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Abstract

The purpose of this study was to investigate the occurrence of different
developmental forms of leishinania promastigotes during growth iz vitro and attempt to
correlate these with forms that occur in different localities in the gut of infected
sandflies. One aim was to tdentify and characterise biochemical differences between the
promastigotes and so provide insighis into the adaptations of the promastigotes to the
different environments encountered in the sandfly. The study was initiated with L.
panamensis to enable investigation of the hindgut forins, stages which occur in only a
few Leishmania species. A comparative approach was adopted later, however, and
involved L. mexicana, a species which does not undergo hindgut development. Several
promastigote forms were distinguished on morphological grounds and were investigated
biochemically in order to ascertain stage-specific features. Since amastigotes of L.
mexicana were readily available pure and in reasonable quantities, these were also
included in my studies in an attempt to identify biochemical differences between the
sandfly and mammalian stages of the parasite.

Three morphologically distinct promastigotc forms were identified in in vifro
cultures of L. panamensis and L. mexicana. These forms morphologically resembled
promastigotes that occur at different localities in and at different times after infection of,
the sandfly host. Morphotype 1 promastigotes, which are similar in appearance to those
found in the blood meal, occur primarily in carly-log phase cultures in vifro.
Morphotype 2 promastigotes have longer and more slender cell bodies than the rounded
morphotype 1 forms and occur in large numbers in mid- to latc-log phasc in vitro

cultures. 'They appear to resemble multiplicative mid-gut forms of L. mexicana. L.
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panamensis promastigotes undergo a different developmental route in the sandfly and
multiply as spatulate-shaped cells in the hindgut rather than the midgut. The
morphotype 2 forms of this species may be equivalent to these developmental forms.
Stationary phase cultures are less homogeneous, in terms of cell moiphology, and
contain a mixture of morphotype 2 and morphotype 3 promastigotes. The latter appear
to be the same as the infective metacyclic forms that are thought to be responsible for
iransmission of infection from the sandfly to a mammalian host.

The three promastigote morphotypes were found to differ metabolically.
Morphotype 1 promastigotes, of both species, consumed larger quantities of amino acids
during short term incubations in simple media than morphotypes 2 and 3. L.
panamensis morphotype 2 stages consurmed smaller quantities of some of the amino
acids than stationary phase culturcs containing morphotype 3 promastigotes. The
opposite pattern was observed with L. mexicana promastigotes. All three promastigote
morphotypes of L. panamensts released alanine during the incubation while morphotype
1 promastigotes of L mexicana consumed large quantities of this amino acid. In contrast
morphotypes 2 and 3 of L. mexicana consumed and released negligable amounts of
alanine. When each form was incubated with amino acids and glucose, amino acid
utilisation differed only slighily from when amino acids were the sole exogenous
substrates. The main diffcrence with promastigotes of L. panamensis was that alanine
release was greater when glucose was available. Morphotypes 2 and 3 produced alanine
under both conditions but in larger quantities when glucose was present. L. mexicana
promastigotes behaved differently. In the absence of glucose, alanine was consumed by
morphotype 1 promastigotes bul not by morphotypes 2 and 3, the concentration not
changing during the incubations. When glucose was introduced alanine was still

consumed by morphotype 1s, although to a much smaller extent. Morphotypes 2 and 3
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switched to production. Changing the gas phase from air to 95% air/5% CO,, N, or
argon appeared not to affect the consumption and production profiles for promastigotes
of either species. Amino acid consumption by purificd leston amastigotes of L,
mexicana differed considerably from that by cach promastigote morphotype and by
axcnically cultivated amastigotes. Furthermore, consumption and production profiles
by axenic amastigotes of L. mexicana varied considerably in the presence and absence
of glucose und with the pH of the incubation medium.

A number of enzymes central to energy metabolism were assayed in each
promastigote morphotype of L. mexicana. The activities of several exhibited stage
specificity, in that they were enhanced or reduced in the differcnt promastigote forms.
This suggcsts that there are significant differences in the energy metabolism of the
various forms, reflecting adaptations for the conditions prevailing in the different parts
ol the sandfly gut and at different times after blood meals.

‘The stage specificity of protein synthesis in L. panamensis and L. mexicana
promastigotes was analysed by labelling with **S-methionine. This rex;ea.led proteins
that exhibited differential synthesis in the three forms of both species, some proteins
being synthesised in greater amounts in one form than in others.

Western blot analyses using a varicty of different antibodies identified
differences in protein cxpression by the three morphotypes of L. mexicana. Antibodies
raised against Type 1 cysteine proteinases (encoded by the cpb gene array) of L.
mexicana recognised two proteins in morphotype 3 promastigotcs and in Icsion
amastigotes which were not recognised in either of the other two promastigote
morphotypes. In contrast, antibodies raised against the Type 1I cysteine proteinases of
L. mexicana recognised two proteins in all three promastigote forms and in lesion

amastigotes of L. mexicana, although quantitative differences were detectled.



Amastigotes contained higher quantities of both proteins than any of the promastigote
forms. Moreover, both proteins were most abundant in morphotype 3 promastigotes
and least abundant in morphotype 1 promastigotes. These antibodies failed to detect
proteins of equivalent molecular mass in any of the promastigote morphotypes of L.
panamensis although a protein of slightly lower molecular mass was recognised in all
three forms by the antiserum raised against the Type II cysteine proteinases of L.
mexicana.

Polyclonal antisera raised in rabbits against each promastigote morphotype of L.
mexicana recognised a similar but distinct array of molecules in all three morphotypes.
The most prominant differences were in molecules of 45-66 kDa which were recognised
by all three antisera and appeared to be differentially expressed in the different
promastigote morphotypes. A larger munber of bands in this size range, and in greater
quaniity, werc detected in morphotype 3 promastigotes than in either of the other two
forms. An intermediate quantity were present in morphotype 2 promastigotes.
Molecules of the same size wete also detected in morphotype 3 forms, but not in the
others, when lysates were probed with partially stage-specific antisera which were
generated from the anti-morphotype 3 antiserum.

Developmental differences in proteinase expressions were discovered. The
promastigotes of L. panamensis were shown to contain multiple proteinases. These
were analysed using gelatin SDS-PAGE. These enzymes were most active in glycine
buffer pH 3-5 or borate buffer pH 85 and showed no stimulation with DTT.
Interestingly one additional proteinase for which the pli optimum was not investigated
was stimulated by DTT. The activities of the L. panamensis proteinases changed little
during growth in neutral medium, however when promastigotes were grown in acidic

Schneiders' medium, enzyme activity in late-log phase and stationary phase cells was




higher than cells in the equivalent growth phase but grown in neutral medium. These
findings suggest that the proteinases are most active in metacyclic promastigotes.
Partial characterisation of proteinases was attempted by use of specific proteinase
inhibitors. All activities were inhibited by o-phenanthroline, a metallo-proteinase
inhibitor. Serine proteinase and cysteine proteinase inhibitors had no apparent effect.

Approximately 13 enzyme activities were detected in promastigotes of L.
mexicana by gelatin SDS-PAGE and there were some clear changes in activity of some
of these enzymes during promastigote growth in vitro. The most obvious changes were
in activities of enzymes between 20-24 kDa in size. All of these were least active in
morphotype 1 promastigotes, and most active in morphotype 3s. Morphotype 2
proteinases exhibited intermediate activity.

Proteinase profiles of L. mexicana amastigotes diffcred from those of
promastigotes. The proteinase of lowest molecular mass (approximately 21 kDa) was
not detected in amastigotes. Almost all others, however, appeared more active than any
of the promastigote forms. Infection of 1774 macrophage-like cells allowed production
of L. panamensis amasligotes. Analysis of these parasites using gelatin SDS-PAGE
revealed only one proteinase band which was also detected in promastigotes.

Three nuclease activities were detected in promastigotes of L. panamensis. Only
one of these appeared to undergo stage-regulation, being more active in morphotype 1
promastigotes than either of the other two forms. Investigation of L. mexicana
promastigotes for stage-specific nucleases proved positive. The nuclease profiles
differed in all three promastigote forms. Amastigotes and stationary phase
promastigotes (mainly morphotype 3) of L. mexicana exhibited similar nuclease

profiles, although the nucleases were at higher activity in amastigotes.
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Infectivity of each promastigote form of L. panamensis and L. mexicana to
peritoneal exudate cells was assayed. The numbers of infected macrophages and the
average number of amastigotes per macrophage were compared [or each promastigote
morphotype. All three promastigote morphotypes of L. panamensis behaved similarly
for both features analysed and approximately 20% of macrophages were infected with
on average 4 amastigotes each, Infectivity of L. mexicana promastigotes to peritoneal
exudate cells changed during growth in vifro. Morphotypes 1 and 3 infected
approximately 70% of macrophages with on average 9 amastigotcs. Morphotype 2
promastigotes infected almost 50% fewer macrophages and the mean number of
amastigotes per macrophage was also reduced from 9 to 5.

Differentiation studics were conducted (o investigate the stinwuli responsible for
transformation between the diflerent promastigote forms. Heat-inactivated foetal calf
serum (HIFCS) was found 1o contain a dialysable component which was essential for
differentiation to morphotype 1 promastigotes. Moreover, increasing the amount of this
component by increasing the quantity of HIFCS in the culture medium caused
promastigotes to retain morphotype 1 morphology for longer before transforming to the
next stage. Altering the starting density also aliered the progression, Metacyclogenesis
and de-differentiation of metacyclics could also be induced by variation of the culture
conditions. Sub-passage into conditioned medium resulted in generation of metacyclics
earlier than in control cullures while purilied morphotype 3 promastigotes of L. mgjor
sub-passaged into fresh culture medium transformed into morphotype 1 forms. These
results provided evidence that the different iz vitro morphotypes can be induced by
changing environmental conditions and that the developmental cycle is not one way.

The results of this study show that three promastigote populations of both

species of Leishmania exhibit distinet biochemical characteristics. The data overall and
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the changes in particular, support the contention that each promastigote form is adapted

to a distinct microenvironment in the sandfly host.
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CHAPTER 1

INTRODUCTION

1.1 Biology of Leishmania mexicana and L. panamensis

The leishmaniases are a group of diseases of vertebrates prevalent in tropical and
neotropical areas of both the Old and New World which resuit from infection with
protozoan parasiies of the genus Leishmania. Clinically, these discases range from
sinigle self-healing cutaneous lesions through grossly disfiguring cutaneous or
mucocutanecus lesions to a more serious and commonly fatal, if untreated, visceral form
of the disease [Marsden, 1984]. The disease type which results is dependent upon the
infecting species, all of which are transmitted between vertebrate hosts by female
sandflies. A schematic represcentation of the life-cycle. demonsirating the main parasite
forms and their development in the vertebrate and invertebrate hosts is shown in Figure
1.1. The parasites responsible live and multiply as non-motile amastigotes within
macrophages of the mammalian host’s defence system and are transmitted between
mammals by hlood-sucking phiebotomine sandflies. After ingestion by a susceptible
fly, transformation to flagellated promastigoic stages occurs which undergo a period of
multiplication and development within the sandfly midgut or hindgut, and then move
anteriorly to the foregnt where they occur as metacyclic promastigotes |Killick-
Kendrick, 1979; 1986; Molyneux and Killick-Kendrick, 1987]. This third life-cycle
stage is believed to represent the end-point of the life-cycie in the fly and is thought to
be required for initiation of infection in a vertebrate host [Sacks and Perkins, 1984;
1985]. The life-cycle is completed when these metacyclics are injected into a

susceptible vertebrate during blood feeding whercin they are taken up by macrophages




Figure 1.1:  Leishmania life-cycle in the sandfly and in the mammalian host, a
simplified scheme.

1. Iofections in f{emale sandflies are initiated when amastigotes (AM) are ingested
during feeding on blood of an infected mammat; 2. differentiation to the promastigote
(P) stage and subsequent multiplication within the blood meal which is encapsulated by
the peritrophic membrane; 3. promastigotes attach to the midgut epithelium by insertion
of their flagellum between the microviili; 4. promastigotcs migrate and attach to the
hindgut by means of hemidesmosomal plaques which form between promastigote
flagella and the cuticular lining (it is uncertain which parasitc forms are found in this
region, paramastigotes (PA) [see Molyneux and Killick-Kendrick, 1987} and spatulate-
shaped promastigotes (S§) [Walters, 1993] are shown here); 5. forward migration to the
anterior midgut and foregut and development in these sites (not shown) which
culminates in the generation of metacyclic promastigotes (MP), the end-point of
development in the insect, 6. inoculation of metacyclics into the skin during biood
feeding; 7. attachment and phagocytosis of metacyclics by a macrophage (M®); 8.
differentiation of promastigotes into amastigotes within the phagolysosome; 9.
multiplication of amastigotes; 10. ruptlure of heavily parasitized macrophage and releasc

of amastigotes; 11. phagocytosis of amastigotes by a macrophage.







prior to differentiation to the amastigote stage. This is a considerably simplified
description of the life-cycle, particularly of the developmental stages in the invertebrate
host.

Although all Leishmania species are morphologically similar, many species have
been identified and classified {reviewed by Lainson and Shaw, 1987] through the
application of clinical, biological and serological criteria [Schmidt and Roberts, 1989].
One such biological criterion involves the developmental cycle in the sandfly vector for
which two distinct developmental patterns have been identified. Subsequent to
excretion of the residual blood meal by the sandfly, released promastigatcs generally
follow one of two migratory routes. They either move posteriorly and attach to the
hindgut or remain in the abdominal midgut where they attach to the epithelial lining. In
both cases the infection subsequently proceeds with anterior migration of promastigotes
to the cardia and foregut. 'The developmental route undertaken was found to be
characteristic of the Leishmania species involved and was proposed as an adequate
criterion for classification purposes |Lainson and Shaw, 1979; 1987]. The only
mammalian infective leishmanias found to develop in the hindgut, a characteristic
common to lizard leishmanias, are members of the L. braziliensis complex. All others
are thought to undergo an equivalent period of development in the abdominal midgut
prior to anterior migration. The distinct and consistani behavioural pattern reportedly
adopted by promastigotes of the L. braziliensis complex warrented Lainson and Shaw to
firstly isolate them in a non-taxonomic category, the Peripylaria [1979], which they
subsequently upgraded to the sub-genus status of Viannia {1987]. Classification within
this sub-genus required the life-cycle in the sandfly to “inctude a prolific and prolonged
phase of development as rounded or stumpy paramastigotes and promastigotes attached

to the wall of the hindgut (pylorus and/or ileum) by flagellar hemidesmosomes, with
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later migration to the midgut and foregut”. In parallel the group Suprapylaria and then
the Leishmania sub-genus were created for those Leishmania species which were
limited to the midgut and foregut of the alimentary tract (for the purpose of this thesis I
will use the terminology devised in 1979 by Lainson and Shaw, that is Peripylaria and
Suprapylaria). All mammalian leislunanias, other than the L. braziliensis complex, were
at the time classified in the category Suprapylaria. However, as more host-parasile
combinations are investigated it 1s becoming apparent that colonization of the hindgul
may not be restricted to those species of Leishmaria classified in the section Peripylaria.
In scveral cases, flagellates of supposed suprapylarian species have been observed both
free and attached to the hindgut [Schlein, 1986; Anez ef al., 1989; Walters ez al., 1993].
Free parasites may indicate expulsion of promastigotes from the sandfly gut. Ilowever,
attached forms, such as those of L. major observed in association with the pylorus and
ileum of 21% of Lutzomyia longipalpis [Walters ef al., 1993], are less easy to explain
and should not be overlooked. It has been reported that the maintenunce procedures of
laboratory-reared sandflies could affect promastigote behaviour in the sandfly gut,
specifically resulting in hindgut development by suprapylarian species [Anez et al.,
1989]. Both the holding temperature and sugar sotution imbibed by sandflics were
found to influence the migration and establishment of L. amazonensis in the gut of Lu.
Yyoungi. Spccific combinations of these parameters resulted in atypical invasion of the
hindgut by what were considered to be suprapylarian parasites. Another explanation for
this unusual behaviour was proposed by Schlein {1986] who suggested that
promastigotes adopt a hindgut locality to evade potentially harmful digestive enzymes
which are secreted in the midgut. Clearly the developmental patterns defined by
Lainson and Shaw [1979; 1987] are not inflexible and hindgut development may occur

with a range of Leishmania specics in a range of hosts, aibeit some of them unnatural.




The reason why two different patterns of development occur in the sandfly is not
yet fully understood, but it is thought that hindgut development represents a primitive
characteristic, a remnant from when Trypanosomatidae were intestinal parasites of
arthropods [Hoare, 1948; Adler, 1964; Baker, 1965]. As with modern day arthropod
parasites, such as Leptomonas, it is likely that primitive leishmanial promastigote stages
occupied the lumen of the insect gut, principally the postertor station with encysted
amastigote-like forms released in the facces. These infections may have passed to
higher organisms, most likely to lizards, via predation. Infection of reptiles in this
manner would initially require parasite survival in the alimentary tract prior to
successful invasion of the blood and tissues. Evolution of forward migrating
promastigotes to establish colonization of the anterior sandfly gut and allow
transmission during feeding could have resulted in the infection of a number of
mammalian hosts, those afiected depending on the feeding habits of particular sandflies.
Consequently, it has been proposed that promastigotes of suprapylarian species are
evolutionarily more advanced than peripylarian species in that hindgut development is
no longer necessary for the production of infective promastigotés.

The importance of the hindgut developmental phase to production of metacyclic
promastigoles and subsequent transmission of L. braziliensis complex is unclear and yet
to be confirmed. Indeed, reports by Johnson and Hertig [1970] and Walters ef ¢f.
[1989a] following an investigation of L. panamensis infection suggested that hindgut
development may not be essential to the establishment of infective forms of this
paragite. Although primary movement of flagellates was posteriorly following
peritrophic membrane breakdown, anterior migration (o the cardia region of the midgut
was also observed without any midgut developmental phase. The subsequent

development of the promastigotes which exhibited forward migration without first
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migrating to the hindgut was not mapped, thus it remains unclear whether colonization
of the anterior alimentary canal of the sandfly can result from development of these cells
alone. It was noted, however, that primary colonization of anterior sites was subsequent
to the hindgut phase {Walters ef a/., 1989a]. This discrepancy which challenges the
efficacy of the classifications erected by Lainson and Shaw [1979; 1987] may be an
artefact of unnatural holding conditions for sandflies and highlights the limitations of
such experiments cartied out in the iaboratory. The results of similar studies should
thus be interpreted with caution since experimental infections and maintenance of
sandflies in the laboratory may not represent what occurs in a natural infection. Basic
factors such as sandfly nutrition have yet to be fully elucidated, and yet are presumably
highly influential to promastigotes developing in the gut.

Presuming that hindgut development is a naturally occurring phenomenon which
is characteristic of promastigotes ol the L. braziliensis complex, several hypotheses
have been put forward as to its functional significance. The rcason proposed by Waliers
et al. [1989a] to explain development in the hindgut was that it serves to hold
promastigotes within the gut during expulsion of the blood meal and hence provides a
reservolr of infection comparable to the midgut reservoir in suprapylarian specics. This
perhaps reflects differences in promastigote surface molecules or in receptors on the
midgut lining which are important tor attachment of suprapylarian promastigotes to the
midgut epithelia. Another hiypothesis is that promastigotes in the peripylaria grouping
adopt a hindgut locality to 'escape’ potentially harmful digestive proteinases [Schlein,
1986]. This, however, seems uulikely since comparison of maximum proteinase
activity in blood sucking diptera [Akov, 1972; Hardy ef al., 1983] with the chronology
of L. panamensis development in the sandfly {Walters ef 4/., 1989a] indicates that

promastigotes are exposed to relatively high activities during development in the blood



meal. Thus the reason for hindgut development of L. braziliensis complex
promastigotes remains unclear. More study is required if this phenomenon is to be
understood and adaptation of growth conditions in order to produce the hindgut
promastigotes  vifro would be & major help.

The two specics which are the main subjects of this study represent examples of
both types of promastigote development since L. panamensis, a member of the Z.
braziliensis complex, is a peripylarian species and L. mexicana, a member of the L.
mexicana complex, is a suprapylarian species. The other human infective Leishmania
species which are included in these complexes are listed in Table 1.1. The development
of these species, in addition to many others, has been carcfully followed in a number of
sandfly vectors and such studies have identified that the life-cycle of mammalian
leishmanias in the sandfly outlined above is a considerably simplified description of
both the developmental route and of the morphological forms which occur at different
sites along the sandfly gut [reviewed by Molynecux and Killick-Kendrick, 1987]. It is
clear that promastigotes undergo an elaborate migratory route and sequence of
transformations resulting in several different morphological forms which appear to
congregate at different sites along the gut length. The reason for this and whether each
form is biochemicalily distinct has yet to be confirmed, however, it is thought that the
different morphological forms occur “in response to the differing physiological
conditions in the various microhabitats within the alimentary tract of the sandfly”
[Killick-Kendrick, 1979]. Interestingly, morphological changes can also be induced in
promastigoies grown in culture simply by alteration of the asmotic petential of their
surrounding medium [Darling and Blum, 1990]. Addition of water, glucose, fructose,
mannose or proline caused promastigotes to round up, a morphological change which

was accompanied by the rapid release of alanine and other ninhydrin-positive




L. braziliensis complex L. mexicana complex

L. braziliensis L. mexicana

L. panamensis L. amazonensis
L. guyanensis L. garnhami

L. peruviana L. pifanoi

L. venezuelensis

Table 1.1: Human infective Leishmania species which comprisc the L. braziliensis
and L. mexicana complexes, adapted from Walton [1987]. The sub-species were raised
to species status in the taxonomic revision by Lainson and Shaw [1987], a classification
alteration that has been gradually accepted by others. This system, one of

dinomenclature, is used here.



substances [Darling ef al., 1990]. It is thought that this serves to prevent excess
swelling and potential damage of promastigotes during their development in the sandfly
gut. Presumably the conditions in the sandfly gut change as thc blood meal is digested
and excreted and as sugar meals are taken. Perhaps such changes result in the observed
morphological changes in sifu by modification of the osmotic potential of the gut
environments. This has yet to be clarified but raises the important issue of how similar
cultured promastigotes are to those in the sandfly. This is a question that has been
raised previously, notably by Killick-Kendrick [1979] in his review of the biology of
Leishmawia in phlebotomine sandflies where he reported that the changes that occur in
the fly “are not readily demonstrable in cultures”. In contrast ta this, several studies on
promastigotes grown in vitro have identified an apparent developmental sequence of
different morphological types [Christophers ef al., 1926; Bates, 1994; Charlab e ai.,
1995]. How similar these forms are to those that occur in the {ly, both morphologically
and biochemically and whether cach 1s biochemically distinct are questions which
should be addressed. Also, do the morphological forms which occur in culture follow in
the same chronological order as those in vivo and if so is this due to similaritics between
culture conditions and those in the sandfly gut or does it occur because of a genetically
programmed sequence of morphological forms?

Promastigotes of L. panamensis and L. mexicana can be grown in culture and it
may be possible by following such development to correlate the in vitro forms with
those which occur in vive. Moreover, comparison of these two species may reveal
important differences which can be related to adaptations for development in the
hindgut and midgut. Comprchensive studies of in vivo development of L. mexicana and
L. panamensis in experimentally-infected laboratory reared sandflies, both natural and

unnatural host-parasite combinations, have been carried out by light and electron




mictoscopy. These include L. mexicana differentiation in Lu. abonnenci [Walters et ol.,
1987] (an unnatural host), Lu. dicbolica (presumed natural vector) and Lu. shannoni
(thought to be an unnatural host) [Lawyer et af., 1987] and L. panamensis development
in Lu. gomezi (natural host) [Walters ef al., 1989a] and Phlebotomus papatasi (unnatural
host) [Walters ef af., 1992]. Three of these studies {Walters ef af., 1987; Walters et al.,
1989a; Walicrs ef af., 1992] have been summarized, in a review of Leishmania
differentiation in the sandfly by Walters [1993]. This review also includes a paper on
the differentiation of L. chagesi in Lu. longipalpis [Walters et al., 1989b] which was
only mentioned briefly here. 1n all four studies considered in this introductory section,

several different promastigote types, based on morphology, were identified.

1.2 Life-cycles in the sandfly
1.2.1 The sandfly gut

A schematic representation of a sandfly in saggittal section is given in Figure
1.2. The nomenclature and anatomical divisions of the gut are the same as those of
Gemetchu [1974] and Walters et af. [1987].

In brief, the alimentary canal is composed of three defined regions, namely the
foregut, midgut and hindgut. Each region is then sub-divided further. The foregut is
comprised of the proboscis, cibarium, pharynx, crop, oesophagus and the stomodeal
valve. The midgut is sub-divided into (wo regions, the anterior or thoracic midgut and
the posterior or abdominal midgut, and terminates at the pyloric valve. The region
posterior to the pyloric valve constitutes the hindgut which includes the anterior and
posterior intestines. The former of these regions is composed of the pylorus, ileum and
colon and the latter the rectal sac which contains the rectal papillae and the rectum

proper that leads to the anus. The pylorus, also called the hind-triangle in early
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Figure 1.2: Schematic drawing of a sandfly in saggital section, modified from
Walters ef al., 1987. The drawing shows the morphological and anatornical
divistons of the gut, proboscis (pr), cibarium (ci), anterior pharynx (pa),
oesophagus (es), crop duct (cd), crop (er), stomodeal valve (sv), cardia (ca),
thoracic midgut (tm}, abdominal midgut (am), microvilli(mv), pyloric valve
(pv). malpighian tubules (mt}), pylorus or hind-triangle (py), ileumn (il), colon

(co), rectal sac (rs), rectal papillae (rp), rectum proper (re), anus {an).
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literature [Hertig and McConnell, 1963; Johnson e? al., 1963], occurs directly after the
pyloric valve and comprises the relatively spacious area in the anterior intestine into
which the malpighian tubules empty.

The nature of the gut lining changes along its length. ]'30t11 the foregut and
hindgut are lined with cuticular intima while the midgut lining consists of epithelia cells

with microvilli.

1.2.2 Promastigote migration and morphological forms of L. panamensis and
L. mexicana in vive,

It became clear from very early studies using light microscopy that promastigote
development within the sandfly involved a complex migratory route which was
parallcled by the sequential development of several different morphological forms
which appeared to congregate at different sites along the gut length [Shortt, 1928; Adler
and Theodor, 1931]. Subsequently, more detailed examinations revealed that this
pattern of development was essentially conserved for mammalian infective Leishmania
species but detected two different migratory routes which were characteristic of the
species involved jreviewed by Killick-Kendrick, 1979 and Molyneux and Killick-
Kendrick, 1987]. As discussed in section 1.1 development in the hindgut or midgut has
become the basis for separation of those species which infect mammals into two
groupings, the peripylaria and suprapylaria, respectively. Advances in identification of
different forms of Leishmania in the sandfly gut have necessitated updating of the

terminology used to accomunodate all of the different forms.

12



1.2.2.1 Terminology

Walters proposed a novel system of nomenclature in 1993 (l'able 1.2) based on
ber observations of a number of Leishmania species in different sandfly hosts. In this
review she challenges the terms nectomonad and haptomonad which were resurrected
by Killick-Kendrick ef al. in 1974 to describe the morphology of distinct promastigote
forms found in L. amazonensis infected Lu. longipalpis. Tnstead she ascribes these
terms to each form identified in order to differentiate between whether they are attached
(haptomonad) or free~-swimming (nectomonad). This nomenclature is used during the
following discussion.

In Walter’s review a total of 14 Leishmania forms were identified along the gut
length of infected sandflies. These are listed in Table 1.2, modified from Walters
[1993], and include the ingested amastigote stage (AM). Schematic drawings of the
morphologically distinet promastigote forms are shown in Figure 1.3. The first three
promastigote teims, P1, P2 and P3, were erected to describe the initial promastigote
slages which occur in the blood meal. These forms have attracted little interest but have
been identified in a number of studies where they are usuaily referred Lo as procyclics.
Morphologically, these promastigotes are stumpy in appearance having small rounded
cell bodies and underdeveloped flagella. A total of 5 different unattached forms were
identified in the gut lumen; N1-N5. The prefix denotes the unattached nectomonad
phase. Four of these were also found to have an attached or haptomonad phase; H1-H4.

Promastigoties fWoodcock, 1914; Hoare and Wallace, 1966; Wallace, 1977] and
paramastigotes [Janovy ef al., 1974} conform to definitions previously designated,
according to the position of the kinetoplast relative to the nucleus. In promastigotes the
kinetoplast is anterior to the nucleus whereas in paramastigotes the kinetoplast is lateral

to the nucleus. Both promastigotes and paramastigotes have been identified in the
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Table 1.2:

Leishmania forms in the sandfly gut and their developmental siles as designated by Walters [1993]. v and X indicate

positive and negative identification in that developmental site, respectively, while ?, significs a devclopmental site which reguires

clarification.
NAME LOCATION IN THE GUT
Biocod meal Midgut Hindgut Foregut Stomodeal Valve

AM | Amastigote v X X X X
Pl | First stumpy promastigote v X X X X
P2 | Second stumpy promastigote v X X X X
P3 | Third stumpy promastigote v X X X X
Unattached nectomonads

N! | Elongate nectomonad promastigote v X v X X
N2 | Spatulate nectomonad promastigote v X v X X
N3 | Short nectomonad promastigote X v X ? X
N4 | Nectomonad paramastigote X v X 7 X
N3 | Metacyclic nectomonad promastigote X v X v X
Attached haptomonads

H(O | Pear-shaped haptomonad promastigote X X v v X
Hl | Elongate haptomonad promastigote X v X X ?
H2 | Spatuiate haptomonad promastigote X X X X X
H3 | Short haptomonad promastigote ) 4 X X X v
H4 | Haptomonad paramastigote X X v v X

14




Figure 1.3:  Schematic drawing of the morphologically different promastigote forms
which occur in the alimentary tract of an infected sandfly vector. These drawings were
taken from Waiters [1993] and represent a summary of the promastigotes which were
identified by this author and her colleagues in a number of different Leishmania-sandtly
combinations; P1, P2, P3 arc stumpy promastigotes in the blood meal, N1 is an
unattached elongate promastigote commonly found towards the end of blood meal
digestion and subsequently in the abdominal midgut of suplapylarian infections, N2
represents spatulate-shaped promastigotes, unique to peripylarian species, which
predominate late blood meals and the hindgut, N3 are short promastigotes commonly
found in the cardia and foregut, N4 are paramastigotes and also occur in the cardia, N5
represents the metacyclic promastigote of suprapylarian Leishmania species, HO is a
pear-shaped attached promastigote identified in the foregut. The prefix N and H
distinguish between unattached and attached forms, respectively. N2, N3 and N4 also
occuy as attached forms (H2, H3 and H4) showing modified flagella similar to HO. The

nucleus (n) and kinetoplast (k) of some cells are labelled.
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sandfly intestine with various cell body shapes, a feature which has proven useful for
the classification of different promastigote types. Spatulate-shaped promastigotes are
broader at the posterior end and more slender at the anterior end than elongate, short and
metacyclic promastigotes which are all spindle shaped. Paramastigotes can be rounded,
oval or pear-shaped.

One additional haptomonad form was found for which ne nectomonad phase
was identified. These promastigotes were pear-shaped (HO) and were thought to be
equivalent to the “haptomonad” promastigotes found in a variety of studies of different
Leishmania species in the sandfly [Killick-Kendrick ez af., 1974; Killick-Kendrick e/
al., 1977; Killick-Kendrick, 1979, Killick-Kendrick ef af., 1979; Molyneux and Killick-

Kendrick, 1987; Killick-Kendrick ef af., 1988].

1.2.2.2 Differentiation to the promastigote stage and its development in the
blood meal

Infections in susceptible female phlebotomine sandflies are initiated when
amastigote stages (AM) are ingested during blood fecding on an infected vertebrate.
The infected blood is taken directly into the midgut where it becomes encapsulated by
the peritrophic membrane, a chitin lattice embedded in a protein-carbohydrate matrix
which is excreted by the midgut epithelia [Gemetchu, 1974]. 1t is within this sac-like
structure that blood digestion takes place, coincident with amastigote differentiation to
the extracellular flagellated promastigotc stage. The preliminary events of this
differentiation are a matter for debate and have yet to be fully elucidated for all species
of Leishmania. However, it has become evident that the behaviour is not only parasile
species-dependent but is also determined by the species of sandfly and the combination

of Leishmania species and invertebrate host. In some cases, L. mexicana in a number of
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sandfly hosts [Strangeways-Dixon and Lainson, 1966} and L. panamensis in a natural
[Walters ef af., 1989a} and unnatural [Walters ef a/., 1992] vector, the pretiminary
division sequence took place during transformation with amastigotes undergoing
morphological changes prior to division of aflagellated intermediates. Differentiation of
L. mexicana occuring in unison with division was also observed in vitro [Hart ef al.,
1981b; Bates, 1994]. In both instances, cells were found in the process of division
before the morphological or biochemical changes were completed and it was concluded
that division was an obligatory step in transformation. Contradictory results were
reported from other studics. With some species, L. donovani in P. argentipes [Shorlt,
19281 and L. chagasi in Lu. longipalpis [Lainson and Shaw, 1988], differentiation was
not evident until amastigotes had undergone at least one division. In addition, the strain
of parasite may also be an important determinant of the initial behavioural pattern in the
fly. Evidence that parasite strain is influential to the division and ditferentiation of
amastigote forms ingested by the sandfly was attained by comparison of iwo different
strains of L. chagasi in Lu. fongipalpis. Lainson and Shaw [1988] observed division
prior to differentiation while Walters ef af. [1989b] noted that division occurred only
afier nitial differentiation of amastigotes. Thus it appears that the preliminary events
differ depending upon the cxact nature of the parasite and host.

Early promastigote forms produced from differentiation of amastigotes have
small rounded cell bodies and short flagella (less than the body length) giving them a
stumpy appearance. Some authors choose to call these stages procyclics [for example,
Lawyer ef af., 1990}, a term used previously to describe those stages of some
Trypanosoma which divide in the midgut of the insect vector, As development
proceeds the stumpy promastigotes become progressively larger such that three distinet

types were identified (P1, P2 and P3). The behaviour of these stages within the blood
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meal has been followed in a few studies. It appears that they concentrate ai the
periphery of the blood meal, adjacent to the peritrophic membrane [Walters et af., 1987;
Walters ef al., 1989z}, a digestive interface which is likcly to contain many possible
substrates including carbohydrates, amino acids and lipids. Presumably the highly
nutritions nature of their surroundings is at Ieast partially responsible for the prominant
multipiicative nature of these forms. In all four studies reviewed by Walters [1993], the
stumpy promastigotes were reported to exist in pairs or in rosettes, the cells attached via
their tlagella.

Differentiation of slumpy promastigotes into promastigotes with a more elongate
cell body shape generally occurred subsequent to multiplication of stumpy
promastigotes but prior to breakdown of the peritrophic membrane. L. mexicana
promastigotes in L. shannoni and Lu. diabolica were described as “long, slender,
highly motile promastigotes™ of the size 8-10 um long and 2 pm wide (N1) [Lawyer ef
al., 1987]. Non-dividing promastigotes of two different morphological types were
described in the blood meal of Lu. gomezi infected with L. panamensis, prior to
membrane breakdown; short spatulate-shaped promastigotes (N2) (5-8 pm body length)
and longer ‘nectomonad’ promastigotes (N1) (13-19 pum body length) [Walters ef @l.,
1989a]. Although of dissimilar body length and posterior shape, these two promastigote
lypes were similar in respect to width, relative kinetoplast-nuclear distance and relative

length of the free flagellum.

1.2.2.3 Migration and promastigote morphology directly after release from the
peritrophic membrane
Migration of promastigotes, the developmental site occupied and promastigote

morphology and behaviour at this site following breakdown of the peritrophic
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membrane has been proposed as an adequate method of differentiating between L.
braziliensis complex and L. mexicana complex infections [Lainson ef al., 1977). As
discussed in section 1.1, L. draziliensis migrate to the hindgut while L. mexicana remain

in the abdominal midgut.

1.2.2.3.1 Development in the hindgut

Colonization and multiplication of flagellates in the hindgut of the sandfly
vector has been considered as an important, if not essential, part of the life-cycle of
parasites of the L. braziliensis complex [Killick-Kendrick ef ai., 1977; Lainson ez al.,
1977, Lainson ef af., 1979]. "Therefore it was not surprising that hindgut devclopment
was a feature of L. panamensis in both a natural (Lw. gomezi) [Walters ¢f al., 1989a} and
an unnatural (P. papatasiy {Walters et al., 1992] sandfly host. A schematic
representation of this development, taken from Walters 1993, is depicted in Figure 1.4.
However, the morphology of the forms found in this site and their apparant non-
dividing state (only very few dividing forms were identified) in these two studies are
inconsistant with the classification criteria proposed by Lainson and Shaw [19871,
Moreover, on two separate occasions colonization of both the hindgut and the cardia
occurred concurrently, suggesting that hindgut development by [agellates may not be
essential to the generation of the infective forms responsible for disease transmission via
sandfly bite [Johnson and Hertig, 1970; Walters er af., 1989a].

Leishmania species of the sub-genera Vignnia, by definition, develop and
multiply in the sandfly hindgut as rounded or stumpy paramastigotes or promastigotes
attached to the gut wall by hemidesmosomes [Lainson and Shaw, 1987]. In accordance
with this definition “short broad” or “round to oval” flagellates were observed by light

microscopy in early studies of parasites of the L. braziliensis complex in the sandfly
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Figure 1.4: Schematic representation of development in the hindgut based
on light and electron microscopy. The morphological forms and hypothesised

differentiation sequence (arrows) of L. panamensis attached to the cuticle of
the pylorus region of the hindgut of Lu. gomezi, 3-16 days post-infection.
Relative prevalence of each form is indicated as primary (p), secondary (s)
or rare (r). HO, pear-shaped haptomonad promastigote; H1, elongate
haptomonad promastigote; H2, spatulate haptomonad promastigote; H4,
haptomonad paramastigote. Hindgut tissue is not to scale. This diagram is

modified from Walters [1993].
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hindgut [Hertig and McConnell, 1963, Johnson ¢f af., 1963; Lainson ef af., 1973].
When the ultrastructure of morphologically similar flagellates of L. braziliensis in Lu.
longipalpis was investigated by electron microscopy [Killick-Kendrick e al., 1977], it
became clear that these celis were not all promastigotes. Based on the relative positions
of the kinetoplast and nucleus the hindgut forms were identified as paramastigotes and
sphaeromastigotes, some ‘typical’ promastigotes were also observed. All three cell
types were capable of division. In contrast, paramastigotes were onty occasionally
found in the hindguts of Lx. gomezi infected with L. panamensis. The predominant
morphological form was the spatulate-shaped promastigote which was also identified in
the bleod meal just before breakdown aof the peritrophic membrane. Elongated
nectomonads (N1), also seen in the blood meal, were present for only a short period of
time in the hindgut subsequent to migration from the posterior midgut. These forms
were presumed to transform to spatulate-shaped promastigotes shortly after attaching to
the cuticular lining (I12). Two other cell types were observed attached in the hindgut;
pear-shaped promastigotes (HQ) and paramastigotes (H4). However, both were greatly
outnumbered by spatulate-shaped forms (H2) which predominated throughout the
hindgut, including the pylorus/ileum, anterior rectiun and rectal sac/rectal papillae, This
was the first report of such extensive colonization of the hindgut by peripylarian
parasites. Previously flagellates, of various sub-species, appeared 1o be restricted to the
pylorus/hind-triangle regions of the hindgut [Johnson ef al., 1963; Hertig and
McConnell, 1963; Johnson and Hertig, 1970; Young ef al., 1987] and were on occasion
found to occupy the ilevm [Lainson et al., 1977; Killick-Kendrick et af., 1977]. In one
exceptional study, L. braziliensis in Lu. longipalpis and Lu. renei, flagellates were

observed as far back in the gut, but not including, the rectal papillae [see review by

Schlein, 1986].
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Another feature of L. panamenyis development in Lz, gomezi that is inconsistant
with the definition of Viannia species involves multiplication of hindgut forms. In Lu.
gomezi, these stages appeared to be essentially non-dividing and the “cxtcnsive
proliferation” in the hindgut expected of a Viannia species of Leishmania was not
observed [Walters ef al., 1989a]. The only indication of division was of parasites in the
anterior rectum which had expanded kinetoplast DNA, a feature which has been
associated wilh replication in trypanosomes [Englund ez of., 1982).

Promastigotes ol L. panamensis in the unnatural host P. papaiasi behaved in a
similar but distinct fashion to L. panamensis in L. gomezi following release from the
peritrophic membrane. An cquivalent migratory route and progression of
morphological forms were adopted, however the parasites were notably larger than in
the natural host. The preliminary and predominant morphological form identified in the
hindgut was the spatulate-shaped promastigote which, following migration from the
posterior midgut, attached to the pylorus, ilcum and colon by means of hemi-
desmosomal plaques, Transformation to pear-shaped promastigotes was reported after
four days, these forms replacing spatulate-shaped promastigotes as the major cell type,
and some paramastigotes were observed after cight days. Although division forms were
observed, flagellates occupying the hindgut niche did not undergo extensive
multiplication.

Thus it appears that as more Leishmania-sandfly interactions arc examined in
greater detail, the behaviour of promastigotes within the hindgut deviates further from
the definitions erected by Lainson and Shaw [1987]. Clearly the isolation of L.
braziliensis complex within a separate group from other species based on development
in the hindgut still apparently applies. However, it may be uscful to re-evaluate the

other behavioural criteria and update the definitions based on the findings of recent
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studies.

1.2.2.3.2 Development in the abdominal midgut

The corresponding developmental phase of suprapylarian species takes place in
the abdominal/posterior midgut. Following thetr release from the peritrophic
membranc, “long slender” or “elongated nectomonad” promastigotes (N1) of L.
mexicana were nitially free in the midgut lumen. Walters et al. [1987] observed that
some of the free nectomonads were “organized in longitudinal arrays susrounding
bloodmeal fragments”, a phenomenon also reported by Killick-Kendrick ez al, [1974]
when examining L. amazonensis-infected Lu. longipalpis. Tt is unclear whether these
“longitudinal arrays™ are a common feature of suprapylarian midgut infections since
they are not reported in other studies, including L. mexicana in Lu. diabolica and Lu.
shannoni by Lawyer ef al. [1987]. Other promastigotes of L. mexicana attach to the
midgut cpithelia via flagellar interdigitation with the microvilli. This attachment
appears common {o many other species of suprapylatian leishmanias [Shortt ef al.,
1926; Killick-Kendrick et al., 1974, Warburg et ., 1986; Walters et al., 1989b] and has
been generally accepted as part of the life-cycle for all suprapylarian species. In some
studies this interaction may involve intracellular associations between some
promastigote flagella and the cytoplasm of the midgut epithelial cells [Killick-Kendrick
et al., 1974; Walters et al., 1989b]. Killick-Kendrick ¢f . [1974] obscrved
promastigote flagella within epithelia cells, below the microvilli, an observation which
led them to speculate that parasites may be capable of passing through into the coelomic
cavity. This observation was confirmed by Walters ¢f al. [1989b] when they studied the
life-cycle of L. chagasi in Lu. longipalpis.

Whether or not multiplication of nectomonad promastigotes occurs in the
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abdominal midgut Is unclear and may well be species-dependent. L. mexicana
nectomonads in L. abonnenci [Walters ef al., 1987] were reportedly non-dividing
while in Lu. shannoni and Lu. diabolica division forms were not mentioned [Lawyer et
al., 1987]. Rapid multiplication of L. amazonensis [Killick-Kendrick er a/l., 1974} and
L. chagasi [Walters et al., 1989b] nectomonads in Lu. longipalpis was observed, which

resulted in distention of the entire gut in the former study.

1.2.2.4 Migration to and promastigete morphology in the thoracic midgut and
cardiz

Forward migration from the hindgut or the abdominal midgut by flagellates to
the thoracic midgut and cardia appears to be a common feature of mammalian
leishmanias in the sandfly host [Killick-Kendrick et al., 1979]. Subsequent
multiplication in these regions often leads to them becoming grossly swollen with
parasites which form a “plug” at the anterior end of the cardia and stomodeal valve
which marks the entrance to the foregut [Adier and Theodor, 1926b; Shortt er &l., 1926;
Killick-Kendrick ef af., 1974; Walters et al., 1987]. However, the morphological forms
which occur and their ability to divide and to attach to the epithelial lining of this region
appear characteristic of the species and cven sub-specics of Leishmania. A schematic
representation of promastigote development in the lumen of the thoracic midgut and
cardia is shown in Figure [.5.

Exactly which type of L. panamensis promastigote migrates from the hindgut to
their next development site, the cardia, of Lu. gomezi is unclear. Spatulate-shaped
promastigotes, as seen in the hindgut (H2) and the blood meal (N2), were found in the
cardia region from as early as three days post-infection, coincident with breakdown of

the peritrophic membrane and initial invasion of the hindgut. These cells were thought
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to have migrated directly from the abdominal midgut independent of any hindgut
developmental phase. However, primary colonization of the cardia region of Lu. gomezi
did not occur until approximately six days subsequent to infection, coincident with a
massive migration of parasites in an anterior direction from the hindgut. Unfortunately,
the promastigotes which migrated to the cardia following breakdown of the peritrophic
membrane were not followed by Walters ef al. [1989a)], although gross expansion of this
population of cells would have been obvious and difficult to overlook. Thus it seems
likely that with this species hindgut promastigotes are iraportant for establishment of
infection in the sandfly foregut.

Based on the dual locality of spatulate-shaped promastigotes, Walters ef al.
[1989a}] suspected this form to be responsible for migration from the hindgut to the
thoracic midgut/cardia. However, this may be incorrect since three other
motphologically distinct forms of L. panamensis with free flagella were found to inhabit
the lumen of the cardia. These were: Type A (N3), short promastigotes (6-11 pm body
length with flagella 1-4-1-6 times the body length); Type B (N5}, short promastigotes
(7-9 um body length with flagella 2.1-2-9 times the body length); and paramastigotes
(N4) (4-6 pm body length with flageila > 3 times the body length}. All of these
presumably developed, either directly of indirectly, from spatulate-shaped promastigotes
(N2). All of these forms are included in Figurc 1.3 except for Type B promastigotes
which are similar to metacvclics (N5) of suprapylarian species but have a more rounded
cell body. Short promastigotes (N3) predominated in the cardia and were often
observed in division, a feature which prompted Walters et al. [1985a] to propose these
cells as the “second major muitiplicative reservoir of infection in Lu. gomezi”. In
addition, these promastigotes were considered to be “similar in some respects to the

short promastigotes (N3 and H3) of L. mexicana” observed in the midgut of the
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Figure 1.5: Schematic representation of development in the cardia.

Morphological forms and proposed differentiation sequence (arrows) of
Leishmania parasites in the cardia region of the midgut, 2-18 days post-
infection. Based on light and electron microscopy of parasites in two
patural (L. panamensis/Lu. gomezi, L. chagasi/Lu. longipalpis) and two
unnatural (L. mexicana/Lu. abonnenci, L. majoriLu. longipalpis) tife-
cycles. NI, elongate nectomonad promastigote; N3, short nectomonad
promastigote; N4, nectomonad paramastigote; NS, metacyclic nectomonad

promastigote. This diagram is copied from Walters [1993].
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experimental hast Lu. abonnenci [Walters et al., 1987].

Short promastigotes (N3 or H3) and paramastigotes (N4 or 114) appear to be a
common feature of many species of Leishmania in the cardia of infected sandflics, both
suprapylaria and peripylaria. Promastigotes morphologically similar to the short
promastigotes of L. mexicanu have been described so far for L. chagasi [Walters et al.,
1989b] and L. panamensis [Walters ef al., 1989a], while paramastigotes of the same
species and L. major [Warburg and Schlein, 1986; Warburg ef al., 1986] have been
identified in the cardia region of infected sandflies. Both types of flagellate were also
found in the unaatural combination of L. panamensis in P. papatasi, but were retained
within the perittophic sac [Walters et al, 1992]. The short promastigotes of L. mexicana
and L. chagasi were thought to originate from elongate nectomonads (N1), either prior
or subsequent to their migration from the abdominal midgut and were the primary
dividing forms in the cardia of Lu. abonrenci [Walters et al., 1987] and Lu. longipalpis
[Walters ef al., 1989b], respectively. Unlike the morphologically similar promastigotes
of L. panamensis in Lu. gomezi, short promastigotes of L. mexicana, I.. chagasi and L.
major [Warbwig ef al., 1986] attached via flagellum interdigitation with the epithelial
microvilli of the thoracic midgut. In all three cases flagella were observed not only
between the microvilli but were also reported to penetrate epithelial cells. Killick-
Kendrick ef af. [1974] reported a similar finding for the flagella of clongate
promastigotes of L. amazorensis in the abdominal midgut of Lu. longipalpis and for L.
braziliensis in the thoracic midgut region of Lu. wellcomei [Killick-Kendrick ef a/.,
1977]. The relevance of this remains unclear, however it is likely that piercing
epithelial cells would release potential energy substrates for use by leishmania.

The “long, slender, highly motile” midgut promastigotes (N1 and H1) of L.

mexicana \n Lu. diabolica and Lu, shannoni also underwent differentiation to generate
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short promastigote forms [Lawyer ef al, 1987]. However, these promastigotes were
also described as “broad”, suggesting a distinet promastigote type from the short
promastigotes previously discussed. Whether these promastigotes are equivalent 1o the
haptomonad forms of L. amazonensis [Killick-Kendrick er al., 1974; Killick-Kendrick,
1979] or L. major [Warburg et al., 1986, Killick-Kendrick er af., 1988] is unclear and
yet to be confirmed. Although morphologically similar, the “short broad™ promastigotes
of L. major appeared capable of division [Lawyer ef af. 1987] unlikc haptomonads of Z.

amazonensis [Killick-Kendrick er af., 1974, Killick-Kendrick, 1979].

1.2.2.5 Development in the foregut

The foregut of the sandfly is lined with cuticular intima and is sub-divided into
the stomodeal valve, oesophagus, crop, pharynx, cibarium and proboscis. The
stomodeal valve marks the entrance and is the initial site of colenization by flageliates
in the foregut. It is believed that, establishment of infection of the stomodeal valve is by
promastigotes generated in the cardia which are forced forwards as the pavasite
population expands. Rapid division of promastigotes in the cardia often causes the
anterior midgut to become swollen and distended with parasites which fortn a “plug”
extending into the stomodeal valve region of the foregut [Adler and Theodor, 1926b;
Shortt et al., 1926; Killick-Kendrick ef al., 1974, Walters et al., 1987]. The parasites
have a defintte orientation within the “plug”, their Hagella are directed forwards towards
the head of the fly and where they touch the cuticular epithelium of the stomodeal vaive
they become attached [Adler and Theodor, 1926b; Killick-Kendrick ef af., 1974,
Warburg et af., 1986; Walters er af., 1987]. This attachment is often accompanied by
differentiation and examination of flagellates colonizing the stomodeal valve region of

the sandfly foregut has identified a number of morphological forms in the different
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associations studied. These are depicted in Figure 1.6.

Common to several Leishmania-sandfly combinations are forms which
morphologically resemble the haptomonads (HO) of L. amazonensis desceribed in the
foregut of Lu. longipalpis by Killick-Kendrick ef al. [1974]. These promastigotes were
the sole occupants of regions anterior to the abdosmuinal midgut and were described as
short (<12 pm) and electron lucid with stumpy medified flagella and closely positioned,
relative to each other, kinetoplast and nucleus. Studies in which equivalent
morphological forms were identified attached to the stomodecal valve include L.
panamensis i Lu. gomezi [Walters et al., 1989a] and L. mexicana in Lu. diabolica and
Lu. shannoni [Lawyer ef al., 1987]. However, in contrast to the haptomonads of L.
amazonensis which were non-proliferative, the “pear-shaped” and “short broad”
promastigotes of L. panamensis and L. mexicana, respectively, were capable of division.

Pear-shaped haptomonad promastigotes (HO) of L. paramensis were
accompanicd on the stomodeal valve of Lu. gomezi by haptomonad paramastigotes (H4)
[Walters er al., 1989a], a form previously reported to be restricted in locality to the
oesophagus and pharynx regions of the foregut and to the hindgut [Killick-Kendrick,
1979; Molyneux and Killick-Kendrick, 1987]. Neither of these forms were detected on
the valve in the unnatural association of L. mexicana and Lu. abonnenci, although both
forms existed further forwards in the gut. The only form found at the stomodeal valve
in this study was the short promastigote (N3) in the haptomonad phase (H3). In her
review of Leishmania differentiation, Walters [1993] proposes that short promastigotes
(N3) migrate to the valve from the cardia region (in natural host/parasite associations)
and attach to its surface before differentiating into pear-shaped forms (I10) at variable
rates.

In many studies [Killick-Kendrick, 1979; Lawyer et al., 1987; Walters ¢f al.,
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unnatural

natural host 6um

Figure 1.6: Schematic drawing representing Leishmania development in the
foregut, stomodeal valve, oesophagus and pharynx, of the sandfly vector, 3-18
days post-infection. Based on light and electron microscopic examination of
parasites in these regions in two natural (L. panamensis/Lu. gomezi,

L. chagasi/Lu. longipalpis) and two unnatural (L. mexicana/Lu.abonnenci,

L. major/Lu. longipalpis) life-cycles. Relative prevalence of attached forms
is indicated as primary (p), secondary (s) or rare (r). H3, short haptomonad
promastigote; H4, haptomonad paramastigote; HO, pear-shaped haptomonad
promastigote; N3, short nectomonad promastigote; N4, nectomonad
paramastigote; N5, metacyclic nectomonad promastigote; sv, stomodeal
valve; cd, crop duct; es, oesophagus; pa, pharyngeal armature; ph, anterior
pharynx. Foregut tissue is not drawn from scale. Figure is modified from

Walters [1993].
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1987; Walters ef al.,1989%a; Walters ef ¢l., 1989b] of different host-parasite
combinations, the promastigotes in the cardia and at the stomodeal valve were found to
be embedded in a thick gel-like substance of unknown origin or functional significance.
It has been suggested that this may act to help parasites maintain their position within
the gut. Detection of a similar gel-like matrix in cultures of promastigotes {Christophers
et al., 1926; Schnur et al., 1972; Handman ef al., 1982] suggest that it must be of
parasite origin. Subsequent analysis of promastigote types along the gut length using
monoclonal antibodics raised against lipophosphoglycan (LPG), which plays a role in
parasite attachment to the midgut epithelia, confirmed this and identified what appeared
to be promastigote LPG within epithelia cells [Davies et al., 1990]. It was concluded
that the exereted LPG corresponds to the gel-like matrix which occurs in viire and in
vivo.

Anterior to the stomodeal valve are the oesophagus and the pharynx regions of
the foregut which are also lined with cuticular intima. Figure 1.6 illustrates the different
parasite forms found attached to the surface and free in the lumen. Primary colonizers
of the oesophagus in the parasite-host associations of L. mexicana/Lu. abonnenci
[Walters ef al., 1987] and L. panamensis/lu. gomezi [Walters ef al., 1989a] were pear-
shaped/oval haptomonad promastigotes (H0) and pear-shaped/oval/round haptomonad
paramastigotes (H4) [Walters, 1993]. Both of these cell types were also located on the
stomodeal valve of Lu. gomezi infected with L. panamensis. The relative proportions of
these two cell types changed to being predominantly haptomonad paramastigote forms
(LI4) in the pharynx of both parasite-host combinations. Alsc present in the oesophagus
and pharynx regions of Lu. gomezi were short promastigotes, Types A (N3) and B (N3),
of L. panamensis.

In a variety of studies, including L. mexicana in Lu. abonnenci by Walters ef al.
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[1987], paramastigotes were considered to be the principal type of flagellate to colonize
the oesophagus and pharynx [Killick-Kendrick et al., 1977; Killick-Kendrick er al.,
1988; Molyneux ef al., 1975; Warburg et al., 1986}, although Lawyer ¢t af. [1987]
found them to be rare in the natural life-cycle of L. mexicana in Lu. diabolica. A
sumilar finding was reported for L. major in P. duboscgi [Lawyer et al., 1990}, In
contrast, the dominant promastigote forms of L. mexicana anterior {o the stomodeal
valve of Lu. diabolica and Lu. shannoni were described as “shott, slender, highly active
promastigotes with long flagella”, forms which morphologically resecmble the infective
metacyclic promastigotes observed in a number of other suprapylarian life-cycles
[Killick-Kendrick, 1979; Warburg er al., 1986; Lawyer et al., 1987] and reviewed by
Killick-Kendrick [1986]|. Metacyclics of suprapylarian Leishmania species are
characteristically small (body length = 4-13 num) and slender (body width = 1-2 um) and
have a flagellum which is approximately twice the body length [Warburg ef al., 1986;
Lawyer et al., 1987, Killick-Kendrick, 1986]. They are commonly observed unattached
in the gut lumen, especially the foregut, and are generally regarded as frec-swimming
and non-dividing. The responsibility for transmission is thought to ke solely with these
cells since they are thought to be the only parasite forms to be deposited in the skin of
the vertebrate during sandfly feeding [Adler and Theodor, 1929a; Adler and Theodor,
1931; Adler and Ber, 1941; Warburg and Schlein, 1986]. Walters ef al. [1989%a]
identified forms which they considered to be metacyclics of L. panamensis, a
peripylarian Leishmania species, in the natural host Lu. gomezi. These promastigotcs,
which they called Type B promastigotes, were within the size range but often had a
longer flagellum and were more rounded posteriorly than the suprapylarian metacyclics.
Parasites similar in morphology to these putative metacyclics were also described by

Almeida er al, [1993] in stationary phase cultures of L. braziliensis. Other metacyclic
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characteristics exhibited by these ir vifro cultivated promastigotes included
modification of LPG as indicated from the development of a new lectin agglutination
profile, enhanced complement resistance and increased infectivity iz vive.
Promastigotes of L. mexicana fitting the description of the “proboscis or infective
forms” described by Killick-Kendrick {1979] were not detected in the Foregut of Lu.
abornnenct [Walters ef al., 1987]. Indeed, very few parasites were ohserved in the
pharynx and none at all in the cibarium/proboscis regions of this species of sandfly.
Meagrc colonization of these anterior regions and apparent lack of infective metacyclic
promastigotes suggests that Lu. abonnenci is a poor vector of L. mexicana and probably
does not serve as a natural host in the wild.

Surprisingly, the locality of metacyclogenesis or of storage of resultant
metacyclics in an ‘infective’ sandfly are unknown. It is clear, however, that there is a
scquential development in the sandfly from an essentially non-infective promastigote
form to an infective form and that these so called metacyclics may develop in the
midgut of sandflies from as early as 3 days post-infection as was reported for £. major
in P. papatasi [Sacks and Perkins, 1984; 1985]. Sandfly infectivity as judged by the
rate of growth and size of resultant L. major lesions in BALB/c mice increased
progressively with time and flies were deemed optimally infective 7-10 days after the
infecting blood meal, by which time promastigotes have often advanced heyond the
stomodeal valve into the head region of the fly. Maybe metacyclic precursors are
stimulated to differentiate into metacyclics by a combination of factors, and those which
do not differentiate die and are degraded. In electron micrographs of L. amazonensis
[Killick-Kendrick ef al., 1977] and L. mexicana [Walters ef al., 1987] paramastigotes in
various stages of degeneration were found atiached to the surface of the pharynx. They

were intermixed with apparently healthy intact paramastigotes. Perhaps the surviving



paramastigotes represent a sub-population of cells which have already been stimuiated
to undergo metacyclogenesis by declining energy reserves, imbibed sugars and acidic
ptl (see section 1.3).

It is clear that development of Leishmania promastigotes within the sandfly gut
is an elaborate process which involves periods of proliferation, attachment and
migration paralieled by changes in promastigote morphology. Consequently, several
distinct promastigote forms have been identified in numerous Leishamarnia species, the
motrphology of which reflects the region of the gut in which they occur. The
physiological significance of the differences in parasite attachment and morphology in
different parts of the insect gut remains to be clarified, but is suspected to relate to

dissimilar conditions prevailing in the various gut regions,

1.3 Conditions encountered by promastigotes in the sandfly gut

As promastigotes develop within the sandfly gut they encounter a variety of
different microenvironments. The environmental changes to which they are subjected
during migration in addition to those which are a result of sandfly digestion and the
parasite’s energy metabolism are thought to be responsible for the numerous
promastigote morphotypes which arise during the period spent in the sandfly gut.
Unfortunately, littic research has been carried out on this aspect of sandflies. Various
information, however, is available within the literature on the physiology of a wide
range of insects, including many bicod feeding diptera. These data could potentially be
applied to sandflies. The dearth of information on sandfly physiology is due mainly to
the small size of these insects as well as to difficulty in maintaining laboratory-reared
colonies. Some of these difficulties have been overcome and a few groups of workers

have investigated such things as sandfly diet {Ewart and Metealf, 1956; Auclair, 1963;
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Lewis and Domoney, 1966; Ready, 1978; Young e af., 1980; Schiein, 1986}, sandfly
digestion [Dillon and Lane, 1993] and promastigote development (discussed in section
1.2). A short, but dated, review which discusses the biology of phlebotomine sandflies
is also available [Killick-Kendrick, 1978].

eishimaniasis is transmitted by temale sandflies rather than males since females
requirc additional protein, supplied by regular blood meals, for egg production.
Between blood feeds their diet is supplemented with sugar and amino acids {rom plant
sources and [rom aphids {Ewart and Metcalf, 1950; Auclair, 1963; Lewis and Domoney,
1966, Ready, 1978; Killick-Kendrick, 1979; Young ef al., 1980; Schlein, 1986]. Thus
the environment for Leishmania development within the gut consists of two different
nutrient media and their respective digestive enzymes. The activity of these enzymes as
well as adsorption of nutrients from the gut is influenced by the concentration of
hydrogen ions, a factor which has also been implicated as important for promastigote
development ir vitro. It has been suggested that the pH of the alimentary canal of
insects can be correlated with insect feeding habits. In a review on insect digestion
[House, 1965], three papers were referred to which reported that the hindgut is usually
less acidic than the midgut in omnivorous and carnivorous species [Grayson, 1951,
1958; Swingle, 1931], althaugh it was also proposed that hindgut pH would be
determined by the decomposition of different foods or by the function of the malpighian
tubules [Grayson, 1951]. In contrast, other authors from the same review [House, 19635],
found gut pH to be a result of various factors. Waterhouse [1949] and Strivastava and
Strivastava [1961] concluded that pH tends to be more a characteristic of the taxonomic
group than of the feeding habit. Microorganisms have also been implicated in affecting
gut hydrogen ion concentration [ Wigglesworth, 1927 also cited in House, 19635].

Clearly, the pH values within the different gut regions and how they are affected by
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digestion and by parasite metabolism have yet to be fully determined. Changing the pH
at which promastigotes are cultivated in vitro has been shown to influence their
development and morphology. Specifically, acidification of in vitro culture medinm
was reported to initiate differentiation of L. mexicana promastigotes thereby generating
a morphologically homogeneous population of promastigotes which were characterised
on biochemical and morphological criteria as metacyclics forms [Bates and Tetley,
1993]. A similar change in pH may occur in vivo, resulting from the accumulation of
organic acids secreled by vast numbers of promastigotes in the sandfly cardia and
foregut, and could act as a trigger of metacyclogenesis within the sandfly. Advances in
techniques permitting the measurement of pH of very small volumes coupled with
improvements in sandfly maintenance should allow many questions regarding the effect
of gut pH on promastigote development in the sandfly to be addressed.

Interestingly some insects, including sandflies, are able to discriminate between
food materials and many blood-sucking diptera dispatch highly proteinaceous food
directly to the midgul while sugary liquids first underge a period of storage in the crop.
This process is thought to act as a defence against baclerial infection since food taken
into the crop is mixed with an antibacterial factor [Schlein, 1986]. Thus ingested blood,
which may contain amastigotes, is taken directly into the abdominal midgut where it
becomes encapsulated by the peritrophic membrane and digestion is initiated coincident
with amastigote differentiation. It is thought that the rapid drop in temperature
experienced by amastigotes on ingestion by the sandfly participates in their stimulation
to transform to the promastigote stage, as occurs iz vitro. The promastigotes which
result appear to congregate at the periphery of the blood meal a digestive intertace
presumably rich in nutrients. As digestion proceeds this microenvironment is likely to

change quite dramatically, in terms of both strrounding gases and blood composition as
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the meal is digested by host enzymes. High levels of proteinase activity [Gooding,
1975] are induced on blood uptake since proteins constitute approximately 95% of the
blood meal [Albritton, 1952]. Such enzymes are thought to be important effectors of
Leishmania selection since their production appears to be reduced by naturally
transmitted species of Leishmania but not by species which fail to be transmitted
[Schlein and Romang, 1986]. Morphological changes to promastigotes have heen
detected towards the end of blood digestion and it is thought that this differentiation
arises in response to changes within the blood meal.

Following digestion, the blood meal remnant together with the peritrophic
membrane are passed to the hindgut and expelled. Promastigotes which have escaped
through breaks in the membrane are now free in the gut lmmen and attach to its surface
in order to prevent their own expulsion. Peripylarian Leisimania species migrate and
attach to the cuticular lining of the hindgut while suprapylarian species attach via lectin
associations with the epithelia of the abdominal midgut. The morphology and
behaviour of promastigotes differ, perhaps reflecting differences in their surroundings.

It is thought that promastigotes in the midgut will have access to the sugars and
amino acids from plant sap and honeydew which are reported to supplement the sandfly
dict between blood feeds [Ewart and Metcalf, 1956; Auclair, 1963; Lewis and
Domoney, 1966; Ready, 1978; Killick-Kendrick, 1979; Young et al., 1980; Schiein,
198G]. Surprisingly. these foodstulfs do not move through the alimentary canal as an
uninterrupted {low down a digestive gradient, but instead may be distributed and
redistributed back and forth especially between the ventriculus and the crop and the
proventriculus. Iiis thought that sugars ingested by the sandfly not only serve as
potential energy substrates but may also play arole in detachment of promastigotes

trom the epithelial lining. This detachment is also mediated through the modifications
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to the promastigote surface which accompany metacyclogeunsis [reviewed by
MecConville and Ferguson, 1993]. Interestingly, the generation of metacyclics in the
sandfly and subsequent disease transmission is also thought to by influenced by blood
meal expulsion and ingestion of sugars (see below).

Promastigotes developing in a hindgut environment are subject to both
peristaltic movement of gut contents and secretions from malpighian tubules. The
malpighian tubule-hindgut-rectum system plays the most important role in the removal
of nitrogenous end products in the majority of insects [Stobbart and Shaw, 1973]. Uric
acid is generally the dominant nitrogenocus component of the excreta of terrestrial
insects. It is broken down to yield allantoin and allantoic acid. Small quantities of
ammonia, urca and amino acids may also be excreted. Somne arthropod species achieve
removal of uric acid and/or its derivatives from the haemolymph via storage in the body
fat or by storage together with excretion by the intestine. In the later stages of its
formation the excretory fluid becomes acidic and water and salts are reabsorbed from it.
These processes are associated with the precipitation of free uric acid und occur mostly
in the rectum and also in the proximal region of the malpighian tubules, having the
direct rcsult of acidifying these areas. The malpighian tubules are probably also able to
excrete other organic substances. Additional organic molecules of low molecular
weight may enter the tubules passively, any of metabolic importance being reabsorbed
subsequently in the hindgut and rectum.

Thus the amount of nutrients available to promastigotes in the hindgut will be
limited, although not necessarily negligible, The identity of all the substrates available
for use in this region remains to be determined, although analysis of the excreta from
Rhodnius prolixus, the vector of Trypanosoma cruzi, detected a variety of amino acids.

Interestingly, Howard ef al. {19917 reported increased growth, in terms of promastigote




numbers, when culture media was supplemented with human urine. This result occurred
for a number of species, including those thought not to develop in areas containing
nitrogenous waste. The reason for improved growth under these conditions and the
physinlogical significance of the effect therefore remains ta be established.

Subsequent to development in the hindgut or abdominal midgut both
peripylarian and suprapylarian promastigotes move forwards in the gut to take up
residence in the thoracic midgut and the foregut. The stimuli respousible for this
migration has not yet been determined, but in suprapylarian specics it may be associated
with competition with sugars for binding sites on the midgut epithelia coupled with
changes to lectins on the promastigote surface [reviewed by McConville and Ferguson,
1993]. Whether or not parasites, other than metacyclics (discussed below), in the cardia
and foregut bave an endogenous energy store or arc directly reliant upon plant material
imbibed by the sandfly between blood meals is unclear, however their immeotility is
suggestive that conditions are not optimal. Limited energy substrates may be one
reason for the observed immeotility, although it could alse be cauvsed by increasing
acidity from promastigote digestive products or simply a direct consequence of the thick
gel-like substance in which the cells arc embedded.

The stimuli for metacyclogenesis in the sandfly and in vitro have yet to be fully
determined, although several factors are thought to be involved. 1n cultures, it is
thought to be triggered, at least in part, by the exhaustion of a particular nutrient or sct
of nutrients which slows down multiplication causing what is known as the stationary
phase of growth. A corresponding decrease in promastigote growth rate is thought to be
experienced by promastigoles in the cardia region of the sandfly gut which were
described as immotile yet viable [Lawyer ef al., 1987; Walters et al., 1987; Walters ¢t

al, 1989]. It has been suggested that these cells have reached the stationary phase of



growth, a state perhaps resulting from expulsion of the blood meal, which has also been
linked to the generation of metacyclics, However, studies on cultivated promastigotes
in the stationary phase of growth have identified two possible endogenous energy
reserves, carbohydrate [Keegan and Blum, 1992] and lipid [Mallinson and Coombs,
1989], which are either absent or present in reduced amounts, respectively, in log phase
cells. It is likely that these are degraded for energy generation by metacyclics in the
sandfly foregut but may aiso be utilised during differentiation to the amastigote stage,
The occurrence of such an energy source in metacyclics could account for their rapid
movement in nutrient free medium and in the sandfly foregut. Furthermore, sugar meals
imbibed subsequent to excretion of the blood meal would presumably be available to
promastigotes in the cardia and the foregut regions, suggesting that nutrient depletion as
such may not be the trigger of metacyclogenesis. It has been proposed that the sugars
which supplement sandfly diet between blood meals are involved in metacyclogenesis
{reviewed by Schlein, 1986]. It is thought that these sugars are required for
transmission of Leishmania by bite, a conclusion derived from laboratory experiments
which found that inclusion of raisins in the diet of P. argentipes facilitated the
successiul transmission of L. donovani. However, this did not always result in
consistent transmission due to a lack of ather components ingested in the wild.
Comparison of laboratory infected flies which had been released and recaptured with
those which were kept in the laboratory identified diflerences in L. infantum
promastigote location in P. ariasi [Killick-Kendrick, 1981]. Those maintained in the
laboratory were found only in the midgut while releascd flics had promastigotes in the
foregut and were deemed infective. Another contributing factor to in vitro
metacyclogenesis, which is also relevant to rapidly multiplying and respiring parasites

in the cardia, is acidification of their surrounding environment. Culture of

40




promastigotes iz virre under acid conditivn, pH 5.5, has been reported to result in
homogeneous populations of L. mexicana metacyclics [Bates and Tetley, 1993].
Organic acid production and secretion by vast numbers of promastigotes within the
confines of the fly gut is likely to acidify their environment, perhaps triggering
metacyclogenesis.

Sandfly saliva has been shown Lo directly influence promastigote development
in the anterior parts of the alimentary canal {Charlab and Ribeiro, 1993; Charlab ef af.,
1995]. Salivary gland homogenates (SGII) were shown to exhibit a dual effect on
cultured promastigotes of L. amazonensis, inhibiting growth and inducing
differentiation. Cemparison of contral cultures with those which included SGH
demonstrated a difference in promastigote size, the treated cultures containing more
glongate promastigotes which resembled the slender nectomonads (N1) which
predominate immediately prior to blood meal expulsion and in the midgut. When these
effects were investigated further 1t was clear that they were related to the phase of
promastigote growth since log phase cells were less sensitive to SGH than stationary
phasc cells. It is suspected that the growth arrest observed in vifrro represents a
mechanism for routing parasites to a differentiation step within the sandfly vector,

Changes in substrate availability, gaseous conditions, pH and osmolarity are all
thought to contribute to the transformation of promastigote stages within the sandfly
vector. Changes in morphology are likely to be accompanied by alterations in
biochemistry, especially metabolism, as promastigotes migrate to different regions
within the sandfly gut. Little information is available on the passage of food along the
sandfly alimentary tract, from ingestion to excretion, thus correlating environmental
conditions with the different promastigote types observed at various regions along the

gut length [Walters, 19931 is a challenging project.
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Clearly the exact environmental conditions experienced by promastigotes in the
different regions of the gut are unknown. Information on the available substrates,
osmolarity, pH and gaseous conditions could allow development of a method for in
viiro culture of pure populations of the different promastigote forms. Biochemical
analysis of these cells would then be possible and so the adaptations of each stage may

be uncovered.

1.4 In vitro cultivation

One of the aims of cucrent rescarch on Leishmania is to obtain a better
understanding of the biochemical basis of adaptation and survival of each stage in the
parasite’s life-cycle. Ideally, characterisation should be carried out upon pure
populations of cells isolated from natural hosts. However, this is rarely possible for a
variety of reasons and this has necessitated the development of other ways of obtaining
large quantities of pure parasites. Several methods have been devised which have
permitted the purification of promastigotes from sandflies [Stephenson ef af., 1987] and
amastigotes from vertebrate hosts [Childs ef ol., 1976; Brazil, 1978; Infante ef al., 1980;
Hart et al., 1981a; Saraiva er al., 1983; Meade er al., 1984; Glaser et «l., 1990]. None of
these are ideal and low vields or contamination with host materials means that most of
the methods are impractical as sources of parasites for study. In recent years the focus
of attention has shifted from purification of parasites from natural or experimental hosts
to the further development of axenic culture techniques. Determination of the
conditions required for axente culiure have yielded useful information on parasite
biochemisty and cell biology. Whether in vitro cultured parasites are identical to those
which occur iz vivo in natural hosts has yet to be confirmed, although, comparisons

have identified several biological, biochemical and morphological similarities.
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1.4.1 Promastigotes

Most studies, biochemical and otherwise, have been carried out upon
promastigotes obtained through in vifro culiure in a range of media at 25°C-28°C
[Chang and Hendricks, 1985]. Since no “universal” culture medium in which all the
different leishmanias will grow is available, several have been developed. Initially
complex media such as NNN medium which were biphasic and based on blood-agar
were devised [Wenyon, 1926]. An important feature of these media is that they would
support transformation of amastigote stages of some Leishmania spccies to
promastigotes and could sustain subsequent growth of promastigotes. More recently
developed complex biphasic media, for example Evans’ modified Tobie’s medium
[Evans er al., 1984], are based on this early one but contain a considerable number of
additional components. Modification in this way has produced media which have
proven successful for the isolation of a great variety of leishunanias from both the Old
and the New World [Evans, 1987]. Complex monophasic media, eg. LIT, have also
been devised [Carmargo, 1964].

For routine promastigote cuiture, complex media have been replaced in many
laboratories by commercially available semi-delined liquid culture media which are
usually supplemented with heat-inactivated foetal calf serum (HIFCS). These are
frequently based on insect cell culture media, such as Schneiders’ and Graces’, and have
been shown to support the growth of Leishmania [Childs ef al., 1978; Hendricks et al.,
1978]. In addition, transformation of amastigotes to promastigotes of some species of
Leishmania (eg. L. mexicana) will oceur in these media. However, biphasic media are
still required for some of the more fastidious Leishmania species, notably L.
braziliensis, L. panamensis and L. guyanensis. For survival and multiplication of

almost all species of Leishmania, HIFCS is an essential supplement to these media.



However, several chemically defined media have also been developed and these are
particularly uscful in studies of the parasite’s nutritional requirements. REI of Steiger
and Steiger [1976] was the first medium in which all chemical components were known
and which supported the growth of human infective Leishmania species, in this case /.
donovani and L. braziliensis. Subsequently others have been devised, for example
REI11 [Steiger and Steiger, 1977], HOSMEM [Berens and Marr, 1978], REIX and
REX [Steiger and Black, 1980], DME2 {Iovannisci and Ullman, 1983] and MD-29
[Melo ef al., 1985]. All of these defined media, except for MD-29, were used to grow
only one or two species of Leishmania. In contrast M1D-29 was used for the growth of a
representative range of species and strains,

One vital consideration which must be taken into account when relating the
results of in vifro studics on promastigotes to those forms and events which oceur ixn
vivo is whether the in vifro cultivated promastigotes are representative of the forms
which occur in the sandfly. It has generally been assumed that promastigotes produced
by in vitro cullivation are essentially similar if not identical to the in vivo forms. This
view has persisted, despite studies of promastigote lifc-cycles within the insect vector as
detailed in section 1.2. It is thought that the changes in promastigote form in vive oceur
in response to ditfering physiological conditions in the various microhabitats within the
alimentary tract of the sandfly [Killick-Kendrick, 1979] and as such probably paraliel
and reflect other adaptations, including biochemical features. If this view is correct, it
seems likely that cultured promastigotes would differ from the sandfly forms since ir
vitro conditions are unlikely to be the same as those in the fly intestine. However,
sequential development of promastigotes has also been reported to occur iz vifro and at
least three different morphological forms have been identificd which resemble some of

those described in the sandfly [Christophers et al., 1926; Bates, 1994; Charlab ef al.,
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1995].

Christophers ef al. [1926] carried out an in~-depth investigation of i» vitro
promastigote development, following the morphology of L. donovani amastigotes
initiated into promastigote culture conditions over « period of 10 days. Early flagellate
forms {which he designated Type 2) occurred shortly after inoculation of amastigotes
(designated Type 1) and developed into what were described as dividing stumpy forms
(designated Type 3). These took the form of short pear-shaped, oval or spindle-shaped
promastigotes with a well developed flagellum (usually twice or three times the body
length) which did not appear until around the second day of culture but persisted
throughout. At the same time, “fusiform multiplicative forms” (designated Type 4)
appeared, of which there were two types; (a) elongatc oval or torpedo-shaped forms and
(b) spigot-shaped forms. Both types were slender in appearance with the body length
exceeding three times the breadth and differed from each other in the general shape of
the cell body. Promastigoies of Type 4a exhibited a cell body which was similar in
shape both anteriorly and posteriorly while Type 4bs possessed a more attenuated
posterior end. Type 4 promastigotes were the commonest forms to be scen by
Christophers ef al. [1926] in their study of L. dorovani promastigotcs i vitre and both
Types a and b had a tendency to group together to form clumps. Type 4a were observed
to form small groups in early cultures while Type 4b produced large aggregations of
cells. As cultures progressed other cell types emerged, but Type 4, particularly a,
promastigotes predominated from about day 4 of culture until the study terminated on
the tenth day. A fifth group of cell types, “mature flagellates™, became apparent at
around day 5 and remained until day 10 of culture, the final obscrvation point. With a
body length of five to six times their breadth these were the longest of the 4 Types of

flagellates to be described. Again this group was sub-divided into several
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morphoelogical categories: {a) large stout forms; (b) large attenuated forms; (¢) smaller
forms with the same general characters as (b); and (d) extremely slender forms. Types
5d were rare and were not seen until day 8 of culture. These forms probably correspond
to the infective metacyclic promastigotes which are now thought to oceur in stationary
phase cultures of promastigotes |for example, Mallinson and Coombs, 1989; Almeida et
al., 1993]. Two other cell Types were described, Type 6 - aflagellates and Type 7 -
degenerative forms. Aflagellates were rare before day 8 and increased progessively
thereafter. Three types of degenerative form were identificd and appeared in cultures as
carly as day 4. Their numbers remained consistantly low throughout the study. In
summary, iz vitro development of L. donovani promastigotes involved the sequential
development of different morphological forms. Early forms, stumpy dividing
promastigotes, were replaced by more elongate promastigotes which predominated from
day 4 onwards. As culturcs progressed a third promastigote Type was identified which
included the longest promastigotes fo be described in addition to very slender forms
which did not appear until relatively late on. Subsequently, parasitcs were aflagellates
or degenerative forms,

A similar sequence of developmental forms was reported to occur in cultures of
L. mexicana promastigotes [Bates, 1994], Three morphologically distinet groups of
promastigotes were identified during the course of the complete axenic life-cycle
although it is noted that these were arbitrary divisions in a continual sequence. Early
flagellates resembled those promastigotes identified within the blood meal in the sandfly
abdominal midgut in that they were broad and rounded in shape and had short flagella.
These are also morphologically similar to the stumpy promastigotes of L. dosnovani
except that these promastigotes of L. donovarni had well developed flagella

[Christophers ef al., 1926]. These forms of L. mexicana were gradually replaced in
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neutral HOMEM medium by long slender promastigotes which predominated in
cultures in the late-log phase of growth. These forms are believed to be equivalent to
the suprapylarian midgut infections in the sandfly. The third category of promastigotes
was comprised of characteristically small slender forms typical of anterior midgut
and/or foregut promastigotes in infective sandflies. These forms are thought to be the
metacyclic promastigotes which arc responsible for disease transmission and usually
occur in stationary phase cultures of promastigotes. The proportion of L. mexicana
metacyclics relative to the other promastigote forms could be enhanced by acidification
of the culture medium, a modification which reportedly generated a homogencous

population of metacyclics [Bates and Tetley, 1993].

1.4.2 Amastigotes

Axenic in vifro cultivation of amastigote-like forms has proved relatively
difficult to achieve when compared with promastigote culture, but has now been
reported for a reasonable numbcer of species, including L. pifanoi, L. panamensis, L.
braziliensis, L. donovani, L. mexicana, L. major, L. infantum and L. tropica [Pan, 1984;
Eperon and McMahon-Pratt, [989; Doyle ¢f ai., 1991; Bates ef ai., 1992; Pan er al.,
1993] and was reviewed by Bates [1993a]. Despite many failed attempts to generate
axenically cultured amastigotes, investigations persisted as it was realised that a
successful system would provide a valuable source of parasites in the form responsible
for the disease in the mammalian host. Such a source would be essentially limitless as
well as free from host contamination and as such would permit detailed study of the
biclogical and biochemical processes associated with this developmental stage, aspects
which had been little studied due to a lack of adequately pure material. Consequently,

identification of parasitc unique features could provide potential drug and/or vaccine
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targets.

It is suspected that transformation between parasite stages is triggered by
changes in their surrounding environment that occur naturally iz vive. Consequently,
the majority of attempts at axenic amastigote cultivation have been through
ransformation of promastigote forms by manipulation of the culture conditions. These
manipulations were based on known changes which could potentially act as
environmental stimull during this transition. Differentiation of flagellated metacyclic
promastigotes into aflagellated amastigotes occurs upon their injection into the
mammalian host, a transition which along with many other environmental changes is
accompanied by an increase in temperaturc. In this regard, preliminary attempts at
axenic culture concentrated on heat-shock as a biologically relevant stimlus for
transformation of stationary phase promastigotes into amastigotc-like forms. This had
some degree of success since promastigotes of various species subjected to elevated
temperatures had a tendency to round up and become more amastigote-like in
morphology. However, they rarely survived for more than a few days and were
incapable of growth or division |sec Pan ¢/ ¢/., 1993]. Furthermore, examination of
these heat-shocked organisms at the molecudar level revealed that compared with axenic
amastigotes they were metabolically inactive [see Pan ef al., 1993]. Increasing the
temperature gradually achieved transformation of promastigotes of four species of
Leishmania to amastigote-like forms which responded favourably to subsequent serial
passage |Pan, 1984; Eperon and McMahon-Pratt, 1989; Doyle et /., 19911, In addition
to temperalure, Pan’s studies of L. pifanci differentiation concluded that medium acidity
was an important stimulus. These organisms were adapted for growth and appeared to
require both elevated temperatures as well as low pH (<6) for transformation.

Subsequent investigation has indicated that although both of these parameters are
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important for wansformation and subsequent growth of axenic amastigotes, the optimal
conditions vary depending on the species of Leishmania involved. For example, species
of Leishmania which cause cutancous disease were found in general to prefer lower
temperatures (28°C-32°C) than those specics responsible for visceral pathology (37°C-
39°C).

Persistant attempts to achieve axenic cultivation of amastigotes have extended
ouwr knowledge of the conditions required for transformation of promastigotes to
amastigotes and for the subsequent growth of these amastigotes and it appears that this
transition is a very sensitive one and not dependent on only temperature and pH [Pan et
al., 1993]. The selection and age of the culture medium as well as the batch, and indeed
the process of heat-inactivation, of foetal calf serum appear to be critical. In addition, it
has been shown that some lines of axenic amastigotes have enhanced sensitivity to
antibiotics when compared with promastigotes, and that their absence during and
subsequent to differentiation is therefore potentially beneficial. Thus, differentiation to
and subsequent growth of cxiracellular amastigote-like organisms from promastigote
forms is fraught with complications and no single procedure appears to be universally
successful with all species and straing. A novel approach for axenic cultivation of L.
mexicana amastigotes was adopted by Bates er af, {1992]. In contrast to others, these
authors attempted to grow, in culture, amastigotes isolated from lesions rather than from
the in vifro transformation of promastigotes. This method would presumably by-pass
'thé requirement for essential signals necessary for transformation and hence one would
imagine be subject to fewer complications. The conditions selected for growth included
a temperature of 32°C, a pH of 55, plus a nutritionally-rich medium, Schneiders’
Drosophila Medium, supplemented with 20% HIFCS. These conditions supported

growth and division of forms morphologically similar to the inoculated lesion
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amastigotes. On more detailed examination, at the ultrastructural, biochemical and
biological level, the amastigote-like forms were found to be similar, but not identical to
lesion amastigotes, but significantly distinet from promastigotes. The differences are
thought to simply reflect adaptation of lesion amastigotes to inappropriate culture

conditions, and suggest that further refinement is necessary.

143 Complete in vitro life-cycle

Design of a complete developmental sequence for Leishmania in axenic culture
would provide the opportunity not only o investigate and compare the main life-cycle
stages of this parasite but also to examine the differentiation between stages. Through
manipulation of culture conditions such a system has been demonstrated for Z.
mexicana [Bates, 1994] whereby the resulting sequence of morphological forms
resembles that observed in the natural life-cycle of the parasites. Briefly, amastigotes
isolated from CBA mice were isolated and inoculated info promastigote culture medium
(HOMEM [Berens et af., 1976] supplemented with 10% (v/v)} HIFCS, at pH 7:5) at
25°C and the resulting promastigote forms allowed to multiply umtil in the late-log
phase of growth. At this time these forms were sub-passaged into culture medium
developed tor gencration of homogeneous populations of metacyclic promastigote
forms [Bates and Tetley, 1993} (Schneiders’ Drosophila medium supplemented with
20% (v/v) HIFCS at pH 5-5), and allowed to progress until they rcached the stationary
phase of growth. Resultant metacyclics were then sub-passaged into the same medium
but were subjected to a temperature shift from 25°C to 32°C, conditions which are
reported to support long-term axenic growth of amastigote-like forms {Bates ¢ al.,
1992]. Thus through manipulation of culture conditions the three main stages in the L.

mexicana life-cycle (amastigotes, multiplicative promastigotes and metacyclic




promastigotes) can be obtained in large quantity for biological, biochemical,
immunological and molecular characterisation. In addition, the in vifro life-cycle
provides a unique system for the examination of differentiation between the different

stages.

1.5 Differentiation

Stage differentiation of protozoan parasites, such as higher cukarvotic cells,
frequently occurs in response to changes in the immediate environment [Shiels ef al.,
19941, but can also be intrinsically determined within the cell | Turner et al., 1995]. The
cell responds by alleration of gene expression such that morphological and endogenous
biochemical changes occur, consequently altering the function and developmental
potential of the parent cell [Newton and Ohta, 1990]. Thus, the new cell type differs
and can usuatly be distinguished from the original cell by phenotypic markers, either
biochemical and/or morphological. At the molecular level, it is probable that the cell
type is determined by regulatory genes which when translated in the cytoplasm become
proteins which are capable of mainiaining transcription of these same genes following
their migration into the nucieus.

In animal development, differentiated cells arise by means of one of two
fundamental mechanisms, asymmetric cell division involving an unequal segregation of
developmental potential [discussed by Horvitz and [lerskowitz, 1992] or via ccll
interactions which involves the interaction of two different cell types resulting in the
generation of a third cell type [see review by Gurdon, 1992]. The first of these
mechanisms includes a division step whereby two dissimilar daughter cells are produced
and is exemplified in early egg development where it serves to generate early

embroyonic cells that differ in their content of materials inherited from the fertilised egg
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[Gurdon, 1992]. Asymmetric divisions arc also commeon throughout nematode
development, the pattern of which has been demonstrated to be important by the
generation of mutations that lead to developmenial defects [Horvitz and Herskowitz,
1992]. The second mcchanism by which cell differentiation is initiated in metazoans
involves cell interactions [Gurdon, 1992]. This is particularly important in vertebrate
embryonic induction and is thought to be the single most irnportant mechanism leading
to ditferences between cells and to the organisation of cells into tissues and organs.
Unicellular eukaryotic and prokarvotic organisms are also sensitive to external
influences and respond with adaptive changes m their gene expression patterns. These
modifications can cause profound changes of their developmental states such as in the

Leishmania life-cycle.

1.5.1 Differentiation of Leishmania

Leishmania parasites undergo a very complex life-cycle which involves periods
of development and proliferation as distinct morphological and biochemical forms in
two very different hosts. The aflagellated amastigote stage resides in the relatively
stable environment of the parasitophorous vactiole of macrophages in the vertebrate host
while the flagellated promastigote forms are free living in the digestive tract of the
sandlly vector. Differentiation between amastigotes and promastigotes is induced by
exogenous changes in the cells surroundings with the consequence that each life-cycle
stage is specifically adapted for survival in its immediate environment, adaptations
which are reflected in their differing morphology and biochemistry. Of many possible
changing environmental factors, temperature and pH appear to be key ¢lements
influencing transtormation between these stages, as indicated from studies on in vitro

cultivation [reviewed by Zilberstein and Shapira, 1994].
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Due to casc of i vitro cuitivation [Berens et al., 1976] the most studied stage of
Leishmania is the promastigote which occupies the digestive tract of the sandfly,
wherein it undergoes a complex migratory route involving the sequential development
of several different morphological forms. The route taken and the forms which occur
are dependent on the species of sandily, the strain of Leishimania as well as sandfly
nutrition subsequent to infection and it is clear that the promastigotes undergo a number
of significant morphological and biochemical changes throughout their development in
the invertebrate host (see sections 1.2 and 1.6). These modifications may well arise in
response to different envirommental conditions as the promastigotes migrate through
different regions of the gut and as sandfly diet fluctuates in relation to the gonotrophic
cyele. Alternatively, or in addition to induced diflerentiation, it is possible that
alterations to promastigote morphology are governed intrinsically within the cells. In
support of this possibility the findings that similar changes in form have been reported
to occur in in vitro cultures of L. donovani [Christophers ef al., 1926], 1. mexicana
[Bates, 1994] and L. amazonensis [Charlab ef al., 1995] and it is unlikely that cultured
promastigotes arc exposed to the same environmental conditions as their in vivo
counterparts. Presumably irn vitro cultivation provides a ielatively more stable
environment which is subject to gradual changes in contrast to conditions fx vive which
will alter dramatically with each sandfly feed.

While it remains to be determined whether or not all of the different
promastigotc morphological forms represent distinct developmental stages, a vast body
of evidence confirms that at least two morphologically and biochemically distinet
promastigate stages exist in the sandfly as well as in in vitro cultures. These consist of
the dividing long slender ‘nectomonad’ promastigotes (N1), supposedly typical of

midgut infections of suprapylarian species, and non-dividing shoit slender-bodied free-
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swimming metacyclic promastigotes (N5) which are found predominately anteriorly and
in the mouthparts of the sandfly, in the case of L. major and L. mexicana [reviewed by
Sacks, 1989]. Although it is clear that several different morphological forms occur in in
vitro cultures, it is these two stages that are recognised and predominate in late-log
phase cullures and statiopary phase cultures, respectively, although their numbers
depend on the sub-passage record and culture conditions applied. It has been shown
through modification of culture conditions that metacyclogenesis can be induced by
environmental changes, the key clement of which appears to be acidic growth
conditions. Cultivation of L. mexicana promastigotes at acidic pH (pH 5-5) produced a
homogeneous population of metacyclic-like forms [Bates and Tetley, 1993} in contrast
to neutral starting conditions which yields a mixed population of promastigotes,
including metacyclic forms. This finding was supported by Howard ef f. [1987] who
attributed the high numbers of L. donovani metacyclics obtained through cultivation in a
modified Grace’s medium to the acidic conditions. Furthermore, incubation of mid-log
phasc L. major promastigoies in naturally acidified ‘spent medium’ resulted in a morc
rapid production of metacyclic forms [Sacks and Perkins, 1985; Mallinson and Coombs,
19891, alihough other factors, such as nutrient depletion or a soluble differentiation
factor, were not ruled out in this study. The mechanism by which acidic pH induces
differentiation is unknown. One hypothesis suggested that if acts as a density-dependent
regulator of parasite numbers, promoting differentiation either by selection or induction
[Bates and Tetley, 1993] and that this phenomenon may occur iz vive due to high
parasite numbers and build up of acidic metabolic end products [Marr, 1980] in the
thoracic midgut and foregut regions of the sandflies [Lawyer et al., 1987; Waliers et al,
1987]. Whether this infact happens is unclear as the pIl value of the sandfly midgut is

unknown as yet. However if it is similar to that found in another bloodsucking insect,
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the mosquito, for which the reported value was > pH 8-S [reviewed by Zilberstein and
Shapira, 1994] then the hypothesis would fail.

Slender promastigotes in the late-log phase of growth and metacyclic
promastigotes differ morphologically and biochemically, exhibiting adaptations which
are thought to reflect the parasites suwrrounding environment in vivo, In addition,
metacyclic promastigotes arc pre-adapted, both morphologically and biochemically, for
survival in the vertebrate host. One such biochemical adaptation involves extensive
modification to the parasites surface. The major surface molecule lipophosphogiycan
(LPG) has been identified on promastigotes of all Leishmania species studied so far
[Sacks, 1992] and with some at least it undergoes considerable alteration during
metacyclogenesis. These changes are thought to contribute to development within the
sandfly as well as to establishment of infections in the mammalian host (see section
1.6.4.2),

Several other promastigote forms have been identified in the sandfly but have
not been studied due to inadequate isolation procedures. One of these forms, the
stumpy promastigote or procyclic, resembles promastigotes which predominate in early
cultures. Whether this is a distinct promastigote stage requires further investigation as
does its similarity to its in vivo counterpart, the blood meal promastigote form.
Characterisation of biochemical features which are likely to be unique to this stage and
contparison with latc-log phase promastigotes and metacyclic promastigotes should
provide evidence as to how similar or dilferent these three stages are.

Obligate hindgut development of peripylarian species of Leishamania in the
sandfly has been questioned recently by Walters et al. [1993]. However, it is clear that
following breakdown of the peritrophic membrane the majority of promastigote forms

migrate in a posterior direction and attach to the cuticular lining of the hindgut.




Moreover, a promastigote form equivalent to the midgut nectomonads of suprapylarian
species has not been identified and it appears that peripylarian promastigotes migrate
through this region on route to the thoracic midgut and stomodeal valve without
stopping. The morphology and behaviour of hindgut forms have received significant
attention since their initial identification by Johnson ef al. in 1963. Biochemical
characterisation, however, has not been attempted, presumably due to difficultics of
isolation and purifteation. It is possible that the hindgut stages could be obtained
through modification of culture regimes to mimic putative hindgut conditions.
However, this may prove a very difficult task, especially as phenotypic markers for
these forms are unavailable. Clearly, the biochemical adaptations of hindgut
promastigotes and their similarities to and differences froin other in vive and in vitro

forms is unknown and requires study.

1.6 Biochemical adaptations of Leishmania

Differentiation between parasite stages involves changes in gene expression
which are paralleled by biochemical modifications. These alterations are commonly in
response to changes in the parasite’s immediate environment to which it must adapt
biochemically to survive. Several examples of such adaptations have been identified in
both in vive and in vitro cultivated Leishmania patasites and consequently studies of
biochemical features have focused upon comparison of log phase and stationary phase
promastigotes, or puritied metacyclics if possible, with each other and with amastigotes.
Very few studies have distinguished between morphologically distinet promastigotes in
the early-log phase and late-log phase of growth, despite their apparent resemblance to
forms observed in vive. It would be predicied that these promastigote forms will differ

significantly from each other and from metacyclics and amastigotes in ways which can
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be related to their particular in vivo microenvironments. Comparative studies on
amastigotes, metacyclics and multiplicative promastigotes have identified several
biochemical distinctions providing phenotypic markers which are stage-specific. These
include changes in energy metabolism, proteinase and nuclease activities and surface

molecules.

1.6.1 Energy metabolism

Although the energy generating pathways of Leishmania parasites have been
under investigation for many years, significant gaps in our knowledge still remain.
Comparison of those pathways which have been elucidated with mammalian energy
metabolism has identified some distinct features providing targets and potential targets
for chemotherapeutic attack. These include compartmentation of glycolysis and the
formation of toxic methylglyoxal as a by-product of D-lactate synthesis. However,
most of these studies have been confined to culture-generated promastigotes in the log
phase of growth rather than amastigotes or metacyclic promastigotes, mainly because
both of these latter stages were relatively difficult to obtain in sufficient quantity for
metabolic investigation. Advances in purification procedures for metacyclics of L.
major [Sacks et al., 1985] and amastigotes of L. mexicana [Hart ef al., 1981b] now
make it feasible for these stages to be investigated at a metabolic level. Moreover,
recent developments in in vitro culture techniques have provided metacyclics of L.
mexicana [Bates and Tetley, 19931 and amastigotes and amastigote-like cells of L.
pifanoi, L. panamensis, L, braziliensis, L. donovani, L. mexicana, L. major, L. infantum
and L. tropica [Pan, 1984; Eperon and McMahon-Pratl, 1989; Dovle ef al., 1991; Bates
ef al., 1992; Pan er al, 1993], permiiting interspecies comparisons. Investigation of

these purified or cultuwre grown metacyclics and amastigotes in the manner already
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carried out for promastigotes will increase our understanding of the metabolic changes
that occur as the parasites adapt to changing environmental conditions and may
ultimately provide targets for innovative therapeutic strategies.

Preliminary comparison of multiplicative promastigotes, metacyclics and
amastigotes suggests that the metabolic pathways of eneryy generation are generally
similar in ¢ach stage and include glycolysts, the citric acid cycle and a cytochrome
containing respiratory chain within the mitochondrion [Glew ef af., 1988]. However,
several distinctions have become apparent. These include the preferences for energy
substrates, which is reflected in the activities of the enzyines responsible for their
degradation, and in the metabolic end-products which are generated.

Although glucose is taken up and oxidised by both multiplicative promastigotes
[reviewed by Marr, 1980] and amastigotes, it is thought not to serve as the primary fuel
source of eithcr stage |Glew ef al., 1988]. Promastigoles apparently rely substantially
on amino acid degradation for energy gencration [Marr, 1980} while amastigotes appear
to favour oxidation of fatty acids [Harl ei al., 1981¢; Coombs ef ai., 1982; Tlart and
Coombs, 1982]. The preferred energy substrate of metacyclic promastigotes has yet to
be determined, although stationary phase promastigotes, containing metacyclics, were
reported to oxidise a variety of compounds at a lower rate than promastigotes in the log
phase of growth. These include acetate, glycerol [Keegan and Blum, 1990], leucine
[Blum, 1991], proline [Blum, 1996] and alaninc [Keegan and Blum, 1990; Blum, 1996].
Differential use of glucose has also been reported, however the results of these studies
are conflicting, perhaps reflecting the different species investigated. Mukkada ef al.
[1974] and Blum [1996] found glucose oxidation to be higher in stationary phase
promastigotes of L. fropica and L. donovani, respectively, in contrast to Keegan and

Blum [1990] who reported a higher ratc of glucose oxidation by log phase
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promastigotes of L. major. Evidence is also available which suggests that metacyclic
promastigotes possess endogenous energy reserves of carbohydrate [Keegan and Blum,
1992} and lipid [Mallinson and Coombs, 1989] which are degraded when exogenous
substrates are limiled. The relevance of these observations to substrate preference in
vivo is unclear, however these substrates reflect putative in vivo nuirient availability as
promastigoies in the blood meal are likely to be surrounded by amine acids originating
from blood proteins whereas metacyclics may have access to sugars ingested from plant
sources and amastigotes reside within host cells which are responsible for uptake and
degradation of the triacyiglycerols contained in lipoproteins [Glew et «/., 1988].

Those promastigotes which, subsequent to excretion of the blood meal, develop
in the hindgut, abdominal and thoracic midgut and foregut regions are unlikely to
encournter such nutrient-rich conditions as those held within the peritrophic membrane,
although the ones which remain anterior to the hindgut will be exposed to frequent
meals containing sugars and amino acids [Ewart and Metcalf, 1956; Auclair, 1963;
Lewis and Domoney, 1966; Ready, 1978; Killick-Kendrick, 1979; Youag et al., 1980,
Schlein, 1986]. The changes in nutrients available to promastigotes developing in the
gut as sandflies switch from blood to meals from plants and aphids containing sugars
and amino acids may account for the apparent correlation observed between the phase of
L. tropica promastigote growth and the rate of glucose catabolism [Mukkada er al.,
1974]. There is also apparent correlation with the transpert system responsible for
uptake of glucose and two key glycolytic enzymes (phosphofructokinase and pyrovate
kinase) being maximally expressed in stationary phase cells. Thus glucose uptake and
catabolism occurs at a faster rate in culture-gencratcd promastigotes of L. fropica which
are similar in morphology to promastigotes in the thoracic midgut and foregut of the fly

than in log phase promastigotes which resembie stages in the blood meal. Although



these results tie in with putative nutricnt availability in these regions of the gut, this
should not become accepted as the general situation as a subsequent study monitoring
the rate of glucose uptake in defined and semi-defined media by promastigotes of L.
braziliensis and L. donovani detected high rates of uptake throughout the growth cycle
[Steiger and Meshnick, 1977]. Indeed it seems that carbohydrate catabolism may be
important for all forms, although it is possible that the glucose which is consumed by
the early culture forms largely goes to providing intermediates of glycolysis and the
citric acid cycle which stimulate the transamination reactions involved in amino acid
catabolism.

The relevance of these findings to the in vive situation has yet to be confirmed,
but it is possible that early promastigotes, thosc dividing in the biood meal, use proline
and other amino acids preferentially to carbohydrate. Exhaustion of amino acids may
then fead to transformation to a more elongate promastigotc (typical of late-log phase
promastigotes), breakdown of the peritrophic membraue and switching from oxidation
of proline and other amino acids to catabolism of a different substrate, perhaps
carbohydrate from subsequent sugar meals. This hypothesis fits with most of the
currently available data, but these are very limited in number and require canfirmation.

It is unknown which in vifro culture form, if any, corresponds to the hindgut
promastigote of peripylarian Leishmania species. Its morphology and behaviour in vivo
appear to be variable (see section 1.2.2.3.1), perhaps reflecting differences in the
hindgut environment between flies. Conditions in this region are as yet unknown
although it is presunably relatively barren when compared to anterior gut regions since
most putrients are absorbed by the fly in the abdominal and thoracic midguts and it is
mostly waste matter that passes to the hindgut, either directly from the abdominal

midgut or from the malpighian tubules. Potential energy sources for these hindgut
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promastigote stages have yet to be identified (see section 1.3).

It is evident that the substrate utilisation and preference of the different life-cycle
stages are yct to be determined. Results for in vitro cullured promastigotes are
contradictory, which may reflect comparisons of unequivalent promastigote
populations. It may be insufficient to group promastigotes simply by phase ot growth
as these usually contain several distinct promastigote forms and it is likely to prove
beneficial to work on promastigote cultures which are at least dominated by one form.
The variable results so far obtained show that more thorough investigations are needed.

Despite the gathering, albeit inconclusive, evidence for substrate selection by the
different life-cycle stages it is clear that each is capabie of catabolising three main
energy substrates (glucose, amine acids and fatty acids) via pathways similar to, but
distinct from, those which occur in mammals. Some of these are outlined in Figure 1.7.
The complete compiement of metabolic pathways involved in cnergy generation by
Leishimania parasites is far from clear and many gaps in our knowledge still prevail.

The energy metabolism of other vectorially transmitted trypanosomatids, particularly

Trypanosoma brucei, 1s further advanced and provides information in areas which have
yet to be researched or are nncertain for Leishmania. Some of the known stage-specific
adaptations, as well as the commmon pathways of energy metabolism of Leishmania and

how they differ from mammalian cnergy, are brietly discussed below.,

1.6.1.1 Carbohydrates

Carbohydrate utilisation by iz vifro grown promastigotes has been studied tn
considerable depth and is the subject of several reviews including Marr {1980], Cazzulo
[1992] and Blum [1993a; b]. Most of these consider promastigotes to be one

developmental stage and fail to make any distinction between multiplicative
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Figure 1.7: Interconversion of some amino acids and intermediates of carbohydrate
metabolism. Fatty acid catabolism also is involved with breakdown products
entering at the level of dihydroxyacetone phosphate (a glycolytic intermediate) and
acetyl CoA (which feeds into the citric acid cycle).
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promastigotes and metacyclic promastigotes. This is probably because few comparative
studies have been carried out. The limited data which are available, however, suggest
that metacyclic promastigotes of L. donovani oxidise glucose at a faster rate than
promastigotes in the log phasc of growth [Blum, 1996], consistant with the report,
mentioned previously, that iwo key glycolytic enzymes are maximally expressed in the
metacyclic stage [Mukkada ef gl., 1974). This pattern of glucose use may be species-
dependent since investigation of glucose utilisation by L. major promastigotes reported
that glucose oxidation occurred at a faster rate in log phase promastigotes than in
stationary phase promastigotes [Keegan and Blum, 1990]. Amastigotes have been less
extensively investigated than promastigotes, although it is known that they also
catabolise glucose. One study which did include amastigotes compared the activity of
several glycolytic enzymes of this siage of L. mexicana with those of promastigotes of
the same species [Coombs ef af., 1982]. Tt was apparent that several of the glycolytic
enzymes were less active in the mammalian stage than in the insect stage, which is
perhaps related to the lower rate of energy gencration and use by the intracellular stage
in the life-cycle. For instance, most promastigotes are highly motile and for this would
require energy not consumed by non-motile amastigotes. However, lower activities of
enzymes may also suggest that glycolysis is not the only means of energy generation in
amastigates (see section 1.6.1.3). Invcstigations on promastigotes have collectively
resulted in partial efucidation of the metabolic pathways involved in energy generation
from catabolism of glucose [reviewed, for example, by Cazzulo, 1992; Blum, 1993a; b].
They have also provided limited data on how these pathways are modified by
promastigotes during growth iz vifre and in response to changing gaseous conditions.

Catabolism of glucose to pyruvate by promastigotes of Leishmania occurs via

the glycolytic pathway (Figure 1.8), as it does in mammals. However, glycolysis in
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trypanosomatids, including Leishmaria, differs from conventional mammalian
glycolysis in that the initial stages (from glucose to 3-phosphoglycerate) do not take
place in the cell cytosol but are confined within organelles known as glycosomes
[Opperdocs and Borst, 1977; Opperdoes, 1991; Michels e# afl., 1997]. The final three
glycolytic reactions, from 3-phosphoglycerate to pyruvate, take place in the celi cytosol.
The end-product of these reactions, pyruvate, has a number of potential fates including
excretion into the surrounding medium, transamination to alanine or transport into the
mitochondrion where it is further degraded (see Figure 1.8). Within this organelle
pyruvate is first oxidatively decarboxylated by pyruvate dehydrogenasc to acetyl-CoA,
which can then be further degraded to succinate and carbon dioxide by the citric actd
cycle. A large part of the acetyl-CoA., however, does not enter the citri¢ acid cycle, but
is converted to acetate. Other end-products of glucose catabolism are D-lactate and
glycerol which are excreted in addition to pyruvate, succinate, acetate, alanine and
carbon dioxide (CO,).

Thus Leishmarnia promastigotes have an energy metabolism in which a small
part of the consumed carbohydrate is completely oxidised to carbon dioxide via the
citric acid cycle, but in which also large amounts of partly oxidised products are
produced from glucose. A small proportion of the pyruvate is also transaminated to
alanine which is then excreted. Although several partly oxidised products are excreted
by Leishmania promastigoles, these parasite stages do not possess a fermentative
metabolism. The succinate produced during aerobic incubations of Leishmania
promastigotes is mainly generated via an oxidative pathway involving part of the citric
acid cycle (from oxaloacetate via citrate to succinate) and NADH oxidation by a
respiratory chain in which oxygen acts as the final electron acceptor.

Leishmania proinastigotes are reported to possess a classical respiratory chain
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upon which they are strongly dependent for their energy production. Thus, incubation
of promastigotes of several Leishmania species under anoxic conditions resulted in
severe inhibition of glucose degradation which in turn caused inhibition of promastigote
motility and proliferation [ Van Hellemond and Tielens, 1997; Van Hellemond ez a/.,
1997]. A similar metabolic arrest under anaerobic conditions in the absence of CO, was
reported for promastigotes of .. major by Darling ef al. [1989b]. However, in this latter
study this was apparently reversed and ghicose consumption could be returned to the
same rate as under aerobic conditions simply by inctusion of 5% CO, in the gas phase.
In contrast, subsequent studies of glucose catabolism by promastigotes of several
Leishmanio species incubated ander anaerobic conditions in the presence of CO, [Van
Hellemond and Tielens, 1997, Van Hellemond ef al., 1997] found that although
promastigotes have the ability to survive for periods of time without respiring, they have
only a limited capacity for anaerobic functioning and die atter prolonged inhibition of
the respiratory chain. The promastigotes in their study were able to withstand at least
40 hours of metabolic arrest, induced by either starvation or lack of Q,. This attribute is
likely to play an important role in promastigote survival within the variable conditions

in the sandfly alimentary tract (see scetion 1.3).

1.6.1.2 Amino acids

Despite evidence highlighting the importance of amino acids as energy
substrates for Leishmania parasites, particularly promastigotes, most studies have
concentrated upon elucidation of the pathways involved in glucose catabolism (see
scection 1.6.1.1). However, some investigations on amino acid metabolism have been
carried out and these have principally studicd the requirement for amino acids by

promastigotes during growth in culture.
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Several amino acids have been reported to be essential to cultivation of
promastigotes. Amino acids which could not be deleted from culture medium without
affecting the growth of L. rarentolae prowastigotes included proline, arginine, histidine,
tryptophan, phenylalanine, serine, tyrosine, threonine, valine, leucine and lysine
[Krassner and Flory, 1971]. All other amino acids could be removed, individually,
without adversely affecting continuous culture. L. braziliensis and L. donovani required
a similar but extended complement of amino acids [Steiger and Steiger, 1977].
Cysteine, ghitamine, isoleucine and methionine were also deemed cssential to growth of
these species, while serine was not. These amine acids are thought to be mainly
requircd for biosynthetic purposcs, rather than or in addition to energy generation.
Interestingly, alanine has been identifed as an important osmolyte of Leishmania
promastigotes, apparently guarding against lysis resuliing from acute changes in
osmolarity [see below and reviewed by Blum, 1996].

Most of the studies regarding amino acid melabolism by Leishmania have
focussed on proline utilisation since this amino acid is present in large quantities in
haemolymph of some insects {in the tsetse fly, for example, Bursell, 1963] and is
thought to serve as a major energy substrate in insect flight metabolism [Raghupathi and
Campbell, 1969]. By monitoring promastigote growth in various cullurc media, it has
been demonstrated that proline serves as an important energy source for culiured
promastigotes of L. farentolae | Krassner, 1969] and L. donovani [Krassner and Flory,
1972], although it was found to be dispensable for L. tarenfolae provided ten other
amino acids were present (arginine, histidine, tryptophan, phenylalanine, serine,
tyrosine, threonine, valine, leucine and lysine). Proline was also implicated as one of
fourteen amino acids required in addition to glucose for continuous cultivation of L.

donovari and L. braziliensis promastigotes [Steiger and Steiger, 1977]. Clearly the
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nutritional requirements of L. donovari differ in the aforementioned studies, a
contradiction which may result from comparison of different parasite strains or different
morphological forms. In this regard it has been demonstrated recently [Blum, 1996}
that proline uptake and oxidation vary with increasing culture age. Log phase
promastigotes of 7. dorovani consumed and oxidised proline frorm the culture medium
at a rate of four-five times that of stationary phase promastigotes, indicaling lower use
by metacyclic promastigotes than by multiplicative promastigotes,

Closer inspection of proline metabolism by L. farenrolue [Krassner, 1969], 7.
donovani [Krassner and Flory, 1972) and L. braziliensis [ZLeledon and de Monge, 1967)
with a view to elucidation of the catabolic pathways involved have demonstrated the
presence of the proline oxidase system in these Leishmania species.

The metabolism of two other amino acids, arginine [Bera, 1987; Blum, 1992}
and leucine [Blum, 1991}, which were reportedly essential for cultivation of several
Leishmania species [Krassner and Flory, 1971, Steiger and Steiger, 1977] have been
studied in promastigotes of L. donovani, Arginine catabolism occurs via the y-
guanidinobutyramide pathway [Bera, 1987; Blum, 1992}, a reaction sequence which is
also found in fungi of the Actinomyces group. In contrast to arginine, leucine
degradation is thought to occur by a pathway similar to that of mammalian cells [Blum,
1991}. Catabolism is initiated by transamination to a-keteisocaproate which on entry to
the mitochondrion is converted to acetyl-CoA and acetoacetate by a series of
degradative steps. Investigation of the pathways which occur subsequent to this in
promastigotes of L. donovani indicate that all acetoacetate is converted to acetyl-CoA,
some of which is then oxidised to CO, while the remainder is utilised for biosynthesis of
fatty acids and other compounds. Studics on another Leishmania species, L. mexicana,

bave also implicated leucine as an important biosynthetic precursor of sterols {Ginger e/
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al., 1995]. Comparison of the rate of leucine oxidation in log phase and mid-stationary
phase promastigotes of L. donovani showed that leucine oxidation decreases during this
transition, similarly to acctate, alanine, glycerol and glucose catabolism by L. major
[Keegan and Blum, 199Q]. This is consistant with a switch in metabolism from use of
exogenous substrates to mobilisation and catabolism of stored carbehydrate [Keegan
and Blum, 1992] and lipid [Mallinson and Coombs, 1989] and perhaps a lower rate of
biosynthesis in the non-replicating metacyclic forms.

The role of alanine in promastigote metabolism is not yet fully understood
despite significant attention in recent years. It was found that extracellular alanine was
oxidised by L. panamensis promastigotes atl a similar rate to gincose [Keegan et af,
1987; Darling ef ai., 1989a] and studies on the intracellular reserves of amino acids
revealed an alanine pool within promastigotes and high levels of alanine
aminotransferases in addition to other fransaminases [Chaterjee and Ghosh, 1957; Le
Blanqg and Lavham, 1984; Simon et al., 1983] accounting tor formation of this pool.
Intracellular interactions between glucose and alanine were investigated by Darling er
al. [1989a] by means of radioactively labelled glucose. Labelling prior to incubation
with promastigotes allowed the pathway of glucose metabolism to be studied, With
time, label was observed in pyruvate and then alanine. A similar route was
demonstrated, from pyruvate to alanine, following degradation of radioactively labelled
proline via the proline oxidase system by promastigotes of L. farentolae [Krassner,
1969] and L. donovani [Krassner and Tlory, 1972]. Also using radioactive [abel, it was
possible to monitor the rapid uptake and incorporation of exogenous alanine into the
endogenous pool. Variation of the gaseous conditions during promastigote incubation
in glucose resulted in changes to the intracellular pool. The reserve in L. major was

partially consumed under 95% O,/5% CO, while pQ, reduction to 6% resulted in alanine
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production [Keegan and Blum, 1990]. A small net production was also observed in
promastigotes of L. panamensis in air [Darling ef al., 1989a]. These observed changes
under varying pO, prompted the suggestion that control of alanine production or
consumption is under the control of a low affinity oxygen sensor.

Further work [Darling and Blum, 1990; Darling e al., 1990] has linked alanine
metabolism with survival of promastigotes under hypo- and hyper-osmotic stress. L.
major were observed to change shape rapidly from long slender promastigotes to shoxt
rounded promastigotes by addition of glucose (5-6 mM), 2-deoxyglucose (5-6 mM),
fructose (5-6 mM), mannose (5-6 mM) or proline (10 miM). This shape change could be
prevented or stimulated through raising or lowering the osmolarity of the swrounding
medium. Accompanying conditions of hypo-osmotic stress was the release of alanine
and other ninhydrin-positive substances from promastigotes which underwent rapid
shape change, becoming shorter and more rounded. Consequently, Darling ef /. [1990]
proposcd that alanine relcase serves to prevent excess swelling in conditions of hypo-
osmotic stress. A similar role for alanine has been suggested for Giardia intestinalis
[Park et al., 1995]. The mechanisms of cell signalling leading to alanine production and
release are unknown, however, a study by Darling and Blum [1990] suggests that the
shape change does not involve any of the common second messengers such as divalent
calcium ions (Ca®). Subsequent investigation indicated that protein kinases and
arachidonic acid are involved [reviewed by Blum, 1996],

A closer inspection of the changes which occur when promastigote are subjected
to osmotic stress revealed alterations to the flow of carbon along several metabolic
pathways, including those which involve alanine. Investigation of alanine oxidation
under hyper-osmotic stress revealed that these conditions result in an inhibition of

metabolism. Since similar results were observed with [1-"*C]glutamate, [1(3)-
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“Clglycerol, [1-"*Clacetate, [6-"*Clglucose and [1-'*C]leucine it appears that acute
hyper-osmotic stress causes an inhibition of mitochondrial oxidation consequently
preventing use of cytoplasmic alanine. Hypo-osmotic stress has a different effect on
alanine metabolism, resulting in its consumption from intracellular pools in addition to
its excretion into the surrounding medium. It is thought these conditions increase the
rate of flux through the citric acid cycle which is consistant with an increase in the ratc
of CO, formation and decrease in the rates of pyruvate and acetate formation. Clearly,
further studies on the effects of changing osmolarity on the metabolism ol glucose and
other substrates are required for complete etucidation of the pathways which are

affected in addition to their relevance in vivo.

1.6.1.3 Fatty acids

Fatty acids appear to be important energy substrates of some life-cycle stages of
L. mexicana, particularly amastigotes which oxidised fatty acids at a rate approximately
10-fold higher than promastigotes [Hart and Coombs, 1982]. Exhaustive use of non-
esterified fatty acids by both promastigotes and amastigotes was observed in this study
with both stages exhibiting a high capacity for their use. Amastigotes appeared to
catabolise fatty acids completely, producing CO,, whereas in promastigotes [Beach ef
al., 1979] the non-essential fatty acids were incorporated into the cell.

Similarly, to Hart and Coombs [1992], Blum [1987] detccted an increase in the
consumption rate of fatty acids during the in vifro transtormation of L. panamensis
promastigotes to amastigotes as stimulated by heat-shock. Interestingly, Blum also
noticed that the consumption rate of two faity acids, laurate and ecruate, varicd with
promastigote culiure age. Promastigotes in the late-stationary phase of growth oxidised

both of these fatty acids at a rate of approximately two-fold that of promastigotes in
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carlier growth phases. In relation to this, it is interesting to note that promastigotes in
the stationary phase of growth contain numerous large lipid droplets which are present
but substantially reduced in number in promastigotes in the log phase of growth
[Mallinson and Coombs, 1989]. Perhaps these represent an energy store for use by
infective metacyclics when nutrient availability is poor or are required by the parasite
during transformation to the amastigote stage.

Little is known concerning the pathways involved in fatty acid oxidation by
Leishmania parasites despite their apparent utilisation by both amastigote and
promastigote stages of L. mexicana. In mammalian cells, degradation occurs in the
mitochondrion via a serics of reactions known collectively as the -oxidation pathway.
Several enzymes of this pathway have also been identified in L. mexicana, some of
which appear to be glycosome-related, despite evidence that a large proportion of fatty
acid oxidation occurs in the mitochondrion [Hart and Coombs, 1982; Hart and

Opperdoes, 19841,

1.6.2 Proteinases

Stage-reguiation of proteinase activities has been reported for several
Leishmania species, notably L. mexicana [see Coombs and Mottram, 1997]. Qualitative
and guantitative changes have been demonstrated to occur during the life-cycle [North
and Coombs, 1981; Pupkis and Coombs, 1984; Lockwood ef «l., 1987] and these have
provided phenotypic markers of amastigotes, metacyclics and multiplicative
promastigotes of this species. Many of the cysteine proteinases have been characterised
in detail and it is thought that the amastigote enzymes are crucial for survival and
multiplication of the mammalian stage of the parasite in macrophages and are thus

potential drug targets. Several of the muitiple, high-activity enzymes which are present
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in amastigotes are also thought to occur i1 metacyclics but are apparently absent or of
low activity in multiplicative promastigotes. In addition, metacyclic promastigotes
contain a stage-specific cysteine proteinase activity. Although these enzymes have been
well characterised, their function i vivo has yet to be fully elucidated.

In contrast to L. mexicana, the proteinases of L. panamensis have been little
studied. Developmental changes such as those which ocewr in L. mexicana would
suggest that each form is biochemically distinct and detection of stage-specific enzyme

activities would provide phenotypic markers of the stages.

1.6.3 Nucleases

Nuclease activities of the in vitro life-cycle stages of L. mexicana were analysed
by substrate SDS-PAGE and shown to undergo developmental regulation [Bates, 1994].
The two forms of the 3’-nucleotidase/nuclease which were detected varied in activity in
the parasite stages investigated and exhibited stage-specific pi'oﬁles for amastigotes
(Tesion and axenically cultivated), multiplicative promastigotes and metacyclic
promastigotes. One of the aforementioned activities was reported to be exclusive to the
promastigote stage. [Furthermore, its activity was considerably reduced in metacyclic
promastigotes when compared with multiplicative promastigotes. Its apparent surface
location and its similarity in molecular weight and inhibitor sensitivity fo a 3°-
nuclevtidase/nuclease isolated from L. donovani promastigotes [Campbell ef «f., 1990]
led to the proposal that the L. mexicana enzyme probably functions in purine salvage
from the sandfly host. This is consistant with the finding that Leishmania parasites are
unable to synthesise the purine ring de novo and are dependent npon an exogenous
supply from the host [Steiger and Steiger, 1977; Marr, 1991; Berens ef al., 1995].

Furthermore, reduced activity in the metacyclic form ties in with reports that this stage
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is non-dividing since the requirement for precursors of DNA would be significantly
lower than for multiplicative promastigotes. Interestingly, enzymes with similar
activities or propertics to these nucleases have yet to be identified in mammalian celis,

making them potential candidates for chemotherapeutic attack,

1.6.4 Surface molecules

The parasite surface plays a crucial role in many host-parasite interactions both
in the sandfly and in the vertebrate host, Investigation of surface molecules by
comparison of different fife-cycle stages has identified developmental changes for
which the functional significance have been studied. Two such developmentally-
regulated surface molecules are the metalloproteinase gp63 and lipophosphoglycan
(LPG). Each exhibit alteration, either differential expression or modification, as the

parasites transform between developmental stages.

1.6.4.1 Metalloproteinase gp63

The glycoprotein proteinase, gp63, has been identified in a number of
Leishmania species [Bouvier et al., 1987] and has been claimed to have potential as a
vaccine for protcetion against leishmaniasis [Fromumel et @f., 1990]. In promastigote
stages, the molecule is membrane-bound {Bouvier ef ¢f., 1987] and is distributed over
the entire parasite surface, including the flagellum {Fong and Chang, 1982; Russell and
Wilhelm, 1986; Kweider ef al., 1987; Etges and Bouvier, 1991; Coombs and Mottram,
1997]. Differential expression during in vifre and in vive growth has been demonstrated
for L. braziliensis [Kweider ef al., 1987] and L. major promastigotes {Davies ef al.,
19901 and it was shown that development of infcetive metacyelics of these species is

accompanied by a progressive increase in the expression of this antigen on the parasite
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surface. A similar progression was obscrved in vifro for promastigotes of L. mexicana
but not for promastigotes of L. chagasi [Kweider et af., 1987, indicating that this is not
a common occurrence in all species of Leishimania. Wevertheless, gp63 has been shown
to occur on the promastigote surface of all species of Leisimania so far examined
[Bouvier et al., 1987] and is thought to play a crucial role in uptake and survival in the
vertebrate macrophage. Lectin interactions between glycan residues of gp63 and
mannosyl-fucosyl receptors on the macrophage surface act to target the pavasite to its
host cell [Blackwell ef af., 19851, while recognition of the inactivated form of the
complement component 3 (C3bi), thought to be produced from cleavage of C3b by
gp63, on the surface of promastigotes by the complement receptor 3 (CR3) of the
phagocyte is thought to trigger the parasite’s uptake [Russell and Wright, 1988]. gp63
is thought to perform another role while promastigotes develop in the sandfly gut
[reviewed by Schiein, 1993]. Promastigotes within the blood meal concentrate in
“nests” close to the peritrophic membrane and with time the dark colour of the blood
haemoglobin surrounding these nests disappears. It is thought that this clearing results
from digestion of the haemoglobin by parasite proteinases, possibly gp63, and aids
promastigote escape from the peritrophic membrane. /r vifro studies have reported that
secretion of parasite-derived chitinolytic cnzymes (see section 1.6.5), which are capable
of degrading the chitinolytic framework of the peritrophic membrane, is inhibited in the
presence of haemoglobin. Thus the metalloproteinasc gp63, which has broad substrate
specificity and will hydrolyse haemoglobin in vitro, potentially facilitates promastigote
release from the peritrophic membrane - an essential step without which promastigotes
would probably be expelled along with the residual blood meal.

The presence of gp63 and its location in amastigoie stages of Leishmania are a

matter for debate. Initial studies carried out to locate gp63 in the amastigote stage were
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negative or inconclusive [Etges and Bouvier, 1991], despite identification of abundant,
constitutively expressed messenger RNA [Button ef ¢l., 1989; Wilson and Hardin,
1990]. Frommel ef al. [1990}, however, were able to demonstrate gp63 in both
amastigote and promastigote stages by iz situ fluorescence and Western blot analysis.
Comparison of the molecules recognized by the latter technique highlighted a small size
difference between the gp63 of amastigotes and promastigotes which these authors
proposed was due to differences in post-translational modifications. This hypothesis
may also explain previous failed attempts to detect amastigote gp63 using certain
monoclonal antibodies [Chang et al., 1986]. More recently, a study on amastigote gp63
of L. mexfcana identified that the protein is expressed at lower levels, than in
promastigotes, is soluble with an acidic pH optimum and is located in lysosomes {Ilg er
al., 1993]. The soluble nature of the protein in this parasite stage reflects the lack of a
glycosyl-phosphatidylinositol (GPI)-anchor and accounts for the size diffcrence between

amastigotes and promastigotes discussed above {see Coombs and Mottram, 1997].

1.6.4.2 Lipophesphoglycan

LPG expression appears to be largely restricted to promastigote stages and is
found only in small quantities or is undetectable in amastigotes [reviewed by
McConville and Ferguson, 1993]. It comprises the major surface molecule of
promastigotes where it forms a densely organised glycocalyx which plays a variety of
roles to promote promastigote survival in the sandfly gut [reviewed by Sacks ef al.,
1994]. It is therefore not surprising that LPG has been identified on promastigotes of all
Leishmania species so far examined [Sacks, 1992]. It is thought that its presence on the
surface of promastigotes of suprapylarian Leishmania species which occupy the sandfty

midgut is critical for establishment of infection since the LPG is believed to mediate
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promastigote attachment in this region and so prevents their expulsion with the blood
meal remnant. [dentification of lectin-like receptors on the sandfly midgut epithelia that
act like haemagglutinins could possibly be candidate receptors for LPG [Pimenta ¢t al.,
1992; Jacobson, 1995; Facobson and Doyie, 1996}, although this has yet to be fully
investigated. Although present on late-log phase promastigotes and metacyclic
promastigotes, the LPG has been shown to undergo considerable alteration during
metacyclogenesis. In both of these promastigotes the LPG molecule is comprised of
linear chains of phosphorylated oligosaccharide repeat units, anchored to the membrane
via a glycosyl-phosphatidylinositol anchor [McConville ef af., 1990]. During
metacyclogenesis of L. major, there is an approximate doubling in the number of repeat
units per molecule and a change in the terminal sugar residue on the side branches. The
terminal sugar galactose is replaced by arabinose. This change has facilitated the
purification of L. major metacyclics since all non-infective promastigotes are
agglutinated by the lectin peanut agglutinin (PINA). This application has permitted an
in-depth study of pure populations of PNA- cells of L. major (believed to be metacyclic
forms).

Modification of LPG is also thought to be important for development of
promastigote [orms in the midguts of infected sandflics. Interactions between LPG and
the midgut epithelia facilitate binding of promastigotes in this region. It has been
proposed that modifications to the LPG associated with metacyclogenesis alter this
binding potential such that promastigotes are unable to artach, encouraging forward
migration with the consequence that differentiated forms are in a position to be
regurgitated and inoculated during the next biood meal.

The putative roles for LPG are muiti-fold, It is thought that extension of LPG

during metacyclogenesis is invelved in protection of metacyclic forms from attack by
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the vertebrate host immune system. The densely packed elongated chains act as a
physical barrier inhibiting antibody access to surface molecules, including gp63 [Karp e/
al., 1991] and therefore aid in evasion from immunological attack. Furthermore,
changes in LPG appear to have a modulatory effect on the binding of promastigotes to
receplors on human macrophages [McConville ei af., 1992] a characteristic which
appears to be a key factor confributing to their increased infectivity. The metacyclic
specific changes promote complement activation and C3 depaosition in a non-lethal
manner, such that opsonization of promastigotes leads to attachment and uptake via

macrophage receptors {Sacks, 1992],

1.6.5 Chitinases

Chitinases are enzymes which hydrolyse chitin, a (1-4)-f homopolymer of N~
acetylglucosamine. Such activities have been detected in culture supernatants of
promastigotes of several species of Leishmania and it is thought that they are also
produced by promastigoles in vivo [see review by Shahabuddin and Kaslow, 1993].
Whether, like the proteinases and nucleases of L. mexicana, these enzymes exhibit
stage-specificity has yet to be confirmed although roles have been suggested for parasite.
chitinases in both establishment of early infections in the fly and in transmission to the
vertebrate host during feeding [reviewed by Shahabuddin and Kaslow, 1993].
Hydrolysis of the perittophic membrane by chitinases secreted by promastigotes in the
blood meal is thought to permit their release into the lumen of the midgut, hence
preventing expulsion along with the digested blood. Moreover, there is also evidenpe to
suggest that chitinases released by promastigotes in the stomodeal valve region of the
gut facilitate parasite transmission through hydrolysis and damage to the main valve of

the feeding system. This hinders fly feeding and results in regurgitation and
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redistribution of parasites from the midgut to the food pumps and probascis. Thus

during feeding there is a constant supply of parasites for the repeated infective probes.

Clearly there remain many gaps in our knowledge of the biochemistry of
Leishmania parasites, particularly with amastigotes and metacyclic promastigotes.
Little is known of the different promastigote stages which occur in the sandfly. Until
procedures are developed which permit isolation and characterisation of these stages,
investigations rely upon in vitro-generated promastigotes. Identification of a similar
sequential development of different morphological forms in vitre and in vive provides
some confidence of similarity between these stages, however this has yet to be
confirmed. Development of the apparently complete life-cycle in vitro for L. mexicana
provides a valnable means of obtaining large amounts of cells free from host
contamination for metabolic and biochemical study. Characterisation of in vitro forms
should clarify whether each is biochemically distinct, while the cheice of parameters
which are investigated may allow correlation of in vifre and in vivo forms. It is hoped
that investigation of these cells will elucidate the adaptations of each stage and

determine potential targets for chemotherapeutic attack.

1.7 Aims of project

The overall general aim of this project was to elucidate how the different
developmental stages of leishmanias are adapted, at the molecular level, to their
particular microenvironments. Preliminary studies identified at least three distinct
promastigote forms in in vitro cultures of L. panamensis and L. mexicana which
morphologically resemble promastigotes at different localities in an infected sandfly

gut. One main aim was to investigate the possibility that these morphologically
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different forms are in fact biachemically distinct promastigote stages. If so, this would
lead to the development of biochemical criteria for identification of each form. A
second aim was to provide information on the adaptations of each form for its particular
living environment in the fly. One form of particular interest is the hindgut
promastigote, apparently unique Lo peripylarian species of Leishmania such as L.
punamensis. Comparison of L. panamensis with L. mexicana was the approach adopted
in an attempt to identify biochemical differences that could be correlated to hindgut
development. The final aim was to provide information on the stimuli responsible for
differentiation of the different forms in order to gain some insight into the mechanisms
involved and provide further data on whether or not they are distinct developmental

stages in the life-cycle,
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CHAPTER 2

MATERIALS AND METHODS

21 Chemicals and Reagents
Unless otherwise stated, the reagents used were of analytical grade from Sigma
(Poole, UK). In experiments where the precise source or grade of a reagent might aflect

the reproducibility of experiments, details are given in the text.

22 Parasites

The Leishmania species and lines used in this study were L. mexicana
(MNYC/BZ/62/M379), L. panamensis (strain 1, MHOM/PA/71/1.894 and strain 2,
MILOM/PA/67/BOYNTON, both kindly donated by Simon Crolt) and L. major
(MHOM/SA/83/RKK2). All manipulations of live parasites were carried out in a class
11 safety cabinet which had been sterilised with U.V. light and 70% (v/v) ethanol. A

side fastening laboratory coat and latex or vinyl gloves were routinely worn.

2.2.1 Promastigotes
2.2.1.1 Transformation of lesion amastigotes o promastigotes

Promastigotes of L. mexicana and L. panamensis used in all studies were
initially obtained through transformation of lesion amastigotes in crude preparations
(section 2.2.2.2.1). L. mexicana amastigoies were transformed to promastigotes in
10 ml cultures in 25 cm? flat bottomed flasks (Gibeo Life Technologies) inoculated at
10° ml” at 25°C in HOMEM medium [Berens ef al., 1976] supplemented with 10%

(v/v) heat-inactivated foetal calf serum (HIFCS, from Labtech) in the absence of
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antibiotics and with air .as the gas phase. This medium will be subsequently referred to
as complete HOMEM medium. L. parnamensis was found to be more fastidious than 7.
mexicanu and would not transform under these conditions. Promastigotes of this
species were obtained through transformation subsequent to inoculation of 0-2-0-5 ml of
crude lesion preparation (see 2.2.2.2) containing approximately 2x10° amastigotes into
the liquid phase of 3° Tivans' modified Tobie's medium [Evans ef «l., 1984] and
incubated at 25°C with air as the gas phase. Freshly-transformed promastigotes of L.
mexicana and L. panamensis were sub-passaged once in complete HOMEM medium
before cryopreservation (see section 2.2.5). 'These stabilated cultures provided a source
of freshly transformed parasites for all subseguent work.

L. major promastigotes were cultured directly from stabilated cultures of

freshly-transformed amastigotes.

2.2.1.2 Routire culture of promastigotes
L. panamensis, L. mexicana and L. major promastigotes were cultured

axenically at 25°C in complete HOMEM medium in 25 em? flat bottomed culture flasks
with air as the gas phase. The flasks were used flat to maximise the surface area for gas
exchange. Ten mi stock cultures of promastigotes wete sub-passaged routinely when in
the mid-late-log phase of growth (approximately 10" mi") {o give a starting density of
5x10° cells ml”'. Some experimental cultures involved different starting populations and
densities, as specified in the text. Cultures which had been sub-passaged about 15 times

were discarded and new cultures set up using cryopreserved promastigotes.
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2.2.1.3 Identification of promastigote forms

The morphology of promastigotes during i vifro culturc was routinely
determined by microscopic observation of parasites in thin smears which were air-dried,
methano{-fixed and Giemsa-stained (section 2.3). Individual cultures were set up at
5x10° promastigotes ml” from stock cultures in the mid-log phase of growth
(ca. 8x10°ml") and monitored daily through to stationary phase. The latter was defined
to start when the cell density was equal to or less than that on the previous day and with
the majority of promastigotes still motile. Three morphologically distinct promastigote
forms (morphotypes 1, 2 and 3) were initially identified by light microscopy at x1000
and cell body lengths and widths were measured using a calibrated eye piece graticule
{1 unit = }.25 um). Promastigotes with bent cell bodies or daughter flageila were
exciluded. After classification into distinct morphotypes, carcful examination of several
cultures for these three forms enabled judgements to be made on when each form would
predoniinate and so facilitated their production for study.

For these investigations, 50 ml cultures of L. panamensis and 100 ml cultures of
L. mexicana were set up in completc HOMEM medium using an inoculum of mid- to
late-log phase cells (ca. 107 mi™) to a density of 5x10° mi"'. These cultures were used to
provide populations of the different promastigote forms. Autoclaved flat bottomed,
glass bottles were used and these were positioned at a slight angle from flat in order to
prevent culture from reaching the lid and yet to provide a large surface area for gas
exchange. Cells were harvested on day 1/2 for populations containing morphotype 1
promastigotes and day 3/4 {or morphotype 2s. Morphotype 3 populations were cells in
the stationary phase of growth. Cultures were examined by phase contrast light
microscopy and populations were harvested (section 2.2.6) if abundant in the

appropriate promastigote form.




2.2.14 Metacyclie promastigotes
2.2.1.4.1 Cultures of metacyclic promastigotes

The method for producing metacyclic promastigotes of L. mexicana reported by
Bates and Tetley [1993] was used in some studies. This involved sub-passage of mid-
log phase promastigotes into Schneiders’ Drosophila Medium (Gibco Life
Technologies) which was supplemented with 20% (v/v) HIFCS and titrated to pH 5-5
with 1 M hydrachloric acid (this medivm is designated as complete SDM), These
cultures were incubated at 25°C with air as the gas phase until they reached the
stationary phase of growth. For most studies, however, stationary phase cultures of
promastigotes of low sub-passage grown in complete HOMEM medium were used.
These proved more satisfactory than the SDM cultures, as long as promastigotes that

had not been serially sub-passaged more than 10 times were used.

2.2.1.4.2 Turification of metacyclic promastigotes of L. major

Metacyelic promastigotes of L. major were purified using a slightly modified
version of the peanut agglutination method reported by Sacks et al. [1985]. Briefly,
promastigotes in the stationary phase of growth were washed twice in sterile phosphate
buffered saline pH 7-4 (PBS, 0-01 M phosphate buffer, 2-7 mM KCI, 0-137 M NaCl,
pH 7-4) before resuspension at 1-3%10% ml™” (final density) in 0-9 mls of PBS and final
addition of 0-1 mt of filter-sterilised peanut agglutinin (1 mg ml” stock). The cell
suspension was then left at room temperature for approximately 30 minutes to aillow for
agglutinated cells to settle. Subsequently the supernatant was carefully removed,
leaving the pellef intact, and the volume was made up to 10 mls with PBS, The cells
were then washed twice in PBS (1600 g for 10 minutes) with the cell densities being

determined afier the first wash.
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2.2.2 Lesion amastigotes
2.2.2.1 Initiation of infections in mice

Infections in female BALB/c mice were initiated through sub-cuianeous
inoculation of stationary phase promastigotes of L. panamensis or L. mexicana grown in
complete HOMEM medium or complete SDM in 25 em? culture flasks with air as the
gas phase. The cells were pelleted by centrifugation at 1600 g for 10 minutes and
resuspended in incomplete HOMEM medium (containing no HIFCS) at 5%107 cells mi™
immediately prior to inoculation of -1 ml into the shaven rump of a 6-8 week old

mouse.

2.2.2.2 Isolation of amastigotes from lesions
2.2.2.2.1 Crudc preparations

The most frequently used procedure for isolation of amastigotes resulted in a
crude preparation contaminated with host cells. Such a preparation was used for
transformation of amastigotes to promastigotes (section 2.2.1.1). The procedure was
carried out asceptically and 25 g ml” and gentamicin sulphate was included in initial
cultures to limit bacterial growth. Culled mice were drenched in 70% (v/v) ethanol
before the lesion was excised. Once removed, lesion tissue was cut away from any skin
and pressed through a piece of fine gauze, using a S ml syringe plunger, into 10 ml of
incomplete HOMEM medium. Macrophages and other large host cell debris were
disrupted by shearing the suspension by repeated passage through a 26 gauge needle
and the released amastigotes were counted using a haemocytometer and either pelleted,
after one wash in incomplete HOMEM medium, and stored at -70°C or inoculated into

medium for transformation to promastigotes (section 2.2.1.1).
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2.2.2.2.2 Amastigote purification

Relatively pure preparations of L. mexicana amastigotes were obtained using the
method described by Hart et a/. [1981a]. Briefly, this involved excision of the lesion, as
for crude preparations (section 2.2.2.2.1), which was rinsed in PSGEMKA (a suspension
medium comprising phosphate buffer, sodium chloride, albumin, giucose, EDTA, MgClL
and KCl) rather than HOMEM mediwm, and then chopped up and carefully disrupted
before grinding. Saponin at a final concentration of 125 pg ml™ was then added to the
suspension to lyse remaining red blood cells and the amastigotes were washed threc
times at 1250 g for 15 minutes each in PSGEMKA. The final purification step, before
final washing (3 times at 1250 g for 15 minutes), involved passing the cells through a
Sephadex G25 (Pharmacia Biotech) columm. Before the final wash, the cell density was
determined and then pellets containing known nugubers of amastigotes were either used

immediately or stored at -70°C.

2.2.3 Axenic amastigotes

A varicty of conditions were used in attempts to achieve axenic cuitures of
amastigotes of L. pananiensis. Stationary phase promastigote cultures in complete
HOMEM medium (pH 7-5 and pH 5-5) and complete SDM (pH 7-0 and pH 5-5) were
sub-passaged to a starting density of 3x10° cells ml” into HOMEM medium or
Schneiders’ medium supplemented with 20% (v/v) HIFCS which had been adjusted to
pH 4-0, pH 4-5, pH 5.0, pH 5-5, pH 6-0 and pH 7-5 in flat bottomed 25 cm® culture
flasks and mcubated at 32°C, 34°C, or 37°C. Parasites were also cultured under
different gaseous conditions, air or 95% air/5% CO,, and concentrations of HIFCS,
10%, 20% and 30% (v/v). Growth of amastigotes directly from crude preparations of

lesion amastigotes was also atiempted. These were inoculated at 10° ml! into complete
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SDM containing 15 pg ml"' gentamicin sulphate and incubated at 32°C in flat bottomed
culture flasks with air as the gas phase. Cell morphology was examined using phase
contrast light microscopy and densities determined using a haemocytometer.

Axenic cultures of L. mexicana amastigotes were obtained by 2 means; through
direct culture of crudely harvested lesion amastigotes (section 2.2.2.2.1 and above) and
by differentiation of stationary phase promastigotes cultured in complete HOMEM
medium. Promastigotes or amastigotes were inoculated to a starting density of 10° ml’!
into complete SDM containing 15 pug ml™” gentamicin sulphate and incubated at 32°C in
flat bottomed culture flasks with air as the gas phase. Cryopreserved amastigotes
(section 2.2.5) were also used to inifiate axenic cultures under the same conditions.
When amastigotes reached the [ate-log phase of growth they were sub-passaged into
fresh medium to a starting density of 10° ml™ following breakdown of clumps by

shearing thraugh a 26 gauge needle.

2.2.4 Determination of cell densities

Cell densities were determined using an Improved Neubauer Haemocytometer.,
With the exception of promastigotes, all counts were carried out on live cells.
Promastigotes were fixed in 4% (v/v) formaldehyde in PBS inumediately prior to
counting. After a sample was loaded onto the haemocytometer it was lefl for a few
minutes to allow the cells to settle, but not long enough for the chambers to dry out. At
least 100 cells were counted, except for when cultures were less dense than 2_x106 ml™.

In these cases all promastigotes in the 25 squares of 16 were counted.
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2.2.8 Cryuopreservation of parasites

Lesion amastigotes of L. mexicana and recently transformed promastigotes of L.
mexicana and L. panamensis were cryopreserved in liquid nitrogen as follows, Cultures
ot mid-late log phase promastigotes or crudely harvested lesion amastigotes were mixed
with an equal volume of complete HOMEM medium supplemented with 14% (v/v)
dimethylsulfoxide (DMSO) or glycerol. One ml aliquots were distributed into
cryotubes which were wrapped in cotton wool, placed inside a polystyrene box and
cooled stowly by placing in a -70°C freezer overnight. The frozen cells were then
cooled further in liquid nitrogen and stored in liquid nitrogen until required.

On removal from liquid nitrogen, cells were quickly transterred to the salety
cabinet which had been pre-warmed using a bunsen. The tubes were swabbed with 70%
{v/v) ethanol and the caps were loosened to prevent pressure build up. The heat from
the bunsen caused the stabilates to thaw rapidly and revived cells were immediately
dijuted 10-fold with the appropriate culture medium. Promastigotes were cultured
dircctly but amastigotes were washed (1250 g for 10 minutes) once in this mediwn to

remove DMSO or glycerol.

2.2.6 Haxvesting of parasites

Cells in axenic culture were routinely washed three times (1250 g for 15
minutes) in incomplete HOMEM medium, PBS, 0-25 M suctosc or HEPES saline
(10 mM HEPES, 145 mM NaCl, pH 7-2). The wash mediun used depended cn the
study undertaken and is stated in the appropriate sections, where deemed important.
Washed parasites were used immediately or pelleted by centrifugation at 1600 g for 15

minutes in a microfuge and stered at -70°C.
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J774G8 cells which were uninfected or infected with amastigotes of L,
panamensis were harvested as follows. Attached macrophages were dislodged from the
flask surface using a cell scraper and the resulting cell suspension was centrifuged at
1250 g for 15 minutes in 0-25 M sucrose. The pellet of infected cells which formed was
sheared through a 26 gauge needle several times to break open remaining macrophages
and to break up clumps of amastigotes while the pellet of upinfected macrophages was
lelt intact. The volume of both pellets, one containing intact uninfected macrophages
and the other amastigotes and macrophage debris, was made up to 5 mls with (-25 M
sucrose and a differential cell count was made using an Improved Neubauer
Haemocytometer. The cells were then pelleted at 1250 g (15 minutes) and stored at

-70°C.

23 Staining parasites

Aliquots of cultures (0:5-1 ml) were centrifuged at 1600 g for 5 minutes in a
microfuge and the resulting pellets resuspended in approximately 50 pl of spent
medium before preparation of thin smears using approximately 10 pi of this
concentrated culture. These were quickly air dried and fixed in absclute methanol prior
to staining for 10 minutes in 10% (v/v) Giemsa’s stain in 10 mM phosphatc buffered

saline, pH 7-2.

2.4 Dialysis of HIFCS

HIFCS (ca. 30 ml) was pippetted asceptically into lengths of Visking 1ubing
(cut off of ca. 10 kDa} which had been knotted at one end. The other ends were
subsequently tied such that the resuiting bags was relatively flaccid. These were placed

individually into beakers containing ca. 250 ml of autoclaved ultrapure water (see

89




section 2.10.2.1.2) which were covered with tirfoil and incubated with a magnetic
stirrer overnight at 4°C. The next day the water was decanted and replaced by fresh
autoclaved ultrapurc water and the procedure repeated. On the second day the bags
were removed and the dialysed HIFCS was filter sterilised (0.2 pm filter), aliquotted

and stored at -70°C. [rozen aliquots were defrosted when required.

2.5 Determination of medinm osmolarity

Medium osmolarity was measurcd using a Westcor 5500 Vapor Pressure
Osmometer. Promastigote cultures were initiated at 5x10° mI” in complete HOMEM
medium and allowed to progress to the stationary phase of growth. Samples of fresh
(before addition of promastigotes) and spent medium, from days 1, 2, 3, and 5 of
culture, were collected. Promastigotes were removed by centrifugation at 1600 g for 5
minutes in a micrafuge and the spent media were drawn off using Pasteur pipettes,
taking care not to disturb the cell pellet. A sample of each medium was checked by
light microscopy to ensure efficient removal of promastigotes and the media were
frozen at -70°C untii analysed. Fresh complete HOMEM medium which was diluted

with double distiled deionised water was also analysed.

2.6 SDS-PAGE
2.6.1 Production of cell extracts

Homogenates of parasites were routinely produced by addition of cold (4°C)
0-25% (v/v) Triton X-100 (£ proteinasc inhibitors depending on the analysis, see
appropriate scction) to frozen cell pellets with subsequent gentle aspiration with a
Gilson pipette tip. The resulting lysates were divided into pellet and supernatant

fractions. This involved centrifugation of homogenates at 1600 g for 10 minates in a
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microfirge, the supernatants being removed and stored scparately. Pellets were
resuspended in chilled 0-25% (v/v) Triton X-100 to the same volume as was used for the
initial lysis and passed through a 26 gange needle to ensure adequate mixing.

Parasite samples were kept on ice and mixed with an equal volume of double
strength gel sample bufler, either reducing (in all cases except for nuclease gels) or non-

reducing (nuclease gels), [Tlames, 1990] prior to electrophoresis.

2.6.2 Protein gels

Cell homogenates were generated as in section 2.6.1 with one change to the
procedure. The proteinase inhibitors trans-epoxylsuccinyl- -leucylamido-(4-
guanidino)buiane (E-64), phenylmethy!sulfonylfluoride (PMSTF) and 1,10-
phenanthroline were included in the 0-25% (v/v) Triton X-100, at 10 uM, 1 mM and
10 mM respectively, to prevent hydrolysis of proieins.

Proteins n pellet and superatant fractions were sepavated by electrophoresis
using 10% (w/v) acrylamide minigels and were stained with Coomassie Blue. Gels
were subsequently destained with a solution containing 12-5% (v/v) methanol and 10%
(v/v) acetic acid. Apparent molecular masses were deduced by addition of molecular

mass markers to the gel prior to electrophoresis.

2.6.3 Proteinase detection using substrate SDS-PAGE

Proteinases in cell lysate supernatants, lacking proteinase inhibitors, were
analysed following separation in 10% (w/v) SDS-PAGE gels containing 0-2% (w/v) co-
polymerized porcine gelatin as a proteinase substrate {Lockwood ef al., 1987]. After
electrophoresis the gels were incubated for 30 minutes in 2-5% (v/v) Triton X-100 on a

shaking table at rocom temperature to remove SDS and re-nature the enzymes. This was
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followed by an incubation period (2 hours for L. mexicana and approximately 20 hours
for L. panamensis) at 37°C with gentle agitation in the appropriate buffer. Sodium
acetate buffer at pH 5-5 including | mM DTT was used routinely for L. mexicana
proteinases. A range of buffers and pH values were initially tested to find an optimum
for proteinases of L. panamensis; glycine pH 3.5, acetate pH 3-5, acetate pH 45, acetate
pH 5-5, sodium hydrogen maleate pH 5-5, sodium hydrogen maleate pH 6.5, phosphate
pH 6-5, phosphate pH 7.5, tris pH 7.5, tris pH 8.5, hydrogen borate pH 8.5 and
hydrogen borate pl1 9-5. Subsequently, hydrogen borate pH 8.5 was uscd routinely.
Following gelatin hydrolysis, gels were fixed and stained with Coomassie Blue and
destained in a solution containing 12-5% (v/v) methanol and [0% (v/v) acetic acid
[Lockwood et al., 1987]. Apparent molecular masses were deduced by addition of
molecular mass markers to the gel prior to electrophoresis. To enable partial
characterisation of L. panamensis proteinases, the proteinase inhibitors E-64, PMSF and
phenanthroline were included in the incubation buflfer at [inal concenirations of 10 1M,
1 mM and 10 mM, respectively. One gel slice was incubated in buffer plus 5% (v/v)
methanol to control for those inhibitors dissolved in this organic solvent (PMSF and
phenanthroline). The effect of adding 1 mM D11 to the final incubation buffer was

also tested.

2.6.4 Nuclease detection using substrate SDS-PAGRK

A 1:1 mixture of non-reducing sample buffer with cell supernatants (section
2.6.1) including proteinase inhibitors (section 2.6.2) were boiled for 2-3 minutes prior to
loading on a gel containing co-polymerized polyadenylic acid (poly(A)) at 0-3 mg mi”
final concentration in the resolving gel. Each lane was loaded with the equivalent of

9x10° promastigotes. After electrophoresis, gels were washed by gentle agitation in

92




0-1% (v/v) Triton X-100/100 mM HEPES, pH 8-3, to enable renaturation of enzyme
activity, then incubated at 37°C in the same buffer for a further 1-2 hours. Each gel was
then fixed in 10% (v/v) acetic acid for 10 minutes, washed in distilled water for 3 x 10
minutes, stained with 0-2% (w/v) Toluidine Blue in 10 mM HEPES, pH 8.5, for 15

minutes, and destained with distilled water [Bates, 1993b)].

2.7 Protein determinations

Protein determinations were cairied out on cell pellets lysed in the presence
of proteinase inhibitors (see section 2.6.1). In addition, amastigote cysteine
proteinases were inhibited in vitro by incubation in incomplete TIOMEM medium in
the presence of the diazomethane Z-phenylalanine-alanine-CHN,
(Z-Phe-Ala-CHN,), at 30 pg ml” for 30 minutes immediately prior to harvesting
(section 2.2.6).

Prolein concentrations were estimated specirophotometrically (Titertek
Muitiscan® MCC/340) using the Pierce BCA Protein Assay Reagent kit (microtitre
assay, as per the manufacturer’s instructions) and were calculated from standard
curves, produced using the computer programme Grafit [Leatherbarrow, 1992], for
each individual assay. Standard curves were generated using the supplied solution of

bovine serum albumin which was diluted with sodium phosphate buffer,

2.8 Generation of polyclonal antisera

Polyclonal antisera were raised to whole cell homogenates of different life-
cycle stages of L. panamensis and L. mexicana. The antibodies were raised in
BALB/c mice ta promastigote morphotypes 1, 2 and 3 of both species plus axenic

and lesion amastigotes of L. mexicana. Rabbits were used to generate antibodies to
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promastigote morphotypes 1, 2 and 3 and purified lesion amastigotes of L. mexicana.
All L. mexicana cells were incubated with the diazomethane, Z-phe-ala-CHN,, at
30 yug mi™ for 30 minutes prior to harvesting which involved three washes in
incomplete HOMEM medium. This incubation was to inhibit cysteine proteinase
activity and hence maximise protein content. L. panamensis cells were not pre-
incubated with inhibitor prior to use.

Cell lysates were produced either by freeze thaw (x3) or by sonication,
(3 bursts of 10 scconds at approximately 15 microns on a Soniprep 150 sonicator) of
pellets resuspended in HOMEM medium. For injection of rabbits L. mexicana
promastigote and amastigote frozen pellets were lysed at the following cell densities;
promastigote morphotypes 1 and 2 at 1-25x10° mI™, morphotype 3 promastigotes at
2.5x10° mi", and lesion amastigotes at 6-25%10° ml™ in a total volume of 400 ul
chilled HOMEM medium. Immunization of mice involved injection of L. mexicana
and L. panamensis parasite lysates of the following cell densities; promastigotes of
I.. mexicana morphotypes 1 and 2 at 2-5x10° ml", L. mexicana morphotype 3
promastigotes and axenic amastigotes at 10° ml”, L. panamensis morphotype 1
promastigotes at 6x10° ml”, L. panamensis morphotype 2 promastigotes at
4x10® ml™ and L. panamensis morphotype 3 promastigotes at 8-5x10°* ml”. Frozen
cell pellets were resuspended in 0-1 m! of chilled HOMEM medium prior to
sonication or freeze thaw. Samples were then checked by microscopy to ensure
lysis. An equal volume of Freund's Adjuvant was applied and vortexed thoroughly
(5-10 minutes) until the sample was completely emulsified. Complete Adjuvant was
used for primary injections and incomplete Adjuvant thereafter. Mice were given a
total of 4 injections at fortnightly intervals and rabbits three injections at monthly

intervals.



I'wo weeks after the third injection test bleeds were taken for analysis using
dot blots. Taking these results into account, the rabbit blood was collected at this
time. The mice required a further immunisation to boost the antibody titre. Again
test bleeds were taken and dot blots carried out. The blood was then extracted from

the mice by cardiac puncture.

2.9 Immunoblotting
2.9.1 Dot blots

Dot blots were carried out on all antisera raised in mice and in rabbits, Cell
pellets of the appropriate antigen were lysed in 0-25 % (v/v) Triton X-100 at 10° cells
ml. Prior to electrophoresis, tysate supernatants were mixed with reducing sample
buffer and boiled for 2 minutes. Two microliire aliquots of each sample were
'dotted’ onto nitrocellulose strips, pre-labelled in pencil, and allowed to dry. A
sufficient number of dots of each antigen were applied to test the antisera at a range
of concentrations. These strips were then incubated for 2 hours in blocker [5% (w/v)
dried mitk, 10% (v/v) horse serum in Tris Buffered Saline (TBS - 20 mM Tris base,
137 mM sodium chloride, pH 7-6) containing 0-1% (v/v) Tween] at 4°C on a shaking
lable. Following this incubation the strips were washed four times (15 minutes cach)
in TBS Tween. Solutions of primary antibodies were prepaved in blocker at 1:99,
1:499, 1:999, 1:1999, 1:4999 and 1:9999. Two microlitres of the correct antibody
solution were applied to the nitrocellulose, directly onto the antigen. These were
incubated at 4°C in humid conditions for 2 howrs. The strips were subsequently
washed in TBS Tween before addition of the secondary antibody. An anti-mouse
(Bio-Rad) or an anti-rabbit (Promega) horse radish peroxidase (HRP) conjugate was

used for mouse and rabbit antisera, respectively. These were applied in blocker and



incubated for one kour, after which time the strips were again washed in TBS Tween

(4 x 15 minute washes). Any signal was detected by ECL (Amersham).

2.9.2 Western Blotting

Reduced and denatured supernatant proteins separated on 10% (w/v)
acrylamide mini-gels by SDS-PAGE (section 2.6.2) were blotted onto nitrocellulose
paper in 20 mM Tris/150 mM glycine/20% (v/v) methano! for 60 minutes at 100
voits (Bio-Rad mini-transblotter). Following protein transfer the nitrocetlulose was
blocked overnight with 5% (w/v) dried milk (Beots) in TBS Tween & 10% (v/v)
heat-inactivated horse serum, depending on the primary antibody used, and then
incubated for 2 hours at 4°C on a shaking table in the sume solution with primary
antiserum. Horse serum was only excluded from the blocker when polyclonal
antibodies to L. mexicana were used. The concentration of primary antiserum
depended on which was applied; antibodies against cysteine proteinases were used at
1/500, polyclonal antisera raised in rabbits against L. mexicana prowastigotes were
used at 1/5000 and the monoclonal antibody raised against gp63 [Wallace and
McMasters, 1987] was used at 1/2000. Blots were washed 4x15 minutes with TBS
Tween prior and subsequent to incubation with the secondary antibody. Thc length
of this incubation varied depending on the antibody used, see the appropriate

sections. Signal detection was with ECL (Amersham).

2.9.2.1 Preparation of L. mexicana polyclonal antisera for immunoblotting
Final bleeds from the rabbits were taken and placed in glass universals.
Clotting was permitted at room temperature and after 4 hours a glass pasteur pipette

was used to detach the clot from the surface of the universal and the blood was
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placed at 4°C ovemight. 'This allowed the clot 1o shrink and aided maximum serum
recovery. ‘The supernatant was then transferred to centrifuge tubes and centrifuged
for 5 minutes at 1250 g to remove remaining host cells. Aliquots of antisera with no
other additions were frozen at -70°C.

Attempts to generate stage-specific antisera involved precipitation ol
anfibody-antigen complexes (thereby removing ‘common’ antibodics). This was
accomplished by mixing each antiserum individually with each promastigote
morphotype lysate (10° ml™) in the ratio 1:100. These were rapidly shaken overnight
at 4°C. Prior to final dilution (1:50) with blocker (5% w/v dried milk in TBS
Tween) for incubation with the nitrocellulose, the antibody-antigen complexes were

removed by centrifugation at 1600 g for 10 minutes at room temperature in a

microfuge.

2.10 Metabolic labelling
2.10.1 Incubations

Promastigotes of L. panamensis and L. mexicana and axenic amastigotes of
L. mexicana were harvested by centrifugation (1250 g for 20 minutes) and washed
twice in sterile PBS. The resulting pellets of promastigotes and axenic amastigotes
were resuspended to ca. 5x10° mi™ or 1-4x10” ml?, respectively, and subsequently
incubated at 25°C in 10 mls of methionine-deficient medium, MEM with Earle's
salts (Gibco Life Technologies), supplemented with 2x L-glutamine (20x stock from
Gibeo Life Technologies) and 10% (v/v) dialysed HIFCS. After approximaltely 90
minutes, 30 pCi (ca. 6 pl) of {33S]-methionine (EXPRE*S™S protein labelling mix at
1000 Ci per munole from NEN Dupont) were added to each of the promastigote

cultures and 100 pCi (ca. 20 pl) to the amastigote culture, which were incubated for



a further 150 minutes. Cells were harvested and washed once in PBS by

centrifugation, 1250 g for 15 minutes, and stored as pellets at ~70°C.

2.10.2 Detection of metabolic label

Frozen pellets were lysed, within one week of labelling, at 2x10° ml”! in
0-25% (v/v) Triton X-100 with I mM PMSF, 10 mM phenanthroline and 10 pM
E-64. Centrifugation of these for 5 minutes (1600 g) at 4°C provided supernatant
and pellet fractions. The pellet fractions were resuspended in lysing solution (equal
volume to supernatant) using a syringe and a 26 gauge needle. Samples were mixed
1:1 with double strength sample buffer, boiled for 2 minutes, and 10 pl of each
sample were loaded onto a 12% (w/v) acrylamide mini-gel for SDS-PAGE.
Subsequently gels were stained with Coomassie Blue, destained (section 2.6.2), and

dried before being exposed to X-Ray film.

2.11 Changes in metabolite concentrations during short term incubations
in simple media

2.11.1 Incubations

Eight simple media were usad (one set of four at pH 7-0 and one set at pH
5-5), each of which was supplemented with 10% (v/v) dialysed HIFCS (section 2.4),
as below;
1. 10 mM HEPES/10 mM MES/145 mM sodium chioride (buffered saline)
2. Buffered saline with 10 mM glucose

3. Buffered saline with 2% (v/v) Amino Acid Mix (AAM)
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AAM: 1:1, v/v of MEM amino acids solution (without glutamine) (50x) and
MTIM non-essential amine acids (100x) (both amino acid solutions were
purchased from Gibeo Life Technologies)

4. Buflered saline with 10 mM glucose and [2%, v/v] AAM

Promastigote cultures, of . mexicana and L. panamensis, judged by
microscopic observation to be abundant in each of the three promastigote forms,
purified lesion amastigotes (section 2.2.2.2.2) and axenic amastigotes (section 2.2.3)
of L. mexicana were washed with buffered saline at 4°C (2 x 1250 g for 15 minutes)
prior to each incubation. Cells resuspended in buffered saline after the first wash
were counted and following the second wash they were resuspended in the
appropriate simple medium (ca. 0.75-1.0 ml) at 10* cells ml” and transferred to
sterile 8 ml flat sided tubes (Nunc, Gibeo Life Technologies). Promastigotes were
incubated only in media at pH 7-2 at 25°C, while amastigoles were incubated at both
pH 72 and pH 5-5 at 32°C with 95% air/5% CO, as the gas phase. Various different
gases were applied to investigate their effect on amino acid and glucose metabolism
during the two hour incubation of promastigotes at 25°C. Air was displaced from
the gas phase by gassing at high speed with either oxygen free N,, argon or 95%
ait/5% CQO,. Tubes containing promastigotes to be incubated with air were fitted
with loose caps, the lids on tubes purged with other gasses were tightly closed. One
set of experiments for each promastigote form of L. panamensis was carried out
under the aforementioned three gas phases, whereas promastigotes of L. panamensis
and L. mexicang incubated with air as the gas phase were carried out in triplicate on
separate occasions. After 2 hours, the cells in each cultiwe were checked visually by

microscopic observation for motility and apparent viablity and the spent media were
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harvested by centrifugation at 1600 g for 10 minutes. Each was checked by
microscopy to ensure that cells had been removed. The supernatants were stored at

-70°C until analysed (sections 2.11.2 and 2.11.3).

2-11-2 Anpalyses using high pressure liquid chromatography (hple)
2.11.2.1  Amino acids
2.11.2.1.1 Extraction of media samples

Protein was precipitated by addition of media aliquots to four volumes of
cold methanol (BDI, HiPerSolv grade) for 10 minutes at 4°C and removed by

centrifugation (1600 g for 10 minutes in a microfuge) and filtration (0-2 pun).

2.11.2.1.2 Chromatography

Samples were analysed for amino acids using the hplc technique of Zuo and
Coombs [1995] which is briefly described below. All reagents were of hplc grade
and where appropriate were prepared using ultra pure water {18-0 megohm ¢m.)
produced from tap water by a Purite Select Analyst HP 100. OPT-thiol (o-
phthaldialdehyde-thiot) reagent was prepared as described by Joseph and Marsden
[1986]. A Rainin Dyn Microsorb C18 4-6x150 mm column was used in conjunction
with two solvents. Sofvent A was 0-02 M sodium acetate-methanol-tetrahydrofuran
(85-11-4, v/v) and was prepared and filtered on the day of use. Solvent B was
acetonitrile. Both solvents were thoroughly degassed with hetium prior to use. A
constant flow rate of 1.3 ml min" and a solvent gradient of 1-18% solvent B over 13
minutes, 18-30% solvent B over 11 minutes, and 30-0% solvent B over 2 minutes,
with 4 minutes subsequent re-equilibration with solvent A, were applied. Detection

of amino acids was with a Gilson Model 121 Fluorometer. Amino acids in the
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simple medie, as detected by hplc, were identified by comparing the vetention times
of peaks with those of known standards and quantified by use of standard calibration

curves generated using the computer program Grafit [Leatherbarrow, 1992].

2.11.2.2  Organic acids
2,11.2.2.1 Extraction of media samples

Organic acids were extracted from media samples using a technigue modified
from Guerrant ef al. {1992]. The following components were vortexed for 1 minute;
200 pl sample, 0-12 g NaCl, 40 ul 18 N H,SO, and 1 ml hple grade diethyl ether. The
mixture was then centrifuged at 1400 g for 1 minute, The upper ether layer was then
removed using a glass pasteur pipette and transfetred to a separate tube containing
100 ui of 0-1 N sodium hydroxide. These were vortexed and cenirifuged as before.
Subsequently the upper cther fraction was discarded and the tubes allowed to stand open
at room temperature in the fume hood for 15 minutes to allow residual ether 1o

evaporate. The remaining material was either analysed immediately or stored at -70°C.

2.11.2.2.2 Chromatography

A Hamilton PRP-X300 ion exclusion column (7 um bore size, 250 x 4-1 mm)
was used in conjunction with a single eluent, H;SO,, pIT 2-7 (produced by titrating
ultrapure water with 18 N H,SO,)which was thoroughly degassed with heliwm prior to
use. Twenty microlitres of {iltered extracted samples were individually applied to the
systern when the solvent flow was 2 ml min™. The total run time was 10 minutes and
detection was at 210 nm an a Gilson U.V. detector (Model 115). Unknowns were

identified by comparing retention times with those of reagent grade standards.
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2.11.3 Determination of glucose concentrations

The glucose concentration in fresh and spent media was assayed
spectrophotometrically on a Titertek Multiscan® MCC/340. It was quantitated
enzymatically by a linked enzyme reaction involving NADP* reduction and determining
the change in absorbance at 340 nm [Bergmeyer ef ¢l., 1983]. Concentrations were
extrapolated [rom standard curves generated using known amounts of glucose. All
assays were carried out in a final volume of 250 ul In microtitre plates (50 pl sample
volume); incubation was at 37°C. The standard assay contained: 50 mM HEPES (pH 7-
6); 90 mM KCl; 3 mM MgCl,; [ mM ATP; 1| mM NADP™; 0-5 U hexokinase (type III
from bakers yeast, Sigma # H-5000); 0-5 U glucose 6-phosphate dehydrogenase (type

VII from bakers yeast, Sigma # G-7877); and sample,

2.11.4 Determination of glycerol concentrations

Glycerol assays were performed in the same manner as for quantitation of
glucose (section 2.11.3). The standard assay contained: 150 raM glycine, 650 oM
hydrazine (pH 9-8); 1-5 mM MgCl,; S mM ATP; 1 mM NAD" 3 U glvecerophosphate
dehydrogenase (type [ from rabbit muscle, Sigma # G-6751); 3 U glycerol kinase

(Cellulomanas species, Sigma # (3-6142); and sample.

2.12 Changes in exogenous glucose and amino acid concentrations during
promastigote growth in viftro in complete HOMEM medium
Daily media samples were taken from cultures of L. mexicana and L.
panamensis promastigotes inoculated at 5x10° mi™ in complete HOMEM medium.
Cells densities were determined using a haemocytometer before removal of celis by

centrifugation at 1600 g for 10 minutes. The resulting spent media were stored at
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-70°C until analysed for amino acid (section 2.11.2.1) and glucose content (section

2.11.3).

2.13 Organic acid production by promastigotes of L. mexicana and
L. panamensis promastigotes during in vitro growth
Cultures of L. mexicana and L. paramensis promastigotes were initiated at
5x10° ml™ in complete HOMEM medium and incubated at 25°C with air as the gas
phase. Cell free media samples were obtained by centrifugation {1600 g for 10 minutes)
of aliquots of the culture immediately after promastigote inoculation and when cultures
reached the stationary phase of growth. These samplcs were stored at -70°C until

analysed for organic acid content.

2.14 Intracellular amino acid pool

The endogenous amino acids of L. mexicang promastigote morphotypes 1, 2 and
3 (harvested by washing 3 times in HEPES saline by centrifugation at 1,250 g for 15
minutes, at 4°C) were identified and quantitated by hple. A sample of morphotype 3
promastigotes which had been incubated with the cysteine proteinase inhibitor
Z-PheAla-CHN, at 30 ug ml” for 30 minutes prior to harvesting was also analysed
subsequent to harvesting as for the other promastigote satpies. Frozen cell pellets were
lysed at 10° ml™ osmotically by addition of ultra pure water (see section 2.10.2.1.2)
containing 0-1 mM PMSF, 1 mM phenanthroline, 1 pM pepstatin and 10 uM E-64. ‘The
homogenates were then extracted with methanol (section 2.11.2.1.1) prior to

chromatography (section 2.11.2.1.2).
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2.15 Enzyme assays

All assays contained soluble cell extract (the supernatant fractions resulting from
centrifugation of cell homogenates) and were carried out at 37°C in a final volume of
1 m], Cell extracts were prepared by lysis of frozen cell pellets in ice cold 50 mM
HEPES, pH 7-4, containing 20% (v/v) glycerol, |0 mM phenanthroline, 10 uM E-64,
1 mM PMSYF and 1 uM pepstatin. Reactions were monitored spectrophotometrically at
340 nm on a Philips PU 8720 visible/U.V. Scanning Spectrophotometer and initiated by
the addition of substrate at saturating concentrations. To confirm the specificity of the
reaction, control assays were cartied out lacking one or more of the assay components.
Experiments were also conducted to ensure a linear relationship between reaction rate
and sample size over the normal working range. All pyruvate kinase assays were
carried out using freshly prepared cell extracts; other enzyme assays were performed on
extracts which had been stored at -70°C. Unless stated in the text all enzymes were
assayed by standard spectrophotometric techniques as described by Bergmeyer et al.

[1983].

2.15.1 Pyruvate kinase
The standard assay contained: 50 mM HEPES, pH 7-5; 1 mM DTT; 7-5 mM
MgCl,; 75 mM KCI; 0-28 mM NADH; 10 mM phosphoenolpyruvate; 2 U lactate

dehydrogenase; 5 mM ADJ? and crude enzyme.

2.15.2 Hexokinase
Activity was measured using a coupled enzyme reaction involving reduction of
NADP by glucose 6-phosphate dehydrogenase [Jenkins and Thompson, 1989]. The

standard assay contained: 100 mM Tris HCl, pH 7.3; 6-6 aM MgCl,; 15 mM glacose;
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1 mM ATP; 0.33 mM NADP"; 1.4 U glucose 6-phosphate dehydrogenase.

2.15.3 Lactate dehydrogenase
The standard assay contained: 100 mM Tris HCl, pH 7-4; 200 mM NaCl;

0-28 mM NADH; 1-6 mM pyruvate; and crude enzyme.

2.15.4 Isocitrate dehydrogenase (NAD"™ and NADP"-dependent)
The standard assay contained: 50 mM HEPES (pH 7-5}; 2 mM MnCl,; 6-7 mM
isacitrate; 0-4 mM NADP" or NAD"; and crude enzyme. 2 mM ADP was included in

assays for the NAD " -dependent enzyme.

2.15.5 Glutamate dehydrogenase
Reaction mixtures contained: 100 mM Tris ethanolamine buffer, pH 8-0;
0-5 mM NADH,; 320 mM ammoniom sulphate; and sample. The reaction was initiated

with 6-6 mM o-ketoglutarate.

2.16 DNA content analysis

The DNA content of L. mexicana promastigoies was monitored during the in
vifre growth cycle. Promastigotes were set up under routine conditions (section
2.2.1.2), counted and harvested on days 1, 2, 3, 4 and 6 of growth in complete HOMEM
medium. Two individual cultures that had been through a different number of sub-
passages, 2 and 8, were assessed. Harvesting involved one wash {centrifugation at
1250 g for 15 minutes) in sterile PBS and cell pellets were subsequently resuspended in
a small volume of the same buffer before fixation in 70% (v/v) methanol in PRS at

room temperature for 2 hours. Subsequently samples were pelleted, resuspended in
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2 ml of PBS and incubated with RNase and propidium iodide, both at a (inal
concentration of 10 ug mi*, for 1 hour. Samples were then analysed on a Becton

Dickinson FACScan. For each reading 10,000 promastigotes were counted.

2.17 Infectivity of stationary phase promastigotes of L, mexicana and L,
panamensis to J774GS cells

The macrophage-like cell line J774G8 was cultured in RPMI (Gibco Life
Technologies) supplemented with 20% (v/v) or 5% (v/v) HIFCS in 0-4 ml tissue culture
chamber slides (Nunie, Gibco Life Technologics). The cultures were initially incubated
at 32°C overnight in 95% air/5% CO, to allow the cells to setile and adhere to the slides.
The medium was then removed and promastigotes were added in complete RPMI at a
ratio of approximately 10 promastigotes:1 macrophage. A period of 3 hours was
allowed for attachment and phagocytosis of promastigotes, before removal of medium
containing unbound cells. RPMI supplemented with 20% or 5% HIFCS was then
added. After this initial 3 hour incubation and every subsequent 24 hours, one slide was

washed, fixed with Giemsa’s stain. Cells were viewed using light microscopy.

2.18 Infectivity of the different promastigote morphotypes to peritoneal
exudate cells
Peritoneal macrophages were removed from culled female BALB/c mice by
peritoneal lavage. This involved injection of 5 ml of chilled RPMI supplemented
with 10% (V/V) HIFCS (complete RPMI medium) into the peritoneal cavity
followed by gentle finger massage to detach cells from this region. The resulting
cell suspension was then drawn off using a § ml syringe fitted with a 26 gauge

needle. Care was taken to leave the gut intact and so prevent bacterial
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contamination. Macrophages were counted using an Improved Neubauer
Haemocytormeter and the volume adjusted with complete RPMI medium to give a
final macrophage density of 5x10° m!". Four hundred microliter aliquots of this
culture were placed into the wells of a sterile 8 chamber slide (Nunc, Gibeo Life
Technologies) and incubated at 32°C under 95% air/5% CO, overnight. Unattached
cells were removed the next day and the chambers were rinsed once with complete
RPMI medium prior to addition of parasites at a parasite:macrophage ratio of 1:1. A
4 hour incubation period at 32°C under 95% air/5% CO, was allowed for parasite
attachment and infection. At the end of this time promastigotes free in the medium
were removed and the weils were rinsed 3 times with complete RPMI medium.
Addition of 0-4 m! of complete RPMI medium was the final manipulation before
incubation for 7 days at 32°C under 95% air/5% CO,. When this incubation period
was complete the culture medium was removed, the chambers dismantled and the
slides were quickly air dried prior to [ixation in absolute methanol and staining with

Giemsa’s stain (section 2.3).

2.19 Transformation studies

Various modifications to the promastigote culture conditions were carried out to

determine their effects on promastigote growth and morphology. A control culture was

routinely set up at 5x10° ml” in complete HOMEM medium using an identical

promastigote starting population and culture vessel for comparison with experimental

cultures. The vessel varied depending on the experiment carried out. Flat bottomed

culture flasks (25 em®) were used in studies involving variation of promastigote starting

densities (L. panamensis), continuous sub-passage of merphotype 1 promastigotes
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(L. panamensis and L. mexicana), comparison of whole and diaiysed foetal calf serum
(L. mexicana, L. panamensis and L. major) and addition of supplements to culture
medium supplemented with dialysed foetal calf serum (L. panamensis), sub-passage
into spent (morphotype 2) HOMEM medium and differentiation of purified morphotype
3 promastigotes of L. major. All other studies involving promastigotes were set up in
microtitire plates which were incubated under humid conditions to prevent the cultures
drying out. Investigations of the differentiation of promastigotes of L. mexicana to
axenic amastigotes were also carried out in multiwell piates (Nune, Gibco Life
Technologies), but the ones used comprised 6 large wells (5 ml) rather than 96 small
wells (250 ul). On the appropriate day, subsequent to initiation of the experiments, cell
samples were removed and Giemsa-stained smears produced (section 2.3).
Promastigote morphology was assessed using these smears through measurements of
cell body length and breadth and the proportions of cach promastigote morphotype
calcudated according to the size definitions detailed in Table 3.1. Other features of the
transformation experiments were more variable and are therefore discussed in detail

separately below.

2.19.1 Starting density

Tarly-log phase promastigotes of L. mexicana were pelleted at 1250 g for 10
minutes and subsequently resuspended at 2x10” ml™" in complete HOMEM medium
before sub-passage to densities of 5x10° mi?, 5x10® miI”, 1x10’ ml” and 2x10" ml" in
the same culture medium, in duplicate. On day 2 post-inoculation, a sample of each
mini-culture was taken for the production of a Giemsa-stained smear. The lengths and

breadths of fifty promastigotes were measured per culture.
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L. panamensis promastigotes in the late-log/early stativnary phase of growth
were pelleted by centrifugation (1,250 g for 15 minutes) and resuspended in half of the
initial culture volume of complete HOMEM medium before sub-passage to densities of
1x10° mi”, 5x10° mI™!, 1x10° ml”, and 1x10” ml"'. Daily counts were carried out and
Giemsa-stained smears were produced daily, from day 1 - day 6, and 100 promastigotes

were measured per culture.

2.19.2 Continual sub-passage of morphotype I promastigotes

Promastigotes of L. mexicana and L. panamensis in the mid- to late-log phase of
growth were subjected to identical experimental conditions. Both cultures were serially
sub-passaged at initial densities of 5x10° ml” in complete HOMEM medium (final
culture volume 10 ml) on the first day post-inoculation on three successive days. The
first culture set up was subsequently followed for a further two consecutive days (days 2
and 3) and the second culture was assessed on the second day of growth. One hundred
promastigotes were measured from Giemsa-stained smears produced from each cuiture,
except for L. mexicana on the third consecutive sub-passage tor which only 33

promastigotes were found.

2.19.3 Dialysed HIFCS

Promastigotes of L. mexicara and L. major in the late-log/early stationary phase
of growth were sub-passaged into HOMEM medium supplemented with 10% (v/v)
complete or dialysed HIFCS. Individual 10 mi cultures were set up for each species at
5x10° ml" and samples were taken on the first 4 days of growth for cell counts and

Giemsa-stained smears. All {four smears of L. mexicana promastigotes were analysed
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for the proportious of each promastigote morphotype while only that praduced on the

first day was assessed for L. major.

2.194 Dialysed HIFCS plus supplements

Four 5 ml cultures of L. panamensis were set up at 5x10° ml” in HOMEM
medium supplemented with 10% (v/v) dialysed HIFCS subsequent to the addition of
0-01 mg ml™ hemin, 0-01 mg ml" haemoglobin or 10 uM acetylcholine (1000-fold
dilutions of stock solutions. Note hemin was dissolved in 5 M NaOTT). A control
culture was also set up to the same density with an identical starting population of

promastigotes but in complete HOMEM medium.

2.19.5 Variation of HIFCS concentration

L. mexicana promastigotes in the late-log phase of growth were sub-passaged to
the density of 5x10° mI" into HOMEM medium which was supplemented with various
quantities of HIFCS (5%, 10%, 20% and 50%). In addition one culturc was prepared in
100% HIFCS. Five ul of stock culture were pipetied into individual wells in a
microtitre plate subsequent to the addition of 245 pl of the appropriate culture medium.
Cell samples were assessed for morphology in Giemsa-stained smears on the third and
fourth day post-inoculation. Fifty promastigotes were measured per culture except for
promastigotes in 100% HIFCS on day 4 for which only 43 promastigotes were found on

the slide.

2.19.6 Conditioned media
Promastigotes of L. mexicana and L. major in the late-log phase of growth were

sub-passaged to the density of 5x10° ml™ (final culture volume of 10 mi) in freshly
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prepared complete HOMEM medium and morphotype 2 conditioned medium (complete
HOMEM medium which had been harvested from late-log phasc cultures by
centrifugation at 1600 g for 10 minutes). Cell densities and Giemsa-stained smears
were prepared on the first four days of culture.

Conditioned medium from morphotype 3 promastigote culiures was prepared in
the same way as morphotype 2 conditioned medium (see above). Two aliquots of a
L. mexicana early-log phase promastigote culture were centrifuged (1250 g for 10
minutes) and resuspended at 2x107 ml* in either complete HOMEM medium or
morphotype 3 spent medium. These were subsequently aliquotted into wells of a
microtitre plate (96 well) and the volume made up to 200 ptls with the appropriate
medium. Samples were removed for the production of Giemsa-stained smears on the
second day post-inoculation. From these 50 promastigotes were assessed for their cell
body length and breadth measurements and the proportion of each promastigote

morphotype was calculated.

2.19.7 Differentiation of morphotype 3 promastigotes of L. major

Mectacyelic promastigotes of L. major were purified using a slightly modified
version of the technique developed by Sacks [1985] (section 2.2.1.4.2). Subsequent to
removal of metacyclic forms (unagglutinated promastigotes present in the supernatant),
they were washed in sterile PBS. After one wash (1,250 g for 10 minutes) the cell
density was determined and the promastigotes were subsequently resuspended to
6x10° mi” in HOMEM medium. The cell densities were then reduced 10-fold by
addition of HOMEM medium and then a further 10% by addition of HIFCS, so piving a

density of 5x10° mi". Two 10 ml aliquots of this culture of purified metacyclics of
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L. major were placed in 25 cm® flat bottomed culture flasks and the densities and
morphology (using Giemsa-stained smears) monitored on a daily basis (including

day 0).

2.19.8 Induction of metacyclogenesis of L. mexicana

Late-log phase promastigotes of L. mexicana were pelleted and resuspended in
complete HOMEM medium or complete SDM to give a final density of 6-6x10° ml™*.
180 uls of these cultures were then added to wells of a tissue culture plate (96 well)
which contained 20 ul of test solution; water, aphidicolin, kindly donated by Brian
Shiels, (to give final concentrations of 2.5 pg ml”, 1 pg ml™, 0-75 pg mi”, 0:5 pg mi”’,
0-25 pg mi?, 0-125 ug mi™ and 0-0625 pg ml”, stock aphidicolin dissolved in 100%
DMSOQO) or DMSO (to give final concentrations of 2%, 1-5%, 1%, 0-75%, 0-5% and
0-25%). The final cell density was 3-3x10° ml?. Promastigote densities and
morphology were subsequently monitored at appropriate time points using standard

procedures.

2.19.9 Differentiation of promastigote morphotypes 1, 2 and 3 of L. mexicana
to axenic amastigotes

Early-log, late-log and stationary phase populations of promastigotes of L.
mexicana were sub-passaged to 10° ml” into complete SDM (final culture volume of
5 ml) and incubated at 32°C under air. Because of their low densities, early-log phase
cultures were initially pelleted (1,250 g for 10 minutes) before being resuspended to the
appropriate density in medium. Triplicate cultures were set up and samples were
removed on consecutive days of growth for cell density determinations and the

production of Giemsa-stained smears. Length and breadth measurements of 100 cells

112



per sample were made on days 2 and 9 post-inoculation and compared with those made

on Giemsa-stained purified lesion amastigotes.



CHAPTER 3

RESULTS
3.1 Growth & Morphology
3.1.1 Amastigotes
3111 Lesion amastigotes

Infections in mice were get up to provide a source of lesion amastigotes and
freshly transformed promastigotes of L. panamensis strain 2 for various investigations.
Sub-cutaneous injection of stationary phase promastigotes of L. panamensis v_ariably
produced small cutaneous lesions on the rump of female BALDB/c mice. On occasions
the lesions formed at the base of the tail rather than at the site of inoculation on the
rump. This is consistent with the characteristic of this species of Leishmania to
disseminate and associate with the lymph nodes. All lesions remained relatively small
in size, becoming ulcerated with time. Isolation of amastigotes using crude procedures
(section 2.2.2.1) proved successful (see Iigure 3.1, panel A), but yields were very low
and passage of these between mice failed to produce any visible infections. Initial
attempts to transform lesion amastigotes to promastigotes using liquid culture medium
(complete HOMEM medium) were futile, however promastigotes were obtained when
the biphasic Modified L'obie’s medium was used. Subsequent culture of promastigotes
was possible in Jiguid medium provided it was supplemented with a suitable batch of
heat-inactivated foctal calf serum (FIIFCS).

Lesions resulting [rom infection of mice with L. mexicana arose more quickly
and were substantially bigger than those of L. panamensis (not shown). Consequenily,
larger quantities of L. mexicarna lesion amastigotes were obtained. These were puritied,

using the method of Hart ef af. [1981a], for biochemical investigation. A light
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Figure 3.1:  Light micrographs of Giemsa-stained smears of L. panamensis
(Boynton) amastigote forms isolated from infected mice (Panel A) and transformed

in vitro from stationary phase promastigotes (Panel B).
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Figure 3.2:  Light micrographs of Giemsa-stained smears of L. mexicana
amastigote forms isolated from infected mice (Panel A) and transformed in vitro

from stationary phase promastigotes (Panel B).

115



micrograph of Giemsa-stained lesion amastigotes of L. imexicana is shown in Figure 3.2,
panel A. In contrast to L. panamensis, amastigotes of L. mexicana isolated in crude
preparations (scetion 2.2.2.2.1) transformed to promastigotes readily in complete
HOMEM medium at 25°C and motile flagellated forms were observed as early as 24
hours after inoculation. Moreover, isolated lesion amastigotes could be cultured directly
as axenic amastigotes in complete SDM at 32°C (see section 3.1.1.2.2) and were robust
enough to withstand cryopreservation. However, these stabilated amastigotes took
longer to transform to promastigotes after inoculation of the thawed stabilates into

liquid medium and were mere scnsitive to gentamicin sulphate than untreated lesion
amastigotes or cryopreserved promastigotes. Death of revived cryopreserved lesion
amastigotes inoculated into culture media containing 25 ug ml™" gentamicin sulphate

was avoided by reducing the gentamicin sulphate concentration to 15 pg mi-1,

3.1.1.2 Axcnic amastigotes

Since yields of amastigotes of L. panamensis from cutaneous lesions in mice
were poor, axcnic cultivation of amastigotes was aitempted following the procedures
previously developed for L. mexicana [Bates et al., 1992; Bates, 1994]. In vifro
culttvation would potentially provide a valuable source of the mammalian stage of the
parasite in large numbers and free from host contamination for biochemical
characterisation. These potential advantages also prompted axenic cultivation of L.
mexicanag amastigotes. Two different approaches were adopted, iransformation of
stationary phase promastigotes (containing metacyclic-like cells) and direct culture of

lesion amastigotes.
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3.1.1.2.1 Transformation of promastigotes

In vitro transformation to amastigotes of stationary phase promastigotes of
culture grown L. panamensis and 1. mexicana was attempted through modification
of the culture conditions. The two lines of L. panamensis used responded differently
to exposute to 32°C (not shown). Line 1 multiplied and could be sub-passaged,
however these forms differed in morphology from Line 2 (Boynton) amastigotes
1solated from cutaneous lesions in mice. In contrast, Line 2 transtformed to forms
morphologically very similar to those that occur in mice (compare cells in Figure
3.1, panels A and B), but the iz vifro form could not be grown for more than a few
days. Variations in medium (HOMEM and SDM), batch of HIFCS, percentage of
HIFCS {10%, 20% and 30%, v/v), temperature (30°C, 32°C, 34°C and 37°C),
medium pl (ranging from pli 4-0 to pH 7-3, at intervals of 0-5 pH unit) and the
composition of the gaseous phase (air and 95% air/5% CO,) had no beneficial
effects in terms of achieving viable populations of axenic amastigotes which would
survive and grow upon sub-passage, whilst retaining amastigote-like morphology.
However, the proportion of aflagellates obtained and their subsequent survival and
growth were sensitive Lo some of these variations. For example, SDM at acidic pH
gave denser cultures containing larger proportions of aflagellates than HOMEM
medium under equivalent conditions. It was also found that parasites were sensitive
to temperature and died at 34°C and above, whereas they remained as promastigotes
below 32°C.

Transformation of L. mexicana stationary phase promastigotes and
subsequent growth as axenic amastigotes (Figure 3.2, panel B) was achieved by
following the method of Bates [1994], with the exception that the initiating

promastigote population were grown in compiete HOMEM medium at neutral

117



starting pIi. Nonetheless, they containcd a high proportion of metacyclic-like cells
as judged on morphological criteria. The resulting in virro forms morphologicaily
resembled amastigotes isolated from infected mice although on occasion the in vitro
aflagellates were slightly larger (comparc Figure 3.2, panels A and B). A
subsequent experiment which involved measurement of lesion and axenic
amastigotes revealed no clear difference in size (Figure 3.40). Survival and growth
of the axenic aflagellate forms was strictly dependent on the batch of HIFCS used.
Different batches were iried, the most successful serum permitted survival for 4 sub-

passages.

31.1.2.2 Direct culture from lesion amastigotes

Axenically grown amastigotes of L. mexicana were also obtained through
direct culture of isolated lesion amastigotes [Bates er a/., 1992] and eryopreserved
lesion amastigotes. Again this was strictly dependent upon an appropriate batch of
HIFCS and also produced only short term (up to 4 sub-passages) cultures.
[Furthermore, cryopreserved amastigotes exhibiled increased sensitivity to
gentamicin sulphate (see section 3.1.1.1). Direct culture of axenic amastigotes from

isolated lesion amastigotes of L. panamensis was unsuccessful.

3.1.2 Infectivity of stationary phase promastigotes to J774G8, a
macrophage-like cell kine
Infection of and survival of Leisfmania parasites within an in vitro grown
macrophage-like ccll linc was attempted to test for infectivity of the parasites and
ultimately to provide promastigotes which had been recently transformed from

amastigotes for preliminary studies on growth, morphology and biochemistry. It was
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concluded that this source of amastigotes would be useful as lesions in mice were
relatively stow growing. Infection of the macrophage-like cell line, J774G8, with
stationary phase promastigotes of both L. panamensis strains and L. mexicana was
attempted. Giemsa-stained smears showed uptake of promastigotes by the macrophages
and subscquent changes in the parasite’s merphology, the promastigotes becoming more
amastigote-like (not shown). However, these rounded forms of L. panamensis strains 1,
with short or completely retracted flagella, did not survive for more than a few days.
This may rcflect loss of infectivity in this particular strain since uptake, transformation
and subsequent survival of L. panamensis Boynton and L. mexicana amasligotes within
the macrophages did occur. For this reason all subsequent studies with L. panamensis
were carried out on the Boynton strain (strain 2). 1n addition, all studies involving
promastigotes of L. mexicana, I.. panamensis and 1. major were carried out with
promastigotes relatively recently transformed from lesion amastigotes ( < 15 sub-

passages in vifro).

313 Promastigotes

Promastigote swrvival and subsequent multiplicalion was also strictly
dependent on the foetal calf serum batch, Once a batch which sustained rapid
growth and high cell densities was identified, it was used routinely to supplement
the growth medium. The batch of foetal calf serum used for L. panamensis was
different from that used for L. mexicana and L. major. Example growth curves for
promastigotes of these three species are shown in Figure 3.3. L. mexicana
promastigotes consistantly grew initially at a slightly faster rate than the other two
species, although all three species investigated took approximately the same length

of time, on average 5-6 days, to reach the maximum cell densities achieved -
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Figure 3.3:  Typical growth curves of L. mexicana (triangles), L. panamensis

(squares) and L. mqjor (circles) promastigotes in complete HOMEM medium.
Cultures were initiated at 5x10° mI™" with promastigotes in the mid- to late-log phase

of growth and cell densities were determined daily using a haemocytometer.




2-3x10" ml” (log 7-3-log 7-5). From cbservations of each species set up under
standard conditions, it was possible to estimate when each phase of growth would
occur. The first two days of growth when promastigote densities were below
3-4x10° ml" (log 6-5-log 6-6) typically corresponded to the early-log phase of
growth. Mid-log phase of growth, 4-8x10° mi™ (log 6-6-log 6-9), was routinely
reached by days 2-3, while late-log growth phase, 8x10° mI"'-3x10" m!I” (log 6-9-log
7-5}, did not occur until days 3-4. Stationary phase of growth, when there was no
overall increase in cell numbers and probably reflecting cessation of division, was
usually reached by days 5-6 when promastigotes had reached a density of
2-3x10'ml" (log 7-3-log 7-5).

When promastigote morphology was examined on consecutive days of in
vitro culture, a pattern ot development emerged which was consistantly observed
with promastigotes of all three Leishmania species investigated. It was apparent that
cuitures initiated with promastigotes consistently underwent serial transtormations
such that several distinct morphological forms could be distingnished and that the
occurrence of these forms was related to the phas; of the in vitro growth cycle.
When body length and width measurements of promastigotes in each of the growth
phases were considered in combination, three categories of promastipote, designated
morphotypes 1 (MT1), 2 (MT2) and 3 (MT3), of promastigote werc classified for ail
three spccies of Leishmania. The size criteria [or each species and promastigote
morphotype are shown in Table 3.1 while light micrographs of the different forms of
each species and the relationship between the different promastigote morphotypes
and their appearance in in vitro cultures are demonstrated in Figures 3.4-3.6. The
overall changes were very similar with each of the three species. Promastigotes with

rounded cell bodies (morphotype 1) predominated in early-log phase and were
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Species/Type

Morphotype 1

Morphotype 2

Morphotype 3

L. mexicana

L. panamensis

L. major

Tablc 3.1:

in vitro cultwres of 7. mexicana, L. panamensis and L. major. Measurements of

Giemsa-stained promastigoles were made using a calibrated eye piece graticule by

225 pm wide
<125 um long

22-5 pm wide
<625 jum long

2 2-5 wm wide
<10 pm long

bright ficld microscopy at x1000.

< 2-5 um wide
> 12-5 um long

<2-5 um wide
> 6-25 um long

<2-5 um wide
> 10 pm long

< 2-5 um wide
<12-5 pm long

< 2-5 pm wide
< 6:25 um long

< 2-5 nm wide
<10 wm long

Size criteria of the three main promastigote morphotypes identified in
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Figure 3.4:  Growth and morphological development of L. mexicana
promastigotes in in vitro culture. Light micrographs of Giemsa-stained smears of L.
mexicana promastigotes (A) demonstrating the three different morphotypes and their
proportions (C): morphotype 1 promastigotes, closed bars; morphotype 2
promastigotes striped bars; morphotype 3 promastigotes, open bars at different
phases of growih of a typical promastigote culture (B): Each promastigote
morphotype was characterised by its body length and breadth measurements in
Giemsa-stained smears, the definitions of which are outlined in Table 3.1. One

hundred promastigotes were examined for each daily sample from each culture.
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Figure 3.5: Growth and morphological development of L. panamensis
promastigotes in ir vifro culture. Light micrographs of Giemsa-stained smears of L.
panamensis promastigotes (A) demonstrating the three different morphotypes and
their proportions (C): morphotype | promastigotes, closed bars; morphotype 2
promastigotes striped bars; morphotype 3 promastigotes, open bars at different
phases of growth of a typical promastigote culture (B): Each promastigote
morphotype was characterised by its body length and breadth measurements in

(Giemsa-stained smears, the definitions of which are outlined in Table 3.1. One

hundred promastigotes were examined for each daily sample from each culture.
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Figure 3.6:  Growth and morphological development of L. major promastigotes in
in vitro culture. Light micrographs of Giemsa-stained smears of L. major
promastigotes (A) demonstrating the three different morphotypes and their
propartions {C): morphotype 1 promastigotes, closed bars; morphotype 2
promastigotes striped bars; morphotype 3 promastigotes, open bars at different
phases of growth of a typical promastigote culture (B): Each promastigote
morphotype was characterised by its hody length and breadth measurements in
Giemsa-stained smears, the definitions of which are outlined in Table 3.1. One

hundred promastigotes were examined for each daily sample from each culture.
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gradually replaced by longer, more siender promastigotes (morphotype 2) which
reached maximum numbers in late-log phase. These clongate promastigotes
reduced in number with the advent of stationary phase when a thicd promastigote
morphotype (morphotype 3) with a characteristic short slender cell body occurred.
Although each species produced promastigotes of all three morphotypes, there were
clear differences in lengths of equivalent morphotypes (Table 3.1). L. mexicana
promastigotes were longest whereas L. panamensis were the shortest. Promastigotes
inlermediale in size between morphotypes 1 and 2 predominated in cultures in the
mid-log phase of growth. This ‘intermediale’ (MT1) category was also defined
consisting of cells greater than or equal to 2-5 um wide but also greater than 6-2 pm,
10-0 pm or 12-3 um long for L. panamensis, L. major aud L. mexicana, respectively.
To investigate more fully the apparent differences in morphology of
promastigotes of L. mexicana in eaily-log phase, late-log phase and stationary phase
cultures, a quantitative analysis of their cell body lengths and widths was performed
from Giemsa-stained smears. Figure 3.7 illustrates the frequency distribution of
promastigote body lengths and breadths ohserved in a typical culture of L. mexicana
produced trom each of the growth phases. In the expertment presented, which is
typical of many analysed but was at sub-passage 15, the mean promastigotc body
lengths and widths of these three populations were 8.3 units (10-4 pm) x 2-0 units
(2-5 pm), 13-3 units (16-6 pm) x 1-5 units (1.9 pm) and 10-7 units (137 pm) x 14
units (1-8 pm), respectively. When another stationary phase culture of lower sub-
passage (SP6), which contained a higher proportion of metacyclic-like cells, was
assessed the mean body length and width were reduced to 7-9 units (9-9 jam) and 1-1
units (1-4 pm), respectively. A comparison of the frequency distribution of the two

stationary phase cuitures is shown in Figure 3.8.
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Figure 3.7:  Comparison of the body lengths and breadths of L. mexicana

promastigotes in different phases of the in vitro growth cyele: A, early-log phase (day

1); B, late-log phase (day 4); C, stationary phasc (day 6). Promastigotcs in the mid- to

late-log phase of growth wete initiated into complete HOMEM medium at 5x10° ml’

and allowed to progress until the stationary phase of growtlr. Cell counts and Giemsa-

stained smeats were produced daily to maonitor growth and morphology. One hundred

promastigotes were measured for each group. Each unit = 1.25 um.
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Figure 3.8:  Comparison of the frequency distributions of promastigote body
lengths and widths of two stationary phase cultures of L. mexicana. The culture
represented by the open bars contained a higher proportion of metacyclic-like
promastigotes than that represented by the closed bars. One hundred promastigotcs

were measured for each culture.
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Promastigotes which morphologically resemble the three main promastigote
morphotypes (MT1, MT2 and MT3) have been identified in the alimentary tract of
infected sandflies. Promastigotes classified in the morphotype 1 category are similar
to those described in early sandfly infections, rapidly multiplying within the blood
meal in the peritrophic membrane, Morphotype 2 forms of L. mexicana and L.
mujor are similar to the promastigotes of suprapylarian species that multiply within
the midgut of the sandfly and attach, via their flagella, to the microvilli. Such forms
have not been described from studics of sandflies infected with 7. panamensis. An
equivalent stage is thought to be located attached to the chitinous lining of the
hindgut. The slender morphotype 2 culture forms of L. panamensis could be
hiochemical equivalents of these hindgut forms. Unfortunately the precise nature of
these forms remains unknown, although they have been described as spatulate like.
Such forms were not however obtained under any of the in vifro conditions used in
my experiments. Morphotype 3 promastigotes of L. mexicana and L. major are
thought to represent the infective metacyclic promastigotes, a morphologically and
biochemically distinct promastigote stage which has yet to be defined for Z.
panamensis although is presumed to exist. Stationary phase cultures of L.
panamensis contained promastigotes of two main morphologies: small bodied celis
with long flagella and large, rounded bodied cells also with long flagella. Both of
these resemble the morphological deseriptions of the promastigotes identified in
stationary phase cultures of L. braziliensis [Almeida ef al., 1993]. The latter of
these two forms in cultures of L. panamensis was present in large amounts in late~
log/early stationary phase cultures and decreased when promastigote densities began
to decline (late stationary phase/decline phase). The proportion of small bodied

promastigotes increased at this time and were therefore classified as morphotype 3
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promastigotes of this species. Since the rounded promastigotes which occurred in
late-log/early stationary phase cultures never outnumbered other morphotypes they

were not investigated further.

3.2 Medium esmolarity

Promastigote morphology is known to alter depending upon the ostnolarity
of the swrounding medium [reviewed by Blum, 1996]. To test whether this could
be a contributing factor to the observed morphological changes, media samples were
taken from cultures of L. panamensis promastligotes on different days and analysed
for osmolarity after removal of cells by centrifugation. The results are shown in
Table 3.2. Dilution of fresh medium with distilled, deionised water gave readings
expected for 2- and 4-fold dilutions, that is approximately a half and a quarter that of
the stock solution, respectively. The osmolarity was very similar in all the media
samples tested, fresh medinm and spent medium from cultures at early-log phase
through to late-log/early stationary phase of growth. Thus, the different
promastigote forms of L. panamensis which occur during growth in /n vifre culture

are not simply brought about by changes in medium osmoiarity.

33 Stage-Specific Characteristics

To determine whether the three different promastigote morphotypes of L.
mexicana and L. panamensis were biochemically distinct, and if so to identify
features which are characteristic of each, various properties were analysed. The
studies were undertaken on populations of promastigotes which were not

homogeneous but which were judged by eye to contain a very large proportion of
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Medium Osmolarity (mmol/kg)
Fresh HOMEM with 10% FCS 329 +£23
Fresh HOMEM with 10% FCS, diluted 2 fold 159+ 1-5
Fresh HOMEM with 10% FCS, diluted 4 fold 78 £ 1.7
Spent HOMEM, Day 1 33626
Spent HOMEM, Day 2 328+ 64
Spent HOMEM, Day 3 33023
Spent HOMEM, Day 5 320+ 2.0
Table 3.2: Measurement of fresh and spent medium osmolarity during growth of

L. panamensis promasligotes in vitro. Spent medium samples were harvested from
a routine culture by centrifugation on the days stated. Each sample was analysed
three times and the means + S.D. are presented.

Species / Cell Type Protein / 108 cells (mg)

L. mexicana

Morphotype | promastigotes 0-58 +0-12 (2)

Morphotype 2 promastigotes 0-65 +0-03 (2)

Morphotype 3 promastigotes 0-51 £0-06 (3)

Axenic amastigotes 0-20 £0-02 (3)

L. panamensis

Morphotype | promastigotes 047+011(2)

Morphotype 2 promastigotes 0-44 +0.08 (2)

Morphotype 3 promastigotes 0-48 £ 0-08 (2)

Table 3.3: Protein content of whole cell homogenates of cach promastigote

morphotype of L. mexicana and L. panamensis and axenic amastigotes of L. mexicana.
Protein content is presented as milligrams per 108 cells as estimated using the Pierce
BCA kit. Samplc concentrations werc calculated by comparison with a standard curve
constructed using the supplied solution of bovine scrum albumin. The numbers in

parenthesis indicate the number of cell pellets anaiysed.



the appropriate promastigote morphotype. This approach was unaveidable as
methods for separating the individual morphotypes were not available. As the main
aim was to identify positive characteristics of each form, the use of enriched
populations was satisfactory if not ideal.

Morphotype 1 promastigotes consisted of early-log phase promastigotes
harvested approximately 24 hours subsequent to inoculation at 5x10° m!". Cultures
set up in an identical fashion but left until day 3/4 of growth when promastigotes
were in the late-log phase of growth were representative of morphotype 2 forms.
Biochemical studies carried out on promastigotes of morphotype 3 were more
specifically on stationary phase cells of low sub-passage (less than 10) grown in
complete HOMEM medium. The proportions of each promastigote form in a typical
culture of L. mexicana and L. panamensis as assessed from Giemsa-stained smears

prepared daily are detailed in Figures 3.4C and 3.5C, respectively.

3.3.1 Protein content

The total protein content of the different promastigote morphotypes of L.
panamensis and L. mexicana and axemc amastigotes of L. mexicana are presented in
Table 3.3. The protein content remained reiatively constant dwwing 2. paramensis
promastigote growth in vitro with all morphoyypes containing ca. 0-44-0-48 mg
protein 10°% cells™. In contrast, the protein content of 7. mexicana promastigotes
differed depending on the promastigote morphotype examined. Morphotype 3
promastigotes contained the least amount of protein, 0-51 mg protein 10° celis™,
while morphotype 2s contained the most, 0-65 mg protein 10° cells'. Morphotype 1
promastigotes were intermediate between the other two morphotypes and contained

0-58 mg protein 10° cells”. Axenic amastigotes of Z. mexicana contained 0-2 mg
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protein 10° cells, approximately one third that of promastigotes.

332 Protein Profiles
3.3.2.1 SDS-PAGE analysis

Coomassie stained protein profiles of the different promastigote
morphotypes of L. mexicana and L. panamensis were compared following protein
separation by SDS-PAGE (Figure 3.9). Supernatant and pellet fractions of cells
lysed by aspiration of frozen cell pellets with 0-25% (v/v) Triton X-100 were
analysed separately and whole cell lysates were not examined.

When equal numbers of promastigotes were compared, it was consistantly
found that the different samples varied in terms of the overall amount of protein they
contained {(not shown). Supernatant lysates of both species and pellet lysates of L.
mexicana promastigotes followed a similar trend; morphotype 1 promastigotes
produced much more intensely stained profiles than either of the other two forms,
while morphotype 2 promastigotes gave banding intensity intermediate belween
morphotypes I and 3. This indicates that morphotype 1 promastigotes contained
higher quantities of soiuble proteins than promastigote morphotypes 2 or 3 while
morphotype 3 promastigotes contained the lowest amounts. A cocktail of proteinase
inhibitors was included during cell lysis, so the differences observed were uniikely
to have been due to differential proteolysis. The same resuit was observed for L.
mexicana insoluble proteins. L. panamensis pellet {ractions produced a different
gradation of staining intensity. The resuits indicated that morphotype 2
promastigotes contained larger quantities of inseluble proteins than promastigote
morphotypes 1 or 3 and that morphotype 3 promastigotes contained intermediate

amounts.
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Figure 3.9: Protein profiles of L. mexicana (panel A) and L. panamensis (panel B)
in vitro promastigote forms. Panel A, lanes 1-3 contain soluble extracts of L.
mexicana promastigote morphotypes 1, 2 and 3, respectively, and lanes 4-6 are
pellet extracts, in the same order. Each lane contains the equivalent of 10’
promastigotes, except for lane 1 which contains 2-5x10° promastigotes. Panel B
contains L. panamensis promastigotes, sample identities as for panel A. Each lane
contains the equivalent of 107 promastigotes, except for lane 5 which contains 5x10°
promastigotes. The positions of molecular mass standards are indicated. For an

explanation of differential loading and labelled bands refer to section 3.3.2.
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Comparisons of individual protein bands could be made more easily by
analysing unequal numbers of promastigotes (sec Figure 3.9), In general and as
expected, the protein profiles of the three promastigote morphotypes of L. mexicana
were rather similar. However, several proteins appeared (o vary quantitatively when
the profiles were compared. Most of these changes followed a similar trend,
morphotype 1 promastigotes containing the largest amounts and morphotype 3s the
smallest - which reflects the ditferences in soluble protein content of the three
stages. Four of the most prominent bands which changed in this way are labelled on
the Figure (panel A, lanc 1): A (ca. 43 kDa), B (ca. 40 kDa), C (ca. 38 kDa) and D
{ca. 36 kDa). In contrast, at least three protein bands appeared to be most abundant
in morphotype 2 promastigotes (£, ca. 60 kDa; I, ca. 42 kDa and G, ca. 37 kDa).
Pellet lysates of L. mexicana also produced very similar protein profiles but again
quantitative variations in individual protein bands were observed. The most obvious
change was in one protein band of approximately 46 kDa in size (H). This protein
was present in similar amounts i promastigotc morphotypes 1 and 2 but the
quantity was significantly reduced in morphotype 3 forms. Two other insoluble
proteins, labelied I (ca. 39 kDa) and J (ca. 38 kDa), appeared {o undergo some
regilation in the different promastigote forms. A larger amount of I was present in
morphotype 2 promastigotes than in either of the other two promastigote forms,
while J was most abundant in morphotype 1 promastigotes.

The protein profiles of L. panamensis promastigotes were much more similar
than those of L. mexicana and are shown in Figure 3.9 (panel B). No clear-cut
changes in proteins that occurred during in viire growth were identified by the

procedure used.




3.3.2.2 Stage-specific protein synthesis

Promastigotes of L. mexicana and L. panamensis in different phases of the in
vitro growth cycle and axenic amastigotes of L. mexicana were incubated with
radioactive methionine in an atienypt to demonstrate stage-specific protein synthesis.
Radioactively-labelled cell pellels were Iysed in the presence of proteinase inhibitors
and separated into supernatant and pellet fractions by centrifugation, each fraction
was analysed by SDS-PAGE. Whole cell lysates were not investigated.

The results showed that there were clear differences in the overall quantity of
methionine-containing proteins being synthesized in the different forms of L.
mexicana during the 2 howr incubation period. These differences were reflected in
the intensity of the signal detected in autoradiographs (not shown). Supernatant
fractions of morphotype 1 promastigotcs consistantly cxhibited much higher
quantities of radioactivity than equivalent fractions of the other two forms, while
pellet fractions of promastigote morphotypes 1 and 2 separated by SDS-PAGE gave
autoradiograph profiles which were similar in intensity. Morphotype 3 pellet
fractions gave more intense banding profiles than similar fractions of the other two
forms. Profiles of the various promastigote forms of . panamensis were much
more consistant in terms of the strength of the radioactive signal detected, although
the pellet fraction of morphotype 2 promastigotes incorporated a higher quantity of
radioactivity than cither fraction of the other two forms, suggesting a higher level of
synthesis of membrane-associated protein in these promastigotes.

The results of a preliminary experiment which compared synthesis of sofuble
proteins by promastigoie morphotypes 1 and 2 of .. mexicana are shown in Figure
3.10. Each lane contained equivalent cell numbers, demonstrating the difference in

amount of protein synthesis by these two promastigote stages. Comparison of
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Figure 3.10: Protein synthesis in L. mexicana morphotype 1 (lane 1) and morphotype
2 (lane 2) promastigotes. Autoradiograph demonstrating *°S-methionine labelled
proteins in supernatant fractions of early-log (morphotype 1) and late-log (morphotype
2) phase promastigotes. Both lanes contain the equivalent of 10° cells. Closed arrows
mark the positions of molecular mass standards while the open arrow labels the most

prominant differentially expressed protein.
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individual protein bands of this species, following separation by SDS-PAGE,
revealed at least one protein (arrowed), of ca. 80 kDa, which was produced in larger
quantities by morphotype 2 forms than by morphotype 1s. The other prominant
bands appeared to be synthesised by both stages, although in greater amounts by
morphotype 1 promastigotes.

Subsequent experiments were carried out to compare protein synthesis by
promastigote morphotypes 1, 2 and 3 of L. panamensis and morphotypes 2 and 3
and axenic amastigotes of L. mexicana. Unequal cell numbers were loaded in order
to produce relatively balanced profiles thereby permitted comparison of individual
protein bands. The results are presented in Figure 3.11. Although very similar
protein profiles were exhibited for all threc promastigote forms of the same specics,
various changes in expressed proteins oceurred during growth and development of
promastigotes in iz vitro culture. The most significant differences are labelled.
Comparison of soluble protein profiles of L. mexicana promastigote morphotypes 2
and 3 identified that the main diffcrences were quantitative, most proteins being
produced in greater quantities in morphotype 3 promastigotes (compare lanes 1 and
2, panel A). Transformation of morphotype 3 promastigotes to axenic amastigotes
resulted in several changes in protein synthesis as identified by this procedure
(compare lane 3 with 2, panel A). The changes which were detected were
principally apparcntly quantitative, most proteins being synthesised in lesser
quantilies in axenic amastigote than in morphotype 3 promastigotes (despite loading
10 times as many amastigotes). However, two proteins, (C, ca. 78 kDa; D, ca. 33
kDa) were detected in higher quantities in axenic amastigote samples than in
morphotype 3 promastigote samples while two others were present in relatively

equivalent amounts (A, ca. 98 kDa and B, ca, 90 kDa).
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Figure 3.11: Stage-specific protein synthesis. Autoradiographs demonstrating *S-
methionine-labelled protein profiles of supernatant fractions of L. mexicana
promastigote morphotypes 2 and 3 (panel A, lanes 1 and 2, respectively) and L.
panamensis promastigote morphotypes 1, 2 and 3 (panel A, lanes 4, 5 and 6,
respectively) and axenically cultivated amastigotes of L. mexicana (panel A, lane 3).
The volume of lysate was adjusted to allow comparison of proteins in the different
forms. Lanes 1, 2, 4, 5 and 6 contain the equivalent of 10° cells, while lane 3 contains
107 cells. Radioactively labelled pellet fractions of thc same samples in the same order
(lanes 2, 3, 4, 5, 6 and 7) but preceded by early-log phase promastigotes of L. mexicana
{lane 1) are presenied in panel B. Lane 1 contains the equivalent of 2.5x10° cells, lanes
2, 3, 5, and 7 the equivalent of 10° cells, lane 3, 107 cells and lane 6, 5x10° cclls. The
positions of molecular mass standards are indicated, Protcin bands of particular interest

are marked (A-D).
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When synthesis of insoluble proteins of L. mexicana promastigotes was
compared it was clear that most differences again were apparently quantitative
(Figure 3.11, panel B). Morphotype 1 promastigotes synthesised greater quantities
of most of the detectable proteins than did the other two forms. Morphotype 2
promastigotes contained lowest amounts, Axenic amastigotes produced a very
weakly stained profile, indicating that insoluble proteins were synthesised in smaller
quantities than soluble protcins. When insoluble proteins of axenic amastigotes and
promastigotes were compared it was found that many of the most abundant proteins
were common to both stages.

Examination of methionine-containing proteins synthesised by L. panamensis
promastigotes detected differential expression of several proteins during in vitro growth
(Figure 3.11, panel A lanes 4-6 and panel B lanes 5-7). Two soluble proteins were
notably different (panel A). Protein E (ca. 150 kDa), was synthesised in greater
quantities by morphotype 2 promastigotes than morphotypes 1 and 3, while protein F
(ca. 115 kDa), was produced in larger amounts by morphotype 1 promastigotes than
either of the other two promastigote forms. Synthesis of membrane bound proteins
(panel B), those retained in the pellet fraction, of promastigote morphotypes 2 and 3
were comparabie. Morphotype 1 promastigotes, however, produced two proteins in
patticular in greater quantities than the other two forms, These are labelled G and H and
were ca, 113 klDa and 112 kDa in size, respectively. One smaller protein (I, ca. 90 kDa),
was notably synthesised in larger amounts by morphotype 2 forms than by morphotypes

1 or3.
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3.3.2.3 Western blotting analysis
3.3.23.1 Antibodies raised to whoie cell homogenates of L. mexicana

The antisera which were raised in rabbits against whole cell homogenates of
promastigote morphotypes 1, 2 and 3 of L. mexicana were used to probe soluble extracts
of each of these stages following separation by SDS-PAGE. Exampies of the
recognition profiles for each stage are shown in Figure 3.12, Pre-immune sera detected
no background bands and are therefore not presented. Each immune-serum recognized
a similar array of molecules in all three of the promastigote forms. When profiles were
compared no molecules were identified which were clearly specific to one of the
promastigotes morphotypes. The banding profiles produced from probing morphotype
1 and morphotype 2 promastigotes with serum raised against morphotype 1
promastigotes were very similar (panel A, lanes 1 and 2), although at least three
molecules appeared to be present in larger quantities in morphotype 2 promastigotes
than in morphotype 1 promastigotes while two different proteins were more abundant in
morphotype 1 lysates. Fewer molecules were detected in soluble lysates of morphotype
3 promastigotes with the same immunc-serum (panel A, lane 3), however those bands
which were rccognised were also prescnt in the other iwo forms. The antiserum raised
against morphotype 2 promastigotes {panel B) recognised similar but distinct profiles to
that detected with the morphotype 1 antiserum (panel A). None of the high mobility
bands (< 45 kDa) which were detected in promastigote morphotypes 1 and 2 with anti-
morphotype 1 antiserum were recognised while some of the lower mobility bands
(> 97 kDa) present in morphotype 2 and morphotype 3 promastigotes appeured to be
absent in morphotype 1 forms. In addition, a number of molecules (45-66 kDa)
recognised by the serum raised against morphotype 2 promastigotes appeared to be

differentially expressed in the different promastigote morphotypes. A larger munber of
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Figure 3.12: Western blots of L. mexicana promastigote soluble lysates

probed with antisera raised in rabbits against each of the different promastigote
morphotypes. Reduced and denatured soluble lysates of morphotype 1 (lane 1),
morphotype 2 (lane 2) and morphotype 3 (lane 3) promastigotes were probed
with anti-morphotype 1 (panel A), anti-morphotype 2 (panel B) and
anti-morphotype 3 (panel C) antisera. Each lane contains the equivalent of

10 promastigotes and the positions of molecular mass standards are indicated.
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bands in this size range were detected in morphotype 3 promastigotes (panel B, lane 3)
than in either of the other two forms (panel B, lanes 1 and 2). An intermediate quantity
were present in morphotype 2 promastigotes. Anti-morphotype 2 serum detected only
one molecule, of approximately 66 kDa, in morphotype 1 promastigotes which did not
appear o be present, or 1f present was at considerably lower quantities, in promastigotes
of morphotypes 2 or 3. Antiserum which was raised against the morphotype 3
promastigote stages of L. mexicana (panel C) recognised fewer molecules in all of the
three stages than either of the other two antisera, however, the most prominant bands
detected were also recognised by the anti-morphotype 1 and anti-inorphotype 2 immune
sera.

Generation of partiaily stage-specific antisera was attempted by reacting
soluble extracts of promastigotes rich in each morphotype with the antisera generated in
rabbits. Based on a preliminary cxperiment with promastigotes of morphotypes 1 and 2,
a 1:100 dilution of immune serum with promastigote lysate supernatant (10° cefls mi™")
was sufficient to remove the majority of common antigens (not shown). Supernatant
lysates of each promastigole morphotype were probed following SDS-PAGE with
antisera generated from the reaction of each antigen type with a different serum type.
The results are shown in Figure 3.13. Molecules were only detected when lysates were
probed with serum originating from morphotype 3 antiserum (paneis E and F). A
doublet of approximately 47 and 50 kDa was detected by serum raised against
morphotype 3 promastigotes which had been modified to remove antibodies to antigens

which were also present in promastigotes of morphotypes 1 and 2.
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Figure 3.13: Western blots of L. mexicana promastigote soluble lysates
probed with partially stage-specific antisera. Reduced and denatured soluble
lysates of morphotype 1 (lanes 1), morphotype 2 (lanes 2) and morphotype 3
(lanes 3) promastigotes were probed on Western blots with antisera which
were raised in rabbits against each of the different promastigote morphotypes
(MT) which had undergone subsequent modification by antigen-antibody
complexing: panel A, anti-(MT2+anti-MT1); panel B, anti-(MT3+anti-MT1);
panel C, anti-(MT 1+anti-MT2); panel D, anti(MT3+anti-MT2); panel E,
anti-(MT1+anti-MT3); panel F, anti-(MT2+anti-MT3). Partially stage-specific
antisera were produced as follows. Supernatant lysates of each promastigote
morphotype (lysed at 10° ml"! and separated by centrifugation at 3,000 g

for 10 minutes) were vigorously shaken overnight in the presence of the
different antisera in the ratio 99:1. Complexes were removed by centrifugation
and the supernatants used to probe Western blots. Each lane contains the
equivalent of 10° cells and the positions of molecular mass standards are

indicated.
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3.3.2.3.2 Antibodies raised to cysteine proteinases of L. mexicana

Auntibodies raised against threc cysteine proieinases (CPs) of L. mexicana were
used to probe soluble samples of the three promastigote morphotypes of L. panamensis
and L. mexicana and lesion amastigotes of L. mexicana. These enzymes exhibit stage
regulation in L. mexicana [reviewed by Coombs and Mottram, 1997} and have been
previously studied in log-phase promastigotes, metacyclics and amastigotes. Their
occurrence in relation to the three promastigote morphotypes which occur i vitro (other
than morphotype 3/metacyclic forms of L. mexicana) had not yet been studied for either

L. mexicana or L. panamensis,

3.3.2.3.2.1 Anti-cpb antisera

Soluble extracts of L. mexicana and L. panamensis promastigotes and lesion
amastigotes of L. mexicana were probed using Western blotting techniques with antisera
which had been raised in rabbits against the reduced and denatured forms of Type T CPs
(cncoded by the cpb gene array) of L. mexicana [Robertson and Coombs, 1994],
Figures 3.14 and 3.15 show the data with two different antisera (anti-type B enzyme aund
and anti-type C enzyme). The immune antiscra (panels B) reacted similarly although
different bands were detected by pre-imunune sera (panels A). The immune antisera
detected two proteins (24 and 27 kDa) in lesion amastigotc samples of L. mexicana
which werc not recognised by pre-immune sera. The predominant molecule recognised
in amastigotes (about 24 kDa) was also detected in morphotype 3 promastigotes
together with a protein of marginally higher mobility. The antisera failed to recognise
any of these proteins in extracts of the other two promastigote morphotypes.

Extracts of L. panamensis promastigotes were prabed in Western blots with the

same antisera (Figores, 3.14 and 3.15). No proteins of equivalent molecular mass to
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Figure 3.14 (top): Western blot of various promastigote forms of L. mexicana
(lanes 1-3) and L. parnamensis (lanes 5-7) promastigotes and of L. mexicana lesion
amastigotes (lane 4) probed with anti-type B CP antiserum (panel B): lanes 1 & S,
morphotype 1 promastigotes; lancs 2 & 6, morphotype 2 promastigotes; lanes 3 & 7,
morphotype 3 promastigotes, Each lane was loaded with the equivalent of 107 cells.

Panel A was probed in parallel with pre-immune serum.

Figure 3.15 (middle): Western blot of various promastigote forms of L. mexicana
(lanes 1-3) and L. panamensis (lancs 6-8) promastigotes and of L. mexicanu lesion
amastigotes (lane 4) probed with anti-type C CP antiserum (panel B): lanes 1 & 6,
morphotype 1 promastigotes; lanes 2 & 7, morphotype 2 promastigotes; lanes 3 & 8
morphotype 3 promastigotes; lane 5 contains no sample. Each lane was loaded with

the equivalent of 107 cells. Panel A was probed in parallel with pre-immune serum.

Figure 3.16 (bottom): Western blot of various promastigote forms of L. mexicana
(lanes 1-3) and L. panamensis (lanes 5-7) promastigotes and of L. mexicana lesion
amastigotes (lanc 4) probed with antisera raised against the mature domain of Type
II CP of L. mexicana (panel B): lanes 1 & 5, morphotype 1 promastigotes; lanes 2 &
6, morphotype 2 promastigotes; lanes 3 & 7, morphotype 3 promastigotes. Each
lane was loaded with the equivalent of 107 cells. Panel A was probed in parallel
with pre-immune serum.
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those specifically detected in L. mexicana were detected in any of the three promastigote
forms. However, two bands of higher mobility (between 14 and 24 kDa) were
recognised by anti-type B CP antiserum (Figure 3.14, panel B) on one occasion. These
were at a higher level in morphotype 1 promastigotes than in morphotype 2s.

Morphotype 3 promastigotes contained lowest levels.

3.3.2.3.2.2 Anti-cpa antisera

Soluble extracts of L. mexicana and L. panamensis promastigote morphotypes 1,
2 and 3 and lesion amastigotes of L. mexicana were probed with antisera raised against
the Type II CPs mature domain of L. mexicana [Mottram et al., 1992] following
separation by SDS-PAGE and blotting onto nitrocellulose (Figure 3.16). Pre-immune
sera detected background bands (panct A). The immune antisera recognised two
additional protein bands, 24 kDa and 27 kDa, in all thrce promastigote forms and
puritied lesion amastigotes of L. mexicana. Both proteins were present in equal
amounts in lesion amastigotes but in all promastigote forms the 24 kDa band
predominated. Morphotype 1 promastigotes contained considerably reduced amounts,
while lesion amastigotes contained more of both proteins than did the other two
promastigote forms.

The antisera failed to recognise proteins of equivalent sizes (24 kDa and 27 kDa)
in L. panamensis promastigotes, although 2 bands of higher mobility (between 14-24
kDas) were deiected (Figure 3.16). These were both at higher levels in morphotype 1
promastigotes than in morphotypes 2 and 3, the latter promastigote form containing the

least,
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3.3.2.3.3 Antibedies raised to gp63

Parasite lysates at 10° ml”, were obtained by aspiration of frozen cell pellets
with 0-25% (v/v) chiiled Triton X-100 containing a cocktail of proteinase inhibitors.
The homogenates were then separated by centrifugation at 3,000 g for 10 minutes at
room temperature using a microfuge o partially and crudely isolate membrane
{pellet fractions) and cytosolic (supernatant fractions) components. The monoclonal
antibody 235 {Wallace and McMasters, 1987] failed to recognise any proteins in
Western blots of either extracts of L. panamensis promastigotes (not shown).
However, a signal was detected in lysates of L. mexicana promastigotes and crudely
harvested lesion amastigotes after identical treatment (Figure 3.17). This signal
consisted of a doublet banding pattem at approximately 66 kDa molecular mass in
promastigotes and a more complex series of bands in amastigotes. The majority of
signal was confined to the particulate fraction of lysates of both amastigote and
promastigote stages, although it was also detected in the soluble fraction.
Comparison of the abundance of the protein (assuming that signal strength was
directly proportional to protein quantity) identified that the quantities varied
depending on the promastigote morphotype as well as the nature of the sample
analysed. The largest and smallest quantities were detected in insoluble extracts of
promastigotes of morphotypes | and 2, respectively, while soluble extracts of
promastigotes of morphotypes 2 and 3 contained highest and lowest amounts,
respectively.

The same antibody recognised a mumber of bands in a crudely harvested
pellet of lesion amastigoteS.- The most intense signal was emitted by a doublet
{ca. 58 and 60 kDa) slightly smaller in molecular mass than the promastigote bands.

These proteins are clearly distinguishable in soluble extracts. At least another two

148



Figure 3.17: Western blot of L. mexicana promastigote and lesion
amastigote pellet and supernatant lysates probed with the mab 235 raised
against gp63. Supernatant samples of morphotype 1 promastigotes

(lane 1), morphotype 2 promastigotes (lane 2), morphotype 3 promastigotes
(lane 3) and crudely harvested amastigotes (lane 4). Pellet samples of the
same lysates are loaded in lanes 5-8. The positions of molecular mass

standards are indicated.
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faster moving bands were recognised as well as some slower ones. All were present
in larger amounis in the particulate fraction thau in the sotuble fraction. Only one of
these proteins (ca. 43 kDa) failed to be recognised when a purified lesion amastigote

lysate was probed (not shown).

3.33 Proteinases

The protetnases of L. mexicana log-phase and stationary promastigotes and
amastigotes have been studied and characterised in depth. The results of this study
confirm and expand upon proteinase data previously published [Bates et al., 1994
on these forms and are shown in Figure 3.18. The proteinases of early-log phase
promastigotes (morphotype 1) in addition to comparison of incubation length
(1-5 hours and 2-5 hours, panels A and B, respectively) are also presentied here.
Amastigotes exhibited multiple proteinases, the most active of which were between
22-24 kDa molecular mass. Several lower mobility bands ranging from 24 kiDa-60
kDa were also active. A third group of bands in the size range 70-100 kDa was also
detected. Morphotype 3 promastigotes exhibited a slightly different banding profile
{rom amastigotes including a proteinase thought to be metacyelic specific
(ca. 21 kDa) [Robertson and Coombs, 1992]. This band was also present in soluble
lysates of morphotype 2 promastigotes. perhaps indicating the presence of some
metacyclic forms. I[n general, the proteinase profiles of promastigote morphotypes 2
and 3 were very similar, although the enzymes were less active in morphotype 2s.
Marphotype 1 promastigotes exhibiled the lowest proteinase activity of all four life-
cycle stages investigated. Only the low mobility bands (70-100 kDa) were detected
in gels where gelatin hydrolysis was pexmitted for 1-5 hours. When this incubation

was lengthened to 2-5 hours, proteinases of higher molecular mass (between 24-60
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Figure 3.18: Gelatin SDS-PAGE analysis of supernatant extracts of purified
lesion amastigotes and the various promastigote forms of L. mexicana: lanes 1,
morphotype 1 promastigotes; lanes 2, morphotype 2 promastigotes; lanes 3,
morphotype 3 promastigotes; lanes 4, lesion amastigotes. Gels A and B were
incubated for 1-5 hours and 2'5 hours, respectively, with sodium acetate buffer
pH 55 including 1| mM DTT at 37°C. Each lane contains the equivalent of 107

cells. The positions of molecular mass standards are indicated.

Figure 3.19: Gelatin SDS-PAGE analysis of stationary phase promastigotes of

L. panamensis grown in HOMEM, pH 7-0 (odd numbered lanes) and SDM pH 5:5
(even numbered lanes) and comparison of incubation buffers. The following
buffers were used: glycine, pH 3-5 (lanes 1 and 2); tris pH 8'5 (lanes 3 and 4);
hydrogen borate, pH 8:5 (lanes 5 and 6). Each lane was loaded with the equivalent

of 6x10° promastigotes. The positions of molecular mass standards are indicated.



kDa) were also detected.

As many as 6 proteinascs (between 66-90 kDa) were detected in soluble
tysates of L. panamensis promastigotes by gelatin SDS-PAGE. However, some of
these activities proved variable and were not always detected. A variety of buffers
within the pH range 3-5-9-5 were tested in order to determine the pH optimum of
these enzyme activities towards gelatin in stationary plase promastigotes grown in
complete HOMEM medium at neutral pH and complete SDM medium at pIT 5-5.
The results with buffers which permitted highest proteinase activities are presented
in Figure 3.19. Glycine buffer at pH 3-5 and hydrogen borate (H,BO,) or Tris at
pH 8-5 gave the most active profiles in promastigotes grown in both media.
Interestingly, differcnces in proteinase activity were detected between the stationary
phase promastigoie populations which were cultivated in the two different media
(discussed below). All subsequent proteinase gels were incubated with H,BQ, at
pH 8-5.

The proteinase profiles of soluble lysates of the three different promastigote
morphotypes of L. panamensis grown in HOMEM medium pH 7-0 were compared
by gelatin SDS-PAGE (Figure 3.20). No stage-specitic proteinases were identified.
However, growth of L. panamensis promastigotes in medium developed 1o
maximise the numbers of metlacyclics (morphotype 3 promastigotes) in L. mexicana
cultures (complete SDM medium) resulted in a gradation of cnzyme activities, those
of stationary phase cells (morphotype 3) being more active than late-log phase
{morphotype 2) promastigotes which were more active than promastigotes in the
early-log phase (morphotype 1) of growth (not shown). Consistant with this,
comparison of proteinases in stationary phase cells grown in these two media

detected differcnces in the activity of the enzymes (Figure 3.19). Greater gelatin
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and morphotype 3 promastigotes of L. panamensis grown in HOMEM pH 7
towards co-polymerized gelatin subsequent to electrophoresis: lane 1,
morphotype 1 promastigotes; lane 2, morphotype 2 promastigotes; lane 3,
morphotype 3 promastigotes. Each gel slice was incubated under different
conditions. Hydrogen borate buffer at pH 85 was used consistantly and
contained no additions (panel A), | mM DTT (panel B), 10 uM E-64 (panel C),
5% methanol (panel D), 1 mM PMSF (panel E) or 10 mM 1,10-phenanthroline
(panel F). Each lane was loaded with the equivalent of 107 promastigotes. The

positions of molecular mass standards are indicated.



hydrolysis was observed in stationary phase promastigotes cultured in the
metacyclic medium.

Partial characterisation of the proteinases active during growth of L.
panamensiy promastigotes in vitro was attempted using a variety of proteinase
inhibitors and dithiothreitol (DTT), an activator of cysteine proteinases (Figure
3.20). All four proteinases detected in control gels (panels A & D) were inhibited
by 1, 10-phenanthroline (panel F), an inhibitor of metallo-proteinases, while E-64
(panel C) and PMSF (panel E) had no apparent effect. One additional enzyme, of
approximately 66 kDa, was detected in all three promastigote morphotypes when
gels were incubated in the presence of 1 mM DTT (panci B). The activity was not
apparent in the absence of DTT. This is indicative of a cysteine proteinase activity.

Amastigotes of L. panamensis were obtained, for analysis of proteinase content,
by infection of J774G8 cells with statianary phase promastigotes. These cultures were
incubated at 32°C for 7 days and then harvested and analysed by substrate SDS-PAGE
following crude isolation of amastigotes (Figure 3.21). An uninfected cullure of J774s
was also analysed as a control. One proteinase activity. also detected in the three
different promastigote forms, was detected in the soluble lysate of infected cells which

was not present in uninfected macrophages.

3.3.4 Nucleases

Analysis of promastigotes and amastigotes of L. mexicana by substrate SDS-
PAGE revealed four forms of nuclease (Figure 3.22, panel A). Three of these have
been described previously: a band of apparent molecular mass 40 kDa and a doublet
of 29/31 kDa [Bates, 1994]. All were found to be active in pellets rich in

morphotype 2 promastigotes (lane 2) while only the doubiet occurred in morphotype
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Figure 3.21: Gelatin SDS-PAGE analysis of uninfected J774G8 cells (lane 1),
L. panamensis amastigotes crudely isolated from J774G8 cells (lane 2) and
morphotype | promastigotes of L. panamensis (lane 3). Lanes containing
parasites were loaded with the equivalent of 5x10° cells and those with J774G8

cells, 7:6x10°. The positions of molecular mass standards are indicated.
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Figure 3.22: Analysis of nuclease profiles of L. mexicana and L. panamensis
promastigote forms and lesion amastigotes of L. mexicana by substrate SDS-
PAGE. Panels A and B, lanes 1-3 contain soluble extracts of morphotype 1,
morphotype 2 and morphotype 3 promastigotes of L. mexicana and L.
panamensis, respectively. Lane 4 of panel A contains soluble lysate of purified
lesion amastigotes. Each lane was loaded with the equivalent of 107 cells. The

positions of molecular mass standards are indicated.
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3 promastigotes (lane 3) and lesion amastigotes (lane 4). Each of these doublet
bands consisted of two individual nuclease activities (four in total), in amastigotes at
least (not shown), which were distinguished when the peried allowed for digestion
was reduced. Morphotype 1 promastigotes (lane 1) exhibited a banding profile
distinct from that of any of the other stages. In addition to the 40 kDa enzyme and
the slower moving of the doublet, 31 kDa, a thitd nuclease of approximately 33 kDa
was detected. The results suggest that it is a morphotype 1 specific nuclease. The
29 kDa band was also present, but at low activity. The same 1s true of the 33 kDa
band in merphotype 2 promastigotes, perhaps reflecting the presence of some
morphotype 1 cells present in this heterogeneous population.

Soluble lysates of L. panamensis promastigotes morphotypes, 1, 2 and 3,
were also analysed for nuclease activity by substrate SDS-PAGE. The results are
shown in Figure 3.22, panel B. Three nucleases, of approximate sizes 42, 34 and 24
kDa, which had the ability to hydrolyse poly(A) under the incubation conditions
applied were detected. No stage-specific nucleases were detected and the banding
profiles, as regards activity of the nucleases, were comparable with the exception of
the 40 kDDa nuclease activity. This enzyme exhibited enhanced activity in
morphotype 1 promastigotes when compared with morphotypes 2 and 3 (compare

lane 1 with lanes 2 and 3). Iis activity in the latter two forms was similar.




3.3.5 Changes in metabolite concentrations during short term incubation

of parasites in simple media

3.3.5.1 Amino acid uptake and production by the different promastigote
morphotypes of L. mexicana and L. panamensis

One potential environmental difference experienced by the different
promastigote forms in vivo is nutrient availability. Short term incubations in
buffered saline supplemented with either glucose alone, a mixture of amino acids or
a combination of glucose and amino acids were perforimed to determine whether this
variation in the environment is reflected in differences in uptake of these nutrients
by each of the in vifro promastigote forms. Iromastigotes of both species which had
been washed three times then resuspended in simple media (buffered saline
supplemented with amino acids or glucose and amino acids) or culture medium
lacking any other additions were non-motile, however they became active aimost
immediately after the addition of whole or dialysed HIFCS. Analysis of substrate
utilisation and product formation by the three promastigote morphotypes of L.
panamensis and L. mexicana was cawried out on active promastigotes, the simple
incubation media (buffered saline with amino acids or amino acids and glucose)
containing 10% (v/v) dialysed HIFCS. Promastigotes of both species survived and
remained active during the two hour incubations in this basal medium when it was
supplemented with amino acids alone (SM 1) or amino acids and glucose (SM 2).
When no potential energy substrates were added, promastigotes were immotile at the
end of the two hour incubation period, although there was some flagella movement
in a large proportion of promastigotes. No changes in promastigote morphology

were observed during the incubations.



Although 20 amino acids were present in the amino acid mixture used
(AAM), only 12 could be quantified by the hple procedure used.
Histidine/glutamine and valine/methionine co-eluted. Of all the amino acids
detected, only lysine was inconsistant, appearing in some chromatograms and not
others. Quantitation of glycine was abandoned since glycine solutions of eguivalent
molarity, prepared and analysed at the same time, produced quite different, aithough
linear, standard curves. A different and more complicated method of pre-column
derivitization is required to detect cysteine and proline. Application of solutions of
individual amino acids allowed the designation of estimated retention times (Table
3.4) which permitted their identification in solutions containing a mixture of amino
acids. Figure 3.23 shows a typical chromatogram of the standard amino acid
solution which was used for quantitation purposes. Standard curves were produced
using the compuier programme ‘Grafit® [Leatherbarrow, 1992] for each set of
samples using freshly defrosted aliquots of the standard amino acid solution.
Examples of some typical standard curves are presented in Figure 3.24. The same
programme allowed quantitation of amino acids in pre- and post-incubation media.

The changes in amino acid concentrations during two hour incubations of
early-log (morphotype 1), late-log {morphotype 2) and stationary {morphotype 3)
phase promastigotes of L. mexicana and L. panamensis in both simple media (SM 1
and SM 2) are given in Tables 3.5 and 3.6, respectively. Analysis of pre- and post-
incubation media revealed both qualitative and quantitative differences in utilisation
and production of amino acids between the three promastigote morphotypes of .
mexicana, both in the presence and absence of glucose. A gradation of use was
observed, the largest quantities consumed by morphotype 1 promastigotes and the

smallest by morphotype 3 promastigotes. Utilisation by morphotype 2
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Amino Acid Retention Time
(minutes)
Aspartate [-9
Glutamate 2:6
Asparagine 59
Serine 7-0
Threonine 9.9
Arginine 110
Alanine 12-0
Tyrosine 13-9
Tryptophan 199
Phenylalanine 20-4
Isoleucine 20-9
Leucine 214

Table 3.4: Typical retention times for amino acids separated by hplc.
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Tigure 3.23: A typical chromatogram demonstrating separation of amino acids

by hple.
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INITIAL SM 1 INITIAL SM 2
AMINO ACID CONC. Changes over 2 hours CONC. Changes over 2 hours
pM MT1 MT2 MT3 uM MT1 MT2 MT3
ASPARTATE 113£23 99+ 1 -62 £ 15 30+ 4 109 £ 27 -99x 1 67+ 1 —25+13
GLUTAMATE 118+ 9 98+ 3 -60+19 ~20+ § 107+ 9 -98+ 2 -65+ 2 28+ 8
ASPARAGINE 89+ 14 98+ 2 —45+15 ~20% 3 85%& 5 98+ 2 53+ 2 -16+ 7
SERINE 116 + 11 97t 4 —67+16 20+ 7 106+ 14 91+ 14 —04+ 14 -5+ 5
THREONINE 217£23 -83+ 5 —21+12 -9+ 7 192+ 16 =77+ 2 27+ 2 -2+ 6
ARGININE 295 £41 73+ 12 —49 435 -6+ 6 290 £25 -63 £ 21 =35 +21 -9+14
ALANINE 119+ 9 95+ 1 0% 7 + 4+13 105+ 6 —37+t24 +92 £ 24 +85 +34
TYROSINE 112+ 9 —42 + 36 -2+t 6 -5+ 1 100+ 3 -19+ 6 -1+ 6 -3% 1
TRYPTOPHAN 29% 3 -92+ 14 -38+32 -32+12 24+ 3 94z 10 63+ 10 -43 +£15
PHENYLALANINE 121 +12 28+ 4 - 7114 — 4+ 4 107+ 7 -8+ 6 -1+ 6 -1+ 6
ISOLEUCINE 220 £27 66116 17+ 10 - 6110 200+ 19 —45+15 -16 £ 15 -17+15
LEUCINE 2067 £ 17 —69+19 23+ 14 ~-12% 2 186+ 9 -55+18 26118 -4t 4
Table 3.5:  Amino acid changes during suspension of L. mexicana promastigofes in simple media. Percentage change in amino acid

concentrations during two hour incubations of L. mexicana promastigotes in two simple media (SM 1 and SM 2) are presented.

concentrations of detectable amino acids as measured by hplc are shown for both media. In addition SM 2 contained 10 mM glucose. The

starting concentration or percentage change + S.D. (n=3) are presented.

Pre-incubation
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INITIAL SM1 INTTIAL SM 2
AMINO ACID CONC. Changes over 2 h CONC. Changes over 2 h
uM MT1 MT2 MT3 uM MT1 MT2 MT3
ASPARTATE 133 +26 -8§7+13 -74+12 —88% 8§ 120+11 —86+ 14 - 80 6 | —B84% 4
GLUTAMATE 115+ 14 -70+£18 -61 £ 11 -60x 8 110+ 7 —67 30 -66+ 6 | — 57 3
ASPARAGINE 106+ 16 51 +21 ~-32+10 =39+ 3 102+ 6 =57+ 17 -42+x 4 | -31% 6
SERINE 127425 52421 —40+ 35 —40+ 3 118+ 9 —45£19 -23+ 5 | =23+ 2 |
THREONINE 225133 =79+ 11 62+ 6 =79+ 2 219+ 9 ~72+ 16 -59x 3 1 =73+ 1
ARGININE 235+ 42 -36+10 21+ 8 -16+17 299+ 25 ~51+23 — 14+ 6 | —13£ 3
ALANINE 117+ 10 +62 1 30 +42 + 14 +63 + 21 115+ 8 n.c. +221+£37 | +194%+ 0
TYROSINE 111+ 15 —22+13 -9+ 8 -13+10 109 7 -16t 8 -0 2 |+ 1z 3
TRYPTOPHAN 30 3 23 %13 -17+ 6 -6+ 6 29+ 1 -25+ 3 - 192 5§ | - 6% 1
PHENYLALANINE 118+ 18 21+ 7 - 6% 6 -10£12 116 6 =22+ 10 - 9+ 31 - 1z 4
ISOLEUCINE 216 £29 -31x21 ~13+ 8 ~22+ 8§ 213+ 12 -20+ 13 - 4x12 | - 12+ 1
LECCINE 206 £ 30 38123 -19+ 7 30+ 8 200+ 11 -46+ 3 — 24+ 8§ | -22+ 1

Table 3.6:  Amino acid changes during suspension ol promastigotes of L panamensis in simple media. Percentage change in amino acid
concentrations during shoit tenm incubations of L. panamensis promastigotes in two simple media (SM 1 and SM 2) are presented. Pre-
incubation concentrations of detectable amino acids as measured by hplc are shown for both media. In addition SM 2 contained 10 mM glucose.

The starting concentration or percentage change + 8.D. (n=3) are presented. n.c., not calculated.



promastigotes was intermediate between the other two promastigote forms.
Morphotype 1 promastigotes of L. mexicana consumed considerable quantites of all
of the detectable amino acids. In contfast, use by morphetype 2 promastigotes was
reduced with levels of tyrosine, alanine and phenylalanine remaining relatively
stable. Morphotype 3 promastigotes used smaller quantites of all of the amino acids
than the other two forms. Aspartate, glutamate, asparagine, serine and tryptophan
were consumed, while levels of threonine, arginine, tyrosine, phenylalanine,
iseleucine and leucine remained consistant throughout the incubations.

The profiles for each promastigote form of . panamensis are much more
alike and are distinct from those of L. mexicana. During the two hour incubation all
three promastigotc morphotypes consumed large quantities of five of the detectable
amino acids, in the presence and absence of glucose; aspartate, glutamate,
asparagine, serine and thrconine. Alanine was excreted. The remaining six amino
acids changed little during the incubations.

Glucose appeared to have had little infleence on amino acid uptake, although
generally consumption was reduced in its presence. One exception to this was that
alanine consurnption and excretion was found to depend on glucose availabilily, the
extent of which varied between Leishmania species and promastigote morphotypes. In
the ahsence of carbohydrate, alanine was virtuatly exhausted by morphotype |
promastigotes of L. mexicana whereas the amounts remained relatively stable
throughout the two hour incubation with promastigote morphotypes 2 and 3.
Consumption of alanine by morphotype 1s was reduced by approximately two thirds
when glucose was available. Under the same conditions, promastigotes of morphotypes
2 and 3 excreted large quantities of alanine into the medium. All three promastigote

morphotypes of L. parnamensis behaved similarly when glucose was absent, excreting
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large quantities of alanine. This release by morphotypes 2 and 3 was greatly enhanced
in the presence of glucose.
Alteration of the gas phase from air to argon, nitrogen or 95% air/5% CQ, had

no apparent effect on the quantities of amine acids produced or consumed (not shown).

3.3.5.2 Glucose consumption and exeretion of organic acids and glyeerol by the
different promastigote morphotypes of L. mexicana and L, panamensis
during short term incubations in simple media
Pre- and post-incubation media were analysed for glucose, glycerol and organic
acid content, however, insufficient quantities of these metabolites were consumed or
produced during the 2 hour incubations for accurate quantitation by the procedures

adopted.

3.3.53 Amino acid utilisation and production by purified lesion amastigotes of
L. mexicana

Amino acid consumption by purified lesion amastigotes of L. mexicana during
two hour incubations in simple media was investigated. Amastigotes were washed,
subsequent to purtfication, and resuspended at 10° mi™ or 3x10° mi" in HEPES and
MES buflered saline containing either amino acids (SM 1) or amino acids and glucose
(SM 2), both of which were supplemented with 10% (v/v) dialysed HIFCS. Pre- and
post-incubation media were analysed for amino acid content using hple and the
concentrations of individual amino acids were caiculated. The percentage changes are
presented in Tables 3.7 and 3.8.

The parasites consumed considerable quantities of most of the detectable amine

acids available when resuspended in SM 1 at 3x10° cells mi”. A higher percentage of
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INITIAL INITTAL 1
AMINO ACID CONC. SM 1 CONC. SM 2 :
. uM nivL

Aspartate 127 ~59 104 —64
Glutamate 123 + 2 115 -12
Asparagine 96 -28 84 -32
Threonine 225 =33 182 =36
Arginine 291 + 2 295 -18
Alanine 209 -32 139 + 4
Tyrosine 123 -16 104 —-19
Tryptophan 33 n.c. 29 -3
I'benylalanine 119 -7 107 -17
Isoleucine 193 ~17 178 -28
Leucine 213 —24 190 -35

Table 3.7: Amino acid utilisation and production by purified lesion

amastigotes of L. mexicana resuspended for two hours in sirnple media (pH 7-0) at
3x10% ml” in the presence (SM 2) and absence (SM 1) of 10 mM glucose, both of
which were supplemented with 10% (v/¥) dialysed HIFCS. Amino acid
concentrations in pre- and post-incubation media from one experiment are
presented. Ultilisation and production wete calculated as a percentage of this

initial value. n.c., not calculated.
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AMINO ACID INITIAL CONC. SM 1 SM 2
[0
Aspurtate 109 £ 25 42+ 4 -3lx 7
Glutaniate 119+ 6 - 44 2 - 1+ 10
Asparagine 94+ 3 -4+ 4 ~11% 8
| Threonine 204 £ 29 -24% 3 -12+ 8
i Arginine 291+ 0O + 4%t 2 -4+ 8
Alanine 164 + 64 -41+ 1 - 8% 8
Tyrosine 117+ 8 ~13+ 2 -5+ 8
Tryptophan 31£ 3 -6+ 5 + 1+14
Phenylalanine 119+ O -5+ 2 - 14 9
Isoleucine 197+ o -7+ 2 - 7x11
Leucine 200+ 6 -13+ 2 - 8+ 8
Table 3.8: Amino acid utilisation and production by purified lesion

amastigotes of L. mexicana resuspended for two hours in simple media (pH 7-0) at

10° ml" in the presence (SM 2) and absence (SM 1) of 10 mM glucose, both of

which were supplemented with 10% (v/v) dialysed HIFCS.

Three separate

cultures were sct up from one amastigote purification and the spent media were

analysed individually by hplc. The results presented represent mean + 5.D. (n=3).
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aspartate was consumed than any of the other amine acids. Only glutamate, arginine
and phenylalanine were used in negligable amounts, although tryptophan levels were
not calculated. Inclusion of glucose acted to increase generally the quantities of amino
acids consumed, including glutamate, arginine and phenylalanine. However, alanine
was consumed only when glucose was not available in the medium, in its presence the
exogenous conceniration of alanine increased marginally.

Similar patlerns of consumption were detected when the density of amastigotes
was decreased from 3x10° ml”' to 10°* ml”. Again, when consumption of individual
amino acids was compared as a percentage of that available, aspartate was taken up in
largest quantities. However, comparison of the concentrations of individual amino acids
in the media identified that roughly equal amouns of aspartute and threonine were
consumed and that in the absence of glucose alanine was consumed in the greatest
amounts. In the presence of glucose, aspartale use remained high but the alanine

concentration did not change.

3.3.54 Amino acid uptake and production by axenic amastigotes of L.
mexicana

The utiltsation and release profiles for axenic amastigotes differed considerably
from those produccd for purified lesion amastigotes incubated under identical
conditions (compare Tables 3.8 and 3.9A). The percentage change in individual amino
acids which resuited from short term incubations of axenic amastigotes in the two
simple media at neutral or acidic pH are presented in Tables 3.9, A and B. Utilisation
was negligible for all the amino acids detected in post-incubation media lacking
glucose, at both pH 55 and pH 7-0, and also in the medium at pH 7-0 which included

glucose. Indeed, in this latter medium the amounts of each amino acid, except for

167




A

INITIAL INITIAL
AMINO ACID [  CONC. SM 1 CONC. SM 2
uM pH7 uM pH7
Aspartate 103 -3+ 6 08 +3%13
Glutamate 95 0+ 8 91 + 8% 14
Asparagine 92 -1 6 87 + 6+ 13
Serine 98 -4+ 7 90 +12 %26
Threonine 194 -2%16 186 +20+40
Arginine 291 025 282 +48 £ 19
Alanine 97 +36+ 11 94 +48 + 19
Tyrosine 95 +1+ 9 91 + 8413
Tryptophan 25 + 1+ 1 25 + 1k 1
Phenyialanine 100 + 3+11 99 + 7+ 13
Isoleucine 136 0x18 184 - 9423
feucine 179 0+18 175 -11x24
B
| INITIAL INITIAL
AMINO ACID | CONC. SM 1 CONC. SM 2
LtV pH 5-5 I | pHS-5
Aspartate 98 —-10+ 1 101 —18+ 0
Glutamate 90 ~ 5+ 2 93 ~12+ 1
Asparagine 87 0t 1 90 - 4+ 0
Serine 93 —6% 2 93 - 7= 1
Threonine 182 0% 1 194 -17+ 4
Arginine 279 4+ 2+ 0 295 -13+ 5
Alanine 91 + 3+ 0 97 -23+ 5
Tyrosine &9 + 4+ 0 96 - 5% 3
Tryptophan 24 + 6+ 3 26 + 2+ 1
Phenylalanine 94 + 54 G 102 - 6% 6
Isoleucine 180 - Q0% 0 188 ~12+£ 5
Leucine 169 - 14 3 177 -14+£ 9
Table 3.9: Percentage change in amino acid concentrations during incubation of

axenically cultured amastigotes of L. mexicana in HEPES and MES buffered saline
supplemented with AAM/10% dialyscd HIFCS (SM 1) or AAM/glucose/10% dialysed
HIFCS (SM 2) adjusted to pid 7 (A) or pH 5-5 (B). Three individual cultures were set
up in complete SDM from the same stationary phase promastigote culture and
transformed to axenic amastigotes by temperature shift to 32°C. When in late-log phase
of growth, axenically cultivated amastigotes were washed, resuspended at 10* mi™ in the
incubation media and incubated at 32°C for Z howrs. Afier this time the media were

collected by removal of cells and analysed by hple for amino acid content. Means +
S.D., n=3.
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isofeucine and leucine, increased. Addition of glucose to media at pH 5.5 resulted in
shightly elevated use of aspartate, glutamate, threonine, arginine, isolencine, alanine and
leucine. Alanine consumption and excretion was affected more than any other of the
amino acids by modification of the incubation media. Tn the presence and absence of
ghucose at pH 7-0 alanine was excreted in large amounts. Acidification of the
incubation media resulted in alanine uptake by aflagellates when glucose was available.
In contrast, in the absence of glucose alanine concentration changed litlle during the

Incubation.

3.3.6 Changes in metabolite concentrations during promastigote growth

in vitre in complete HOMEM medium

3.3.6.1 Amine acid utilisation and production by promastigotes of L.

mexicana and L. panamensis during in vitro growth in complete

HOMEM medium

Amino acid consumption and production during growth of promastigotes of

L. mexicana and L. panamensis in complete HOMEM medium were investigated.
The starting concentrations and the concentrations of the 12 detectable amino acids
which remained in spent media on consecutive days of culture are presented in
Tables 3.10 and 3.11. The L. mexicara promastigote cultures which were monitored
were relatively slow growing in comparison with routine cultures and with cultures
of L. panamensis, taking 10 days to reach the stationary phase of growth., The
reason for this is unknown. Each of the amino acids monitored except alanine were
gradually consumed throughout growth of both species of promastigotes in vitro.

The concentration of alanine increased daily until stationary phase when it had
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INITIAL | CONC CONC CONC CONC CONC CONC CONC CONC
AMINQ ACID CONC. | AFTER1 | AFTER3 | AFTER4 || AFTYERS | AFTERG || AFTER7 | AFTERS | AFTER 10
(M DAY DAYS DAYS DAYS DAYS DAYS DAYS DAYS
ASPARTATE 100 36% 1 66+ 5 444 3 28+ 4 21z 1 20+ 37 19+ 3 17+ 1
GLUTAMATE 54 134+ 5 144 + 64 78+ 6 48+ 2 27+ 2 10+12 7+ 1 17 £ 14
ASPARAGINE 76 68+ 2 49+ 2 38x 2 3M+ 5 26+ 1 28+ 5 33+ 4 4+ 2
SERINE 120 101+ 2 81 & 14 50+ 6 32+ 4 19+ 1 26 6 22+ 6 29+ 2
THREONINE 495 484 + 15 466 + 12 416+ 11 386 28 335+ 9 249+ 6 218+ 8 192+ 5
ARGININE 706 648 + 23 59213 522419 481 £26 381+ 3 224+ 15 100+ 15 31+ 1
ALANINE 193 228 9 426 4 554 £ 17 792 +42 930 * 14 937+ 14 1088 £37 1388 =41
TYROSINE 252 242+ 10 237+ 5 221+ 5 226 + 11 224+ 3 198+ 5 188+ O 188 + |
TRYPTOPHAN 66 63+ 3 59+ 2 52+ 2 44 + 3 33+ 1 221 1 1+ 1 n.d.
PHENYLALANINE 271 262 8 257+ 2 238+ 2 24516 228+ 6 2154 8 211+ 1 213+ 6
ISOLEUCINE 500 488 + 12 484+ 6 443+ 9 441 430 422 £28 3594 17 331+ 4 309+ 6
LEUCINE 466 452+ 13 429+ 6 389+ 15 356124 322+ 10 244 £ 11 207 1 178+ 5

n.d. not detected

Table 3.10:

Changes in amino acid concentrations during growth of L. mexicana promastigotes in complete HOMEM medium. Spent media samples

were collected daily from three different cultures of promastigotes initiated at 5x10° ml' with an identical starting population of mid-log phase

promastigotes. Complete HOMEM medium prior to inoculation of promastigotes was assayed to provide initial amino acid concentrations. Media

samples were extracted and analysed by hplc for amino acid content. Data are mean concentrations £+ S.D., n=3.
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" | CONC.AT| CONC CONC CONC CONC CONC
AMINO ACID START | AFTER1 | AFTER2 { AFTER3 | AFTER4 | AFTERS

DAY DAYS DAYS DAYS DAYS
ASPARTATE 120+ 6 99+ 16 37+ 4 17+ 10 10+ 6 18
GLUTAMATE 184+ 8 163« 8 %+ 13 28+ 3 21+ 4 22
ASPARAGINE 92+ 8 85+ 9 64+ 9 58+ 3 3+ 8 49
SERINE 173 = 81 168 * 85 80+ 32 64+ 32 36+ 10 33
THREONINE 589 £ 32 518428 | 319+ 24 | 107% 14 34+t 6 16
ARGININE 847 + 52 756+ 31 | 637+ 3 499+ 56 || 366= IS 289
ALANINE 249+ 32 261+£32 | 398+141 | 464+198 | 538266 823
TYROSINE 204+ 16 278+ 7 || 259% 7 | 233% 12 | 231+ 18 222
TRYPTOPHAN 72+ 8 67+ 7 59+ 8 50 3 57 5 52
PHENYLALANINE | 310+24 3008 5 | 263+ 8§ | 234+ 7 | 241+ 14 240
ISOLEUCINE 595 + 54 567+ 17 | 512+ 11 { 431+ 20 | 387+ 29 355
LEUCINE 574 + 52 553+79 | 409f 5 1 279+ 15 | 186+ 13 174

Table 3.11:  Changes in amino acid concentrations during growth of L. panamensis promastigotes in complete
HOMEM medium. Spent media samples were collected daily from three individual cultures of promastigotes of
different subpassage numbers initiated at 5x10° ml? with promastigotes in the mid-log phase of growth. The
samples were analyscd for amino acid content by hplc. Dala are mean concentrations £ S.D., n=3, collected from

inoculation through to stationary phase except for those in the final column, the results of which are from only one

of these cultures (one analysis) which had not reached stationary phase by day 5.
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reached concenirations some 2-3-5 times (L. paramensis) and 7 times (L. mexicana)
the original amount. By this time considerable quantities of all of the other amino
acids had been consumed by both species and aspartate and glutamate were virtually
exhausted. One notable interspecies difference involved consumption of threenine
and arginine. L. panamensis promastigotes consumed almost all exogenous
threonine by stationary phase but arginine remained at approximately 30% of its
originail concentration. The reverse was found for L. mexicana, arginine was

exhausted while considerable quantities of threenine remained.

3.3.6.2 Glucose consumption by promastigotes of L. mexicana and L.
panamensis during in vifro growth in complete HOMEM medivm
The changes in glucose concentration during growth of L. mexicarna and L.
panamensis promastigotes in compleie HOMEM medium are given in Figures 3.25
and 3.26, respectively. From thesc it was clear that glucosc was consumed by
promastigotes of both species during in vifro growth. However, consamption was
initially delayed, and was not apparent for the first 2-3 days of promastigote growth.
A reduction in glucose concentration was not observed with the L. panamensis
cultures uniil day 3, when promastigotes were approaching the late-log phase
(10" ml") of growth. L. mexicana promastigotes grew more slowly than Z.
panarmensis reaching the late-log phase of growth at around days 5-6. As with L.
parnamensis, glucose was subsequently used at a steady rate until promastigotes
entered the stationary phase of growth. In total 3 mM of glucosc were consumed
during the 5 days it took for promastigotes of L. panamensis to complete their
growth in complete HOMEM medium. Over the same period of time,

approximately the same quantity of glucose was consumed by L. mexicana
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Figure 3.25: Changes in cell density (o) and glucose concentration (e} during growth of
L. mexicana promastigotes in complete HOMEM medium. Cultures were initiated with
an identical starting population at 5x10° mi" and samples were taken daily for cell
counts fo determine the density in cells ml”® and for determination of glucose

concentration, Cell densities and glucose concentrations are means & S.D., n=3.
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Figure 3.26: Changes in cell density (0) and glucose concentration (») during growth of
L. panamensis promastigotes in complete HOMEM medium. Three individual cultures
were initiated with promastigotes in the late-log phase of growth at 5x10° ml" and
samples were taken daily for ccll counts to determine the density in cells mi™ and for
determination of glucose concentration. With the exception of day 5 all values plotted

are the means + S.1.; n=3. Day 5 values were based on only one of the three cultures.

174




promastigotes, however, when this species reached stationary phase at day 10

approximately 10 mM glucose had been consumed.

3.3.6.3 Organic acid use and preduction by promastigotes of L, mexicana and
L. panamensis during in vitro growth in complete HOMEM medium
Media samples were collected from 7-day (L. mexicana) and 5-day
(L. panamensis) promastigote cultures and analysed by hplc for organic acid content.
Comparison was made with day 0 samples which were harvested immediately following
promastigote inoculation. The hple chromatograms (note that the scale of the y-axes
differ) and tables showing retention times and peak areas arc shown in Figures 3.27 and
3.28. Pyruvate, acetate and succinate were excreted by both Leishamania species during
growth in viiro. In addition, lactate was produced by promastigotes of L. panamensis
but appeared to be utilised by promastigotes of L. mexicana. Unfortunately insufficient
quantities of organic acids were used or released by the promastigote morphotypes,

during short term incubations in simple media, to allow accurate quantitation by hple.

3.3.7 Enzymes of energy metabolism

Several enzymes were analysed in an attempt to identify ditferences in activities
between the three different promastigote forms of L. mexicana and L. panamensis which
correlated with the observed differences in amino acid and glucose utilisation. The
enzyme activities detected in the parasite preparations are detatled in Table 3.12. The
activities of several exhibited some stage specificily, in that they were enhanced or
reduced in the different promastigote forms. All promastigote forms of L. mexicana and
L. panamensis tacked lactate dehydrogenase (LDH) and NAD -linked isocitrate

dehydrogenase (NAD™-1CDH) but contained NADP™-1CDH, pyruvate kinase (PK),
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L. mexicana

Day 0 Day 7

9.0050 00150

0. 0043

0.0100+
9,003

0.00204

¢.0050-

0, 00404

£, 0909 j\{\/\ 0. 0000-h J L _/!\

I T T e p— 0000

Retention
Organic Acid Time | 1 I: CEE _A_?E?, ___________
(minutes) Day 0 Day 7
Pyruvate 1-8 14,8873 273,3330
[.actate 25 49,1228 41,4043
Acetate 3-7 43,9310 83,9347
Succinate 59 7,2618 35,2212

Figure 3.27: Use and production of organic acids during growth of L.
mexicana promastigotes in complete HOMEM medium. Cultures were
initiated at 5x10° ml" and media samples were hatrvested by centrifugation
immediately following inoculation of promastigotes and on day 7 of growth
when the culture had reached siationary phase. These samples were
extracted and analysed for organic acid content by hple. Organic acids
were identified by comparison of retention times with known standards.
The chromatograms and a. table showing the retention times and peak areas

of four organic acids in fresh and spent culture media are presented.
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L. panamensis

¢, 0650

9.00604 Day 0 Day 5

3.0040+
a.nog0]

0,030

0.0G40+

0.0020+

0,0020-
90,8010

u.nnoo.“‘L\LM“__z .0000: — {‘\\m"_‘“ —

Retention
Organic Acid Time | 1 Peak Avea
(minutes) Pay 0 Day 5
Pyruvate 1-8 12,3789 30,9558
Lactate 2'5 39,2486 49,7413
Acetate 36 38,9801 92,8342
Succinate 54 9,9152 30,3668

Figure 3.28: Use and production of organic acids during growth of L.
panamensiy promastigotes in complete HOMEM medium. Cultures were
initiated at 5x10° m1” and media samples were harvested by centrifugation
immediately following inoculation of promastigotes and on day 5 of growth
when the culture had reached stationary phase. These samples were
extracted and analysed for organic acid content by hple. Organic acids
were identificd by comparison of retention times with known standards.
The chromatograms and a table showing the retention times and peak areas

of four organic acids in fresh and spent culture media are presented.
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Enzyme Activity

L. panamensis

L. mexicana

{(nmol min™' (mg protein)”) MT ] MT2 MT3 MT 1 MT 2 MT3
Lactate dehydrogenase nd, <153 nd,<i-52) nd,<b53) | nd,<035(3) nd,.<05(2) nd,<0503)
2>Um+‘mmoo:8$ dehydrogenase | 21-9+£66(3) 20:6242(2) 623+£132(3)| 256+61(3) 236128 () 1901 19 (3)
Z>U+.mmcn:§n dehydrogenase nd,<203) nd,<202) nd,<2003) | nd,<203) nd,<20(2) nd,<20(3)
Hexokinase 384+ 100 (3) 322+34(2)  328+20(3) | 507+262(3) 458+155(2) 603 +105(3)
Pyruvate kinase 158+ 1-1(3) 23-0x29(2) 265+68(3) | 858+£142(3) 963+30(2) 590=60(3)
Glutamate dehydrogenase 10£02@3) 07x01(2) 33£0103) 362 10(3) 33+05(2) [3x£61(3)

means  S.D., n in parentheses. n.d., not detected

Table 3.12:

Activities of enzymes of energy metabolism in the different promastigote morphotypes of L. mexicana and L. panamensis.
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hexokinase (HK) and glutamate dehydrogenase (GDH). L. paramensis morphotype 3
promastigotes contained approximately twice as much NADP*-ICDH activiiy as did
morphotype 1 or morphotype 2 forms. The activity of this enzyme in /. mexicana
promastigotes was higher in promastigote morphotypes | and 2 than in morphotype 3
forms and was considerably greater (approximately 4-6 times greater depending on the
promastigote Type) than that in the equivalent promastigote forms of L. panamensis.
Similarly, HK, PK and GDH were all present at higher activity in extracts of L.
mexicana promastigoles than in those of L. panamensis promastigotes. HK did not
exhibit marked stage-regulation but was approximately twice as active in L. mexicana as
in L. panamensis. PK did show some evidence of stage-regulation in both Leisfimania
species. In L. panamensis promastigotes PK. activity was slightly reduced in
morphotype 1 forms when compared with morphotypes 2 and 3. In contrast,
morphotlype 3 promastigotes of L. mexicana contained lower activity of PK than the
other two forms of the same species. GDH followed the same pattern of activity in both
species being at highest activity in. morphotype 1 promastigotes and lowest in

morphotype 3 promastigotes.

3.3.8 Intracellular amino acid pool of L. mexicana promastigotes

The amino acid concentrations detected in whole cell homogenates of L.
mexicana promastigotes are given in Table 3.13. There were found to be differences in
the concentrations of many of the amino acids between each of the three promastigote
morphotypes, although most foilowed a similar trend. The most abundant amino acid
which was detected in promastigote morphotypes 1 and 2 was arginine whereas alanine,
which was detected in equivalent amounts in all three forms, was the most abundant

amino acid in morphotype 3 promustigotes. All of the other detectable amino acids
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AMINO ACID Morphotype 1 Morphotype 2 Morphetype 3
ASPARTATE 30 22 4
GLUTAMATE 123 36 58
ASPARAGINE 12 7 9
SERINE 123 90 10
THREONINE 207 %0 33
ARGININE 1036 1014 80
ALANINE 034 085 583
TYROSINE 31 26 15
TRYPTOPHAN 37 12 11
PUHENYLALANINE 31 27 15
ISOLEUCINE 317 80 20
LEUCINE 234 60 27
Units = uM
Table 3.13:  Concenfrations of intracellular amino acids in the three promastigote

morphotypes of L. mexicana. Single peliets of each morphotype were lysed at 10° cells
mi” in the presence of proteinase inhibitors. The amino acids in each lysate were
analysed once by hpic and the concentrations calculated by comparison with standard

curves,

Species and Average number of
promastigote % Infected macrophages amastigotes per
morphotype macrophage
L. panamensis MT 1 25% + 6 3708
MT 2 20% £ 14 44+ 1.7
MT 3 25% £ 7 48 =05
L. mexicana MT 1 72% £ 16 8718
MT 2 22% £ 2 49+1.0
MT 3 2%+ 6 9.1+1.35

Tabile 3.14:  Infectivity of promastigotes of L. mexicana and L. panomensis to
peritoneal exudate cells as measured by the percentage of macrophages infected and the
nurnber of amastigotes per macrophage after incubation for 7 days. Experiments were
carried out in multiwell tissue culture slides, and the figures presented represent means

of three individuval counts on three separate wells for each promastigote morphotype.
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were present at highest levels in morphotype 1 promastigotes and lowest in morphotype
3s. The contest of morphotype 2 promastigotes was in most cases intermediate between

the other two forms.

3.3.9 Infectivity of the different promastigote morphotypes of L. mexicana
and L. panamensis to peritoneal exudate cells

The infectivity of each promastigote morphotype of L. mexicana and Z.
panamensis to murine peritoncal exudate cells was studied. The numbers of infected
macrophages and the average number of amastigotes per macrophage were compared
for each promastigotc form and are presented in Table 3.14. All three promastigote
morphotypes of L. panamensis behaved similarly for both features analysed, with
approximately 20% of the peritoneal exudate cells being infected with on average 4
amastigotes per macrophage. Infectivity of L. mexicana promastigotes changed during
growth in vitre. Morphotypes | and 3 infected approximately 70% of macrophages.
Morphotype 2 promastigotes, however, infected less than half as many peritoneal
exudate cells and the mean number of amastigotes per macrophage was also reduced by

approximately half.

3.3.10 DNA content analysis

To investigate a potential relationship between position in the cell cycle and
promastigote morphology the DNA content of L. mexicana promastigotes harvested on
consecutive days of in vifro growth was analysed by FACS. The growth curves for the
cultures analysed and the proportions of promastigotes in G1, S and G2 phases of the
mitotic cycle are shown in Figure 3.29. The proportion of promastigotes in the G1

phase remained high (>50%) throughout the growth cycle, although promastigotes in
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Figure 3.29:  Growth curves of L. mexicana promastigotes, sub-passage (SP) 2 (#) and SP 8 {(0), and the proportions of cells in the populations that

were within G1 (closed bars), S (striped bars) or G2 {open bars) phases of the mitotic cycle. Sampics of promastigotes were taken on days 1, 2, 3, 4

and 6 of growth, the density in cells ml™" determined and the cells stained with propidium iodide and anatysed for DNA content. Ten thousand cells for

each sample were counted for the two culiures.
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the early- and mid-log phases of growth contained a lower proportion than older
cultures. The remaining promastigotes in the early- and mid-log phase cultures were
comprised of rather similar proportions of promastigotes in the § and G2 phases of the
cell cycle. Late-log phase and stationary phase promastigotes exhibited similar cell
cycle profiles to each other and were comprised substantially of promastigotes in G1. A

small proportion of the cells present were in S phase (<5%) or G2 phase (<10%).

3.4 Transformation

Various experiments were conducled in an attempt to determine whether or not
the promastigote morphotypes are distinct developmental forms. The occwrence of the
different forms were monitored when culture conditions were modified to investigate

their ability to transform back and also the trigger for transtformation.

341 Variation in starting density

The growth of L. panamensis promastigotes inoculated at various starting
densities and the proportions of each promastigote morphotype which occurred in the
resulting populations are presented in Figure 3.30. Lower (10° ml") and higher densities
(10°ml" and 107 ml") than routine control cultures (5x10° mI'") were investigated and it
was found that changing the starting density affected the rate of progression through the
developmental sequence, particularly influencing the timing of the appearance of
promastigotes with morphology characteristic of morphotype 2 promastigotes.
Comparison of the proportions of the different morphological forms in cultures
identified that initiation at a higher starting density increased the rate of differentiation
such that morphotype 2 forms occurred in higher numbers earlier than usual, Although

morphotype 1 forms predominated day 1 cultures inoculated at 10° ml”, their numbers
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Figure 3.30: Changes in cell densities (organisms ml™) of L. panamensis promastigote
cultures initiated at 10° mI"' (open circles), 5x10° mi" (closed circles), 10° mi’ (open
squarcs) and 107 ml' (closed squares) and the proportions of each promastigote
morphotype in the resulting populations (B, C, ID and E, respectively); closed bars, MT1
promastigotes; hatched bars, MTi promastigotes; diagonally striped bars, MT2
promastigotes; open bars, MT3 promastigotes. Length and breadth measurements of
{00 promastigotes in Giemsa-stained smears were made from one typical set of cultures
and the percentage of each promastigote morphotype was estimated. Size criteria for

each morphotype are listed in Table 3.1.
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relative to the other morphological forms were substantially reduced when compared
with control cultures, and by day 2, the developmental sequence had progresscd such
that morphotype 2 promastigotes were the most conimon form. These stages did not
predomingte in control cultures until day 3 of growth, coincident with entry into the
late-log phase of growth. Subsequently, with the onset of stationary phase, the
proportion of morphotype 2 forms decreased while the number of promastigotes with
morphology typical of intermediates and morphotype 1 promastigotes increased.
Mortphotype 3 promastigotes were not produced in significant amounts. The culture
inoculated at 10" ml”' also exhibited accclerated development of morphotype 2 forms
which comprised 79% of those promastigotes measured on day 1 of culture,
Morphotype 1 promastigotes represented only 2% of the population at this time, By day
2 the number of promastigotes with morphology characteristic of morphotype 2 forms
had increased further to 90%, but subsequently declined. Rounded promastigotes of
morphotype 1 morphology predominated on day 5 but were outnumbered by
morphotype 3 forms on day 6. Decreasing the starting density to 10° ml™ resulted in a
similar devclopmental] pattern to control cultures. Day 1 cultures were predominated by
morphotype 1 forms which were gradually replaced by morphotype 2 forms, slightly
earlier than control culturcs. By late-log phase, day S, morphotype 2 forms reached
maximum numbers and began to decline thereafter. This culture was not monitored
until stationary phase which is perhaps reflected in the low number of morphotype 3
forms on day 6.

L. mexicana promastigote cultures which were initiated at various starting
densilies were analysed on day 2 of growth and the relative proportions of each
promastigote morphotype calculated. Similarly to L. panamensis, the proportions of

each promastigole morphotype varied depending on the starting density (Figure 3.31).
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Figure 3.31: The average proportions of ¢ach promastigote morphotype in duplicate L.
mexicana cultures 48 hours subsequent to initiation at different starting densitics; closed
bars, MT1 promastigotes; densley shaded bars, MTi promastigotes; lightly shaded bars,
MT?2 promastigotes; open bars, MT3 promastigotes. Length and breadth measurements
were made on 50 promastigotes from each culture and the percentage of each form was

estimated based on the size definitions outlined in Table 3.1.
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Morphotype | promastigotcs were the most prevalent promastigote form in cultures
inoculated at 5x10° mi™', Increasing the starting density to 5x10° ml” resulied in a more
evenly balanced population of cells, morphotype 2 forms being outnumbered by the
others, each of which composed ca. 30% of the population. Cultures which were
inoculated at higher densities still, 10’mI"* and 2x10” mi”, behaved similarly to each
other, but differently to those initiated at lower densities, in that by day 2 morphotype 3
promastigotes were the most prevalent form, accounting for approximately 80% of those

promastigotes measured.

3.4.2 Continnal sub-passage of morphotype 1 promastigotes

One day old cultures of L. mexicana and I.. paramensis were repeatedly sub-
passaged at 5x10° ml” into complete HOMEM medium in order to ascertain whether
morphotype | promastigotes could be continually maintained in in vifro culture or
whether transformation to morphotype 2 promastigotes would occur regardless. The
two species responded differently; L. mexicana promastigotes retained the morphology
characteristic of morphotype 1 forms while L. panamensis promastigotes differentiated
into morphotype 2 forms (not shown). With each sub-passage the number of
morphotype | promastigotes of L. mexicana which were present in oue day old cultures
increased from 60% {1st sub-passage) to 88% (2nd sub-passagc) and finally reached
97% on the third sub-passage, although the percentage of morphotype 1 promastigotes
in this last case was estimated from approximately one third the number of ceils than the
others since the Giemsa-stained smear contained very few promastigotes. Promastigote
morphology in cultures which were inoculated at 5x10° mJ™ for the first (control) and
second time was also assessed at subsequent time points. The proportion of morphotype

| promastigotes in the control culture initiaily increased, from 59% to 77% when
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analyscd at 48 hours, but subsequently declined to 28% at 72 hours after inoculation.
Those sub-passaged for a second time demonstrated a shifl in predominance from
promastigotcs with morphotype 1 morphology (87% ol the population at 24 hours) to
forms intermediate in morphelogy between morphotype 1 and morphotvpe 2
promastigotes, MTis (47%) at 48 hours. [n addition, the prevalence of morphotype 2
promastigotes had increased marginally.

[n contrast to L. mexicana, with each sub-passage L. panwmensis promastigotes
progressed through the developmental cycle and did not retain morphotype 1
morphology. Promastigotes comprising the [irst sub-passage were predominated by
morphotype 1 forms (49% of the population). When these were sub-passaged into
complete HOMEM at 5x10° ml™ the resulting population of cclls on day one of growth
was predominated by the intermediate forms (comprising 53% of the population),
although a large proportion (33%) of morphotype 1 promastigotes were also present.
On repetition of this procedure using this day 1 promastigete culture, morphotype 2
promastigotes (comprising 57% of the population) were the most prevalent cell

morphotype after one days growth.

3.4.3 Foetal calf serum
3.4.3.1 Dialysis of foetal calf serum

Comparison of promastigote growth and morphology in FIOMEM medium
which had been supplemented with 10% (v/v) complete or dialysed HIFCS
demonstrated that dialysis not only halted growth but also altered the differentiation
sequence. Growth curves for L. mexicana in these two media and the proportions of
each promastigote morphotype which occurred in resultant populations are shown in

Figure 3.32. Thc promastigote density in the culture contairing dialysed HIFCS
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Figure 3.32:  Changes in cell density (organisms ml") of L. mexicana promastigotes cultured in medium supplemented with whole () or dialysed (o)
heat-inactivated foetal calf serum and the proportions of each promastigote morphotype in the resulting populations: closed bars, MT1 promastigotes;
hatched bars, MTi promastigotes; diagonally striped bars, MT2 promastigotes; open bars, MT3 promastigotes. The size criteria for each morphotype

are defined in Table 3.1. Fifty cells were examined from a single but typical culture for each time point.
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showed a slight increase over the first 2 days of the experiment, a rise equivalent to an
approximate doubling of promastigote numbers. No further increase occurred
subsequently and promastigote numbers began to decline. L. major promastigotes
behaved in a similar manner under these conditions (not shown). Comparisan of
promastigote morphology in cultures containing whole or dialysed HIFCS identified
differences in the proportions of each promastigote morphotype on each of the 4 days
monitored. In contrast to the control culture where morphotype 1 promastigotcs
outnumbered al{ other promastigote forms on day 1, promastigotes in cultures with
dialysed HIFCS were predominated on day 1 by forms characteristic of morphotype 2
promastigotes. By day 2 of the culture with dialysed serum, the olber promastigote
motphotypes were more numerous, especially morphotype 3 promastigotes. This was
consistant with a drop in the proportion of morphotype 2 forms from approximately
00% to 55%. The proportion of this latter form continued to decrease, whereas the
number of marphotype 3 forms increased. They were the major promastigote forms in
cultures of L. mexicana containing dialysed HIFCS from 3 days post-inoculation.

Comparison of the effect on promastigote morphology 24 hours subsequent to
sub~passage of supplementing culture medium with complete or dialysed HIFCS was
also investigated for L. major and L. panamensis. The proportions of each promastigote
morphotype for these species plus L. mexicana are shown in Figure 3.33. The results
show greatly reduced numbers of morphotype 1 promastigotes and substantially
elevated numbers of promastigotes with morphology characteristic of morphotype 2
promastigotes for all three species in cultures which had been supplemented with
dialysed HIFCS.

Several materials were tested to see if they were involved in triggering cell

differentiation. Supplementing HOMEM medium containing 10% dialyscd HIFCS with
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Figure 3.33: The proportions of each promastigote morphotype of L. mexicana (A), L.
major (B) and L. panamensis (C) in single cultures supplemented with whole (closed
bars) or dialysed (open bars) HIFCS. (D), the effect on cultures of L. panamensis
supplemented with dialysed HIFCS of adding 0-01 mg ml' hemin, 0-01 mg ml’
haemoglobin or 10 uM acetylcholine. Key: no additions, open bars; hemin, thinly
striped bars; haemoglobin, hatched bars; acetylcholine, grey closed bars. Cell samples
were removed and analysed 24 hours post-inoculation. The size criteria for each
promastigote morphotype are defined in Table 3.1. Estimates are based on length and
breadth measurements of 50 Giemsa-stained cells which were examined for each

culture.
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various compounds, glucose (not shown), proline (not shown), acetylcholine, hemin or
haemoglobin, did not reverse the effect on promastigotes of L. panamensis of using

dialysed serum (Figure 3.33, graph D).

3.4.3.2 Changing the amount of whole HIFCS

The results of experiments involving inoculation of promastigotes into HHOMIM
medium supplemented with dialysed HIFCS suggested that one or more dialysable
components present in whole [IFCS was required for promastigote differentiation to
forms with morphotype | morphology and that the absence of components trigger
differentiation to promastigote morphotypes 2 and 3. The correlation of these changes
with lack of growth seemed likely to be relevant. Consequently cultures were set up
with various quantities of HIFCS to test whether there was a correlation between the
concentration of HIFCS and the rate of differentiation to and from morphotype 1
promastigotes. The proportions of the different promastigote forms of L. mexicana in
cultures on days 3 and 4 following inoculation into HOMEM medium which was
supplemented with 5%, 10%, 20%, and 50% HIFFCS and into 100% HIFCS are
presented in Figure 3.34. As expected, control cultures with 10% HIFCS were
dominated on days 3 and 4 by intermediates and morphotype 2 promastigotes,
respectively. Lowering the amount of HIFCS to 5% resulted in cultures rich in
morphotype 2 promastigotes on both days examined. Increasing the amount of HIFCS
to 20 or 50% acted 1o delay the progression of development, such that promasligotes
characteristic of morphotype 1 and intermediates were the most prevalent forms on day
3. By day 4 the proportions of these forms had declined and cultures were dominated
by morphotype 2 and motphotype 3 forms. Promastigotes cultured in 100% HIFCS

behaved ditterentlty from all other cultures. On day 3, all four promastigote forms were
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Figure 3.34: The proportions of each promastigote morphotype of L. mexicana on
days 3 (A) and 4 (B) of culture in HOMEM medium supplemented with various
quantities of HIFCS. Closed bars, MT1 promastigotes; hatched bars, MTi
promastigotes; diagonally striped bars, MT2 promastigotes; open bars, MT3
promastigotes. The results presented are from one set of cultures at each concentration
which was typical. The different promastigotes were characterised according to length
and breadth measurements in Giemsa-stained smears (see Table 3.1 for definitions) and

estimates are based on 50 cells from each culture on days 3 and 4 of growth.




present, with morphotype 3 promastigotes outnumbering all others, while on day 4 only
promastigotes characteristic of morphotypes ! and 3 remained. At this time morphotype

1 forms accounted for approximately 95% of the population.

3.4.4 The use of conditioned medium

The effect of conditioned medium on the differentiation of promastigotes was
investigated. L. mexicana promastigote growth and morphology were assessed
following initiation of late-log phase promastigotes into either complete HOMEM
medium or spent medium harvested from cultures predominated by morphotype 2
promastigotes (Figure 3.35). Control cultures increased approximately 50-fold in cell
density over the 4 days, at which time promastigotes werc in the late-log phase/early
stationary phase of growth. Promastigotes inoculated iitto spent medium also exhibited
an initial increase in density, however this was substantially less than that in control
cultures. An approximate doubling of promastigote nuubers was obscrved over the first
2 days before there was cessation of growth. No further increase occurred.
Promastigote mumbers remained relatively consistant between days 2 and 3 but
decrcased subsequently, When promastigote morphology was assessed, it was clear that
cells inoculated into spent medium behaved differently from control cultures. ‘The
proportions of the different promastigote morphotypes and their sequential development
in control cultures was as expected, the cultures of promastigotes sub-passaged into
morphotype 2 spent medium fellowed a ditferent pattemn. On day 1, promastigote
morpholypes 2 and 3 comprised 50% and 30%, respectively, of promastigotes in the
spent medium cultures, the remaining 20% exhibiting morphology typical of
morphotype | and intermediate forms. Slightly reduced numbers of morphotypes 2 and

3 accurred on day 2, the numbers of intermediate promastigotes and morphotype 1
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Figure 3.35:  Changes in cell density (cells mi”) of L. mexicana promastigotes in complete HOMEM medium and in HOMEM medium harvested

from single cultures in the late-log phase of growth {containing predominantely morphotype 2 promastigotes} [designated as spent medium] and the

proportions of each promastigote morpholype in the resulting populations. Closed bars, MT1 promastigotes; haiched bars, MTi promastigotes;

diagonally striped bars, M'12 promastigotes; open bars, MT3 promastigotes. Length and breadth measurements were made of 100 promastigotes which

were characterised using the criteria defined in Table 3.1.



forms increasing. By day 3, morphotype 2 forms were substantially reduced in number,
while promastigotes morphatypes 1 and 3 had increased. This decrease was only
transitory since by day 4 the number of morphotype 2 forms had increased. At this rime
morphotype 3 promastigotes were dominant and comprised approximately 50% of all
promastigote forms.

L. mexicana promastigote development in morphotype 3 spent medium (inedium
harvested from stationary phase cultures containing mainly morphotype 3 parasites) was
also investigated (Figure 3.30). The proportions of each promastigote morphotype in
control cultures and in cultures set up using medium harvested from cultures which had
reached the stationary phase of growth were compared on day 2 post-inoculation. In
addition, different starting densities were compared. In cultures initiated at Sx10°mi™,
morphotype 3 promastigotes predominated when spent medium was applied. In
contrast, the most numerous promastigote in contro} culiures were of morphotype 1
morphology. Increuasing the starting density under both conditions acted to increase the
number of morphotype 3 promastigotes which were present on day 2 of culture, making
this the most prevalent promastigote form in all cultures set up at Sx10° ml™ and above.
In confrast to this increase, the proportions of the other promastigote morphotypes
decreased.

Comparison of the morphology of promastigotes sub-passaged at 5x10°ml™ into
morphotype 2 and morphotype 3 spent media on day 2 post-inoculation revealed
differences in the proportions of the various promastigote morphotypes which occurred.
Although both populations contained significant numbers of promastigotes of all four
morphotypes promastigotes in morphotype 2 spent medium were predominantely of
morphotype 2 morphelogy at this time, while those in morphotype 3 medium were

mainly morphotype 3 forms.
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Figure 3.36: The mean proportions of each promastigote form in 2 day old cultures of
L. mexicana set up in duplicate using: A, complete HOMEM medium; B, HOMEM
medium supplemented with spent medium harvested from stationary phase cultures
(MT3 spent medium). Closed bars, MT1 promastigotes; hatched bars, MTi
promastigotes; diagonally striped bars, MT2 promastigotes; open bars, MT3
promastigotes. The size criteria for each promastigote morphotype are given in Table

3.1 and data are all from on measurements of 50 promasligotes.
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3.4.5 Differentiation of morphotype 3 promastigotes

The growth and differentiation of morphotype 3 promastigotes of L. major was
investigated. It was not possible Lo dv this with L. mexicana or I, panamensis since
methods to purify this parasite stage of these two species have yet to be devcloped.
[solation of different sub-populations of promastigotes using centrifugation through oil
was attempted which although initially appeared promising was unsuccessftul.

The procedure developed for purification of metacyclic promastigotes of L.
major using peanut agglutinating lectin [Sacks, 19857 was applied to a stationary phase
culture of L. major promastigotes and the resulting population of cells was sub-passaged
under routine conditions for growth as promastigotes. Samples were taken on
consecutive days of culture, days 0~4, and on day 6 and cell counts and Giemsa-~stained
smears were made. From these smeats the proportions of cach promastigote
morphotype were estimated in each of the populations from measurements of 100
promastigotes. The data are shown in Figure 3.37. Day 0 cultures, which were
representative of the parified population, contained promastigotes of each promastigote
morphotype, but most had morphology characteristic of morphotype 3 forms. Although
the increase in cell density was initially slow in the culture inoculated with the purified
metacyclic population the maximum cell density and time taken to reach the stationary
phase of growth were similar to the control cultures. Promastigote morphology also
followed a similar tread to control cultures. Promastigotes of morphotype 1
morphology were most common in cultures in earty-log phase but were gradually
outnumbered by longer and more slender promastigotes as culfures progressed into mid-
late-log phase of growth. Enfry into stationary phase was coincident with an increase in
the proportion of morphotype 3 promastigotes, although morphotype 2 promastigotes

remained the most prevalent form.
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3.4.6 Induction of metacyclogenesis of L. mexicana

To investigate a potential relationship between inhibition of protmastigote
multiplication and metacyclogenesis, two compounds were assessed for their ability to
inhibit promastigote multiplication and induce the production of promastigotes which
morphologically resembled the metacyelic form (morphotype 3 promastigotes).
Aphidicolin and DMSO were tested at a range of concentrations [or their effect on
promastigote growth and differentiation in complete HOMEM medium and complete
SDM. Cultures were observed using an inverted microscope and assessed, by eye,
relative to controls which contained no additions. In all experiments, promastigotes
grew faster in SDM than in HOMEM. Aphidicolin notably reduced promastigote
proliferation in both media at concentrations of between 0-75 pg mi" and 2-5 ug ml™ but
over 4 days its inclusion did not appear to enhance the production of metacyclics, when
compared with control cultures. The effect of DMSO on promastigote multiplication
differed depending on the culture medium apptied. Concentrations of 0-25% - 2%
DMS substanlially reduced promastigote growth in SDM but had no apparent effect
on cell densities in HOMEM. When promastigotc morphology was investigated in
thosc cultures where growth was inhibited (those in SDM), no induction of

melacyclogenesis was observed.

3.4.7 Transformation of promastigote morphotypes 1, 2 and 3 to axenic
amastigotes
DifTerentiation of Leishmania promastigotcs into forms which morphologically,
biochemically and immunologically resemble the mammalian stage of the life-cycle (the
amastigote) is possible through modification of culture conditions [rcviewed by Bates,

1993a; Pan, 1993]. Such changes were applied to L. mexicana promastigote cultures
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which were rich in each of the three promastigote morphotypes in order to compare the
ability of each morphotype to differentiate into and to grow as axenic amastigotes.
Growth curves for each morphotype are shown in Figure 3.38, Each grew well under
conditions of acidic pH and elevated temperature, 32°C, although growth in cultures
initiated with morphotype 3 promastigotes lagged behind the other two cultures. When
cell morphology was investigated using Giemsa-stained smears, it was clear that all
three promastigote morphotypes had begun to differentiate and had adopted amastigote-
like morphology from as early as 2 days post-inoculation {Figure 3.39). By day 8 the
aflagcllates which originated from cultures containing each promastigote morphotype

had reduced in size and were comparable with lesion amastigotes (Figure 3.40).
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Figure 3.38: A comparison of the growth of L. mexicana in conditions developed for
culture of axenic amastigoles when the cultures were initiated with morphotype 1
(circles), morphotype 2 (squares) and morphotype 3 (triangles) promastigotes.
Promastigotes in the early-log phase, late-log phase and stationary phase of growth were
sub-passaged at 10° ml? into complete SDM and incubated at 32°C. Samples were
taken on consecutive days from triplicate cultures initiated with each of the
promastigole morphotypes and cell counts were made. The bars represent one standard

error from the mean cell density, n=3,
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Figure 5.39: Comparison of length and breadth measurements of lesion amastigotes (A)
with axenic amastigotes of L. mexicana produced from differentiation of morphotype 1
promastigotes (B), morphotype 2 promastigotes (C) and morphotype 3 promastigotes
(D). Each set of measurements rcpresents analyses of amastigotes from a typical lesion
or culture forms harvested on the second day of growth from one of three individual
cultures. Cells werc measured at x1000 using a calibratcd eye piece graticule. | unit =

1.25 pum.
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Figure 3.40: Comparison of length and breadth measurements of lesion amastigotes (A)
with axenic amastigotes of L. mexicana produced from differentiation of morphotype 1
promastigotes (13), morphotype 2 promastigotes (C) and morphotype 3 promastigotes
(D). Each set of measurements represents analyses of amastigotes from a typical lesion
or culture forms harvested on the eighth day of growth from one of three individual
cultures, Cells were measured at x1000 using a calibrated eve piece graticule. 1 unit =

1.25 pm.
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CHAPTER 4

DISCUSSION

Leishmania promastigote development in the sandfly is pleomorphic and
involves congregation of specific morphological forms at different sites along the
alimentary tract, At least six developmental forms have been identified, namely,
stumpy procyclic promastigotes in the blood meal, slender midgut promastigotes,
spatulate promastigotes in the hindgut, paramastigotes in the hindgut and foregut, and
haptomonad promastigotes and metacyclic promastigotes in the foregut. Each of these
morphotypes differs in appearance perhaps reflecting differing microenvironmental
conditions in the ditferent gut regions. Interestingly, an early study which characterised
the morphological changes which occur in in vifro cultured promastigotes of 1.
donovani identified a developmental progression consisiing of several morphologically
distinet promastigote forms [Christophers et @/, 1926]. Whether a similar
developmental progression is common to other Leishmania species and whether these
different morphotypes represent distinct developmental stages was not investigated until
recently. One major objective of this project was to determine whether the different
promastigote morphotypes are also biochemically distinct, exhibiting adaptations for
survival in their particular locality in the sandfly. Published data suggest that at least
two biochemically, and morphologically, distinct promastigote stages of suprapylarian
Leishmania specics exist i vivo, namely, midgut promastigotes and metacyclic
promastigotes. Both of these promastigotes also appcar to occur in vifro. Promastigotes
in the mid-late log phase of growth are presumed to correspond (o midgul promastigotes

while stationary phase cultures (of low sub-passage promastigotes) contain some



metacyclic promastigotes. Just how similar these culture forms are to those which occur
in the sandfly has yet to be established, partly because retrieving large quantities of each
from flies is unfeasable. Thus, biochemical studies have been mainly restricted to
investigation of in vifro cultivated promastigotes. Both late-log phase and stationary
phase promastigotes can be obtained in abundance with relatively little effort and
consequently the majority of biochemical studies carried out on promastigotes have
involved characterisation and comparison of these two forms while the other
morphotypes which exist in vivo have been largely ignored. In addition, the ability to
purify metacyclic promastigotes ol L. major has provided a valuable source of this
parasite stage for investigation. The purpose of this study was to investigate the
biochemical characteristics of different developmental forms of leishmanta
promastigotes during growth in vitro and attempt to correlate the forms with those that
occur in different localities in the gut of infected sandflies. The main findings of this
study are discussed in three sections -morphology, biochemical evidence and

differentiation.

4.1 Morphology

The results of this study confirm other reports, both old and relatively recent, of
the sequential development of several morphologically distinct promastigote forms
during in vitro culture [Christophers ef af., 1926; Bates, 1994; Charlab ef al,, 1995].
Analysis of promastigote morphology of three species of Leishmania on consecutive
days of culture allowed the morphological changes to be assessed. To ensure
consistency the same batch of HIFCS and cells of similar sub-passage were used
throughoul. Furthermore, all experiments were carried out with promastigotes of

relatively low passage number (< 15) as culture adapted parasites ate likely to differ
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significantly from thosc which occur iz vive. Evidence for this was demonstrated by Da
Silva and Sacks | 1987 who found that long-term culture of promastigotes resulted in
reduced capacity to produce metacyclic forms. Three distinct in vitro promastigote
morphotypes were defined for all three Leishmania species studied here; L. mexicara, L.
panamensis and L. major (see Figures 3.4-3.6). These occurred sequentially and were
congistantly obscrved in cultures set up under standard conditions. Each morphotype
was deflined based on promastigote cell body length and breadth measurements in
Giemsa-stained smears (see Table 3.1), although two other considerations were also
taken into account. It was critical for the purpose of this study that the forms which
were defined could be consistantly obtained in large quantities for comparison. Each of
the three morphotypes dominated cultures at difterent points in the growth cycle and
therefore could be obtained relatively easily, although not as a homogeneous population,
for investigation. Promastigote morphotypes 1, 2, and 3 corresponded to promastigote
populations in carly-log phase, latc-log phasc and stationary phasc of culturc,
respectlively each of which were judged by eye Lo contain a high proportion of a distinct
promastigote form. The three categories which were defined illustrate the main
developmental forms which occurred during promastigote growth iz vifre, although
clearly the life-cycle is a continuum and the presence of other forms cannot be ruled out.
Indeed, it 1s kikely that at least one other population of promastigotes occurs. This is
suggested by the increase in number of rounded promastigotes (fitting the criteria used
to deseribe morphotype 1 promastigotes) at the carly stationary phase of growth (sce
Tigures 3.4C, 3.5C and 3.6C). It is possible that this promastigote is equivalent to the
stage which occurs in late infections attached to the foregut of the fly, which is also

reported to be rounded in appearance. The progressive decrease in the number of this




morphotype in parallel with an increase in promastigotes of morphotype 3 morphology
suggests that this stage could perhaps be the metacylic precursor.

Clearly body size is only one phenotypic marker and others if taken into account
could identify additional populations of promastigotes. Flageilum length is one
potential variable which may allow further promastigote morphotypes to be recognised.
This was omittcd here because in my opinion accurate quantitation without the aid of a
computerised system for measurement of curved objects it was impractical. Since
completion of this work, a more sophisticated method for measuring promastigote cell
body shape has been veported. Blum and Balber {1996] applied flow cytomeiry which
allows quick and accurate quantitation of farge numbers of cells with relative ease. The
implications of this technique for assigning more accurate size criteria and perhaps
identifying additional promastigote morphotypes are clear. Moreover, cell sorting
applications could potentially be applied to isolate and purify individual populations
which could then be biochemically characterised. Success in achicving such a method
would be highly beneficial for further biochemical characterisation.

Another consideration when defining the different morphotypes was their
morphological resemblance to promastigotes which have been recognised in vive since
it was my intention to correlate each of the in vitro torms to a morphologically similar
promastigote which had been identified in the fly. Promastigotes in the morphotype 1
category were short and rounded in appearance, resembling stumpy promastigotes (P1
and P2) which oceur in the blood meal. In comparison, morphotype 2s were longer and
more slender and were morphologically similar to the multiplicative midgut
promastigotes (N 1) of suprapylarian Leishmania species. Short slender cells comprised
promastigotes in the morphotype 3 grouping which resembled the infective metacyclics

(N3) of suprapylarian Leishmania species.
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L. paramensis is a peripylarian Leishmania species and therefore undergoes a
different developmental route within the sandfly gut from the other suprapylarian
Leishmania species which ave considered here (see sections 1.1 and 1.2). Promastigote
development in the sandfly differs in that promastigotes free and multiplying in the
midgut have not been observed and indeed are thought not io be a part of the life-cycle
of this species (or closely related L. braziliensis, L. guvanensis and L peruviana). In
contrast, an equivalent developmental period has been described in the sandfly hindgut.
The exact nature of these hindgut promastigotes has yet to be determined and reports of
their morphology and behaviour in sifi are conflicting. Early documentation described
them as multiplicative rounded paramastigotes [Hertig and McConnell, 1963; Johnson
ef ad.. 1963; Lainson ef al., 1973; Lainson and Shaw, 1987] while a more recent study
by Walters et al. [1989a] found the hindgut to be populated predominately by
apparcntly non-dividing spatulatc-shaped cells (promastigotes with a slender cell body
and flattened posterior end, N2 and H2). The reason for these differences is unknown
but could be related to the host-parasite combinations investigated and/or the differences
in sandfy living conditions subsequent to infection. My observations of promastigotes
of L. panamensis Boynton 1n in vitro cultures failed to identify significant quantities of
either rounded paramastigotes or promastigotes which I would described as spatulate-
shaped. It is possible that these forms were present but in such low numbers as (o
remain undetected or that the culture conditions applied simply did not favour their
production. It was originally planned to attempt to obtaw hindgut promastigotes of L.
panamensis through modification of culture conditions to mimic the sandfly hindgut.
However, insufficient information on the exact nature of the conditions prevailing in
this region and of the morphology of the promastigotes which occur together with the

lack of another form being observed in preliminary studies in which medium
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composition was varied necessitated the adoption of an alternative approach for the
investigation of this species. This approach took as a working hypothesis that the
culture forms of this strain of L. panamensis which occurred in the late-log phase of
growth were biochemically equivalent to hindgut promastigotes, although clearly they
do not fit exactly with the morphological descriptions previously reported. Tt was hoped
that biochcemical comparison with promastigotes of L. mexicana in the cotresponding
phase of grow(h, comprising mainly morphotype 2 promastigotes, would rcveal
similarities and differences between the forms of each of these species and so at least
provide some data on the extent that they resembled each other as well as possible
adaptations for survival in two different gut regions.

Another promastigate stage of L. panamensis which has yet to be satisfactorily
described is the infective metacyclic. This form of some other species (including L.
mexicana and L. major), has been studied in-depth and a large body of evidence has
been compiled confirming its morphological and biochemical distinction from log phase
(multiplicative midgut) promastigotes. In addition, this form when compared using
molecular approaches with muliiplicative promastigotes and amastigotes has been
shown to exhibit stage specific gene expression [Flinn and Smith, 1992]. 1 propose that
the small, slender promastigotes which fall within the morphotype 3 category, defined
here, correspond to metacyclics of L. panamensis Boynton. This hypothesis is based on
observations made during this study and on descriptions of putative metacyclics of this
species which have been reported in the literature. Firstly, promastigotes of this
morphology increased in number with the advent of stationary phase producing a
population of cells which was infective to mice and secondly, the gross morphology of
these cells fits with putative metacyclics which have been identified i vivo, Of all the

forms identified in the foregut of Lu. gomezi, Walters ef gl. [1989a] suspected that one
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in particular corresponded to the infective metacyclic of L. panamensis. They chose a
promastigote morphotype which was within the size criteria for metacyclics of other
species [Killick-Kendrick, 1986; Warburg ef ¢f., 1986; Lawyer et al., 1987 but differed
with respect to the flagellum length and cell body shape. The putative metacyclics, like
those in this study, had a more rounded posterior cnd than the pointed metacyclics of
suprapylarian species already described. Also in contrast (o other species, for example
L. mexicana [Bates and Tetley, 1993] entry into the stationary phase of growth did not
appear to induce changes to the promastigote swface of L. panamensis which were
visible by electron microscopy (not presented). Several sections of different
promastigotes taken from a stationary phase culture were observed, including cells
containing what appeared to be numerous lipid droplets (also found in metacyclics of L.
mexicana [Mallinson and Coombs, 1989]), however no dense grainy coat was detected.
The changes which occur in . panamensis 1.PG with metacyclogenesis have yet to be
{ully elucidated and 1t ts possible that this species differs from those which have been
studied in detail.

The reason why Leishmania promastigotes undergo morphological alteration in
vive and in vitro has yet to be determined. 1t is unlikely that the variation is simply
explained by the existence of promastigotes at various points in the cell cycle. Since
only promastigotes passessing a single flagellum were included in the analysis of
morphology I carried out, cell cycle variation is unkikely to account for the changes
observed in vitro. In addition, analysis of the DNA content of promastigotes of L.
mexicana during in vitro growth (Figure 3.29) showed only a small proportion of
promastigotes were in the process of division at any one time and so this could not

account for the predominance of different forms in the various phases of growth.
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It has been proposed that the in vivo shupe changes occur in response to
changing environmental conditions within the sandfly gut. It is likely that
promastigotes are subjected to highly variable conditions consistant with their existence
along the entire length of the digestive tract, from the proboscis to the hindgut or
midgut, of the sandfly. However, the exact environmental conditions prevailing in each
of the gut regions are largely unknown and the speculations require confirmation.

One property of premastigote surroundings which is likely to vary during their
development iz vive is the osmolarity of their surroundings, reflecting the fluctuating
dietry habits of the {ly from blood to plant juices (see section 1.3). Furthermore, plant
juices, which are fed on frequently beween blood meals, themselves vary in tonicity
{Salisbury and Ross, 1985]. Interestingly, studics on in vifro grown promastigotes
confirmed that they are able to withstand quite dramatic changes in osmolarity,
surviving both hypo- and hyper-osmotic stress by mechanisms which manifest visually
as changces in ccll body shape [revicwed by Blum, 1996]. Hypo-osmotic stress
(achieved by diluting the medium with water) caused slender promastigotes to become
shorter and rounder while hyper-osmotic stress (achieved by addition of mannitol)
induced promastigotes to become slightly longer and thinner. The rounded
promastigotes which were induced by hypo-osmotic stress closely resemble the
morphotype 1 promastigotes which occurred in the early-log phase of growth.
However, these forms of L. panamensis, or either of the other two morphotypes which
occurred consistantly in én vifro culture, did not appear to result from the direct
application of osmotic stress. The osmolarity of the culture medium harvested and
measured at various points during promastigote growth was very similar to that of the
iso~osmotic buffer used by Darling and Blum {19901 and remained relatively constant

throughout the growth cycle (Table 3.2). Moreover, an additional response to hypo-
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osmotic siress, alanine release, was not cbvious when the amino acid contents of
rounded (morphotype 1) and slender (morphotype 2) promastigotes of L. mexicana were
compared (Table 3.13). If this shape change had been cansed by changing osmolarity,
the morphotype 1 promastigotes would be expected to contain substantially reduced
quantities of alanine when compared with morphotype 2 promastigotcs. Although
based on only one determination of individual cell pellets of L. mexicana, the quantity
of alanine in both of these morphotypes was comparable providing circumstantial
evidence to support the proposal that the shape changes which occur in vitro are not
simply due to direct osmotic stress. However, an indirect osmotic effect on
promastigote shape has also been reported {Darling and Blun, 1990] and this cannot be
ruled out in this study. Rounding of promastigotes in a manner identical to, but slower
than, that resulting from hypo-osmotic stress was observed when promastigotes were
incubated with certain potential energy substrates (glucose, mannose, fructose or
proline) under iso-osmotic conditions. It is suspected that this shape change resulted
from an osmotically-induced influx of water coincident with substrate uptake. This
could correlate with the larger quantities of amino acids consumed by morphotype 1
promastigotes compared with morphotype 2s (Lables 3.5 and 3.6). In contrast to the
shape change induced by direct application of hypo-osmotic stress, alanine release was
not detected with promastigotes under iso-osmotic conditions in the presence of
glucose. Consequently, it remains a possibility that the different in vifro morphotypcs
which I observed in the early-log phase and late-1og phase of growth could be attributed
simply to variations in the amounts of consumed substrates, reflected by differential
water influx. This scems unlikely, however, since investigation of various properties of
the different morphotypes provided biochemical evidence in support of the hypothesis

that all three promastigote morphotypes represent distinct developmental stages.
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The prime purpose of this study was to address the question of whether distinct
developmental forms of promastigotes occur and in order to do this it was essential to
define criteria to allow an experimental approach, In this context, the lack of clear
distinctions between the different populations at the outset was unavoidable but
necessitated a practical and working definition of the forms. The one adopted certainly
allowed the hypothesis to be tested. This study concentrated on morphological criteria
distinguishable at the level of the light microscope. The few electron microscopy
studies included concerned mainty the surface structure of putative metacyclic forms, A
fuller E.M. study could reveal important structural differences between the

morphotypes, but was beyand the scope of my project.

4.2 Biochemical analyses of morphotypes

The biochemical parameters which were investigated were chosen with two
main aims in mind. Firstly, some techniques were employed with the aim of identifying
moiphotype-specific features which could potentially become phenotypic markets of
cach stage. Secondly, other propertics were analysed because they could potentially
provide evidence ol the similarity of the in vifro forms to in vive promastigotes. Thus a
study of energy metabolism was carried out, and this specifically involved analysis of
substrate utilisation and enzyme activities in the different promastigote morphotypes.
Finally, it was of interest to investigate transformation between each of the three
morphological forms in order to gain some insight into the mechanisms involved, the
intention being to investigate whether the differentiation events were stimulated by
some exogenous compound or whether they were intrinsically programmed. L. major
promastigotes were included in some of these studies since morphotype 3 promastigotes

of this species can be purified and phenotypic markers are available.
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The three promastigote morphotypes of L. mexicana and L. panamensis were
characterised biochemically in an attempt to identify differences between them. When
available, amastigotes, lesion and axenic, of L. mexicana were also analysed. ‘The
studies on promastigotes were carried out upon heterogeneous populations of
promastigotes harvested from the early-log, late-log and stationary phases of growth
which were judged by eye to contain a large proportion of the appropriate promastigote
morphotype. Only one brief attenmpt was made to purify individual morphotypes. This
involved separation of promastigotc morphotypces 2 and 3 bascd on sizc difterences
using centrifugalion. This was unsuccessful and was not pursued. The use of the
populations as harvested was justified in that methods were not available to obtain pure
populations of morphotypes and as the results showed that the populations obtained for
use in different experiments were indeed morphologically very similar. Analysis of
populations heavily enriched in a parasite form should allow identification of
characteristics of that form.

Development of a technique for purification of metacyclic promastigotes of L.
major hus allowed biochemical characterisation ol morphotype 3 promastigotes of this
species and comparison with multiplicative promastigotes [for example, Mallinson and
Coombs, 1989; Hart and Coombs, 1982]. In contrast, biochemical studies on
promastigotes of other species, including L. mexicana {for example, Mallinson and
Coombs, 1989], have largely focussed on comparison of mixed promastigote
populations in the mid-log phase and stationary phase of growth. Promastigotes of this
former population contain predominately forms which, according o my observations on
promastigote morphology in vitro, are intermediale in morphology between morphotype
1 and morphotype 2 promastigotes. One study has been carried out in which a number

of biochemical properties of L. mexicana wndergoing the complete in vifro life-cycle

215




were analysed [Bates, 1994]. This investigation was set up from lesion amastigotes and
monitored several characteristics during differentiation to and growth as the
promastigote stage followed by differentiation to metacyclics and finally induced
transformation i vifro 1o axenic amastigotes. A variety of promastigote stages were
analysed including promastigote populations which appeared to contain forms
resembling all three morphotypes of L. mexicana which were defined in this study. This
was carricd out at the same time as my own and although somc of the results are both
complementary and confirmatory, others are contradictory. These are referred to at
appropriate sections of my discussion. In contrast to L. mexicana, the different
morphological forms of L. panamensis have been studied little prior to this
investigation.

As an alternative and complementary approach to biochemical searches for
stage-specific characteristics, some workers have used molecular applications to
discover stage-specific gene expression [Flinn and Smith, 1992]. However, similarly to
biochemical studics these have been limited to investigation of multiplicative
promastigotes, metacyclics and amastigotes and consequently other promastigote

morphotypes have not been assessed.

4.2.1 Protein content and SDS-PAGE analyses of protein profiles, protein
synthesis and nuclease activity
My results showed that the three promastigote morphotypes of L. mexicanu
differed in terms of protein content (Table 3.3) in a manner which corresponded to the
observed changes in cell body size. Morphotype 2 promastigotes were found to contain
the highest quantity of protein while morphotype 3 promastigotes contained the lowest.

When my determinations were compared with those carried out by Bates [1994] on
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promastigote populations of similar morphology it was clear that, although the
quantities determined were of the same order of magnitude, the absolute protein content
per cell differed. In Bates’ study, promastigotes resembling morphotype 1
promastigotes contained 16 mg of protein per 10° cells, morphotype 2 promastigotes ca.
11 mg per 10’ cells and morphotype 3 promastigotes 3-5 mg per 10° cells compared with
6 mg per 10° cells, 6:5 mg per 10° cclls and 5 mg per 10° cclls for promastigotes, in the
same order, determined in this sludy. The reason why the protein contents differ
between the two studies is uncertain but may be related to the fact that the promastigotes
used in this study had been sub-passaged several times compared to those of Bates
which were transformed directly from amastigotes. Another possible explanation could
be that because morphotype 1 promastigotes are actively dividing, differences in
determining the cell densities may account for the observed discrepency. In this study
any promastigotes with two flagella were counted as two individual cells. If considered
as only one promastigote by Bates the protein content per cell would be higher, as it
indeed was. IHowever, the same explanation could not account for the difference in
protein content of late-log phase promastigotes (morphotype 2s) since the majority of
these promastigotes were in the G1 phase of the mitotic cycle, having recently divided
(Figure 3.29). A third possible explanation is that the differences could result form
analyses of different mixes of cells in each population which seems probable as they
were not homogeneous. My comparative results of protein profiles of the different
morphotypes (section 3.3.2) provided circumstantial evidence that, in aggreement with
Bates, morphotype | promastigotes contained more protein than the other two forms. It
was necessary to reduce the quantity of morphotype 1 soluble and insoluble lysates to
allow comparison of morphotypes 2 and 3. The lower protein content of stationary

phase promastigotes than either of the other two forms is consistant with the presence of
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metacyclics in this population and corresponds to their apparently smaller cell bodies.
This finding correlates with other studies, including Mallinson and Coombs [1989] and
Bates [1994], that the metacyclic promastigotes are intermediate in protein content
between multiplicative promastigotes and amastigotes. The lower protein content of
stationary phasc promastigotes cultured under conditions to encourage metacyclic
production is likely to reflect a higher proportion of metacyclics in Bates stationary
phase population compared with the stationary phase promastigotes cultured in neutral
HOMEM medium which were analysed here.

The protein content of L. mexicana axenic amastigotes was also determined. As
expected these cells contained a lower quantity of protein than any of the promastigotes
examined (Table 3.3). However, similarly to promastigotes, the protein content
determined in this study differed from that of Bates [1994]. My results gave 2 mg of
protein per 10° cells compared with approximately 5 mg per 107 cells in the latter study.
The reason for these differences is uncertain but may be related to difliculties in
determining accurate cell densities for these aflagellates. However, comparison of the
determinations in both studies with the protein content of late-log phase promastigotes
from the same study showed that axenic amastigotes contained approximately 3-fold
less protein per cell. In contrast, Hart et al. [1981¢] reported that in relation to the
promastigote stage, lesion amastigotes of L. mexicana contained approximately 5-fold
less protein per cell. This lower result could have been caused by rapid proteolysis by
amastigote proteinascs which in my study were inhibited both prior to harvest and at the
point of cell lysis. On characterisation of axenic amastigotes of L. mexicana Bates
[1994] concluded that the aflagellates were not identical to lesion amastigotes and that
the method was in need of refinement. In agreement with this, the results of my studies

showed that axenic cultivation of amastigotes of L. mexicana was a very variable
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technique and the aflageilates which were obtained were somtimes larger and would not
always sub-passage. No explanation for the variability could be found.

The smaller size of L. panamensis promastigotes in general (o L. mexicana was
reflected in their lower protein content (Table 3.3). Surprisingly, comparison of protein
content in the different promastigote morphotypes of L. panamensis detected no
difference in anlount, suggesting that with this species developmental change may
involve less dramatic overall changes.

SDS-PAGE proved a useful technique for comparing proteins in the different
promastigote morphotypes. In addition to standard Coomassie Blue stained protein
profiles, protein synthesis, nuclease activity and proteinase activity were compared in
the three forms through application of slightly modified versions of this technique. Cell
homogenates were centrifuged to produce crudely separated fractions of soluble and
membrane components which were analysed separately.

To compare individual protein bands which had been stained with Coomassie
Blue or which contained radioactive methionine it was necessary to adjust the volumes
of sample which were loaded correlating with the differences in protein contents
discussed above. Once profiles were obtained where the staining was relatively
equivalent it was clear that although, as expected, most proteins were present in all three
morphotypes, several varied quantitatively between them (Figure 3.9). The most
prominent differences in gels stained with Coomassie Blue reflected differences in the
soluble and insoluble protein content of the three stages of L. mexicana. However,
somc soluble proteins did appear to be morc abundant, relative to others, in morphotype
2 promasligotes than in promastigote morphotypes 1 or 3. In contrast, comparison of
Coomassie Blue stained profiles of the Z. panamensis morphotypes did not detect any

clear cut differences between the different morpholiogical forms.
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Incubations with radioactively labelled methionine identified both guantitative
and qualitative dilferences in protein synthesis between the different promastigote
morphotypes and between promastigotes and axenic amastigotes of L. mexicana (see
Figures 3.10 and 3.11). Fortunately the rate of protein synthesis was high enough in the
three morphotypes of both Leishmania species and in axenic amastigotes of 7. mexicana
to require only short (1-5 hours) incubations with the radioactive amino acid »S-
methionine. Differentiation of the morphotypes would have prevented investigation of
stage~-specific protein synthesis over longer ncubation periods. The most prominant
difference between the morphotypes of L. mexicana was that protein synthesis was
greater in morphotype 1 promastigotes than in either of the other two promastigotes.
This is consistant with the highly multiplicative nature of this form. Membrane protein
synthesis by morphotype 3 promastigotes was also notably higher than synthesis of
soluble proteins of the same form and of soluble and insoluble proteins of morphotype 2
promastigotes. This perhaps relates to changes in surface membranes which accompany
metacyclogenesis (discussed in section 1.6.4.2).

Although differences in protein synthesis were detected between the three
morphotypes of L. panamensis, the changes were more subtle than those of L. mexicana.
Generally the amount of synthesis was refatively consistant in all three forms although
morphotype 2 promastigotes appeared to produce larger quantities of membrane
proteins than the other two forms. This differs from protein synthesis in L. mexicana
which was higher in morphotype 3 promastigotcs. The reason for this difference is
unknown but may be linked to differences in the life-cycle of these two Leisbmanica
species.

Thus analysis of protein content and protein synthesis in the three promastigote

morphotypes of L. mexicana has identified differences between them which although
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difficult to quantify is consistant with the distinet morphotypes being different. In
contrast, the same analyses on L. panamensis are suggestive that the three morphotypes
are less different than those of L. mexicana, and indeed appear to be quite similar.

The results of my study confirm the results of Bates [1994] that nuclease activity
is developmentally regulated in I.. mexicana and provide evidence of an additional
enzyme activity in morphotype 1 promastigotes which had not been reported previously
(Figure 3.22, panel A). Since proteinase inhibitors were included in the incubation
buffer and the cell samples were lysed on ice and boiled immediatcly afterwards it is
unlikely that this activity results from proteolysis ol the larger enzyme and potentially
represents a stage-specific nuclease activity, The activity of this same enzyme was also
detected in morphotype 2 promastigotes but was much reduced and probably correlates
with a small proportion of morphotype 1 promastigotes in this population.

Substrate SDS-PAGE detected three nuclease activities in promastigotes of L.
panamensis which were of approximately the same molccular mass as three of the
enzymes detected in L. mexicana. No studies of substrate use or inhibitor sensitivity
were carried out, thus any resemblance other than in size between these enzymes of the
different Leishmania species were not identified, In contrast to the L. mexicana
nucleases no enzymes appeared to be distinct to one morphotype. The nuclease profiles
which were detected were similar for all three promastigote morphotypes. However, a
difference in enzyme activity between the three morphotypes was apparent. The 40 kDa
nuclease was of higher activity in morphotype 1 promastigotes than in the other two
promastigote forms which contained similar amounts. So this represents a phenotypic
difference between the L. panamensis [orms.

A putative role in purine salvage from the sandfly for one

3 nucleotidase/nuclease activity of L. dornovani promastigotes has been suggested, and
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this is also thought to be relevant to promastigotes of L. mexicana (discussed in section
1.6.3). Anenzyme of similar molecular weight was also detected in promastigotes of L.
panamensis, however further experiments are required before any further similarity in
structure or function to the enzyme of these other species can be deduced. It would be
interesting to investigate whether other Leishmania species also possess this activity.
Perhaps, like the promastigote surface proteinase (see section 1.6.4.1), it represents an
cenzyme which is conscrved among Leishmania species.

The developmental changes in nuclease activites and the differences between
Leishmania species potentially rveflect the differing environments experienced in the
sandfly host. It is interesting that the 40 kDa enzyme is of higher activity in the
morphotype 1 promastigotes of L. panamensis than in the other two promastigote forms.
This suggests that if this enzyme is involved in purine salvage from the sandfly that
promastigotes resembling forms in the biood meal perhaps require a larger amount of
purines than the other promastigotc morphotypes. This is consistant with the highly
multiplicative nature of the blood meal stages which is apparently not shared by the
other morphotypes of this species and would be consistent with morphotypes 2 and 3
representing the reportedly non-dividing hindgut and metacyclic promastigotes,
respectively (see sections 1.2.2.3.1 and 1.2.2.5). A similar change in activity of the 40
kDa nuclease of L, mexicana during differentiation from morphotype 1 promastigotes to
motphotype 2 promastigotes was not observed. Studies on morphologically similar
promastigotes in the sandfly gut have detected that both of these promastigotes are
multiplicative in nature. It is possible that both stages arc therefore in requirement of a
source of purines for DNA synthesis which is not required by metacyclic promastigoles
and is reflecied in the fact that this enzyme was not detected in morphotype 3

promastigotes. The data gleaned from this study are suggestive that the nucleases of L.
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mexicana potentially represent useful biochemical markers to distinguish not only
between amastigote and promastigote stages but also between the different promastigote
morphotypes. Further studies on these enzymes are merited lo elucidate their precise

roles in parasites survival in the fly |

4.2.2 Morphotype-specific antisera

Immunisation of rabbits with whole cell homogenates of the different
promastigote morphotypes ol L. mexicara produced highly sensitive antisera which
recognised multiple proteins in soluble lysates of all three promastigote forms. The
results indicate that many of the immunogenic molecules are common te all three
morphotypes although quantitative differences for some of the proteins were detected
when each morphotype soluble lysate was probed with the same antisera (Figure 3.12).
The most prominaut changes occurred in proteins of approximately 45-66 kDa and were
most obvious when probed with anlisera raised against morphotype 2 promastigotes.
All three antisera detected greater quantities of one or more proteins in this size range in
morphotype 3 promastigotes than n either of the other two forms. This correlates with
the results of Western blotting analyses using partially stage-specific antisera. These
were generated by complexing each of the different antisera with a different morphotype
lysate the aim being to remove antibodies against molecules which were present in that
lysate. When these sera were used to probe lysates of all three morphotypes only
proteins of 45-66 kDa wetc detected in morphotype 3 promastigotes. It is therefore
likely that rather than representing stage-specific proteins these molecules are produced
in such excess by morphotype 3 promastigotes that they are incompletely removed by
complexing with the other two morphotypes. Although the identity of these proteins

was not investigated the Western blotting results suggest that they do not correspond to
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the promastigote surface protein since the conlent in supernatant and pellet lysates of all
three promastigote morphotypes of L. mexicana was relatively similar (Figure 3.17).
Interestingly, on comparison of the resulis of the Western blots using polyclonal antisera
(Figure 3.13) with Coomassie stained protein profiles (Figure 3.9, panet A) and
autoradiographs of newly synthesised proteins (Figure 3.11), no protcins of 45-66 kDa
were obviously expressed at a higher level in morphotype 3 promastigotes. It is
therefore likely that the increased abundance of these proteins in morphotype 3
promastigotes detected in Western blots using polyclonal antisera is exaggerating by
their highly immunogenic nature. This together with the fact that it is these stages of the
parasite which are mfective to the vertebrate host make these molecules worthy of
further investigation. Analyses of membrane fractions of each parasite morphotype with
the immune serum should eluctdate whether these proteins are components of the cell
surface and could provide potential markers of the different promastigote morphotypes.
These data, although difficult to quantify, are consistant with the results on
protein content and synthesis suggesting that the different morphotypes of L. mexicana
are indeed distinct. The results show that the three morphotypes contain a similar array

of proteins but that these differ in quantity between the three forms.

4.2.3 Proteinases

The proteinase activities of L. mexicana log phase and stationary phase
promastigotes and amastigotes have been studied in depth. In addition, proteinase
activitics during the axenic life-cycle of L. mexicana which includes populations of
promastigotes which morphologically resemble the three promastigote morphotypes
defined and investigated in my study have also been investigated [Bates, 1994]. My

resulis generally confirm those already published, but also some additional activities
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were detected. The most prominant difference relates 1o the apparent molecular masses
of the enzymes, particularly those above 25 kDa. The discrepancy in size is probably
due to the use of rainbow markers in this study which are of limited accuracy. Another
difference was that, in general, greater enzymes activities were detected here, as judged
by the larger quantity of gelatin hydrolysed than in other reported studies. Stimulation
of activity by DTT in addition to a longer incubation period probably accounts for the
observed increasc i gelatin hydrolysis. These changes to the method were deliberately
inciuded in order to maximise proteinase activity in an attempt to identify differences in
activities between the three promastigote morphotypes. This proved successful and
allowed for differences in proteinase activity between the three promastigote
motphotypes to be observed which had not been reported previously. Most of the
enzymes which were present in morphotype 3 promastigotes were also detected in
morphotype 2 promastigotes, although at lower activity, including the fastest moving
cnzyme which it was suggested may be metacyclic specific [Robertson and Coombs,
1992]. The oceurrence of this proteinase in the latter population is probably an
indication of the presence of some metacyclic promastigotes. This would be consistant
with the identification of some metacyclics of L. mexicana and L. major in log phase
populations of promastigotes by Mallinson and Coombs [1989] and in log phase
populations of L. mexicana in this study (Figure 3.4C). In contrast to the other
promastigote morphotypes of L. mexicana and to amastigotes, the proteinase activities
oF morpholype 1 promastigotes were virtually undetectable; the exceptions were a group
of low mobility enzymes of approximately 70-100 kDa. Enzymes of equivalent
mobility were also detected in L. panamensis promastigotes (see below).

There has been no detailed analysis of the proteinases of the different

promastigote forms or of amastigotes of L. panamensis. My studies detected multiple
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proteinase activities of apparent molecular mass 66-90 kDa in all three proraastigote
morphotypes (Figure 3.20). The highest mobility enzyme was also detected in
amastigotes (see Figure 3.21) which had been obtained through #n vifro infection of a
macrophage-like cell line with stationary phase promastigotes. The activities of the
promastigote enzymes were variable and attempts to enhance proteinase activity by
increasing the amount of sample loaded werc futile sinee gelatin hydrolysis appeared to
be obstructed when the amount of protein was increased. Thus long incubation periods
were required to maximise the amount of gelatin hydrolysed and even then the bunding
array obtained varied between experiments. At most 6 individual enzyme activities of
this size range were detected.

Preliminary studies carried out to optimize the conditions for detection of
activity looked ptomising for identifying differences in proteinase activity between the
three morphotypes (see Figure 3.19), Three of the enzymes of stationary phase
promastigotes which had been cultured under acidic conditions to maximise the number
of metacyclic forms of L. mexicana [Bates and Tetley, 1993] were considerably more
active than those of stationary phase promastigotes cultured in neutral HOMEM
medium. A surface enzyme of approximately this size has been reported to be
developmentally regulated in Leishmania promastigotes, undergoing increased
expression in a manner which correlates with increasing infectivity [Kweider ef al.,
1987, Davies et al., 1990]. This suggested that metacyclic production of L. panamensis
was also cncouraged by acidic pH and that these forms either expressed higher
quantities of these enzymes or contained proteinases of higher activity than populations
of promastigotes which perhaps contained fewer morphotype 3 promastigotes in relation
to morphotype 2s. However when the morphology of two stationary phase cultures of

L. panamensis grown under these different culture conditions were compared the
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proportions of morphotype 3 promastigoties were equivalent for each medium although
the mean cell body statistics of promastigotes grown in the acidic medium was reduced.
Stationary phase promastigotes grown in acidic SDM had an average length of 4.4 um
and width of 1.8 um while a similar population grown in neutral HOMEM medium had
an average length of 4.9 pm and width of 2.5 jun. Bates and Tetley [1993] reported a
similar difference in promastigole body length between promastigotes of L. mexicana
when growth and morphology of promastigotes in these two media were compared. It
was concluded that the reduction in mean body length resulted from a more
homogeneous population of metacyclics induced by the acid culture conditions, The
approximate body length of the putative metacyclics of L. panamensis identified by
Walters ef al. [1989a] in the foregut of Lu. gomezi was 7-9 pun and is therefore longer
than both populations of stationary phase promastigotes which were assessed here, It is
possible that this difference in size between in vitro aﬁd in vivo metacyclics could be
due to the use of different parasite strains. However, my results also suggest that the
size criteria defined for the metacyclic stage of L. panamensis may be incorrect and that
metacyclics are in fact smaller than reported.

Interestingly, increasing expression of a proteinase of similar molecular mass to
those detected in L. panamensis promastigotes and L. mexicana promastigotes and
amastigotes has been correlated with increased infectivity in a number of Leishmania
species [Kweider et al., 1987, Davies ef al., 1990]. Moreover, this enzyme, the
promastigote surface proteinase (PSP or also known as gp63), has scveral characteristics
in common with the L. panamensis enzymes. No characterisation of the L. mexicana
enzymes were carried out. Whether any or all three of the enzymes which hydrolysed
more gelatin in promastigotes grown in acidic conditions correspond to the PSP was not

fully confirmed. However, all three behaved similarty under the conditions tested and
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were approximately of the correct molecular mass. The molecular mass of the PSP has
been variously reported to be in the range 63-72 kla, although its mobility has also
been reported to vary within a single study and appears to depend on the conditions
employed for electrophoresis {especially the reducing condition). This together with my
usc of inaccurate markers of molecular mass may account for the apparcently slightly
higher molecular mass of the enzymes in my studies. The fact thal all three enzymes
exhibited activity over a broad range of pH, although the optimum differed slightly, and
were inhibited by phenanthroline also correlates with their similarity to the PSP, None
of these proteins, however, were recognized by a monoclonal antibody which was raised
against the gp63 of L. major [Wallace and McMasters, 1987]. Rather than an indication
of the absence of the PSP on L. paramensis promastigotes it 1s more likely that this lack
of recognition reflects differences in glycosylation between the two species.

The presence of gp63 in the amastigote stage has been a matter for debate, It is
now thought that amastigotes do contain the protein bul in smaller amounts than
promastigotes. Further differences refate to its location in the cell. In contrastto
promastigotes the gp63 of amastigotes is soluble with an acidic pH optimum, and is
located in lysosomes [see review on proteinases by Coombs and Mottram, 1997}, My
results are in good accord with some of this data since proteins of slightly higher
molecular mass to those of promastigotes were detected in puritied lesion amastigotes
of 7.. mexicana when lysates were probed with a monoclonal antibody raised against
gp63 [Wallace and McMasters, 1987]. However, the quantitics dcteeted in amastigotes
and promastigotes appeared relatively comparable. Furthermore, the results suggest that
larger quantities of both the amastigote and promastigote protein are present in crude
pellet fractions containing mostly membrane fractions than in the soluble supernatant

fractions which contrasts with the report that the amastigote enzyme is soluble,
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Amastigotes of L. panamensis which were obtained by infection and subsequent
growth of parasites in vifro within a macrophage-like cell line contained one proteinase
activity which was detected by gelatin SDS-PAGE. 'This proteinase was of slightly
higher mobility than the promastigote enzymes which hydrolysed more gelatin when
grown in acidic culture medium which could correlate with the smaller size of gp63 in
the absence of the GPI-anchor. Fowever, the mobility of this cnzyme was very similar
to that of another enzyme which was also present in promastigotes but did not change
when promastigotes were subjected to acidic culture conditions, It is therefore likely
that the amastigote enzyme does not correspond to gp63 and is also present in the
promastigote stage.

The major surface proteinase of Leishmarnia promastigotes has had several
functions attributed to it (see section 1.6.4.1). My results suggest that although it
appears to be present in all promastigote forms of L. panamensis it is subject to
developmetal regulalion and is expressed in higher quantities or at higher activity in the
metacyclic form than by early-log phase or late-log phase promastigotes. It thus seems
likely that the activity is important for each of the different promastigote forms of this
species during their development in the sandfly gut as well as subsequent to inoculaton
into the vertebrate host.

Comparison of cysteine proteinases in promastigotes and amastigotes of L.
mexicana using Western blotting techniques confirmed previous reports of stage
regulation of these enzymes. Anti-type B and anti-type C antisera recognised different
protein profiles in amastigotes and morphotype 3 promastigotes | Figures 3.14 and 3.15]
confirming data published so far. In contrast, no proteins were recognised in
promastigote morphotypes 1 and 2 which were not also detected with pre-immune

serum. The result with morphotype 2 promastigotes was unexpected since proteinases
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similar to, but of lower activity to those of metacyclics were detected with gelatin SDS-
PAGE. It is therefore likely that the lower activity of these enzymes in morphotype 2
promastigotes results from decreased expression in this stage rather than the same
quantity of enzyme which was of lower activity than the metacyclic enzymes. It has
been suggested that cysteine proteinases of approximately 30 kDa and encoded by
Imcpb genes have homologues in all leishmanias [Robertson and Cootnbs, 1994]. No
proteins, however, were detected in soluble lysates of promastigotes of L. panamensis
using anti-type B and anti-type C antisera raised against cysteine proteinases of L.
mexicanu. The amastigote stage ol L. panamensis was not studied. Whether these
enzymes are truly absent or are simply not detected by the method used was not
pursued. However, evidence against the presence of an activity of this size was
obtained by gelatin SDS-PAGE. Only one potential cysteine proteinase activity was
detected in the promastigote stages of L. panamensis {Figure 3.20, panel B) which was
larger than 30 kDa. This enzyme was not detected by any of the CP antisera suggesting
that they are structurally unrelated. Interestingly the antiserum raised against the
LmCPa protein of L. mexicana positively recognised a protein in all three promastigote
morphotypes of L. panamensis, as well as two different proteins in all three
promastigote morphotypes and amastigotes of L. mexicana. However, the single band
recognised in L. panamensis was of slightly lower molecular weight than the lmcpa
gene product of L. mexicana. Since no diffcrences were obvious in the quantity of this
protein in the different promastigote morphotypes no further analysis of this protein
were carried out.

Although none of the proteinases detaiied showed absolute stage specificity, the
differential expression which was observed supports the hypothesis that the theee

motphotypes of L. mexicana differ biochemically. Furthermore, the results suggest that
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the metacyclic promastigotes of L. panamensis differ in proteinase aclivity from the
other two morphotypes and that other biochemical differences between this stage and
the other two promastigote forms were probably being masked because mixed

promastigote populations were being analysed.

4.2.4 Energy metaholism
4.2.4.1 Promastigotes

High pressure liquid chromatography proved to be a useful and accurate method
for determining the amino acid content of simple and complex media. The
concentrations detected in fresh simple media compared well with expected
concentrations. However, the procedure adopted did not permit all amino acids to be
quantified. Unfortunately proline, which is thought to be particularly important for
parasites developing in the invertebrate gut, could not be analyscd. Other methods to
quantify proline use were not pursued. Incubation of parasites for two hours in simple
media allowed direct comparison of amino acid use by the three different promastigote
morphotypes of both species and by lesion amastigotes and axenic amastigotes of L.
mexicana. These substrates were supplied at concentrations comparable to those in
incomplete HOMEM medium. Longer incubations of promastigotes with the aim of
comparing the effects of glucose and amino acid supplements on survival and growth of
the cells were not carried out since the parasites would not grow in the absence of
HIFCS. This supplement contains a large number of defined and non-defined
components including potential energy substrates and a non-dialysable factor which I
found to be essential for promastigote motility. Comparison of thie concenirations of
amino acids in fresh samples of simple and complex media indicated that whole HIFCS

contained substantial quantities of some amino acids, particularly threonine, arginine,
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alanine, tyrosine, tryplophan, phenylalanine, isoleucine and leucine, which were
removed on dialysis. Dialysed foetal calf serum (with molecules under 10 kDa
removed) was therefore included in the incubation media to allow substrate utilisation
by active promastigotes to he assessed. In addition to these shott term experiments,
amino acid and glucose utilisation by the parasitcs growing in complex medium was
analysed in order to see if the data obtained from the short term experiments gave useful
information relevant to growing parasites.

My results have given detailed information of the amino acid uptake and release
by promastigotes of L. mexicana and L. panamensis and amastigotes of L. mexicana and
so provide important baseline data for further studies on functional significance and
routes of amino acid catabolism. The large quantities of amino acids used by
promastigotes of the two species in the presence and absence of glucose support the
contention that amino acids constitute major energy substrates of these parasite stages
[Marr, 1980]. In the absence of studies to follow the [ates ol individual amino acids,
however, this suggestion remains to be confirmed. Nevertheless, other studies have
demonstrated succinate production [rom amino acids | Van Hellemond e/ a¢f., 1997] as
well as enzymatic pathways of amino acid catabolism in promastigotes which occur in
an energy generating manner. These include proline [Krassner, 1969; Zeledon and de
Monge, 1967; Krassner and Flory, 1972], arginine [Bera, 1987; Blum, 1992] and
leucine [Bhum, 1991] oxidation. Furthermore, the developmental regulation of an
enzyme in L. mexicana which plays a central role in the catabolism and biosynthesis of
amino acids, NAD-dependent glutamate dehydrogenase, is consistant with a catabolic
role in the promastigote stage [Mottram and Coombs, 1985]. In contrast to
promastigotes, only a cytosolic NADP-dependant enzyme was detected in amastigotes.

This enzyme is thought to serve a biosynthetic role through provision of reduced
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NADP. 'This correlates with the data available on energy generation by amastigotes,
since amino acids are thought not to be major energy substrates [see Glew et al., 1988].
It is therefore likely that the amino acids which were consumed by amastigotes of L.
mexicana (Tables 3.7-3.9) were involved in biosynthesis rather than in energy
generation.

The general consumption of amino acids by promastigotes of L. mexicana and L.
panamensis was nol aflecled by changing the gas phase from air to N,, argon or 95%
air/5% CO,. However, the gas compositions within the acrobic incubation chambers
were not monitored and il is probable oxygen tension was reduced due to the high
parasite densities and this may account for the lack of change observed when conditions
were made fully anaerobic. On the other hand, small quantities of dissolved oxygen in
the medium could be responsible for the amino acid consumption detected in the
‘anaerobic’ chambers . Nevertheless, it would appear that promastigotes are able to
consume amino acids when oxygen is severely limited, this possibly reflects the
adaptability of these parasite stages for the frequently changing conditions within the
sandfly gut. Indeed while observing promastigotes by light microscopy it became
evident that promastigotes towards the outer edge of the coverslip first became
sluggishly motile and then stationary. It scems likely that this behaviour reflects a lethal
effect of complete aerobiosis on these parasites and although this requires clarification it
does suggest that conditions within the fly gut are not fully aerobic. To my knowledge
no measurements have heen made regarding the oxygen and carbon dioxide
concentrations within the different gut regions, although such information would
anyway be of limited value since sandfly behaviour will have a direct intfluence on the
gas composition at any one time, Moreover, changing parasitc numbers will also

influence the composition of the gas phase. Consistant with my results and with



putative variable conditions in the sandfly gut, it seems likely that promastigotes are
able to undergo energy metabolism over a range of different concentrations of oxygen.
In agreement with this was the finding that promastigotes of L. major catabolised
glucose over a wide range of oxygen concentrations provided CQ, (5%) was available
[Kecgan and Blum, 1990]. Indecd the rate of ghucose catabolism increased as the pO,
decrcased from 95% to 6% and was still evident at as low a pO, as 1%, although ceased
when all O, was removed. Whether this ability is common to other Leisfumania species
ot to other energy substrates such as amino acids has not yct been determined, however
the results of my study suggest that amino acid catabolism occurs at the same rate, at
least short term, under conditions of reduced oxygen. Previous studies involving
analysis of amino acid metabolism under changing gas phases have focussed on alanine
production from glucose and consumption from endogenous pools which were found to
alter depending on the amount of oxygen available [reviewed by Blum, 1993a; b; Blum,
1994]. Unfortunately my analyses of spent culture medium from promastigote culturcs
in air, N,, argon or 95% air/5% CO, did not allow quantitation of alanine since alanine
and arginine co-cluted. Thus the effects of changing gaseous compositions on the
consumption and release of exogenous alanine by promastigotes remain undetermined.
The short term incubations also provided an opportunity to investigate glucose
conswmption in the presence and absence of amino acids by promastigotes of L.
mexicana and L. panamensis and amastigotes of L. mexicana. However, insufficient
quantitics of glucose were consumed to allow accurate guantitation by the methods
cmploycd. This was probably due to the combined effect of a high initial concentration
of glucose and an insensilive deteclion method. Other studies have deteeted changes in
glucose use in relation 1o the promastigotes growth cycle [Mukkada ef al., 1974; Blum,

1996} and it is likely that further studies to optimize experimental conditions could
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provide information on differential use of glucose by the three promastigote
morphotypes.

My findings (Tables 3.5 and 3.6) that the different promastigote morphotypes
consume and produce amino acids at different rates confirm other reports of altered
amino acid use during the in vifro growth cycle (see section 1.6.1). It is likely that these
differences are related to the changing environments which are experienced by the
different morphotypes in the sandfly gul. Early-log phase promastigotes of both
species, populations containing high numbers of morphotype 1s and resembling cells
found within the blood meal, were found to consume large quantities of amino acids
from the simple media, which correlates well with putative nutrient availability in vive.
This is also consistant with the highly multiplicative nature of these promastigotes in
vivo and in vifro and although the fate of the amino acids was not followed it is likely
that a substantial quantity of those consumed were used in protein biosynthesis.
Although the overall situation was similar for both species, there were some differences.
L. mmexicana morphotype 1 promastigotes consumed slightly larger quantities of the
deteclable amino acids than equivalent morphotypes of L. panamensis and consumption
by L. mexicana involved almost complete exhaustion (> 95%) of five of the available
amino acids including alanine. In contrast, large quantities of alanine were excreted by
morphotype 1 promastigotes of L. panamensis. The source of this alanine was not
investigated but is unlikely to simply reflect release from an endogenous pool as occurs
due to osmotic stress {reviewed by Blum, 1996] since the simple media were iso-
osmotic and release of other amino acids was not detected. It would be interesting to
investigate this inter-species difference in greater detail as it may represent a metabolic
difference related to adaptation to different life-cycles. 'I'he finding that the addition of

glucose had little effect on amino acid utilisation suggests that the sugar is not the
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prefetred energy substrate. This adds further support to the contention that the forms
are equivalent to those that occur within the blood meal and are adapted for an
environment likely to contain large amounts of amino acids and little glucose.

The general reduction in amino acid consumption by morphotype 2
promastigotes of 7. mexicana and L. panamensis when compared with their respective
morphotype I promastigotes ties in well with these forms existing outwith the blood
meal and, in the case of L. mexicana, being equivalent to the midgut promastigotes
identified in the sandfly which would potentially have access to both amino acids and
glucose from plant and aphid sources. Increased release of alanine by these forms when
glucose and amino acids were available suggests that glucose catabolism is also
occurring (but that it is not full oxidised) although the lack of a similar effect of glucose
on consumption of the other amino acids is suggestive that these amino acids are used in
preferance to glucose. The data on amino acid utilisation by morphotype 2
promastigotes of L. panamernsis shed no light on whether these forms are representative
of the promastigotes which inhabit the hindgut of the sandfly. Indeed the finding that
they behaved similarly to morphotype 2 promastigotes of L. mexicona in consuming
large quantities of several of the amino acids in the presence and absence of glucose
would be consistaut with their existence in a similar environment.

Morphotype 3 promastigotes of both species generally cansumed lower
quantities of amino acids than the other two morphotypes consistant with reports that
metacyclic promastigotes mainly use different energy substrates from multiplicative
promastigotes (see section 1.6.1). However, in conlrast to results of studics on other
species which implied that the parasite preferred glucose at this stage [Mukkada ef al.,
1974] my results suggest that amino acids may represent an important energy substrate

for this stage of L. panamensis and L. mexicana. It is possible that the amino acid
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consumption was mainly due to the morphotype 2 component of this population, but
this was not determined since pure populations of metacyclics of these species could not
be obtained. It would be of value to repeat these analyses with L. major as my results
clearly show that this species also undergoes similar morphological transitions to those
of L. mexicana and L. panamensis but in addition techniques allowing purification of
metacyclic promastigotes of this specics arc available, Even then, however, the results
would need to be applied to L. mexicana and L. panamensis with caution, as there may
well be interspecies differences.

Since the fates of individual amino acids were not followed only limited
interpretation of these results is possible. Consumption of radioactively labelled
substrates from simple media would allow their metabolism to be mapped, while
analysis of enzyme activities and soluble cnd-products during growth in complex
medium would permit elucidation of the relative importance of individual pathways to
each of the promastigote morphotypes. The results of other studies emphasising the
complexity of the metabolism of these parasite stages suggest that they have adapted to
withstand a diverse array of conditions by channelling their metabolism according to the
prevailing situation at any time.

The results of this study indicate that in addition to amino acids all three
promastigote morphotypes consume glucose when it is available. This conclusion is
solely based on the general switch from consumption or ncgligable usc of alanine in the
absence of glucose to release in its presence. It seems likely that promastigotes possess
the cellular machinery for both glucose and amino acid catabolism and switch the
balance of use in accordance with the available nutrients. This may also explain why no
differences in amino acid consumption were detected between morphotype 2

promastigotes of the two species investigated. The nutrients available to promastigotes
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in the hindgut of the sandfly are probably significantly lower in quantity than those
available to promastigotes in the midgut. However, promastigotes in both localities are
potentially subjected to periods when energy substrates are limited and consumption of
large quantities of amino acids by these forms may reflect their ability to maximise
utilisation when substrates are available. In this regard, it is interesting that the results
of a recent study showed that promastigotes of several Leishmania species can
withstand periods of metabolic arrest induced by cither starvation or by inhibition of
respiration [ Van Hellemond ef af., 1997]. The morphotype 2 promastigotes of the iwo
species were exposed to rather similar conditions in my experiments which probably
determined the similar consumptions.

Interpretation of amino acid and glucose utilisation during promastigote growth
in complete HOMEM medium and correlation with the results obtained for each stage
during the two hour suspension in simple media is complicated by the changing cell
numbers during growth and the problems in correlating the different morphotypes
cxactly to the different days of culture. Nevertheless, the results can be cautiously
interpreted. Substrate concentrations present after one day will have corresponded 1o
the amounts of each amino acid and glucose remaining after differentiation of
transformation intermediates taken from the mid-log phase of growth to morphotype 1
promastigotes and their subsequent growth. It would appear that amino acids are
consumed in small quantities during this transition and thereafter in large amounts
during promastigote growth in complex medium. By the late-log phase of growth
(corresponding in this experiment to day 2 for L. panamensis and day 5 for L. mexicana)
the concentrations of many amino acids were substantially reduced., Comparison of the
amino acids which were used most during suspension in simple media by promastigote

morphotypes 1 and 2 with those used by promastigotes during growth in complex media
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up to late-log phase indicate that in both cases the same amino acids were the main ones
used. In contrast, metabolism of alanine by L. mexicana morphotype 1 promastigotes
differed depending on the conditions. Alanine was released in large quantities by
promastigotes in the early-log phase of growth in complex medium but was consumed
hy morphotype 1 promastigotes in simple media. Alanine is thought to serve as an
osmolyte guarding promastigotes against hypo-osmotic stress, being released under
such conditions [reviewed by Blum, 1996]. However, the determination of the
osmolarity of fresh and spent culture medium detected no change during the in vitro
growth cycle of L. panamensis promastigotes (Table 3.2). The carbon skeleton of the
released alanine probably originates from glucose catabolised by promastigotes in the
complex medium as has been reported previously for L. panamensis [Dacling et af.,
1987]. Tfthis is the case then alanine release throughout the complete in vitro
promastigote growth cycle of both Leishmania species suggests that glucose catabolism
occurs continuously in these two species of Leishmarnia and is not restricted to cultures
approaching the stationary phase of growth as reported for promastigotes of L. tropica
[Mukkada ef a/., 1974}. Quantitation of the amount of glucose used during short ierm
incubations of the different promastigote morphotypes would have been useful for
clarification of this since alanine can also be produced as an end-product of proline
catabolism. In addition, the prescnec of several aminotransferasc activitics provide
potential routes of alanine formation from other amino acids.

Analysis of the glucose content of culture medium confirmed that glucose was
consumed by promastigotes of both species at all stages of iz vitro growth. Only small
quantities were consumed during the first few days of growth by both parasite species.
Subsequently, at around the time of entry into the late-log phase of growth, glucose

utilisation increased. Whether this increase was due to an increased use by individual
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cells or simply reflected the rise in cell numbers is difficult to determine. However, a
corresponding increase in the activity of hexokinase, a key glycolytic enzyme, in
stationary phase promastigotes of .. mexicana (Table 3.12) suggests that there may
indeed be increased glucose catabolism during metacyclopenesis, as was also reported
for L. tropica [Mukkada ef al., 1974]. Interestingly, a similar increase in hexokinase
aclivily was nol detecled with promastigotes of L. panamensis demonstrating a species
difference. Itis also notable that the activity of another glycolytic enzyme, pyruvate
kinase, decreased with transition of L. mexicana to stationary phase. In conirast,
pyrovate kinase in L. panamensiy increased as the growth cycle progressed. This
enzyme is probably less good as an indicator of the flux through glvcolysis, for it
catalyses the final step and it is known that other pathways may be followed in
preference to pyruvate production depending on the growth condittons - for instance
phosphoeneclpyruvate may enter the glycosome (see section 1.6.1.1).

Further analyses of metabolism will be required to elucidate fully the pathways
of energy generation occurring in the different in vifro promastigote morphotypes.
Relating these to promastigotes in vivo is a challenging project since the conditions
within the different gut regions have yet to be clarified. Moreover, presumably the
exact conditions at any one time will be variable being influenced by sandfly behaviour
and by other promastigotes in the gut. It is essential that promastigotes can withstand
this variability if infections in the vector are to hecome established and it is likely that
they are capable of catabolising a varicty of energy substrates at different degrees of
aerobiosis and alter their metabolism accordingly. The results of this study arc in
agreement with this hypothesis since it appeared that all three morphotypes survived
and utilised amino acids when these were the only available subsirates but consumed

glucose in addition to amino acids when both were available,
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The activities of several metabolic enzymes (Table 3.12) were assayed in the
three promastigote morphotypes in an attempt to identify metabolic differences between
them that could be related to differing in vivo environments and which could explain the
differential consumption of amino acids. The activity of two glycolytic enzymes,
hexokinase and pyruvate kinase, appeared to undergo stage regulation which differed
between the two Leishmania specics. The activity of hexokinase was generally higher
in L. mexicana promastigotes, potentially indicating a higher rate of glycolytic lux than
in L. panamensis. This interpretation may be incorrect, however, since the product of
the reaction catalysed by hexokinase, glucose-6-phosphate, is also a substrate for the
pentose phosphate pathway. The importance of this pathway, which is responsible for
provision of carbohydrate intermediates used in nucleotide and other biosynthetic
pathways [reviewed by Barrett, 1997], to the Leishmania appcars debatable. One report
suggcsted that it accounted for up to 40% of glucose used [Marr, 1980] while another
study concluded that it contributed little to the overall glucose metabolism [Ghosh and
Datta, 1971]. Flux through this pathway in relation to glycolysis and to glucose
consumption was not investipated in this study, therefore hexokinase activity is
probably not an ideal indicator of glycolytic flux. Nevertheless, differential activity of
hexokinase was detected in the three promastigote morphotypes indicating that either
the combined or individual pathways differ in flux. The L. mexicana hexokinase was of
highest acitivity in morphotype 3 promastigotes which is consistant with the report of
increased glucose consumption by stationary phase promastigotes {Mukkada ef al.,
1974]. However, the activity in all three morphotypes was considerably higher than that
reported in the same parasite by Mottram and Coombs [1985]. The reason for this
discrepency is unknown but probably relates to different methodology. In contrast to L.

mexicana, the same enzyme in L. panamensis was of slightly higher activity in
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morphotype 1 promastigotes than in either of the other two promastigote forms, which
had similar activity. It is possible that increased activity of this enzyme in morphotype
1 promastigotes is related to their enhanced requirement for nucleotides due to their
high rate of multiplication.

Pyruvate kinasc, the final glycolytic enzyme which is responsible for pyruvate
production, differed considerably in activity between the two Leishimania species. The
much higher activity in L. mexicana, which incidently is also considerably higher than
that previously detected by Mottram and Coombs [1985], correlates with the higher
quantity of pyruvate released during growth in complex medium by this species
{compare Figurcs 3.27 and 3.28). In contrast, the two species released similar and rather
low amounts of acetate and succinate. Perhaps these metabolites in L. panamensis arise
not from glucose, as in L. mexicana, but from other substrates, such as amino acids.
The results of a recent study indicated that the succinate produced and excreted by L.
infantum promasligotes only partially originated from glucose and a higher proportion,
it was suggested, was produced from amino acids [Van Hellemond et al., 1997]. My
enzyme data therefore suggest variation in the relative importance of different pathways
of energy metabolism in L, mexicana and L. panamensis, differences which were not
detected during analysis of amino acid or glucose uptake. The relatively similar
activities of glutamate dehydrogenase, an enzyme ceniral to amino acid degradation, in
the two species do not support this proposal and highlights the need for additional
studics to clarify thesce results. Perhaps the L. panamensis pyruvate kinasc is
significantly different from that of L. mexicana such thal the assay conditions were not
optimum for its activity. This could represent an interspecies difference important for
the different life-cycles. Pyruvate kinase activities were also found to undergo stage-

regulation. In L. mexicana, morphotype 3 promastigotes contained the iowest activity
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and morphotype 2s the highest. Comparison with hexokinase activities suggests that the
pathways of glucose catabolism in the three promastigote morphotypes of L. mexicana
differ. It would appear that promastigote morphotypes 1 and 2 channel more glucose
through puruvate than morphotype 3s, which presumably produce greater quantities of
D-lactate and/or glycerol or divert the flow of carbon along the pentose phosphate
pathway or back into the glycosome at the level of phosphoenolpyruvate (see section
1.6.1.1). This was not investigated, although the higher activity of isocitrate
dehydrogenase in morphotypes 1 and 2 also indicate a higher flux through the citric acid
cycle than in morphotype 3s. In contrast to L. mexicana, pyruvate kinase activity in L.
panamensis was highest in morphotype 3 promastigotes and lowest in morphotype 1
promastigotes. Again these activities were not parallelled by the gradation of
hexokinase activities. Morphotype 1 promastigotes had the highest activity of this
enzyme but the lowest of pyruvate kinase while in the other two forms the activities
were relatively comparable. 'This would be consistant with glucose being consumed at a
faster rate by morphotype 1 promastigotes but the pathways subsequent to glucose-6-
phosphate production differing. This could be investigated through analyses of the
soluble end-products of energy metabolisin, possibly using NMR [for example, Rainey

and MacKenzie, 1991].

4.2.4.2 Amastigotes

The data obtained on the amino acid consumption by purified lesion amastigotes
of L. mexicana allows their similarity to axenic amastigotes to be assessed. Small
quantities ol many ol'the detectable amineo acids were consumed by lesion amastigotes
resuspended at 3x10° ml™ in simple medim including aspartate, asparagine, threonine,

alanine and leucine. When glucose was also available the consumption of amino acids
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was generally increased. 'This may simply reflect a higher rate of cellular biosynthesis
supported by glucose, but could also be a consequence of different pathways operating
when glucose was absent. However, the results do not suggest amino acid catabolism to
be important in energy generation. In addition, alanine consumption switched to
production when glucose was added, which suggests catabolism of glucose.

The usc of amino acids by axcnic amastigotes was rather different from that of
lesion amastigotes. The axenic amastigotes consumed negligable amounts of all of the
amino acids analyscd in the abscnce of added glucose and released large quantities of
almost all of the amino acids in the presence of glucose at neutral pH. This provides
further evidence that axenic amastigotes are not identical to lesion amastigotes.
Although the results of amino acid consumption by lesion amastigotes at neutral pH
provide a useful comparison with axenic amastigotes and promastigotes they probably
do not reflect in vivo usc. Actdification of the culture medium in the absence of glucose
had little effect on amino acid consumplion by axenic amastigotes. In contrast,
inclusion of glucose in simple medium which was titrated to pH 5-5 resulted in
consumption of most of the amino acids. Since glucose catabolism and proline uptake
by amastigotes is optimal at acidic pH [reviewed by Zilberstein and Shapira, 1994] it is

likely that these conditions are optimal for amastigote survival.

4.2.5 Amino acid content

Examination of the free amino acid pools of the three promastigote morphotypes
of L. mexicana (L'able 3.13) identified differences belween the morphotypes and the
results are consistant with a previous report on the amino acid content of mid-log phase
and stationary phase promastigotes of L. mexicana [Mallinson and Coombs, 19891.

Stationary phase promastigotes generally had lower levels of amino acids than log phase
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promastigotes in both cases. Attempts to harvest promastigotes rapidly and thus
decrease the likelihood of changes occurring, either through etflux or modification of
metabolism induced by harvesting conditions, during harvesting were unsuccessful,
Few promastigotes were pelleted through the layer of silicone oil, indicating that the oil
was too dense. This method was therefore sbandoned in favour of that used previously
by Mallinson and Coombs [1989]. The fact that these authors also detected differences
between log phase and stationary phase promastigotes and that all three promastigote
morphotypes analysed in this study were harvested identically suggests that the
observed differences may be of some physiological significance. In addition, my results
also show that morphotype 1 promastigotes differ in amino acid content. The observed
pattern of amino acid content parallels the gradation of amino acid consumption from
simple media by these three morphotypes and could therefore simply be due to
increased uptake of amino acids. Indeed, decreases in the intracellular concentrations of
some amino acid of L. fropica promastigotes were shown to be a consequence of
starvation of these cells [Simon et «f., 1983]. Interestingly, however, the concentrations
ot some amino acids increased which could be a result of their release from proteins but
lack of catabolism in energy generation.

Large intracellular quantities of alanine appear to be a common feature of
leishmania and have heen detected in several species [Simon ef af., 1983; Mallinson and
Coombs, 1989; Knodler er gl.. 1994; Darling ef ef., 1990]. Other protozoa including
Trypanosoma specics [Williamson and Desowitz, 1961; O’Daly ef af., 1983], Crithidia
tuciliae, Giardia intestinalis and {richomonas vaginalis [Knodler ef al., 1994] have also
been reported to contain a large pool of intracellular alanine. It has been postulated that
this amino acid plays an important role in prevention of cell 1ysis under osmotic stress

[reviewed by Blum, 1996] which is consistant with the variable habitats encountered by

245



these different pavasites during their life-cycles. My results confirm that all three of the
morphotypes of L. mexicana contain a large pool of alanine providing evidence in
favour of the hypothesis that these promastigotes represent distinet developmental
stages and do not simply arise as a result of osmotic stress. Sub-passage of
promastigotes into hypo-osmotic conditions has been shown (o induce release of amino
acids, particularly alanine, consequently resulting in a change in shape of promastigotes
of L. major and L. donovari from long and slender to short and rounded [reviewed by
Blum, 1996]. Comparable quantities of alanine in promastigote morphotypes 1 and 2
indicate that these promastigote morphotypes are not the result of changes in osmotic
stress, which 1is also consistant with measurements of medium osmolarity (Table 3.2).
In contrast to other studies on L. fropica [Simon ef al., 1983], L. mexicana and L. major
|Mallinson and Coombs. 1989], I detected arginine to be present at a higher
concentration than alanine in both of the morphologically distinct promastigote
populations from the early-log phase (morphotype 1) and late-log phase of growth
(morphotype 2) which were analysed. This discrepency may be due to the harvesting
procedures correlating with the report that starvation of L. fropica promastigotes led to
an increase in arginine content in promastigotes of L. tropica [Simon ef al., 1983].

The biochemical data accrued on both Leishmania species have identified
differences between the three morphotypes which are in support of the hypothesis that
each represents a distinct developmental form. Moreover, the results also provide
evidence in favour of the proposal that each stage is adapted for potentially differing
cnvitonments in the sandfly gut. In general the alterations which occusred in L,
panamensis were less dramatic than those of L. mexicana which suggests that the
morphotypes of this species are indeed less different. This may simply be a reflection

on the choice of parameters which were analysed and it seems likely that further
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characterisation will provide additional information on how the morphotypes of both
species differ. For example, isoenzyme profiles or analysis of the antisera raised in
mice in this study for stage-specific differences, especially surface proteins, could
provide other phenotypic markers of all three morphotypes. Although no phenotypic
markers which were absolutely stage-specific were identified in this study which could
be applied to all three morphotypes, application of a nuniber of the techniques which
identified differences beitween the forms provides a means of identifying each of the
ditfferent morphotypes. This should prove useful in further studies directed towards
obtaining substantially enriched populations of the three morphotypes by modification
of culture conditions. Such techniques are clearly warrented and may reveal differences
which were masked during characterisation of the heterogeneous promastigote

populations.

4.3 Infectivity

Previous studies on infectivity of L. major promastigotes have demonstrated that
promastigotes irom the log phase of growth are less infective than stationary phase
promastigotes consistant with an increase in the number of metacyclics in the stationary
phase population [for example see Sacks et al., 1984, 1985; Mallinson and Coombs,
1989].

My studies on L. mexicana infectivity are in good accord with this since
stationary phase populations sutrvived considerably better in peritoneal exudate cells
than late-log phase promastigote populations (Table 3.14). The finding that some of the
morphotype 2 population were able to infect and multiply in macrophages could be
explained by the presence of a small number of morphotype 3 promastigotes.

Surprisingly, morphotype 1 promastigotes, were more infective to peritoneal exudate
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cells than morphotype 2 promastigotes and were similar in infectivity to morphotype 3
promastigotes. This was unexpected and does not fit well with current concepts that
only metacyclic forms are infective to mammals. The population of promastigotes sub-
passaged to provide the morphotype 1 population was in the mid-late-log phase of
growth and although some morphotype 3 promastigotes would be present it is unlikely
that their numbers would be sufficient to account for the infectivity observed.
Moreover, studies on the growth of purified metacyclics of L. major (see section 3.4.5)
are suggestive that de-differentiation of metacyclics occurs upon sub-passage into fresh
culture medium thus reducing the numbers of morphotype 3 promastigotes in the
morphotype 1 population further. 1t may be that infectivity to macrophages in vifro is
determined by different factors from infectivity to mammals, and data on the latter are
now required to allow further interpretation of the results.

In contrast to L. mexicana, no clear cut differences in infectivity were detected
with the different promastigote morphotypes of L. panamensis. All three populations
were capable of survival within the macrophages, Intercstingly, the pereentage of
infected macrophages and average numbers of amastigotes per macrophage detected
were similar to those observed with morphotype 2 promastigotes of L. mexicana. Tt was
suspected that L. panamensis would survive less well than L. mexicana since L.
panamensis was found to be more sensitive to culture conditions and infected mice less
readily (see section 3.1), The significance of the infectivity results for L. panamensis
are uncertain. The Onding thal stalionary phase promastigotes were not more infective
than log-phase promastigotes could be because the number of metacyclics in the two
populations was similar which would in turn explain why in other respects these two
populations have been so similar. However, it may also be a reflection on the

fastidiousness of this parasite species and the sub-optimal conditions used in the study.




It may also reflect the lack of correlation between infectivity to macrophages in vitro

and to mice, as also potentially explains the results with L. mexicana.

4.4 Differentiation and transformation studies

The results from studying the ability of 7.. mexicana promastigotes to
differentiate to amastigotes indicate that all three promastigote morphotypes were
equally capable of differentiating to and dividing as amastigote-like forms (Figures
3.38, 3.39 and 3.40). This was surprising but in some respects correlates with the
infectivity results discussed in section 4.3. In contrast to the infectivity studies,
however, morphotype 2 promastigotes survived and multiplied as well as the other two
morphotypes under these conditions. Unfortunately the ability of the aflagellates to be
sub-passaged and maintain amastigote-like morphology was not assessed. Similarly no
biochcmical characterisation of the amastigete-like cclls was carried out. Thus, whether
the aflagellates bear resemblance other than in morphology to lesion amastigotes was
not determined, However, these results are not consistant with metacyclic
promastigotes being the only ones capable of differentiating to amastigotes.

Amnother approach fo determining whether or not the promastigote morphotypes
are distinct developmental forms was to investigate their ability to transform back and
also the trigger for transformation.

Various experiments involving modification to culture conditions were carried
out in an allempt to investigate the stimuli for differentiation between the different
morphotypes. Exhaustion of amino acids within the blood meal may be the trigger for
transformation of morphotype 1 promastigotes into more elongate, motile forms
(morphotype 2s) in vitro and in vivo. My results clearly show that the catly-log phase

promastigotes consume large quantities of amino acids, almost exhausting supplies
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within two hours, while ir vivo studies have shown that this differentiation step occurs
shortly before breakdown of the peritrophic membrane when sandfly digestion of the
blood meal is virtually completed (see section 1.2.2.2). Short incubations involving
suspension of promastigotes in buffered saline supplemented with 10% dialysed foetal
calf serum in the absence of either glucose or amino acids provided some evidence to
suggest that amino acid depletion was not the stimulus for differentiation to morphotype
2s since promastigote morphology was not observed to change during the incubations.
However, the period of time taken for the differentiation to occur 1s probably in excess
of two hours, based on the time taken in cultures for ditferentiation of morphotype 1
promastigotes into morphotype 2s. Furthermore, this differentiation step in vifro occurs
despite the presence of large quantities of most of the amino acids in the culture mediom
{Tables 3.10 and 3.11), although clearly some have been virtually exhausted by the late-
log phase of growth when morphotype 2 promastigotes predominate. Lack of data on
the utilisation of other amino acids, especially proline, fimit interpretation of these
results and the role played by amino acids in triggering promastigote transformation
therefore remains unclear. The results of other experiments (discussed below),
however, involving modification of promastigote culture medium indicate that depletion
of these energy sources may not be the only factor responsible for transformation to a
morc clongate promastigote form,

Studies carried out to elucidate other potential triggers of this differentiation step
indicated that one or more dialysable components present in HIFFCS are important
determinants of both differentiation to morphotype 1 promastigotes and promastigote
division (Figures 3.32 and 3.33). Unlike morphotype 2 promastigotes sub-passaged into
HOMEM medium which was supplemented with complete HIFCS, morphotype 2

promastigotes (of all three species) which were sub-passaged into HOMEM containing




dialysed ITIFCS did not transform back to morphotype 1 promastigotes and appeared to
cease dividing. In some experiments promastigote nuimbers doubled during the first two
days subsequent to sub-passage and declined thereafter. Although smalil quantities of
each promastigote morphotype comprised the resultant cell populations, more than 90%
were promastigotes typical of morphotype 2 forms - the main type uscd (o initiate the
cultures. Hemin, haemoglobin and acetylcholine (compounds found in blood), did not
restore multiplication or this differentiation step for promastigotes of L. panamensis
(Figure 3.33D). Interestingly, hacmoglobin-derived peptides have been reported to be
involved in differentialion of 7% cruzi epimastigoies (o metacyclics in the hindgut of the
insect host [reviewed by Charlab and Garcia, 1997]. Restoring haemoglobin 1o dialysed
HIFCS had no apparent effect on transformation to the morphotype 1 promastigote
suggesting that similar molecules are insufficient to promote this transition. Extra
quantities of glucose or proline, which would have been lost during dialysis, also had no
effect on restoring dillerentiation (data not shown). I morphotype 1 promastigotes
were solely the result of water uptake accompanying substrate entry then it would be
expected that these potential energy substrates would have induced morphotype 2
promastigotes to differentiate into morphotype 1s. Further studies to elucidate the
effects of HIFCS involved growth of promastigotes of L. mexicana in HOMEM medium
which was supplemented with various concentrations of HIFCS. Clearly, the
concentration of HIFCS present in the growth medium influenced the progression of
appearance of the different forms (Figure 3.34). The results of this experiment, like
those involving dialysed HIFCS, also suggest that one or more components of HIFCS
determine the morphology of the promastigotes which occur, particularly influencing
promastigotes of morphotype 1 morphology. It is likely that a higher quantity of these

factors caused promastigotes to retain morphotype 1 morphology for longer before



differentiation to morphotype 2 promastigotes. Whether this differentiation step results
because of consump(ion of the soluble component by the promastigotes was not
clarified. However, experiments involving sub-passage of promastigotes into spent
medium harvested from morphotype 2 or morphotype 3 cultures favour this hypothesis
(see section 3.4.4). Moreover, increasing the starting density resulted in more rapid
differentiation of morphotype 1 promastigotes (section 3.4.1) which also ties in with this
theory.

One important feature which was overlooked in determining the above
conclusions from these experiments was whether the slender promastigotes which were
produced bore any resemblance, other than in morphology, to the morphotype 2
promastigotes of late-log phase cultures. Unfortunately, | had not discovered any
phenotypic markers of this promastigote morphotype which could be used to confirm
this beyond doubt. However, application of a number of these techniques would give
some idea as to how similar they were 10 the morphotype 2s. Indeed, if this does
represent a pure population of these forms then study of them may reveal differences
which were masked during characterisation of the heterogeneous promastigote
populations. In addition it would be interesting to analyse the DNA content of the cell
population produced by sub-passage into HOMEM medium supplemented with dialysed
HIFCS since they appear to be synchronous as regards morphology and division status.
The mechanism of obtaining synchronicity of Leishmarnia promastigotes has been
pursued on scveral occasions and has important implications for studies on the timing of
cell cycle events. If these forms are indeed synchronous, then this procedure would
provide a valuable tool to further advance our understanding of the development of

these parasites.
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One differentiation event which has been studied in some detail is the generation
of metacyclic promastigotes (inorphotype 3 promastigotes). These studies have been
largely restricted to in vitro promastigotes, and the results considered to be biologically
relevant extrapolated to highlight their potential importance in vivo. Although the
mechanism involved has yet to be fully elucidated, there is evidence to suggest that
generation of metacyclies 1s both induced and intrinsically determined [Milligan, 1996].
Nutrient depletion and acidic pH have been implicated as biologically relevant stimuli
of this induction, they are thought to trigger differentiation through inhibition of
promastigote multiplication. The results of my experiments investigating the effect of
drug-induced inhibition of multiplication on metacyclogenesis are in contrast to this
hypothesis. Both aphidicolin, which has been used to induce ditferentiation in ZTheileria
annularia [Shiels et al., 1994], and DMSO reduced division without concurrent
metacyclogenesis. Whether these drugs also had non-specific effects damaging the cells
in other ways which prevented metacyclogenesis is a possibility which was not
investigated. Other modifications to the culture conditions, however, which also
inhibited promastigote multiplication did appear to intluence the timing of
metacyclogenesis (section 3.4.4). Similarly to Mallinson and Coombs [1989] and Sacks
and Perking {1984;1985], incubation of promastigotes in spent culture medium resulted
in generation of metacyclics earlier than in control cultures. Interestingly, the effect on
promastigote morphology of sub-passage into spent medinm appeared to differ
depending on when the medium was harvested; morphotype 2 spent medium contained
large numbers of morphotype 2 promasligotes on the second day of growth while
morphotype 3 spent medium was predominated by morphotype 3 promastigotes at this
time (Figures 3.35 and 3.36). These results suggest that the culture media ate

conditioned in some way by the different promastigote morphotypes which is in good
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accord with the hypothesis proposed earlier that a soluble mediator is involved in
determining promastigote morphology. Whether the same factor(s) is responsible for
the different differentiation step requires clarification but if so then my results suggest
that the progression of different morphotypes occurs as a result of consumption of this
factor during growth and that promastigote morphology is probably conirolied by a
threshold level.

Investigation of morphotype 3 promastigotes of L. magjor gave similar results to
Mallinson and Coombs [1989] who reported that these forms do not divide (Figure
3.28) and upon sub-passage into fresh medium de-differentiate into morphotype 1 forms
in approximately 24 hours (Figure 3.37). Also similarly to this other study, these results
are unlikely to be explained by the growth of contaminating morphotype 2 and
intermediate promastigates which were also present since culturing experiments showed
that both of these promastigote morphotypes differentiate into morphotype 1
promastigotes on sub-passage into fresh medium. Although a large proportion of the L,
major metacyelics differentiated into morphotype 1 promastigotes over 24 hours
approximately one third of those present in the initiating population remained after this
time. After a subsequent 24 hours this number decreased. Whether these forms also
transformed back or died was not investigated here but perhaps this population of cells
represents a sub-population of metacyclics which have progressed beyond the point of
commitment to this differentiation event and are unable to de-differentiate. This
appears unlikely, however, since death of these cells in the subsequent 24 hows,
consistant with a decrease in number, is in contrast with the evidence that this
promastigote stage is more tolerable to adverse conditions than other promastigotes.

Madification of culture conditions proved a useful means of investigating

potential triggers of differentiation between the three promastigote morphotypes and
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provided evidence that they can be induced by changing environmental conditions. For
example, component(s) of HIFCS appeared to be key factors in influencing
promastigote morphotypes 1 and 2 of all three Leishmania species which correlates with
the probable conditions experienced by these forms in vivo. Intrinsic programming was
not studied in detail here and therefore its occurrence cannot be ruled out, although the
finding that the cycle does not proceed solely in one direction (promastigote
morphotypes 2 and 3 were capable of de-differentiation) and that all three morphotypes
transformed in vitro to amastigote-like forms suggests that the morphological changes
are induced by changing environmental conditions. Clearly, more studies are required
to elucidate the factors involved and their mechanism of triggering differentiation as
well as to confirm whether the distinct morphotypes are indeed different developmental
forms.

Whilc these studies have provided new information on the iz vitro promastigote
developmental sequence and on some of the characteristics of three morphologically
distinct promastigote stages, the overall picture of whether promastigote morphotypes 1
and 2 represent distinct developmental stages and how the in vitro developmental cycle
relates to the promastigote life-cycle in the sandfly is still far trom clear. Further
biochemical analysis of the different morphotypes should determine other differences
which can be related to differing enviromnental conditions in the sandfly gut, however,
without obtaining the different morphotypes directly {rom sandflies for comparison with
the in vitro morphotypes, the extent of the similarity cannot be assessed. Moreover,
elucidation of the precise characteristics of the environments in which the parasites
reside would be a great aid in our altempts to understand how the different morphotypes
are adapted to their infection sites, and may also advance the development of

satisfactory culture techniques.
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Despite the limitations of determining how similar the in vifro forms are to
morphologically similar iz vive promastigotes, the data presented in this thesis suggest
that the three promastigote morphotypes which occur in in vifro culture represent
distinct biecchemical stages which exhibit adaptations supporting the contention that
each form is adapted to the microenvironment in which it occurs in vivo. In addition,
the data also suggest that all three promastigote stages can withstand changes to their
mmmediate environment. This is exemplified by their apparant ability to maximise the
use of potential energy substrates (amino acids and glucose) available at any time.
Clearly, the in vifro developmental cycle and the different culture forms are worthy of
further studies since the majority of biochemical investigations have been and will
remain restricted to promastigotes obtained by this means and it is important for
interpretation of results of such studies that the forms under investigation are

representative of promastigotes in the sandfly,
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APPENDIX

Composition of media used

PBS
10 mM phosphate bufler, pH 7-4

27 mM KCl
137 mM NaCl

PSGEMKA |Hart et al., 1981a]

Phosphate buffer was prepared as follows:

1080 mls of 200 mM Na;HPO,.2H,0 (26:11 glitre) titrated to pH 7-3 with
approximately 345 mls of 200 mM NaHPQ,.2ZH,0 (10-40 gflitre). The following

compounds were subsequently added to 1 litre.

180 mM NaCl

55-5 M Glucose

0-65 mM EDTA

9.97 mM MgCl,.6H,O

9.93 mM KCi

Bovine albumin (Sigma # A4503)
Final pH 7-3

HOMEM, modified from Berens ef @/, [1976]

Miniurm Essential Medium (MEM, Gibco # 11400)

i1 mM Glucoese

3.6 mM Sodium bicarbonate

§-0 mM Sodium pyruvate

7-2 uM p-Aminobenzoic acid

0-4 M Biotin

25 mM HEPES

MEM Amino acids {Gibco # 11130-036, 50X)

MEM Nou Essential Amino acids {Gibco # 11140-035, 100X)
Titrated to pH 7.5 with sodium hydroxide, pellets and 1 M

g/litre

10-50
10-00
0-19
2-03
0-74
002 % (Wiv)

kn 1 litre of water

1 x 1 litre pack

2000 mg
300 mg
110 mg
10 mg

0-1 mg
5960 mg
10-0 ml
10-¢ ml
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SDM (Gibco # 21720-016 or # 21720-024)

5.4 mM CaCly. 2H,0
21-5 mM KC1

3.3 mM KILPO,

150 mM MgS047H20
359 mM NaCl

4.8 mM NaHCO;

4.9 mM Na,HPO,. TH,O
0-9 mM Fumaric acid
11-0 mM D-Glucose

1-4 mM c~Ketoglutarate
0-7 mM Malic acid

0-8 1M Succinic acid
5-8 mM Trehalose

5.6 mM [-Alanine

2-3 mM L-Arginine

3-0 mM L-Aspartic acid
0-05 mM 1-Cysteine
0:04 mM L-Cystine

54 mM L-Glutamate
12-3 mM L~Glutamine
3.3 mM Glycine

2.6 mM L-ITistidine

11 mM L-lsoleucine
1-1 mM L-Leucine

9-0 mM L-Lysinc. HCL
5-4 mM L-Methionine
0.9 mM L-Phenylalanine
14-8 mM L-Proline

2-4 mM L-Serine

29 mM L-Threonine
2.0 mM L-Tryptophan
2-8 mM L-Tyrosine

2-6 mM L-Valine
Yeastolate

NIVE Ky
LIBRARY

mg/litre

794
1600
450
3700
2100
400
1321
100
2000
200
100
100
2000
500
400
400
60
100
800
1800
250
400
150
150
1650
800
150
1700
250
350
100
500
300
2000
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