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ABSTRACT 

This thesis describes an investigation into the development of 

the P. gallinaceum sporozoite. 

Observations by light microscopy failed to distinguish between 

sporozoites from mature oocysts and those from salivary glands. The 

only significant morphological change at the ultrastructural level 

occurred in the organisation of the rhoptry-microneme complex and 

resulted in a proliferation of the micronemes and a disappearance of 

the rhoptries in the salivary gland forms. 

The cell surface properties of sporozoites were investigated by 

the techniques of free-flow electrophoresis and lectin-binding studies. 

The electrophoretic mobility of sporozoites was measured as a function 

of pH and data from these observations demonstrated that there was a 

significant reduction in cell surface charge of salivary gland sporo-

zoites, compared to sporozoites from mature oocysts and qualitative 

differences between the two populations were shown to exist. The 

electrophoretic mobility of sporozoites was also examined after enzy-

matic and chemical modification of the cell surface groups. Trypsin 

treatment significantly reduced the electrophoretic mobility of both 

groups of sporozoites, although neuraminidase did not produce any change 

in cell surface charge. 

Evidence for the presence of carbohydrates on the cell surface 

membrane of sporozoites was further sought by fluorescent lectin 

staining using a FITC-conjugated preparation of Concanavalin A. Results 

demonstrated that ligands similar to aC-D-glucose and -D-mannose are 

not present in an exposed or reactive form on the cell surface 

membrane of P. gallinaceum sporozoites. 



The results of the free-flow electrophoresis and lectin- 

binding studies showed that the cell surface membrane of P. gallinaceum  

sporozoites lacks certain exposed carbohydrate and sialic acid 

residues which are common constituents of many cells, although it was 

shown to be rich in protein, possibly in association with amino, but 

not SH groups. 

The biological significance of these findings was then examined 

by comparing the infectivity to chicks of sporozoites from mature 

oocysts and those from salivary glands. The latter group were shown 

to be 10,000 times more infective than sporozoites from mature 

oocysts. The infectivity of salivary gland sporozoites was further 

investigated after enzymatic modification of the cell surface membrane. 

Incubation with neuraminidase, which did not alter the electrophoretic 

mobility of sporozoites, did not have any effect on their infectivity, 

although trypsin treatment, which produced a significant decrease in 

the electrophoretic mobility, completely eliminated their infectivity 

to chicks. 

Finally, following numerous attempts to culture primary 

exoerythrocytic schizonts by inoculation of infective salivary gland 

sporozoites in vitro, a suitable technique was eventually established. 

The relevance of these findings is discussed. 
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CHAPTER 1 

1. GENERAL INTRODUCTION 

The family Plasmodiidae McSi ll,  1903, contains the single genus 

Plasmodium Marchiafava and Celli, 1885 and includes nearly 100 species 

of true malaria parasites of mammals, birds and reptiles. Members of 

the genus are obligate intracellular parasites for almost all of their 

life cycle and have two hosts: a vertebrate in which asexual 

reproduction (schizogony) occurs and an invertebrate (mosquitoes) in 

which sexual reproduction occurs. Schizogony occurs in tissue cells, 

such as those of the liver parenchyma (mammalian malaria) or cells of 

the reticulo-endothelial system (avian malaria) which results in the 

production of a large number of merozoites. After entering other 

tissues, merozoites give rise to secondary asexual stages (the 

metacryptozoites and phanerozoites of avian malaria) and/or the sexual 

stages (gametocytes) in erythrocytes. The gametocytes, which are 

ingested by mosquitoes with a bloodmeal, develop in the midgut where 

fertilisation occurs, resulting in the formation of a motile ookinete, 

which penetrates the midgut wall and develops into an oocyst between 

the basement cell membrane and the basal lamina of the mosquito midgut 

wall. The oocyst then develops over a period of 4-15 days; depending 

on the species and the environmental conditions. On maturity, the 

oocyst ruptures, liberating sporozoites which progress towards the 

salivary glands, where they accumulate prior to being inoculated into 

another vertebrate when the mosquito takes its next blood meal. 

Although malaria has been known from antiquity, it was not until 

the late nineteenth century that malaria parasites were first described, 

when Laveran, while working in North Africa in 1880, witnessed the 

dramatic nature of exflagellation and as Garnham (19664 commented, 
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"and became at last convinced of the living nature of the various 

bodies that he had observed during the previous 2 years". Since 

Laveran's remarkable observations, 100 years of malaria research have 

elapsed and a great store of knowledge concerning this group of 

organisms has accumulated. But, however extensive our knowledge of the 

malaria parasites may at first seem, there are still fundamental 

questions which remain unanswered and many of these concern the 

sporozoite. 

The migration of sporozoites from mature oocysts to the salivary 

glands and onto the final site of development in the vertebrate host is 

poorly understood, although the site of primary exoerythrocytic develop-

ment for the avian malaria parasites is known. Sinden (1978) has voiced 

the feelings of many malariologists studying the rodent and simian 

parasites in stating that, "the greatest single omission is a total 

absence of knowledge as to the fate of the sporozoite following injec-

tion into the vertebrate host". The movements of sporozoites, ookinetes 

and merozoites remain little studied, as do their tactile responses to 

their target cells; for example, it is not known whether chemotaxis 

plays any role in the movement of sporozoites from mature oocysts to 

salivary glands. Also, receptor sites, which have been demonstrated 

for merozoites on the surface of erythrocytes (Miller et al., 1977), 

are not known for the other invasive stages. The function of many 

organelles is not well understood, "and will remain so until cyto-

chemical techniques have been allied to electron microscopy of this 

group of organisms" (Garnham, 1966b). Finally, until very recently, 

the nature of malaria relapses has remained a mystery and although 

Krotoski et al. (1980) have demonstrated the occurrence of the resting 

stage, the "hypnozoite", the underlying mechanism of this phenomenon 
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remains unknown. 

Thus the sporozoite poses many interesting problems and a 

thorough knowledge of this remarkable cell is fundamental to our 

greater understanding of the malaria parasites. In summary, it is 

able to tolerate a wide variety of habitats and crosses a number of 

cellular barriers; it initiates the malaria infection in the verte-

brate; it is important in relapses, and it is regarded as of great 

potential for immunological studies (Nussenzweig, Cochrane and Lustig, 

1978). Accordingly, studies were undertaken to examine further the 

development of sporozoites. Particular attention was paid to the cell 

surface properties, for it is known that the cell surface is important 

in a number of biological activities and the importance of the cell 

surface of merozoites is well documented (see for example, Bannister, 

1977). Indeed the importance of the malaria parasite surface membrane 

was recently emphasised at a WHO workshop meeting (1979) which brought 

together experts in membrane biology, biochemistry, biophysics and 

immunology. They concluded that, "studies on the characterization and 

interaction of membranes from the parasite and their host cells are 

critical to the basic research on malaria which is required for the 

development of new and more subtle ways of controlling the disease. 

It is unlikely that the field of immunology will be the sole source of 

new methods for the control of the disease and membrane studies have a 

major application in the development of new methods of chemotherapeutic 

control. New drugs may also be developed on the basis of biological 

and biochemical characteristics of the parasite, for example, through 

the subtle modification of cellular receptivity to prevent invasion". 



There were numerous reasons for choosing the avian malaria 

parasite, P. gallinaceum, fdr an investigation of this nature. When 

the study began in 1976, P. gallinaceum was the only species of 

Plasmodium to have been cultured from sporozoite inoculation, in vitro, 

although Strome, De Santis and Beaudoin (1979) and Sinden and Smith 

(1980) have now succeeded in culturing exoerythrocytic stages of 

P. berghei. However, P. gallinaceum still retains the advantage that 

the target cell of the sporozoite is known, being the cells of the 

reticulo-endothelial system near the site of bite, while culture of 

the rodent parasite has only been obtained in cultures of embryonic rat 

brain, cells which are not selected in vivo. Also, there is a wealth of 

information on both parasite, P. gallinaceum and host, A. aegypti; both 

are easily maintained in the laboratory and A. aegypti, which is 100% 

susceptible to infection, produces salivary glands full of sporozoites. 

For these reasons, P. gallinaceum, with A. aegypti as host, is a very 

suitable model for studies on the biology of malarial sporozoites. 



CHAPTER 2 

2. HISTORICAL REVIEW 

2.1. Introduction 

An exhaustive account of the very many contributions to our 

knowledge of the malarial sporozoite and its immediate fate in the 

vertebrate host which have been made over the last 90 years, would 

be of such alength as to be out of place in this thesis. No such 

complete account has yet been written, but a number of excellent 

reviews are, however, available. The exhaustive work of Garnham 

(1966a) describes much of the early history and the life-cycles of 

the then known malaria parasites; Bray's (1957) monograph covers 

the exoerythrocytic cycle; up to date reviews are given in the work 

of Killick-Kendrick and Peters, "Rodent Malaria" (1978) which 

includes many of the recent studies on the cell biology and immunology 

of the rodent malaria parasites; and Gordon Harrisons book, 

"Mosquitoes, Malaria and Man" (1978) gives a very readable account 

of the "history of the hostilities since 1881", much attention being 

given to the early discoveries. However, in order to serve as a 

foundation for the experimental work described later in this thesis, 

a brief historical review of the relevant contributions which have 

led logically to our present state of knowledge is given below. 

2.2. Biology of malarial sporozoites  

2.2.1. Discovery and early history  

The discovery of the sporogonic stages of malaria parasites in 

mosquitoes was made by Ross nearly twenty years after Laveran had 

described exflagellation of male gametocytes of the human parasites. 
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In 1897, Ronald Ross, driven by his own tenacity and inspired by the 

genius of his mentor, Patrick Mason, demonstrated that the grey 

mosquito (later, provisionally identified as Culex pipiens fatigans) 

was the invertebrate host of P. relictum and went on to describe the 

complete sporogonic cycle of this parasite 	(Ross, 1897, 1898). 

Ross was convinced that a similar cycle would exist for the human 

malaria parasites, although, due to his Government duties, he was 

unable to continue his research until 1899 in Sierra Leone, after the 

Italians had completed the work in such masterly detail. 

It was in 1898, that Bignami succeeded in infecting a human 

volunteer with P. falciparum by the bite of naturally infected, wild-

caught mosquitoes. Soon, the Italians had followed the complete 

sporogonic cycle of P. falciparum and P. vivax; P. malariae was to 

follow in 1899. The details of this cycle of development were 

published by Grassi (1900) in his classic monograph. 

2.2.2. Fate of the sporozoite: discovery and early history of the  

exoerythrocytic forms  

After the development of malaria parasites in their mosquito 

vectors and their subsequent transmission had been discovered, the 

gap remaining in the knowledge of the life cycles of malaria parasites 

concerned the events which occur between entry of the sporozoites into 

the vertebrate host and the infection of the erythrocytes. Since the 

time of the discovery of the stages in the mosquito vector, malario-

logists had held two theories of the development of malarial sporo-

zoites once inoculated into a vertebrate. One was the obvious 

assumption that the sporozoites entered - directly into the erythrocytes; 
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the other suggested that there was an occult phase of development 

which occurred between the injection of sporozoites and the blood 

parasitaemia. The latter view was supported by Grassi (1900) for, in 

his opinion, the nuclear differences between sporozoites and young 

erythrocytic trophozoites was too great to permit the sporozoite to 

transform into a blood parasite and that a prior cycle of development 

was needed. However, Schaudinn's (1903) allegedly lucid observations 

on the entry of sporozoites into erythrocytes which was later not only 

proved to be false, but for over 20 years hindered research into the 

development of the parasite during the pre-erythrocytic period, and 

all but removed Grassi's ideas from serious consideration. 

After a period of 20 years much evidence, mostly of an indirect 

nature, was accumulating which questioned the accuracy of Schaudinn's 

reports. The evidence fell into several categories; the inability of 

chemoprophylaxis to prevent infection during the early stages of 

malaria infection (Sergent and Sergent, 1922; Yorke and MacFie, 1924; 

James, 1931); failure of attempts to repeat Schaudinn's observations 

.(York and MacFie, 1924; Boyd and Stratman-Thomas, 1934); the 

existence of a period of noninfectivity of the blood and of the 

infectivity of certain organs following both mosquito bite and 

injection of sporozoites (Raffaele, 1936; 1937; Warren and Coggeshall, 

1937; Kilkuth and Mudrow, 1938; Decourt and Schneider, 1938; 

Henry, 1939); and lastly, the existence of exoerythrocytic stages in 

the life cycles of certain species of malaria parasites (Ben-Harel, 1923; 

Huff, 1930; Raffaele, 1934; Huff and Bloom, 1935). 

A milestone in the quest for the elusive occult stages of the 

malaria parasites was made by James and Tate (1937a; 1937b; 1938) 

who gave a detailed description of the exoerythrocytic stages of 

P. gallinaceum in the reticulaendothelial system of infected chicks. 
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A little later, Kilkuth and Mudrow (1939) described the stages of 

P. cathemerium in the pectoral muscles of birds following sporozoite 

inoculation. The pre-erythrocytic cycle of P. gallinaceum was 

independently described by Mudrow (1940) in Germany and Shortt, Menon 

and Iyer (1940) in India. Reichenow and Mudrow (1943) then gave a 

detailed account of the pre-erythrocytic stages of P. relictum, 

following the inoculation of sporozoites into the tissues of canaries. 

Their work was closely followed by that of Huff and Coulston, who, in 

their classic paper of 1944, gave a complete account of "the develop-

ment of P. gallinaceum, from sporozoite to erythrocytic trophozoite". 

In 1947,  Fairley and his colleagues in Australia reported that 

the blood of human volunteers was infective to other volunteers from 

7 minutes to 30 minutes after the commencement of the act of biting 

of an infected mosquito. Thereafter, the blood remained negative 

until 6 days (P. falciparum) or 9 days (P. vivax) later. This work 

strongly suggested that there was some form of pre-erythrocytic develop-

ment and provided great stimulus for research workers. Subsequently, 

there were many attempts in the 1940's to demonstrate the 

exoerythrocytic forms of the simian malaria parasites (see Bray, 1957). 

The first indication of the tissue stages was given by Garnham (1947) 

who demonstrated the development of Hepatocystis kochi in the liver 

parenchymal cells of African monkeys. Later, Shortt and his 

collaborators (1948; 1951) demonstrated the full cycle in a similar 

site, first with P. cynomolgi and then with P. vivax and P. falciparum. 

2.2.3. Experimental research on malarial sporozoites  

Since their discovery, the sporozoites of malaria parasites have 

intrigued parasitologists and much research concerning them has been 

conducted. Most interest has been shown in their morphology, 
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cultivation, and in the immunological responses which they evoke. 

It is not the purpose of this brief introductory review to reiterate 

allthatlhas already been said, as a number of excellent reviews are 

available. The morphology of sporozoites has been dealt with by 

Aikawa (1971) and Sinden (1978); the cultivation of the sporogonic 

stages by Ball (1964, 1965, 1972) and Vanderberg, Weiss and Mack 

(1977); and the immunological responses to sporozoites by 

Nussenzweig (1977) and Nussenzweig, Cochrane and Lustig (1978). 

Although the morphology of sporozoites as seen in Romanowsky 

stained preparations is well known (see Garnham, 1966x) it was not 

until 1942 that their ultrastructure was first investigated. Then, 

Emmel, Jakob and Golz examined the sporozoites of P. vivax and 

P. falciparum. Since then, improvements in microscope and preparative 

technology have led to a thorough understanding of sporozoite 

structure, although, as mentioned in Chapter 1, the functional inter-

pretation of many organelles is not well understood. Although 

malarial sporozoites have been examined by transmission and scanning 

electron microscopy (see Aikawa, 1971; Sinden, 1978), and high 

voltage electron microscopy (Sinden, 1978), the histochemical 

techniques that have been used in the examination of merozoites, have 

not been employed to any great extent with the sporozoite. The 

morphology of the P. gallinaceum sporozoite is discussed fully in 

Chapter 4. 

The continuous culture of the sporogonic stages of the malaria 

parasite have not, as yet, been achieved. However, culture systems 

able to support the transformation of gametocytes into ookinetes have 

been described (Alger, 1968; Weiss and Vanderberg, 1977),  although 

subsequent stages of sporozoite formation, from the differentiating 
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oocyst to the formation of mature infective sporozoites, has only 

been. accomplished by overlapping successive stages in different 

cultures (see Vanderberg, Weiss and Mack, 1977). In their review, 

the same authors consider that the different environments required 

at each phase of sporogony to be the major stumbling block for the 

successful continuous culture. Ookinete formation takes place in the 

lumen of the midgut, oocyst development in the haemocoele, and 

finally, maturation of the sporozoite occurs in the salivary glands. 

It is clear that many problems remain to be solved before 

infective sporozoites can be regularly produced in vitro. Whether 

the production of sporozoites for use as a malaria vaccine depends 

on such a system, or improvements in the techniques for the recovery 

of infective, salivary gland sporozoites from whole mosquitoes, 

remains to be seen. 

In 1978, Bray failed to detect circumsporozoite antibodies in 

areas of hyperendemic malaria and suggested that, "antibodies to 

sporozoites of human malaria parasites are not generated in nature, 

presumably because during the half an hour in which sporozoites 

circulate they are taken up in insufficient numbers to act as an anti-

genic stimulant". Recently, however, the converse has been reported; 

antibodies specific for P. falciparum have been detected by means of 

the circumsporozoite precipitation assay and indirect immunofluorescence 

in serum samples from Gambian (West African) adults (Nardin et al., 

1979). It was therefore, suggested that, "antibodies to sporozoites 

are produced in areas of hyperendemic malaria in spite of the small 

number of parasites inoculated by a mosquito bite and the brief 

passage through the hosts blood stream" (Yoshida et al., 1980). The 

latter findings suggest that sporozoites have a high degree of 
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immunogenicity and interest for their use in the development of a 

malaria vaccine has increased. 

The induction of immunity to sporozoites which have been 

inactivated by ultraviolet light, formalin fixation or mechanically 

disrupted was first demonstrated in P. gallinaceum (Mulligan, Russell 

and Mohan, 1941; Russell, Mulligan and Mohan, 1941; Richards, 1966). 

Recently, the studies of Nussenzweig and her collaborators in New York, 

have shown that total protection to rodent malaria can be achieved by 

intravenous injections of x-irradiated sporozoites (see Nussenzweig, 

1977). The results of vaccination experiments with simian malarias 

however, have been less encouraging (Rieckmann et al., 1974, Clyde, 

1975; Bray, 1976); the immune response being species specific, 

fairly short-lived (< 6 months) and occurs in only a limited number 

of individuals. 

Immunity induced by sporozoite vaccination is strictly stage 

specific (Nardin and Nussenweig, 1978) and immune mice subsequently 

challenged with erythrocytic forms suffer fatal infections as observed 

in control animals (Nussenzweig et al., 1969). In addition, the 

protective antigen(s) are absent from oocyst sporozoites and are 

acquired at the time of their migration to the salivary glands 

(Vanderberg et "al., 1972). 

Recently a most interesting discovery has been made by Yoshida 

et al. (1980), who have been able to obtain monoclonal antibodies 

against sporozoites of P. berghei by the fusion of plasmacytoma cells 

with immune mouse spleen cells. The antibody is reported to bind to 

a protein with an approximate molecular weight of 44,000 (Pb44) which 

envelopes the surface membrane of the sporozoite. It is not known 
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whether Pb44 constitutes the major, or perhaps even the singleiāintigēn' 

on the surface membrane of P. berghei sporozoites, but certainly, 

the availability of large amounts of this antibody should greatly' 

enhance the purification and characterisation of this surface antigen 

and determine its role in protective immunity. 

2.3. Biology of P. gallinaceum  

2.3.1. Discovery and isolation  

P. gallinaceum was probably first seen by Bronssais in 1910 in 

Indo-China. He isolated it from the domestic hen, Gallus domesticus  

transmitted it successfully by blood inoculation, and sent some 

blood films to Brumpt in Paris. Meanwhile, von Prowazek in 1912, had 

discovered the same organism in hens fromumatra. Some years then 

passed, when in 1929, Brumpt, who had not lost interest in the 

parasite, tried without success to isolate it from the original 

locality and also from Cambodia. Then, in 1933, Crawford, who was 

working in Ceylon, reported on the presence of "relictum"-like 

parasites in the blood of dying imported fowls. Brumpt saw the 

report, re-examined Bronssaiss's original smears, and in 1935 

described the organism as Plasmodium gallinaceum. 

Brumpt, however, was not satisfied with the description of a 

parasite in blood films 25 years old. Encouraged by the importance 

of a malaria parasite which infected domestic hens, he set out on a 

tour of the Far East in attempts to isolate it, although the numerous 
• 

chickens he examined were, at first, negative. On his way back to 

France, Brumpt collected a number of birds from Crawfords original 

outbreak in the hope of discovering a latent infection. In Paris he 

sub-inoculated into new birds which readily became infected, and the. 

strain was eventually established. 
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2.3.2. Distribution and hosts  

P. gallinaceum is widespread in South-East Asia, its distribution 

extending eastwards from Sri Lanka and southern India (Madras), to 

western Malaysia, Indo-China and the Philippines (Garnham, 1977). 

The reservoir hosts are different species of jungle fowl. Shortt, 

Menon and Iyer (1941) were the first to describe it from its natural 

host in Madras, Gallus sonneratii, and it has since been described from 

G. spudiceus in Malaysia and G. lafayetti in Sri Lanka (Fernando and 

Dissanaike, 1975). 

Haiba (1948) claimed to have seen P. gallinaceum in chickens in 

southern Egypt 'and El-Kordy and Ahmed (1960) described its presence 

in Egypt and Syria where approximately one quarter of local and 

imported chickens showed infections. However, no isolations of the 

parasite or mosquito transmissions were made, consequently both these 

reports should be treated with some caution; furthermore, Garnham 

(1966a) commented that, his numerous investigations of suspected 

outbreaks ofchicken malaria in Kenya, always proved to be aegyptianellosis. 

Also, Mettam (1943) reported a single unconfirmed diagnosis of 

P. gallinaceum in domestic fowls suffering from aegyptianellosis in 

Bauchi, West Africa. Malaria parasites in chickens from two 

localities in Wisconsin (U.S.A.) were reported by Krishnamurti et al. 

(1961), but it was later discovered that this strain had been derived 

from escaped laboratory infected birds. Seneviratna (1959) reported 

an outbreak in Colombo, Sri Lanka; Omar, Ismail and Lim (1962) noted 

the presence of the parasite in chicks in Malaysia, and succeeded in 

transmitting the infection to clean chicks with Aedes aegypti; and 

the parasite was also identified in chickens from Malaysia by 

Moorhouse and Wharton (1962). 
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Niles, Fernando and Dissanaike (1965) discovered the natural 

vector of P. gallinaceum in Sri Lanka to be Mansonia crassipes. In 

fact a large number of mosquitoes are able to transmit the parasite 

experimentally and P. gallinaceum appears to be more oligoxenous than 

any other malaria parasite. It has been shown to develop in at 

least forty different species of mosquitoes, belonging to six 

genera, viz., Aedes, knāpheles1, Armigeres, Culex, Culiseta and 

Mansonia (Vargas, 1949; Brumpt, 1949). The 	domestic 

mosquito, Aedes aegypti, serves as an admirable experimental host 

since 100% readily become infected, producing salivary glands full 

of sporozoites. 

P. gallinaceum provides a good example of a "veterinary zoonosis" 

(Garnham, 1969). In the feral host, the infection is mild, the 

infection is capable of being transmitted to the local breeds of 

chickens, which occasionally show symptoms of the disease in a mild 

form, and when chickens of European or American affinities are 

introduced, the infection fulminates and many birds die of cerebral 

malaria. 

Despite many :''records.  lof its presence outside the Orient, 

P. gallinaceum seems to be largely confined to its habitat in Ceylon, 

in defiance of much trading in chickens and escape from research 

laboratories. This somewhat restricted zoogeography seems strange, 

especially as the chicken is such a ubiquitous bird and when mosquito 

species are abundant for its successful transmission. But as Garnham 

(1966a) has commented, "the direction of movement (of chickens) is 

usually from the uninfected to the infected regions of the world, and 

not the reverse, so the spread of the disease is rare. 
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2.3.3. Experimental research on P. gallinaceum 

Not long after Brumpt had described P. gallinaceum, he generously 

distributed it to a number of scientific institutions and it became so 

well studied that at the time of publication of Garnham's monograph 

(1966a) P. gallinaceum had been the subject of over one thousand 

scientific papers. Since then, much of the early interest generated 

by this parasite has waned, for many of the advantages offered by 

P. gallinaceum, particularly its ready availability and the ease of 

its transmission by A. aegypti, have been overshadowed by the discovery 

of the malaria parasites of rodents (see Killick-Kendrick and Peters, 

1978). Rodent malaria parasites, by infecting mammals, are more 

comparable to the human parasites and therefore more acceptable as 

laboratory models. Interestingly though, the ancient lineage of 

P. falciparum, by far the most important species infecting man, has 

recently been discussed (Sinden et al., 1978) and it is possible that 

this parasite is more closely related to the malaria parasites 

infecting birds, rather than mammals. 

Between the time of Hewitt's (1940) monograph and Huff's review 

(1963), studies on the chemotherapy of P. gallinaceum had attracted a 

great deal of attention, due largely to the strategic importance of 

human malaria during the second World War. In 1939, at the onset of 

hostilities, P. gallinaceum had been available for 4 years and was 

already known to be of some use in chemotherapeutic studies. 

Subsequently, the parasite proved to be a great boon for the screening 

of antimalarial drugs, carried out mainly by the Americans, during the 

1940's (see Peters, 1970). In fact, P. gallinaceum was so widely 

studied during the 1940's that it would be superfluous to mention all 
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the contributions that this species has made to our understanding of 

the malaria parasites. Instead, the reader is refered to the work 

of Garnham (1966a) and the reviews of Huff (1963, 1968). However, 

an attempt is made to mention some of the more important and unusual 

findings concerning P. gallinaceum. 

In addition to the numerous studies on the structure and function 

of the parasite during the various stages of its life cycle, 

P. gallinaceum has also contributed much -Co our knowledge concerning 

the susceptibility of mosquitoes to infection by malaria parasites. 

Ward (1963) was able, by careful genetic selection, to obtain a 

highly resistant strain of A. aegypti. Over a period of 26 generations, 

the susceptibility of A. aegypti to infection by P. gallinaceum, was 

reduced by 98% and, in the absence of selection did not return to 

normal during 13 subsequent generations. 

Weathersby (1952) demonstrated that sporogonic development of 

P. gallinaceum could occur in the haemocoelomic cavity, as well as on 

the gut wall of susceptible A. aegypti. He introduced gametocytes 

and oocysts into the haemocoelomic cavity and observed normal sporo-

gony, resulting in the production of sporozoites which invaded the 

salivary glands and were infective to chicks. Later (1960) 

Weathersby extended his observations on the development of P. gallinaceum  

by introducing phanerozoites from the brain of an infected chick 

embryo into the haemocoele of A. aegypti. He maintained the mosquitoes 

for 3 days, fed them on clean birds and after a short prepatent period, 

a mild parasitaemia was observed in 29% of the chicks. This experi-

ment demonstrated the ability of exoerythrocytic merozoites to mimic 

sporozoites by invading the salivary glands and establishing an 

infection in the vertebrate host. 
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P. gallinaceum has contributed greatly to our understanding of 

the exoerythrocytic cycle in avian malaria (see Bray, 1957)' both by 

observations in vivo and in vitro. Some of the history concerning 

the exoerythrocytic forms is covered earlier in this chapter and the 

tissue culture of P. gallinaceum is discussed in Chapter 8. One of 

the interesting controversies which existed (and some may argue still 

exists) was the belief that dimorphism of the exoerythrocytic schizonts 

occurred. The German workers, Reichenow and Mudrow-Reichenow, in a 

series of publications in the 1940's, believed that the merozoites 

of metacryptozoites and the subsequent phanerozoites were of two 

distinct sizes; the macromerozoites measuring from 1.5-2.5 pm in 

length and being the precursors of the macroschizonts, the merozoites 

of which invade tissue cells; and the micromerozoites, roughly 

spherical in shape, measuring from.1.0-1.5 µm in diameter, destined 

to form the microschizonts, the merozoites of which invade 

erythrocytes. Huff, however, in 1952 carefully measured a number of 

merozoites from different schizonts, found a normal distribution and 

concluded that dimorphism did not occur. Huff's curiosity in the 

relationship between avian malaria parasites and their host cells 

continued and his review of 1963, considered that one.  area of future 

research was a study of the factors which determine the choice of host 

cell which is made by the parasite and why this choice changes during 

the course of infection. P. gallinaceum would be an excellent 

parasite for studying these interactions with its different patterns 

of exoerythrocytic schizogony (Haas et al., 1948). 

The fine structure of P. gallinaceum has been examined at all 

stages of its life cycle and the reader is refered to the authorative 

review of Aikawa (1971); the fine structure of the sporozoite is 
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discussed in Chapter 4+. 

Recent interest in P. gallinaceum has concerned the factors which 

stimulate exflagellation (Nijhout, 1979; Nijhout and Carter, 1978); 

immunological studies with the sexual stages (Gwadzi, 1976; Carter 

and Chen, 1976); and the influence of digestive enzymes on the 

development of ookinetes (Gass, 1979). 
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CHAPTER 3  

3. GENERAL MATERIALS AND METHODS  

3.1. Parasite  

The strain of P. gallinaceum used in these experiments was 

strain 8A obtained from the Wellcome Laboratories of Tropical 

Medicine, Beckenham, by courtesy of Dr. W. H. G. Richards. This is 

the strain originally isolated by Brumpt in 1935 from domestic hens 

in Sri Lanka. It has been transmitted for many years in the Wellcome 

Laboratories, and in this laboratory has been maintained since 

October, 1976. 

3.2. Avian hosts  

The chicks used during this investigation were Ranger Cockerels 

(Ross 1), supplied by Ross Poultry Limited, Andover or Tetra 

Cockerels (Tetra 1), supplied by Tetra Poultry Limited, Dunsfold, 

Surrey. Chicks from 1 day to 3 weeks old were used, not only for the 

ease with which the smaller birds could be handled but also for the 

rather higher proportion of sexual parasites that are reported to be 

produced in younger birds (Garnham, 1966a). They were kept at an 

ambient temperature of 25°C and were fed on chick crumbs (coccidiostat-

free) obtained from Lilico and Son, Betchworth, Surrey; water was 

provided ad libitum. 

The chick embryos used both for the preparation of tissue 

cultures and for strain maintenance were also obtained from Tetra 

Poultry Limited and were kept in a chick incubator at 39°C  until the 

appropriate day of development (see Chapter 8). 
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3.3. Mosquito hosts  

Aedes aegypti was used exclusively for this study. The 

mosquitoes were derived from a stock that had been bred in the 

laboratory of COPR (Centre for Overseas Pest Research) Porton Down, 

for many years and the eggs used to start the colony were kindly 

provided by Dr. A. B. Hadaway. 

The methods used for rearing the mosquitoes were similar to 

those outlined by Shute and Maryon (1966) and Garnham (19660 and the 

method is given only briefly here. The mosquitoes were kept under 

constant conditions of 12 hours daylight and 12 hours darkness at a 

temperature of 28°C and relative humidity of 70-90%. Larvae were 

raised in plastic washing-up bowls and fed on coarse whole meal 

breadcrumbs. The pupae were filtered from the larval bowls and 

allowed to emerge in mosquito cages from small crystallising dishes. 

A 4% solution of glucose was provided and regular blood meals were 

offered. Eggs were laid on inverted moist filter paper cones and 

stored either damp for up to 3 weeks or dessicated for several months. 

3.4. Parasite transmission  

The parasite was transmitted in chicks by sporozoite inoculation 

or blood passage. Initially 2 or 3 blood passages were alternated 

with a sporozoite induced infection, but latterly, sporozoite induced 

infections were used exclusively because of the marked reduction in 

gametocyte numbers (approximately 60% at the peak day of gameto-

cytaemia) that was observed following blood passage (Fig. 3.1.). 

For the production of sporozoites, mosquitoes, 3-4 days old, 

were fed on infected birds showing gametocytes in Giemsa stained thin 

blood smears (see p. 42).. The blood was taken by pricking the vein 
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Fig. 3.1. Course of P. gallinaceum infection in chicks inoculated 

with sporozoites or parasitized blood. Figures beside each point 

(mean + S.E.M.) indicate the number of chicks examined. •-----•  

sporozoite induced gametocytaemia; 0 	O blood induced 

gametocytaemia; ■ — — — — — ■ sporozoite induced asexual parasitaemia; 

❑ ❑  blood induced asexual parasitaemia. 

For blood induced infections 7 chicks were inoculated 

intravenously, each with 0.1 ml of blood containing approximately 

5.4 x 105  parasites. For sporozoite induced infections 7 chicks 
were inoculated intravenously, each with approximately 100,000 

sporozoites. Daily blood films were taken and 1,000 erythrocytes 

were examined for the occurence of gametocytes or asexual forms. 
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on the surface of the leg. Feeds were usually offered 1-2 days 

before the maximum gametocytaemia, for although Eyles (1951) has 

shown that for P. gallinaceum the highest oocyst numbers in 

A. aegypti corresponds to the peak gametocytaemia, the majority of 

workers, using the same experimental system, consider that the 

highest average oocyst count tends to preceed the highest gametocyte 

numbers by 1-2 days (Lumsden and Bertram, 1940; Cantrell and 

Jordan, 1946; Huff and Marchbank, 1955;  Huff, Marchbank and 

Shiroishi, 1958). Mosquitoes fed at this time usually had between 

50-100 oocysts on the midgut and assured a plentiful supply of 

sporozoites in the salivary glands (25,000-50,000). 

After 5 or 6 days a few mosquitoes from each batch were 

dissected and the presence of oocysts on the midguts observed; after 

another 5-6 days (10-12 days after the infective feed) a few 

mosquitoes from the same group were dissected and checked for the 

presence of sporozoites in the salivary glands. These routine midgut 

and salivary gland dissections were carried out by the well established 

techniques of Shute and Maryon (1966) and Garnham (19664 and were 

performed in tissue culture medium 199 (M199, Gibco-Biocult). A 

'Wild' M20 microscope fitted with a phase contrast condenser was used 

throughout for the examination of mid-guts and salivary glands. 

For sporozoite-induced 	infections, 100-200 mosquitoes with 

heavy salivary gland infections, were lightly ground in 2 mis of M199 

in a loose-fitting teflon/glass homogenizer. The resulting suspension 

was spun at 25g for 5 minutes to sediment the larger pieces of 

mosquito debris and the supernatant was injected intramuscularly, 

normally 0.4 mis containing approximately 200,000 sporozoites, into 

each of 4 chicks. This method was considered suitable for the routine 
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passage of the strain, although as Garnham (19664 has commented, 

there is a loss of parasites which adhere to the chitinous debris; 

also, the final suspension contains a large ammount of fat, muscle 

and bacterial contamination. Thus when a quantitative infection 

was required, the salivary glands were dissected in the normal way, 

pooled in M199 and stored on ice. A suspension of sporozoites was 

then prepared by gentle homogenisation in a teflon/glass homogenizer 

and the number of sporozoites counted using an improved Neubeubeur 

haemocytometer. The counting chamber was loaded with a sample of the 

suspension and allowed to stand in a damp chamber for 10 minutes to 

allow the sporozoites to settle. Portions of this suspension 

containing the appropriate number of sporozoites were then inoculated 

into the jugular• vein of the chicks. 

For each blood passage, 0.2 mis of heavily parasitized blood 

(60-90/ erythrocytes infected) was obtained in a syringe(wetted with 

heparin, 5,000 units/ml) from the jugular vein of the donor bird and 

injected intravenously into the recipient. 

As a safeguard during this study the parasite was cryopreserved 

(Appendix 1). Twice during the course of this study it was necessary 

to initiate infections with cryopreserved material. 

3.5. Harvesting of sporozoites  

Dissections for oocyst sporozoites were carried out on days 

8-10 when distinct sporozoites could be.  seen by phase microscopy 

within the oocysts and dissections for salivary gland sporozoites were 

performed on days 12-16; sporozoites older than 16 days were either 

discarded or used for routine passage. 
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For many experiments, notably in the determination of 

electrophoretic mobilities (see Chapter 5) it was necessary to produce a 

large number of sporozoites relatively free of mosquito and micro-

bial contamination. Recent attempts to separate and purify 

sporozoites (some of which have been briefly reviewed by Krier, 1977) 

have included density gradient centrifugation (Chen and Schneider, 

1969; Schneider and Chen, 1969; Krettli, Chen and Nussenzweig, 

1973; Beaudoin et al, 1977; Vermeulen, Munster and Meuwissen, 1979) 

and column separation (Moser et al, 1978; Mack, Vanderberg and 

Nawrot, 1978). However none of these methods has gained universal 

acceptance, as for example, has the technique of separating blood-

stream forms of pathogenic trypanosomes on a DEAE-cellulose column 

(Lanham, 1968; Lanham and Godfrey, 1970) because all suffer from the 

same disadvantages, including poor separation from microbial 

contaminants and low recovery rates. Also, if whole mosquitoes are 

used a heterogenous population of sporozoites is produced, consisting 

of individuals from the oocysts, haemocoele and salivary glands, 

irrespective of the age of infection. Therefore it was decided to 

use the technique of mass mosquito dissection which was successfully 

employed by Shortt and Garnham in London and Huff and his colleagues in 

America in their pioneering work on the exoerythrocytic cycle in 

mammalian and avian malaria respectively. This method produces a 

relatively clean suspension containing a large number of sporozoites 

and many mosquitoes can be rapidly processed if experienced dissecters 

are used. 

It was however necessary to decide on a centrifugation regime 

to enable the suspension to be washed, after for example, enzyme 

treatment (see Chapters 5 and 7). A small bench centrifuge (Microfuge, 
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Burkard Scientific, Rickmansworth) with a fixed relative centrifugal 

force (r.c.f.) of 14,000•g was found suitable and experiments were 

performed to determine the length of time it was necessary to spin 

a sporozoite suspension to recover maximum numbers of sporozoites. 

The salivary glands of approximately 100 mosquitoes were 

dissected and a suspension produced in 1.0 ml of M199 by gentle homo-

genisation in a loose fitting teflon/glass grinder1. This was spun 

at 25 g to remove the large pieces of mosquito tissue and the number 

of sporozoites in the supernatant was adjusted to 106  and 0.5 mis of 

M199 were added to produce a final volume of 1.5 mis. This was then 

spun on the Microfuge for 2.seconds2, the supernatant removed and the 

numbers of sporozoites in the residue counted using an improved 

tcezcs haemocytometer. This procedure was repeated for times of 

4, 8, 15, 30 and 60 seconds and 2, 4 and 5 minutes; each time the 

numbers of sporozoites in the residue was counted. 

The experimental design is shown in Fig. 3.2. and the recovery 

of sporozoites in the residue in Fig. 3.3. All the sporozoites were 

deposited after 2 minutes centrifugation, but as 86% were sedimented 

after 1 minute the latter was adopted as the standard time for 

recovery and washing. Therefore the method selected to produce large 

numbers of relatively pure sporozoites was as follows. Dissection of 

1. Mature oocyst sporozoites were liberated by very light 
homogenisation of whole guts. If performed carefully, ripe oocysts 
are ruptured and the guts which are left intact, are deposited after the 
initial spin at 25 g. 

2. The Microfuge took approximately 20 seconds to run down and 
this obviously has a considerable effect on the very short spins. 
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Mass dissection of mosquitoes 
salivary glands or midguts 

Homogenize in 1.0m1 M199 

Centrifugation 25g, 5 minutes 

Discard pellet 	Supernatant - make up to 
1.5mls with 106  sporozoites 

Centrifugation, Microfuge, 2 seconds 

Count sporozoites 	Supernatant 
in pellet 

Centrifugation, Microfuge, 4 seconds 

Count sporozoites 	Supernatant 
in pellet 

Repeat centrifugation and counting 
procedure for 8, 15, 30 and 60 
seconds and 2, 4 and 5 minutes 

Last spin, Microfuge, 
5 minutes 

Count sporozoites Discard supernatant 
in pellet 

Fig. 3.2. Flow diagram illustrating the experimental technique used 

to determine the optimum time of centrifugation for the recovery of 

E gallinaceum sporozoites from the microfuge. 
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Fig. 3.3. Effect of the duration of centrifugation on 

the recovery of P. gallinaceum sporozoites on the Micro-

fuge. Stippling represents the number of sporozoites 

deposited in sequential residues. 
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salivary glands (or midguts) into 1.5 mls of M199 and a preliminary 

spin at 25 g,followed by centrifugation of the supernatant on the 

Microfuge for 1 minute and resuspension of the sporozoite pellet 

into the desired volume of medium to yield between 1 to 3 x 106  

sporozoites/ml. 

When applied to mature oocyst sporozoites the Microfuge 

technique gave equally good recovery rates. 

As earlier separation techniques (see for example Chen and 

Schneider, 1969) had shown a significant loss of sporozoite 

infectivity, it was essential that the infectivity of Microfuge 

recovered sporozoites was investigated. This was performed in the 

following manner. A suspension of sporozoites was produced from 

salivary gland dissections of a batch of mosquitoes from the same 

group as used for the centrifuge routine and chicks were injected 

intravenously, 5 with 10,000 sporozoites each and 5 with 1,000 sporo-

zoites each. The sporozoites remaining in this suspension were spun 

for 5 minutes on the Microfuge and again chicks were infected with 

the same doses as before. The prepatent period of the infections 

were then recorded by the observation of daily blood films. At least 

10,000 erythrocytes were examined before a chick was considered 

negative. As can be seen in Table 3.1. the Microfuge recovered 

sporozoites exhibited no loss of infectivity to chicks at these high 

doses and subsequent experiments have confirmed these observations 

with much lower doses (see Chapter 7). Thus the centrifugation procedure 

described above was considered suitable for the recovery of sporo-

zoites. 
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Table 3.1. Infectivity of Microfuge recovered sporozoites 

(MS) compared with control sporozoites (CS) from the 

salivary glands of P. gallinaceum infected 

mosquitoes. 

No. of chicks 
infected/no. 
inoculated 

Mean prepatent 
period (days) 

Expt. No. 
No. of 

sporozoites 
inoculated 

CS MS CS MS 

1 10,000 5/5 5/5 6.2 5.8 

1,000 5/5 5/5 6.4 6.8 

2 10,000 5/5 5/5 5.8 5.2 

1,000 5/5 5/5 6.8 6.2 

3 10,000 5/5 5/5 6.o 6.2 

1,000 5/5 5/5 6.4 6.4 



P. falciparum and P. vivax (Emmel, i
~ 

- 41 - 

CHAPTER 4  

4. MORPHOLOGICAL OBSERVATIONS  

4.1. Introduction 

The morphology of many species of malarial sporozoites is well 

documented by light microscopy (see Garnham, 1966a) and since the 

first description of the ultrastructure of the sporozoites of 

land Goltz, 1942), sporozoites have 

been the subject of a number of morphological investigations (see 

Aikawa, 1971 and Sinden, 1978). Despite these studies, there is 

no clear morphological explanation to account for the major changes 

that occur in the physiological organization of malarial sporozoites 

as they leave the mature oocyst and migrate to the salivary glands 

of the mosquito host. These physiological differences include changes 

in motility (Vanderberg, 1974), infectivity (Vanderberg, 1975) and 

antigenicity (Vanderberg et al., 1972) and it is likely that these 

changes are related to the different invasive capacities that are 

exhibited by sporozoites. On leaving the mature oocyst, the sporozoite 

must be adapted to locate and penetrate the cells of the mosquito's 

salivary gland; subsequently it must be adapted for survival in the 

vertebrate and for location and penetration of a hepatocyte, in 

mammalian malaria, or the cells of the reticulo-endothelial system, 

in avian malaria. 

This chapter compares the morphology of sporozoites from mature 

oocysts and salivary glands and the results are discussed in relation 

to the differences that exist between the two populations. It is not 

the purpose of this chapter to provide a detailed description of the 

morphology of the P. gallinaceum sporozoite as this has been published 

elsewhere (Terzakis, 1968; Terzakis, Sprinz and Ward, 1976; Sinden -- 

and and Garnham, 1973). 
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4.2. Materials and Methods  

4.2.1. Preparation and examination of material for light microscopy 

Infected salivary glands and midguts were dissected into a very 

small amount of M199 as described previously (p.33). The tissues 

were gently teased apart with fine syringe needles and smeared with 

the edge of a square coverslip. Smears were allowed to air dry and 

then fixed momentarily ("3 seconds) in methanol before staining in 

10% Giemsa stain (Revector), in phosphate buffer at pH 7.2 (Appendix 2) 

for 1 hour. Smears were washed briefly in tap water and allowed to 

air dry before examination. 

Sporozoites in stained smears of infected salivary glands and 

midguts were measured by first drawing midlines at a magnification of 

x 1,500 with the aid of a drawing tube attached to a 'Wild' M20 micro-

scope. The lengths of the sporozoites were then obtained by plotting 

their lengths on a computerised drawing board (X-Y digitiser, Feranti 

Cetec) which was considered to be more accurate and less time-consuming 

than using calibrated dividers (see Killick-Kendrick, 1973). 

Outline drawings of sporozoites were also made and after the 

position of the nucleus and micropore had been recorded the Giemsa 

stain was removed and the smears processed for the Feulgen reaction. 

The smears were washed in xylene and taken down through graded alcohols 

to water, washed in cold IN HC1, then hydrolysed in IN HC1 at 60° for 

10-15 minutes. After a rinse in cold IN HCl, the smears were washed 

in distilled water. The smears were then dehydrated through a series 

of graded alcohols, rinsed in xylene and mounted in "Euparal Vert". 

Slides of chick erythrocytes were processed with the test slides to 

serve as controls. 
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4.2.2. Preparation and examination of material for electron microscopy  

The infected mosquitoes were dissected and examined as described 

previously (p.33). The infected midguts were prepared using the method 

of Sinden and Garnham (1973). The midguts were fixed in a small drop 

of 3.0% glutaraldehyde in 0.1M phosphate buffer pH 7.4 and were then 

transferred to 2.0 mis of fixative and fixation was continued over-

night at 4°C. Following fixation the material was washed in 0.15M 

phosphate buffer pH 7.4 for 3 hours. The glands were post-fixed in 1% 

osmium tetroxide in veronal acetate buffer pH 6.6 containing 0.005M 

calcium chloride. After dehydration in graded alcohols the specimens 

were transferred to propylene oxide and subsequently embedded in 

Araldite CY212. 

The infected salivary glands were prepared using a modified 

Karnovsky fixative (see Sinden, Canning and Spain, 1976). The material 

was fixed for 10 minutes at room temperature in Karnovsky's fixative 

containing 4-5mM calcium chloride and then for a further 1 hour at 4°C. 

Specimens were then washed twice in 0.12M cacodylate buffer pH 7.4. 

Following the first wash, the glands were embedded in 2% agar in the 

same buffer. The agar was allowed to solidify then cut into cubes 

having sides of approximately 2mm and then processed in the usual manner 

and post-fixed for 1 hour in 0.1M cacodylate buffer containing 2.5g/ 

100m1 osmium tetroxide at 4°C. The material was then washed in 0.1M 

sodium acetate and then immersed in 0.25g/100m1 ageous uranyl acetate 

for 1 hour. After two 10 minute washes in 0.1M sodium acetate and one 

each in 35% and 50% (by vol.) acetone, preparations were stained 

en bloc overnight in 70% acetone containing 1g/100m1 uranyl acetate and 

1g/100m1 phosphotungstic acid at 4°C. Following final dehydration 

in acetone the material was embedded in Araldite CY212. 
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Thick sections, cut at 0.51Lm with diamond and glassildi t on 

a LKB Ultramicrotome, were transferred to glass slides and stained 

withltbliiidinelblue. The sections were examined for the presence of 

parasites. Thin sections were placed on grids coated with formvar, 

stained in 2% (w/v) ageous uranyl acetate for 10 minutes, rinsed in 

distilled water and then dried. They were then stained in Reynold's 

lead citrate for 10 minutes, washed in 2 changes of 0.02M NaOH, rinsed 

in distilled water and dried an filter paper. Sections were examined 

in a Phillips E.M. 300 operated at accelerating voltages of 60 and 80 kV. 

4.3. Results  

4.3.1. Morphology with the light microscope  

The P. gallinaceum sporozoite has the typical morphological 

characteristics of the avian species of malaria parasites. Thus it is 

rather short and thick, sickle or bow-shaped and with tapering ends. 

The anterior end is occupied by a deeply staining mass which represents 

thecztonelles comprising the apical complex. The nucleus, stains 

deeply with Giemsa, has irregular contour, is always single but 

often appears fragmented (Figs. 8.1 to 8.4). In fresh preparations of 

crushed salivary glands small numbers of sporozoites are often seen in 

close apposition (Fig. 8.6), although after a few minutes they usually 

become dissociated (Fig. 8.5). 

The lengths of sporozoites in dry-fixed Giemsa stained preparations 

are given in Table 4.1. There was no significant difference between the 

lengths of sporozoites in mature oocysts and sporozoites in salivary 
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Figs. 4.1 to 4.4. Sporozoites of P. gallinaceum in a Giemsa stained 

smear of the salivary glands of A. aegypti. 

Figs. 4.5 and 4.6. Sporozoites of P. gallinaceum liberated from a 

squashed salivary gland of A. aegypti. Photographed with Leitz 

Nomarski interference contrast microscopy. 
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Table 4.1. Mensural data of the lengths of P. gallinaceum sporozoites 

from mature oocysts and salivary glands 1' 

Source of sporozoites Length (µm) Range 

Mature oocysts 8.16 + 0.14 10.85 - 5.74 

14 day old2salivary gland forms 8.20 + 0.15 10-72 - 5.64 

35 day old salivary gland forms 7.64 + 0.17 10.57 - 5.16 

Table 4.2. A comparison of the demonstrability of the micropore in 

P. gallinaceum sporozoites from mature oocysts and 

salivary glands 3' 

Source of sporozoites 
Sporozoites with a 

demonstrable micropore (%) 

Mature oocysts 
	 80.8 

14 day old salivary gland forms 
	82.4 

35 day old salivary gland forms 
	43.4 

1. Methanol fixed, Giemsa stained preparations; 100 observations 
for each sample. 

2. "Day old" refers to days after the infective blood meal. At 
28°C the salivary glands become invaded between the ninth and 
tenth after the infective blood meal. 

3. Methanol fixed, Giemsa stained preparations; 500 observations 
for each sample. 
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glands (p>0.2, Student's t-test). There was however, a significant 

reduction in the lengths of sporozoites with extended residence in 

the salivary glands (p<0.001, Student's t-test). 

Sporozoites processed for the Feulgen reaction confirmed the 

results of Dasgupta (1959) in that they displayed a strongly staining 

and prominent nucleus; moreover, the presumed micropore did not stain, 

thus demonstrating that the Giemsa stained material was in fact a 

micropore and had not been mistaken for a piece of fragmented nuclear 

material. There was no significant difference between the occurrence 

of the micropore in mature oocyst sporozoites and in salivary gland 

sporozoites (p>0.02, Chi-square test), although in the older sporozoites, 

the incidence of the micropore decreased significantly (p>0.001, 

Chi-square test). The presence of the micropore in sporozoites is 

shown in Table 4.2. The nuclei of chick erythrocytes processed with 

the test slides served as controls to show that the reaction was 

unaffected by pre-staining with Giemsa, as was previously shown by 

Canning and Sinden (1975). 

4.3.2. Morphology with the electron microscope  

Sporozoites from mature and nearly mature oocysts (Figs. 4.7 to 

4.12) are relatively straight with a circular or eliptical cross 

section. The surface of the sporozoite consists of a plasmalemma (the 

surface membrane) and beneath this, two pellicular membranes (the 

cytoplasmic membranes) and the asymmetrically arranged subpellicular 

microtubules (Fig. 4.12) which possibly function as a cytoskeleton, 

imparting rigidity to the parasite (Aikawa et al., 1966). The 

plasmalemma of the sporozoites appears naked (Figs. 4.7 and 4.8) but 

on close examination may be sparsely covered with fibrillar material 

(Figs. 4.9 to 4.12). 
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Figs. 4.7 to 4.12. Sections through P. gallinaceum sporozoites in 

mature and nearly mature oocysts. 

Fig. 4.7 (x 22,818) and Fig. 4.8 (x 24,160). Transverse and obliquely 
sectioned sporozoites in nearly mature oocysts. Note the micropore 

(mp) in Fig. 4.8. 

Fig. 4.9 (x 30,672) and Fig. 4.10 (x 40,849).  Transverse and obliquely 

sectioned sporozoites in mature oocyst, showing numerous electron-

dense rhoptries (r). 

Fig. 4.11. L.S. of budding sporozoite. Note that the newly formed 

inner pellicular membranes are confined to the sporozoite bud and the 

transfer of the mitochondrion (m) into the sporozoite bud x 38,885. 

Fig. 4.12. T.S. of sporozoites in mature oocyst. Note that the 

sporozoites are invested by a pellicle consisting of an outer 

plasmalemma (pl) and a pair of inner pellicular membranes (pm). 

Beneath these lie the asymmetrically distributed subpellicular micro-

tubules (mt). The nucleus (n) is large x 52,495. 
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Figs. 4.13 to 4.16. Sections through P. gallinaceum sporozoites in 

the salivary glands of A. aegypti. 

Fig. 4.13. T.S. of sporozoite lying "naked" within cytoplasm of 

salivary gland cell. Note the virus-like particles (vlp) in the 

salivary gland, but not in the sporozoite x 59,254. 

Fig. 4.14. T.S. of sporozoite (anterior end) within secretion of 

salivary glands x 67,627. 

Fig. 4.15. T.S. of sporozoite (anterior end) within cytoplasm of 

salivary gland cell. Note vacuole is partially membrane bound (me) 

and the electron-dense, membrane bound micronemes (mn). Also, as in 

the mature oocyst sporozoites, the outer plasmalemma (pl) and the 

pellicular membranes (pm). Note the fibrillar surface coat (sc) 

x 113,642. 

Fig. 4.16. L.S. of degenerate sporozoite within cytoplasm of salivary 

gland cell. Note the distorted nucleus (n) and vacuolated cytoplasm 

(v). Mitochondria (m) are present x 24,181. 
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Sporozoites in mature oocysts possess membrane limited rhoptries 

which have an electron-dense matrix (Figs. 4.10 and 4.12). The 

nucleus is large, elongate and centrally placed. 

The morphology of sporozoites from the salivary glands differs 

little from that seen in mature oocyst sporozoites, except in the 

organization of the rhoptry-microneme complex; rhoptries are not seen 

in salivary gland sporozoites, and are instead replaced by an extensive 

system of micronemes (Figs. 4.14 and 4.15). A prominent surface coat 

was observed on one sporozoite (Fig. 4.15). 

Sporozoites from salivary glands were observed intracellularly, 

either lying in a membrane bound parasitophorous vacuole (Fig. 4.15), 

or naked in the cytoplasm (Fig. 4.13 and 4.16), or extracellularly within 

the matrix of the salivary gland secretion (Fig. 4.14). 

4.4. Discussion  

The morphological observations reported in this chapter are in 

close accord with those of earlier workers (Huff and Coulston, 1944; 

Garnham, 1966a; Terzakis, 1968; Terzakis, Sprinz and Ward, 1976; 

Sinden and Garnham, 1973). However, particular attention in this 

investigation was given to a comparison between sporozoites from mature 

oocysts and salivary glands, since any changes in their morphology may 

be related to their different invasive behaviour. 

Studies by the Sergent brothers (Sergent and Sergent, 1918), who 

infected mosquitoes with P. relictum and kept them at a temperature of 

8-25°C for 5 months, not only demonstrated that after this time their 

length's were reduced from about 14 p.m to 8-10 µm, but also that they 

were no longer infective. In the present investigation, the lengths 
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of sporozoites were also found to decrease with prolonged residence 

in the salivary glands and earlier, Porter, Laird and Dusseau (1954) 

had found that the infectivity of P. gallinaceum sporozoites was 

reduced to one fourtieth after 4 weeks in the salivary glands of 

susceptible A. aegypti. A similar decrease in infectivity of sporo-

zoites with extended residence in the salivary glands has been 

reported for P. vivax (Boyd and Stratman-Thomas, 1934)  and P. falciparum  

(Garnham, 1966a). The latter author reporting that after 40 days 

sporozoites were non-infective, although no morphological differences 

were apparent. 

In the search for differences between sporozoites from mature 

oocysts and salivary glands, the occurrence of the micropore was 

considered a suitable candidate for investigation. The micropore, 

first described by Garnham et al. (1961) and at first thought by these 

authors to represent the point of exit of an emergent sporoplasm, has 

subsequently been described as a characteristic organelle of the 

Sporozoa (Scholtyseck and Melhorn, 1970) and is now considered to be 

a cytostome for the ingestion of food material (Aikawa et al., 1966). 

Although the micropore is likely to be dormant in sporozoites its 

presence has attracted some recent attention. Sinden and Garnham 

(1973) have commented on the extreme rarity or absence of the micropore 

in the sporozoites of the rodent plasmodia which contrasts strongly 

with the avian and primate species. These authors compared their 

morphological findings of the incidence of the micropore to the 

available data on the infectivity of sporozoites and suggested that 

the absence of the micropore in sporozoites of rodent malarial parasites 

was an indication of their incompleteitorphogenesis. In the present 

investigation the micropore was demonstrated by routine Giemsa 
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staining in approximately the same proportion of mature oocyst and 

salivary gland sporozoites (80.8% and 82.4%); although its incidence 

decreased in older sporozoites (43.4%). However, as is demonstrated 

later (Chapter 7) the infectivity of salivary gland sporozoites is 

10,000 times greater than that of mature oocyst sporozoites, so 

obviously the presence of the micropore cannot be the sole indicator 

of sporozoite infectivity and other changes must be occuring as well. 

At the ultrastructural level, the only significant morphological 

difference observed between sporozoites from mature oocysts and 

salivary glands was in the organization of the rhoptry-microneme 

complex. In the sporozoites from salivary glands the rhoptries, which 

were present in sporozoites from mature oocysts, were not seen and were 

replaced by an extensive system of micronemes. A similar transition in 

the morphology of the rhoptry-microneme complex between oocyst and 

salivary gland sporozoites has been noted in other species of malarial 

parasites, including, P. vivax, P. cynomolgi, P. yoelii nigeriensis, 

P. vinckei chabaudi, and P. gallinaceum (Sinden and Garnham, 1973); 

P. falciparum (Sinden and Strong, 1978) and Leucocytozoon dubreuili  

(Wong and Desser, 1976). 

Although the rhoptry-microneme complex is one of the most 

striking and characteristic features of the invasive stages of the 

Sporozoa its true function remains enigmatic, although it is assumed 

by many authors (for references see Chapter 9) that it aids in the 

penetration of the cellular barriers that are crossed. Garnham, Bird 

and Baker (1960) and Garnham et al. (1961) in some earlier studies on 

the ultrastructure of malarial sporozoites, suggested that these 

organelles secreted proteolytic enzymes which dissociated the cell 
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surface membrane of the host cell and thus facilitated invasion. 

However, it is now apparent, from studies with particularly Eimeria  

(see Long and Speer, 1977) and malarial merozoites (see Bannister, 1977), 

that the host cell membrane is not dissociated, at least not during the 

invasive process, but invaginated at the site of entry of the invading 

organism and therefore it seems likely that proteolytic digestion of 

the cell surface membrane is not the mechanism of entry. Instead, some 

recent investigations suggest the involvement of cationic proteins with 

the invasion of host cells. Kilejian (1976) isolated a protein, 

unusually rich in histidine (73%), which was associated with the 

rhoptries and micronemes of P. lophurae merozoites. This protein 

caused invagination and osmotic fragility to the surface membrane of 

erythrocytes and was therefore incriminated to assist in their penetra-

tion. Furthermore, a protein with similar properties and effects was 

isolated from the trophozoites of Toxoplasma gondii (Lycke, Carlberg 

and Norry, 1975). Therefore, by analogy with these closely related 

species, it is likely that the rhoptries and micronemes of malarial 

sporozoites secrete polycationic surfactant substances which aid in 

the invagination of host cell membranes, whether it be salivary gland 

cells or macrophages, and their subsequent intracellular localisation. 

However, ultrastructural evidence to support the suggestion that these 

organelles secrete material is not convincing, although as Bannister 

(1977) has pointed outs  these organelles are so large and numerous 

that a partial emptying (rhoptries) or loss of a few of them (micronemes) 

would be hard to detect. 

From the observations reported in this chapter, together with 

those of other workers (see Aikawa, 1971 and Sinden, 1978) it is 

impossible to distinguish between the contents of the rhoptries and 
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micronemes of malarial sporozoites. Although further work is clearly 

needed to isolate the constituents of these organelles and to determine 

their functional independence, it is likely that the rhoptries of 

mature oocyst sporozoites assist in their exit from the mature oocyst 

and/or in their entry into the salivary glands, and the micronemes of 

salivary gland sporozoites assist in their entry into cells of the 

reticulo-endothelial system (see Chapter 9). 

Another interesting and fundamentally important aspect of sporo-

zoite morphology is the appearance of the surface membrane, particularly 

as a need has recently been expressed for a closer examination of the 

cell surface membrane of malarial sporozoites (Bannister, 1977). 

Although malarial sporozoites have been reported to possess a very 

thin surface coat of fibrillar material loosely surrounding the outer 

sporozoite membrane (Cochrane et al., 1976), Sinden (1978) has commented 

that the surface membrane of the sporozoite is covered by a disperse 

fibrous material which is probably derived from the cystic fluid. 

Indeed, my own observations are in agreement with those of Sinden, in 

that the surface membrane of both mature oocyst and salivary gland 

sporozoites appears naked, except for some scanty fibrillar material, 

and are devoid of a true surface coat as seen in the bloodstream forms 

of pathogenic trypanosomes (Vickerman, 1969). However, a prominent 

surface coat was observed on one intracellular salivary gland sporozoite 

and although little is known about the surface membrane of malarial 

sporozoites (see Chapters 5 and 6) it is interesting to note that a 

similar coat has been observed on intracellular sporozoites of 

L. dubreuili (Wong, 1979).  

Ookinetes also appear to lack a surface coat (Garnham, Bird and 
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Baker, 1962; Canning and Sinden, 1973) although recently Gass (1979) 

has used ruthenium red to detect the presence of acidic mucopoly-

saccharides on the surface of P. gallinaceum ookinetes and concluded 

that this stage has a prominent surface coat. However, Luft (1971) 

has commented that considerably more work is required to establish the 

specificity of ruthenium red for acidic mucopolysaccharides and also, 

there is an added difficulty of interpreting reactions of ookinetes 

taken from bloodmeals, for it is possible that the dense layer seen 

with ruthenium red at the cell surface could, at least in part, be due 

to adsorbed serum glycoproteins. 

In summary, this chapter has discussed the morphology of 

P. gallinaceum sporozoites from mature oocysts and salivary glands. 

With the light microscope, sporozoites from mature oocysts and recently 

invaded salivary glands were indistinguishable in length, gross 

morphology and in the incidence of the micropore. In old salivary 

gland infections, sporozoites became shorter and the micropore was 

seen less often; these changes were correlated with a gradual loss of 

infectivity with prolonged residence in the salivary glands. With the 

electron microscope, the changes observed in the organization of the 

rhoptry-microneme complex were suggested to be related to the different 

invasive capacities that are exhibited by sporozoites, although a 

precise functional interpretation of the role of the rhoptries and 

micronemes remains unclear. 
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CHAPTER 5  

5. CELL SURFACE CHARGE: MEASUREMENT OF CELLULAR 

ELECTROPHORETIC MOBILITY  

5.1. Introduction 

In the previous chapter, it has been demonstrated that although 

sporozoites from mature oocysts and salivary glands have the same 

dimensions, ultrastructural changes occur in their internal 

organisation which result in a proliferation of the micronemes and 

a disappearance of the rhoptries in the salivary gland forms 

(Sinden and Garnham, 1973; Sterling, Aikawa and Vanderberg, 1973). 

It is considered that the function of these organelles is to aid in 

penetration of some of the cell barriers that are crossed by sporo-

zoites (Sinden, 1978), although it would seem unlikely that this 

change in the rhoptry-microneme complex would account for all the 

physiological changes, such as those that occur in infectivity 

(Vanderberg, 1975) motility (Vanderberg, 1974) and antigenicity 

(Vanderberg et al., 1972) that are associated with the progression 

of malarial sporozoites from the mature oocyst to residence in the 

salivary glands. Presumably, the cell surface, which is known to 

be of importance in the recognition, attachment and penetration of the 

malarial merozoite to erythrocytes (Ladda, Aikawa and Sprinz, 1969; 

Bannister et al. 1975; Bannister, 1977) is intimately involved with 

at least some of these changes. Although the cell surface is known 

to be of such importance to a number of biological phenomena such 

as adhesion and antigenicity, little is known about the 

function of the surface membrane of malaria parasites; this is 
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particularly true of the sporozoite. The nature of the cell surface 

of P. gallinaceum sporozoites was therefore investigated by the 

technique of free-flow electrophoresis. The investigation of a 

cell surface by this technique can, when coupled -with the appropriate 

chemical and enzymatic manipulation of the surface groups, provide 

information of both a general and specific nature (Ambrose, 1966; 

Shaw, 1969; Mehrishi, 1972). This information should be helpful 

in understanding more completely the structure of sporozoites and 

their interaction with a variety of cells. 

This chapter reports studies on the free-flow electrophoretic 

behaviour of P. gallinaceum sporozoites from mature oocysts and 

salivary glands and discusses these results in terms of some 

of the surface features of sporozoites. 

5.2. Materials and Methods  

5.2.1. Preparation of sporozoites and electrophoretic measurements  

Sporozoites from salivary glands and mature oocysts were prepared 

as described previously (p. 33). Suspensions containing 1-3 x 106  

sporozoites/ml were produced in M199. 

The microelectrophoretic mobilities of sporozoites were measured 

in the apparatus of Bangham et al. (1958) and Seaman and Heard (1961) 

as supplied by Rank Bros., Bottisham, Cambridge. It was fitted with 

reversible blacked platinum electrodes. The microscope was supplied 

with a X40 water immersion objective lens. Mobilities were measured 

Tact C. 

at 24°C, 15-25rŌ rzv tions being made for each sample, with reversal 
of current to minimize the effects of polarization. A squared eye- 

piece graticule was used to divide the observed field into squareslietl fsx es:; 
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3011m. The potential gradient was adjusted so that the to and fro 

transit time lay between 10 and 15 seconds. To ensure that all 

readings were taken at the stationary phase, the microscope was set 

so that only the sporozoites at the stationary phase were in focus. 

After each run the electrophoresis cell was drained and washed out 

several times with distilled water before the next solution was 

added. 

Electrophoretic mobilities, EPM, expressed as itm/s/V/cm + 

standard error of the mean (S.E.M.), were determined by the equation, 

EPM = L 
y X  

where, L is the distance travelled by the sporozoite fiµm) 

T is the time taken (seconds) 

V is the voltage 

and 	1 is the effective length of the electrophoresis tube 

(cm) calibrated from the resistance of the cell when filled with a 

buffer of known conductance. 

5.2.2. Calibration of electrophoresis cell: determination of the  

stationary phase  

In a narrow closed electrophoresis cell containing a suspension 

of particles in an electric field, two electrokinetic phenomena occur, 

namely, the electro-osmotic and electrophoretic effects. The electro-

osmotic effect is produced by the electrical charges assumed by the 

capillary walls which results in the movement of liquid towards the 

cathode and a return flow of liquid through the centre of the cell. 

Between these regions of electro-osmotic movements there are two 
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regions where no net movement of liquid occurs, which form the 

stationary phase. 

The electrophoretic effect refers to the motion of the particles 

with respect to the medium, and therefore for measuring the true 

electrophoretic mobility of cells, the position of the stationary 

phase must be determined. This was calculated experimentally using 

fresh human erythrocytes suspended in M/15 phosphate buffer, pH 7.4 

(Appendix 2). 

Human erythrocytes were collected in a heparinised syringe 

(see p. 34), washed twice in phosphate buffered saline (Appendix 2) 

then twice in- the M/15 phosphate buffer. For each washing the 

erythrocytes were centrifuged at 2,500 rev./min. for 5 minutes at 

4°C (M.S.E. 1800, 8 x 50 ml angle head). Their mobilities were then 

examined at 50 pm intervals from the wall of the capillary and a 

graph was constructed of erythrocyte mobility against distance from 

the capillary wall (Fig. 5.1). As the mobility of human erythrocytes 

is known to be 1.3 pm/s/V/cm (see references in Sherbet, 1978) the 

position of the stationary level was found to be at 260 pm from the 

wall of the capillary. 

5.2.3. Chemical and enzymatic modification of sporozoite  

surface groups  

Trypsin treatment  

1-2 x 106  sporozoites were suspended in 1.0 ml of 0.01% trypsin 

(Sigma, Type 3) in M199 at pH 7.4 and incubated at 37°C in a shaking 

water bath. Trypsin, inactivated by heating to 60°C for 30 minutes, 

was incubated with sporozoites (5 x 105/ml) to serve as one control, 
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the other being an incubation of 5 x 105  sporozoites in 1.0 ml M199, 

without enzyme, for 30 minutes at 37°C. Sporozoites were washed 

twice in M199 after treatment and resuspended in M199 for electro-

phoretic measurements. The activity of the trypsin was checked by 

its effect on the mobility of fresh human erythrocytes. 

Neuraminidase treatment  

Neuraminidase from Clostridium perfrigens (Sigma) was used in 

an attempt to detect sialic acid on the sporozoite surface. The 

sporozoites (1-2 x 106) were suspended in 1.0 ml M199 and neuraminidase 

was added to give a concentration of 1 unit/ml and the cells were 

incubated at 37°C in a shaking water bath. Controls were set up as 

for the trypsin treatment and again, fresh human erythrocytes 

demonstrated the activity of the neuraminidase. Cells were washed 

twice in M199 after treatment and resuspended in M199 for electro-

phoretic measurements. 

Modification of amino groups by citraconic anhydride (CA)  

Citraconic anhydride was dissolved in acetone and added to 1-2 

x 106  sporozoites in PBS* (Appendix 2 ) to give final concentrations 

of 0.01 and 0.0001M CA and so that the concentration of acetone did 

not exceed 1% (v/v). Acetone was also added to the control. The cell 

suspension was incubated for 30 minutes at 23°C and washed twice in 

M199 before resuspension in the same medium for electrophoretic 

measurements. 

*Incubation was carried out in PBS to avoid any reaction of the 
citraconic anhydride with the amino groups present in M199. 
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Modification of thiol groups by 5,5'-dithio-bis (2-nitrobenzoic)  

acid (DTNB)  

Incubation was carried out according to the conditions of Lee 

(1972). Sporozoites were suspended in 40mM Tris-HC1 (pH 8.2) at a 

density of 1-2 x 106  sporozoites/ml and a freshly made solution of 

DTNB (Sigma), in the same buffer, was added to give concentrations 

of 0.001M and 0.005M. The sporozoite suspensions were incubated and 

washed after treatment as described in the preceeding paragraph. 

5.3. Results  

5.3.1. Variation of electrophoretic mobility with development of  

sporozoite  

The mean mobility of sporozoites from salivary glands was found 

to be lower (0.92 + 0.01 µm/s/V/cm) than that of sporozoites from 

mature oocysts (1.19 + 0.02 }gym/s/V/bm) and the difference was 

statistically significant (p<0.001, Student's t-test). This represents 

a decrease in mobility of 22.7%. In both cases the sporozoites were 

randomly orientated in the electrophoresis chamber indicating that 

the surface charge is distributed evenly over the surface so there 

can be no gross localization of charge on any part of the sporozoites, 

such as is found with spermatozoa (Bangham, 1961). 

The distribution of sporozoite mobilities are shown in Fig. 5.2 

and that of both sporozoites from salivary glands and midguts is normal. 

As sporozoites from mature oocysts and salivary glands are the 

same size (see Chapter 4) and the electrophoretic mobility is a 

measurement of surface charge density, this decrease in mobility must 
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represent a decrease in the negatively charged groups at the surface. 

• There are a number of possible explanations for the decrease in 

electrophoretic mobility as the sporozoite leaves the rupturing 

oocyst and moves to the salivary gland and include, changes in 

membrane composition, conformation and structure, and the appearance 

(or disappearance) of surface components. 

The remainder of this chapter describes experiments to 

identify the ionogenic groups involved. 

5.3.2. Mobility of sporozoites as a function of pH  

The effect of changes in the pH of the suspending medium on the 

mobility of sporozoites was investigated within the narrow, but 

physiologically important, range of pH 6.0-8.0. Sporozoites 

maintained a net negative charge over this pH range, but the way in 

which the mobility of salivary gland forms and of oocyst forms altered 

with respect to changes in pH was different, suggesting that 

qualitative differences exist between the cell surface ionogenic 

groups of the two populations (Fig. 5.3).  At pH 7.0, the surface 

groups of sporozoites from salivary glands appear to be fully ionised, 

indicating that the groups responsible for the surface charge are 

ionised at a lower pH than 7.0 and suggesting the presence of carboxyl 

groups (pKa*  4.5), such as those of glutamic and aspartic acids. 

However the surface charge of oocyst sporozoites increased above pH 

6.5 suggesting the presence of phosphate groups, poss ibly linked to 

sugars or proteins; whilst the most likely group to ionise at this 

pH range would be the imidazolyl grouping of histidine (pKa 5.6-7.0). 

*pKa of a group may be defined as that pH at which ionization 
of the group is one-half. 
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Fig. 5.3. Effect of pH of the suspending medium on the electrophoretic 

mobility of P. gallinaceum sporozoites. Sporozoites were harvested, 

washed and resuspended in M199, pH 7.4 	The pH value of the suspension 

was varied by additions of O.05M-HC1 or NaOH, and was measured before 

and after electrophoretic measurements. Each point represents the mean 

of 15-25 measurements, with standard error. 4 	• mature oocyst 

sporozoites, ♦ 	A salivary gland sporozoites. 
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5.3.3. The action of enzymes on sporozoite mobility  

The action of two enzymes, trypsin and neuraminidase, was 

studied. 

Incubation of sporozoites with trypsin considerably reduced 

their cell surface charge (Table 5.1). The mobility of oocyst forms 

was reduced by 28.3% and that of salivary gland forms by 23.6%; in 

both cases the difference was statistically significant (p<0.001). 

The effect was apparent after 30 minutes and incubation for a further 

30 minutes produced no significant decrease in mobility (Fig. 5.4). 

Heat-inactivated trypsin had no effect on the mobility of sporozoites, 

indicatingth the proteolytic action of this enzyme was responsible for 

the decrease in surface charge. The control incubation of erythrocytes , 

with trypsin reduced their mobility by 32.3% (Table 5.1) and is 

consistent with established data (Ponder, 1951; Seaman and Heard, 

1960). These results indicate that a significant proportion of the 

surface charge of sporozoites is associated with protein and is 

compatible with the pH-mobility data. 

Neuraminidase however, had no effect on the mobility of sporo-

zoites (Table 5.2) even with a long incubation of 60 minutes (Fig. 5.5). 

These results indicate that sialic acid residues, which are responsible 

for much of the negative charge associated with mammalian cells (see 

Sherbet, 1978) are not present in an exposed or reactive form on the 

cell surface of sporozoites. Under the same conditions, the mobility 

of human erythrocytes was reduced by 71%, which, as for the trypsin 

treatment is consistent with the numerous reports in the literature 

(Eylar et al., 1962; Seaman and Cook, 1965; Mayhew and Weiss, 1968; 

Zalik, Sanders and Tilley, 1972). 
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Table 5.1. Effect of trypsin treatment on the electrophoretic 

mobility of P. gallinaceum sporozoites 

Cells and treatment 
Electrophoretic 

mobility 	Statistical 

( rn/s/V/cm) 	probability, P*  

A. Salivary gland sporozoites 

None 0.93  + 0.03+ 

Control incubation, 60 min. 0.92 - 0.04 P>0.2 

Heat-inactivated trypsin, 60 min. 0.90 - 0.02 P>0.2 

Trypsin, 60 min. 0.71 	- 0.01 P<0.001 

B. Mature oocyst sporozoites 

None 1.20 - 0.06 

Control incubation, 60 min. 1.11 	- 0.02 P>0.05 

Heat-inactivated trypsin, 60 min. 1.16 ± 0.06 P>0.2 

Trypsin, 60 min. 0.86 It 0.04 P<0.001 

C. Human erythrocytes 

None 1.36 ± 0.03 

Trypsin, 60 min. 0.92 - 0.02 P<0.001 

Electrophoretic mobilities were measured in M199 at pH 7.4. 
* Probability from Student's t-test, control versus treated. 
+ Mean - standard error, 15-25 measurements for each value. 
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Fig. 5.4. Effect of trypsin on the electrophoretic mobility of 

P. gallinaceum sporozoites. Sporozoites were incubated for 

varying lengths of time with 0.01% trypsin in M199, pH 7.4, at 

37°C. Each point represents the mean of 15-25 measurements, 

with standard error. • 	• mature oocyst sporozoites, 

A 	A salivary gland sporozoites. 
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Table 5.2. Effect of neuraminidase treatment on the electrophoretic 

mobility of P. gallinaceum sporozoites 

Cells and treatment 
Electrophoretic 

mobility 
(p,m/s/p/cm ) 

Statistical 
probability, P* 

A. Salivary gland sporozoites 

None 0.91 ± 0.04+  

Control incubation, 60 min. 0.90 - 0.02 P>0.2 

Heat-inactivated 

neuraminidase, 60 min. 0.92 ± 0.02 P>0.2 

Neuraminidase, 60 min. 0.92 ± 0.02 P>0.2 

B. Mature oocyst sporozoites 

None 1.19 ± 0.05 

Control incubation, 60 min. 1.19 ± 0.06 P>0.2 

Heat-inactivated 

neuraminidase, 60 min. 1.12 - 0.06 P>0.2 

Neuraminidase, 60 min. 1.18 ± 0.06 P>0.2 

C. Human erythrocytes 

None 1.33 ± 0.01 

Neuraminidase, 60 min. 0.38 ± 0.01 P<0.001 

Electrophoretic mobilities were measured in M199 at pH 7.4. 
* Probability from Students t-test, control versus treated. 
+ Mean - standard error, 15-25 measurements for each value. 
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5.3.4. The effect of an amino blocking agent on sporozoite mobility 

Citraconic anhydride, which reacts with amino groups and 

converts them into residues bearing negatively charged groups, as 

shown in Fig. 5.6. (Dixon and Perham, 1968; Mehrishi, 1970) 

produced a small but significant increase in the mobility of both 

groups of sporozoites (Table 5.3), thereby demonstrating the 

occurrence of amino groups at the cell surface which could be 

associated with either protein or sugar residues. 

H3C 	H2N  - cell protein 	H3C  

	

—CO.Thr 	 CH--CONN - cell protein 

	

II 0 	 Il 
CH-- CO'/  CH—000-  

/ 	 / 
R 	 R 

R = citraconic anhydride 

Fig. 5.6. Reaction of citraconic anhydride with 

cell surface amino groups 

The reaction of citraconic anhydride is not specific for amino 

groups and it will also modify available thiol (SH) groups (Gibbons 

and Perham, 1970). Therefore sporozoites were incubated with 5,5'-

dithio-bis-(2-nitrobenzoic) acid (DTNB) which is a specific reagent 

for SH groups (Ellman, 1959; Holbrook and Stinson (1970). Any SH 

groups present at the surface react with DTNB to produce compounds 

with negatively charged 2-nitrobenzoate residues. Treatment of 

sporozoites, both from mature oocysts and salivary glands, with DTNB 

failed to alter their mobility significantly (Table 5.3) thus it 

appears that they do not possess accessible SH groups at the cell 
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Table 5.3. Effect of citraconic anhydride and 5,5'-dithio-bis-

(2-nitrobenzoic)acid on the electrophoretic mobility of 

P. gallinaceum sporozoites 

Cells and treatment 
Electrophoretic 

mobility 	Statistical 

(}im/s/V/cm) 	probability, P*  

A. Salivary gland sporozoites 
1. Citraconic anhydride (CA) 

Control + 0.91 ± 0.03+  

CA 0.0001M 0.96 ± 0.02 P<0.1 

CA 0.01M 1.03 ± 0.04 P<0.02 

2. 5,5'-Dithio-bis-(2-nitrobenzoic) 

acid (DTNB) 

Incubated control 0.91  ± 0.02 

DTNB 0.001M 0.90 ± 0.03 P>0.2 
DTNB 0.005M 0.92 ± 0.03 P>0.2 

B. Mature oocyst sporozoites 

1. Citraconic anhydride (CA) 

Control + 1.18 ± 0.04 

CA 0.0001M 1.22 - 0.04 P>0.2 

CA 0.01M 1.37 - 0.03 P<0.01 

2. 5,5'-Dithio-bis-(2-nitrobenzoic) 

acid (DTNB) 

Incubated control 1.19 ± 0.04 

DTNB 0.001M 1.20 - 0.05 P>0.2 
DTNB 0.005M 1.21 - 0.03 P>0.2 

Electrophoretic mobilities were measured in M199 at pH 7.4. 
* Probability from Student's t test, control versus treated. 
+ Mean - standard error, 15-25 measurements for each value. 
+ Control sporozoites incubated with acetone, acetone being 
• the solvent for CA. 
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surface and that the increase in mobility recorded after reaction with 

citraconic anhydride was due solely to the reactivity of accessible 

amino groups. 

5.4. Discussion  

The electrophoretic properties of cells are due mainly to the 

presence of ionogenic groups at their peripheries and all cells carry 

a net charge which is generally net negative. Thus, the mobility of 

sporozoites in an electric field is not surprising, nor is the fact 

that they carry a net negative charge. What is surprising perhaps, 

is that the cell surface charge decreases with development in the 

mosquito vector; salivary gland sporozoites are significantly less 

negatively charged than sporozoites from mature oocysts. 

The distribution of anionic residues at the cell surface is 

believed to play an important role in the interaction of cells with 

their environment. The charge differences recorded in the present 

study could play animportant role in the association of sporozoites 

with their host cells. It is possible that a relatively low surface 

charge on the surface of sporozoites would assist in their close 

apposition to target cells, and thus might facilitate invasion. 

From the distribution of sporozoite mobilities shown in Fig. 5.2 

it can be seen that only one population of sporozoites appear to be 

present in either location in the mosquito, as their distribution, 

from a plot on probability paper, appears to be normal. However, the 

numbers examined- 000 for each group) are relatively small for a 

statistical analysis of this nature; perhaps the technique of 
k 

continuous free-flow electrophoresis (described later in this chapter 

with regard to sporozoite separation) would permit a more detailed 

examination of this question. 
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Both groups of sporozoites appear to possess significant 

quantities of accessible protein at the surface which contribute to 

the net negative charge, since trypsin treatment caused a marked 

reduction in their electrophoretic mobilities. It is considered 

unlikely that the enzyme binds to the cell surface to any extent 

because heat-inactivated trypsin did not alter the electrophoretic 

mobility of control sporozoites and so the decrease in mobility 

associated with trypsin treatment cannot be explained by simple 

adsorption to the surface. This would cause an almost instantaneous 

change in mobility after the addition of the enzyme to the sporozoite 

suspension; as can be seen from Fig. 5.4,the reduction in mobility 

was not complete until after about 30 minutes incubation. 

It is probable that at least some of the cell surface protein 

is associated with amino groups, as reaction with citraconic anhydride 

produced a small but significant decrease in electrophoretic mobility. 

Thiol groups however, which are associated solely with proteins are 

not detectable. 

In mammalian cells a large proportion of the negative charge at 

the cell surface is due to carboxyl groups associated with N-acetyl-

neuraminic acid residues (NANA) which are sensitive to neuraminidase 

(Cook, Heard and Seaman, 1961; Cook and Jacobson, 1968; Cook, 1968; 

Vassar, Kendall and Seaman, 1969; Lightman and Weed, 1970; Patinkin, 

Schlessinger and Doljanski, 1970; Kojima and Maekawa, 1970). In the 

protozoa however, sialic acid appears to be rare or absent and is 

considered to be something ofan "evolutionary substance" (Warren, 1963). 

Indeed, incubation of sporozoites with neuraminidase had no effect on 

the mobility of either groups and so it appears that sialic acid 

residues are not exposed at the surface. This does 
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not mean that sporozoites lack sialic acid, it may be that sialic 

acid residues are inaccessible at the surface. This has been shown to 

be the case for myelin sialic acid which is in the form of the mono-

sialoganglioside GM1, and is resistant to the action of neuraminidase 

(Gregson, 1977). However it is likely that sialic acid residues are 

scarce in the malaria parasites. Miller et al. (1973) were unable to 

detect the binding of ferric oxide colloid to the surface of asexual 

parasites of P. knowlesi and to the sporozoites of P. berghei and 

suggested that the surface of malaria parasites is qualitatively 

different from the surface of mammalian erythrocytes in the absence 

of NANA. Seed, Aikawa and Sterling (1973) and Seed et al. (1974) have 

provided further cytochemical evidence to suggest that sialic acid 

residues are rare on the surface membranes of erythrocytic forms. 

Recently, Sherman and Jones (1979) have compared quantitatively the 

ammount of sialic acid in the membrane of erythrocytic forms of 

P. lophurae to the amount present in the erythrocyte surface membrane 

and have found that the parasite surface membrane contains little 

sialic acid compared to the red cell membrane (8 nmoles sialic acid/mg 

membrane protein versus 79 nmoles sialic acid/mg membrane protein). 

Limited as our knowledge is concerning the nature of 

the sporozoite surface membrane, much attention has recently been 

focussed on the membrane properties of malaria infected erythrocytes 

and freed erythrocytic parasites and it is clear that compositional, 

structural and functional differences exist between the limiting 

membrane of erythrocytic forms of plasmodia and their host cells. These 

include differences in phospholipids (Rock et al., 1971; De Zeeuw et al., 

1972), differences in membrane structure as revealed by freeze-fracture 

microscopy (Seed et al., 1971; Mezoely, Steere and Bahr, 1972; 
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Seed et al., 1973; Mazzen, Gull and Gutteridge, 1975; McLaren et al., 

1977; McLaren et al., 1979), differences in the staining affinity for 

glycoproteins (Langreth, 1975), differences in staining with positively 

charged iron colloids (Seed, Aikawa and Sterling, 1973; Miller et al., 

1973; Seed et al., 1974; Takahashi and Sherman, 1978) and differences 

in membrane proteins (Weidaikamm et al., 1973; Wallach and Conley, 1977; 

Konigk and Mirtsch, 1977; Shakespeare, Trigg and Tappenden, 1979; 

Sherman and Jones, 1979). The latter authors suggest that parasite 

mediated modifications of existing membrane polypeptides, rather than 

insertion of plasmodial membrane protein into the erythrocyte plasma 

membrane, are responsible for these differences. It seems then that 

the erythrocytic parasites surface is rich in phospholipids while 

sialic acid residues and mucopolysaccharides appear to be scarce. 

Although knowledge concerning the surface charge of malaria 

parasites remains limited, numerous attempts have been made to 

demonstrate the surface charge of bloodstream trypanosomes (for review 

of early literature, see Broom, Brown and Hoare, 1936). The net 

negative charge of erythrocytes was used in a simple adhesion test by 

Broom and Brown (1937; 1939) to investigate the surface charge of 

T. gambiense. They demonstrated that trypanosomes of the first blood 

parasitaemia were positively charged, and those of subsequent relapse 

populations were either weakly positive or negatively charged. 

Following inoculation into culture medium, or entering the tsetse fly, 

the trypanosomes all assumed a net negative charge. In the salivary 

glands of the fly, reversion to net positive took place.- Later 

Hollingshead, Pethica and Ryley (1963) quantitatively studied the 

surface charge of bloodstream and culture forms of T. rhodesiense and 

bloodstream forms of some other species. They found that the isoelectric 
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point of bloodstream forms of T. rhodesiense was about pH 7.0, 

indicating that circulating trypanosomes probably carry little., or no 

net surface charge. The isoelectric point of culture (fly midgut) forms 

was about pH 3.0  and the electrophoretic mobility at pH 7.0 was found 

to be 0.91 iLm/s/V/cm. However, electrophoretic measurements showed no 

differences between relapse populations of the same strain. Vickerman 

(1969) has commented on these observations and suggests that the 

cyclical loss and aquisition of the surface coat is likely to account 

for the changes in the electrophoretic behaviour of trypanosomes at 

different stages in their life-cycles. Unfortunately, no such 

statement can be made with reference to the P. gallinaceum sporozoite 

because there appears to be no surface coat associated with either 

salivary gland or mature oocyst sporozoites (see Chapter 4). 

Observations on the electrophoretic mobility of trypanosomes have 

recently been/extendedjby  De Souza et al. (1977) who have examined the 

surface charge of T. cruzi by direct measurement of cellular electro- 

phoretic mobility and by the binding of cationised ferritin and 

demonstrated that the surface charge increased during development from 

epimastigote to trypomastigote. Indeed, the relatively high mobility 

of bloodstream trypomastigotes of T. cruzi may explain why it is 

difficult to separate these forms on a DEAE-cellulose column. 

The present investigation represents the first quantitative data 

on the cell surface charge of malaria sporozoites, although it has 

previously been suggested by Miller et al. (1973), who used a cytochemical 

technique to demonstrate n-acetyl neuraminic acid (NANA), that 

sporozoites are less negatively charged than their host cells. Farther 

evidence concerning the variability in net negative surface charge of 

sporozoites has come from the work of Moser et al. (1978),. who, during 
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their studies on the separation of sporozoites from mosquito 

contaminants on a DEAE-cellulose column, have commented on differences 

in the elution behaviour among sporozoites of different species of 

Plasmodium, as well as among sporozoites of the same species derived 

from different organs of the mosquito. They suggested that this may 

be due to intrinsic differences in surface charge, or variation in the 

ionic strength of the sample, which was not excluded because the 

conductivity of the samples were not standardised. In the light of 

the present work, it is probable that differences in cell surface 

charge are responsible and that both intraspecific as well as inter-

specific variations are likely to exist. 

Although this study represents the first direct measurement of 

the surface charge of malarial sporozoites, the mobility of erythro-

cytic forms of P. berghei, prepared by mechanical means, have been 

examined; they too have a net negative charge which is similar to that 

of erythrocytes (Seed and Krier, 1976). However, Bannister (pers. 

comm.) has found that merozoites of P. knowlesi, obtained by the sieve 

technique of Dennis et al.  (1975) have a negative surface charge which 

is significantly lower than that of erythrocytes and is thought to be 

caused by the anionic glycoproteins of the cell coat (Bannister, 

Butcher and Mitchell, 1977). 

Recently the technique of continuous free-flow electrophoresis 

which has proved to be highly successful in separating homologous cell 

populations from hetergenous cell groups (Zeiller, Liebich and Hannig, 

1971; Zeiller, Hannig and Pascher, 1971; Zeiller et al., 1972) and 

also for the purification and isolation of subcellular organelles 

(Stahn, Maier and Hannig, 1970; Heidrich,Stahn and Hannig 1970) has been 

applied to the separation of the erythrocytic stages of two rodent 
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malaria parasites, P. vinckei and P. berghei (Heidrich et al., 1979; 

Suzuki et al., 1979)  from a mixture of free parasites and uninfected 

and infected erythrocytes. It is likely that this technique will be 

extended to obtain merozoite rich fractions for studies on merozoite 

vaccination and also in the examination of membrane changes that 

occur in parasitized cells. The isolated parasites maintain their 

viability and both groups of workers have reported that infected 

erythrocytes and free parasites are less negatively charged than 

uninfected erythrocytes. Indeed, differences in the cell surface 

charge between oocyst and salivary gland sporozoites, and their probable 

difference from the mobility of mosquito tissue, offers exciting new 

prospects for their isolation in quantities large enough to permit 

detailed biochemical and immunological investigations. 

In summary, these results have shown that there is a significant 

reduction in cell surface charge of the salivary gland sporozoite 

compared to the mature oocyst sporozoite; qualitative differences 

appear to exist; much of the cell surface charge appears to be 

attributable to protein possibly in association with amino, but not 

SH groups; and sialic acid residues appear to be absent. 

Finally, Dubremetz et al. (1979) have noticed a significant 

increase in the number of intramembranous protein particles of salivary 

gland sporozoites, compared to the oocyst forms, in P. yoelii  

nigeriensis. Their observations combined with the present electro-

phoretic differences, suggest that there is a significant re-

organization of the cell surface membrane which is likely to be 

responsible for other important aspects of sporozoite maturation. For 

example, the dramatic increase in infectivity between sporozoites in 
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mature oocysts and sporozoites in salivary glands that have been 

reported for P. berghei, an observation confirmed in the present 

study on P. gallinaceum (see Chapter 7). Whether these changes occur 

during passage through the haemocoele,or after invasion of the 

salivary glands, is, as yet, unknown. 
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CHAPTER 6  

6. CELL _SURFACE SACCHARIDES: I,F,CTIN-BINDING PROPERTIES  

6.1. .Introduction  

In the preceding chapter the net negative charge of the surface 

membrane of the P. gallinaceum sporozoite was shown to decrease as 

the sporozoite moves from the mature oocyst to residence in the 

salivary gland and the possible ionogenic groups involved were 

discussed. This chapter describes experiments which were undertaken 

to characterize further the cell surface of the sporozoite. The 

basis for these studies was provided by findings that saccharides are 

present on the cell surface of a large number of animal cells and that 

these carbohydrates contain negatively charged radicals which have an 

important role in various membrane functions (see review by Cook and 

Stoddart, 1973). Any reagent which is specific for sugars is therefore 

an invaluable aid for an investigation of the cell surface. 

Lectins are proteins which bind to specific carbohydrate 

residues and are therefore useful probes for assessing some of the 

properties of the cell surface components, such as the relative 

mobility of intramembranous macromolecules and the localization of carbo-

hydrate containing receptor sites (Lis and Sharon, 1973; Nicolson, 

1974). Lectins react with specific carbohydrate residues and are able 

to agglutinate erythrocytes and a wide variety of other cells (Sharon 

and Lis, 1972; Lis and Sharon, 1973; Nicolson, 1974). Some lectins 

also stimulate blast transformation in lymphocytes (Andersson et al., 

1972; Greaves and Janossy, 1972; Pearson et al., 1979). These 

properties of lectins have led to them being used to study membrane 

structure and lymphocyte transformation (Loor, 1974). 
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Dwyer (1974) first reported on the presence of terminal 

saccharide residues on the surface of a parasitic protozoan 

(Leishmania donovani promastigotes). Since then, lectins have been 

employed in the investigation of receptor sites on the surface of a 

variety of these organisms (Table 6.1.) although analysis of the 

data presented in these observations shows that the lectin-binding 

sites present on or within the cell surface membranes are dependant 

on the species, strain, developmental stage and in the case of some 

trypanosomes, the antigenic variant. 

In contrast to the increasing amount of literature on the ability 

of trypanosomatids to bind lectins, information concerning the ability 

of malaria parasites to do so, is limited. However, Seed and Krier 

(1976) and Bannister et al. (1979) have commented on the scarcity of lectin- 

binding sites on the surface of erythrocytic stages (maturing intra- 

erythrocytic forms and free merozoites). Subsequently, David et al., 

(1978) and David and Hommel (1979) have described a method for 

isolating merozoites of P. cha.baudi and P. knowlesi, which is based 

on the ability of the lectin Concanavalin A (Con A) to bind to 

erythrocytes, but not merozoites. 

Among the various lectins that have been examined for their 

ability to bind to the surface of parasitic protozoa, Cori A appears 

to be the most potent inducer of cell agglutination. Consequently, 

Con A, isolated from the jack bean (Canavalia  enisformis) and specific 

for terminal residues similar tooC-D-glucose andc(-D-mannose (see 

review by Goldstein, 1976) was used in this study. This chapter 

describes the investigation of the reactivity of Con A with sporozoites 

from mature oocysts and salivary glands. 
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Table 6.1. Lectin-binding studies on a number of parasitic protozoa 

Species 	 Reference 

Martinez-Palomo, Gonzales-Robles and 
De La Torre, 1973 

Pinto Da Silva and Martinez-Palomo, 1974 

Dawidowicz, Hernandez and Infante, 1975 
De Souza and Brasil, 1976 
Infante et al., 1980 

Dwyer, 1974 
Dwyer, 1977 

Entamoeba histolytica  

L. braziliensis  

L. donovani 

L. enrietti 	Pardoe et al., 1975 

L. mexicana 	Infante et al., 1980 

P. berghei 	Seed and Krier, 1976 

P. knowlesi 	Bannister et. al., 1979 

T. gondii 	Sethi et al., 1977 

T. brucei 	Steiger, 1975 
Cross and Johnson, 1976 
Seed, Seed and Brindley, 1976 

T. congolense 	Jackson, Honiberg and Holt, 1978 

T. cruzi Alves and Coli, 1974 
Schottelius, 1976 
Chiari et al., 1978 

  

T. duttoni 	Dwyer and D'Alesandro, 1974; 

T. equiperdum  Jackson and Fisher, 1975 
Baltz, Baltz and Pautrizel, 1976 
Jackson, 1977 

T. lewisi 	Dwyer, 1976 

T. musculi 	Dwyer and D'Alesandro, 1976 
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6.2. Materials and Methods  

6.2.1. Preparation of sporozoites and treatment for lectin examination  

Sporozoites from mature oocysts or salivary glands were prepared 

as described previously (p. 33) and suspensions containing 1-3 x 106  

sporozoites/ml were produced in PBS (Appendix 2). Sporozoites were 

either used fresh, or fixed in 0.2% glutaraldehyde in PBS for 10 

minutes at 4°C, immediately before incubation with FITC - conjugated 

Con A. Trypsin treated sporozoites were incubated for 30 minutes in 

0.01% trypsin at 37°C as described before (p. 59). 

6.2.2. Lectin and saccharide inhibitor  

Fluorescein isothiocyanate-Concanavalin A (FITC - Con A) 

prepared by affinity chromatography was purchased from Miles-Yeda 

(Israel). The competitive saccharide inhibitor, alpha-methyl-D-

mannoside (O -MM) was obtained from Sigma (Poole, Dorset). The desired 

concentrations of the lectin and saccharide inhibitor were prepared in 

PBS. The saccharide inhibitor,0 -MM, was used at a final concentration 

of 100 mM. 

6.2.3. Labelling of sporozoites with FITC - Con A  

Suspensions of washed sporozoites, both glutaraldehyde fixed and 

unfixed (approximately 105  sporozoites in 0.2 mis of PBS) were added 

to 0.2 mis of the appropriate dilution of test solution of FITC - Con A 

so that the final lectin concentration ranged from 10-100 pg/ml. The 

incubation was carried out at 37°C for 30 minutes. After incubation, 

the sporozoites were recovered by centrifugation on the Microfuge (p.35) 

and washed three times with PBS at room temperature before resuspension 

in 0.1 ml of PBS. The diluted lectins were held on ice before use. 
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The stained preparations were examined under phase contrast and 

for. fluorescence using a Leitz Orthoplan incidence fluorescence-phase 

contrast microscope. The intensity of fluorescence was scored on a 

arbitary scale of 0 to ++, where 0 indicated no apparent fluorescence 

and ++ indicated bright to brilliant fluorescence. At least 20 cells 

were examined for each test carried out. 

6.3. Results  

6.3.1. Reactivity of FITC - Con A with sporozoites  

Both unfixed and glutaraldehyde fixed sporozoites, when 

incubated at 37°C with FITC - Con A at concentrations of 10 and 100 

µg/ml,showed no sign of fluorescence. Similarly, sporozoite 

preparations that had been pretreated with 0.01% trypsin prior to 

incubation with FITC - Con A also revealed no evidence of fluorescence. 

In contrast, fresh unfixed and glutaraldehyde fixed rabbit erythrocytes 

displayed strong uniform fluorescence of the surface membrane. Incu-

bation of rabbit erythrocytes with 100 µg/ml of Con A in the presence 

of 100 mM solution of competing sugar, OC-MM, effectively prevented any 

staining. These observations suggest that specific lectin-binding 

sites are absent on the cell surface of P. gallinaceum sporozoites. 

6.4. Discussion  

The presence of lectin-binding sites on the cell surface of many 

mammalian cells is well documented (see for example, Sharon and Lis, 

1972). However, on the basis of the observations presented here, it 

appears that sporozoites of P. gallinaceum from mature oocysts and 

salivary glands lack residues similar to OC-D-mannose and OC-D-glucose as 

they were unable to bind detectable amounts of FITC - Con A to their 
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Table 6.2. Summary of attempts to demonstrate binding of 

FITC - Con A to P. gallinaceum sporozoites 1. 

, Inhibitor 	FITC - Con A (µg/ml) 

Inhibitor 	concentration 	0 	10 	100 

Salivary gland forms 

None 

ot-Methyl-D-mannoside 

O - 	- 
100mM 	- 	 - 	- 

Mature oocyst forms 

None 

OC-Methyl-D-mannoside 

None 

OC-Methyl-D-mannoside 

O - 	- 

100 mM 	- 	- 	- 

Rabbit erythrocytes 

O - 	+ 	++ 

100 mM 	- 	- 	- 

1. Identical results were obtained in all tests with living, 
glutaraldehyde-fixed and trypsin treated sporozoites. 
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surfaces. Indeed, surface fluorescence was not apparent after 

glutaraldehyde fixation of sporozoites, or after incubation of sporo-

zoites with trypsin. 

Several hypotheses can be put forward to explain the inability 

to demonstrate binding of FITC - Con A to the surface of sporozoites. 

While the lectin failed to react with sporozoites, it does not follow 

that the appropriate carbohydrate residues are absent from their 

surfaces. It may be that the specific lectin-binding sites are 

present at the cell surface, but are in such small quantities, as to 

fall below the sensitivity for detection by fluorescence microscopy. 

Alternatively, it is possible that FITC - Con A does bind to the 

sporozoite surface which results in rapid capping, followed by shedding 

of the lectin receptor cap during the handling and incubation procedure. 

Such a capping process is known to occur with great rapidity (a few 

seconds at 37°C) when the anionic sites at the surface of E. nieschulzi  

and Sarcocystis tenella sporozoites are labelled with fluorescein 

conjugated cationised ferritin (Dubremetz and Ferreira, 1978). This 

hypothesis is invalid in the present investigations because experiments 

were also performed with glutaraldehyde fixed sporozoites and capping is 

known to be dependant on the lateral mobility of membrane components (Unanue 

and Karnovsky, 1974; Zucker-Franklin, Liebes and Silber, 1979). 

Aldehyde fixation of some mammalian cells is reported to produce changes 

in membrane rigidity which effects the reactivity of such cells with 

lectins (Gibson, Marquardt and Gordon, 1975; Nicholson, 1974; 

Temmink et al., 1975). For example, Con A induced agglutination of 

Ehrlich carcinoma cells is 	affected'after fixation (Inoue, 1974) 

and that of erythrocytes is enhanced (Marquardt and Gordan, 1975), 

although during investigations on the nature of the cell surface 
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saccharides on a number of parasitic protozoa, aldehyde fixation does 

not appear to effect lectin-binding (Dwyer, 1976; Dwyer, 1977; 

Dwyer and D'Alesandro, 1976). 

It is possible that the lectin-binding sites are masked at the 

surface and not available in an exposed form since it is known that 

nontransformed mammalian cells do not agglutinate unless exposed to 

trypsin (Burger, 1969; Inbar, 1969; Inbar, Rabinowitz and Sachs, 1969). 

Similarly, it is known that lectin-binding sites on the cell surface of 

bloodstream T. equiperdum (Jackson, 1977) and bloodstream T. brucei  

(Cross and Johnson, 1976) are exposed after a brief incubation with 

trypsin. However trypsin treatment of P. gallinaceum sporozoites 

failed to reveal lectin-binding sites. 

The higher concentration of lectin used in the present investi-

gations (100 µg/ml) is the norm for lectin studies (Lis and Sharon, 

1973) and higher concentrations of lectin may not necessarily increase 

agglutination or, in this case, fluorescence, as the binding sites 

become saturated (Nicholson, 1974). Indeed, lectin studies are best 

investigated at low concentrations (Reisner, Lis and Sharon, 1976) and 

the technical data supplied by Miles Laboratories with the Con A claims 

maximum fluorescence with mouse splenocytes between 15-25 pg/ml. 

On the evidence of the observations reported in this chapter, 

it seems that residues similar to(-D-mannose and OC-D-glucose, common 

to the surface of erythrocytes and many other cells, are absent or in 

very low concentrations at the surface of P. gallinaceum sporozoites. 

These results extend those of previous workers (Seed and Krier, 1976; 

David et al., 1978; David and Hommel, 1979; Bannister et. al., 1979) who 

have suggested that lectin-binding sites are rare or absent at the 

cell surface of the erythrocytic stages of the malaria parasites. 
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It would be interesting to compare the results obtained here 

with the sporozoites of other species of Plasmodium and determine 

whether this apparent lack of lectin-binding sites is a consistent 

feature of the genus because there seems to be some species differences 

with Leishmania. Cloned promastigotes of L. donovani are able to bind 

Con A, phytohaemagglutinin-P and -M, fucose binding protein, soybean 

agglutinin and wheat germ agglutinin (Dwyer, 1977) and although 

L. braziliensis promastigotes are able to agglutinate with Con A they 

do not bind to phytohaemagglutinin-P and with extended culture lose 

the ability to agglutinate with Ricinus communis agglutinin (Dawidowicz 

et al., 1975). 



CHAPTER 7  

7. INFECTIVITY OF P. GALLINACEUM SPOROZOITES 

7.1. Introduction  

It has been demonstrated, as described in Chapter 5, that 

changes take place in the cell surface charge of the sporozoite from 

the time that it leaves the rupturing oocyst up to the time that it 

is found in the salivary gland. It is probable that these changes 

are associated with the different invasive potentials that are 

required of the sporozoite. On leaving the oocyst, the sporozoite 

must be adapted to locate and penetrate the salivary gland of the 

mosquito host; subsequently, it must be adapted for survival in the 

vertebrate and for location and penetration of the cells of the 

reticulo-endothelial system. 

Accordingly, observations were extended on the development of 

the sporozoite to a consideration of the ontogeny and nature of 

sporozoite infectivity. Thus, this chapter describes the investigation 

of the infectivity of the sporozoite, with two main aims: 

(a) To discover if salivary gland sporozoites of P. gallinaceum 

are more infective than sporozoites from mature oocysts, as has been 

demonstrated to be the case with P. berghei (Vanderberg, 1975). 

(b) To investigate the effect of two enzymes, trypsin and 

neuraminidase, on the infectivity of salivary gland sporozoites. In 

the free-flow electrophoretic studies that were described in Chapter 5, 

trypsin has been shown to produce a significant reduction in the cell 

surface charge of the sporozoite, while neuraminidase does not affect 

the net negative charge of the sporozoite. 
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The only evidence to suggest the importance of trypsin-sensitive 

components on the surface of sporozoites has come from the investigations 

of Cochrane et al (1976) who noted the non-infectiousness of sporozoites 

of P. berghei after incubation with trypsin or pronase; both enzymes 

were used at a concentration of 1 mg/ml and incubation was for 30 

minutes at 37°C. Unfortunately, however, the consequence of these 

observations were not discussed. 

7.2. Materials and Methods 

7.2.1. Preparation and inoculation of sporozoites  

The salivary glands and midguts of the infected mosquitoes were 

dissected and a suspension produced in M199 as previously described 

(p. 33). The volume of the medium was then measured and a sample of 

the suspension was examined in a Neubauer haemocytometer to determine 

the concentration of sporozoites. Tenfold dilutions were then prepared 

so that the required doses (100,000, 10,000, 1,000, 100 and 10 

sporozoites) were obtained in volumes of 0.2 mis (Killick-Kendrick, 

1973; Shute et al., 1976). The lowest dilutions were given first and 

the highest last and all inoculations were performed intravenously. 

The time taken from the beginning of the dissections until the last 

inoculation was just over 2 hours and throughout the procedure 

sporozoite suspensions were kept cool on crushed ice. 

Giemsa stained thin blood films from the chicks were examined 

at 4 days and thereafter every day for 20 days to determine the 

proportion which developed a patent parasitaemia and the first day of 

patency in each case. Approximately 100,000 erythrocytes were examined 

before a chick was considered negative. 
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7.2.2. Enzyme treatment of sporozoites 

The salivary glands of the infected mosquitoes were dissected 

in a small volume of M199 and their concentration estimated as 

described above. This suspension was then divided into 6 portions of 

approximately the same volume and the sporozoites in each deposited 

using the Microfuge. The sporozoites in the pellet were then re-

suspended in 1.0 ml of the appropriate solution and incubated at 37°C 

for 30 minutes in a shaking water bath. The enzyme solutions were 

prepared in exactly the same way as for the electrophoretic mobility 

studies (p. 59). After incubation the sporozoites in each suspension 

were washed twice and resuspended in M199. The number of sporozoites 

in each sample was counted and dilutions of 1,000, 500, 100 and 10 

sporozoites were prepared. The inoculation procedure and subsequent 

examination of the birds was as before, except that this procedure took 

slightly longer, just over 3 hours. 

7.3. Results  

7.3.1. Infectivity of oocyst versus salivary gland sporozoites. 

The results, as shown in Table 7.1., demonstrate that a dose of 

10,000 oocyst sporozoites was the minimum number required to produce 

a patent infection in chicks. At a dose of 100,000, sporozoites from 

mature oocysts produced infections in only 3/5 chicks; in both cases 

the prepatent period was considerably extended, with means of 10.0 and 

9.3 days respectively. 

In contrast, the infectivity of salivary gland sporozoites was 

much greater. Even a dose of 10 sporozoites was sufficient to produce 

a patent parasitaemia in 3/5 chicks and iatocuhai lof 100 and above 
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Table 7.1. Infectivity of P. gallinaceum sporozoites from 

mature oocysts and salivary glands 

No. of 	No. of chicks 
Source of 	 Mean prepatent 

sporozoites infected/no. 
sporozoites 	inoculated 	inoculated 	

period in days 
Range 

Oocyst 

	

10 	0/5 

	

100 	0/5 	- 

	

1,000 	0/5 	- 

	

10,000 	1/5 	10.0 

	

100,000 	3/5 	9.3 	9-10 

Salivary gland 

	

10 	3/5 	9.o 	8-10 

	

100 	5/5 	7.6 	7-9 

	

1,000 	5/5 	7.o 	6-8 

	

10,000 	5/5 	6.4 	6-7 

	

100,000 	5/5 	.4.6 	4-6 
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invariably produced infections. The prepatent period was reduced from 

9 days to a mean of 4.6 days as the dose increased from 10 to 100,000 

sporozoites. 

Although the technique used to assess sporozoite infectivity 

(incidence of patency and length of prepatent period) does not allow 

a statistical analysis to distinguish between small differences in 

infectivity among different doses of sporozoites, it was sufficient 

to demonstrate (a) that sporozoites from salivary glands are approxi-

mately 10,000 times more infective than sporozoites from mature oocysts and 

(b) there is a reduction in the length of the prepatent period as the 

number of sporozoites inoculated is increased. 

7.3.2. Effect of enzymes on sporozoite infectivity  

Having shown that trypsin treatment (0.01%) of P. gallinaceum 

sporozoites completely eliminated their infectivity to chicks 

(Table 7.2) the possibility remained that infection had simply been 

blocked by adsorption of trypsin to the sporozoite surface. 

Accordingly, sporozoites were incubated with heat-inactivated trypsin 

as a control. Such treatment did not change their degree of 

infectivity (Table 7.2) hence it has been clearly demonstrated that 

the proteolytic activity of trypsin was responsible for the total 

inhibition of infectivity. 

Treatment of sporozoites with neuraminidase (1 unit/ml) did not 

have any effect on their infectivity (Table 7.2). 

Control incubation at 4°C gave similar results to those obtained 

in the preceeding section and demonstrated that sporozoites of approxi-

mately the same age, from different batches of mosquitoes, at least for 
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Table 7.2. Effect of enzyme treatment on the infectivity of 

P. gallinaceum  sporozoites (salivary gland forms) 

Treatment 
No. of 

sporozoites 
inoculated 

No. of chicks 
infected/no. 
inoculated 

Mean prepatent 
period in days Range 

None, control 10 3/5 8.5 8-9 
incubation 100 5/5 8.0 7-9 
4°C for 30 min. 500 5/5 7.2 7-8 

1,000 5/5 6.8 6-7 

None, control 10 1/5 9.0 - 
incubation 100 4/5 9.0 8-10 
37°C for 30 min'. 500 5/5 7.2 7-8 

1,000 5/5 7.0 6-8 

10 0/5 
Trypsin, 0.01% 100 0/5 
37°C for 30 min. 500 0/5 

1,000 0/5 

Trypsin 0.01% 10 1/5 8.0 
(heat-inactivated) 100 5/5 8.0 7-9 
37°C for 30 min. 500 5/5 7.6 7-9 

1,000 5/5 6.8 6-8 

Neuraminidase 10 2/5 8.0 7-9 
1 unit/ml- 100 5/5 7.2 6-8 
37°C for 30 min. 500 5/5 6.8 6-7 

1,000 5/5 6.6 6-7 

Neuraminidase 10 2/5 8.5 8-9 
1 unit/ml (heat- 100 5/5 8.2 8-9 
inactivated) 500 5/5 7.4 7-8 
37°C for 30 min. 1,000 5/5 7.0 6-8 
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P. gallinaceum in A. aegypti, show similar levels of infectivity. Also, 

there appears to be no loss in infectivity after 30 minutes on ice. 

In contrast, incubation of sporozoites at 37°C for 30 minutes produced 

a slight decrease in their infectivity and the prepatent periods were 

also slightly longer than those for the control incubation at 4°C 

(Table 7.2). These results are consistent with those of Fink and Schica 

(1969) who studied the survival of sporozoites of P. berghei in M199. 

They found that all of 5 mice became infected when inoculated with 

2,500 sporozoites, even when they had been kept for 3 hours at 4°C, 

but the prepatent periods were slightly prolonged. Also, sporozoites 

clearly showed a loss of infectivity at temperatures higher than 4°C. 

7.4. Discussion  

Information concerning the infectiousness of sporozoites that 

had not yet invaded the mosquitds salivary gland has recently been 

reviewed by Vanderberg (1975) who commented on, "a lively controversy 

in the malaria literature of the late 1930's and early 1940's". By 

that time, well over a quarter of a century had elapsed since Ross's 

discovery of the "germinal rods" (sporozoites) of P. relictum in the 

salivary gland of the grey mosquito (later, provisonally identified as 

Culex pipiens fatigans) and it was well established that inoculation 

of sporozoites from the salivary gland of an infected mosquito during 

the feeding process was the natural route of malaria transmission. 

However, the fascination with the infectiousness of oocyst sporozoites 

has remained since Schaufiinn's (1903) observation of the penetration of 

human erythrocytes by sporozoites of P. vivax; for which he used 

sporozoites from mature oocysts and not those dissected from salivary 

glands. 
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In 1937, both Missiroli (1937a, 1937b) and Neri (1937) recorded 

infections in canaries that had been inoculated with emulsions of 

crushed oocysts containing sporozoites of P. relictum. Working with 

same parasite, Sandicchi (1937; 1938), Jerace (1937) and Brooke 

(1942) were unable to produce infections in their avian hosts by the 

inoculation of oocyst sporozoites and unsuccessful attempts to infect 

birds with P. cathemerium were performed by Gambrell(1937) and 

Brooke (1942), which prompted Sandicchi (1938) to question the 

validity of Missiroli and Neri's results, suggesting that their 

inocula were contaminated with sporozoites from salivary glands that 

had ruptured during dissection. Shute (1943) however, in a series of 

experiments with the human malaria parasites P. vivax, P. ovale and 

P. falciparum succeeded in obtaining infections in 5/12 patients that 

had been inoculated with crushed oocysts from A. malculipennis but 

suggested that the failure of some inoculations to produce an 

infection was due to faulty technique and not that the sporozoites were 

immature. Shute also noted that infections from oocyst sporozoites 

were followed by the normal incubation period, the production of viable 

gametocytes, and where applicable, the occurrence of relapses. A 

little later, Trembley, Greenberg and Coatney (1951) were able to obtain 

infections in 4/12 chicks that had been inoculated with single intact 

oocysts of P. gallinaceum. 

By this time most workers were in agreement that sporozoites from 

mature oocysts were able to produce patent infections in the appropriate 

vertebrate host, but many justifiably considered that contamination with 

even a few salivary gland sporozoites could greatly affect the results. 

This could so easily have been the case in the work of Yoeli and Bone 

(1967) when they were isolating strains of rodent malaria parasites 

from naturally infected A. dureni millecampsi. They found that 14/14 
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rats given single pairs of infected salivary glands became infected 

with P. b. berghei; but infections arose in only 3/14 rats inoculated 

with infected midguts. However, in 1960, Yoeli and Most had obtained 

infections of P. berghei in rats under conditions in which no 

salivary gland infections were observed. This suggested that oocyst 

sporozoites have some degree of infectivity and this was conclusively 

demonstrated to be the case by Ball and Chao (1961) who showed that 

sporozoites from oocysts of P. relictum, formed in vitro in the 

absence of salivary gland, were infective to canaries. Similar 

observations were recorded by Schneider (1968) who succeeded in 

infecting chicks with P. gallinaceum sporozoites, from oocysts grown 

in vitro and later by Walliker and Robertson (1970) with P. berghei  

grown under similar conditions. 

These later reports confirm unequivocally the inherent 

infectivity of oocyst sporozoites, but the question of the degree of 

infectivity remains. The only quantitative work has come from 

Vanderberg (1975) who has reported a 10,000 fold increase in the 

infectivity of P. berghei sporozoites as they progress from oocyst 

to salivary gland. My own observations have illustrated that a 

similar 10,000 fold increase in infectivity occurs with P. gallinaceum. 

The significance of the number of infective sporozoites of 

P. gallinaceum has not been investigated in a satisfactory manner. 

The early work of Coatney, Cooper and Trembley (1945a; 1945b) reported 

on the incidence and course of infection in young chicks following the 

subcutaneous or intramuscular injection of pooled sporozoites and 

intact salivary glands and although this method is adequate for 
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inducing fairly reproducable infections for the use of mass screening 

of antimalarial drugs it tells us little about the infectivity of 

sporozoites. More recently Porter, Laird and Dusseau (1954) attempted 

to assess the relationship between the numbers of sporozoites 

inoculated and the intensity of the resulting infections and tried 

accurately to determine the number of sporozoites in a mixture of 

homogenized salivary gland and chick blood by recording the ratio of 

erythrocytes to sporozoites in dried Giemsa stained films. The 

inherent errors in Porter's techniques and the difficulty he must have 

experienced in estimating accurately doses of sporozoites, probably 

explains the small differences between his results and those presented 

here. In essence, Porter and his colleagues always produced infections 

after the intravenous inoculation of 500 sporozoites, in 3/6 chicks 

after inoculation of 50 sporozoites, and never produced infections 

after inoculation with 5 sporozoites. However, the present experimental 

work always produced infections with 100 or more sporozoites and in 

these two experiments, infections were produced in 6/10 chicks 

inoculated with 10 sporozoites. 

It is interesting to compare the infectivity of P. gallinaceum  

sporozoites with other species and in particular the'very low 

infectivity rates exhibited by sporozoites of the rodent malaria 

parasites (see Wēry, 1968). This has been suggested by Sinden and 

Garnham (1973) to be correlated to the absence or extreme rarity of 

the micropore and is discussed in more detail in Chapter 4. Recently, 

Sinden (pers. comm.) has found it necessary to inoculate mice with at 

least 1,000 sporozoites from dissected salivary glands to produce 

infections with P. berghei and P. yoelii nigeriensis and although 
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Pach'co_let al.  (1979) have obtained similar results with sporozoites 

procured from whole mosquitoes and recovered by density gradient 

centrifugation, the earlier work of Killick-Kendrick (1973) indicated 

a much higher degree of infectivity by obtaining infections of 

P. berghei nigeriensis (now, P. 21. nigeriensis, Killick-Kendrick, 1974) 

in 6/6 mice given only 80 sporozoites by intravenous inoculation. 

This apparent difference in recorded infectivity of P. y. nigeriensis  

sporozoites has probably been caused by a combination of two factors; 

continued passage in laboratory hosts and the choice of an unnatural 

route for inoculation. It is known that continued passage in labora-

tory hosts causes changes in the virulence of erythrocytic forms and 

in the viability of gametocytes (Wery, 1968;' Killick-Kendrick, 1971) 

and it would not be unnatural to assume that similar changes occur in 

the infectivity of sporozoites. Also Wery and Killick-Kendrick (1967) 

and Wery (1968) have reported on the greater number of tissue 

schizonts that develop following intravenous, rather than intraperi- 

toneal,inoculation of sporozoites. Both Sinden (1979) 

et al. (1979) used the intraperitoneal route. 

In conclusion, it seems likely that this change in infectivity 

is related to other aspects of sporozoite maturation and would support 

the suggestion that the reduction in cell surface charge (as discussed 

in Chapter 5) is caused by a reorganisation of the surface membrane 

in preparation for survival in the vertebrate and successful penetration 

of the cells of the reticulo-endothelial system. Therefore, in order 

to characterize this development further it was decided to investigate 

the action of the two enzymes, trypsin and neuraminidase, used in the 

electrophoretic studies, on the infectivity of salivary gland forms. 
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Nothing is known of the attachment and penetration stages in 

the primary exoerythrocytic phase of the malaria infection. However, 

the interaction between malarial sporozoites and their host cells of 

the reticulo-endothelial system is highly specific in that malaria 

parasites have a restricted host range. This specificity suggests 

that receptors on the red cell surface are involved in the attachment 

and invasion by merozoites and this is thought to be determined, at 

least in part, by the surface of the erythrocyte and it would seem 

that an erythrocyte membrane receptor triggers the invasion process 

(McGhee, 1953;  Butcher, Mitchell and Cohen, 1973; Miller et al., 

1973). It must be seriously considered whether a similar system could 

be operating for the sporozoite-macrophage interaction and further 

contribute to this host specificity. Brumpt (1949) was the first to 

test the behaviour of P. gallinaceum in various birds and found that 

geese, pheasants, partridges and peacocks were susceptible, whereas 

canaries and passerine birds were totally resistant. The nature of 

this host specificity was further examined (Huff and Coulston, 1944; 

Huff, 1951, 1957) and it was shown to be a complex process, affecting 

one stage in a certain species of bird and another in a different 

bird (Table 7.3). Although some species of birds are entirely 

insusceptible to infection with P. gallinaceum, sporozoites can survive 

in their blood for quite a long time. Pigeons for example, although 

totally resistant to infection, can support sporozoites in their blood 

stream for up to 4 minutes (Singh et al., 1954) and canaries for half 

an hour (Raffaele, 1955). This prompted Garnham (1966a) to suggest 

that, "the immune barrier is not so much in the blood, as in the non-

receptive lymphoid-macrophage cells". Perhaps these cells lack the 

specific receptor necessary for sporozoite invasion. 
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Table 7.3. Susceptibility of abnormal hosts to P. gallinaceum * 

Avian host Cryptozoite Erythrocytic stage Phanerozoite 

Canary Low Nil Nil 

Duck Abundant Slight Rare 

Guinea-fowl Nil Slight Nil 

Goose Abundant Slight ? 

Turkey Present Light Present 

Pheasant Present Moderate Rare 

Partridge Present Slight Absent 

* from Garnham (1966a). 
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The existence of cellular receptors for bacteria (Clawson , 

Roa and White, 1975; Gibbons and Van Houte, 1975; Ofek et al., 

1975) and viruses (Springer, 1970; Howe and Lee, 1972) are well 

established, although it has not been until comparatively recently 

that some attention has been given to their possible occurrence on 

the cell surface of a number of parasitic protozoa. Banks (1979) has 

suggested that the cell surface of bloodstream T. congolense contains 

a protein-associated site which is responsible for binding to sialic 

acid of some host cells; Chang (1977) has observed that the attach-

ment of L. donovani promastigotes to macrophages appears to follow 

saturation kinetics, suggesting that there may be a ligand-receptor 

binding effect; and in the same year Miller, McAuliffe and Mason (1977) 

reviewed the available evidence for the presence of receptors on the 

cell surface of erythrocytes for a variety of primate malarias. 

McGhee (1953) was the first to propose that invasion of 

erythrocytes by malaria merozoites was initiated by their interaction 

with specific receptors on the erythrocyte surface. This assumption 

was inspired by the observation on the preference of P. lophurae  

merozoites to invade duck erythrocytes when exposed to both duck and 

chick erythrocytes in the chick embryo. - Later, Sherman (1966) 

concluded that malaria parasites lack receptor sites similar to those 

established for bacteria and viruses after failing to inhibit the 

invasion of duck erythrocytes by merozoites of P. lophurae after 

trypsin, chymotrypsin and neuraminidase digestion of the erythrocyte 

surface. Ladda, Aikawa and Sprinz (1969) also suggested that there 

were no specific receptor sites for the penetration of erythrocytes 

by avian and mammalian merozoites. However, recent work, by particularly 

Miller and his associates in America, on human and primate malarias, 
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have indicated the presence of specific determinants on the erythrocyte 

surface which interact with receptors on the merozoites and which are 

necessary for successful invasion (Butcher, Mitchell and Cohe~ 1973; 

Miller ~ al., 1973; Miller ~ al., ~ 975; Dvorak ~ al., 1975; 

Miller ~ al., 1976; Mason ~ al., 1977; Miller, 1977). 

In this section, data is presented which illustra tes that 

trypsin, by its proteolytic activity, blocks the infectivity of 

R. gallinaceum sporozoites. First, the concentration of trypsin which 

eliminated sporozoite infectivity (0.01%) corresponded to that concen

tration which altered their surface membrane proteins as shown by free

flow electrophoretic measurements (p. 66). Second, heat-inactivated 

. trypsin had no effect on sporozoite infectivity so any non-specific 

inhibition of infectivity by adsorption of 

surface can be ruled out. 
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CHAPTER 8  

8. EXOERYTHROCYTIC SCHIZOGONY IN VITRO 

8.1. Introduction  

In the previous chapters, some aspects of the developmental 

biology of the P. gallinaceum sporozoite have been examined and 

particular interest has been shown in the development and nature of 

sporozoite infectivity. Accordingly, observations were extended on 

the development of P. gallinaceum in vitro and attempts were made to 

establish cultures of cryptozoites (primary exoerythrocytic schizonts), 

by the inoculation of sporozoites into tissue cultures. 

Routine procedures for growing the continuing exoerythrocytic 

stages (phanerozoites) of avian malaria parasites in continuous 

culture are well established and have been available for many years 

XHawking, 1945; Huff, 1963;  1968). Cultures have been initiated from 

embryos infected-in ovum (Pipkin and Jensen, 1956) or from the 

introduction of exoerythrocytic merozoites into established cell 

cultures (Davis, Huff and Palmer, 1966). 

There have been many reports in the literature describing 

unsuccessful attempts to grow cryptozoites from sporozoites in tissue 

culture (Rhodhain, Gavrilov and Cowez, 1940; Paraense, Meyer and 

Menezes, 1942, Huff and Coulston, 1944; Hawking, 1945; Porter, 1948). 

Appreciating the importance of a successful procedure for the growth 

of cryptozoites, further attempts were made by Dublin and his 

colleagues in America, who reported on the successful development of 

sporozoites of P. gallinaceum into cryptozoites in cultures of normal 

chicken macrophages (Dublin, Laird and Drinnon, 1949; 1950; Laird, 

Dublin and Drinnon, 1950. 
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Success with P. gallinaceum was also achieved by Jensen, Huff and Shiroishi 

(1964) and these four publications, have, until recently, represented the 

only published data on the successful development of the primary 

exoerythrocytic stages of malaria parasites from sporozoites in vitro. 

However, during the course of this study, Strome, De Santis and 

Beaudoin (1979) and Sinden and Smith (1980) have reported the 

development and partial maturation of the exoerythrocytic schizonts 

of P. berghei in cultures of embryonic rat brain. 

Considering the paucity of knowledge concerning the early 

development of the malarial sporozoite in the vertebrate host and the 

potential of an in vitro system for its investigation, it was decided 

to try to delineate the conditions necessary for the invasion and 

development of sporozoites, in vitro. The results of a number of 

investigations are reported in this chapter. 

8.2. Materials and Methods  

8.2.1. Sterilisation procedure  

In general, the aseptic techniques described by Paul (1966) were 

used throughout. Glassware and instruments were cleaned in 2% Decon 90 

(Decon Laboratories Ltd.), washed thoroughly in running tap water, then 

in 3 changes of distilled water and autoclaved by moist heat at 

15 lbs/inch2  for 20 minutes. Coverslips were washed twice in absolute 

alcohol, air dried, then sterilised by dry heat at 160°C for 2 hours. 

I CC-  
Abninax flow cabinet was used for all tissue culture work. 

8.2.2. Preparation of tissue cultures: general methods  

Cultures of chick brain and liver cells were set up from 12-13 

day old embryos; macrophage cultures were established from the spleens 
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of 17-19 day old embryos and cultures of chick kidney cells were 

obtained from 1-3 week old chicks. The general method for the 

preparation of cell cultures was,however, the same for all cell types 

and is given below. 

The appropriate tissue was removed and cut into cubes having 

sides of approximately 1-2 mm. The tissue was then added to an 

Erlenmeyer flask containing 10 mis of 0.25% trypsin and 0.02% EDTA 

(ethylene diamine tetra-acetic acid, disodium salt) in PBS without 

calcium and magnesium and incubated at 37°C for 7 minutes. The 

suspension was drawn up a pasteur pipette a few times and the tissue 

allowed to settle. The supernatant was removed and centrifuged at 

250g for 10 minutes. The supernatant of this spin was then removed 

and the pellet containing the cells of the first trypsinisation, re-

suspended in 5 mis of medium. This procedure was repeated for the 

tissue remaining after the first trypsinisation. For most experiments, 

cells were dispensed onto 16 mm circular glass coverslips in the wells. 

of inultiwell petri dishes (Sterilin Ltd.) at concentrations of between 

2-4 x 105  cells/well. Each well contained 2 mis of medium. Tissue 

cultures that were established for centrifugation experiments were 

grown in Falcon flasks prior to their detachment and use in 5 ml flat 

bottomed plastic tubes. 

Cultures were incubated at either 37°C or 41°C and the medium 

was replaced after 24 hours and thereafter every 48 hours. Sporozoites 

were inoculated 3-4 days after the establishment of macrophage cultures 

and from 3-15 days after the establishment of the kidney or brain 

cultures. 
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The medium used in most experiments was tissue culture medium 

199 (M199) with Hanks Salts, 10% foetal calf serum, 2% 1-glutamine 

with penicillin (100 units/ml) and streptomycin (100 iig/ml). The 

medium, which contained 0.35g of sodium bicarbonate/litre, was gassed 

with a mixture of 5% CO2  and 95% air to pH 7.2. All tissue culture 

products were obtained from Gibco-Biocult Ltd., Paisley, Scotland. 

8.2.3. Preparation of tissue cultures: other methods  

Chick spleen macrophages  

Some of the macrophage cultures used in the initial experiments 

were set up as follows. The spleens of normal 17-19 day old embryos 

were removed, transferred to a petri dish and cut into cubes having 

sides of approximately 1 mm. Six to eight of these pieces were then 

placed in each well of a multiwell petri dish, to which a 16 mm 

diameter glass coverslip and 2 mis of medium had previously been added. 

After 24 hours the tissue pieces were dislodged and the medium changed. 

Subsequent medium changes were made at 48 hour intervals. 

Mouse peritoneal macrophages  

A mouse was inoculated intraperitoneally with 2 mis of a 2% starch 

solution in M199 and after 3 days was sacrificed. The peritoneal cavity 

was washed out with 2 mis of M199 and the suspension spun at 250g for 

5 minutes. The supernatant was discarded and the pellet resuspended 

in M199. The cells were then washed twice in medium before being 

plated out at approximately 1 x 106  cells/16 mm coverslip. The medium 

was changed after 12 hours and thereafter every 48 hours. Sporozoites 

were inoculated 1-3 days later. 



- 109 - 

8.2.4. Sporozoite inoculation 

A. aegyptiwere immersed momentarily (--‘5 seconds) in 70% ethanol, 

dried on sterile filter paper and washed twice in M199 containing the 

standard quantities of antibiotics (penicillin 100 units/ml and 

streptomycin 100 lig/ml). Each mosquito was dissected in a drop of 

medium and the salivary glands from all the mosquitoes were pooled and 

stored on ice. Glands were gently teased apart, the sporozoite 

density calculated and known numbers of sporozoites applied to tissue 

monolayers. Normally, 50,000-100,000 sporozoites were added to each 

well. Parallel control cultures were set up with salivary glands from 

non-infected mosquitoes. After incubation, the coverslips were 

removed, fixed ini'mOttit t :; and stained in 10% Giemsa as described 

previously (p. 42) and the preparations examined for erythrocytic 

parasites. 

During the course of this study, it was considered necessary to 

check that the sterile dissection of mosquitoes was not adversely 

effecting the infectivity of sporozoites. Accordingly, experiments 

were conducted to examine this possibility. Mosquitoes were dissected 

by the sterile technique described above and a suspension of sporozoites 

produced in M199. Doses of 1,000 and 10,000 sporozoites were then 

prepared, inoculated intravenously into each of 5 chicks and the 

incidence of patency and the length of the prepatent period recorded 

using methods as described previously (p. 91). Control infections were 

set up from mosquitoes that had not been subjected to alcohol sterili-

sation. 
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8.2.5. Centrifugation procedure 

The method was essentially that of Strome, De Santis and 

Beaudoin (1979). When the brain, spleen or kidney cells in the 

Falcon flasks became confluent, the medium was poured off and the 

cells rinsed briefly with the trypsinising solution. A further 5 mis 

of trypsinising solution was added and the cultures were incubated for 

7 minutes at 37°C. The supernatant was removed and centrifuged at 

250g for 10 minutes to sediment the detached cells and the super-

natant was discarded. The pellet was resuspended in medium and 1.0 ml 

of this suspension, containing approximately 25,000 cells, was 

inoculated into each of 6 small plastic centrifuge tubes, to which a 

13 mm circular glass coverslip had previously been added. Cultures 

were incubated for 24 hours prior to sporozoite inoculation. These 

preparations were centifuged with g'  }suspensions at 1,600g for 

30 minutes and then incubated at 37°C. 

8.2.6. Production of phanerozoites in vivo and in vitro 

During the course of the tissue culture investigations 

P. gallinaceum was propagated in chick embryos by the weekly passage 

of brain tissue from infected embryos onto the chorioallantoic 

membrane of normal 7 day old embryos, by methods similar to those used 

by Huff et al. (1960) and many earlier workers (see review by 

Pipkin and Jensen, 1956). 

The embryonic culture of P. gallinaceum was initiated by trans-

ferring portions of the brain of a chick that had been inoculated intra-

venously 15 days previously with erythrocytic parasites and whose brain, 



after examination of a Giemsa stained smear, exhibited numerous 

exoerythrocytic parasites, onto the chorioallantoic membrane of chick 

embryos. 

Normal, 7 day old chick eggs were candled, the position of the 

air sac in each marked, a small hole cut in the shell and the shell 

membrane removed. Several pieces of infected brain were placed upon 

the exposed membrane in the area having the greatest concentration of 

blood vessels. The hole in the shell was sealed with sellotape. 

After 7 days incubation at 37°C the embryos were dissected. The brain 

and spleens were removed, stained with Giemsa, and examined for 

exoerythrocytic parasites. The most heavily infected brains were used 

to propagate the strain. The brain from a 14-15 day old embryo was 

cut into 15-20 pieces and provided sufficient inoculum for about 8 

embryos. The most heavily infected spleens were used to prepare mono-

layer tissue cultures, although brains were also used, using the 

method described on p. 106. 

Tissue cultures of infected spleens (and brains) were maintained 

at 37°C and the medium, M199 with Hanks Salts supplemented with 10% 

foetal calf serum, 2% 1-glutamine and penicillin/streptomycin solution 

to 100 units/ml and 100 ug/ml, respectively, was changed every 48 hours. 

After 4-7 days culture, the cells were dislodged by light trypsinisation 

and used to infect other cultures of brain and spleen cells that had 

been set up 2-4 days prior to inoculation from uninfected embryos. 

On most occasions the infectivity of the parasites in the cultures were 

examined by inoculating chicks with a suspension of cells that were 

used to infect clean cultures and observing the subsequent infections. 
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8.3. Results  

8.3.1. Phanerozoites in vivo and in vitro  

Following preliminary experiments which failed to establish the 

growth of cryptozoites in vitro, control cultures of phanerozoites 

were set up to establish the conditions which would support the 

growth of exoerythrocytic forms of P. gallinaceum (see Fig. 8.1). 

The brains and spleens of chicken embryos, infected in ovum 7 

days previously, showed,,  on examination of Giemsa stained tissue 

smears, developing phanerozoites (Fig. 8.2). Development of 

phanerozoites was also demonstrable in tissue cultures set up 

from infected embryonic material and maintained for 7 days. Uninfected 

cultures of brain and spleen cells were successfully infected following 

the inoculation of parasitised cells from existing cultures. These 

cultures were observed for 5-10 days and phanerozoites, were 

observed (Figs. 8.3 and 8.4). These phanerozoites retained their 

infectivity when inoculated into young chicks. 

8.3.2. Infectivity of sporozoites prepared by sterile procedure  

Following the sterile dissection of mosquitoes, sporozoites 

showed no loss of infectivity to chicks (Table 8.1). The results are 

consistent with those obtained in the previous chapter. 

8.3.3• Development of cells in vitro  

As is usually the case in tissue culture systems where a gas 

overlays the free surface of the liquid medium, most of the cells in 

culture became somewhat undifferentiated, although several types, namely, 
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Chorioallantoic transplant of infected brain 

from young chick with 15 day old blood-induced 

infection used to initiate strain 

1 

Normal 7 day old embryo 

Brain/spleen used to infect 

normal embryos to continue strain 
7 days 

Brain and spleens removed 

Examined for pnanerozoites +ve 

1 
Brain/spleen cultures 

7 days. Phanerozoites +ve 

Cell suspension containing phanerozoites 

Uninfected cultures of 

brain/spleen 

 

7 days 
Phanerozoites +ve 

 

Inoculated into chick +ve 

Fig. 8.1. Flow diagram illustrating the experimental procedure for 

the production of phanerozoites in vivo and in vitro. 
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Figs. 8.2 to 8.9. Aspects of the exoerythrocytic growth of 

P. gallinaceum in tissue culture; Giemsa stained preparations. 

Fig. 8.2. Exoerythrocytic schizonts (phanerozoites) of P. gallinaceum 

in the brain of a 14 day old chick embryo; 7 days after in ovum  
infection. 

Fig. 8.3. Mature exoerythrocytic schizont (phanerozoite) of 

P. gallinaceum in a culture of embryonic chick brain cells. 

Fig. 8.4. Nearly mature exoerythrocytic schizont (phanerozoite) of 

P. gallinaceum in a culture of embryonic chick spleen cells. 

Fig. 8.5. Appearance of embryonic chick spleen cells after 3 days in 
culture. 

Fig. 8.6. Appearance of embryonic chick brain cells after 10 days in 

culture. 

Fig. 8.7. Appearance of adult chick kidney cells, established from 

1 week old chicks, after 5 days in culture. 

Fig. 8.8. Appearance of mouse peritoneal macrophages after 24 hours 

in culture. 

Fig. 8.9. Appearance of embryonic chick liver cells after 4 days in 
culture. 
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Table 8.1. Infectivity of P. gallinaceum sporozoites from salivary 

glands following sterile dissection of mosquitoes 

Preparation of 
sporozoites 

No. of 
sporozoites 
inoculated 

No. of chicks 
infected/no. 
inoculated 

Mean prepatent 
period in days Range 

Following sterile 
dissection 
of mosquitoes 

1,000 

10,000 

5/5 
5/5 

7.0 
6.8 

6-8 
6-7 

1,000 5/5 7.4 6-9 
Control 

10,000 5/5 7.o 6-8 
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macrophage, fibroblast-like cells and epithelial-like cells, could be 

distinguished. 

Excellent cultures of macrophages were obtained from spleen 

explants or trypsinised tissue. Macrophages became firmly attached to 

the coverslip as a single cell layer. There was also good growth of 

fibroblast-like cells which were narrow and spindle shaped with 

an elongate nucleus. Fibroblast-like cells became more prominent with 

extended culture (>5 days). Macrophages assumed a vacuolated 

appearance to their cytoplasm after about 1+8 hours in culture, although 

fibroblast-like cells did not show such obvious Z 	;fat 	A few, 

small, epithelial-like cells were also observed (Fig. 8.5). 

Cells of a similar morphology to those observed in spleen 

cultures were seen in cultures of chick brain cells (Fig. 8.6) 

their relative proportions were different. Macrophages were less 

abundant and the growth of fibroblast-like cells and epithelial-like 

cells more vigorous. 

Chick kidney cells grew to form a monolayer of epithelial-like 

cells (Fig. 8.7). 	?' 'zblAW-like cells were also conspicuous, 

although macrophages were rare. 

In contrast to the few macrophages seen in cultures of chick 

kidney cells, cultures of nearly pure macrophages were obtained from 

the peritoneal cavity of mice. Mouse peritoneal macrophages became 

firmly attached to the glass coverslip to form a single cell layer 

(Fig. 8.8). 

Growth of chick liver was comparatively slow, but macro-

phages, fibroblast-like cells and epithelial-like cells, could all be 

distinguished (Fig. 8.9). 
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8.3.4. Attempts at establishing cryptozoites  

Following the successful establishment, maintenance and growth 

of phanerozoites in tissue culture, attempts were made, using similar 

culture conditions, to establish cryptozoites from sporozoites 

in vitro. 

Despite the success obtained with the culture of the phanerozoites, 

numerous attempts to establish cryptozoites using a number of cell types 

and different combinations of media, serum and other supplements, 

continually failed (Tables 8.2 and 8.3). 	However, during the 

duration of this work, Strome, De Santis and Beaudoin (1979) reported 

the development of exoerythrocytic schizonts of P. berghei in tissue 

culture, by using a centrifugation technique to bring sporozoites in 

close contact with cell monolayers. In this study, centrifugation was 

therefore also applied to the cultivation of P. gallinaceum cryptozoites, 

although with very limited success. Suspensions of sporozoites were 

centrifuged onto a variety of cell types (chick embryonic spleen; 

chick embryonic liver; chick kidney; rat embryonic brain) and for 

each cell type, two different media were used. The first, M199 with 

the standard additives that had been used to maintain phanerozoites 

(p.111), the other, a very complex medium (Appendix 4) that has been 

used to culture the phanerozoites of P. fallax and P. lophurae (Davis, 

Huff and Palmer, 1966; Beaudoin, Strome and Clutter, 1969). The 

latter medium was also used by Strome, De Santis and Beaudoin (1979) 

for the exoerythrocytic growth of P. berghei. For each cell type and 

media combination three experiments were performed and 12 coverslips 

examined for each. After many unsuccessful experiments, one cryptozoite 

was seen in a culture of embryonic chick brain, 30 hours after sporo- 
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Table 8.2. Different cell systems used in attempts to cultivate 

P. gallinaceum cryptozoites in vitro* 

Cell type 
No. of 

experiments 

No. of 
coverslips 
examined 

No. of 
positive 
cultures 

Chick Embryonic Spleen 35 117 0 

Chick Embryonic Liver 3 12 0 

Chick Embryonic Brain 3 12 1 

Chick Kidney 3 12 0 

Rat Embryonic Brain 3 12 0 

Mouse Peritoneal Macrophages 2 10 0 

* Medium used was, M199 with Hanks Salts, 10% foetal calf serum, 2% 
1-glutamine with penicillin (100 units/ml) and streptomycin (100 ug/m1). 
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Table 8.3. Different media systems used in attempts to cultivate 

P. gallinaceum cryptozoites in cultures of embryonic chick spleen 

macrophages* 

Medium 
No. of 

experiments 

No. of 
coverslips 
examined 

M199 + 10% Cs + WS 11+ 33 

M199 + 20% CS + P/s 3 12 

M199 + 10% CS (heat-inactivated) + P/s 3 12 

M199 + 10% FCS + P/S 3 12 

M199+10%CS 3 12 

HBSS + 10% CS + WS 3 12 

BME + 10% CS + P/S 3 12 

Tyrode's + 20% CS + WS 3 12 

* All experiments were unsuccessful. 
M199 - Medium 199 (with Hank's Salts and 2% 1-glutamine). 
CS - Chick serum. 
PS - Penicillin (100 units/ml) and streptomycin (100 µg/ml). 
FCS - Foetal calf serum. 
HBSS - Hank's Balanced Salt Solution. 
BME - Basal Medium Eagle's (with Hank's Salts). 
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zoite inoculation. The growth had been achieved by using the centri-

fugation procedure, but without the complex medium of the American 

workers. The parasite had 10 distinct nuclei, was in an apparently 

healthy condition and was situated in a fibroblast-like cell 

(Fig. 8.10). It was prolate spheroidal in shape and 

measured 9.6 by 7.2 gym. Despite extensive microscopical examination 

of subsequent preparations, this remained the only cryptozoite observed. 

8.4. Discussion  

The early attempts to grow the exoerythrocytic forms of avian 

malarial parasites began at about the time of their discovery and have 

progressed steadily during the last four decades. Much of the early 

work has been reviewed by Porter (1948) and Huff (1951); later 

reviews were published by Pipkin and Jensen (1956) and Huff (1964). 

The phanerozoites of a number of avian species have now been success-

fully grown in vitro. Phanerozoites have been shown to be capable of 

developing in a variety of different tissues and culture media and -

maintain their infectivity with extended cultivation (Huff, 1964). 

Using a method involving the alternate subculturing of parasites in 

roller tube and hanging drop cultures, Musacchio and Meyer (1955)  have 

maintained P. gallinaceum in continuous culture for several years with 

little loss of virulence and infectivity. Thus, the procedures 

reported in this chapter for the maintenance and growth of P. gallinaceum  

phanerozoites are not surprising, although success in cultivating the 

exoerythrocytic forms of P. gallinaceum is considerably more difficult 

than with the two other species of avian parasites that are commonly 

used, P. fallax and P. lophurae (Beaudoin, 1977). Therefore, 

the routine tissue culture methods which have been used for 
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Fig. 8.10. Photomicrograph of exoerythrocytic schizont 

(cryptozoite) of P. gallinaceum cultured for 30 hours 

in vitro  in embryonic chick brain cell. 
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the maintenance of phanerozoites, are capable of supporting plasmodial 

growth, and permit the invasion of uninfected cells by exoerythrocytic 

merozoites. 

Although methods for the cultivation of the phanerozoites of the 

avian malarial parasites are well established, the culture of 

cryptozoites has always presented problems. Hawking (1945) failed in 

attempts to grow cryptozoites in spleen cultures by inoculating 

sporozoites. However, he was able to demonstrate the growth of 

cryptozoites in tissue cultures of spleen cells by inoculating chicks 

with large numbers of sporozoites and then growing explants from their 

spleen, one hour later. It seems then, that a simple, rather crude 

tissue culture medium (tyrodes, chick serum and embryo extract) was 

capable of supporting development of cryptozoites, and supports the 

results obtained in the present study, in suggesting that the entry 

of the sporozoite into cultured cells, not their development thereafter, 

remains the difficult problem in the culture of cryptozoites. 

Numerous early workers also failed in their attempts to transform 

sporozoites into cryptozoites in tissue culture (Rhodhain, Gavrilov and 

Cowez, 1940; Paraense, Meyer and Menezes, 1942; Huff. and 

Coulston, 1944; Porter, 1948). The first success was reported by 

Dublin, Laird and Drinnon (1949) who succeeded in growing cryptozoites 

from sporozoites inoculated into cultures of spleen macrophages, set up 

3 to 4 days earlier from 17-19 day old chick embryos. Dublin and his 

colleagues reported the presence of parasites in about 0.2% of cells 

after 48 hours in culture. Subsequent development of metacryptozoites 

occurred (Dublin, Laird and Drinnon, 1950) and although their numbers 

were reduced to something like one-tenth of observed cryptozoites, 
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they retained the ability to infect chicks (Laird, Dublin and Drinnon, 

1950). Some years later, Jensen, Huff and Shiroishi (1964) grew 

cryptozoites in cultures of spleen macrophages in M199 with 20% foetal 

calf serum by using Rose multipurpose chambers and cellophane dialysis 

membranes. Since then, there have been no reports of the development 

of cryptozoites of the avian malarial parasites in tissue culture. 

Such a dearth of reports is the more surprising, since the avian system 

must surely be considered a promising approach for the study of the 

basic biology of this phase of the malaria infection and should help 

in the development of new chemotherapeutic and immunological agents 

for its destruction. 

As outlined above, success in the development and maturation of 

cryptozoites of avian malaria has only been rarely achieved and 

attempts to extend these techniques to mammalian exoerythrocytic forms 

have not, as yet, been successful, although recent work has given some 

encouragement. In some earlier studies, Dublin (1947) made cultures 

of bone marrow from humans infected with sporozoites of P. vivax and 

P. faciparum and reported "bodies suggesting erythrocytic forms", 

although the first published attempt at infecting cells with sporo-

zoites in vitro was not made until 1976. Then, Doby and Barker (1976) 

inoculated sporozoites of P. vivax into cultures of embryonic hepatic 

cells and reported intracytoplasmic forms. They were, however, cautious 

not to state with any certainty whether these inclusions represented 

exoerythrocytic forms. Indeed, my own observations and those of 

Sinden and Smith (1980) have demonstrated that artefacts and cellular 

inclusions are very common in cells after the inoculation of sporozoite 

suspensions. 

Foley, Kennard and Vanderberg (1978a; 1978b) have used 



- 124- 

suspensions of rat liver cells, containing exoerythrocytic forms of 

P. berghei, infected in vivo, to initiate primary monolayer cultures 

of rat hepatic cells. These cultures remain infective after 18-48 

hours in vitro, but their ability to continue maturation cannot be 

assured. They may have been simply maintained as there was a pro-

gressive loss of infectivity with time in culture. More recently, 

Strome, De Santis and Beaudoin (1979) have reported the growth and 

partial maturation of exoerythrocytic schizonts of P. berghei in 

cultures of embryonic rat brain. These preliminary observations have 

been extended by Sinden and Smith (1980) who, by using the same 

technique, studied quantitively the invasion and subsequent development 

of sporozoites in vitro. As yet, complete maturation of schizonts has 

to be reported; the rate of development reported in vitro is about a 

half that observed in vivo; very few parasites are seen and their 

numbers decline with time. This technique is reported to be dependant 

upon centrifugation so it is likely that the entry process is totally 

artificial. 

In examining the conclusions that may be drawn from the experi-

ments described in this chapter concerning the conditions necessary for 

invasion and growth of P. gallinaceum sporozoites in cultured cells, 

the three principle components of the tissue culture systems- the 

sporozoite, the host cell, and the medium - are considered 

separately. 

It is possible that the sporozoites were rendered noninfective 

after the mosquitoes had been subjected to the sterile dissection 

procedure. However, the infectivity to chicks of sporozoites prepared 

in this way was not affected (Table 8.1 ) and therefore the recurring 
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inability of sporozoites to transform into cyptozoites in tissue 

cultures could not have been due to their noninfectiousness. 

It is also possible that the cell preparations were unsuitable 

for the growth of cryptozoites, although this is considered unlikely, 

as they were able to support the development of phanerozoites and also, 

the same cells (prepared by the author) supported the intracellular 

growth of Eimeria tenella sporozoites (Urquhart, 1980). The suitability of 

the cell cultures was also supported by observations on the cryptozoite 

that was found; it was of a healthy appearance and showed no signs of 

vacuolation or degeneration; also its rate of development was 

consistent with cryptozoites observed in vivo (Huff and Coulston, 1944). 

A variety of tissue culture media and supplements were tested 

for their ability to promote the invasion and development -of sporozoites 

into cultured cells - all with limited success. Indeed, the earlier 

reports had demonstrated that a relatively simple medium was able to 

support the growth of phanerozoites (Hawking, 1945) and cryptozoites 

(Dublin, Laird and Drinnon, 1949, 1950; Laird, Dublin and Drinnon, 

1950) and a variety of media have subsequently been used for the 

growth of the exoerythrocytic stages of the avian malaria parasites 

(Davis, Huff and Palmer, 1966). 

In summary, the major obstacle to the cultivation of cryptozoites 

seems to be the invasion of sporozoites into cultured cells, and not 

their subsequent development. This suggestion is supported by the fact 

that the only parasitised culture obtained in these experiments had 

been subjected to centrifugation. It is possible therefore, that this 

process enhanced the close apposition of sporoeōite to host cell, 

allowing the association with a specific surface receptor responsible 
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for the attachment of sporozoites. Although, unlike the exoerythrocytic 

development of P. berghei in vitro, successful growth of P. gallinaceum  

is not apparently dependant upon centrifugation. 

The experiments reported in this chapter show that the successful 

transformation of P. gallinaceum sporozoites into cryptozoites in 

culture is certainly more difficult to achieve than the few reports 

in the literature would suggest. Furthermore, it is the opinion of 

the author that several unsuccessful and unpublished attempts to repeat 

Dublin's work have been made (e.g. Bray, pers. comm.). 
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CHAPTER 9  

9. GENERAL DISCUSSION  

9.1. Introduction  

The P. gallinaceum sporozoite surmounts many difficult problems 

and adverse conditions in its progression from the mature oocyst to 

its final site of development in the reticulo-endothelial cells of 

its avian host. During this journey, the sporozoite encounters a 

number of different metabolic and ionic conditions; it must resist 

attention from the defence systems of its mosquito and vertebrate 

hosts; it must cross a number of very different cellular barriers; 

and finally, it must avoid destruction by the macrophage's lysosomal 

enzymes. The various adaptations which enable sporozoites to meet 

and successfully overcome each of these difficulties are discussed 

in relation to the results obtained in this thesis, together with 

those of other workers. 

9.2. Escape from the oocyst  

The fibrous wall of the mature oocyst is the first barrier to 

be crossed in the sporozoite's migration to the cells of the verte-

brate's reticulo-endothelial system. Although it is generally assumed 

that the mature oocyst bursts and liberates sporozoites into the 

haemocoele (Garnham, 1966a). Sinden (1974, 1975) has suggested that 

in some instances sporozoites may leave via holes formed by ruptures 

in the oocyst wall. Sinden further postulates that the sporozoites 

may penetrate the oocyst wall actively, perhaps orientating themselves 

to some biochemical gradient between the surrounding haemocoelomic 

fluid and the midgut epithelium of the mosquito. These openings have 
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also been reported by Strome and Beaudoin (1974) in the mature oocyst 

of P. berghei. As was demonstrated by the ultrastructural study (see 

Chapter 4) the sporozoites in mature oocysts have well developed 

rhoptries and it is possible that these organelles could secrete a 

substance(s) which would aid in the breakdown of the oocyst wall. 

Rosales-Ronquillo and Silverman (1974) have commented on the fact that 

ookinetes in vitro are capable of invaginating the membrane of 

erythrocytes, presumably by a secretion from the rhoptries. Thus, 

active penetration of the oocyst wall, as suggested by Sinden (1974) 

seems a likely possibility. To support this hypothesis, Beaudoin, 

Strome and Tubergen (1974) have, while studying the ectopic develop-

ment of P. berghei, noted infective sporozoites in the lumen of the 

gut and observed that, within the epithelial cells, the sporozoites, 

like the intraerythrocytic merozoite, lies within a well defined 

membrane limited parasitophorous vacuole. This is unlike the ookinete 

where no membrane is seen and the parasite is strictly intracyto-

plasmic (Garnham, Bird and Baker, 1962; Canning and Sinden, 1973). 

8.3. Passage through the haemocoele  

Sporozoites leaving the mature oocyst and entering the 

haemocoele have to avoid the mosquito's phagocytes and humoral 

responses if they are to progress unhindered to the salivary glands. 

Recently, Foley (1978) has demonstrated that A. stephensi possess 

haemocytes which are capable of interacting with the sporogonic stages 

of malaria parasites in vitro, although suggesting that in vivo, the 

mosquito's cellular defence mechanism is numerically overwhelmed by 

the parasite during its sojourn in the haemocoele. Foley points out 

that adult mosquitoes have only about 10,000 haemocytes which is about 
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the same as the number of sporozoites in a single oocyst (Pringle, 

1965). It is important however, to consider that, unlike laboratory 

transmissions where susceptible mosquitoes may become infected with 

hundreds of oocysts, in areas of hyperendemic P. falciparum malaria, 

the oocyst rate rarely exceeds five per mosquito (Bray, pers. comm.). 

Thus, haemocytes may be of some importance in regulating natural 

transmission. There is also some evidence to suggest that haemocytes 

can interact with sporozoites even before the sporozoites have 

reached the haemocoele. Sinden (1978) has observed a number of 

P. vivax sporozoites inside a cell, tentatively identified as a 

haemocyte, within the midgut epithelium of an infected mosquito. 

The immune response of insects is poorly understood and in the 

past has been little investigated (see Weathersby, 1975 and Lackie, 

1980). It is thought however, that no immunity to repeated infection 

with malaria occurs in mosquitoes as Sergent (1940) showed that 

C. pipiens which had been infected up to four months earlier were 

completely susceptible to new infections of P. relictum and observed 

that oocysts of three different ages were capable of developing 

normally at the same time. Similar experimental results were obtained 

by Garnham (1955)  with P. gallinaceum and A. aegypti var. 

queenlandensis. 

Recently, much interest has been shown in invertebrate immunity 

and the humoral factors which have attracted most attention are the 

haemagglutinins, so-called because of their ability to agglutinate 

vertebrate erythrocytes by having receptors specific for certain 

carbohydrate residues (Sharon and Lis, 1972;  Lis and Sharon, 1973; 

Nicolson, 1974). Lackie (1980) has suggested that molecules 
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containing such specific binding sites could become involved with the 

organisms system of defence and come to be incorporated as 

"recognition molecules" in the immune system. Amirante and Mazzali 

(1978) have been able to demonstrate a direct interaction between 

haemocytes of the cockroach Leucophaea maderae and agglutinins for 

rabbit erythrocytes. These authors have found that agglutinins are 

present on the cell surface and in the cytoplasm of granulocytes and 

spherule cells. They further suggest that, as well as being membrane 

bound, agglutinins are released into the haemolymph. Further evidence 

for the involvement of agglutinins in the response of invertebrates 

to foreign material has come from the work of Hardy, Fletcher and 

Olafsen (1977) who have found that exposure of oysters to bacteria 

stimulated an increased titre of agglutinins and subsequently 

demonstrated the opsonic effect of purified agglutinins on the 

phagocytosis of bacteria. In Chapter 6, it was demonstrated that 

P. gallinaceum sporozoites do not bind concanavalin A and carbohydrate 

residues, similar or identical to OC-D-mannose andoC-D-glucose are 

absent or in very low concentrations at the cell surface. Although 

concanavalin A is of plant origin, it establishes a molecular link 

between vertebrate erythrocytes and haemocytes of the snail Helix  

pomatia (Renwrantz and Cheng, 1977) thus illustrating that non-native 

agglutinins may enhance adhesion between haemocytes and foreign 

biotic material. It is suggested, therefore, that the absence or 

inaccessibility of lectin-binding sites at the cell surface of 

malarial sporozoites would be advantageous for their survival in the 

mosquito host. By failing to react with agglutinins, the presumed 

mediators of the immune response, sporozoites would avoid surveillance 

from the phagocytes. 
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It is not known whether it is by chance that the haemocoelomic 

sporozoites reach the salivary glands or if a directional migration 

or chemotaxis is involved. If sporozoites do actively migrate through 

the haemocoele, they must be metabolising and using an energy source. 

Mack and Vanderberg (1978) used sporozoite motility as an indicator 

of energy production/consumption and found that salivary gland forms 

of P. berghei utilised glycolysis, the Kreb's cycle and convential 

electron transport through the cytochrome chain. These findings are 

consistent with previous histochemical work (Howells, Peters and 

Homewood, 1972)'and so it seems likely that sporozoites in the haemo-

coele use a similar pathway for their energy production as sporozoites 

leaving the mature oocyst are well equiped with cristate mitochondria 

(see Chapter 4). Probably nutrients. are absorbed by the sporozoites 

from the haemocoele in the same way that oocysts are believed to take 

up amino acids and sugars from the haemolymph of infected mosquitoes 

(Mack,,Samuels land Vanderberg, 1979a, 1979b). Whether this alteration 

in the composition of the haemolymphiefects.jthe functioning of 

haemocytes is unknown. 

Sporozoites that have left the oocyst are not only found in the 

salivary glands but also in the aorta, between the muscle fibres and 

even in the palps or legs (Garnham, 1966a) and perhaps as few as 2% 

reach the salivary glands (Shute, 1945). This evidence suggests that 

there is no chemotactic response involved in the migration of sporo-

zoites to the salivary glands. Thus it is probably the random move-

ment of the haemolymph which carries haemocoelomic sporozoites into 

the vicinity of the salivary glands. However, there may well be some 

electrostatic attraction between sporozoites and the salivary glands 
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and probably a specific cell surface receptor is involved in the 

invasive process. Sporozoites that do not reach the salivary glands 

usually quickly disappear (Huff, 1949), but small numbers may be 

found in organs other than the salivary glands for as long as 31 days 

after infection (Oelerich, 1967). 

8.4. Sporozoites in the salivary glands  

The entry and localisation of malarial sporozoites in the 

salivary glands of their mosquito hosts has recently been discussed 

(Sterling, Aikawa and Vanderberg, 1973; Sinden, 1978). Two 

important points are particularly relevant to the work described in 

this thesis. Sporozoites must invade the salivary gland cells very 

quickly, for this process has never been observed in numerous studies 

(e.g. Garnham et al., 1961; Sinden and Garnham, 1973; Sterling, 

Aikawa and Vanderberg, 1973). Also, sporozoites in the salivary gland 

show differences in the organisation of the rhoptry-microneme complex 

when compared with sporozoites from mature oocysts (see Chapter 4). 

In recent years it has become clear that sporozoites in salivary 

glands are very different from those in mature oocysts. Sporozoites 

of rodent and simian parasites are reported to have protective 

antigen(s) which are absent from oocyst forms (Vanderberg et al., 

1972), and although sporozoites do possess antigens common to blood 

stages these are not exposed on viable 1$316ftztxiiset and can only be 

detected when sporozoites have been air-dried and frozen prior to their 

interaction with immune sera (Nussenzweig, 1977). Vanderberg (1974) 

has described qualitative differences between the motility of oocyst 

and salivary gland sporozoites of P. berghei, but as Sinden (1978) 

has commented, "Yoeli's original description (1964) of movement of 

salivary gland sporozoites is very similar to that of Vanderberg's 
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oocyst form, suggesting that the motility of sporozoites may differ 

quantitatively rather than qualitatively between the—two forms". In 

addition to these reported changes in antigenicity and motility, 

earlier in this thesis differences in the electrophoretic mobility 

(Chapter 5) and infectivity (Chapter 7) were demonstrated. The 

changes in surface properties that were demonstrated by the free-flow 

electrophoretic investigations would account for the differences in 

antigenicity that are likely to exist for P. gallinaceum as well as 

for the differences in infectivity that do exist. A change in 

membrane structure may be related to the different receptors that are 

required for these two distinct phases of the life-cycle. Sporozoites 

leaving the mature oocyst must presumably have receptors for salivary 

gland cells. These appear to be different from those required for 

invasion of the macrophage as sporozoites from mature oocysts are 

10,000 times less infective to the vertebrate than those from salivary 

glands (see Chapter 7). In the salivary glands the structure of the 

membrane changes and new receptors are exposed. It seems clear then, 

from the results presented here together with those of other workers, 

that sporozoites in salivary glands undergo a structural and physiolo-

gical re-organisation: presumably the sporozoites are becoming adapted 

for survival in the vertebrate, although when these changes begin to 

take place is unknown. Although it may be suggested that penetration 

of the salivary gland cell is the trigger for this re-organisation there 

exists some circumstantial evidence to show that this may not be the 

case. Vanderberg (1975)  has suggested that the development of 

infectivity by the P. berghei sporozoite may be time, rather than site, 

dependant and it is possible that as soon as the sporozoites leave the 

mature oocyst they begin to change. Although in his paper Vanderberg 
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stressed that stmigent precautions were taken to prevent contamination 

of haemocoelomic sporozoites with those from accidentally disrupted 

oocysts and salivary glands, this possibility cannot be dismissed. 

So whether these changes in sporozoite biology occur in the haemocoele 

or after penetration of the salivary glands remains unresolved. One 

way to investigate this would be to examine the electrophoretic 

behaviour of sporozoites that had recently invaded the salivary 

glands to determine if they possess surface properties characteristic 

of oocyst or salivary gland populations. However, in the present 

study this was not possible as very large numbers of sporozoites were 

required for each experiment and when salivary glands are first 

infected, sporozoites are present only in small numbers. 

9.5. Inoculation into the vertebrate host  

Vanderberg (1977) has shown that very few sporozoites about 

1% of the total number in the salivary glands, are injected into the 

vertebrate when a mosquito takes a blood meal. In understanding the 

malarial infection it is crucial to know what happens to these sporo-

zoites once they have been inoculated. A. aegypti is a pool or 

capillary feeder (see Christophers, 1960) and Griffiths and Gordon 

(1952) have observed the feeding process of A. aegypti in tissues of 

live rodents and noticed that when the iffaae aēi was searching for blood, 

discharges of a clear fluid, evidently salivary gland secretion, took 

place into the tissue. Presumably sporozoites would be discharged 

with this and these would be the ones to initiate primary 	h1 

cytic development in the tissue macrophages. Other sporozoites 

presumably enter the blood vessils which remains infective for no 

longer than 30 minutes even after the inoculation of massive doses of 
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sporozoites (Coulston, Cantrell and Huff, 1945). Under natural 

conditions, sporozoites inoculated into the blood are found developing 

only in the macrophages of the spleen, although following the intra-

venous inoculation of large numbers of sporozoites the macrophages 

of the lung, liver and muscle may become infected (Coulston, Cantrell 

and Huff, 1945). 

An immediate problem the sporozoite has to encounter is the 

defence system of the host. In blood'flukes there is evidence that 

host serum proteins can become absorbed onto the surface so that the 

parasite is able to mimic its host antigenically and hence avoid 

rejection as foreign tissue (Smithers, Terry and Hockley,1968). 

Although there is no evidence of this phenomenom occuring with malarial 

sporozoites the possibility must be considered. Probably the best way 

for the sporozoite to avoid undue attention from the defence systems 

of the vertebrate would be if it were to gain intracellular entry 

very quickly and this is known to take no longer than 6 hours with 

P. gallinaceum (Huff and Coulston, 1944). However, sporozoites of 

Leucocytozoon dubreuli have been found in an impression smear of a 

robins liver 11 days after receiving sporozoites (Khan, Desser and 

Fallis, 1969), although it is not clear whether these were intra-

cellular or extracellular. 

Despite previous unsuccessful attempts (Bray, 1978) antibodies 

to sporozoites in areas of endemic malaria have now been demonstrated 

(Hardin et al., 1979)  although their role in protective immunity is 

not known. Immune sera is known to agglutinate P. knowlesi merozoites 

in vitro, the antibody apparently binding to the surface coat and this 

agglutination is thought to reduce erythrocyte invasion in vitro 
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(Miller, Aikawa and Dvorak, 1975). Butcher and Cohen (1972) however, 

hold a different view in that they believe that receptor sites are 

neutralised in vitro and this is the cause of reduced invasion in vivo. 

Probably both mechanisms occur and although agglutination of malarial 

sporozoites has been described (Russell, Mulligan and Mohan, 1941), 

and antibody is known to bind to the surface membrane of sporozoites 

in vitro, it is not known whether these events have any importance 

in vivo. 

Recently, Strome, De Santis and Beaudoin (1979) in their 

discussion of the culture of the exoerythrocytic forms of P. berghei, 

consider that, "the ability of sporozoites to invade and develop in 

cells derived from tissues as widely divergent as embryonic rat brain 

and embryonic turkey brain demonstrates that the malarial parasite 

does not have the rigid requirements for a particular host cell". 

Although this may be the case in vitro, in vivo it most certainly is 

not: avian malarial sporozoites and young cryptozoites have never 

been observed in any other cells except macrophages and the 

exoerythrocytic schizonts of mammalian malaria have only been observed 

in liver parenchymal cells. Also, it should be considered that the 

complete development of the exoerythrocytic stages of P. berghei mai 

not have been successful because the choice of cell, and not the 

parasites growth requirements, were wrong. Moreover, Sinden and Smith 

(1980) have suggested that the low infectivity rates of sporozoites 

in vitro may in part be due to the use of the wrong cell which may 

lack specific surface ligands responsible for initial binding of the 

sporozoite. 
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9.6. Entry and survival of intracellular sporozoites  

The entry of Plasmodium merozoites into erythrocytes is well 

documented (Ladda, Aikawa and Sprinz, 1969; Bannister et al., 1975; 

Bannister, 1977; Dvorak et al., 1975; Miller, McAuliffe and Mason, 

1977; Miller et al., 1977, 1979; Aikawa et al., 1978) and in recent 

years there has been much interest in the mechanism by which a number 

of parasitic protozoa enter their host cells. Thus, Eimeria (see 

Long and Speer, 1977), Toxoplasma (Jones, Yeh and Hirsch, 1972; 

Lycke, Carlberg and Norry, 1975), Babesia (Rudzinska et al., 1975; 

Rudzinska, 1976) and Leucocytozoon (Wong, 1979) all appear to use much 

the same method. The invading organism attaches to the host cell, 

presumably by a specific receptor at the cell surface, and enters, 

apical end first, within an invagination of the host cell membrane. 

In some cases the parasitophorous vacuole membrane breaks down soon 

after entry and the membrane forming the vacuole is newly formed e.g. 

Toxoplasma (Lycke, Carlberg and Norry, 1975). 

It has been suggested by many authors that the rhoptries and 

micronemes consist of a complex sequence of interconnected organelles 

with secretory activities which are related to cell penetration (see 

Aikawa, 1971; Scholtyseck and Melhorn, 1970 and Sinden, 1978). 

Although the mechanism is unclear, it would seem that the rhoptry-

microneme complex secretes a surfactant substance(s) which alters the 

physico-chemical properties of the host cell membrane, thus allowing 

a stretching which is necessary if the membrane is to invaginate and 

surround the parasite (Bannister, 1977). However, McLaren et al. (1979) 
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in a freeze-fracture study on the interaction between P. knowlesi  

merozoites and erythrocytes have suggested that the increase in 

surface area of the invaginated host cell membrane is beyond the 

limits of simple membrane stretching and may involve the incorporation 

of material released from the merozoite. 

Recently, Aikawa et al. (1978) have examined the invasion of 

erythrocytes by malarial merozoites and have reported a moving junction 

between the erythrocyte and parasite. The area of the erythrocyte 

membrane to which the merozoite becomes attached thickens and forms 

a junction with the plasma membrane of the merozoite; as the merozoite 

enters, the junction moves to maintain its position at the orifice of 

the invagination. When entry is complete the junction becomes part 

of the parasitophorous vacuole. Although this appears to be a suitable 

model for the entry of merozoites into erythrocytes, it is possible 

that the entry of sporozoites into actively phagocytic macrophages, is 

different. 

Lyke, Carlberg and Norry (1975) have isolated a protein with 

membrane-active properties from the trophozoites of T. gondii. It' 

appears that this protein aids the invasive process by enhancing 

phagocytosis and it must be considered if a similar process enhances 

the invasion of macrophages by sporozoites. Griffin et al. (1975) 

and Griffin, Griffin and Silverstein (1976) have proposed that 

endocytosis of particles by macrophages involves specific attachment, 

which triggers uptake, followed by a process called "zippering" which 

results from the sequential and circumferential interaction of 

receptors on the macrophage's surface with ligands on the particles 

(parasite?) surface. These particle bound ligands form a template 

which guides the macrophage's plasma membrane over the particles 
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surface. Whether "zippering" is really a different process from 

invagination via a moving junction requires some clarification and 

which mechanism the malarial sporozoite uses remains unknown. 

However, it is evident from the results presented in Chapter 7, that 

trypsin sensitive components of the cell surface membrane of 

P. gallinaceum sporozoites are necessary for the invasion process. 

Once inside in a macrophage, presumably in a parasitophorous 

vacuole, the developing sporozoite must be able to avoid destruction 

by the lysosomal enzymes of the host cell. Mechanisms which enable 

parasites of macrophages to survive and multiply in their host cells 

include an absence of lysosomal fusion e.g. T. gondii (Jones and 

Hirsch, 1972) and Mycobacterium tuberculosis (Armstrong and Hart, 1971); 

resistance to lysosomal enzymes e.g. Leishmania (Alexander and 

Vickerman, 1975; Chang and Dwyer, 1976, 1978) and Mycobacterium  

lepraemurium (Draper and Rees, 1970); and escape from the parasito-

phorous vacuole into the cytoplasm of the host cell e.g. T. cruzi 

(Dvorak and Hyde, 1973; Milder and Kloetzel, 1980). However, 

speculation as to which mechanism the developing cryptozoites of 

P. gallinaceum employs must await the development of a satisfactory 

technique for its in vitro culture. 

9.7. Summary 

This thesis has described an investigation into the development 

of the P. gallinaceum sporozoite. 

Although with the light microscope, sporozoites from mature 

oocysts and salivary glands were indistinguishable, changes were observed 

in their ultrastructure which resulted in a proliferation of the micro-

nemes and a loss of the rhoptries in the salivary gland forms. 
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In addition to the changes in morphology and cell surface 

properties, sporozoites in salivary glands were found to be 10,000 

times more infective than those in mature oocysts and their infectivity 

dependant upon trypsin-sensitive components at the cell surface. 

Finally, the difficulties of culturing cryptozoites, from sporo-

zoites in vitro, were discussed. 

Although these results have demonstrated that changes take place 

in the physiological and structural organisation of sporozoites as they 

progress from the mature oocyst to the salivary glands, further work 

is needed, not only to discover where and when these changes take place, 

and what triggers them, but also to determine how the sporozoite reaches 

and penetrates the cells of the salivary glands. Also, there is 

clearly a need for new and efficient methods of isolating infective 

salivary gland sporozoites from infected mosquitoes, to allow more 

detailed biochemical and immunological investigations of the cell 

surface. Finally, the mechanism of the entry of malarial sporozoites 

into cells of the vertebrate, the initiation of exoerythrocytic 

schizogony and, in avian malaria, the avoidance of the digestive 

activities of the host cell, are unknown. They seem set to remain so 

until such time that a suitable tissue culture system is established 

that will allow the elucidation of the early stages of the malarial 

infection. 
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APPENDIX 1 

1. Cryopreservation of erythrocytic parasites  

1.1. Cryoprotectant  

20% glycerol in PBS (Appendix 2). 

1.2. Procedure  

Blood from a rising parasitaemia of a sporozoite-induced 

infection was obtained in a syringe (wetted with heparin, 5,000 

units/ml) from the jugular vein of the infected bird, mixed 1:1 

with the cryoprotectant and left for 30 minutes at room temperature 

to equilibriate. The mixture was then divided into 1.0 ml portions, 

dispensed into small plastic ampoules and held in liquid nitrogen 

vapour for 1 hour before storage in cans submerged in liquid nitrogen. 

For subsequent inoculations, ampoules were removed from the 

liquid nitrogen and held under running tap water until liquifaction 

was complete. 
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APPENDIX 2 

2. Phosphate buffers  

2.1. Phosphate buffer for Giemsa staining 

Na2HPO4  (anhydrous) 

KH2PO4  (anhydrous) 

Distilled water 

3.0g 

0.6g 

up to 1 litre 

2.2. M/15 phosphate buffer (Sorrenson's) pH 7.4 

M/15 KH2PO4  

M/15 Na 2HPO4  

19.6m1 

80.4ml 

2.3. 	Phosphate buffer (Dulbecco's) pH 7.4 

CaC12  (anhydrous) 0.1g 

KCl 0.2g 

KH2PO4  0.2g 

MgC12.6H20 0.1g 

NaCl 8.0g 

Na2HPO4.2H20 1.15g 
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APPENDIX 3  

3. Solutions for the Feulgen reaction  

3.1. Schiff's reagent  

2.5g of basic fuchsin was dissolved in 500 ml of boiling, 

distilled water. The mixture was allowed to cool to 52°C, filtered, 

and 50 ml of IN HCl was added. When cooled to 25°C, 2.5g of Na2S205  

was added and the solution put in a refrigerator over-night. The 

next day the solution was shaken with 5g of activated charcoal before 

being filtered, stored in the dark at 4°C, and kept not longer than 
2 weeks. 

3.2. Bisulphite rinse  

Always to be made fresh 

10% Na2S205  

IN HCl 

Distilled water 

10 ml 

10 ml 

200 ml 
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APPENDIX 4  

Tissue culture medium used for the growth of 

exoerythrocytic schizonts of P. berghei* 

ml 

1. Diploid growth medium 

Medium 199 with L-glutamine + Hank's salts 	50 

Basal Medium Eagle (BME) without 

L-glutamine with 1% sodium 

bicarbonate (7.5%) 	 50  

L-glutamine, 200 mM solution 	 0.5 

Foetal calf serum 	 10 

Nonessential amino acids 100X 	 1.0. 

Penicillin (5,000 units/ml)-streptomycin (5,000 

}ig/ml/solution 	 1.0 

Folinic acid 10-5  M 	 1.0 

2. Mouse liver medium 

Diploid growth medium (as above) 	 100 

Basal medium Eagle vitamins 100X 	 1.0 

Nonessential amino acids 100X 	 2.0 

Minimum essential medium amino acids 100X 	2.0 

Sodium pyruvate 100 mM solution . 	 1.0 

Insulin 400 units/ml 	 0.25 

Penicillin (5,000 units/ml)-streptomycin (5,000 

µg/ml) solution 	 1.0 

Sodium bicarbonate 7.5% wt/vol aqueous solution 	3.0 

* from Strome, De Santis and Beaudoin (1979). 


