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The objective of this project was to investigate the origin of inliibition of growth of 

trypanosomes in chronic infections as demonstrated by Turner et al ( 1996). In order to do 

so the following strategies were employed; adoptive transfer of splenocytes from 

chronicaUy-infected to uninfected mice, inhibition of inducible nitric oxide (NO) synthase 

activity in vivo followed by infection with Trypanosoma brucei and infection of mice 

lacking inducible NO synthase activity.

The origin of growth inhibition was investigated using spleen cell transfer assays with a 

view to determining whether a putative inhibitory factor might be of parasite or of host 

origin. In iixadiated recipients, spleen cells from tryp ano some-hifected donors caused 

inhibition of growth of subsequent infections but this observation was unreliable in repeat 

experiments. Inability to display a clear trend may have been due to resident macrophages 

of the recipient immime system being present and active in recipient mice following 

UTadiation. Any effect upon growth of trypanosomes exerted by transfened macrophages 

in vzvo might perhaps have been masked in recipient mice by resident macrophages, 

hr view of the dearth of literature regarding the actions of macrophage-produced NO upon 

the growth and survival of trypanosomes, the possible involvement of NO in the 

phenomenon of growth inhibition was investigated. The production of NO was showir to 

be increased upon infection with Trypanosoma brucei, but to an extent lower by several 

orders of magnitude than that demonstrated previously. This was concluded to be due to 

procedur al inaccuracies in the work of others. Inhibition of inducible NO synthase activity 

was found to be without clear effect upon the growth rate of acute-phase trypanosome
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infections or inhibition of growth of trypanosomes in chronic infection. A trend toward 

reduction in growth inhibition was demonstrated in mice which had received the iNOS 

hiliibitor L-NAME but this observation was not repeatable. Tire use of mice genetically 

manipulated to lack inducible NO synthase activity also failed to demonstrate any effect of 

NO upon growth inliibition in chronic infections. A reason for my failure to demonstrate a 

role for NO hi regulation of trypanosome growth could be that L-NAME treatment of 

mice and iNOS gene deletion were found to be ineffective in achieving a state of 

significantly reduced NO synthase activity in mice. Hence, whilst tliere was a failure to 

demonstrate a role for NO in gr owth inhibition, a lack of involvement for NO was not 

demonstrated either.
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1. General Introduction

1.1 Disease and Species

African Trypanosomiasis, a disease of both humans and animals, has maintained a strangle

hold on development in Africa throughout this century, hi hvestock, infection causes 

nagana, characterised by slow growth, weight loss, poor milk yield, infertility, abortion 

and impaired ability to work as draft and transport animals, hi humans the disease is 

known as Sleeping Sickness and, if untreated, is generally fatal. African tiypanosomes are 

also harboured by animals indigenous to Africa but with no apparent ill afreets. Reseivoir 

hosts of trypanosomes such as these support a constant population of the parasite which is 

readily transfeiTed to domestic animals and humans (Vickerman 1993 et al).

The disease occurs in 36 African countries between the latitudes of 14° North and 29° 

South. Some 50 miUion people are at risk of infection with 25 000 new cases reported 

aimually although this is thought to be an underestimate (Kuzoe 1993). The tsetse fly 

vector infests 11 million km  ̂south of the Sahara (Vickeiman 1993 et al). The history of 

African Tiypanosomiasis is characterised by epidemics, periods of low endemicity 

followed by resmgence and outbreaks. The disease was brought partially under control in 

the 1950s in West and Central Africa, however following independence of most African 

countries sleeping sickness has retmned due to failure by national health authorities to give 

the disease adequate priority, lack of adequate resources, pohtical and civil mirest.
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Recrudescence of old foci and geographical spread have been reported in recent years in 

Cameroon, Chad, Congo and the Republic of Central Africa (WHO 1990). A potential 

risk of a major epidemic in the near future is beheved to exist in Zane where 10 000 cases 

have been reported annually and external technical and financial aid has been withdrawn 

(Kuzoe 1993).

Control o f African trypanosomiasis falls broadly into three main approaches; disease 

management through dnigs and/or vaccination, use of tiypanotolerant cattle and vector 

(tsetse fry) control. Tiypanosomiasis in cattle and humans can be readily treated using 

drugs. In the case of cattle, whilst trypanocidal dmgs are cost-effective, resistance to 

dmgs in certain countries has become a significant problem (Banett 1997). Drug 

treatment of human tiypanosomiasis has met with moderate success and wiU be discussed 

in more detail later. Extensive efforts have been invested in the search for a vaccme for 

tiypanosomiasis but httle success has been experienced due to the number of different 

serodemes present and the occurrence of antigenic variation (Vickeiman 1985). 

Tiypanotolerant breeds of cattle exist in certain parts of Africa and are suited to areas of 

low to medium prevalence. Productivity is lost, however, as the animals are subject to 

clu onic infection and may succumb to the disease under high challenge. Control of tsetse 

flies has been employed in the past with considerable success. Spraying infested areas with 

pesticides is cost effective and has proved to be less objectionable than the previously 

employed strategy of shooting wild animals, which represented réservon s of the parasite, 

in belts around hvestock production areas. A major advance in the fight to control tsetse 

flies has been the apphcation of bait technology whereby tsetse are lured to five or artificial
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bait in order to kill or sterilise them. Tliis technique has been shown to be cost competitive 

with other techniques (Barrett 1997) and effective in reducing epidemiological risk to 

humans hving in endemic areas (Laveissiere et al 1994). Control of the vector, whilst an 

effective method of combating the disease, is reliant upon substantial resources from 

national health authorities, pohtical and civil stability and in the case of trapping of tsetse, 

consistent contribution of labour by farmers in control areas.

Trypanosoma species that infect man belong to the fbflowing species; Trypanosoma 

brucei, T.cruzi and T.rangeli. The subspecies T.b.rhodesiense and T.b.gambieme are 

transmitted by Glossina morsitans and G. palpalis respectively, both commonly known as 

the tsetse fry, and cause sleeping sickness in East Africa and Western and Central parts of 

equatorial Africa respectively. T.cruzi, transmitted by the reduvid bugs of the genera 

Triatoma, Panstrongylus and RJ-iodnius, is the causative agent of Chagas’ disease in 

Central and South America. T.rangeli also occurs in South and Central America (Zaman 

and Keong 1990).

T.congolense and T.vivax and the subspecies, T.b.brucei, are parasites of native antelopes 

and other African ruminants and cause nagana in non-indigenous hvestock including pigs, 

sheep, goats, oxen, horses, camels, dogs, donkeys and mules. Humans are not 

susceptible. These species are ah transmitted by Glossina fries, hi areas outside of the 

tsetse belt T.evansi can be an important pathogen of camels, horses and cattle. It is 

mechanically transmitted by tabanid fries. T. equiperdum affects horses and is transmitted 

venereafly (Vickerman et al 1993).
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1.2 Life Cycle and Cell Cycle

Infection with Trypanosoma briicei occurs when an infected tsetse fly feeds upon the blood 

of an uninfected host and trypanosomes enter the host in the sahva of the fly. Only the 

metacyclic stage is able to initiate infection. Infection is characterised by undulating 

parasitaemias consisting of a phase of increasing parasite numbers due to multiplication of 

slender foims and remission due to immune clearance of parasites flom the blood. T. bnicei 

has two moiphologically distmct forms in the blood; long slender foims capable of 

multiphcation and shorter stumpy foims which do not midergo division. Both foims are 

covered by a variant surface glycoprotein (VSG) coat.

Long slender tiypanosomes exhibit an elongated nucleus, a nan ow and elongated 

posterior end, a kinetoplast distal flom the posterior end and a long flee flagellum (Wijers 

1960). This foim of tiypanosome metabohses glucose in the blood of the host and excretes 

pymvate. Mitochondrial enzyme activity is repressed and mitochondria lack cristae in this 

foim of the parasite (Vickeiman 1985).

Stumpy foims of tiypanosomes have a nucleus which is either oval or round. The posterior 

end is blunt or pointed to one side, the kinetoplast either terminal or subterminal and the 

tiypanosome considerably broader than slender forms. Cytoplasm is often visible between 

the nucleus and the plasma membrane. A free flagellum is nearly always absent (Wijers 

1960). As slender forms transform into stumpies the mitochondria swell and develop 

tubular cristae concomitant with the acquisition of proline and a-ketoglutarate

17
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oxidase activity. Tliese changes herald the switch to amino acid (mainly proline) based 

energy metabolism that occurs in the fly gut, diagram.1 (Vickeiman 1985).

Slender forms give rise to an increasmg parasitaemia composed predominantly of parasites 

with identical VSG surface coats. As parasite numbers increase in the blood, slender 

foims undergo moiphological change into first intermediate forms with characteristics of 

both foims then into the short stumpy forms. Stumpy forms are more resistant to immime 

killing than slender foims and hence constitute the major proportion o f the parasites when 

parasite numbers are decreasing. Slender forms, when ingested by a feeding tsetse fly, 

rapidly die in the fly gut due to lack of glucose. Stumpy foims survive however and 

imdergo changes to become procychc, Diagiam 1. The VSG coat is lost upon 

transfoimation to procyclic foims (Baiiy and Vickerman 1979, Turner et al 1988). 

Pi'ocychcs divide by binary fission and establish an infection in the tsetse midgut. They 

give rise to proventricular forms that are responsible for migration to the salivary glands of 

the fly. Here, the non-dividing proventricular forms transform to multiplicative 

ephnastigote forma which are attached to the sahvary epithehum by the flagellum The 

epimastigotes differentiate via the premetacycHc and nascent metacychc forms, both of 

which are attached by the flagellum to the epithehum, into the non-dividing mature 

metacychc try^iomastigote. At this point tiyiiomastigotes re-aquhe VSG coats.

Metacychcs are released fiom the epithehum to swim fi*ee in the sahva and are injected into 

the host in tsetse sahva upon feeding (Vickerman et al 1993, Vickeiman 1985, Zaman and 

Keong 1990).
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Tiypanosomes replicate by binary fission. The cell cycle of tiypanosomes is unusual in 

that, in common with other kinetoplastids, the trypanosome cell has three single-copy 

organelles; the nucleus, the kinetoplast and a flagellum anchored to the basal body, the 

replication o f wliich must be co-ordinated. Each organelle must be replicated once and 

once only before segregation into daughter cells. Wlihst diploid chromosomes in the 

nucleus segr egate faithfiiUy, as does the DNA in the kinetoplast, nuclear iiiteimediate and 

minichi’omosomes do not (Tait and Turner 1990). Study of cell cycle events to date has 

been confined to procyclic forms of T. bnicei maintained in vitro. Several features of the 

tiypanosome cell cycle have been established. Whilst rephcation of the basal body and 

initiation of the DNA synthesis phase (S phase) for the nucleus and kinetoplast all coincide, 

timing of termination of this phase differs between the nucleus and kinetoplast. Timing of 

nuclear mitosis and kinetoplast division also differs. It has been shown that there is an 

extended phase of post mitotic cytokinesis (Shei-win and Gull 1989, Woodward and Gull 

1990). Kinetoplast division has been shown to occiu at the same time, or after mitosis in 

different species of trypanosomatid (Simpson 1972). After rephcation has been achieved, 

organelles imdergo migration to span a division ftiiTOw initiated at the anterior end of the 

ceh wliich then sphts longitudinally into two daughter cells (Shei-win and Gull 1989).

Migr ation of organelles is mediated by microtubules (Matthews et al 1995, Robinson et al 

1995). Metacychc and stumpy cehs do not undergo rephcation and are befieved to be 

aiTested in Go of the ceh cycle (Shapiro et al 1984).
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1.3 Course of Infection, Pathology and Drug Treatment

Infection of the mammahan host occurs when the bite of an infected fly deposits metacyclic 

tiypanosomes in dermal connective tissue. After about three days a local inflammatory 

reaction occurs in the skin - the chancre. The chancre development peaks by day six post 

infection and then subsides. From the chancre tiypanosomes enter the draining lymphatic 

iuid then the bloodstream. Trypanosomes appear in the lymph prior to macroscopic 

development o f the chancre (Bairy and Emeiy 1984). Metacychc trypanosomes undergo 

morphological change to emerge as elongate rephcative forms characteristic of the 

bloodstream stage of the hfe cycle, T.brucei may secondarily escape the bloodstream and 

enter the tissues to multiply in the tissue fluid, hi chronic infections of T.brucei 

tryiianosomes invade the brain and cerebrospinal fluid (Vickeiman 1993 et al) and parasites 

hr this location have been imphcated as a source of relapsing infection fohowing 

chemotherapy (Jennings et al 1979, Poltera 1985).

The hterature documenting the pathology of African trypanosomiasis, caused by T.brucei^ 

is extensive and is comphcated by the nature of many of the pubhcations in dealing with 

only one aspect of the disease. Pathology wiU here be described in a sequential manner 

foUowhig infection. Upon infection by infected fly bite a chancre develops at the bite site. 

Chancres are characterised by marked oedema and intense cellular infiltration with 

prohferating endothelial cells, fibroblasts and trypanosomes (Poltera 1985).

Trypanosomes may leave the chancre to enter the systemic circulation either by direct 

migration by dermal venules or via the lymphatic system and the thoracic duct (Ssenyonga
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and Adam 1975). Changes in the lymph nodes include follicular hyperplasia, sinus 

histiocytosis, perivascular mononuclear hifiltration, reduction in lymph cell population and 

partial obstruction of lymph flow (Poltera 1980). Anaemia is often observed in humans 

during infection and is thought to be due to formation of immune complexes followed by 

complement mediated haemolysis (Woodruff et al 1973). More recently anaemia has been 

postulated to be due to impaired eiythropoeisis in the bone manow (Mabbot and Sternberg 

1995). Non-specific proliferation of B cells, and subsequent hypergammaglobulinaemia, 

is a dominant pathological event in the blood (Greenwood and Whittle 1980, Lambert et 

al 1981) and wül be discussed in more detail in the context of immime dysfunction in a 

later section. Platelets have been shown to have a reduced hfe span (Robms-Browne et al 

1975) and thiombocytopenia results. Immune complexes lead to oedema, inflammation 

and hypotension. Hypocomplementaemia and low C3 levels indicate activation of the 

complement system (Greenwood and Whittle 1980, Lambert et al 1981). Renal damage is 

thought to involve T cells and macrophages (Van Velthuysen et al 1994). Pancarditis has 

been described in man (Poltera et al 1976) and underhes clinically reported heart failure in 

sleeping sickness patients. Other pathological effects of the disease include dianhoea, 

hypoglycaemia, hepatosplenomegally, impotence, amenonhoea, extensive endocrine 

dysfunction (Reincke et al 1993) and, m late stage trypanosomiasis, CNS dysfunction. In 

late stage try[3anosomiasis, trypanosomes invade the CNS. Damage occurs to the blood- 

brain bairier with invasion of B cells, antibody formation and immime complexes in the 

cerebrospinal fluid (Greewood and Wliittle 1980, Lambert et al 1981) Clinically, 

symptoms range fi-om headache to psychiatric problems and coma. Meningoencephahtis m
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tiypanosomiasis is characterised by severe vascuhtis and, at a celiular level, destruction of 

neurones, microghal reaction, diffuse scattering of hiflammatory cells in the neuropil and 

foci of demyehnation (Poltera 1985).

There are cunently four dmgs available for the treatment of African trypanosomiasis in 

humans; effomithine, suramin, pentamidine and melarsoprol. The last three drugs have all 

been in use for more than 40 years. Dmg treatment of trypanosomiasis is comphcated due 

to poor dmg absoiption, toxic side effects and the emergence of dmg resistant strains of 

the parasite.

Smamin, the dmg of choice for early-stage trypanosomiasis, especiahy T.b. rhodesiense 

infections, is ineffective in late stages of infection due to its inabihty to cross the blood 

brahi bander, or indeed any hpid bilayer. Suramin is thought to enter the tryjianosome 

bound to semm proteins which are taken up by receptor mediated endocytosis (Wang

1995). The mechanism by which suramin exerts its antitiypanosomal activity is as yet 

unknown. Although suramin is a potent inhibitor of ah the glycolytic enzymes in T. brucei 

(Wüson et al 1993), it is unlikely that this action is responsible for suramin’s trypanocidal 

activity as these enzymes are ah confined to glycosomes and hence inaccessible to suramin. 

The genes encoding these enzymes are located in the nucleus, hence the enzymes are 

synthesised and transported to the glycosome without any proteolytic modification (Hart et 

al 1987). It has been suggested that suramin may bind to these enzymes in the cytoplasm 

and interfere with their import to the glycosome, hence causing a thne dependent
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reduction in their concentration (Wang 1995). In 70 years of treating trypanosomiasis 

tryp ano somal resistance to suramin has not posed a serious problem.

Pentamidine, hitroduced in 1937, is effective against early stage T. bnicei gambieiise hxil 

drug resistance has arisen in some strains of tiypanosome (Kuzoe 1993). Its mechanism of 

antitiyp ano somal action is unknown. Possibilities include binding to nucleic acids 

(reviewed by Wang 1995) and disruption of kinetoplast DNA (reviewed by Newton 1974). 

Melarsoprol was until 1990 the only dmg capable of treating late stage T. b. gambieme 

and T. b. rhodesiense infections. It is argued to exert its antitiyp ano somal effect by 

inhibiting several glycolytic enzymes (Wang 1995). Melarsoprol has two major problems 

associated with its use. Potentially fatal reactive encephalopathy occurs in 5 - 10% of 

patients treated and resistance has developed to melarsoprol in both T. b. gambiense and 

T. b. rhodesiense (Wang 1995).

Efiomithine, a relatively new dmg introduced in 1990, is effective against early and late 

stage T. bnicei gambiense infections. It is a potent suicide iuliibhor of ornithine 

decarboxylase, the key enzyme in the pathway leading to biosynthesis of polyamines. 

Efloniithine (DFMO) is a relatively safe dmg but has a low efficacy and short dmation of 

action. It is also ineffective against T.brucei rhodesiense infections (Wang 1995). Wliilst 

there have been no chnical reports to date of trypanosome resistance to DFMO, some 

isolates o ï T.b.rhodesiense which had never been exposed to DFMO were found to exhibit 

imiate resistance to the dmg (Bales et al 1989).
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1.4. Trypanosome Immunology

Tlie cellular immune response to infection appears rapidly in the form of the chancre which 

is caused not only by proliferating tiy|ianosomes but also by an inflammatoiy immime 

response. Lymphocyte output from the chancre has been shown to increase 6 - 8  fold over 

normal levels by day 10 of infection with the number of blastocysts greatly increased (Barry 

and Emeiy 1984). Systemic immune responses to tiypanosomes occur later and are 

responsible for the clearance of tiypanosomes from the blood.

Tiyiianosomes are killed by antibody mediated lysis. Tlie main antibody subclass 

responsible is IgM which is produced by activated B cells, (Seed 1977, Crowe et al

1984). Specific IgM antibody is produced rapidly in response to the appearance of 

tiypanosomes in the blood. Specific IgM agglutinates tiypanosomes and activates the 

alternative pathway of complement resulting in lysis of the tiyqianosomes (Flemrnings and 

Diggs 1978, Fen ante and Alhson 1983). Agglutinating activity has also been 

demonstrated in the IgG fr action of the serum of infected rabbits. This activity occur s later 

in infection and at a lower level than does agglutinating activity in the IgM fr action (Seed 

et al 1969). IgM has been shown to have gi’eater agglutmatmg and, in the presence of 

complement, greater neutrahsing activity than IgG (Seed 1977).

Tiyiranosomes are also cleared from the chculation by antibody mediated cellular 

cytotoxicity. T lyp ano some- sp ecific antibodies bind to and opsonise the parasites leading 

to phagocytosis by Kupffer cells in the fiver and by splenic macrophages (MacAskrll et al 

1980, 1981). Indeed the resistance of mice to infection with trypanosomes has been
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shown, to be increased non-specifically by treatment with immunostimulants such as 

Propionihacterhim acries (Black et al 1989) and the uptake of trypanosomes to be 

increased by treatment with either P.acnes ( -  Corynebacterium parvtim) or 

Mycobacterium bovis (MacAskil et al 1980), which activate the mononuclear phagocyte 

system. An illustration of the significance of this mechanism for clearance of parasites is 

provided by work by RuranguAva et al (1986) showhig the phagocytic system of the 

trypanosome resistant Wildebeest {Connochaetes taurinns) to be superior to that of 

tiypanosome susceptible cattle.

The multiphasic nature of tiypanosome parasitaemias (Baiiy and Turner 1991) is due to 

two characteristics of the tiypanosome. Fhstly slender foims of trypanosomes have been 

demonstrated to be more susceptible to killing by antibody mediated complement 

dependent lysis than stumpy foims (McLintock et al 1993). Secondly, more importantly, 

trypanosomes undergo antigenic variation.

Each tiypanosome ceh is completely enwrapped in a surface coat that provides a physical 

bailler protecting the plasma membrane fiom attack by large molecules of the immune 

response such as immunoglobin and C3b. This surface coat consists of a monomolecular 

layer of a single species of glycoprotehi, the VSG which is expressed at high copy number, 

greater than 10̂  molecules per ceh. There are more than 1000 different VSGs that can be 

expressed and these are ah antigenicahy distinct; i.e. each VSG is a different variable 

antigen type (VAT).

Dmlng the course of an infection, VATs are expressed in a ' semi-predictable’ ordered 

sequence. As a sub-population of trypanosomes expressing a particular VAT gives rise to
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patency and predominates an infection, VAT-specific immune responses are generated but 

in the time interval between immime recognition and Idlhng, antigenic variation towards 

expression of new VATs, as yet umecognised by the immune system, whl have occurred 

causing prolongation of infection (Vickerman et al 1993). In tsetse transmitted infections, 

several VATs can be detected at any particular time point in an infection, thougli not with 

identical prevalence (Seed and Effi’on 1973, Turner et al 1986). After syringe-passaging 

and re cloning however, tiypanosome populations homogeneously ex[3iess a single VAT. 

Although this laboratory artifact is biologically um’cahstic in teims of the antigenic 

challenge it presents to the host, it is a veiy useful experimental simplification that has 

considerably aided om’ understanding of antigenic variation (Turner 1990).

Antigenic variation is thought to occm in a liierarchical fashion with some VSGs appearing 

earher in infection than others. This hierarchy is beheved to occur in a divergent manner 

whereby one VAT can switch to any of a few different VSGs (Bany and Turner 1991).

The VSGs are encoded by over 1000 genes.

The differential activation of the different genes is achieved by five mechanisms. Formation 

of Expression Linked Copies (ELC) by gene conversion, in which the gene to be activated 

is copied into a Bloodstream Expression Site (B-ES) and replaces the ELC already present 

in the B-ES, is thought to be the most important mechanism for antigenic variation. 

Telomeric conversion is a process whereby telomeric genes are duplicated fiom non- 

homologous chromosomes into a B-ES and may be the main route for activation of 

minichiomosomal genes. The tlfird mechanism, wliich is the switching off of one B-ES at 

the promoter and switching on of another, is thought to be capable of activating only a
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limited number of VSG genes but may predominate in the very early stages of infection. 

Two additional mechanisms include reciprocal recombhiation of VSG genes from one 

chromosome to another and, rarely, assembly of mosaic ELCs containing pieces of 

defective genes whose encoded epitopes have presumably not been e?q)erienced by the 

host. This last mechanism is only seen in advanced infections when there is considerable 

selective pressure for new VSG variants (Bany 1997).

The involvement of T cells in the immime response to tiypanosomes infections has been 

suggested by several studies upon the course of infection in tlie absence of different subsets 

of T cells. Reduced parasitaemia and increased suivival in congenitally athymic mice over 

heterozygous litter mates would suggest that resistance to T.rhodesiense infection is 

relatively independent of T ceh function (Campbeh et al 1978). hi contrast, 

reconstitution studies of chimeric mice (De Gee and Mansfield 1984), the absence of a 

conelation between abihty to control infection and antibody titre (De Gee et al 1988) and 

direct cloning of VAT-specific T ceh Hues fr om tiypanosome-infected mice (Schleiffer et al 

1993) ah suggest that resistance to infection is at least partly T ceh dependent. Human T 

cehs have been shown to proliferate in response to exposme to T.b.rhodesiense. Tliese 

cehs display enhanced helper ceh activity, but no suppresser activities, during mitogen 

induced antibody synthesis (Selkirk et al 1983). This would suggest a possible role for T 

cehs in induction of the hypergammaglobulinaemia characteristic of infection with'Afiican 

trypanosomes.

28



More recently T cells have been found to have a pro-trypanosomal activity as indicated by 

their interactions with T. b. bnicei in mice. Increased resistance to T. b. bnicei in mice in 

wliich CDS and CD4 molecules had been deleted (Rottenberg et al 1993) and reduced 

growth of T. b. bnicei in rats with CD8^ cells depleted (Bakliiet et al 1990) would 

suggest that CD8̂  and to a lesser degiee CD4^ cell activities may promote parasite growth. 

Rat mononuclear cells (MNC) have been shown to release IFNy in a CDS’*" T cell 

dependent manner in response to T. b. bnicei (Bakhiet et al 1990, Olsson et al 1991). 

Depletion of CDS '" cells in vitro results hi reduction of IFNy production and a reduction in 

parasite growth (Bakhiet et al 1990). However CD8^ T cells are not thought to have any 

effect upon control of tiypanosomiasis in natural hosts (Sileghem and Naessens 1995).

The effects of INFy upon tiypanosome giowth wiU be discussed in depth in a later section.

Macrophages are capable of phagocytosing tiyjianosomes in the presence of VAT specific 

antibodies (McAskill et al 1981). They have also been imphcated hi the suppression of 

cellular immune responses described for tliis disease. Their role hi immunosuppression will 

be discussed later.

Comparisons of the mean suivival times of T. b. gambiense infected mice congenitally 

deficient for Natural Killer (NK) cells suggest that the presence ofNK cells maybe 

detrimental to the host although this has not been investigated in any depth (Jones and 

Hancock 1983).. In the same study mice deficient in macrophages displayed higher 

moitahty than those with an intact macrophage system suggesting that, whilst lack of
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macrophages does not significantly alter parasitaemia, an intact macrophage system is 

cmcial to sutvival o ï T.b.gambiense infection (Jones and Hancock 1983).

African trypanosomes evade the immune system by two separate and very effective 

strategies. The fiist of these is Antigemc Variation, a feature shared with malaria parasites 

(Brannan et al 1994). This mechanism has been discussed previously.

The second mechanism by which Afiican tiypanosomes evade the immune response is by 

inducing a generahsed immunosuppression. Humoral and cellular immune responses are 

depressed to both tiy%ianosomes and to organisms of secondaiy infections. It is often 

secondaiy infection that leads to death of the host (Askonas and Bancroft 1984). Upon 

infection a shoit-Hved enhancement of antibody fomiation precedes immune dysfimction. 

Although hypergammaglobulinaemia is characteristic of this disease and levels of IgM 

become raised, much oftliis antibody appears to be non-specific. Formation of specific 

antibody dechnes with production of specific IgG decihiing more rapidly than production 

of IgM (Hudson et al 1976, Sacks and Askonas 1980). Hence in chr onic hifections the 

host responds with low levels of specific IgM antibody. B lymphocytes isolated,fi’om 

hifected mice display an abherant phenotype including decreased levels of surface IgM and 

CD23 and increased levels of CD69 and 1-selectin. The activation response of B cehs early 

in infection precedes arrest in the ceh cycle at Gq/Ga (Sacco et al 1994).

Tlie degree of immunosuppression resulting from infection varies with the strain of 

trypanosome, stimulating speculation that immunosuppression may be a function of
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parasite vimleuce (Naiitulya et al 1982, Sacks et al 1980). An alternative explanation is 

that certain strains of tiyqianosomes are inherently more immmiogenic than others, 

(Nantulya et al 1982), leading to immunosuppression by competition for immune 

response: antigenic competition. Injection of trypanosome membrane fractions from 

strains of diffeiing virulence was found to result in greater depression of IgM antibody 

fomiation in the case of liighly virulent strains. Depression of IgG production was not 

found to be affected by the virulence of the infecting strain. These findings are liighly 

suggestive o f a role for parasite vimlence in detenninhig degree of hnmimosuppression. 

However increasmg the dose of membrane fraction was also found to increase the level of 

immmiosuppression suggesting that antigenic competition is also occuiring (Sacks et al 

1980). The involvement of antigenic competition has been further indicated by 

investigating the level of immune response to separate strains of tiypanosomes in mixed 

infections in mice. Mice were infected with two strains of diffeiing virulence. The immune 

response was found to be depressed to a greater extent in response to the less vimlent 

strain. The vhulent strain which proliferated more induced a greater immime response 

suggesting that the level of immune response exjieiienced is related to the amount of 

cnculating antibody. These findings are suggestive of immime depression being a function 

of antigenic competition (Nantulya et al 1982).

T cells exhibit an altered phenotype during infection. Suppresser T cells have been 

described since the late 1970s (Jayawardena et al 1978), however it is only recently that 

the mechanisms underlying the generation of these cell has been elucidated. Lymph node 

cells from mice infected with T.brucei have been shown to contain macrophage-hke cells
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which inliibit T cell IL-2 receptor expression (Silegham et al 1989). T cells cultured in the 

presence o ï T.b.rhodesiense exliibit reduced proliferation and reduced IL-2 receptor 

expression. T.b. rhodesiense releases a soluble factor responsible for both prevention o f f  

cells passing through the cell cycle and their altered phenotype (Sztein and Rierszenbaum 

1991). Although T cells become non-proliferative during infection CD8^ T cells also 

become hyimrsensitised to IFNy production. This occurs concuiTently with reduced 

prohferation and expression of the EL-2 receptor (Dagi et al 1993; 1996). Addition of 

neutrahsing anti IFNy antibodies reduces suppression of proliferative response and restores 

the level of IL-2 receptor expression. TNPa produced by macrophages is implicated in the 

hypeiproduction of IFNy by CD8^ T cells (Daiji et al 1996). This leads to the hypothesis 

that T ceh released IFNy generates macrophages of a suppresser phenoty})e which exert a 

suppressive effect upon T cehs, diagram 2.
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Diagram 2; Postulated mechanisms underlying the generation of T cells and

macrophages of a suppresser phenotype.

Macrophages undergo many changes in phenotype in infected animals. After first peak of 

infection macrophages have a reduced surface expression of mamiose, Fc and complement 

receptors. Release of H2O2 and plasminogen activating factor is increased. Surface la 

expression is increased by two thuds hi T. b. brucei infected mice (reviewed by Askonas

1985) but not in T.rhodesiense infected mice (Bagasra et al 1981). Macrophages fiom 

nonual mice release more prostacyclin than prostaglandin (PGE2), but in macrophages 

fiom infected mice this ratio of prostaglandin production is reversed (Askonas 1985).

Early in infection with T. b. brucei DL-1 and PGE2 production is increased. Later in
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infection no significant levels of prostaglandin production are detected (Askonas and 

Bancroft 1984).

Macrophages fi om infected mice reduce proliferation of T cells fi om iminfected mice both 

hi vivo and in viti'o (Borowy et al 1990). Macrophages transferred from mice exposed to 

inadiated T. b. brucei trypanosomes have been found to suppress T cell dependent 

antibody responses iti noiTnal mice in vivo suggesting an interference with T cell help to B 

cells (Grosskinsky and Askonas 1981). Tlie mechanism by wliich these macrophages exeit 

their suppressive effects upon T cells has received great interest m recent years. Silegliem 

et al (1989) discovered that macrophages induced reduction in IL-2 receptor exiiression 

caused by the release of prostaglandins. The involvement of nitric oxide hi the suppressive 

activities of macrophages has also been indicated by several workers in the field. Addition 

o f the L-arginine substrate analogue, L-NMMA, to cultures of macrophages reduced 

suppression of mitogen-induced proliferation of splenic leukocytes as did addition of red 

blood cells. Both of these interventions reduced the level of NO in culture. Nitrite 

production, as an indicator of NO production, conelated with suppresser macrophages 

activity (Mills 1991). NO hivolvement in suppression of T cell responses has been fiuther 

illustrated by inhibition studies (Sternberg and McGuigan 1992, Sclileifer and Mansfield 

1993, Mabbott e? fl/ 1995, Sternberg and Mabbott 1996). TNFa and IFNy are beheved 

to be requhed for induction of NO production by activated macrophages (Sclileifer and 

Mansfield 1993, Stemberg and Mabbott 1996).

34



1.5 Nitric Oxide

Nitric oxide (NO) is a small difilisable molecule produced by a wide variety of cells in the 

body. First described as Endothehal Derived Relaxmg Factor, NO has received intense 

interest in recent years.

NO is synthesised from a temiinal guarddino amino acid of L-arginine (Hibbs et al 1990) by 

the enzyme Nitric Oxide Synthase (NOS). Three isofoniis of NOS are currently known. 

One is constitutive, cytosoUc, Ca"^ /calmodulin dependent and once activated, by 

acetylcholine receptor activation, releases NO for only short periods of time. NO 

produced by this enzyme is responsible for a variety of functions including maintaining 

vascular homeostasis. The second iso form, activated by NMDA receptor activation, is 

Ca^^/calmoduhn dependent and is located on neurones. Tliis isoform is responsible for 

neurotransmission (Lowenstein and Snyder 1992). One other isofoim of NOS is induced 

hi a wide variety of cehs in response to cytokines and endotoxins. This induced isoform 

(iNOS) is cytosohc, Ca^  ̂independent and once activated, cehs synthesise NO for long 

periods of time. NO produced hi this way is a cytotoxic molecule for invading , 

microorganrsisms and tumour cehs (Moncada et al 1991). Inducible NO synthase activity 

has been demonstrated, dming endotoxaemia, hi cehs in almost every major organ in the 

body with the exception of the brain. Immime cehs with ÏNOS activity include 

macrophages, neutrophhs and granulocytes (Sato et al 1995). Widespread activation of

35



iNOS is thought to be responsible for the massive reduction of blood pressure and 

cardiovascular collapse of septic shock (Sato et al 1995, Marczin et al 1996).

NO is highly difhisable. NO released from a single point source for a period of 1 - 10 

seconds has a sphere of influence of 200jLim (Wood and Garthwaite 1994). In the context 

of a blood parasite such as T, bnicei, the most important endogenous inhibitor of NO 

activity is oxyhaemoglobin which is a well documented scavenger of fr ee NO (Goretski and 

HoUocher 1988, Lancaster 1994, Mabbott et al 1994, Jia et al 1996). As NO has a half 

life of 0.5 - 5 seconds, inactivation of NO has relatively minor effects on NOs actions as 

the rate of difrusiori is fast (Wood and Garthwaite 1994). Hence although NO is classicaUy 

considered to act hr a paracrine fashion iti vivo it diffuses to significant concentrations at 

distances relatively far removed from a shrgle point source of NO. Locahsed areas of 

vascularisation are capable of scavenging NO at distarrces many ceh diameters away fr om 

the point of release of NO (Lancaster 1994). This causes a paradox in that if haemoglobhi 

scavenges nitric oxide, how does NO exert it’s actions at a distance from it’s point of 

synthesis? One answer may come fr om recent work that has demonstrated the presence of 

nitrosothrols in the blood which are not scavenged by oxyhaemoglobin and have the same 

vasodhatory properties as free NO. Nitrosothrols could therefore be expected to dehver 

simhar NO-like cytotoxic properties in the presence of oxy-haemoglobin (Jia et al 1996).

Nitric oxide is released from rmmrme cehs in response to cytokine activation and contact 

with endotoxhis. It is one of the main cytotoxic molecules released by macrophages,
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neutrophils and granulocytes in response to INFy, TNFa and endotoxins and is part of the 

host defence agamst invading micro-organisms and tumour cells (Liew and Cox 1991, 

Abbas et al 1994). NO also has cytostatic activity. It is not yet clear how NO exerts it’s 

cytotoxic and cytostatic activities but one possibility is that it acts by reacting with iron 

groups in enzymes hr target cells (Drapier et al 1991, James 1995). This action is 

characterised by arr iron loss from enzymes such as NADH dehyrogenase and succinate 

dehydrogenase (Wharton et al 1988) and degradation of enzymes of the electron transport 

chahi (Liew and Cox 1991). hr addition, NO can react with super oxide arrions to form 

peroxynitrite anions which rapidly decay to release the liighly reactive hydroxyl radicals 

(James 1995).

NO has antiparasitic activities recorded in a wide variety of organisms. Macrophages kill 

Schistosoma mamoni lar-vae hr a NO-dependent mechanism (Liew and Cox 1991). 

Leishmania major are obhgate intracellular parasites of macrophages. NO has been 

imphcated in cellular killing of leishmania parasites as treatment of infected mice with NO 

substrate inhibitors increases parasite load and causes an increase in size of cutaneous 

lesions (Liew et al 1990). Other parasites in wlrich a cytotoxic action of NO has been 

demonstrated include Toxoplasma gondii (Liew and Cox 1991), Trypanosoma musctdi 

(Albright et al 1994) and the intracellular forms of Trypanosoma criizi. Cell types other 

than macrophages also release NO hr parasitic infections and have antiparasitic actions. 

Activated endothehal cells are capable of kilhng schistosomes in vitro and hepatocytes 

exhibit NO-dependent cytotoxic activity towards Plasmodium berghei parasites in vitro
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(James 1995). NO has recently been shown to increase resistance of mice to infection with 

Brugia rnalayi, one of the causative agents of human lymphatic filariasis although no cell 

ty|)e responsible was identified (Rajan et al 1996).

Macrophage-produced NO has a cytotoxic activity upon Trypanosoma bnicei. 

Tiyiranosomes have been shown to fad to proliferate in vitr'o when treated with nitric oxide 

gas or exposed to activated macrophages. This efifect was reversed when excess non was 

provided (Vincendeau and Daulouede 1991, Vincendeau et al 1992). These data are 

consistent with the reported reactivity of NO with Fe-S groups in target enzymes. Tire 

cytostatic effect of activated macrophages has been clearly demonstrated to be due to 

release of nitric oxide as estabUshed by inhibition studies (Vincendeau and Daulouede 

1991). The effect exerted upon bloodstream trypanosomes by nitric oxide has also 

received recent attention. Inhibition of inducible nitric oxide production in vivo by 

treatmerrt of mice with the substrate analogue N-nrtro-L-arghrine methyl ester (L-NAME) 

resulted in a 50% reduction in peak parasitaemia. Paradoxically, addition of the nitric 

oxide donor, S-nitroso-N-acetyl-penrcifiamine (SNAP), to axenic cultmes of 

tryqranosomes inlribited proliferation by 75%. This was also evident in the presence of 

activated macrophages. Interestingly, addition of whole blood, at dilutions of up to I in 

200, to these cultures totally abrogated the mhibition of prohferation caused by activated 

macrophages (Sternberg et al 1994). Oxyhaemoglobin is a scavenger of nitric oxide (Jia et 

al 1996, Lancaster 1994, Wood and Garthwaite 1994) and has been postulated to act as a
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sink for macrophage-produced nitric oxide hence abrogating any anti-trypano somal effects 

of nitric oxide in vivo.

1.6 Growth Regulation

Tlie growth of parasites in a host is influenced by many factors. Amongst these are the 

nutritional status of the host, rate o f multiphcation of the parasite and the immune 

response of the host to the parasite. Cytokines, as a product of cellular immunity, have 

been shown to have numerous effects upon the life stages of various protozoan parasites. 

Interleukhi-2 and Granulocyte/Macrophage Colony Stimulating Factor are growth factors 

for Leishmania mexicana amazonensis promastigote foims (Mazingue et al 1989, Chailab 

et al 1990). Indeed T cells, one of the main producers of IL-2 in the mammahan host, are 

known to have a growth promoting effect in leishmania infections. The growth promoting 

effect of IL-2 also occur s when promastigotes are introduced into mouse hosts, the size of 

lesions and the number of parasites isolated from the lesions are increased (Mazingue et al 

1989). Fibroblast Growth Factor (FGF)-like proteins, reactive with anti-bovmç-FGF 

monoclonal antibodies, have been demonstrated in procychc culture foims of 

Trypanosoma brucei rhodesiense and Leishmania donovani promastigotes and may have a 

role in giowth and host-parasite mteractions (Kardanh et al 1992). In contrast, interferon 

gamma (IFNy) has been shown to be cytostatic to Leishmania donovani promastigotes 

(Bhattachaiya et al 1993). Ovine recombinant IFNy reduces rephcation of Toxoplasma

39



gondii inside ovine fibroblasts and, at a lower dose, alveolar macrophages (Oura et al 

1993). Inhibition of intracellular rephcation of 71 gondii has also been observed with 

macrophage-released TNPa acting in synergy with IFNy (Langenuans et al 1992). 

Recombinant IL-2 (rDL-2), IFNy and TNF(3 have also been shown to have growth 

inhibitoiy effects upon Plasmodium falciparum  eiythrocytic stages in vitro. Growth 

inhibition is a consequence of defective schizont maturation and is greatest in the case of 

rIL-2, foUowed by IFNy and is least pronoimced m the case of TNF(B. These cytokines are 

thought to be partly responsible for induction of degenerate intra-erytluocytic parasites 

(Orago and Facer 1993).

The direct effects of cytokines upon growth of infectious agents is not confined to 

eukaryotes. Interleukin-1, (IL-1), has been shown to have a growth promoting effect 

upon vhulent strains o f Escherichia coli and to bind to the E. coli ceh in a manner 

suggestive of the existence of a specific receptor for IL-1. This binding does not occm" 

with avhulent strains ofE. coli and may underhe the basis of vhulence of E. coli in the 

human host (Porat et al 1991). A growth promoting activity for IL-6 exists in intracehular 

stages o f Mycobacterium avium. fiL-6 increases bacterial growth and is thought to bind to 

a specific receptor on the surface of the ceh (Denis 1992). The importance of findings of 

cytokine-detennined regulation of parasite growth is considerable in the context of an 

infection. They are suggestive of parasite growth regulated by molecules that are active 

components of the host-parasite interaction; not simply limited by avahabihty fiom the 

host of key nutrients.
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T.brucei parasites will undoubtedly encounter a plethora of host cell derived factors in the 

bloodstream and tissues of the mammahan host. These factors may have effects upon 

tiypanosomes ranging from promotion of growth to cytostasis and cytotoxicity. 

Bloodstream tiypanosomes are unable to grow in culture in the absence of transfenin. 

Transfenhi is thought to provide the iron required by the parasite for growth. A transfenin 

receptor-hke protein has been demonstrated on the membranes of bloodstream fomi 

tiypanosomes but not on the insect-bome stages. Transfenin is thought to be bound by the 

binding protein and intemahsed by endocytosis at the flagellar pocket (Coppens et al

1987). The receptor-hke protein is encoded by a gene in the VSG gene exjiression site. 

Binding of transfenin to the tiypanosome transfenin binding protein is however different 

from binding to the human transfenin receptor. The stmctures of the two proteins are also 

different (Scheh et al 1991a, 199 lb). Serum hpoproteins are a further control point in the 

regulation of growth of trypanosomes. High and Low Density hpoproteins are required for 

growth of tiypanosomes in axenic culture and pose an absolute grovrth requhement. High 

and Low Density Lipoproteins are equahy effective in promoting giowth whilst Veiy Low 

Density hpoprotein and Chylomicrons are ineffective (Black and Vandeweerd 1989). This 

is in apparent variance to High Density Lipoprotein’s reputed, although disputed, 

cytotoxic effect upon T b. brucei in the bloodstream (Lorenz et al 1995, Raper et al

1996).

Antibody studies have shown tiypanosomes to have a receptor homologue for Mammahan 

EpideiToal Growth Factor (EGF) on their ceh surface. Tiypanosome EGF receptors have 

associated protehi kinase activity which is activated upon occupation o f the receptor with
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mammalian EGF. The gi’owth of pro cyclic trypanosomes in vitro is enhanced by addition 

of EGF (Hide et al 1989). The concentrations of EGF required for enhancing axenic 

culture growth of bloodstream trypanosomes (20 - 200nM) were however, very much 

higher than that occuning in human blood (0.02 - 0.03nM) which would suggest that EGF 

does not actively influence T.briicei proliferation in the mammalian bloodstream. Tissue 

concentrations of EGF of 120nM do however occur in which case there may be some 

mitogenic effect upon tiypanosomes (Sternberg and McGuigan 1994). This effect may 

perhaps be critical in the estabhslunent of systemic infection upon injection of small inocula 

of metacychc tiyqDanosomes fi'om a tsetse bite.

hi contrast to it’s inhibitoi*y effects upon the growth of other protozoan parasites, 

discussed above, fFNy has a growth promoting effect upon trypanosomes (Olsson et al 

1991). In vitj'o studies on rat and human MNCs have shown tiypanosomes to release a 

soluble factor, named Tiypauosome-derived lymphocyte triggering factor (TLTF), of 

approximate MW of 185kDa, which causes MHC to release IFNy. IFNy, produced by rat 

MNCs, has in turn been demonstrated to cause an increase in tiypanosome proliferation. 

IFNy produced by human MNCs, however, does not cause an increase in T. b, bnicei 

prohferation (Olsson et al 1991). This is a possible mechanism underhng the host range 

specificity of T. b, bnicei. T.briicei induced release of FFNy has been shown to be CD8^ 

cell-dependent (Bakhiet et al 1990, Olsson et al 1991) and more recently the MNC 

activated by TLTF have recently been shown to be CD8^ ceUs (Bakhiet et al 1993, Olsson 

et al 1993).
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Similar to its antiparasitic actions in other species, recombinant TNFa has a growth 

inhibitoiy effect upon Trypanosoma mnsculi in vitro. In vivo, however and in the presence 

of peritoneal exudate cells, TNFa enhances parasite growth. It has been theorised that 

TNFa is directly antitiypanosomal but promotes trypanosome growth tlrrough an indirect 

effect mediated via host cells which may include macrophages (Kongshaun and Ghadirian

1988).

The growth and population density of parasitic infections is a function of both host-derived 

and parasite-derived factors. Host-derived factors hiclude immune response to the parasite 

and response of the parasite to host molecules, as discussed above. Parasite-derived 

processes include internal signals for the parasite to grow, to differentiate and to die.

Other factors include the characteristics of antigenic variation of a trypanosome strain i.e. 

population size of variants, switching rate between variants, variant specific growth rates 

and the nimiber of variants exjrressmg mosaic VSG molecules (Barry and Tmner 1991).

A major detenninant of the vhodence of an infection is the growth rate of the trypanosome 

population, the higher the growth rate the more vmilent the infection. Growth rate is in 

turn determined by 3 processes; multiplication of slender forms, differentiation from 

slender to stumpy forms and mortahty rates of stumpy forms (Turner et al 1995a). 

Evidence of negative control of growth in chronic infections in vivo comes from 

superimposing a second hrfection upon a pre-existing infection. The rate of growth in the 

second hrfection has been shown to be inhibited (Turner et al 1996)
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Reduction in growth could be accounted for by a reduction in multiplication rate of slender 

forms, an increase in rate of differentiation to stumpy forms or by an increase in mortality 

rate of stumpies. Each could hypothetically be controlled by either internal stimuli or in 

response to external stimuli. Tire inhibition described by Turner et al ( 1996) was shown to 

be at least partly density dependent, suggesting that trypanosomes may have a mechanism 

of optimising then' poprdation numbers without depleting host nutrients or precipitating 

early onset of pathogenesis and death of the host. It was postulated that the reduction in 

growth demonstrated in chiorric infection is due to a reduction in the growth of slender 

for'ms.

Although apoptosis is generally considered to have evolved hr order to regirlate cell 

populations in multiceUular metazoan organisms recent evidence would suggest the 

occurr ence of apoptosis or Pr ogrammed Cell Death, in protozoan parasites. Intracellular 

parasites appear to hrfluence the apoptosis of their host cells. For example, Leishmania 

donovani is known to prevent the apoptosis of its host macrophages whilst T.cruzi induces 

activatiorr-dependent apoptosis in host infected CD4^ T cells (Welbum et al 1997). 

Apoptosis has also been described hr the tr'ypanosomatids T. bnicei rhodesiense^ (Welburir 

et al 1997), T. cruzi (reviewed by Welbum et al 1997) and Leishmania amazonensis 

(Moreira et al 1996). These organisms displayed the common ultrastrnctmal and 

biochemical characteristics associated with programmed cell death in metazoans: 

destruction of the normal stmctural organisation of the nucleus due to collapse of 

chromatin into condensed electron dense masses and fragmentation of parasite DNA into

44



oligonucieosomal repeat sized fragments. It is a new concept that parasite death, not due 

to external factors such as toxins or antibodies, may play a central role in the control of the 

development and course of infection. Apoptosis in T.cruzi occurs when proliferating 

epimastigotes undergo differentiation to the Go/Gi anested stage and is thought to account 

for the 'stationary phase’ of culture. Death can be accelerated or prevented by 

manipulating culture conditions (reviewed by Welbrun et al 1997). These data strongly 

suggest that the trypanosomes are using extracellular signals to regulate their population 

cell density. Apoptosis is perhaps able to play a role in maintainhrg genetic stabihty and 

population survival of the parasite hr the host. The situation of T.briicei in the tsetse gut 

ülirstrates a possible mechanism by wliich apoptosis ensures the survival of the parasite 

population against uncontrolled growth. Once in the tsetse gut trypanosomes endure a 

long incubation prior to development of a mature infection. Dming this time trypanosomes 

are in direct competition with the vector for prolhie as an energy somce. Analysis of 

trypanosome numbers between 9 and 26 days post hrfection show parasite numbers to be 

remarkably constant both within and between flies which is strongly suggestive of a 

mechanism for self regulation of multiplication and population density. It is highly hkely, 

hi view of the existence of apoptosis in cidture forms and insect stages of protozoan 

parasites, that apoptosis exists in mammahan stages and plays a vital role in the control of 

gr owth and population density (Welbrun et al 1997).
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1.7 Cell Culture

The in vitro culture of cells has been of significant advantage for the study of protozoan 

parasitology. Culture of both animal and vector stages is possible for most parasites. 

Leishmania amastigotes and promastigotes, for example, are readily grown hi Schneider’s 

Drosophila medium, supplemented with foetal calf seioim and gentamycin (Hodgkinson et 

al 1996). For a great many organisms it is now possible to culture the entne life cycle.

Cultme of procyclic foims of T. bnicei preceded that of the bloodstream forms. Early 

workers in the field cultured procyclic forms on solid nutrient medium and, later, on liquid 

monophasic or biphasic media contahiing blood (reviewed by Katnhisky et al 1988).

Culture o f the vector stages of the parasite was achieved in semi-defined media 

supplemented with foetal bovine serum (Kaminsky et al 1988). The most widely used 

medium for cultiue of procyclic forms is that of Brun and Schonenberger (1979); SDM- 

79. It is important to note however that, because of the considerable metabolic differences 

between bloodstream and procyclic forms, the media used for the culture of the former 

differ dramatically fiom SDM-79. The key differences between SDM-79 and the medium 

used in this project are; a lower concentration of glucose , a higher concentration of 

sodium-pyriivate, sodium bicarbonate, adenosine, guano sine, and the presence of folic 

acid and a group of amino acids known to be present in tsetse haemolymph. hi addition 

procylic cultures are maintained at 27°C (Brmr and Schonenberger 1979). Such cultures 

can be established using either bloodstream forms from an infected host or midgut forms
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from an infected Glossina. Initiation of such cultures is straiglitforward. The 

transfoirnation of procyclic to metacychc forms infective to mice has been described in 

both axenic cultures (Hirumi et al 1992) and in the presence of tissues form the tsetse fly 

(Cunningham 1986, Kaminsky et al 1988) but is not straightfoiward.

The culture of bloodstream fonns o f T.bnicei has been a significant achievement m the 

study of tiypanosome genetics and metabolic studies. Originally tiypanosomes were 

cultured over a layer of feeder cells. This method was introduced by Le Page (1976). 

Continuous culture of infective monomoi*phic tiypanosomes was achieved later (Hirumi et 

al 1977a; 1977b), followed by cultiue of infective pleomoiphic foims (Bixm et al 1981). 

Although soUd phases of medium have been developed recently for the culture of 

tiypanosomes (Vassella and Boshait 1996) fluid phase axenic culture offers the most 

convenient method for investigating the biology of try^ianosomes. Semi-defined media 

allowing the growth of infective foims, with the characteristics of bloodstream foims, in 

the absence of feeder cells have been described (Baltz et al 1985). Variations on this 

media have been described by other workers (Duszenko et al 1985, Sternberg et al 1994, 

Hesse et al 1995) and allow the tailoiing of growth conditions to meet the requnements of 

the researcher.
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1.8 Aims of this project

In view of the profound effect growth inliihition exerts upon the growth rate of an 

infection, as demonstrated by Turner et al ( 1996), giowth iuldbition provides an 

interesting area for investigation of factors involved in the control of parasite growth. It is 

of initial interest to attempt to ascertain the origin of a possible signal for growth inhibition. 

Is the signal of parasite or of host origin? Cytokines, produced by immune cells, have a 

range of effects modulating the growth of tiyqianosomes, as has been discussed above. 

Might the immune cells responsible for such cytokine production be responsible for growth 

inhibition? Might macrophage-produced NO, a molecule with widely reported effects 

upon trypanosome suivival and giowth, be involved also? Attempts to answer these 

questions were made using the approaches outlined below.

Adoptive transfer experiments using spleen cells were conducted in an attempt to transfer 

growth inhibition from donor to recipient mice. The role of macrophage-produced NO in 

growth inhibition was investigated by inducible nitric oxide synthase inliibition studies and 

by the use of mice genetically manipulated to lack iNO synthase activity. Axenic culture of 

tiypanosomes was also attempted hi this project in order to establish a system for 

investigating the cellular origins of growth inliibition.
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CHAPTER 2

AN INVESTIGATION OF THE

ABILITY TO TRANSFER INHIBITION

OF TRYPANOSOME GROWTH FROM

CHRONICALLY-INFECTED MICE TO

MICE WITH ACUTE-PHASE

INFECTIONS
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2.1 Introduction

The growth of trypanosomes in the mammalian host is controlled by factors of both host 

and parasite origin. Parasite-dependent parameters that may influence the course of 

infection include the intiinsic growth rate of the strain, the rate of development from 

dividing to nondividing foims (Turner et al 1995 a), the spatial heterogeneity of the 

population within the host, the response of the parasite to host growth factors and, of 

course, various characteristics of antigenic variation inlierent to a particular strain of 

trypanosome and not modifiable by the host (Bany and Turner 1991). One study, 

however, has suggested that tiypanosome giowth rate may be modulated in vivo. By 

supeiimposing a secondary infection upon a pre-existing infection of a different strain, 

and using immunofliiorescent antibody studies to disciiminate between the two hifections, 

the gi owth of the secondaiy infection was shown to be gi eatly hihibited. Die later in the 

primary infection that the second strain of tiypanosomes was introduced the more 

profoimd the inhibition of growth (Tmner et al 1996). It remains to be elucidated whether 

tlie signal for inhibition of growth is of parasite or of host origin.

One argument suggests that the inhibiting signal is more likely to be of host than, of 

parasite origin. T. bnicei parasites infect a large range of mammals and the overall levels 

of parasitaemia differ markedly between species (Aslam 1992). It is difficult to envisage 

how a density-dependent inhibitory signal could be parasite-derived and yet act at different 

densities in different host species.
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If of host origin, as seems more likely, an inhibitory factor is hkely to be a cellular 

component or product and the most likely candidate cell types are those of reticulo

endothelial origin. The spleen as the primary site of immune priming for a systemic 

infection would contain populations of cells which had greatest exposure to tiypanosomes. 

A cellular message, causing inliibition of parasite growth may either requh e cell-cell 

contact or be in the foim of a secreted molecule acting upon the parasite. A postulated 

secretoiy molecule may act in paracrine or endocrine fashion. The effect of such a factor 

acting in an endociine manner would be demonstrable in blood. In this case, transfer of 

plasma from an infected to a naive animal may reasonably be expected to result in transfer 

of gr owth inhibition. An alternative possibihty is that the inhibitory message may act in a 

paracrine manner or be in the form of a cell surface marker or receptor on host cells and 

hence would requhe close host cell to parasite contact. In either of these eventuahties it 

might reasonably be expected that adoptive transfer of spleen cells from chi’onicaUy- 

hifected to naive animals would cause inliibition of giowth of an a cut e-phase parasitaemia.

I therefore investigated whether there was a possible role for an immune-cell generated 

factor with an effect upon parasite giowth using passive and adoptive transfer assays. To 

the best of my knowledge adoptive transfer of spleen cells has not previously been used to 

transfer immunity to trypanosomes from donor to recipient mice. Equally, to my 

knowledge, this technique has not been used to demonstrate the transfer of growth 

inhibition. It was the intention of this project to attempt to transfer inhibition of
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tiypanosomes growth from donor mice to recipient mice using either plasma or a 

population of spleen cells and to investigate the origin of any factor foimd to be capable of 

inducing inliibition of parasite growth.

2.2. Methods

2.2.1. Passive transfer of plasma

The following mvestigation into the effects of transfer of semm upon tiypanosome giowth 

was perfonned by Nasreen Aslam. Adult female BalbC donor mice were inoculated 

intrap eritoneally with 10*̂ EATRO 2340 trypanosomes. On day 20 of infection blood was 

removed by cardiac puncture into Carter’s Balanced Salt Solution (CBSS) containing 10  

U/ml hep am . Blood was also obtained fr om uninfected BalbC mice. Blood was 

centiifriged at room temperature at 1 2 0 0 0 g for 2 minutes and plasma collected. Plasma 

was pooled from batches of infected or uninfected mice, ahquoted and stored at -70°C 

imtil requned.

Twelve female age-matched BalbC mice were infected intrap eritoneally with 10  ̂GUTat

7.2 tiyjianosomes. Twenty four hours later, the 12 mice were split into two groups. One 

gr oup was inoculated intravenously with 0,5 ml of plasma fr om the donor mice that had 

been infected. The other group received 0.5 ml plasma fr om the iminfected mice as 

controls.
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Parasite densities from both groups were monitored daily between days 1 and 10 post

infection by dilution of peripheral blood, from the tail, in 0.85% ammonium chloride and 

counting using an Improved Neubauer Haemocytometer.

2.2.2. Adoptive transfers of spleen cells

Spleens were removed from EATRO 2340-infected BalbC mice, on day 19 of hrfection, 

imder sterile conditions. Spleens from iminfected BalbC mice provided controls. Cells 

were dissociated fr om the spleens by repeated percussion with the barrel fr om a 5 ml 

syringe through a sterile ‘tea strainer’ into RPMI 1640 medium (GIBCO) supplemented 

with 2mM L-glutamine (Sigma), 0.075% sodium bicarbonate (BDH), 2% gentamycin 

sulphate (Sigma) and 10 % heat inactivated foetal calf serum (GIBCO), and passed 

tlnough Nirex filters (35 pm mesh size; Hemy Simon, Stockport England). The resulting 

shrgle-ceh suspension was washed by centrifrigation at 300g for 7 minutes at room 

temperature. The pellet was resuspended in mediiun and 5 ml ahquots were each layered 

over 3ml cushions ofNycoprep (1.077g/ml density at 20°C and 265 +/- 5mOsm 

osmolality, Nycomed) and centrifrrged at lOOOg for 15 minutes at room temperature. The 

lymphocytes, which sediment at the interface between medium and Nycoprep, were 

removed and washed twice by centrifugation at 300g for 7 minutes. A 1 mg/ml stock 

solution of cymelarsan (Rhone Merieux) was made up with RPMI medium supplerhented 

as described above. Ten pi of the stock cymelarsan solution was added per ml of cell 

suspension to bring the final concentration of cymelarsan to 10  pg per ml of cell
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suspension. Tliis was incubated for 30 minutes at 37°C, 5% CO?, to kill any 

trypanosomes contained in the spleen cell preparation. Cymelarsan was washed out of the 

lymphocyte suspension by centrifiigmg three times at 300g, room temperature.

Splenocyte densities were calculated by coimting with an Improved Neubauer 

Haemocytometer. 1x10^ lymphocytes were inoculated intravenously into each of 12 

uTadiated (650 Rads) BalbC age-matched female adult recipient mice. Six mice were 

in'adiated but received no splenocytes.

CFLP mice were moculated intrap eritoneally with Glasgow University Trypanozoon 

antigen type 7.2 (GUTat 7.2) trypanosomes (McLintock et al 1990) from stabilate diluted 

hr CBSS contahring 10 U/ml heparin. When parasites were growing exponentially and 

consisted rnahily of slender forms (at approximately 5x10^ trypanosomes per ml), mice 

were exsanguinated under halothaue anesthesia and parasite densities accurately calculated 

by coimting with an Improved Neubauer Haemocytometer. Twenty four hours after 

inoculation of lymphocytes, IxlO'^ tiyjranosomes in CBS S/heparin were inoculated 

intrap eritoneally into each of the 18 recipient mice. Die presence of GUTat 7.2 

try;) ano somes in the blood of recipient mice was confirmed by immunofluorescence of 

parasites in the subsequent parasitaemia. Indirect immunofluorescence assays were 

conducted on blood smears fixed in 70% ethanol for 1 hour at 4°C according to the 

method of Van Mieivenne et al ( 1975). Rabbit anti GUTat?.2 antisera was used at a 

concentration of 1 in 1 0 0  in PBS/0.1% Tween 20. FITC labeled anti rabbit antibody 

(SAPU) was used at a concentration of 1 in 50, in PBS/0.1 % Tween 2 0 .
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Parasitaemias were monitored by dilution of 2 j.il of peripheral blood (from the tail) in an 

appropriate volume of 0.85 % NH4CI. Samples were taken between days 3 and 8 post 

infection.

In a repeat of this experiment the in'adiated, um econstituted mice were deemed to be 

unnecessai'y and hence were not included in the study.

2.3 Results

2.3.1 Investigation into the effect of passive transfer of serum from infected to 

uninfected mice.

No significant difference was seen in the parasitaemias of mice which had received sei-um 

from chronically infected mice or from control mice (Fig I). No differences were apparent 

in rate of log phase growth, in the timing or levels of peak parasitaemia, or in the rates of 

clearance of ti*ypanosomes.
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2.3.2 Investigation into the effect of transferred spleen cells upon parasite 

growth

Adoptive transfers of splenocytes from infected mice to irr adiated recipients followed by 

infection with T.bnicei, performed by Nasreen Aslam, showed a trend towards reduced 

or delayed parasitaemias in recipients of spleen cells from chr onically hifected donors 

when compared with controls (Figs 2 and 3). Levels of peak parasitaemia, however, 

remained rmcharrged between the two gr oups of mice.

Two adoptive transfer assays performed by myself gave equivocal results (Figs 4 and 5). 

One nrdicated no significant difference between the growth rates of parasites in the 

recipients of cells from infected donors and in mice which had received no spleen cells (Fig 

4). However, a difference was observable between the rates of growth o f parasites in 

recipients of spleen cells from infected mice and fr om uninfected mice but only at one time 

point. Dre second adoptive transfer, in contrast, showed a clear difference between the 

two groups with lower parasitaemias in mice that received spleen cells from the 

chronicalLy-infected donors (Fig 5).

2.4 Discussion

The lack of effect of transfer of serum, from infected donors to iminfected recipients, 

upon parasitaemia and growth rate indicates that no soluble factors in the blood are
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responsible for the inhibition of giowth demonstrated by Turner et al ( 1996). These data 

indicate that a secreted molecule acting in endocrine manner is a poor candidate for 

effecting inhibition. It is possible however that molecules which classically act in paracrine 

fashion, for example cytokines, might also in some circumstances be released into the 

systemic chculation. The results from the passive transfer assay suggest that systemic 

release of such molecules, if it occurs in trypanosome-infected mice, is not responsible 

for growth inhibition.

The trend towards a reduced rate of gi owth in the adoptive transfers performed by 

Nasreen Aslam was not reliably reproducible in the transfers perfonned by myself. 

Although peak cell density remahied the same, there appeared to be a delay in onset of 

exponential phase growth. This latter phenoty^ie is the same one described by Turner et al 

( 1996). The cause of this trend towards inhibition of growth remains unknown. Killing of 

parasites before they achieve patency of infection is unlikely as killing could be exiiected 

to operate at higher parasite densities and hence result in a lowered level of peak 

parasitaemia, an effect not evident in these data. Another possible ex^ilanation for the 

delay in onset of exponential growth is the presence of a temporaiy cytostatic effect 

effective before exponential growth and which the parasites later overcome. The.two 

phenotypes of giowth inhibition and delayed onset of parasitaemia have a similar basis and 

may appear different only because the assay system used in this study is different fr om the 

one used in the Turner et al 1996 study. Hence it may be that the delayed onset of growth
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obseived in recipients of spleen cells from infected donors is evidence of growth 

inhibition.

In adiation of recipient mice kills all radiation susceptible immune cells. This would 

suggest that whilst a factor responsible for slowing parasite growth in the log phase may 

be present in the radiation resistant immime cell population, no factor is at present capable 

of reducing peak cell density as seen in the Turner et al ( 1996) study. A factor of 

lymphoid cell orighi influencing parasite growth is friither ruled out by the finding that 

in adiation of mice followed by no reconstitution results in unchanged growth kinetics.

T cells, B cells, neutrophils and NK cells are susceptible to radiation (Abbas et al 1994) 

and would aU have been Idlled when the recipient mice were irradiated. We can therefore 

discount any effect due to these cell types. Macrophages, as nondividing cells, are 

radiation resistant at radiation doses of 650 Rads (MacAskill et al 1980) and hence any 

effect upon parasite growth due to macrophages would not have been clearly visible in this 

assay due to residual macrophages present in the recipient host. The involvement of 

macrophages m growth inhibition has therefore not been discounted.

The data presented in this study, whilst far fr om definitive, do suggest that a factor 

influencing parasite growth is likely to act in paracrine fashion and hence require; if not 

cell to cell contact, then close spatial relations between host cells and parasites.

Cytokines are known to act in this manner and have been shown, hi the Hterature, to have
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numerous effects upon trypanosome growth and suivival in vivo and in vitro. Interferon 

gamma, produced at higher levels in infected animals and cells (Olsson et al 1991, Daiji 

et al 1993), increases the rate of tiypanosome proliferation. Nitric oxide has also been 

shown to be produced at increased levels duiing infection (Schleifer and Mansfield 1993, 

Sternberg and McGuigan 1992, Mabbot and Sternberg 1995) and is an effector molecule 

of suppressor macrophages (Mills 1991, Sternberg and McGuigan 1992, Schleifer and 

Mansfield 1993, Mabbott et al 1995, Sternberg and Mabbott 1996). In view ofN O ’s 

effects upon parasitaemia (Sternberg et al 1994) it is reasonable to hyjiothesize that NO 

may also be in some way involved in growth regulation. Other cytokines produced at 

higher levels upon infection include IL-1, prostaglandins (Askonas and Bancroft 1984, 

Sdeghem et al 1989, Schleifer and Mansfield 1993) and TNFa (Magez et al 1993).

TNFa has been shown to effect a reduction in parasite giowth and an increase in suivival 

time in infected mice (Magez et al 1993). Cytokines such as these are produced by 

immune cells of reticulo-endothehal origin. As a major organ of the reticulo-endothehal 

system the spleen is likely to contahi a large population of cells producing cytokines such 

as those described. Transfer of growth inhibition with spleen cells, as seen in the transfer 

assay described in this study, may be attributable to spleen cell production of cytokines 

with an effect upon parasite gi'owth.

Tiypanosomes are covered in a coat of VSG which provides the basis of the parasite’s 

escape of antibody mediated immime response and hence the phenomenon of antigenic 

variation. In Ught o f the existence of the VSG coat and it’s protective properties for the 

parasite a mechanism of action for a growth inhibitory factor involving cell-cell contact 

would at first appear unlikely. The VSG coat on trypanosome cell surfaces does not
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however preclude the possibility of a cell signaling mechanism such as this. Monoclonal 

antibodies to mammahan epideimal giowth factor have been shown to bind to T. bnicei 

membrane fractions (Hide et al 1989). In addition epidennal growth factor has been 

shown to increase the giowth rate of trypanosomes in vitro (Sternberg and McGuigan

1994). Taken together, the presence of receptors specific for mammahan epidermal 

giowth factor and the mito genic effect of EGF upon cultured procychc trypanosomes 

would certainly suggest that host factors are able to exeit an effect upon trypanosomes in 

the presence of a VSG coat. It remains unknown whether the receptor for EGF is 

accessible to mammahan blood stream components in vivo. A  transfeiiin binding protein 

has also been identified in membrane fragments of T.brucei bloodstream forms. Two facts 

suggest that expression of the genes for such a protein is linked to expression of the VSG 

gene. Ffrst, the protein is not expressed in the insect-bome stages of the parasites life 

cycle. Second, although it is unknown how accessible this receptor-hke protein is to the 

external host envfronment, the protein is encoded by an expression-site-associated gene 

which is under the control of the promoter transcribing the expressed VSG gene (Scheh et 

al 1991a; 1991b). This is suggestive that the protein may be transcribed at the same time 

as the VSG gene and hence may be expressed with the VSG on the surface o f the cell, hi 

hght of these discoveries of receptor like protems, albeit of unknown location, which 

have been shown to be highly likely to be involved in regulation of growth of the parasite, 

it is possible that a factor effecting inhibition of growth may act in a manner either 

involving cell-cell contact or requiring close spatial relations. It is my befief that this may 

take place without hindrance from a VSG coat.
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Fig 1. The effect of transfer of serum upon parasite 
growth.
Passive transfer of serum collected from chronically 
infected mice and from uninfected controls into 
trypanosome-infected mice. Data points denote geometric 
mean +/- 2SE, n = 6.
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Fig 2. Effect of transfeired spleen cells upon 
parasite growth. No. 1.
Adoptive transfer of 10  ̂spleen cells collected from 
chronically-infected mice and from uninfected control 
mice. 24 hours after transfer of splenocytes mice 
recieved 10"̂  GUTat 7.2 trypanosomes i.p. Data points 
denote geometric mean +/- 2SE, n = 6.
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Fig 3. Effect of transferred spleen cells upon parasite 
growth. No. 2.
Adoptive transfer of 3 x 10® spleen cells collected j&om 
cluonically-infected mice and from uninfected control 
mice. 24 hours after transfer of splenocytes mice 
received lO'̂  GUTat 7.2 tiypanosomes i.p. Data points 
denote geometric mean +/- 2SE, n = 6.
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Adoptive transfer of 10  ̂spleen cells collected j&om 
chronically-infected mice and from uninfected control 
mice. 24 hours after transfer of splenocytes mice 
received 10  ̂GUTat 7.2 trypanosomes i.p. Data points 
denote geometric mean +/- 2SE, n = 6.
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CHAPTER 3

INVESTIGATION INTO THE ROLE

OF NITRIC OXIDE IN INHIBITION

OF GROWTH OF TRYPANOSOMA

BRUCEI
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3.1 Introduction

Macrophage-produced nitric oxide has "been imp heated m the suppression of immime 

responses to Afiican trypaiiosomes (MiUs 1991, Sternberg and McGuigan 1992, 

Sclileifer and Mansfield 1993, Mabbot and Sternberg 1995, Mabbot et al 1995). 

Pi’oduction of nitric oxide by macrophages and bone man'ow cells becomes raised early 

in murine trypanosome infections (Sternberg and McGuigan 1992, Mabbot and 

Sternberg 1995) and is thought to mediate suppression of T cell responses (Schleifer 

and Mansfield 1993, Sternberg and McGuigan 1992). Also, levels of nitric oxide 

synthase activity are raised in macrophages fiom infected mice (Mabbot et al 1995). It 

is important to note however that a different situation appears to occur in Bos indicus, 

Boran cattle. Macrophages fiom infected cattle can be activated in vitro to produce 

nitric oxide metabohtes. Tliis response, however, is down-regulated in macrophages 

isolated fiom infected cattle. Nitric oxide was found not to mediate T cell suppression 

in Boran cattle (Taylor et al 1996).

A less extensively investigated action of nitric oxide is a potential cytostatic or 

cytotoxic activity upon Trypanosoma brncei. Tiypanosomes have been shown to.faü 

to proliferate in vitro when treated with nitric oxide gas or exposed to activated 

macrophages. This effect was reversed when excess iron was provided (Vincendeau 

and Daulouede 1991, Vincendeau et al 1992). This effect of iron is supported by 

observations that nitric oxide interacts with the Fe-S prosthetic groups in enzymes 

causing hihibition (Wharton et al 1988, Drapier et al 1991). The cytostatic effect of 

activated macrophages has been clearly demonstrated to be due to release of nitric
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oxide as established by iuliibition studies (Viucendeau and Daulouede 1991). The 

effect exerted upon bloodstream trypanosomes by nitric oxide has also received recent 

attention. Inhibition of inducible nitric oxide production in vivo by treatment of mice 

with the substrate analogue N-nitro-L-arginine methyl ester (L-NAME) resulted in a 

50% reduction in peak parasitaemia. Paradoxically, addition of the nitric oxide donor, 

S-nitroso-N-acetyl-peniciUamme (SNAP), to axenic cultures of trypanosomes 

hihibited proliferation by 75%. Tliis effect was also evident in the presence of 

activated macrophages. Interestingly, addition of whole blood, at dilutions of up to 1 

in 200, to these cultm es totally abrogated the inhibition of proliferation caused by 

activated macrophages (Sternberg et al 1994). Oxyhaemoglobm is a well 

characterised scavenger of nitric oxide (Jia et al 1996, Lancaster 1994, Wood and 

Gaithwaite 1994) and has been postulated to act as a sink for macrophage-produced 

nitric oxide hence abrogating any anti-tryp ano somal effects of nitric oxide in vivo. In 

this case the reduction of parasitaemia produced by L-NAME administration may be 

due to removal of the immunosuppressive effects of nitric oxide (Sternberg et al 1994) 

rather than due to a dhect cytostatic activity.

Using mixed infections of trypanosomes in mice Turner et al (1996) demonstrated the 

existence of inhibition of trypanosome growth in chronic infections. This phenomenon 

was postulated to be due to release of a factor of host origin functioning in a parasite- 

density dependent manner. Inhibition of gr owth was shown to be exerted upon the 

entire trypanosome population and not confined to the secondary inocula. Transfers of 

plasma firom irrfected to iminfected mice followed by infection have failed to illustrate 

the presence of a soluble host-derived factor acting in an endocrine manner. It would
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follow therefore that close host cell to trypanosome contact is required for transfer of a 

growth iirhibitory message.

The involvement of macrophages as producers of such a factor has not been 

discoimted in this project. Tire extent of the growth regulatory effects of macrophages 

are likely to be corrtrolled in part by the density of the trypanosomes they come into 

contact with. Macrophage-produced NO is hkely to function in a density dependent, 

non-specific manner. Due, therefore, to the significant effect of nitric oxide upon the 

growth and killing of trypanosomes in vivo and in vitro, the potential role of nitric 

oxide in inhibitiorr of parasite growth in murine trypanosome infectious provides an 

interesting area for investigation. The available evidence generally suggests that NO 

could be the factor that modulates parasite growth. The principal rationale against this 

possibility comes fiom the scavenging effect of oxyhaemoglobin which would imply 

that NO could not affect a bloodstream parasite. Whilst this is clearly a strong 

argument hr the systemic circulation, it is not clear to me that it would rrecessarily hold 

true for trypanosomes as they traverse the capillaries and venules of the spleen which 

will be the main site of activated macrophages.

In this chapter I have addressed the question: is NO a modulator of trypanosome 

growth? I first investigated whether NO was produced during trypanosome infections. 

Nitric oxide is rapidly oxidised hr the blood to nitrite and nitrate, hence levels of nitrite 

and nitrate were measured as an indication of the levels of nitric oxide produced. I 

then studied the effect of a reduction in the synthesis of NO upon trypanosome growth 

in mixed infections using a modification of the chronic hrfection model developed by 

Turner et al (1996). Reduction in NO synthesis was achieved using two approaches.
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Firstly, L-NAME was used to inhibit the production of nitric oxide by inducible nitric 

oxide synthase (iNOS) ni vivo by oral administration, in drinking water, to mice as 

previously described (Sternberg et al 1994; Mabbot and Steinberg 1995). NMMA, 

another widely used substrate analogue inhibitor of iNOS, was not used in these 

exiieiiments due to financial constraints. In addition, although a large amount of work 

has been done usmg NMMA in vitro (Vincendeau and Daulouede 1991, Vincendeau 

et al 1992, Green c /a / 1990, Liew a/ 1990, Mills 1991, Schleifer and Mansfield 

1993, Steinberg and Mabbot 1996, Nap o ht ano and Campbell 1994) none has been 

done in the context of trypanosomiasis in vivo. Other novel inhibitors of nitric oxide 

production (Rajan et al 1996) are still at the developmental stage and as yet are not 

commercially available.

Secondly, transgenic MFl mice lacking inducible NO synthase activity (Wei et al

1995) were used to investigate the role of nitric oxide in growth inhibition.

3.2 Methods

3.2.1. Estimation of the level of nitrite produced in the blood in response to 

infection with Trypanosoma brucei

Two CFLP mice were inoculated intraperitoneally with EATRO 2340 trypanosomes. 

Wlien tryjianosomes were growing exponentially and consisted mainly of slender forms 

(approximately 10̂  trypanosomes per ml), the mice were exsanguinated under 

halothane anaesthesia and used as inocula for 6 BalbC age-matched adult female mice.
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Blood samples were collected fiom these mice by venesection into heparinised 

capdlaiy tubes and plasma collected by centrifugation at 12000g for 2 mins at room 

temperature in a microhaematocrit centrifuge (Hawksley, England). Samples were 

obtained before infection and on days 2, 4, 6 and 8 of infection. Plasma samples were 

stored at -70°C. In a second exi^eriment samples were collected on days 0, 2, 4, 6,

8, 10, 12, 14, 16 and 20 and stored at-70°C.

Parasitaemias were monitored by dilution of 2 pi of peripheral blood (fiom the tail) in 

an appropriate volume of 0.85% NH4CI and coimting with an Improved Neubauer 

Haemocytometer. This was carried out daily fiom days 1 to 8 post-infection in the 

fir st experiment and fiom days 2 to 20 post infection in the second.

Nitrite contents of plasma samples were estimated by the Griess reaction as described 

by Ding et al (1988). Briefly, the reaction solution was prepared by mixing equal 

volumes of 0.1% a-naphthyl-amine and 1% sulfanilamide (Sigma). The reaction 

solution was mixed with an equal volume of plasma, incubated for 10 minutes at room 

temperature and the absorbance of the end product at 540 nm compared with a 

standard curve constructed using serial dilutions of sodium nitrite (BDH).

The equation of the Griess reaction is as follows;

C C H 4 S O 3 H  +  C 1 0 H 7 N H 2  + N O 2  = >  C i o H 6 N H 2 N = N C 6 H 4 S 0 3 H  

(sulfanilamide)(napthyl-amine) (purple end product)

The standard cmves were generated by fitting sigmoid cmves to the data using 

‘hiolynx” sofiware. Sigmoid curves provided the most consistent fit to the data in a 

number of data sets. Die equation of the standard curve in this instance was;
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y = D + ( A - D ) / ( l  + ( x / C ) ^ B )

where: A -0 .002 , B -  2.926, C -  25.602, D -  448.725, R  ̂= 0.966, Die standard 

cuive is shown in fig 6.

3,2.2. Estimation of the level of nitrate produced in the blood in response to 

infection with Trypanosoma brucei

Plasma samples were collected as described as above and nitrate present in the samples 

was reduced to nitrite as described by (Mabbot et al 1994). Briefly, nitrate was 

reduced by nitrate reductase {Aspergillus species) (Sigma), in the presence of 

hydrogen donor NADPH and cofactor Flavin Adenine dinucleotide (FAD) (Sigma). 

Excess hydrogen was scavenged by addition of lactate dehydrogenase (Sigma) and the 

cofactor sodium pyruvate (BDH). Die reduced samples were assayed by the Griess 

reaction and absorbances read at 540nm. A standard curve was constructed using 

serial dilutions of sodium nitrate (BDH). Die equation of the standard curve was: 

y - D  + ( A - D ) / ( l  + ( x / C ) ^ B )

where A = 0.023, B = 6.003, C = 1.773, D = 0.626, R  ̂= 0.935 

for samples assayed from the acute infection and 

A -0 .016 , B = 5.060, C -  1.784, D = 0.642, R  ̂= 0.966

for samples assayed from the more chronic infection. Die standard curve for the more 

chr onic infection is shown in fig 7.
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3.2.3. Testing of several parameters of the Griess reaction to determine 

nitrite/nitrate levels in murine plasma

1. Investigation into the presence of endogenous inhibitors to the Griess 

reaction

Die presence of inhibitors to the Griess reaction endogenous to murine blood has been 

suggested by other workers in the field (Sternberg - personal communication) and 

would result m reduced detection of nitrite in plasma samples. The presence of 

endogenous inliibitors was investigated by dilution of plasma samples. Serial dilution 

of plasma could be expected to dilute the inhibitors to such a levels that they no longer 

inhibit the Griess reaction. Hence serial doubhng dilutions of uninfected muiine 

plasma were prepared with phosphate buffered saline and sodium nitrite was added to 

each dilution at a concentration of 113 iiM. The presence of inhibitors would be 

hidicated by an increase in absorbance at higher dilutions.

Serial dilutions were also prepared of plasma fiom both control (uninfected) and 

infected mice in order to ascertain whether dilution of plasma would give accurate 

esthnations of the amount of nitrite and nitrate present in undiluted plasma. Samples 

were diluted with phosphate buffered saline and the Griess reaction peiToimed as 

described above.
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2. Comparison of the absorbance of sodium nitrite at 540nm and 550nm

Absorbances were read at 540 nm in these experiments rather than 550 nm as 

described by Ding et al ( 1988), as a matter of convenience and also in order to 

conseive reagents. The available equipment capable of measuring absorbances at 550 

nm requhed larger sample sizes. In order to ascertain the vahdity of this approach the 

absorbances of a serial dilution of sodium nitrite were compared at 550 nm and 540 

nm. A serial dilution of sodium nitrite ranging from 0.875 nM to 3620 iiM was mixed 

with equal volumes of the Griess reaction solution as previously described and the 

absorbance read hi duplicate at both 550 nm and 540 nm in a scannhig 

spectrophotometer (Philips) and the standard cuives for the two wavelengths were 

compared.

3. Détermination of the stability of the endpoint of the Griess reaction

hi the protocol by Ding et al (1988) the Griess reaction reaches completion after 10 

mhiutes. For reasons of convenience and due to time constraints it was decided to 

investigate whetlier absorbances could accurately be read after more than 10 minutes 

had elapsed after mixing of samples with the Griess reaction solution.

A standard cuive was coiistmcted using concentrations of sodium nitrite ranging fr om 

1.75 nM to 3620 nM. The Griess reaction was performed as previously described and 

the absorbance read in triplicate at 540 nm after incubation times of 10 mins, 1 hour 

40 min, 3 hours, 6 hours and 24 hours. The standard curves obtained at these time 

points were compared.
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3.2.4. The effect of L-NAME administration upon parasitaemia

The activity of the inducible nitric oxide synthase enzyme was inldbited using the 

substrate analogue Nitro-L-Arginine Methyl Ester ( L-NAME, Sigma).

L-NAME was administered in drinking water at a concentration of 1 mg/ml to 6 age- 

matched female adult BalbC mice. A second group of mice received the D- 

enantiomer, D-NAME (Sigma), in drinking water and a tliird group received drinking 

water with no dmg added. Diinking water was provided ad libitum and drug solutions 

were replaced daily.

Two CFLP mice were inoculated intraperitoneally with GUTat 7.2 tiypanosomes from 

stabilate. When tiypanosomes were growing exponentially and consisted mainly of 

slender foims one mouse was exsanguinated into CBSS containing 10 U/ml heparin 

and the parasitaemia calculated by coimting with an Improved Neubauer 

Haemocytometer. 24 hours after drug administration mice were each inoculated 

intrap eritoneally with 5.8 x 10*" tiypanosomes. Parasitaemias were monitored 

approximately eveiy 12 hours as described previously. Mice were euthanased after 

134 hours of infection.

In a second experiment, mice were simüaiiy drug treated. Inocula of GUTat7.2 

trypanosomes were smaller at 9.6 x 10̂  tiyjianosomes per mouse. Parasitaemias were 

monitored until 166 hours post infection.
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3.2.5. Effect of nitric oxide upon parasite growth in mixed infections

3.2.5.I. Effect of administration of L-NAME upon parasite growth in

mixed infections

To investigate parasite growth in chronic-phase infections, separately from the 

confounding effects of antigenic variation and immune responses, an exjieiimental 

model system was set up, essentially as previously described by Turner et al ( 1996). 

Tiypanosomes of the line EATRO 2340 were raised in two BalbC mice. When 

tiyqianosomes were gi owing exponentially and consisted mainly of slender foims these 

mice were exsanguinated into CBSS containing 10 U/ml heparin and the blood used to 

infect intrap eritoneally 18 age-matched female adult BalbC mice with 10̂  

trypanosomes each. Parasitaemias were monitored daily by the ‘rapid matching’ 

teclmique as described by Herbert and Lumsden (1976).

Nine days post mfection the 18 infected mice were spht into 3 groups of 6 mice. One 

group received 1 mg/ml L-NAME in their diinking water, another received Img/ml D- 

NAME in drinking water whilst the thud group received water with no addition of 

ding. Drinking water was provided ad libitum and drug solutions were prepared daily. 

Tluee days after the ding treatment began, mice were each inoculated iutraperitoneaUy 

with 10*" trypanosomes expressing GUTat 7.2 raised from stabilate and growmg . 

exponentially in CFLP mice. A fomth group of 6 mice received no drug treatment and 

was infected with only the second line of tiypanosomes, GUTat 7.2.

Parasitaemias were monitored daily as described above. Two blood smears were also 

prepared from each mouse daily and fixed in 70% ethanol for 1 horn at 4°C. These
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were then stored in the presence of silica gel (BDH) at -70°C until required. Mice 

were euthanased after 22 days of infection.

In mice harbouring mixed infections the relative proportions of the p opulations of 

EATRO 2340 and GUTat 7.2 were ascertained by immunofluorescence of the blood 

smears prepared daily during infection according to a method modified from that 

described by Van Meirvenne et a/ ( 1975). Briefly, shdes were incubated in PBS/10% 

FCS for 30 minutes at room temperature and then washed twice in PBS/0.1% Tween 

20 (Sigma). Trypanosomes of the line GUTat 7.2 were labeled by incubation with 

rabbit anti GUTat 7.2 antisera at a concentration of 1 in 100, in PBS/0.1% Tween 20, 

for 30 minutes followed by waslihig with PBS/Tween 20. FITC labeled anti rabbit 

antibody (SAPU) was then used at a concentration of 1 in 50, Trypanosomes were 

counter stained with 4,6-Diamidino-2-phenylindole (DAPI, Sigma) at a concentration 

o f 0,01 mg/ml. Slides were washed in PBS/Tween 20 and moimted in 

nonautofluorescing glycerol (Citifluor). 200 parasites were counted per shde and the 

proportion of GUTat 7.2 present expressed as a percentage of the total parasite 

density.

Rabbit anti GUTat 7.13 antisera was used at a concentration of 1 in 100, in PBS/0.1% 

Tween 20, and followed by FITC labeled anti rabbit antibody at a concentration of 1 

in 50 as a negative control. A positive control was provided by blood smears prepared 

fr om the GUTat 7.2 infected blood used to establish secondary infections, as 

described above.
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This experiment was repeated with the modification that the inocula for both the 

primary and secondary infections were of 10"* trypanosomes per mouse.

3.2.5.2. Parasite growth in mixed infections in transgenic mice lacking

inducible nitric oxide synthase activity

Tiypanosomes of the line EATRO 2340 were raised in two CFLP mice. When 

tiypanosomes were growing exponentially and consisted mainly of slender foims these 

mice were exsanguinated into CBSS coutahiing 10 U/ml heparin and the blood used to 

infect intrap eritoneally 9 age-matched female MFl mice transgenic for inducible nitric 

oxide synthase activity. Five of these mice were homozygous for this mutation, hence 

were lacking iNO synthase activity, 4 were heterozygous controls. These mice were a 

kind gift fiom Professor F. Y. Liew, Department of Immunology, Glasgow 

University. Each mouse received 10‘̂ tiypanosomes. Parasitaemias were monitored 

daily by examination of wet blood films. Plasma samples for nitrate and nitrite 

estimation were obtained fiom each mouse as previously described before infection and 

on days 4 and 12 of infection. Nitrate was reduced to nitrite as previously described 

and assayed by the Griess Reaction.

Standard cmves for nitrite and nitrate estimation were in the foim; 

y = D + ( A - D ) / ( l  +{x / C) ' ^B)

where A -  0.003, B =5.785, C = 1.78, D -0 .3 8 , R  ̂= 0.977 

for homozygous mice

and A = 0.006, B = 10.433, C =  1.756, D = 0.37, R  ̂= 0.985 

for heterozygous mice.
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GUTat 7.2 tiy|3aiiosomes were raised from, stabilate in two CFLP mice. This blood 

was used to inoculate the MFl mice. On day 7 of infection-mice were inoculated 

intrap eritoneally with 10"̂  GUTat 7.2 tiyiiauosomes. Parasitaemias were monitored 

daily by coimting on an Improved Neubauer Haemocytometer as previously described. 

The proportions which EATRO 2340 and GUTat 7.2 constituted of the overall 

parasitaemia were calculated as previously described.

Tliis ex^ieriment was repeated with the modification that tiyqianosomes of the line 

STEB 247 were used as the piimaiy infection. STIB 247 tagged by homologous 

recombination of a constmct confening resistance to the antibiotic phleomycin onto 

the tubulin locus (Hope and Tinner, unpublished results) were used as the secondaiy 

infection. Mice were inoculated with 10̂  tiypanosomes of the STIB 247 line 

intraperitoneally. On day 9 of infection all mice received lO'̂  tiypanosomes of the hne 

STIB 247 which had been tagged with the phleomycin resistance marker (STIB 247 

phleo). Plasma samples were obtained fr om each mouse before infection and on days 

5, 11 and 16 of infection. Nitrite and nitrate content was assayed as previously 

described.

The standard curve for nitrate estimation was of the form; 

y = D  + ( A - D ) / ( l  + ( x / C) ^ B)

where A = 0.003, B = 5.785, C = 1.78, 0  = 0.38, R  ̂-  0.977 

for homozygous mice and;

A =0.006, B = 10.433, C = 1.756, 0  = 0.37, R  ̂= 0.985 

for heterozygous mice.

79



Blood smears were obtained from each mouse and fixed in a 1:1 acetone:methanol 

solution at 25°C for 2 - 5 minutes. Proportions of STIB 247 and STIB 247 phleo 

tiypanosomes present were assayed as previously described with the modification that 

tryjianosomes of the line STIB 247 plileo were labeled with rabbit anti-phleomycin 

antibody at a concentration of 1 in 50 for 2 hours. FITC labeled anti-rabbit antibody 

was then added at a concentration of 1 in 50 for 30 minutes.

3.2.6. Investigation into the effectiveness of L-NAME at inhibiting production 

of nitric oxide in vivo.

Duee groups of 6 BalbC age-matched female adult mice received the following drug 

treatment; Group 1 received Img/ml L-NAME in drinking water, group 2 received 1 

mg/ml D-NAME in diinking water and the third group received water with no dmg 

added. Drinking water was provided ad libitum and drug solutions were prepared 

daily.

Tiyiianosomes fiom line GUTat7.2 were raised from stabilate in two CFLP mice.

Wlien tiypanosomes were growing exponentially and consisted mainly of slender fornis 

(at approximately 10̂  trypanosomes per ml), mice were exsanguinated, imder 

halothane anaesthesia, into CBSS containing 10 U/ml heparin. The three gioups of 

dmg treated mice were each inoculated intraperitoneally with 10*" trypanosomes. 

Parasitaemias were monitored daily by coimting with an Improved Neubauer 

Haemocytometer as previously described. Blood samples were collected hi
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heparinised capillaiy tubes by venesection. Plasma samples were pooled for each drug 

treatment group and stored until required at -70‘’C.

Nitrite contents in the samples was deteimined by the Griess assay. Nitrate present in 

the samples was reduced to nitrite as previously described and the resultant nitrite 

concentration deteimined by the Griess assay. Die equation for the standard curve 

was of the foim;

y = D + (A - D) / ( 1 + (x / C) ^ B)

where A = 0.002, B =  2.926, C = 25.602, 0  = 448.725, R  ̂= 0.966 

for the standard cuive constnicted with sodium nitrite and 

where A = 0.023, B = 6.003, C = 1.773, D = 0.626, R  ̂= 0.935 

for the standard cuive constnicted with sodium nitrate.

3.2.7. Investigation into the effectiveness of L-NAME at inhibiting nitric oxide 

production in vitro

Macrophages were collected from adult female BalbC mice by peritoneal washes with 

RPMI 1640 (GIBCO) supplemented with; 2mM L-glutamine (Sigma), lOOpg/ml 

penicillin/streptomycin (GIBCO), 2% of gentamycin sulphate (Sigma), 0,075% 

sodium bicarbonate (Sigma) and 10% of foetal calf semm(GIBCO).

Die cell suspension was washed twice by centrifiigation at 250g for 10 minutes at 4°C 

and cultmes estabhshed at 2x 10̂  macrophages per well in supplemented RPMI 

medium in a 96 well culture plate. Macrophages were allowed to adhere to plates for 

2 horns at 37°C, 5% CO2 and then washed by gently pipetting with warm
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supplemented RPMI medium to remove non-adherent cells. Media was replaced to 

restore culture volume to 200pi.

Cells were stimulated with lOOng/ml LipoPolySaccharide (Sigma) and 100 U/ml of 

recombinant Inteiieron gamma (a khid gift fr om Dr. W. Sands, Department of 

Immimology, University of Glasgow). Inducible nitric oxide synthase activity was 

inliibited with 1 mM L-NAME. Addition of D-NAME at 1 mM concentration 

provided a negative control. Die adherent cell (macrophage) cultures were incubated 

at 37°C, 5% CO] for 19 hours. Die culture supernatant was asp hated and assayed for 

nitrite content by the Griess reaction.

Die equation of the standard cuive was of the foim; 

y = D + ( A - D ) / ( l + ( x / C ) ^ B )

where A = 0.021, B =  2.677, C = 19.9, D = 289.597, R  ̂= 0.986

Nitrate content could not be deteimined by this method as RPMI contains calcium

nitrate at a concentration of 69.49 mg/ml (Johnston and Dioi-pe 1982).
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3.3. Results

3.3.1. Testing of several aspects of the Griess reaction to determine 

NO2/NO3 levels in murine plasma

3.3.1.1. Investigation into the presence of endogenous inhibitors to the 

Griess reaction in normal murine plasma.

If endogenous inliibitors were present in plasma, dilution of plasma followed by 

addition of a fixed amount of sodium nitrite would be expected to result in an increase 

in absorbance as samples become more dilute. As Fig 8 shows, however, as dilution 

increased absorbance dropped slightly fiom 0.473 to 0.31 and then remained at this 

level. These data demonstrate the apparent absence of inhibitors to the Griess reaction 

in noimal mmlne plasma.

A dilution series of iioimal mouse plasma was prepared with phosphate buffered safine 

and absorbance measured at 540 nm in order to ascertain whether dilution of serum 

with phosphate buffered saline before measurement of absorbance is a valid 

expeiimental strategy. Fig 9 show that dilution of plasma leads to a reduced level of 

absorbance as might be expected. Importantly, however, this relationship is not linear 

and not robust at higher levels of dilution. For example, dilution by a factor of 4 does 

not yield 25% of the absorbance. Dilution of plasma samples was not deemed to be a 

valid experimental strategy. Plasma samples were assayed neat throughout this 

project.
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3.3.1.2. Comparison of absorbance of sodium nitrite at 540nm and 550nm

Die standard cmves of the Griess reaction product for sodium nitrite when measured 

at 540 lun and 550 nm were deemed similar enough to justify reading the absorbance 

of the end product of the Griess reaction at 540 nm througliout tliis project. Fig 10.

3.3.1.3. Determination of the stability of the colour change of the Griess 

reaction

Standard cuives were coiistmcted using sodium nitrite and the absorbance read at 

different time pohits. The cmves obtained at 10 minutes, 1 hour and 40 minutes, 3,

6 and 24 hours were almost identical. Hence the colom* change produced in the Griess 

reaction was demonstrated to be stable as shown in Fig 11.

To conclude, nitrite and nitrate levels could be determined in mouse plasma using the 

Griess reaction. The reaction product of the Griess reaction was stable with time, 

could be detected at both 550 and 540 nm wavelength and no endogenous inliibitors of 

the reaction could be detected in plasma. However, dilution of plasma samples before 

conduct of the Griess reaction, as employed in some other studies (Sternberg - 

personal communication) gave spurious results.
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3.3.2. Determination of the levels of nitrite and nitrate produced in 

trypanosome infections

Die results in Fig 12 show that nitrite production, as measured by the Griess reaction, 

was detected at low levels, less than 13 iiM, before infection and until day 2 post 

infection From days 4 to day 6 post infection nitrite was undetectable, then rose to

37.4 iiM on day 8 post infection. Nitrate was detected at levels of 20 - 32 nM until 

day 6 when it rose to 84.3 nM and day 8 when it was detected at 77.5 iiM. Levels of 

nitrate detected in plasma rose significantly shortly after parasitaemia had reached peak 

levels. Diese data indicate that trypanosome infections in mice induce NO synthase 

activity wliich is trypanosome density-dependent and is detectable after the fir st 

parasitaemic peak, mainly in the form of nitrate rather than nitrite.

Fig 13 shows that in chronic as in very acute-phase infections, nitrite was detected at a 

low level, generally below 20 irM. Nitrate levels rose sharply to 126.4nM at day 8 of 

infection, dropped again and remained low imtil day 16 post infection when levels 

again rose sharply to 171.8 nM. Levels dropped again on day 18 of infection. As was 

seen in acute-phase infections, production of nitrate was trypanosome density- 

dependent with peak values approximately 2-4 days after each parasitaemic peak.

3.3.3. The effect of inhibition of nitric oxide synthesis upon parasitaemia

No significant differences were seen between parasitaemias m groups of mice treated 

with either L-NAME or D-NAME or in the imtreated group (Figs 14 and 15), both in
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levels of peak parasitaemias and in rates of clearance of infections after peak. In the 

second experiment (Fig 15) a trend towards reduced rate of growth was seen the L- 

NAME treated group compared with the untreated group. However the D-NAME 

treated group showed a greater trend towards reduced rate of gr owth. Diese apparent 

differences between growth rates were not significairt.

3.3.4 Investigation into the effect of nitric oxide synthesis inhibition

upon mixed infections.

No significant differences were seen in peak parasitaemias between mice treated with 

L-NAME, D-NAME and in untreated mice (Fig 16 A). After day 12 of infection 

parasitaemias remained high. The secondary hrfection displayed similar growth 

kinetics, in mice receiving only the secondary hrfection, to parasites of the primary 

infection (Fig 16B). Figs 17A and 17B shown that in the repeat of this experiment the 

secondaiy infection again displayed similar growth kinetics to the primary infection. 

Parasitaemias aclrieved second peak on day 14 of infection and remained high 

thereafter.

The growth of the secondary infection, GUTat 7.2, was greatly inhibited in the • 

untreated group of mice (Fig 18). At no point in the infection did GUTat 7.2 

constitute more than 2.5 % of the total infection. Growth of GUTat 7.2 was less 

inhibited in the L-NAME treated group of mice. On day 16 of infection GUTat 7.2 

constituted 6.3% of the total infection. This rose to 28.5 % on day 21 post infection
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then dropped to 14.3 % on day 22 post infection. The difference in the proportions 

constituted of the total parasitaemia by the untreated and the L-NAME treated group 

would suggest a trend towards enhanced growth in the absence of nitric oxide. The 

eiTor bars however were veiy large. Also, growth of GUTat 7.2 in the D-NAME 

treated group was inhibited until day 19 of infection after wliich GUTat 7.2 constituted 

14.5 % of the total parasitaemia on day 21 of infection, and 20.3 % on day 22.

When this experiment was repeated iuliibition of the growth of GUTat 7.2 was found 

to be greatest in the L-NAME treated mice (Fig 19). At no point in the course of 

infection did GUTat 7.2 constitute more than 5.5 % of the total infection in this group 

of mice. In the untreated group the proportion GUTat 7.2 constituted of the total 

parasitaemia rose to 12.5 % on day 14 post mfection, dropped again, then rose to

10.4 on day 19 of infection. Error bars were very large and no significant difference 

was seen between the growth of GUTat 7.2 in the two groups.

3.3.5. Investigation into trypanosome growth inhibition in iNOS-deficient mice

Levels of parasitaemia at first peak were similar in mice both homozygous and 

heterozygous for the iNOS gene locus (Fig 20). In the homozygous gr oup of mice 

parasitaemias were resolved more rapidly after the first peak of infection and reached 

lower levels on days 7-10 than in the heterozygous group. The heterozygous group 

exhibited parasitaemias which remained high throughout the course of the experiment. 

After the first peak of parasite density had been passed error bars became very large as
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has been observed previously with this line of parasites (Turner et al 1995). For this 

reason it is informative to examine the parasitaemias in individual mice (Figs 21 and 

22) as well as the mean values for each group. Diese data show that there was 

considerable variability between hr dividual mice after the ftrst parasitaemic peak. For 

example, some mice exliibited three peaks of parasitaemia whilst in other animals only 

one peak was observed. Addition of secondary infections to mice had negligible effect 

upoir parasitaemias, as would be expected given that a second inoculum of 10̂  

tryqranosomes was introduced to a pre-existing infection of roughly 10̂  parasites per 

ml. In a formal comparison no differences in parasitaemia were seen (Turner - 

personal communication).

Growth of the secondary mfection, GUTat 7.2, was greatly inhibited in both groups 

of mice (Fig 23). At no point did GUTat 7.2 trypanosomes constitute more than 15% 

of the total parasitaemia. No differences in levels of GUTat 7.2 between the two 

groups were significant.

Plasma fiom mice heterozygous for the iNOS gene locus contained summed nitrite and 

nitrate at levels between 31.7nM and 38.2nM on day 4 of infection. Table 1. Levels 

rose to between 37.4nM and 50.5nM on day 8 of infection. Mean values rose over this 

time fiom 34.8uM to 48.0nM. Plasma from mice homozygous for the iNOS gene • 

locus displayed greater variabdity. Nitric oxide metabolite was detected at levels 

between 24.9nM and 52.6rrM on day 4 of infection. Plasma firom two mice corrtained 

summed levels o f nitrite and nitrate of below the nM range. Levels of iritric oxide



metabolite on day 8 of infection were between 24.2nM and 83. InM. Mean values of 

nitrite and nitrate rose during this time from 2 InM to 55.2nM.

A repeat of tliis experiment was conducted using a different cloned line of parasite 

(STIB 247) that produces lower parasitaemias and is less virulent for mice permitting 

infection to be followed over a longer time period. BalbC mice, for example, infected 

with EATRO 2340 develop imacceptable symptoms of disease after approximately 20 

days of infection but can readily tolerate infections with STIB 247 for over 30 days 

(Turner et al 1995). hi this exiieiiment all mice, whether homozygous or 

heterozygous, reached ftist peak at the same time. Parasitaemias in homozygous mice 

dropped faster after the first peak of parasitaemia and reached a lower level than in the 

heterozygous mice (Fig 24). Interestingly, parasitaemias in the homozygous mice 

reached second peak sooner than in the heterozygous mice. Considerable variability 

was evident between individual mice after the fir st parasitaemic peak Some mice 

exhibited two peaks of parasite density whilst others exliibited tluee (Figs 25 and 26).

It had been the intention to discmninate between parasites in the pirmaiy and 

secondaiy infections and thus investigate parasite gmwtli in the context of a chronic 

infection using the plileomycin resistance markers as an epitope tag that would be. 

detected using an antibody by immimofluorescence. However, due to veiy high levels 

of non-specific binding experienced with the anti-plileomycin antibody, it was not 

possible to calculate the proportion of the total parasitaemia constituted by the 

transfected STIB 247 line. Attempts to over-come this problem, including 

manipulation of antibody concentrations, incubation times and washing conditions, 

were imsuccessftil.
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Ill contrast to the previous experiment all the mice homozygous for the iNOS gene 

locus displayed a suqiiising and inexplicable reduction in summed levels of nitrite and 

nitrate over the course of infection. Table 2 shows mean values which dropped over 

the course of infection from 37.5nM in control, uninfected, plasma to 24.0nM on day 

16 of infection. One data point, which was over the nM range, was discarded due to 

suspected haemolysis in the plasma sample resulting in erroneous values. Three out of 

the four mice heterozygous for the iNOS gene locus displayed levels of nitrate and 

nitrite which dropped over the course of infection. One mouse however exliibited 

levels that increased slightly (Table 2). Mean values of nitric oxide metabolite rose 

transiently from 40.4nM in control uninfected plasma to 42.9nM on day 5 of infection. 

Levels then fell to 34.8iiM and 36.7nM on days 11 and 16 of infection respectively.

3.3.6 Effectiveness of L-NAME in inhibition of nitric oxide synthase

The contrast between the results for parasitaemias when using L-NAME as an inhibitor 

and with iNOS-deficient mice would suggest that the inhibition is ineffective, even 

though this has been successfitlly used in other studies, hi this study, administration of 

L-NAME would appear to have had no inhibiting effect upon the production of nitric 

oxide in vivo. Levels of nitrite produced in the plasma of L-NAME treated mice were 

liigher than or equal to the levels produced in the plasma of D-NAME treated mice and 

in untreated mice at all points tested, (Fig 27). Levels of nitrate detected in the 

plasma of L-NAME treated mice were shghtly lower than in either untreated mice or in 

mice which had received D-NAME (Fig 28). However production of nitrate was not 

abrogated suggesting that enzyme activity was still present.
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To test further the efficacy of L-NAME, I conducted an experiment in vitro. Addition 

of L-NAME to cultures of stimulated peritoneal macrophages resulted in a 35 % 

reduction in the production of nitrite in the culture supernatant compared with cultures 

without the addition of L-NAME (Fig 29).

3.4. Discussion

Before investigating the potential role of nitric oxide (NO) in tiypanosome growth, 

prelimmaiy experiments were conducted hi order to optimise the Giiess assay, 

estabhsh levels of NO produced in BalbC mice and to reproduce observations made by 

other workers in the field on the effect of inhibition of inducible nitric oxide synthase 

upon parasitaemias in mice of a different genetic background.

Nitrate production has, in accordance with previous observations, been shown to 

increase dining infection, hr this study nitrate levels were foimd to rise significantly 

above baseline levels after 5 to 6 days of infection. This result compares favourably 

with the in vitro production of NO by peritoneal macrophages 3 days post infection 

(Sternberg and McGuigan 1992) and increased levels of nitrate detected in mouse 

urine at day 3 post hrfection (Sternberg et al 1994). Nitrite levels failed to rise above 

basehne levels during the course of infection. As nitrite rapidly oxidises to iritrate in 

the blood, measuremerrt of iritrate gives a more accurate indication of levels of NO 

produced. In the limited time course of this infection, levels of nitrate rose after 

parasitaemia reached peak density suggesting that parasite density is likely to have a 

role as a causative factor in increased production of NO.
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In contrast with previous studies (Sternberg et al 1994) inhibition of inducible NO 

synthase had no significant effect upon parasitaemia. The difference between the levels 

of nitrite and nitrate detected in the plasma of untreated and L-NAME treated mice in 

response to infection in this lab and that reported by other workers (Sternberg - 

personal communication) could be due to the different breeds of mouse used having 

different sensitivities to L-NAME. Alternatively, levels of nitrate and nitrite in plasma 

were detected by Sternberg after dilution of plasma samples with phosphate buffered 

saline to dilute out putative inhibitors of the Griess reaction endogenous to murine 

plasma. This was a strategy found to be invalid in my hands after a consistent failure 

to demonstrate the presence of inhibitors endogenous to murine plasma. The 

possibility may exist therefore that the levels of NO metabohtes detected by Sternberg 

(Sternberg and McGuigan 1992, Mabbot and Sternberg 1995) were artificially raised 

by conducting aU Griess assays on diluted plasma samples.

The lack of effectiveness o f L-NAME is further illustrated by the levels of nitrite 

produced by activated peritoneal macrophages, in the presence of L-NAME in vitro. 

Another possible explanation for the apparent lack of effect of L-NAME upon 

parasitaemia in the cunent study may be the difference in genetic backgroimd of both 

the mice and the try^janosome fines used in the afore-mentioned study. In the present 

study, inbred female BalbC mice were mfected with GUTat 7.2 trypanosomes whilst hi 

the former study male C3H.He mice were infected with AnTat 1.1 trypanosomes. • 

Whilst the sexes of the mice has a small effect on parasitaemia (Greenblatt and 

Rosenstreich 1984), the strain o f trypanosome and the genetic background of the mice 

is fikely to have a far greater impact (Levine and Mansfield 1981, Turner et al 1995). 

fil a more susceptible breed of mouse the presence or absence of a factor influencing
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gi‘owth of the parasite. Le. NO, could be expected to have a greater effect upon 

parasitaemia than it would m a breed of mouse displaying a greater degree of 

resistance to infection. In tliis case the presence or absence of NO could be expected 

to be more likely to have an effect upon parasitaemia in the more susceptible C3H.He 

than in the relatively resistant BalbC mice.

Tlie inhibition of growth seen in the secondary infection in the untreated or the D- 

NAME treated mice is in keeping with previous obseivations (Turner et al 1996). Tlie 

removal of such inliibition in the presence of L-NAME in the first experiment is 

suggestive of a role for NO in gr owth inhibition. However this result was not robust in 

that it was not observed in the repeat experiment.

Upon infection of mice deficient in iNOS the lack of difference hi parasitaemias 

between mice homozygous and heterozygous for the iNOS gene locus would at first 

sight suggest that NO has little effect upon parasite growth when these strains of 

trypanosome are grown in mice with the MFl genetic backgroimd. The rate of 

clearance of parasites fi'om the systemic chculation does, however, appear to be 

increased in the case of mice homozygous for the iNOS gene locus, hr view of the 

immmiosuppressive activities of NO reported in the hterature, (Mills 1991, Sternberg 

and McGuigan 1992, Schleifer and Mansfield 1993, Mabbot and Steinberg 1995, 

Mabbot cr ûf/ 1995), a possible role for NO in the mice heterozygous for the iNOS 

gene locus might include exerthig an immunosuppressive action upon the host, thereby 

lessening the rate of clearance of the parasites from the blood. As T cell help is 

required for the production of specific antibodies by B cells, suppression o f T cell help
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might reasonably be expected to result in reduced antibody production and hence 

reduced clearance of parasites.

As no difference in the level of the growth inliibition of the second infection was 

observed between the two groups of mice it would appear that NO has no role as the 

putative factor responsible for growth inhibition.

We can attribute the large eiTor bars in both overall parasitaemias and in levels of the 

secondai-y infection to the outbred genetic backgroimd of MFl mice.

Throughout tliis series of expeiiments the existence of growth hiMbition has been 

reliably demonstrated in a variety of combmations of mouse and tiypanosome strains. 

A role for NO in control of parasite growth has been strongly implicated by other 

woikeis (Vincendeau and Daulouede 1991, Vincendeau et al 1992, Steinberg et al 

1994, Albright et al 1994, Mabbot et al 1994). My results do not support this and 

would suggest NO to have little or no effect upon trypanosome growth kinetics.

Tlie lack of effectiveness of L-NAME and the evidence of significant levels of NO 

pioduction in mice lacking the iNOS gene locus would go a long way to explaining the 

above discrepancy. Production of NO by mice lacking the iNOS gene locus 

demonstrated in this lab, both here and in a separate study (Millar and Turner - 

mipublished results) has two possible explanations. Firstly, the disruption of the locus 

for iNOS may be incomplete hi these mice and some residual enzymatic activity may 

stiU remain. Alternatively, as has been suggested by other groups (Kantor et al 1996), 

animals lacking enzymatic activity for one isoform of nitric oxide synthase are able to 

utilise other isoforms in their place. Although I have been unable to find evidence in
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the literature of this occumng in mice lacking inducible NOS activity it would be 

unwise to discount this possibUity. Tlie occurrence of up regulation of other isolb mis 

of NOS ill the mice used in these studies would explain the levels of nitric oxide 

metabolite detected in mice with iNOS either inliibited or functionally absent.

Haemoglobin has been demonstrated by other workers in the field to abrogate the 

antitrypanosomal effects of NO in vitro (Mabbot et al 1994, Sternberg et al 1994). 

Oxyiiaemoglobm’s role as a scavenger of NO is well documented (Goretski and 

Hollo cher 1988, Lancaster 1994, Wood and Garthwaite 1994) and is postulated to 

limit NON sphere of action. Inactivation of NO has, however, been argued to have 

Uttie effect upon NON sphere of influence due to its fast rate of diffusion. The 

physiological sphere of influence of a single point source of NO that emits for 1 -1 0  

seconds has a diameter of about 200j.im (Wood and Garthwaite 1994) wliich, in the 

context of a capillaiy bed, is a considerable distance. It has been fiirther suggested 

that NO is able to exert its biological effects, in the presence of liigh levels of 

oxyhaemoglobin, by endogenous foimation of s-nitrosotliiols wliich retain nitric oxide- 

like vasorelaxant activities but are not subject to the diffiisional constraints exerted 

upon NO by oxyhaemoglobin. Arterial-venous differences in the s-nitrosothiol content 

of intra-eiythi'ocytic haemoglobin suggest that once NO has been scavenged by 

oxyhaemoglobin it is released dming the arterial-venous transit. Nitric oxide then 

reacts with endogenous thiol groups in the blood to foim s-nitrosotiols. This would 

suggest that in the absence of free NO, nitroxy-haemoglobin can deliver NO activity in 

a manner not scavenged by haemoglobin (Jia et al 1996). It would appear probable 

that if s-nitrosothiols retain NO-like vasoactive properties that their presence may
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ex|3lain the effects obseived upon parasite growth in the blood of infected animals as 

obseived by other workers (Sternberg et al 1994 and Mabbot et al 1994).

In conclusion, I have confirmed the results from other groups demonstrating that 

trypanosome infections cause a rise in nitric oxide production. I have then extended 

our luiderstanding of how NO acts m trypanosomes infectious in two important 

respects. Firstly, NO does not affect the growth of tryjianosomes in either acute- or 

ciuoiiic-phase hifections. Although this result was predicted from previous work 

(Mabbot et al 1994) the rationale on which that study was based was limited hi three 

respects. It overlooked the requirement for trypanosomes to traverse the splenic 

capiUaiy bed when macrophages may have close contact with parasites in the effective 

absence of haemoglobm, it pre-empted description of the potential formation of 

uitrosothiols and neglected the liigh rate of diffusion of NO. Secondly, I have 

presented data which suggest that L-NAME is only a poor iNOS inhibitor. As a result 

data published using that inhibitor may need reinteipretation. Nevertheless, residts 

from using INOS-deficient mice suggest that NO does have an effect on parasitaemia 

but this effect is likely to be mediated indirectly through modulation of the effector 

immmre response.
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Fig 8, Apparent absence of inhibitors of the Griess 
reaction in normal mouse plasma.
A dilution series of nonual (uninfected) murine plasma 
was prepared with phosphate buffered saline. Sodium 
nitrite was added to each sample which was then 
subjected to the Griess reaction and absorbance read at 
540 nm.

99



esrP

rJ=ies

0.030

0.025

0.020

0.015

0.010

0.005

0.000

0 1 2 3 4 5 6 7 8 9  10 11 12

reciprocal dilution

Fig 9. Effect of dilution of murine plasma upon 
absorbance.
A dilution series of uninfected murine plasma was prepared 
with phosphate buffered saline. Samples were subjected to 
the Griess reaction and absorbance read at 540 nm.
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Fig 10. Comparison of standard curves of the 
Griess reaction product for sodium nitrite when 
measured at 540 nm and 550 nm.
Dilution series of sodium nitrite were prepared with 
phosphate buffered saline. Griess reaction products 
were then read at 540 nm and 550 nm. Data points 
denote average values, n = 2 and the hneswere fitted 
using a B-spline algorithm in GRAFIT soflware
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Fig 11. Stability of the colour change in the 
Griess reaction.
A dilution series of sodium nitrite was prepared with 
phosphate buffered saline. Absorbance was read at 540 
nm, after 10 minutes, 1 hour and 40 minutes, 3 hours, 6 
hours and 24 hours.

102



120 r-  9

100

80 -

1
I 40 -
03

—  6

0 1 4 6 72 3 5 8 9

-T3

O

time (days)

parasitaemia 

—o -  nitrite 

— nitrate

Fig 12. Levels of nitrite and nitrate in plasma during 
acute-phase trypanosome infections.
Plasma samples were obtained from EATRO 2340-infected 
mice. Nitrate was reduced to nitrite prior to the Griess 
reaction.
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Fig 13. Levels of nitrite and nitrate in plasma during 
chi'onic-phase trypanosome infection.
Plasma samples were obtained from EATRO 2340-infected 
mice. Nitrate was reduced to nitrite prior to the Griess 
reaction.

104



9.0

« —o~ L-NAME
6.0  —

D-NAME

no-NAME

4.0

20 40 60 80 140 160100 120

time (liours)

Fig 14. Parasitaemias in three groups of mice 
after administration of NO synthase inhibitors.
Course of infection in mice receiving the NO 
synthase inhibitor, L-NAME, and in control groups. 
Data points denote geometric mean +/- 2SE, n = 6.
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Fig 15. Parasitaemias in three groups of mice after 
administration of NO synthase inhibitors
Course of iiifectiou in mice receiving the NO synthase 
inhibitor, L-NAME, and in control groups. Data points 
denote geometric mean +/- 2SE, n = 6.
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Fig 16. Effect of nitric oxide synthase inhibition upon 
parasite growth in mixed infections.
Parasitaemias in 4 groups of mice; after drug treatment 
with the NO synthase inhibitor, L-NAME, and in three 
control groups; D-NAME, no-NAME (Fig 16A) and 
second infection (GUTat 7.2) only (Fig 16B). Drug 
treatments were adroinistered daily ftom days 9 to 21. All 
groups shown in Fig 16A were given a secondary infection 
of GUTat 7.2 on day 12. Data points denote geometric 
mean +/- 2 SE, n = 6
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Fig 17. Effect of nitric oxide synthase inhibition 
upon parasite growth in mixed infections.
Parasitaemias in 4 groups of mice; after drug treatment 
with the NO synthase inhibitor, L-NAME, and in three 
control groups; D-NAME, no-NAME (Fig 17A) and 
second infection (GUTat 7.2) only (Fig 17B) Drug 
treatments were administered daily from days 9 to 18. All 
gi'oups shown in Fig 17A were given a secondary infection 
of GUTat7.2 on day 10. Data points denote geometric 
mean +/- 2SE, u = 6.

108



50 - ,

<D
% 20  -

12 13 14 15 16 17 18 19 20 21 22 23

time (days)

L-NAME

D-NAME

no-NAME

Fig 18. Effect of niti'ic oxide synthase inhibition upon 
parasite growth in a mixed infection
The proportion of the parasite population expressing 
GUTat 7.2, GUTat 7.2 tiypanosomes were inoculated 
into mice aheady harboring EATRO 2340 iofections on 
day 12 and differentiated from EATRO 2340 
trypanosomes by immunofluoresence staining. Data 
points denote geometric mean +/- 2SE, n -  6.
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Fig 19. Effect of nitric oxide synthase inhibition 
upon parasite growth in a mixed infection.
Tlie proportion of the parasite population expressing 
GUTat 7.2. GUTat 7.2 trypanosomes were inoculated 
into mice already harboring EATRO 2340 infections on 
day 10 and differentiated from EATRO 2340 
trypanosomes by immunofluorescence staining. Data 
points denote geometric mean +/- 2SE, n = 6.
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Fig 20. Effect of lack of inducible nitric oxide 
synthase activity upon trypanosome parasitaemias 
in mixed infections.
iNOS deficient and control mice received EATRO 2340 
trypanosomes ip . followed by GUTat 7.2 trypanosomes 
ip . on day 7 of infection. Data points denote geometric 
mean +/- 2 SE, n = 5 in the homozygotes and 4 in the 
control heterozygotes.
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Fig 21. Effect of lack of inducible nitric oxide synthase 
activity upon trypanosome parasitaemias.
Parasitaemias in individual mice homozygous negative for the 
iNOS gene locus. Mice received EATRO 2340 trypanosomes 
i.p. followed by GUTat 7.2 trypanosomes i.p. on day 7 of 
infection.
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Fig 22. Effect of lack of inducible niti ic oxide synthase activity 
upon ti-ypanosonie parasitaemias.
Parasitaemia in individual mice heterozygous for the iNOS gene 
locus. Mice received EATRO 2340 trypanosomes i.p. followed by 
GUTat 7.2 tiypanosomes i.p. on day 7 of infection. Mouse 4 died 
on day 8 of infection.
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Fig 23. Effect of lack of inducible nitric oxide 
synthase activity upon growth of parasites in a 
secondary infection, expressing GUTat 7.2, in 
the context of a mixed infection.
The proportion of the total parasitaemia made up by 
GUTat 7.2 trypanosomes. GUTat 7.2 trypanosomes 
were differentiated from EATRO 2340 trypanosomes 
by immunofluorescence staining. Data points denote 
geometric mean +/- 2SE, n = 5 for homozygotes and 4 
for heterozygotes.
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genotype plasma from day 4 plasma from day 8
-/- < 1 24.2

25.6 85.2
-A 52.6 83.1
-/- < 1 60.1

24.9 23.5
mean 21.0 55.2

-/+ 34.6 37.4
-/+ 34.8 56.1
-/+ 38.2 50.5

31.7 ND
mean 34.8 48.0

Table 1. Levels of nitrite plus nitrate detected in plasma obtained from individual 
mice homozygous and heterozygous for the iNOS gene locus infected with EATRO 
2340 and GUTat 7.2 trypanosomes (nM). ND = not determined. Data for uninfected 
control plasma was not available in this expeiiment.

genotype uninfected 
control plasma

plasma from 
day 5

plasma from 
day 11

plasma from 
day 16

57.9 45.1 over nM range 26.3
-A 45.8 36.4 27.5 22.4
-A 24.0 41.6 21.7 21.5
-A 29.6 24.0 23.3 20.5
-A 30.1 29.9 33.2 29.2

mean 37.5 35.4 24.0
+/- 43. 6 34.4 32.1 37.1
+A 42.0 65.1 40.8 35.6
+/- 44.0 34.6 32.3 39.3
+A 32.1 37.5 34.0 34.8

mean 40.4 42.9 34.8 36.7

Table 2. Levels of nitrate plus nitrite detected in plasma obtained from individual 
mice homozygous and heterozygous for the iNOS locus infected with STIB 247 and 
STIB 247 phleo trypanosomes (nM). No mean value could be determined for 
homozygous mice on day 11 of infection.
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Fig 24. Effect of lack of inducible nitric oxide 
synthase activity upon trypanosome parasitaemias 
in mixed infections.
iNOS deficient and control mice received STIB 247 ‘ 
tiyijanosomes i.p, followed by STIB 247 phleo 
tiypanosomes, i. p. on day 9 of infection. Data 
points denote geometric mean +/- 2SE, n = 5 in the 
homozygotes and 4 in the control heterozygotes.
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Paiasitaemias in individual mice heterozygous for the iNOS gene 
locus. Mice received STEB 247 trypanosomes i.p. followed by 
STEB 247 phleo trypanosomes i.p. on day 9 of infection.
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Fig 26. Effect of lack of inducible nitric oxide synthase activity 
upon trypanosome parasitaemias.
Parasitaemias in individual mice homozygous negative for the iNOS 
gene locus. Mice received STIB 247 trypanosomes i.p. followed by 
STIB 247 phleo tiypanosomes i.p. on day 9 of infection.
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Fig 27. Effect of L-NAME upon nitrite produced in 
plasma during acute-phase infection with 
trypanosomes.
Amount of nitrite produced in the plasma of mice treated 
with the NO synthase inhibitor, L-NAME, and in control 
groups during infection. Nitrite content was assayed by 
the Griess assay.
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Amount of nitrate produced in the plasma of mice treated 
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Macrophages were cultured at 2 x 10̂  cells per well, 
stimulated with lip op olysaccharide and interferon gamma. 
The NO synthase inhibitor, L-NAME, and it's 
enantiomer, D-NAME, weie each added at 
concentrations of 1 mM.
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CHAPTER 4

IN  VITRO CULTURE OF

BLOODSTREAM FORM

TRYPANOSOMES
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4.1. Introduction

Culture of uiiinfective procyclic foims of T.brucei and T.congoleme was achieved before 

that of bloodstream forms (reviewed by Hirumi et al 1980). ùi vitro culture of blood 

stage trypanosomes has been performed since the late 1960s. Originally, methods for 

bloodstream form culture had an absolute requir ement for the presence of feeder cells.

Tire use of feeder cells in the culture of trypanosomes was fii'st introduced by Le Page 

who achieved short term growth of bloodstream forms with mouse L cells and mammahaii 

tissue culture medium (Le Page 1967). It was several years until the continuous culture of 

infective monomoiphic T.briicei was achieved (Hirumi et al 1977a, 1977b). Epithelial 

and fibroblast-hke cell lines have been used (Hhumi et al 1980) in conjunction with RPMI 

1640 medium supplemented with 20% heat inactivated Foetal Calf Serum (Hill 1978a, 

1978b; Hirumi er a/ 1977a, 1977b; Hhumi a/ (3/ 1980; Hecker and Brun 1982). Actively 

metaboHsing feeder cells of mammahan lineage had been shown to be essential to the 

growth of tryiranosonies, supplemented RPMI medium alone did not support growth 

(Taruier 1980). Attempts to grow pleomorphic, tsetse-transmissible T. briicei stocks on 

feeder cell layers were largely imsuccessfirl uirtil 1981 (Brmr et al 1981).

In 1981 a culture system was devised using fibroblast-like cells derived fiom embryos of 

New Zealand White rabbits or Microtus montamis and HEPES -bufifered Minimal 

Essential Medium, with Earle’s salts and 15% inactivated rabbit serum. This allowed 

growth of mouse-infective bloodstream forms with an intact surface coat as demonstrated 

by electron microscopy. Cultures could be established with metacychc forms fiom
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Glossina ni. morsitans harboring mature infections, bloodstream forms fiom mammalian 

hosts and from cr-yopreseived stabilates. Cultured tryiranosomes could be cyclically 

transmitted through tsetse fries and the metacyclic forms returned to culture (Brun et al 

1981).

Wlfrlst the ability to culture bloodstream forms in vitro was a very significant technical 

development at the time, the use of feeder cell layers in trypanosomes culture was limiting 

in that cell yield was relatively low and the metabolism of tiyqranosomes could not easily 

be studied separately fr om that of feeder cells.

More recently, culture systems have been developed which allow growth of trypanosome 

bloodstream forms in the absence of feeder cells (Duszenko et al 1985, 1992; Hamm et 

al 1990; Hesse e? a / 1995; Hhumi and Hhumi 1989). Cysteine, incorporated into 

Minimal Essential Medium at levels of 1.5 to 3.0 mg/ml, was found to be critical to cell 

growth and to remove the absolute requirement for a feeder cell layer. The population 

doubling time hr this crdture system was significantly shorter that obseiwed for the same 

clone in feeder layer supported cirltures. At high levels however ( > 20 mg/ml), cysteine 

proved toxic to trypanosomes and required addition of the reducing agents pyruvate or 

catalase (Duszenko et al 1985).

Other workers in the field developed culture systems allowing adaptation of bloodstream 

forms of 71 hrucei., T. equiperdtim, T. evansi, T. rhodesiense and T. gambiense to  

crdtme and maintenance, for over 4 months; the trypanosomes grew in the absence of 

feeder cells. Trypanosomes were grown in Minimal Essential Medium (MEM) with
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Earle’s salts variously supplemented with L-glutamine, non-essential amino acids, 

HEPES, glucose, sodium bicarbonate, 2-raercaptoethanol, sodium pyruvate, 

hypoxantliine, thymidine and 10% heat inactivated serum fiom various sources. 

Trypanosomes gr own in such semi-defined media exhibited characteristics o f in vivo 

bloodstream forms; i.e. morphology, infectivity, antigenic variation and glucose-based 

metabohsm (Baltz et al 1985), Variations of this culture medium have been developed by 

several groups over recent years, allowing maintenance and rapid gr owth of 

trypanosomes between the densities of 10"̂  and 5 x 10̂  per ml (Duszenko et al 1992, 

Hirumi and Hirumi 1989, Duszenko et al 1985, Hesse et al 1995). Establishment of 

cultures always requires an initiation, an adaptation and a maintenance phase (Baltz et al 

1985). Mamtenance of cultures requires 37°C, 2-5% CO2 (Baltz et al 1985, Hirumi and 

Hhumi 1989, Hesse gr a/ 1995, Hamm e? a / 1990).

hi the 1989 paper by Hhumi and Hhumi the use of bathocupiione sidfonate, to rnirfirmze 

the toxic effects of hydrogen peroxide produced by the autoxidation of L-cysteirie, and a 

reduced level of serum protein was introduced. The role of cysteine in promoting 

trypanosomes growth has been found to be due to an absolute stereo-specific requhement 

by trypanosomes for cysteine as a growth factor and not merely as a reducing façtor 

(Duszenko et al 1992, Hesse et al 1995). Cysteine is thought to be involved in protein 

synthesis and formation of glutathione and trypanothione (Fahlamb 1989).

Although trypanosomes have also been cidtured on agarose matrix (Camithers and Cross 

1992, VasseHa and Boshart 1996) fiuid-phase axenic crdture of trypanosomes offers the
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most convenient system in which to conduct in vitro studies into many aspects of 

trypanosome biology; cell growth kinetics, metabolism, antitryqranosomal compounds 

and the interactions of trypanosomes with immime factors.

Axenic culture of trypanosomes was attempted in this project in order to estabhsh a 

system for investigating the origins of the growth inhibition obser’ved in chronic infections 

of trypanosomes. Tire culture system used was developed by Dr. J. M. Sternberg 

(Sternberg et al 1994). It was intended that once I had established the culturing 

methodology in this laboratory, the potential effects of different tyjres of cells (B cells, T 

cells, macrophages) fiom host animals and secreted cell products (growth factors, 

cytokines) upon the growth of culture adapted trypanosome cell lines EATRO 2340 and 

STIB 247 would be investigated in cell culture.

4.2. Methods

4.2.1. Bloodstream form culture medium and batch testing of foetal calf serum

Tryjranosomes of the lines STIB 247 and EATRO 2340 were maintained, as described by 

Sternberg et al (1994), in Minimal Essential Medium (MEM) with Earle’s Salts • 

(GIBCO).

The following stock solutions were made up in deionised distilled water, filter sterdised 

and stored in 5 ml aUquots at -20°C:
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Substance Stock concentration Add to 100ml

HEPES (Sigma) 1 M pH 7.4 0.1 ml

Glucose (BDH) 25 % 0.5 ml

Hyiioxanthine (Sigma) 100 mM 0.33 ml

Thymidine (Sigma) 16 mM 0.33 ml

Adenosine (Sigma) 7.5 mM 0.33 ml

2-Mercaptoethanol (Sigma) 50 mM 0.5 ml

L-Glutamine (Sigma) 200 mM 1 ml

Bathocupiione sulphamic acid (Sigma) 5 mM 1 ml

Sodium pyruvate (BDH) 100 mM 1 ml

L-cysteine (Sigma) 100 mM 1 ml

Threonine (Sigma) 40 mM I ml

T ie volumes indicated were added to 80 ml Minimal Essential Medium. 2 ml of 50x stock 

MEM Non Essential Amino Acids (GIBCO), 7.5 ml of lieat inactivated foetal calf serum 

and 7.5 ml of heat inactivated horse seiiim (GIBCO) were added to biing the final 

concentrations of these components to:

Substance Final concentration

HEPES 1 mM

Glucose 0.0125%

Hypoxanthine 1 mM

Thymidine 0.16 mM

Adenosine 0.075 mM
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2-Mercaptoethanol 0.2 mM

L-Glutamine 2 mM

Bathocuprione sulphamic acid 0.05 mM

Sodium pyruvate 1 mM

L-cysteine 1 mM

Tlireonine 0.4 mM

MEM nonessential amino acids 1%

Heat Inactivated FCS 7.5%

Heat Inactivated Horse Serum 7.5%

Tills medium will hereafter be refeiTed to as TM-1. Tiypanosomes cultures were 

maintaiued at 37°C in 5% CO2 in flasks (Greiner) with the caps loosened to allow gas 

exchange. Cultures were fed daily or when cuituie density reached 10  ̂tiypanosomes/ml 

by addition of fl esh medium to biing culture density to approximately 5 x 10̂  

tiyp ano somes/ml.

The repeatability of cultures of STIB 247 and EATRO 2340 was tested in TM-1 

containing Foetal Calf Serum batch number 30Q5246S. STIB 247 was seeded at a 

density of 1.65 x lOVml in both media whilst EATRO 2340 was seeded at a density of 

1.22 X lOVml. Cultures were monitored daily by gentle agitation of flask contents, aseptic 

removal o f 0.1 ml of culture and counting using an Improved Neubauer Haemocytometer.
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Ill a second experiment cell growth was compared in the medium described above 

containing different batches of foetal calf serum (GIBCO) originating from Australia, 

batch number 30q695 Is, and New Zealand, 30g2646d. STIB 247 was seeded at a 

density of 8.83 x lOVml in both types of media and also in media containing batch 

30Q5246S heat inactivated foetal calf serum, hereafter termed A-FCS. EATRO 2340 

was seeded at a density of 9 x lO' /̂ml in all tlnee types of media. Cultures were 

established in duplicate and maintained at 37°C and 5% CO? and were counted daily as 

described above.

4.2.2. Investigation into the effect of seeding density on growth of trypanosome 

cultures

5 ml cultures of STIB 247 and EATRO 2340 were seeded at the following densities per 

ml; 10'̂ , 5 X 10\ 10̂ , 5 x 10̂  and 10̂ . Cultures were counted daily as previously 

described and growth curves compared.

4.2.3. Comparison of the growth rates of EATRO 2340 bloodstream forms in two 

different media

EATRO 2340 was raised from stabilate in BalbC mice. When trypanosomes were 

growing exponentially and consisted maiidy of slender forms (at approximately 5 xlO^ 

trypanosomes per ml), blood was removed under halothane anesthesia into Carter’s
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Balanced Salt Solution containing 10 U/ml heparin. Trypanosomes were separated from 

the blood over a percoU gradient as follows;

8.55 g of sucrose (Fisher Scientific, UK) and 2.00 g of glucose (BDH) were dissolved in 

Fere oil (Phaimacia) and filter sterilised. Tliis was made up to 100 ml with sterile Percoll 

and the pH adjusted with sterile IM HEPES to pH 7.4. 1 ml of blood was mixed with 4 

ml of Percoll and 1.5 ml of Phosphate Buffered Sahne and then centrifuged at 17,500 g in 

a swing out rotor at 4®C for 20 minutes.

Trypanosome growth in TM-1 (section 4.7.1.) was compared with that in the medium 

described by Scott (1995). This was made up as follows.

To 100 ml of Minimal Essential Medium was added,

Non-Essential Ammo Acids lOOx stock 1 ml

HEPES 600 mg

Glucose 100 mg

Sodium Bicarbonate (BDH) 220 mg

L-Glutamine 30 mg

Tliis was made up to 110 ml with double deionised water, adjusted to 7.3 with 5 M 

NaOH and then filter sterihsed. Tliis is termed Incomplete medium.

5 mis of each of the following were made up:

Dithiothreitol ( Sigma) 6.17 mg/ml

Sodium Pyruvate 22 mg/ml

Catalase (Sigma) 0.17 mg/ml

Adenosine 1.07 mg/ml
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Guanosiîie (Sigma) 0.566 mg/ml

Thymidine 24.22 mg/ml

Hypoxanthine 2 mg/ml

Equal volumes of each solution were mixed together and filter sterilised. 73 ml of 

incomplete medium was added to 7 ml of the above solution and 20 ml of heat inactivated 

foetal calf semm to make a total of 100 ml complete blood stream culture medium,

hereafter termed (BSCM). The two media are clearly very similar. The principal

differences between them are that the medium of Scott ( 1995) contains dithiothreitol and 

catalase whereas the medium of Sternberg contains cysteine, 2-mercaptoethanol, 

bathocuprione sulphamic acid, threonine and heat inactivated horse serum.

Trypanosomes were seeded in sextuplet cultures at a density of 10̂  tryp ano somes/ml and 

immediately cormted using an Improved Neubauer Haemocytometer. Cidtures were 

maintained at 37°C in 5% CO? in crdture flasks and then trypanosomes cormted daily.

4.3. Results

4.3,1. Repeatability of growth of EATRO 2340 and STIB 247 trypanosomes

in culture.

The trypanosome lines STIB 247 and EATRO 2340 were grown in TM -1 containing 

Foetal Calf Serum batch 30Q5246S (A-FCS) (Fig 30).Growth of STEB 247 trypanosomes
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was almost identical in both exireriments. Similar overall growth rates and peak cell 

densities were observed in both experiments over 72 hours and no viable trypanosomes 

were counted In cultures in either medium after 72 hours.

Growth of EATRO 2340 was also broadly similar m both experiments. An increased rate 

of growth and sliglitly elevated peak cell density was however observed in ex%)eriment 2 

over experiment I. No stationary phase of gr owth was observed in the former exireiiment 

and cell numbers dropped more sharply than hr the latter medium. A brief stationary 

growth phase was observed in experiment 1. No viable trypanosomes were cormted in 

cultures of either experiment after 72 hours.

4.3.2. Comparison of effects of source of FCS on growth of trypanosomes

Tryiranosomes growth was compared in TM-1 supplemented with A-FCS, Austrahan 

Foetal Calf Serum (Oz-FCS) or Foetal Calf Serum from New Zealand (NZ-FCS) (Fig 31). 

STIB 247 grew most rapidly in medium supplemented with heat inactivated A-FCS. In 

medium supplemented with serum fr om either Austraha or New Zealand tryparrosome 

populations were barely capable of maintairring number and growth was ueghgible or 

abseirt. No viable tryqrarrosomes were observed in medium containing Australian FCS 

after 48 hours.

EATRO 2340 displayed the highest rate of gruwth m medium supplemented with heat 

inactivated A-FCS. Growth in media supplemented with serum from either Australia or 

New Zealand was much reduced with lowered peak cell densities as compared with A-
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FCS supplemented medium. No viable trypanosomes were observed in the culture 

containing serum from New Zealand after 48 hours.

4.3.3. The effect of seeding density upon growth of trypanosomes in in vitro 

cultures.

EATRO 2340 tryqr ano some cultures seeded at different densities in the range 10̂  - lO*’ 

tiyqrariosomes per ml all grew at similar rates, suggesting that seeding densities of cultures 

had ueghgible effect upon rate of exponential growth (Fig 32) Peak cell densities in 

cultures, although arrived at later in cultures of lower seeding density, were also similar. 

The ordy apparerrt difference between cultmes was that when seeded at 10̂  trypanosomes 

per ml there was a lag phase for the frr st 24 hours before onset of exponential growth.

No difference in rates of exponential growth were seen in crdtmes of STIB 247 

tryjDanosomes seeded at 4 x 10 ,̂ 10̂  and 5 x 10̂  cells per ml but the crdture seeded at 10*̂  

cells per ml displayed a lowered rate of growth (Fig 33). The culture seeded at 10‘̂ ceils 

per ml displayed an irdtial lag phase in growth after which the growth rate resembled that 

of cultures seeded at a Idgher density. Seeding density was seen to have Uttle effect upon 

peak cell density although, as seen in EATRO 2340 cultures, this was achieved later in 

cultines seeded at lower starting densities.
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4.3.4. Comparison of the growth rates of EATRO 2340 bloodstream form primary 

cultures in two different media

111 this single expeiiment, negligible growth occurred in bloodstream forms of EATRO 

2340 trypanosomes in both TM-1 and BSCM over the first 15 hours (Fig 34). Over the 

next 25 hours cell densities dropped by half in TM -1 but over the same time period cell 

densities in BSCM remained vhtuaUy unchanged.

4.4. Discussion

Axenic culture of bloodstream form trypanosomes requires mammaharr serum in order to 

support cell growth. Rabbit serum has previously been described as the most eflfective 

(Baltz et al 1985). However due to firrancial pressures foetal calf serum (FCS) is more 

routhrely used. Testing of different batches is vital to sirccessfirl culture as variability 

among sources of FCS can render some batches unsuitable to supporting growth.

The batch of FCS 30Q5246S supported levels of growth with a high degree of 

repeatabihty and so was selected for use mrtrl fiesh batches had been tested for growth. 

FCS fiom Australia and New Zealand supported a lower level of growth when compared 

to heat inactivated FCS fiom Amanda Millar. This clearly demonstrated the prefererrce 

exhibited by trypanosomes for growth in medium supplemented with heat inactivated over- 

active FCS. It has been observed previously (Sternberg - personal communication) that

cultm’e adapted trypanosomes of the strains EATRO 2340 and STIB 247 grow best at cell
4  6

densities between 5 x 1 0  and 5 x 10 cells per ml. At lower densities cells faü to grow. 

EATRO 2340 is more sensitive to this density-dependent effect than is STIB 247. Results
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obtained in this study support tliis conclusion; growth of EATRO 2340 seeded at 10̂  cells 

per ml entered a stationary phase for a period of 24 hours before cell growth occurred.

By comparison STIB 247 seeded at tliis level did grow, albeit at a lower rate than when 

seeded at a higher level. It has been concluded from growth cuives obtained at a range of
-I

densities above 10 per ml that seeding density has little or no effect upon growth rates or 

peak cell densities.

Establisliment of blood stream form tryjianosomes in culture requnes tlnee phases; 

initiation (often in the presence of feeder cells), adaptation and maintenance, hi the two 

media tested in this study, BSCM and TM -1, cell numbers were maintained over a period 

of 40 hours. Both media were deemed to maintain cell numbers to a similar extent.

A variety of media have been used throughout the histoiy of culture of bloodstream foims 

of Tiypanosoma bnicei. Those used for culture with feeder cells have been simple in their 

composition. All have included mammalian semm. With the advent of axenic cultures the 

composition of media has become increasingly comp heated. Cysteine has been found by 

several workers (Duszenko et al 1985, 1992) to be essential to tiypano some gi'owth in 

the absence of feeder cells. Cysteine’s essential role as a growth factor has been disputed 

by other workers and substitution with other reducing agents i.e. pyruvate, catalase, 

mercaptoethanol, thioglycerol, has been foimd to support growth (Hamm et al 1990). 

Cysteine is reduced very rapidly in culture to cystine which does not support the growth of 

tiyqianosomes, hence the presence of reducing agents in culture medium is requhed to 

maintain cysteine in it’s oxidised state. Bathocuprione sulphamic acid is a copper 

chelating agent and reduces the oxidation of cysteine, whilst pyruvate neutrahses the 

H2O2 produced upon the oxidation of cysteine (Duszenko et al 1985, 1992). Tire two 

media used in this study were similar in that they both contained amino acids, BSCM 

contained guano sine whereas TM-1 contained threonine but other than this amino acid 

content was the same. The two media contained different reducing agents but both 

contained cysteine.
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Several difficulties inherent with this type of tryp ano some culture were encountered in this 

study. One of these was a liigh level of contamination. Antibiotics have been used in 

some media (Baltz et al 1985) but when used in culture of pleomoipliic form result in a 

reduced rate of growth (Turner - personal commimication). Tlie absence of antibiotics 

fi om cell cultur e makes maintenance of aseptic culture a far more difficult task. The most 

common form of contamhration in this study was yeast. The majority of work in tliis field 

has been performed on monomorplric lines of culture adapted tryqianosomes. The lines 

used by myself were pleomorphic. Cultiue of pleomorphic trypanosomes in the presence 

of feeder cells is more problematic than that of monomorphic lines (Brun et al 1981). 

Growth rates of monomorphic forms is faster (Duszenko et al 1992) and peak cell 

densities liigher (Hesse et al 1995) than that demonstrated hr this study (Figs 30, 32, 33). 

Adaptation of tryqranosomes fiom bloodstream forms in vivo to axenic culture hrvolving 

adaptation to culture conditions is likely to have an effect upon the biochemistry of the 

parasite. Primary cultures of trypanosomes isolated dhectly fiom blood were therefore 

postulated to provide a model for investigating the possible effects of immrme effector 

cells iiporr growth of bloodstream trypanosomes wliich have not been altered by 

adaptation to axenic cultrrre. The lack of growth of these trypanosomes in culture (Fig 

34) has made any investigation into growth of trypanosomes using this system ineffective. 

It is reasonable to assume that the above difficulties with axenic cultures of pleomorplric 

trypanosomes are in part to blame for the lack of success experienced in this study.

Axenic cirltiu’e of trypanosomes was attempted in this study in order to facilitate the 

investigation of inhibition of growth of trypanosomes (Turner et al 1996). In the event of
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culture of trypanosomes being successfiil it was intended to investigate the effects of 

immune effector cells and secreted cell products upon growth of trypanosomes cultures. 

Strategies to investigate these interactions would have included coculturing tryiranosomes 

with T cells, B cells and macrophages; addition of cytokines or growth factors to 

cultures of tryp arro somes and blockade of the action of these factors by addition of 

monoclonal antibodies against cytokines and growth factors to mixed cultures of 

tryiranosomes arrd immune cells.

Extensive coirtamirratiorr occuning in axenic cultures was due to operator error and 

rendered axenic cell culture as a method facüitating irrvestigation of trypanosome growth 

iirhibition irreffective.
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CHAPTER 5

GENERAL DISCUSSION

143



It has been the puipose of this project to investigate regulation, and specifically inhibition, 

of the growth of trypanosomes duiing chr onic infections with T.bnicei. No factor 

responsible for inhibition of parasite growth was found to be transferable between mice 

with spleen cells suggesting that the putative inhibiting factor is of parasite origin (which I 

have argued is unlikely) or is of host origin but emanates from a radiation resistant type of 

cell. Tills latter argument arises because in transfer experiments, recipient mice were 

uTadiated but the possible effects of any transfen’ed resistant ceUs are hkeiy to have been 

masked by the resident cells. Due to macrophages’ radiation-resistant nature, and the 

dearth of literature concerning the antitiyq) ano somal actions of nitric oxide which is 

produced in substantial quantities in trypanosome-infected mice, macrophage-produced 

nitric oxide was mvestigated with regards to growth inlirbition. No evidence was found in 

this work to support the hypothesis that nitric oxide was responsible for the regulation of 

parasite growth.

This is in direct contradiction with the indirect findings of other workers in the field. A 

cytostatic effect of NO upon T.bnicei was demonstrated by Vincendeau and Daulouede 

(1991) and Vincendeau et al (1992) hi in vitro culture conditions. Inhibition of inducible 

nitric oxide synthase activity has been shown by Sternberg et al (1994) to result in reduced 

parasitaemia. In this study, however, inhibition of iNOS activity was found not only to 

have little effect upon parasitaemia but to be incomplete using L-NAME drug treatment, 

the stratagem employed by previous workers, fii addition, levels of nitric oxide • 

metabohte detected in the blood of infected animals in this study were found to be 

significantly lower than those reported by other workers in the field (Sternberg - personal
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communication). It is my opinion that the former discrepancy between this study and 

previous work is due to tecimical limitations with the e?q3erimental design in tliis project, 

particularly with respect to the efficacy of L-NAME as an iNOS inliibitor. Use of 

genetically manipulated mice to investigate the effect of lack of NO upon parasite growth 

also faded to indicate any effect of NO upon parasite growth. Even in these genetically 

manipulated mice there was mcomplete removal of NO production, a possible cause of 

the failure to illustrate effect of lack of NO upon tryqranosome growth.

In mixed infection experiments, growth inhibition of the parasites was observed to be 

density-dependent and to exist in two host species (mice and sheep) that have very 

different levels of parasitaemia (Turner et al 1996). In addition, transfer of spleen cells 

from infected to uninfected animals transfeiTed a slight trend towards reduced gr owth 

although this could not be clarified, perhaps due to the postulated continued presence of 

competent resident macrophages in the hzadiated recipient mice. These observations, 

taken together, are strongly suggestive of a host origin for the message sigiraling 

reductiorr hr growth rate. A sigrral of parasite orighr would not be demonstrated by 

trarrsfer of splenocytes arrd would not be expected to gerrerate gr ossly different levels of 

parasitaemias in mice and sheep. Transfer of a trend towards reduced rate of gr owth is 

suggestive that the putative factor may be a product of a cell of splerric orighr.

Nitric oxide could not be demonstrated in this study to have a role hr growth inhibition. 

This was in part due to failure to achieve a state in vivo of complete absence of nitric
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oxide. Wliilst a state of reduced nitric oxide led to a decrease in the degree of inhibition of 

growth in mixed tiypanosome infections this was not readily reproducible and does not 

represent the situation which might occur in the total absence of elevated levels of NO. A 

similar situation exists in the case of NO synthase deficient mice; significant levels of NO 

were detected in mice homozygous for the tNOS gene deletion. The origin of the NO 

detected may be either incomplete deletion of iNOS gene activity, or compensatory 

upregulation of other isoforms of NO synthase activity.

In order to claiify the lack of a role for NO in the growth regulation of trypanosomes 

several improvements upon the experiments conducted in this study are suggested, iu 

light of the ineffectiveness of L-NAME in inhibiting iNOS activity and the residual level of 

NO production m the iNOS knockout mice it would prove hifbimative to investigate the 

growth of trypanosomes in vivo in an envnonment of total absence of elevated levels of 

NO. The range of disorders beheved to involve a lack of, or deficiency, in NO suggest 

that such a state would not predispose to healthy animals and hence might give rise to 

questionable data. Strategies towards achieving improved depletion of NO levels in the 

host might include use of other inhibitors of iNOS. e.g. L-NMMA or other newer 

compounds sthl in the development stage such as amino-hydroxy-guanidine (Ruetten et al 

1996). Fuither investigation of the role of macrophage activation in tryp ano some growth 

and development of parasitaemia would be possible using antibodies to macrophage 

activation molecules both in vivo and in vitro, and by use of genetic mutants for such 

molecules.
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Tlie descriptions of the effects of NO upon the growth and suivivai of various protozoan 

blood parasites and the NO scavenging action of oxy-haemoglobin create a paradox. If 

oxy-haemoglobin is capable of scavenging the majority of free NO how does NO exert it 

attributed effects upon parasites? Tfrtee possible explanations exist. Firstly, it is possible 

that a low level of NO exists in a free state and that this low concentration is capable of 

caiTying out NOs known actions. Tlie second explanation is provided by the suggested 

alio St eric control of haemoglobin’s NO scavenging properties. Haemoglobin preferentially 

binds NO under oxygenated conditions. Upon deoxygenation, the cysteine group 

responsible for NO binding undergoes conforaiatioual change, placing it in a 

confonnation and position whereby NO can be donated to the endothehal surfaces. Indeed 

NO release is found to be greater under conditions of deoxygenation. Specifically the s- 

nitrosyl-haemoglobin content of arterial blood was found to be 10 times gieater than that 

o f venous blood (Jia et al 1996). The tlfird explanation is provided by the description of 

uitrosotlfiols by Jia et al (1996). Nitrosotliiols are the products of nitrosylation of thiols in 

the blood to create a readily difflisable species which is resistant to scavenging by 

haemoglobin. The description of nitrosothiols in the blood with haemodynamic properties 

similar to NO but without the diffusional constraints exerted upon NO by oxy- 

haemoglobin (Jia et al 1996) raises interesting questions as to the properties of 

nitrosothiols in the context of parasite growth. If nitrosothiols have similar haemo dynamic 

effects to NO might they not also duplicate the effects of NO upon trypanosomes so 

widely reported? It would be extremely interesting to establish the presence or absence of
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cytostatic effects of nitrosothiols upon trypanosomes in vitro and in vivo. Addition of 

nitrosothiol inhibitors to infected animals would illustrate the effects of this species on 

tryp ano some growth kinetics and would also allow investigatioir into immunosuppression 

hr the absence of nitrosothiols. Culture of T cells and macrophages hr the presence of 

exogenously added nitrosothiols would illustrate the involvement of nitrosothiols hr the T 

cell suppressive activities curr ently attributed to NO.

Other products of activated macrophages include reactive oxygerr species, prostaglandins 

arrd cytokines and these must all be considered possible candidates for inhibiting parasite 

growth. Cytokines produced by macrophages attract and activate neutropliils, T cells and 

NK cells and acts as growth factors for fibroblasts, endothehal cells and B cells (Abbas et 

a/ 1994). It is as yet unknown what, if any, effects these species may have on parasite 

gr owth in the vertebrate host or what interactions may exist between the products of 

macrophages and other factors known to have an effect upon parasite growth. In view of 

the protective effects of muriire TNFa during the initial phase of infection (Magez et al

1993) and the trypanosome growth enhancing effects of EGF (Sternberg and McGuigan

1994) and transfenin (Coppens et al 1987), the mteractions of reactive oxygerr species 

and nitric oxide with transferrin, EGF and TNF provide an interestirrg area for 

investigation.

Trypanosomes cause a dose- and time-dependent increase in the production of PGE2 and 

PGD by cultmed murine fibroblasts (Alafiatayo et al 1994). In addition, raised levels of 

PGp2a have been demonstrated in the plasma o f T. congolense infected goats and PGD2
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levels are raised iu the cerebrospinal fluid of chronically-infected humans (Alafiatayo et al

1994). Macrophage-produced prostagladins have been imp heated in the T cell 

suppression characteristic of infection (Schleifer and Mansfield 1993). It remains to be 

seen what effect prostaglandins have upon the growth of trypanosomes. An indirect effect 

promotirrg growth of trypanosomes tin o ugh T cell mediated immunosuppression is likely 

but a direct effect on parasite growth is distinctly possible. Another class of hnmime 

chemicals with unknown involvement in try^ranosomiasis are the acute phase protems. I 

am unaware of any data to date that have been published regarding the effects of these 

chemicals during irrfectiorr.

In 1983 a study on the survival times of mice congenitahy deficient for different immmre 

ceh types contained evidence that NK ceUs may be detrimental to survival of infection 

(Jones and Hancock 1983). hr spite of this result no further work has been published with 

regard to the role that NK cells may play in the immune response to, and the regulation of 

growth of, tryqranosomes that I am aware of. In hght of this, co-culture of trypanosomes 

arrd NK cells in order to establish an effect upon tryparrosome growth or survival followed 

by attempts to identify a factor or interaction would prove to be of interest. Investigation 

o f the interactions of NK cells with other types of immune cells would provide insights 

into the mechanisms whereby NK cells reduce the survival of infected animals.

The approaches outlined above all assume that a molecule responsible for growth 

inhibition can be defined if the cell type producing the molecule can be identified, which, 

given the extensive knowledge base for the candidate cell types is reasonable. An
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alternative approach would involve identifying the ligand molecule by inference from 

identification of it’s receptor in the parasite. Tins approach assumes that there is a specific 

receptor for the inhibitory signal and that methodology for identifying it can be developed.

In an investigation into trypanosome gr owth by Turner et al ( 1996), superimposing one 

strain of tryparrosome upon a pre-existing infection of air antigenically distinct strain 

resulted hr inlribition of growth of the secondary infection. Inliibition of replication was 

not confined to the secondary strain but was exerted upon the entne trypanosome 

population. In an extension of that study (Milligan 1996) mutagenesis of GUTat 7.2 

tryiranosomes by incubation with ethylmethanesulphonate (EMS) in vitro gave rise to 

growth mutants. When used to establish acute-phase infectious of mice these growth 

mutants displayed a lag phase in growth rate fr om wliich they recovered after day 3 post 

infection and their gave rise to a relapsing infection with parasitaemias similar to those of 

controls. When the growth mutants were employed as the secondary strain in a mixed 

infection however they were able to overcome the growth inhibition. These findings 

indicate that the tendency to display growth inhibition, or the response of a trypanosome 

population to a growth hihibitory signal, is at least in part dependent upon the 

characteristics of that trypanosome strahi. In other words, whilst there may be a host- 

derived factor responsible for growth hihibition, the response of the trypanosome to host 

derived factors is also an important detennmant of the parasite’s growth rate.

Mutations that affect the response of an organism to host-derived growth factors or 

inhibitors may result in changes in receptors to such factors on the parasite’s surface.
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Equally the mutation may reveal itself as a lesion in the signal transduction pathway 

downstream of the receptor. Alterations that might give rise to resistance to growth 

inhibition could include; a constitutively active receptor to a growth factor, amplification 

inducing modifications downstream of that receptor, deletion of or functionally sub active 

receptors for a growth inhibitory factor or a lesion in the signal transduction pathway 

downstream of that receptor.

EMS generates single point mutations, affecting one gene or allele. It would be of great 

interest to identify wliich gene is affected. In order to do this Differential Display might be 

employed to examine the two different RNAs produced by a growth mutant and the wüd 

tyjie. hr this technique the RNA from the two strains is isolated. Various parts of the 

RNA is labeled at random and removed. These pieces of RNA are then mn on an agarose 

gel. Bands present in the RNA of one strain but not the other are then removed and 

sequenced. A major potential problem with this technique is the large number of artifacts 

generated in the procedme, aU of which are likely to give rise to bands which will be 

present in the RNA of one strain and not the other. Hence every band of interest must be 

double checked to ascertain that it is not due to an artifact. As the labeling of RNA is 

random, the gene wliich has been altered may not be labeled first time and hence this 

procedure must be repeated until a legitimate difference is isolated between the two 

strains.

It was the intention of this project to develop an in vitro cultivation system for growth of 

trypanosomes in order to ascertain if spleen cells or serum from infected animals were
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responsible for the growth inhibition of trypanosomes seen in clironic infections. Tliis was 

not successful Had axenic culture of trypanosome been possible the following strategies 

would have been employed to investigate growth inhibition. A soluble factor present in 

the blood of infected mice with an effect upon gr owth would have been investigated by 

addition of serum or plasma from hrfected mice to trypanosomes cultures. Cocultures of 

spleen cells and trypanosomes would have been used to demonstrate a factor either 

secreted by spleen cells or present as a molecule on the surface of cells whilst a factor 

secreted by these cells might be investigated using the supernatants of spleen cell cultures. 

Subsequent to a factor being indicated by any of the previous tactics an attempt would 

have beerr made to characterize and identify it. Initially investigation into the nature of 

such a factor would focus oir size, thennostability and resistance to protease and 

peptidase activity, hr view of work by other researchers regarding the involvement of 

macrophage produced NO it would prove extremely interestirrg to employ the approaches 

described above to investigate the products of this cell type. Axenic culture would also 

have enabled investigation of the effects upon trypanosome growth of the prostaglandins, 

cytokines, nitrosothiols and reactive oxygen species previously discussed.
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