increase in the 

respiration was observed at low salinities (Gaudy and Sloane, 1981). 

The rate of oxygen consumption by Amphibola crenata has been 

reported to be unaffected by the salinity of the external medium in the range 

0-125% seawater (Shumway, 1981). There has been no significant 

difference between the rates of oxygen consumption in air and water and 

oxygen consumption varied with the 0.45 power of body weight. During 

exposure to anaerobic conditions the snails showed an increase in the post-

anaerobic preanaerobic respiratory rate. This ratio reached maximum after 

6 hrs of anoxia over the range of 0-125% seawater. Specimens of 

Amphibola crenata exposed to declining oxygen tensions at full salinity 

show almost no ability to regulate their rate of oxygen consumption. As 
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salinity decreases, the zone of critical pressure decreases, i.e. the snails 

become more oxygen independent; the maximum decrease in the zone of 

critical pressure coming in animals exposed to 0 and 25% seawater. When 

exposed to both salinity and anoxic stress, the animals reach their 

maximum degree of oxygen independence (Shumway, 1981). 

When a marine organism is exposed to water of altered temperature 

or salinity, it must accommodate in some way to this physiological stress. 

Short-term adjustments require additional expenditure of metabolic energy, 

which can be measured by increased respiration. On the other hand, some 

organisms respond to sub-optimal conditions by reducing their metabolic 

rates either by withdrawing into a shell or as a result of lowered enzymatic 

activity (Gaudy and Sloane, 1981). Marine organisms can respond to 

changing salinities as osmoregulators or osmoconformers. Regulation is an 

active process and usually results in an increased metabolic rate. 

Conforming usually uses less energy and may result in lowered metabolic 

rate as enzymes work poorly at sub-optimal conditions. 

Temperature also has a profound effect on metabolic rate. 

Endothermic animals expend extra energy to maintain body temperature as 

the environmental temperature increases or decreases (Villarreal and 

Rivera, 1993). Exothermic organisms cannot alter their internal temperature 

and usually show an increased metabolism as temperature rises, within a 

zone of tolerance. Outside of the tolerance zone, metabolism falls as 

enzymatic process no longer work properly. 
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Pagurus longicarpus or the mussel Mytilus edulis are common 

intertidal animals and must be able to cope with fluctuations in temperature 

and salinity. Hermit crabs respond to stress by withdrawing into their shell. 

Placing the organisms into a known volume of water and measuring the 

oxygen concentration at the start and end of a known time period can 

measure respiration. 

Attempts have also been made by several workers to demonstrate 

the effect of temperature on the survival of the larvae of marine animals 

(Costlow, et al., 1960; 1962, 1966; Choudhury, 1971; Young and Hazlett, 

1978; Moreira, et al., 1980). Not much information has been available that 

show the influence of temperature on the respiratory metabolism. However, 

in adult penaeid prawns the respiratory metabolism was moderate between 

temperatures 20°  to 30°  C (Dail, 1986; Liao and Murai, 1986). The present 

study demonstrates that the temperature plays a significant role in 

influencing the respiratory metabolism at higher temperature (<40 °  C). The 

trilobite larvae were also found to be influence by changes in pH of the 

seawater where a wide fluctuation in oxygen demand was observed. The 

normal oxygen consumption was at pH 6 and 7 whereas significant variation 

was observed at pH 5, 8 and 9. 

There has always been a controversy to interrelate the respiratory 

metabolism with osmotic regulation in marine animals (Gross, 1957; 

Panikkar, 1969). However, most of the work carried out on energy spent 

during osmotic regulation is based on the consumption of oxygen by the 

animals in a particular environment (Rao, 1968). Hence the respiratory 
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metabolism is considered to be an important biological process especially 

for the aquatic cultivable animals, which helps in assessing the oxygen 

requirement of the organism under different environmental conditions. It is 

also a best indicator for evaluating the energetic expenditure, precisely in 

the process of the osmotic regulation of any aquatic organism. 

The estimation of oxygen consumption during a brief experimental 

period, however, does not seem to be a reliable index of the respiratory 

metabolism as compared to the natural conditions which is primarily a 

culture system for extended periods. However, the oxygen is an important 

environmental constituent and the scarcity of oxygen in the environment 

results in various phenotypic and physiological changes in the animal for 

their survival in a particular environment due to stress occurred on account 

of the depletion of oxygen. 
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Summary 

During the acclimatization and experimental period, no mortality was 

observed in the trilobite larvae that showed sturdiness of the animal under 

different stress conditions. The oxygen consumption was more or less 

uniform at all salinity ranging from 10-40 psu indicating its least influence on 

the oxygen consumption of trilobite larvae of Indian horseshoe crab. The 

correlation coefficient values showed that the relationship between oxygen 

consumption and salinity was not significant (P>0.05; r=0.245). Variation in 

oxygen consumption was not much between temperature 20 °  and 30°  C. At 

temperature 10 °  C, the rate of oxygen consumption was the minimum. A 

sudden increase in the oxygen consumption was recorded at a temperature 

40°  C. The data were tested statistically by applying analysis of variance 

where a significant relationship was observed between temperature and 

oxygen consumption (P<0.05; r=0.97). A similar trend in oxygen 

consumption was observed at pH 6 and 7 where moderate consumption of 

oxygen was observed. However, at pH 5, 8 and 9, the rates of oxygen 

consumption were found to be relatively greater indicating unfavorable 

conditions. The data were tested statistically and it was found that a high 

degree of correlations existed between pH and oxygen consumption 

(r=0.98). The analysis of covariance showed a significant relationship 

between oxygen consumption and pH (P <0.05). 
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Figure 5.1. Oxygen consumption of the trilobite larvae with different salinity 

134 



0.12 

E 

E 
C 
O 

tit." 
0.07 

0 

a) ca >, 
O 

0.02 

10 	 20 	 30 	 40 
Temperature (oC) 

Figure 5.2. Oxygen consumption of the trilobite larvae with different temperatures 
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Ch = pter-6 
Regeneration of gill lamellae of the Indian horseshoe crab 



Regeneration is a form of tissue repair or the restoration of lost or 

damaged tissues, organs or limbs. Aside from being used to generally 

describe any number of specific healing processes, regeneration also is a 

specific method of healing that is noted for its ability to regrow lost limbs, 

severed nerve connections and other wounds. In other words regeneration 

is the restoration of body parts which have been removed either by injury or 

autopsy (self-amputation of body parts). Maintenance of an organism 

depends upon the continuation of the turnover by which all tissues and 

organs constantly renew themselves. Regeneration is a fundamental 

attribute of all living things and yet organisms greatly differ in their ability to 

regenerate parts. Some grow their new structure on the stump of the old 

one, unlike others that simply heal over the stump without replacement; a 

form of regeneration at the tissue level of organisation (Sullivan, 1988). 

Scientsists have been fascinated, for ages, with the idea that lost 

parts of animals can be regenerated. According to Greek legend, one of the 

twelve "labors" of Hercules was the destruction of the Hydra, a 

gigantic monster with nine serpents' heads. Finding that as soon as one 

head was cut off two new ones grew in its place and at last he burned out 

their roots with firebrands. Regeneration began to be formally studied over 

250 years ago in many lower invertebrates (ReAaumur, 1712). The work 

and research has been continuing ever since and yet a satisfactory 

molecular mechanistic explanation is still fully unavailable. 

It is difficult to understand the actual mechanism of regeneration 

among living families. How flatworms can regenerate heads and tails from 
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any level of amputation, while other species are only able to regenerate in 

one direction or sometimes or not at all? We wonder what it is that makes 

earthworms, a close relative of the leeches, has a great capacity of 

regenerating whilst the leeches themselves fail to regenerate at all. There 

are many inconsistencies, which make it hard to explain regeneration as 

natural selection operating on the principle of efficiency. 

The methods by which organisms reproduce have much in common 

with the regenerative processes. Two examples of such reproductions are -

the vegetative reproduction which is the process where a whole new 

organism is produced from fractions of the parent organism and secondly -

the sexual reproduction occurring in all organisms that reproduce sexually. It 

is a process where a whole organism develops from a single cell known as 

the zygote. These remarkable events testify to the universality of the 

regenerative processes. 

Regeneration depends upon the ability of un-injured cells to 

produce the kinds of cells destroyed. Unspecialised cells are perfect for the 

job, since they are still able to produce any type of required cell. These 

unspecialised cells are totipotent. Thus regeneration involves re-

establishing local tissue differentiation. Some examples require long-range 

interaction and extensive cell movement (morphallaxis), while others involve 

short-range interactions and extensive growth (epimorphosis). Morgan 

(1898), the Nobel Prize winning geneticist/developmental biologist, began 

his research career studying regeneration. He coined the terms 

morphallaxis and epimorphosis to describe the two major types of 
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regenerations. Morphallaxis refers to the type of regeneration that occurs in 

the absence of cellular proliferation, while epimorphosis refers to 

regeneration that requires active cellular proliferation as reported by Morgan 

(1898). 

Morphallaxis is the most efficient way for simple organism to 

regenerate where the wound is healed and neighbouring tissues 

reorganised themselves into whatever parts are lost. The process occurs in 

coelenterates such as the jellyfishes and the hydra. The higher animals 

usually form a blastema made out of cells that look alike. Despite their 

different origins, it is produced at the site of amputation, which provides the 

tissue that will form the regenerated part. The process occurs in higher 

animals and made its first evolutionary appearance in flatworms. The 

common earthworm or night crawler of our lawns, gardens and bait cans, 

has a body made up of a series of 100 or more segments marked off by 

shallow grooves. If the worm is cut in half, the head end can grow a new tail 

is formed. If only 15 or 20 segments of the head end are cut off, a new head 

with five segments replace them. 

Regeneration occurs in many, if not in all vertebrate embryos and is 

present in some adult animals such as salamanders (e.g. the newt and 

axolotl), hydra, horseshoe crabs and a type of mouse. Mammals exhibit 

limited regenerative abilities although not as impressive as salamanders. 

Examples of mammalian regeneration include antlers, finger tips and holes 

in ears. Finger tip regeneration has been well characterized and these 

studies have resulted in the first demonstration of a genetic pathway 
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controlling regeneration in a mammal. Several species of mammals can 

regenerate ear holes - a phenomenon that has been most studied in the 

MRL mouse. If the processes behind regeneration are fully understood, it is 

believed this would lead to better treatment for individuals with nerve injuries 

(such as those resulting from a broken back or a polio infection), missing 

limbs and/or damaged or destroyed organs. 

In contrast to all other vertebrates, salamanders can regenerate their 

limbs throughout their lives and thus they provide a unique window to 

observe how this can be done. Successful limb regeneration in a 

salamander is a two-step process consisting of an early phase that begins 

with wound healing and ends with the formation of a regeneration blastema. 

This is followed by the second re-development phase that is a recapitulation 

of the events that occurred during limb development in the embryo. The 

unique events of regeneration include the rapid closure of the wound by 

epidermal cells, interactions between the wound epidermis and underlying 

stump cells. This stimulates re-differentiation, cell migration and proliferation 

that give rise to the blastema. De-differentiation of stump cells to give rise to 

the relatively undifferentiated blastema cells, though not well understood 

mechanistically, is a necessary step for limb regeneration. 

Simply there are two major pathways of regeneration of a lost limb. 

The first de-differentiation of adult cells into a stem cell state similar to 

embryonic cells and the second; development of these cells into new tissue 

more or less the same way it developed the first time (Bryant et al., 2002). 

Some animals like planarians instead keep clusters of non-differentiated 
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cells within their bodies which migrate to the parts of the body that need 

healing. 

All animals have the power of regeneration to a greater or lesser 

degree. In man and higher animals it is quite limited. We see it most often in 

the healing of wounds and the mending of bones. A lost fingernail can be 

replaced but not a lost finger. Lower animals have a much greater ability to 

replace parts. For instance, the little half-inch flatworm — planarian- that lives 

under rocks in clean creeks can be cut into as many as 32 pieces. Each 

fragment is able to rebuild a miniature flatworm complete with head, tail, 

eyes, mouth and internal organs. Planarian have a supply of unspecialized 

cells distributed throughout the mesenchyme layer. These small 

regeneration cells with large nuclei and rich in ribonucleic acid (RNA) are 

called neoblasts. Neoblasts can differentiate into all of the many different 

types of specialized planarian cells and are therefore also known as 

pluripotent stem cells. In a normal worm they appear to be inactive whilst in 

a wounded worm (or during the course of cell turnover), they become very 

active. They are signalled to divide and/or differentiate and so replace lost 

cell types. 

Lobsters have a greater ability to regenerate enabling them to 

replace or repair almost any lost or injured appendage. The new part may 

however, require several molts to reach normal size. When chelipeds (fourth 

thoracic segment used for defence better known as chelas, crushers or 

pincers) snap off, it usually occurs at the preformed breakage plane, which 

is close to the body. At this plane, the stump is quickly covered by a 

membrane and then a valve which blocks all remaining small passages. The 
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valve is held in place by blood pressure within the limb base. Thus if the 

damage occurs at the breakage plane not only does the regeneration occur 

more readily than anywhere else along the limb, but it also involves little 

blood loss and minimal tissue damage. 

Adult vertebrates, particularly mammals show a very limited capacity 

for neuronal replacement following trauma or disease. This limitation is one 

of the main driving forces that underpin the current high level of interest in 

those small areas of neuronal renewal now known to exist in the 

mammalian brain. In dramatic contrast to this, both tunicates and 

echinoderms exhibit a remarkable plasticity as adults and are capable of 

extensive regeneration of large parts of their bodies following traumatic loss 

or damage. This potential has been exploited adaptively in both groups of 

animals as a mechanism for budding. Many adult tunicates produce asexual 

buds that develop into new and independent adults. Some adult and larval 

echinoderms can undergo fission and so produce two or more animals from 

a single original. 

The outer shell of horseshoe crab consists of three parts. The 

carapace is the smooth frontmost part of the crab which contains the eyes, 

the walking legs, the chelicera (pincers), the mouth, the brain and the heart 

(Chatterji, 1994). The abdomen is the middle portion where the gills are 

attached as well as the genital operculum. The last section is the "telson" 

(caudal spine) which is used to flip itself over if stuck upside down The 

carapace of the horseshoe crab consists of two parts, viz. prosoma and 

opisthosoma. The opisthosoma is a hexagonal, broad plate connected to 

the carapace by a flexible joint, allowing it to move up and down. There are 
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broad, flat, thin and double membrane structures attached on the underside 

of the opisthosoma. As these structures look like pages of a book, they are 

called book gills or gill lamellae. Horseshoe crabs which have six pairs of 

them, though the first pair (called the operculum) serves as a cover for the 

other five. Book gills are flap like appendages that are designed for gas 

exchange within water and seem to have their origin as modified legs. More 

than a thousand gill lamellae are present on either side of the opisthosoma. 

A well-developed circulating system with blood vessels in the gill books 

helps the animal in oxygen exchange. These appendages move with 

rhythmic movements to drive blood in and out of the lamellae and to 

circulate water over them. Respiration being their main purpose, they can 

also be used for swimming in young individuals. If they are kept moist, the 

horseshoe crab can live on land for many hours. As long as the gills are 

moist, the horseshoe crab can get oxygen from the air while they are on the 

beaches for breeding. The gill books can be opened and moved easily in 

such a manner that they help young horseshoe crabs to swim upside down. 

Considering the seasonal and batch-to-batch variability in the 

sensitivity of amoebocyte lysate and threat to the horseshoe crab 

population, an attempt was made to cultivate amoebocyte-producing tissue 

in vitro (Joshi et al., 2002). This investigation was undertaken to eliminate 

the collection of amoebocytes from the wild stock where about 200 gill 

lamellae were removed for in vitro cultivation for mass production of 

amoebocytes. During the experiment, it was observed that within 3-4 

months, the lost gill lamellae were completely regenerated. Considering this 

as an important phenomenon, a detailed study was carried out to examine 
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the regeneration rate of the gill lamellae of the Indian horseshoe crab, as 

information on the regeneration of lost parts has not been reported so far. 
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Material and methods 

Live adult horseshoe crabs both males and females were collected 

from the breeding beach in Orissa (lat 21°27' N; long 87°04' E) for the 

present study. The specimens were transported to the laboratory in Goa in 

specially designed containers and maintained in fibreglass tanks (capacity 

2000 I). The fibreglass tanks were provided with a sand bed (grain size: 65-

125 pm) and continuous supply of re-circulating filtered seawater (0.5 pm) 

of 30%o salinity. 

In the present study, about 200 gill lamellae were removed from ten 

adult males and female's horseshoe crab for in vitro cultivation of tissue to 

harvest amoebocytes. The dissected part of the animal was washed with 

antibiotic (5% betadine solution) and 70% alcohol. Specimens both males 

and females with lost gill lamellae were tagged and kept separately in the 

laboratory in fibreglass tanks. Temperature of the water was maintained at 

about 27°C by thermostatically regulated titanium heaters throughout the 

period of experiment. 

The animals both males and females were examined weekly for a 

period of 175 days to evaluate the percentage of regeneration of gill 

lamellae. The data obtained were computed to compare the rate of 

regeneration in both the sexes. 
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Results 

In the present experiment, about a third of the lost gill lamellae in 

females were regenerated on the 50 th  day and half on the 75th  day (Figure 

6.1). The total regeneration of the gill lamellae in females was observed on 

day 125th  (Plate 6.1- a & b). 

The regeneration of gill lamellae in males was observed to be slow 

as compared to females. About a third of gill lamellae were regenerated on 

75th  to day and half on the 125 th  day. The rest of the gill lamellae were 

regenerated on the 175 th  day (Figure 6.2). 
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Discussion 

In marine organisms, regeneration of lost tissue is considered to be a 

natural phenomenon (Barnes, 1980; McVean, 1982). Most of the work 

reported on regeneration of lost parts is related to predation. In natural 

environment it has been observed that the regeneration process is not only 

species-specific but also it is dependent on seasons. There have been few 

records showing high regeneration rate in warmer months (Fielman et al., 

1991). A clear picture of the regeneration process has been demonstrated 

by conducting experiments on brittle stars in the laboratory (Dobson, 1988; 

Fielman et al., 1991). The regeneration process in the laboratory has been 

found to be temperature-dependent and is completed within 100 to 200 

days (O'Connor, 1986). Attempts have also been made to study the 

regeneration process at the molecular level (Sanchez and Newmark, 1999; 

Salo and Baguna, 2002). However, due to lack of knowledge of molecular 

and genetic manipulations of the commonly studied vertebrate models, not 

much success has been achieved so far. Sanchez and Newmark (1999) 

made an attempt to study the introduction of double-stranded RNA that 

abolished the gene function in planarians, which is a classical example of 

the regeneration process. An extensive study has also been carried out on 

the genes and molecules involved in the regeneration process in planarians 

(Salo and Baguna, 2002). 

Regeneration is a process that requires more energy compared to 

that required for growth of the animal (Sullivan, 1988). Marine animals are 

capable of differentially allocating nutrients to different functions of body 
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such as maintenance, metabolism, somatic growth, wound repair and 

reproductive tissue growth. The allocation is a dynamic process depending 

on the physiological and reproductive states of the organisms (Williams, 

1966). It has been a well-known fact that the crustaceans are able to re-

grow their limbs and regenerate muscle fibres. Crustaceans often tend to 

molt and grow throughout life. They therefore never lose the ability to grow 

back missing appendages. When a leg is lost, a new outgrowth appears 

even if the animal is not destined to molt for many months. The discovery of 

the factors responsible for regeneration may provide vital information to 

determine how to replicate such a process with human tissues. The 

implications of this for human health are enormous because crustacean 

muscles seem remarkably similar to humans. Protein structure in human is 

almost the same and the crustacean molecular switches work the same way 

as human muscles do. 

Science may be one step closer to understanding how a limb can be 

grown or a spinal cord can be repaired. Scientists at The Forsyth Institute 

have discovered that some cells have to die for regeneration to occur. This 

research may provide insight into mechanisms necessary for therapeutic 

regeneration in humans, potentially addressing tissues that are lost, 

damaged or non- functional as a result of genetic syndromes, birth defects, 

cancer, degenerative diseases, accidents, aging and organ failure (Sullivan, 

1988). Through studies of the frog (Xenopus) tadpole, the Forsyth team 

examined the cellular underpinnings of regeneration. 
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Although mammals (including humans) cannot regenerate an entire 

limb, they do possess some regenerative abilities and we should recognize 

that regeneration is a basic biological process exhibited in all animals. It is 

just that salamanders are exceptionally good at regeneration. The most 

important difference between salamanders and mammals appears to be in 

the functioning of fibroblasts. In mammals fibroblasts respond to injury by 

forming scars. In salamanders they function to control regeneration of the 

other cell types in the limb. Thus regenerative failure is a consequence of 

the failure of mammalian fibroblasts to carry out this function. The challenge 

is to identify the signals that fibroblasts use to regulate cellular behaviour 

(Fielman et al., 1991). 

In fact, the problem of animal regeneration has withstood the probing 

of scientific inquiry for over 250 years and still awaits a satisfactory 

mechanistic explanation. The idea of regenerating lost body parts has 

captured human imagination since the beginning of history. Almost every 

phylum possesses one or several species capable of regenerating missing 

body parts. In some cases, even entire organisms may regenerate from 

parts of their bodies. Solid molecular evidence suggesting a common 

ancestral origin for regeneration is presently lacking (Fielman et al., 1991). 

The evidence available thus far is correlation and comes primarily from the 

study and comparison of vertebrate regenerative events with their better-

understood developmental counterparts. For instance, when molecular 

analyses are extended to limb ontogeny and regeneration, it becomes clear 
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that both of these events deploy similar sets of regulatory genes to 

accomplish their respective parts (Fielman et al., 1991). 

The evolutionary conservation of the molecular events leading to limb 

ontogenesis among different phyla is well known and it is used regularly as 

an example of a homologous metazoan trait with a functional conservation 

of key molecular events. Nevertheless, the phylogenic relationships that 

exist, for example, between insects and vertebrates indicate that none of 

their common ancestors possessed appendages and thus it is difficult to 

explain how these appendages may have arisen homogonously in the first 

place. Obviously, these ideas have to be tempered with molecular 

experimentation. The diversity of experimental tools available today 

demands it. As more molecular data are accumulated on the phenomenon 

of regeneration and life in general, we should not be surprised to find some 

of these ideas eliminated, others transformed and still others that are 

altogether new to emerge on this subject. 

Considering the association that exists between regeneration and 

cellular pluripotentiality and given the different strategies used by the 

metazoa to regulate these properties future research on regeneration must 

become multiphyletic and integrative in nature. Such an approach as logical 

as it seems, would require the identification and isolation not only of those 

sets of genes activated during regeneration but also during injury, wound 

repair, dedifferentiation and asexual reproduction. This is further 

complicated by the fact that there may be other unsuspected or even 

unknown biological processes acting on regeneration whose effects would 
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have to be defined and then characterized at the molecular level. Hence a 

comprehensive, multiphyletic and integrative approach to the problem of 

regeneration seems, at first glance, rather difficult to deploy. 
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Summary 

The animals both males and females showed regeneration of gill 

lamellae. About a third of the lost gill lamellae in females were regenerated 

on the 50th  day and half on the 75 th  day. The total regeneration of the gill 

lamellae in females was observed on day 125 th . The regeneration of gill 

lamellae in males was observed to be slow as compared to females. About 

a third of gill lamellae were regenerated on 75 th  day and half on the 125 th 

 day. The rest of the gill lamellae were regenerated on the 175th  day. 
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Figure 6.1. Regeneration of gill lamellae in females. 
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Plate 6.2. a, Arrow shows incised gill lamellae (in circle). 

b, Arrow shows regenerated gill lamellae (in circle). 
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Figure 6.2 Regeneration of gill lamellae in males 
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