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Acta Tropica 45, 389-432 (1988)

"' University of Glasgow Veterinary School, Scotland
? Paterson Laboratories, University of Manchester, England

Anaemia in bovine African trypanosomiasis

A review

MAxXx MURRAY!, T. M. DEXTER"

Introduction

The development of anaemia is a well recognised and inevitable conse-
quence of trypanosome infections in domestic animals in general and cattle in
particular (Hornby, 1921; Murray, 1974; Morrison et al., 1981a). Maasai herds-
men recognise that cattle in tsetse-infested areas can “run out of blood”. It has
now been definitively established that the measurement of anaemia gives a
reliable indication of the disease status (Murray, 1979) and productive perfor-
mance (ILCA, 1986a,b) of trypanosome-infected cattle.

The severity of the anaemia which follows infection is aftected by several
factors. These include differences in virulence that exist among different spe-
cies of trypanosome and among the large number of strains belonging to each
species. At the same time, host factors such as age, nutritional status and breed
are important (Murray et al., 1982).

The purpose of this paper is to consider the basic kinetics of trypanosome-
induced anaemia, evaluate the possible mechanisms responsible, and discuss
the factors which are important in influencing the severity of anaemia. Suc-
cessful 1dentification and understanding of the key mechanisms that limit the
severity of trypanosome-induced anaemia might provide genetic markers for
selection in conventional breeding programmes and might also permit the
production by therapeutic or immunological means, or by molecular genetics,
of animals that are more resistant to the effects of infection and hence more
productive. That this is possible is shown by the fact that nature has already
achieved these goals in the form of the large herds of wild Bovidae that roam the
tsetse-infested forest and savanna lands of Africa and which are almost com-
pletely resistant or “tolerant™ to the effects of trypanosome infection and do not
develop anaemia.

Correspondence: Professor Max Murray, Department of Veterinary Medicine, Veterinary School,
University of Glasgow, Bearsden Road, Bearsden, Glasgow G61 1QH. Scotland
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Fig. 1. Anaemia of bovine African trypanosomiasis in relation to parasitacmia, time, underlying
mechanisms, erythrokinetics and post-mortem findings. Hatched areas represent an estimation of
the importance of a reaction at any one time. DIC = disseminated intravascular coagulation; MPS =
mononuclcar phagocyte svstem.

This review will be devoted largely to presenting what is known in rumi-
nants, particularly, cattle and wild Bovidae, as, in our opinion. several aspects
of the pathogenesis of the disease in laboratory animals are sufficiently different
as to make extrapolation misleading.

Kinetics of anaemia
Bird’s eye view

To lay the basis for discussion, Fig. 1 has been included. This figure 1s based
on the authors’ own experience and innumerable publications quoted later in
the paper as the discussion unfolds. It 1s a modified version of that produced by
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Murray (1979) and attempts to present a “bird’s eye” view of anaemia in
relation to parasitaemia, erythrokinetics, possible mechanisms and post-mor-
tem findings. While the schematic presentation of the anaemia and parasitac-
mia give an indication of the pattern of events over time, no scale 1s given for
parasitaemia or time because of the considerable variation that can occur.
Throughout this paper packed red cell volume percent (PCV) is used as the
index of anaemia, as no evidence of haemodilution has been found in trypano-
some-infected cattle (Dargie et al., 1979a).

Based on the presence or absence of trypanosomes, response to trypanoci-
dal drug treatment, and pathological findings, the anaemia in trypanosome-in-
fected cattle can be divided into two distinct but overlapping phases (Fig. 1).

The first is an “acute” phase characterised by progressive anaemia accom-
panied by parasitaemia. The initial fall in PCV values is associated with the first
wave of parasitaemia in the blood. It is not clear from available data just when
the first changes in red cell dynamics occur, 1.e., whether they commence with
appearance of the first parasites in the blood, or at the peak of parasitaemia or
subsequent to the first peak of parasitaemia. These considerations are impor-
tant when possible pathogenic mechanisms are evaluated. Most workers con-
clude that significant changes occur only after the first peak of parasitaecmia
(Fiennes, 1954). Furthermore, in animals infected with bloodstream forms of
trypanosomes, peak parasitaemia can occur within a few days of inoculation
(Murray et al., 1979¢,f), whereas, in cattle subjected to a tsetse-transmitted
trypanosome infection, parasites cannot be detected in the blood until the
second or third week, considerable multiplication taking place in the skin
(chancre) prior to dissemination to the bloodstream (Emery et al., 1980a). It 1s
interesting to speculate as to whether the route of infection could influence the
mode of induction of anaemia, especially with regard to the role of the immune
response, when such differences exist in time to first parasitaecmia.

Progressive decrease in PCV takes place over a period of 4 to 12 weeks
(average 6 weeks) after infection by which time values of around 20% are
reached. At this stage, PCV values may continue to fall until the animal dies
(PCV = 15% or less).

The presence of the parasite is the basis of the progress of the anaemia
during this phase. If animals are treated with a trypanocidal drug, there is a
return to normal haematological values (Holmes and Jennings, 1976), which 1s
especially rapid and dramatic the earlier animals are treated (innumerable
personal observations).

Cattle that survive then progress into phase 2 of the disease syndrome that
can end in death, spontancous recovery or survival with persisting low grade
anaemia. This phase of the disease process 1s characterised by low transient
parasitaemia or the complete absence of detectable parasites in the blood, while
PCYV values stabilise at 20 to 25% for a variable period of time (Fig. 1). Some
cattle, mainly of the trypanotolerant breeds, e.g., N'Dama, West African Short-
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horn, make a complete recovery as judged by PCV values of 30% or more and
clinical condition; this may occur between 2 and 4 months after infection. In
more susceptible breeds such as the Zebu/Boran, the rate of recovery is slower
or only partial (PCV = 25 to 30%). Other animals, despite the absence of
detectable parasites, maintain persistently low PCV values (20 to 25%) and
make no clinical improvement. This syndrome is rarely seen under experimen-
tal conditions, but was commonly encountered in a longitudinal epidemiolog-
ical investigation of some 2000 N’Dama cattle carried out over 5 years in The
Gambia, West Africa (Murray et al., 1979¢, d). In this study, a significant
number of cattle, previously found to be infected with trypanosomes, continued
to exhibit a low grade anaemia for several months in the absence of parasites.
Blood and tissues taken from such animals failed to infect mice and rats (Mur-
ray, 1979). While some animals suffering from the “chronic trypanosomiasis
syndrome” die, many remain alive but in poor health characterised by stunting,
wasting and infertility, despite continuing to eat. Animals that eat but do not
produce are the scourge of the savanna lands ot Africa.

In contrast to the early parasitaemic phase (phase 1) of the disease, the
response to trypanocidal drug treatment during phase 2 is poor or 1s non exis-
tent.

This “bird’s eye” picture is one that is produced in cattle by most strains of
Trypanosoma congolense, T.vivax and T. brucei. In general, the onset of the
anaemia and the extent to which PCV values fall correlate closely with the
appearance, height and duration of parasitaemia. Apart from an extravascular
phase in the skin (Luckins and Gray, 1978; Akol and Murray, 1982) and the
occasional presence in cerebrospinal fluid (Masake et al., 1984), T. congolense
parasites are confined to the circulation. Once in the circulation they remain
free or attach themselves by their anterior end to red cells or endothelial cells
lining blood vessels (Bungener and Muller, 1976; Banks, 1979). Some strains of
T. congolense produce fluctuating parasitacmia (never greater than 10° trypa-
nosomes per ml) for 6 to 8 weeks followed by gradually diminishing levels and
recovery of the majority of cattle. Other strains result in more sustained para-
sitaemia which may persist for 6 to 8 months. The majority of these cattle die at
any time from 4 weeks to several months after infection but a few animals
manage to survive to the stage when parasitaemia starts to diminish, and
thereafter their haematological values slowly return to normal.

In contrast to 7.congolense, both T.vivax (Van Den Ingh et al., 1976;
Emery et al., 1980; Murray et al., 1980; Masake, 1980) and to an even greater
extent 7. brucei (reviewed by Morrison et al., 1983) have the capacity to invade
tissues 1in domestic ruminants. Infection with certain i1solates of 7" vivax can
produce an acute syndrome resulting in death within 2 to 3 weeks of infection.
This syndrome 1s characterised by very high sustained levels of parasitaemia
(around 107 trypanosomes per ml), with massive haemorrhage particularly into
the alimentary tract (Hudson, 1944; Mwongela et al., 1981). Other strains of
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T.vivax are not as pathogenic and produce an anaemia that is less severe and
less progressive than that observed in most infections with 7. congolense.

In cattle infected with T. brucei, the level of parasitaemia is usually low (less
than 10° parasites per ml) and the degree of anaemia is less than encountered
with the other trypanosome species (Murray et al., 1979¢). However, such
infections can lead to severe tissue damage, including myocarditis (Morrison et
al., 1979) and meningoencephalitis (Morrison et al., 1983).

Finally, it must be pointed out when considering the significance of dif-
ferent strains and species of trypanosomes in the pathogenesis of anaemia that
mixed infections of 7. congolense, T.vivax and sometimes 7' brucei do occur
under natural field conditions.

Kinetics

Using radioactive isotope tracers in combination with microscopic and
post-mortem findings, we have attempted to construct a kinetic model of the
anaemia of bovine African trypanosomiasis prior to evaluating the mechanisms
likely to be responsible.

The most composite studies carried out on red cell kinetics have been
performed by Dargie et al. (1979a, b) who investigated cattle from 7 to 16 weeks
after infection with bloodstream forms of 7. congolense and T. brucei, respec-
tively. By simultaneous use of ?*I-labelled albumin, 3!Cr-labelled red cells and
Fe-labelled transferrin it was possible to measure directly plasma and circu-
lating red cell volumes, and the rates at which red cells were added to or
withdrawn from the circulation by synthesis and breakdown. Other studies
(Mamo and Holmes, 1975; Holmes and Jennings, 1976; Holmes, 1976; Valli et
al., 1978; Preston et al., 1979) examined only one or only some of these para-
meters, but nevertheless made a significant contribution in that they were
carried out over a range of time periods, allowing assessment of the kinetics of
the anaemia from day O of infection until several months afterwards.

In cattle infected with 7. congolense, increased red cell breakdown com-
mences with the development of parasitaemia (Holmes, 1976; Preston et al.,
1979) and would appear to be most rapid during the next 2 to 4 weeks (Preston
et al., 1979). Two factors acting singly or in concert could theoretically account
for these changes, namely, haemorrhage or haemolysis. Although the former
occurs in cattle with the acute haemorrhagic syndrome caused by certain isola-
tes of T.vivax (Hudson, 1944) and would be expected to be accompanied by
hypoferraemia (discussed by Berry and Dargie, 1978), the majority of trypano-
some-infected cattle have normal serum irons and high plasma iron pools
(Dargie et al., 1979a, b). At the same time, at necropsy widespread haemorrhage
1s not a feature, and only occasional petechial and ecchymotic haemorrhages are
tound scattered throughout the carcass (Losos and Ikede, 1972; Murray et al.,
1979d). Also, there is no evidence to indicate that intravascular haemolysis
contributes to any significant extent to the anaemia of this phase of the infec-
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tion. Jaundice is not a feature, serum bilirubin is not raised, and haemoglobin-
aemia and haemoglobinuria do not occur.

It would appear that the major mode of red cell destruction in cattle during
the initial parasitaemic phase of the disease is extravascular and 1s the result of
massive erythrophagocytosis by an expanded and active mononuclear phago-
cytic system (Murray et al., 1979d; Murray et al., 1980), as 1s also the case in
small ruminants (MacKenzie and Cruickshank, 1973; MacKenzie et al., 1978),
in man at least with rhodesiense (Woodruff, 1973; Woodruffetal., 1973)and in
laboratory animals (Jennings et al., 1974; Murray et al., 1974a. b). In cattle at
necropsy, splenomegaly can be marked with spleens weighing as much as 2 kg
(400 to 500 g might be considered normal in adult cattle in Africa, Murray et al.,
1979d). Splenomegaly is mainly the result of red cell sequestration and a mas-
sive macrophage population phagocytosing red cells. Erythrophagocytosis 1s
not confined to the spleen and 1s widespread throughout the body in the lungs,
haemal nodes, bone marrow and circulation; 1t 1s particularly marked in the
liver which is usually swollen and pale at necropsy and histologically exhibits a
striking increase in the number of Kuppfer cells and in their activity (Murray et
al., 1979d, 1980).

At the same time, judging by the rates of plasma iron turnover and red cell
iron utilization, erythropoiesis is increased in infected cattle. This was observed
as early as 2 weeks after infection (Holmes. 1976) and by 7 weeks there was
nearly a three fold increase in haemopoiesis (Dargie et al., 1979a). There was,
therefore, no evidence of overt dyshaemopoiesis. During the parasitaemic
phase of the disease the anaemia is usually in our experience normocytic nor-
mochromic but we have observed macrocytic responses in certain individuals, a
change reported by several other groups (Fiennes, 1954; Naylor, 1971; Mamo
and Holmes, 1975; Valli et al., 1978; Maxie and Valli, 1979; Preston et al., 1979;
Valli and Mills, 1980). A marked erythroid response has been reported in the
sternal bone marrow of infected cattle with the myeloid: erythroid ratio de-
creasing by about three fold by the fifth week of infection (Maxie and Valli,
1979; Valli and Forsberg, 1979). While erythropoietic and to a lesser extent
granulopoietic activity can be marked in the bone marrow of trypanosome-in-
fected cattle, we have not found any equivalent extramedullary activity by
histological examination, in contrast to the striking response in the spleen and
liver of mice infected with 7. congolense (Morrison et al., 1981a, 1982) or with
1. brucei (Murray et al., 1974a).

However, Dargie et al. (1979a) were of the opinion that an erythropoietic
response which was only three fold was surprisingly moderate in relation both
to the degree of anaemia and to the number of cells being removed. At present,
there are no data available on the maximum erythropoietic capacity of cattle,
but 1if it approximates that of sheep, pigs and man, all of which can increase
haemopoiesis by up to six times during parasitic or chemically-induced anae-
mia (Dargie, 1975; Bush et al., 1956; Wintrobe, 1967) then there is some 1n-
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dication of impairment of the ability of cattle during the parasitaemic phase of
the infection to increase red cell production.

[t has also been proposed that during the early phases of infection haemo-
dilution might contribute to the development of anaemia (Holmes, 1976; Maxie
and Valli, 1979). However, Dargie et al. (1979a, b) and Dargie (1980) concluded
that this was not the case. Independent measurement of plasma volumes (with
125[-albumin) and circulating red cell volumes (with >!Cr-labelled red cells)
showed that while the plasma volumes of infected cattle were significantly
higher and the circulating red cell volumes were significantly lower than those
of controls, the total blood volumes were not altered by infection. It would
appear that the expansion of plasma volume was a normal homeostatic re-
sponse for maintaining blood volume and pressure in the face of the drop in red
cell mass (Dargie, 1980). Previous studies had used *?Fe results to help compute
plasma volumes (Holmes, 1976). However, because of its rapid transfer from
the plasma (Dargie et al., 1979a, b), *?Fe does not equilibrate with the total
plasma space and hence seriously overestimates the plasma volumes in anaemic
animals. On the other hand, there was no difference in the transcapillary ex-
change rate of albumin between infected and control cattle (Dargie, 1980).

Less data are available on the kinetics of the anaemia which occurs in the
more chronic phase of the disease. However, pathological findings (Murray et
al., 1979d) and the work of Dargie et al. (1979a. b) and of Preston et al. (1979)
who investigated cattle up to 16 weeks and 28 weeks after infection, respec-
tively, provide key observations of what is going on during the period when
PCYV values have been persistently low for several weeks, despite scanty para-
sitaemia or the complete absence of detectable parasites in the blood. Thus,
while splenomegaly 1s no longer a feature during this time, erythrophagocytosis
by an obviously active mononuclear phagocytic system is striking and wide-
spread in the spleen and throughout the body. An important new development
1s the appearance of haemosiderin deposits to the extent that in some animals
they can be massive not only in the spleen, liver, lungs and bone marrow but
throughout the body. At the same time, it can be difficult to find any evidence of
erythropoietic activity in bone marrow which has a yellow gelatinous appea-
rance.

Erythrokinetic studies confirmed the histological observations of increased
red cell destruction (Dargie et al., 1979a, b) even as long as 28 weeks after
infection (Preston et al., 1979). However, as alluded to previously, the erythro-
poietic responses were surprisingly moderate for the degree of anaemia and for
the number of red cells removed (Dargie et al., 1979a). Iron metabolism data
gave indications of dyshaemopoiesis developing (Dargie et al., 1979a). Al-
though the amount of iron carried to the bone marrow was increased, the rate of
»Fe clearance from the plasma was slower than expected from the degree of
anaemia. Because erythropoiesis (Reissmann, 1964) and plasma *“Fe clearance
rates (Berry and Dargie, 1978) are markedly reduced in the presence of a low
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protein intake, the relatively poor erythropoietic response may partly reflect the
reduced appetite that can be shown by infected cattle (unpublished data). It is
also evident that a proportion of the iron carried to the marrow was not
incorporated into red cells. Of the total iron incorporated into red cells, a
substantial proportion either was reutilised extremly slowly or became un-
available for further haemoglobin synthesis following erythrophagocytosis.
This phenomenon has two possible explanations. Either the iron was excreted,
which seems unlikely, or its release into the plasma and subsequent transport to
the bone marrow was blocked by the reticuloendothehial system, thereby dis-
turbing the normal exchange between plasma and storage pools. Whatever the
cause, the change was obviously substantial because by the 7th week, the circu-
lating iron pool of the infected Zebu, i.e., total red cell haemoglobin value x 3.4,
was 3000 mg compared to 6500 mg for the controls (Dargie et al., 1979a). As a
consequence of their anaemia, the infected cattle lost about 55% of their circu-
lating iron. This deficit, combined with the presence of massive haemosiderin
deposits within the MPS, indicates defective iron utilization and raises the
possibility that in severe or long-standing chronic infections, the marrow is
effectively starved of iron and the anaemia complicated by dyshaemopoiesis.
This theory is supported by a number of observations. First, the serum iron and
transferrin concentrations and the plasma iron pool of the one animal that died
in the study of Dargic et al. (1979a) were only about half normal: the plasma iron
turnover rate was comparable to the average for the controls, and the PCV was
deteriorating rapidly. Second, microcytosis (Fiennes, 1954), hypoferraecmia
(Tartour and Idris, 1973), and low plasma iron turnover rates (Preston and
Wellde, 1976) attend the anaemia of long-term cases. Third, in animals necrop-
sied longitudinal sections of femur showed the marrow to be yellow and gelati-
nous, indicating almost total unresponsiveness. These findings suggest that the
anaemia 1s ultimately complicated by some degree of marrow dysfunction, the
basis of which is probably reticuloendothelial iron blockage. Marrow dysfunc-
tion would explain the poor clinical response to trypanocidal drug therapy in
animals with long-standing infections and would mean that the condition is
morphologically, biochemically, and kinetically analogous to the anaemias as-
sociated with chronic human disorders (reviewed by Cartwright and Lee, 1975)
and experimentally-induced inflammation in laboratory rodents (Hershko et
al., 1974). The fact that many of these anaemias are resolved by testosterone or
erythropoietin (Haurani and Green, 1967; Zucker et al., 1974) suggests that, in
addition to their direct action on haemopoietic progenitor cells, such hormones
are capable directly or indirectly, of releasing iron from the reticulo-endothelial
system. This offers the interesting possibility that their administration may
have therapeutic value in trypanosomiasis.

In conclusion, the anaemia of bovine African trypanosomiasis would ap-
pear to fall into two phases. During the first phase, the onset of anaemia and the
extent to which PCV values fall would appear to correlate closely with the
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appearance, intensity and duration of parasitaemia. The basis of the anaemia is
the increased rate of destruction of red blood cells by an expanded and active
mononuclear phagocytic system. This is accompanied by an increase in eryth-
ropoiesis, the magnitude of which is possibly limited. In the second phase of the
disease, the anaemia may persist in the absence of parasites or in the presence of
only a few. While there is evidence that the rate of red cell destruction by a
mononuclear phagocytic system, which is still expanded and active, continues
to be increased, there is also ferrokinetic and morphological evidence of dys-
haemopoiesis as a result of iron trapping by the mononuclear phagocytic sys-
tem.

Mechanisms of anaemia

As the infection progresses in trypanosome-infected cattle, the kinetics of
the anaemia change and with them almost certainly, the underlying mecha-
nisms (Fig. 1).

In phase 1, the trypanosome is key in initiating and maintaining the pro-
gress of the development of anaemia. Thus, the onset of anaemia is associated
with the first wave of parasitaemia, while the rate of development and severity
of anaemia usually reflects the intensity and duration of parasitaemia. In cer-
tain animals, the elimination of the parasite or self cure heralds recovery, while
treatment with a trypanocidal drug results in the return of haemopoietic values
to normal.

During phase 2, however, the role of the trypanosome in the maintenance
of anaemia is less important. Thus, anaemia persists in the absence of detect-
able parasites in the blood, while the response to trypanocidal drug treatment 1s
slow or not at all.

Phase 1

The development of anaemia becomes obvious after the first peak of para-
sitaemia when, as a result of the antibody responses, a major trypanolytic crisis,
of which there are subsequently several, occurs. These crises lead to the forma-
tion of antigen-antibody complexes (Murray, 1974; Lambert and Houba, 1974)
and probably to the release of a whole range of biologically-active factors known
to be present in trypanosomes (Tizard et al., 1978b). There 1s also evidence that
living trypanosomes may lead to red cell damage (Banks, 1979; Esievo, 1983)
and therefore may play a key role in the induction of anaemia.

Trypanosome haemolysins

Landsteiner and Raubitschek (1907) found that degenerating trypano-
somes, probably T. brucei, generated a lipid soluble factor that could lyse red
cells. Subsequently, Fiennes (1954) demonstrated the intermittent presence in
cattle infected with 7T congolense of a plasma factor that was capable of lysing
normal bovine red cells. Subsequently, we were able to show haemolytic activity
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Fig. 2. Development of anaemia in relation to parasitacmia (O) and plasma haemolytic activity (@) in
a Boran steer infected with Trypanosoma vivax.

in plasma of cattle infected with 7' vivax (Fig. 2, unpublished data). The peaks
of haemolytic activity followed waves of parasitaemia and accompanied the
progressive anaemia. Our findings in 7. congolense and T. brucei infected cattle
were less consistent, although activity was found on a few occasions. Studies on
mice infected with 7. congolense, T.vivax and T. brucei (Murray et al., 1979b)
and in rats infected with 7" brucei (Murray, 1979) also indicated the presence of
haemolysins in plasma; this activity appeared within 2 to 3 days of infection and
correlated strongly with the development of parasitaemia and the onset of
anaemia. Furthermore, anaemia occurred in rats subjected to total body irra-
diation and infected with 7. brucei and it was possible to demonstrate haemo-
lytic activity in the plasma of these animals (Fig. 3, unpublished data). indicat-
ing that immunological competence is not essential for the development of

398



3 50 10(100
] 3 _.3990
E S g|80 X
= e Y
© ~<770§
= 40 D6 6035
o 3550§
b © 4/40 @
2 3 =
o ® 330 &
¢ 30 3 2|20
o —
2 1| 10
a

1 2 3 4 5

Days after infection
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anaemia. The foregoing results were obtained from plasma samples frozen
immediately after collection. Blood samples left on the bench for a few hours or
collected as serum had significantly greater haemolytic activity, a finding sug-
gesting that haemolytic activity 18 generated as trypanosomes die. Heating test
samples at 56°C for | hour had no effect (Murray et al., 1979b).

Haemolytic activity has now been demonstrated in lysates of T brucer
(Huan et al., 1975), as well as in 1. congolense and T.vivax (Murray et al.,
1979b). However, the nature of the haemolytic factors particularly those re-
sponsible for the haecmolytic activity in the plasma has yet to be extensively
investigated. A range of enzymes that could play a role in red cell damage has
now been identified in African trypanosomes. These include proteases (re-
viewed by Londsdale-Eccles and Grab, 1986), phospholipases (reviewed by
Mellors, 1985) and neuraminidases (Esievo, 1983), while Huan et al. (1975)
identified a heat stable, trypsin sensitive substance with a molecular weight of
12 kDa and an isoelectric point ranging from pH 5.0 to 5.5 in the substrate of
T brucei.

Proteases

It is now known that trypanosomes contain a number of proteases (Rau-
tenberg et al., 1982; Londsdale-Eccles and Grab, 1986). It has been shown that
lysosomes of 7. congolense and T. brucei contain at least two classes of proteo-
lytic activity, both thiol-dependent and thiol-independent enzymes (Londs-
dale-Eccles and Mpimbaza, 1986; ILRAD Annual Report, 1985). A serine pep-
tidase, which appears to be released into the culture medium when parasites are
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damaged, has been partially purified from bloodstream forms of T. brucei.
Another peptidase, apparently of parasite origin, has been identified in the
plasma of cattle infected with T.congolense and mice infected with T. brucei
(ILRAD Annual Report, 1986; Knowles et al., 1987). Such enzymes free in the
circulation could contribute to red cell damage.

Phospholipases

On autolysis, 1. congolense and T. brucei have been shown to generate an
active phospholipase A (reviewed by Tizard et al., 1978b; Mellors, 1985). While
phospholipases themselves may have a direct effect on red cell membranes,
their main activity would appear to be through their action on endogenous
phosphatidylcholine with the release of large quantities of free fatty acids (FFA)
including palmitic, stearic and linoleic acids with lesser amounts of oleic and
arachidonic acids (Mellors, 1985). As a result of their detergent qualities, FFA,
particularly linoleic acid, are haemolytic (Tizard et al., 1978a). It is generally
felt, however, that the haemolytic properties of these trypanosome-derived
FFAs are not significant in vivo, because of the fact that they are rapidly bound
to serum albumin and are not haemolytic when in the bound state (Starinsky
and Shafrir, 1970). However, it should be emphasised that trypanosomes, part-
1cularly T.congolense, tend to congregate in dense clusters in capillary beds
attaching to red cells or vascular endothelium; it is quite possible that FFA
generated in such locations may reach sufficiently high concentrations to pro-
voke damage. In the same way, the massive destruction that follows the termi-
nation of a parasitaemic wave could result in a transient but high enough levels
of FFA to cause red cell damage. i

Large quantities of phospholipase A, probably of trypanosome origin, have
been found in vivo in tissue fluids of rabbits infected with 7. brucei. This
enzyme was also demonstrated in plasma but at a considerably lower level. It
was of interest that within 2 weeks of infection a phospholipase plasma inhibi-
tory factor, possibly antibody, was detected (Hambrey et al., 1980). Thus, apart
from the possible localised harmful effects of FFA, trypanosomal phospholipa-
ses could have a direct pathological effect on red cell membranes.

Neuraminidase

There is evidence that sialic acids may play a role in the pathogenesis of the
anaemia of bovine African trypanosomiasis. There are reports that 7" vivax
produces neuraminidase (Esievo, 1981, 1983), that 7. congolense attaches to
sialic acids on red cells (Banks, 1979), and that sialic acids are constituents of
the carbohydrate moieties of the variable surface glycoproteins of 7. congolense
(Rautenberg et al., 1981).

It has been found that unlysed 7. vivax exhibit neuraminidase activity in
vitro. The degree of sialidase activity was linear with the number of trypano-
somes and was inhibited by influenza serum, further evidence of neuramini-
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dase activity in the trypanosome (Esievo, 1983). Based on these findings, it
might be that the early anaemia which occurs in infected animals could be
attributed to the activity of trypanosome sialidase which might cleave the
surface sialic acid (Durocher et al., 19795), rendering erythrocytes more prone to
phagocytosis, directly (Durocher et al., 1975), by immunoglobulin and comple-
ment opsonisation (Jancik et al., 1978) or by activation of the classical or
alternate pathway of complement (Brown et al., 1983). Furthermore, cleavage
of sialic acid from red cell membranes would expose new epitopes on the
surface of affected cells (Pirofsky, 1969), an effect that could theoretically lead
to antibody production against these exposed epitopes, and increased erythro-
phagocytosis.

It should also be noted that proteolytic enzymes, which, as already dis-
cussed, may be released into the circulation from damaged trypanosomes, can
remove variable fractions of sialic acid from red cell membranes in the form of
glycopeptides (Cook et al.. 1960).

The possibility that a parasite neuraminidase might play a role in red cell
damage in vivo was further supported by the finding that the onset of anaemia
in 7. vivax-infected cattle was preceded by a significant decrease in mean red
cell surface sialic acid concentrations, starting 4 days after infection with the
biggest drop occurring between 6 and 14 days, followed by a return to near
normality by day 15 (Esievo et al., 1982). What was also significant was that
these changes reflected the parasitaecmia. The prepatent period was 2 to 3 days,
peak parasitaemia was on day 8 and, by day 17, parasites were only just detect-
able. Moreover, free serum sialic acid showed an increase, though not signif-
icant, on day 8, an observation also made by Magaji (1975) in cattle infected
with 7. vivax and T. brucei.

Another aspect of the possible role of sialic acid in the pathogenesis of
anaemia is the observation that 7. congolense binds in vitro to bovine red cells
through neuraminic acid receptors (Banks, 1979). Banks (1980) showed that
damage to red cells occurred only when the organisms had attached to red cells,
and antibody and complement had bound to the parasite. It was concluded that
red cell damage was mediated through binding of anti-trypanosomal antibody
and complement activation, with complement attaching to “bystander” red
cells leading to increased erythrophagocytosis.

Trypanosome proteases, phospholipases and neuramidases could play a
significant role in the pathogenesis of anaemia of bovine trypanosomiasis.
Furthermore, these enzymes might lead to damage of other haemopoietic cells,
of endothelial cells lining the circulation, and, depending on their invasive
capacity, of body tissues. In this respect Trypanosoma cruzi, the causative
organism of Chagas’ disease, has been found to contain a neuraminidase and
live parasites have been shown to have the capacity to remove sialic acid not
only from red cells (Pereira, 1983) but also from the surface of endothelial and
myocardial cells (Libby et al., 1986).
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Immunological mechanisms

Even before the turn of the century, there was evidence that immunological
mechanisms might be involved 1n the anaemia of African trypanosomiasis. In
1898, Kanthack et al. observed autoagglutination and increased sedimentation
rates in cattle and also humans with trypanosomiasis. There are now several
reports of possible immunological sensitization of red cells in trypanosome
infections. Woodruff et al. (1973) demonstrated immunoglobulin and comple-
ment on the red cells of patients infected with 7. rhodesiense, using indirect
haemagglutination. This confirmed the findings of Zoutendyk and Gear (1951)
and Barrett-Connor et al. (1973), also in humans, using direct haemagglutina-
tion. Immunoglobulins have been detected by immunofluorescence on red cells
of mice infected with 7. brucei (Amole et al., 1982).

Using the direct hacmagglutination test, IgM and IgG, and C3 were dem-
onstrated on red cells of cattle infected with 7' congolense (Kobayashi et al.,
1976) and with 7. vivax (Facer et al., 1982). Assoku and Gardiner (in press) also
showed IgM and IgG, and C3 on red cells of 7.vivax-infected cattle, using
immunodiffusion and immunofluorescence evaluated by microscopy or by
cytofluorography. In the case of 7.congolense, the development of parasit-
aemia, the decline in PCV and the detection of immunoglobulin on red cells
occurred 7 to 10 days after infection (Kobayashi et al., 1976). The anti-globulin
reaction was strongest between 3 and 9 weeks after infection and was positive
sporadically until the termination of the experiment at 18 weeks, when the
parasitaemia was very low and transient. The kinetics of events were similar in
cattle infected with T. vivax (Facer et al., 1982; Assoku and Gardiner, in press).
Thus, erythrocyte-bound IgG and IgM with or without C3 were demonstrated
in infected cattle. In both studies, the animals became positive just after the first
peak of parasitaemia and positive reactions were recorded during the 2 months
of study. However, Faceretal. (1982) found that only 3 of the 6 animals infected
became positive and, thereafter, they were inconsistently positive, whereas, in
the experiments of Assoku and Gardiner (in press) all 10 cattle infected were
consistently positive with peak activity occurring about one month after infec-
tion. Facer et al. (1982) noted that PCV values were always lower whenever a
positive direct hacmagglutination test was obtained.

With respect to the specificity of the immunoglobulin on the red cells, it
was found in 7. congolense-infected cattle that the IgM and IgG eluates con-
tained antibody activity against 7’ congolense (Kobayashi et al., 1976), while in
the studies of Facer et al., (1982) on T. vivax-infected cattle IgG and IgM 1n red
cell eluates had antibody activity against 7. vivax antigen.

It has been proposed that soluble trypanosome antigen, released from
dying trypanosomes, 1s adsorbed on the red cells with subsequent opsonization
of antibody and complement. Thus, Herbert and Inglis (1973) showed that
syngeneic red cells exposed to plasma from mice infected with T brucei could be
used to immunise mice against homologous challenge with 77 brucei, suggesting
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that trypanosome variable surface glycoprotein can be adsorbed on the red cells.
In the same way, Woo and Kobayashi (1975) found that sonicated 7. brucei
readily adsorbed on to normal rabbit red cells in vitro, which then lyse in the
presence of complement and homologous anti-trypanosome antibody. More-
over, antibodies could be eluted from red cells of infected rabbits, and red cells
from infected rabbits lysed in the presence of fresh complement.

In the same way, trypanosomal antigen was demonstrated by the indirect
fluorescent antibody test on the surface of red cells of sheep infected with
T congolense. The reaction was not evident until after the initial peak of para-
sitaemia, and was thought to be the result of trypanolysis (MacKenzie et al.,
1978). An alternative explanation for red cell sensitization is that trypanosome
antigen-antibody complexes, themselves unrelated to erythrocytes, become
passively attached to the membrane of red cells, which as discussed earlier, may
or may not be damaged. In 7. congolense infections in rabbits, Banks (1980)
demonstrated in an in vitro test system that the binding of antitrypanosomal
antibody and complement activation with ensuing red cell damage only occur-
red when the organisms had attached to red cells; when bystander trypanosome
antigen-antibody complexes were added to the in vitro test system no red cell
damage was detected.

In contrast, Assoku and Gardiner (in press) found that the IgM and IgG on
the surface of red cells from 7. vivax-infected cattle was specific for red cells.
The enzyme-linked immunosorbent assay demonstrated antibodies to normal
erythrocytes in the plasma of infected animals, just after the first peak of
parasitaemia (around days 10 to 15). Plasma from cattle, taken after 32 days,
precipitated radiolabelled proteins from autologous red cells, while it was found
by cytofluorography that normal red cells adsorb IgM and IgG following incu-
bation in plasma from infected animals. Immunoglobulins were demonstrated
in the eluates of red cells from infected cattle by immunodiffusion. These were
shown to restain normal erythrocytes in immunofluorescence tests, but they did
not react with infecting trypanosomes.

Auto-antibodies to a variety of hosts cells or their products have been
widely reported in man and laboratory animals infected with trypanosomes
(Houba et al., 1969; MacKenzie and Boreham, 1974; Kobayakawa et al., 1979)
and have been hypothesised to play a role in trypanosome-induced anaemia
(Kobayakawa et al., 1979; Rickman and Cox, 1979).

It might be speculated in the results reported by Assoku and Gardiner (in
press) that parasite-derived factors were the primary cause of red cell damage
and that by exposing hidden epitopes on the red cell membrane had induced the
production of autoantibodies which then played a key role in the maintenance
and progression of the anaemia. In this respect, there is evidence that the initial
drop in PCV associated with the first wave of parasitaemia does not require an
intact immune system, in that there is no difference in PCV changes between
normal 7. brucei-infected rats and in infected rats immunologically compro-

403



mised by total body irradiation (Fig. 3). On the other hand, a certain degree of
immunological competence may be important for the maintenance of anaemia,
as suggested by the finding that corticosteroids can attenuate anaemia in
T. brucei-infected mice (Balber, 1974; Shoyinka and Uzoukwu, 1986). How-
ever, it should also be pointed out that cortisone treatment can inhibit red cell
sequestration in rats, particularly in the liver (Kaplan and Jandl, 1961) and may
account for the ameliorating effect on haemolytic anaemia.

Complement

That complement might play a role in red cell damage and increased rate of
destruction 1s supported by the demonstration of C3 on the surface of red cells
of cattle infected with 7. congolense (Kobayashi et al., 1976) or with 7. vivax
(Facer et al., 1982; Assoku and Gardiner, in press). Furthermore, cattle experi-
mentally infected with 7. congolense and T. vivax develop a marked hypocom-
plementemia (Kobayashi and Tizard, 1976; Rurangirwa et al., 1980; Tabel et al.,
1980), as demonstrated by low levels of complement components C1, Clq, and
C3 but not C8. and decreased haemolytic complement activities (Nielsen et al.,
1978a). While it has been shown that there is a marked increase in catabolism of
Cl and C3 during T congolense infections in cattle (Nielsen et al., 1978b), it
would also appear likely that considerable amounts of complement components
are activated and consumed in vivo by immune complexes formed by anti-
bodies to variable surface glycoproteins of the trypanosomes (Murray, 1974;
Lambert and Houba, 1974).

There 1s evidence that trypanosomes can activate complement in the ab-
sence of antibody. Thus, in vitro studies indicated that soluble fractions of
T. brucei and T. congolense can activate directly human complement, guinea pig
complement and bovine complement (reviewed by Nielsen, 1985). Musoke and
Barbet (1977) reported that purified surface glycoproteins of 7. brucei and
T. congolense activated the classical pathway, in the absence of antibody, while
Ferrante and Allison (1983) found that 7' congolense and T. brucei lacking a
glycoprotein coat activated the alternative pathway of complement and ques-
tioned the previous result. Tabel (1982) provided evidence that homogenates,
as well as particulate and soluble fractions, of 7. congolense activated the alter-
native complement pathway in bovine serum and showed activation during the
course of 7. congolense infection in sheep (Malu and Tabel, 1986).

Another possible mode of complement activation might be brought about
by the action of trypanosome enzymes, e.g., neuroaminidase or protease as
discussed earlier, whereby removal of sialic acid from red cell surfaces could
lead to the activation of the classical and alternative pathway of complement
(Fearon, 1979; Brown et al., 1983).

Complement activation in the absence of antibody might play a role in the in-
duction of anaemia prior to the development of antibody response or perhaps in
the maintenance of anaemia in immunosuppressed trypanosome-infected hosts.
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Elevated levels of immunoconglutinin have been reported in 7. brucei
infections in rats (Rickman et al., 1981), rabbits and cats (Ingram and Soltys,
1960), and in 7. rhodesiense infections in man (Woodruff et al., 1973). Such a
response reflects widespread fixation of complement possibly on red cells and,
if so, could further facilitate increased red cell clearance from the circulation by
causing agglutination. In contrast, Tizard et al. (1980) did not find elevated
immunoconglutinin levels in 7. congolense-infected cattle. The result possibly
reflects the difference in species of trypanosome and the difference in host.

In conclusion, there is evidence, particularly from the work of Assoku and
Gardiner (in press), to indicate that immunoglobulin and complement play a
role in the anaemia that occurs during the parasitaemic phase of trypanosome
infections in cattle by facilitating red cell destruction through phagocytosis via
FC and complement receptors on the macrophage. With the reagents and
techniques now available, there is a need to reassess the role of immunological
mechanisms in the pathogenesis of the anaemia of bovine African trypanoso-
miasis in terms of quality, quantity and specificity.

Disseminated intravascular coagulation (DIC)

DIC can lead to a form of haemolytic anaemia, termed microangiopathic
haemolytic anaemia, in which the red cells are damaged by widespread fibrin
depositon in the microvasculature; the red cells then appear as distorted cells or
schistocytes which are liable to lysis or phagocytosis. DIC and various degrees
of consumption coagulopathy with severe thrombocytopaenia have been de-
scribed in man, laboratory animals and small ruminants infected with trypano-
somes (reviewed by Davis, 1982; Jenkins and Facer, 1985).

Coagulation abnormalities also occur in trypanosome-infected cattle and
could contribute to the haemolytic anaemia. The massive bleeding diathesis
that occurs 1n some acute 7. vivax infections in cattle (Hudson, 1944) is consis-
tent with DIC, while in less acute trypanosome infections the petechial and
ecchymotic haemorrhages which are regularly observed on mucous membranes
and at necropsy (Morrison et al., 1981a) are also consistent with coagulation
abnormalities, In 7. vivax-infected cattle, prolonged bleeding and prothrombin
times were found to be accompanied by elevated levels of fibrinogen and fibrin
degradation products early in the infection, when parasitaemia was high
(Wellde et al., 1983). Evidence of a mild to moderate consumption coagulopa-
thy was also obtained in cattle infected with 7' congolense (Wellde et al., 1978;
Forsberg et al., 1979). Partial thromboplastin times were consistently prolon-
ged, fibrin degradation products were detected, fibrinogen levels were reduced
as was the half-life of fibrinogen, although the prothrombin time was not
increased. At the same time, fibrin deposits of microthrombi have been repor-
ted in T’ vivax-infected cattle (Isoun and Esuruso, 1972; Van Den Ingh et al.,
1976). However, while these obervations may be true for 7. vivax, we have not
found convincing evidence of such lesions in 7. congolense-infected cattle. A
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critical evaluation of the microvasculature of trypanosome-infected cattle using
the latest histochemical and electron microscopical techniques is required.

Further evidence of possible microangiopathy during the initial parasit-
aemic phase of T.vivax infections in cattle was the presence of irregularly-
shaped red cells characteristic of microangiopathic haemolytic anaemia (As-
soku and Gardiner, in press). The abnormal red cell population were composed
of schistocytes (all fragments), “burr” cells (conspicuous spines), poikilocytes
(varied shapes), anisocytes including macrocytes and a few microcytes (varied
sizes), acanthocytes (crenated with fine surface projections) and helmet cells
(helmet-shaped). On the other hand, in cattle infected with 7. congolense, while
spherocytes have been observed (Valli et al., 1978), no dramatic red cell abnor-
malities have been reported, apart from macrocytes in the initial phase of the
disease (Valli et al., 1978) and microcytes in the later more chronic stage
(Fiennes, 1954). It might be concluded and it is our impression that microan-
giopathy 1s most likely to play a significant role in those infections with 7. vivax
that are acute and characterised by high parasitaemia.

Thrombocytopaenia is a constant finding in both animal and human try-
panosomiasis (reviewed by Davis, 1982) and i1s marked in trypanosome-infec-
ted cattle (Wellde et al., 1978; Forsberg et al., 1979; Preston et al., 1982; Wellde
et al., 1983). It has long been speculated that the development of thrombocyto-
paenia associated with African trypanosomiasis is causally related to DIC
(Barrett-Connor et al., 1973; Robins-Brown et al., 1975; Van Den Ingh et al.,
1976; Davis, 1982). While the induction process that leads to platelet aggrega-
tion, defective function (Jenkins and Facer, 1985), reduced platelet half-life
(Preston et al., 1982) and activation of the coagulation pathway is not known,
there 1s evidence to suggest that thrombocytopaenia could play a pivotal role.
Thus, thrombocytopaenia precedes the other coagulation abnormalities in try-
panosome-infected cattle (Wellde et al., 1978; Forsberg et al., 1979) and occurs
in rats by the second or third day after infection before any antibody reaction is
likely to be involved (Davis et al., 1974; Davis, 1982). Since platelets release a
phospholipid, platelet factor 3, that triggers the coagulation cascade, it seems
likely that the coagulation disorder of trypanosomiasis begins before the pro-
duction of autoantibodies or immune complexes, factors that might be subse-
quently involved. The role of the trypanosome in the induction of thrombocy-
topaenia is supported by several observations. First, the striking relationship
between the onset, severity and persistence of the thrombocytopaenia and the
onset, intensity and prevalence of parasitaemia (Wellde et al., 1978, 1983).
Second, a quantitative study in cattle, as well as in sheep, goats and rats, showed
that there was a dose response relationship between the height of parasitacmia
and the degree of thrombocytopaenia, a relationship that was established re-
gardless of strain or trypanosome species (Davis, 1982); reductions in mean
platelet counts were directly related to the degree of parasitaemia, with each
increase in parasitaemia of greater than 1 log,g per ml peripheral blood leading
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to a significant reduction in platelet count. Third, platelet counts in 7. congo-
lense-infected cattle returned rapidly to normal after treatment with the trypa-
nocidal drug Berenil (Wellde et al., 1978).

As discussed earlier, trypanosomes per se possess factors capable of causing
cell damage, namely neuraminidase (Esevio, 1983), proteases (Londsdale-
Eccles and Grab, 1986) and phospholipases (Tizard et al., 1978b). At the same
time, Davis et al. (1974) showed by phase and electron microscopy that whole
trypanosomes and trypanosome-free sonicates of 7. rhodesiense caused marked
platelet aggregation in vitro, independent of adenosine diphosphate, comple-
ment, kinins, antibody, fatty acids and the presence of the spleen. In the face of
the persistent thrombocytopaenia that occurs in trypanosome-infected cattle, 1t
1s possible that after initial damage to platelets by trypanosome products
thrombocytopaenia 1s maintained by immunological reactions in the form of
trypanosome generated antigen-antibody complexes (Slots et al., 1977) or by
autoantibodies to platelets which have been demonstrated in the plasma of
cattle infected with 7" vivax (Assoku and Gardiner, in press).

Thus, there are considerable grounds to conclude that microangiopathic
changes do occur, especially in cattle acutely infected with 7' vivax, and that the
changes, possibly initiated by thrombocytopaenia, could lead to red cell damage
with resultant phagocytosis.

Fever

Undulating fever usually associated with a trypanolytic crisis 1s a well
recognised feature of bovine African trypanosomiasis (Fiennes, 1954). Studies
with human and rabbit red cells have shown that even small elevations in
temperatures can have a major c¢ffect on red cells. In vitro studies in rabbits
have demonstrated that red cells exposed to temperatures only a few degrees
above normal body temperature for a few hours have increased osmotic fragi-
lity, increased permeability and reduced plasticity with the result that in vivo
the red cell survival time 1s shortened due to increased destruction (reviewed by
Karle, 1974), findings that indicate a possible role for fever in the anaemia of
bovine African trypanosomaiasis.

Mononuclear phagocytic system (MPS)

One of the most striking features of the pathology of bovine African try-
panosomiasis 1s the expanded and active MPS that develops soon after infec-
tion and continues throughout the course of the disease (Murray, 1974; Murray
et al., 1979d; 1980; Morrison et al., 1981a). Similar findings have been reported
in sheep infected with 7. congolense (MacKenzie and Cruickshank, 1973; Mac-
Kenzie et al., 1978). It 1s likely that this response of the MPS 1s caused by the
massive intravascular presence of living, dying and dead trypanosomes, as well
as from the resulting antigen-antibody complexes. It is known that the size and
activity of the MPS 1s a direct function of its particulate work load (Jandl et al.,
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1965). Furthermore, that splenomegaly and an expanded MPS per se are capa-
ble of causing anaemia has been shown by studies in which methyl cellulose
(Palmer et al., 1953; Zuckerman et al., 1969), zymosan (Gorstein and Benacer-
raf, 1960), and Corynebacterium parvum (Nussenzweig, 1967) produced anae-
mia as a result of erythrophagocytosis. Furthermore, splenomegaly by extend-
ing travel through a lengthened vascular network and leading to more protrac-
ted contact with the numerous active macrophages lining the channels, must
also contribute to red cell destruction (Jenkins and Facer. 1985), including
increased removal by phagocytosis even of normal cells.

Conclusions

It would appear that phase one of the anaemia of bovine African trypano-
somiasis depends on the presence of the trypanosome and is likely to have a
multifactorial basis (Fig. 1), possibly involving trypanosome-generated en-
zymes, immunological mechanisms, complement activation through trypano-
somes and or antigen-antibody reactions, microangiopathic damage. fever and
an expanded and active MPS. Although each factor may function indepen-
dently, 1t 1s much more likely that they interact, with trypanosome-derived
factors possibly playing the key role in the inductive phase of red cell damage.

Phase 2

During the second phase of the disease process, the anaemia can persist
despite the apparent absence of the parasite (Fig. 1). Under these circumstances,
the high rate of red cell destruction continues and there 1s evidence of dyshae-
mopoiesis developing (Dargie et al., 1979a). As emphasised earlier, the response
to trypanocidal drug treatment during this phase is poor.

Mononuclear phagocyvtic system

One possible explanation for the continuing red cell destruction by the
MPS in the absence of trypanosomes comes from the work of Jandl et al. (1965)
who found that after prolonged and repeated stimulation, the MPS in rats
remains active long after the stimulant is withdrawn. It is possible that an
analogous situation occurs in cattle and that the MPS stimulated by the massive
trypanosome load and the resultant red cell phagocytosis, has become irrever-
sibly expanded and active, even in the absence of trypanosomes.

Dyshaemopoiesis

While 1n the early phases of the disease in trypanosome-infected cattle
erythropoiesis 1s increased, as the disease progresses there are indications that
red cell synthesis is less than expected for the degree of anaemia. suggesting
some impairment of bone marrow function (Dargie et al., 1979a). The effec-
tiveness of the erythropoietic response can be determined by calculating ra-
dioactive iron incorporation into circulating red cells, 1.e., red cell iron utilisa-
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tion. Dargie et al. (1979a) found that this parameter was reduced in 7. congo-
lense-infected cattle studied between 7 and 15 weeks after infection, indicating
diminished or ineffective erythropoiesis. As discussed earlier, the ferrokinetic
results (Dargie ct al., 1979a) combined with the histochemical finding of mas-
sive haemosiderosis (Murray et al., 1979d) suggested that defective iron meta-
bolism caused by iron retention or trapping in the MPS could result in failure of
erythropoiesis.

Lawson et al. (1980) evaluated bone marrow function in cattle infected
with 7. congolense using in vitro culture techniques. The mean number of
erythroid (CFU-E)* as well as myeloid (GM-CFC) colonies were quantified
from the sternal bone marrow. While there was a decrease in the number of
myeloid colonies, there were no significant differences between infected and
control calves in the number of erythroid colonies produced. However, a closer
look at the data indicates especially in the calves with more longstanding
infections (13 weeks) that there is a reduction in erythroid progenitor cells. Also,
the degree of maturation as measured by haemoglobinization was decreased in
the same animals. a result that probably reflects the lack of iron caused by the
reticuloendothelial blockade.

Conclusions

These results would suggest that as the disease process progresses in try-
panosome-infected cattle, the persistent anaemia is the result of continued
increased red cell destruction by the expanded and active MPS and the devel-
opment of dyshaecmopoiesis, as a result of reticuloendothelial iron blockade and
possibly a reduction in erythroid progenitor cells. It is interesting to speculate as
to whether red cell autoantibodies or trypanosome mediated antigen-antibody
reactions might have contributed to stem cell destruction. Sera from parasit-
aemic cattle infected with 7. congolense or T.vivax failed to inhibit the devel-
opment of bovine CFU-E colonies in vitro (Kaaya et al., 1979, 1980), although
the same sera inhibited bovine GM-CFC colony formation in vitro.

While the search for erythroid colony inhibitors in the sera of trypano-
some-infected cattle proved negative, surprisingly sonicated 7. congolense and
1. brucei actually stimulated bovine CFU-E colonies in vitro, sometimes re-
sulting in a 20 fold increase in colony formation (Kaaya et al., 1980).

Leukopaenia

Accompanying the first waves of parasitaemia, a pancytopaenia develops
in cattle infected with 7" congolense and 1. vivax. Thus, a 30 to 50% drop in total

* Committed granulocyte/macrophage colony forming cells capable of producing granulocyte/ma-
crophage colonies in vitro are referred to as GM-CFC. Committed erythropoietic progenitor cells
capable of producing erythroid colonies in vitro are referred to as Erythropoietin-dependent colony
forming units or CFU-E.
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leukocytes (Naylor, 1971:; Vodrasky, 1969; Losos et al., 1973; Maxie et al., 1979;
Kaaya et al., 1979; Valli and Mills, 1980; Saror et al., 1981; Ellis et al., 1987)
accompanies the anaemia and thrombocytopaenia. In all cases, the leukopaenia
was followed by a leukocytosis.

The leukopaenia was the result largely of a decrease in lymphocytes and
neutrophils (Naylor, 1971; Maxie et al., 1979; Saror et al., 1981; Ellis et al.,
1987). In a study done on trypanotolerant N'Dama and trypanosusceptible
Boran (Zebu) cattle infected with 7. congolense, tlow cytometric analysis using
monoclonal antibodies (MoAbs) revealed that the leukopaenia associated with
the first wave of parasitaemia was due mainly to an absolute decrease in T cells
expressing BoT2 and either BoT4 or BoTS8, surface immunoglobulin M-positive
B cells, nulls cells which did not express T cell, B cell or monocyte markers, and
neutrophils. At the same time, there was a significant variation over time, but
no overall increase or decrease, in the number of cells expressing class II major
histocompatibility (MHC) molecules, or monocyte markers, or in the number
of circulating eosinophils. A decrease in eosinophils has been reported by some
workers in trypanosome-infected cattle (Naylor, 1971; Maxie et al., 1979), but
again no significant changes in monocytes. In contrast, Saror et al. (1981)
observed a transient increase in blood monocytes in N’Dama and Zebu cattle
infected with 7. vivax following the first peak of parasitaemia and then the
values returned to normal. An increase in circulating monocytes might be
expected based on the histological finding that monocytes and macrophages are
numerous in the microcirculation of infected cattle (Murray et al., 1979d, 1980).
Following the first wave of parasitaemia in N'Dama and Boran (which had to be
treated with the trypanocidal drug Berenil to permit survival), there was a
leukocytic response characterised by an increase in the total number of B cells,
T cells and nulls and then a gradual return to preinfection levels, around 80 days
after infection by which time parasites were rarely detectable in the blood (Ellis
et al., 1987).

Prior to and throughout the course of infection, N'Dama had significantly
higher numbers of B cells and null cells than Boran (Ellis et al., 1987), suggesting
the capability of the trypanotolerant N’'Dama to generate antibody responses
that are qualitatively or quantitatively better than trypanosusceptible Boran,
Superior antibody responses have been reported to 7.vivax infections in
N’Dama (Desowitz, 1959) and in Bauole cattle (Trypanotolerant West African
Shorthorn) infected with 7. congolense (Fig. 4; Akol et al., 1986; Pinder et al.,
1988). Desowitz (1959) suggested that the basis of this superiority was a better
innate capacity to mount a secondary immune response. Akol et al. (1986) and
Pinder et al. (1988) found no difference in neutralising antibody responses
between Bauole and Zebu to infecting 7. congolense metacyclic parasites deliv-
ered by tsetse but showed that the Bauole mounted an earlier and much greater
neutralising antibody response to the first peak bloodstream trypanosomes,
possibly reflecting an inherent ability to produce a superior secondary response.
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In the same way, the higher number of B lymphocytes found in N'Dama
compared with Boran (Ellis et al., 1987) might be due to the fact that animals
used in this study had experienced a previous infection with an unrelated
serodeme of 7. congolense, possibly giving the N’Dama the opportunity to
prime their superior immune system. In this respect, Saror et al. (1981) found
no difference in total blood leukocytes in N’Dama and Zebu cattle with no
previous exposure to trypanosomiasis.

The possible mechanisms that might be considered to be responsible for
leukopaenia are similar to those discussed earlier for anaemia and thrombocy-
topaenia. Thus, autoantibodies, pre-formed antigen-antibody complexes or ad-
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sorbed trypanosome antigen have been suggested (MaxKenzie et al., 1978;
Maxie et al., 1979; Jenkins and Facer, 1985) and could result in premature
leukophagocytosis, an event that has been reported in 7. congolense infected
sheep (MacKenzie and Cruickshank, 1973) and in infected cattle (unpublished
data). It has also been proposed that the increased marrow erythropoiesis which
occurs, does so at the expense of the leukopoietic response (Valli et al., 1979).

An interesting observation has been the finding that sera from cattle infec-
ted with 7. congolense or T.vivax inhibited GM-CFC colony formation with
maximum inhibition being caused by sera collected during the first 2 to 3 weeks
after infection, the period of maximum parasitaemia (Kaaya et al., 1979). The
concentration of the leukopoietic inhibitor as assayed by inhibitory activity
followed the same pattern as leukocyte counts in the circulation. Thus, 1t would
appear that the leukopaenia resulted primarily from direct inhibition of stem
cell differentiation rather than a stem cell deficit. The factor(s) was a heat stable
protein with a molecular weight of between 100 kDa and 200 kDa (Kaaya ct al.,
1980). It was thought that it might be an immunoglobulin or a lymphokine. At
the same time, trypanosome-derived factors were considered on the basis of
correlation of activity with parasitaemia and rapid restoration of the leukocyte
population after trypanocidal drug treatment. However, Kaaya et al. (1980)
concluded that such factors were not involved as sonicated fractions of T con-
golense (and T. brucei) did not have any effect on GM-CFC colony formation.
Nevertheless, at this stage of our understanding trypanosome-related factors
should not be excluded. Recalling the earlier discussion, it should be empha-
sised that the trypanosome-derived factors, which were found, at least in vitro,
to damage red cells, were also toxic for peritoneal cells and buffy coat cells
(Tizard and Holmes, 1976; Tizard et al.. 1978b).

Factors affecting severity of anaemia

In preparing this “bird’s eve” view of the anaemia of bovine African trypa-
nosomiasis, and other disturbances of the haecmopoietic system, it was obvious
that the outcome of infection and the severity of anaemia were affected by
variables in the parasite and in the host. Recognition of these variables and an
understanding of the factors underlying them could lead to the development of
novel methods for controlling bovine African trypanosomiasis.

The parasite
The factors involved in virulence depend on the characteristics of the
species of the trypanosome, as well as the strain. The three trypanosomes
responsible for the disease in cattle have quite different behavioural patterns,
e.g., 1. congolense is confined to the circulation where it often attaches to red
cells or endothelial cells lining blood vessels; 7. vivax, on the other hand, seems
disinterested in red cells as it races about the circulation and can migrate into
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extravascular locations; 7. brucei 1s equally at home in the circulation or in the
tissues. In addition, the capacity of different species to generate “toxins”, or to
activate complement or to undergo antigenic variation might affect their viru-
lence.

A similar argument could be made for the variation in virulence among
different strains of the same species. However, on the basis of the proposal that
virulence might be related to variable antigen type (VAT) (McNeillage and
Herbert, 1968; Van Meirvenne et al., 1975), Barry et al. (1979) examined a set of
cloned populations of 7. brucei, all of which bore the same VAT. The clones
made close to the time of isolation were found to be moderately virulent for
mice, whereas those prepared from the same stock following repeated passage
were extremely virulent. It appeared that virulence and VAT were not necessa-
rily related. Instead, it was concluded that virulence was limited by the capacity
of the clone to differentiate morphologically, 1.e.. to become pleomorphic. This
conclusion confirmed a well recognised situation in laboratory animals, name-
ly, that trypanosome strains subjected to repeated passages become increasingly
monomorphic and virulent. When the parasite differentiates it switches from
the rapidly dividing slender form to the nondividing stumpy. Thus, the rapidly
dividing parasites produce high parasitaemias and kill the host quickly,
whereas, recent pleomorphic isolates produce lower parasitaemias and are less
virulent. Furthermore, there is evidence that the stumpy forms of 7. brucei, not
the slender parasites, are responsible for induction of the immune response
(Sendashonga and Black, 1982). Thus, virulence is related to the height of
parasitaemia, a variable that is controlled by the growth capacity of the parasite
and its ability to induce the immune response. Although, there is no morpho-
logical equivalent of the stumpy form in 7. congolense, parasite growth control,
as with 77 brucei, appears to be related to the capacity to stimulate an antibody
response (Roelants and Pinder, 1987).

Another possible aspect of trypanosome virulence was proposed by Sacks
et al. (1980) who found that differences in the virulence of T brucei were
directly associated with the capacity of subcellular membrane fractions to
induce immunosuppression.

There 1s much evidence to suggest that in 7T.congolense, T.vivax and
1. brucer infections in cattle, the height of parasitaemia can determine the
severity of anaemia (Murray et al., 19791), of thrombocytopaenia (Davis, 1982)
and of leukopaenia (Ellis et al., 1987). While, as will be discussed, the host can
and does play an important role in controlling parasite growth, a major area for
reserch must be on the parasite factors that regulate growth and induce the
immune response.

The host

Several host factors have now been shown to have a major effect on the
severity of the anaemia of African trypanosomiasis. Of these the most signif-
icant are breed, nutritional status and age. Wild Bovidae must also be consid-
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ered. In the studies reviewed in this document breeds of cattle evaluated have
included Ayrshire, Friesian, Holstein, Hereford, and their crosses, as well as
indigenous African breeds such as Zebu, Boran, West African Shorthorn and
N’Dama. Their ages have varied from 1 week to 15 years, and they were
maintained in villages, ranches or experimental stations where major differen-
ces in management and nutrition must have occurred.

Regulation of parasite growth

Because of the lower levels of parasitaemia that occur in cattle when
compared with laboratory animals, standard quantitative techniques for
enumerating parasites, such as the use of a haemocytometer, are not sufficiently
sensitive and cannot be used (Paris et al., 1982). Thus, the development of the
darkground/phase contrast buffy coat method (Murray et al., 1977) was an
important advance in the study of parasite kinetics in cattle, particularly try-
panotolerant breeds. This method is not only at least as sensitive as other
techniques and permits trypanosome species identification but it also allows a
semi-quantitative estimation of parasitaemia (Murray et al., 1979a; Paris et al.,
1982).

It has long been recognised that certain breeds of cattle are able to survive
in tsetse-infested areas and resist the effects of trypanosomiasis when other
breeds rapidly succumb (Pierre, 1906; ILCA, 1979). This trait is termed trypa-
notolerance and is generally attributed to the indigenous taurine breeds of cattle
in West and Central Africa, namely the N°'Dama and West African Shorthorn.

Major comparative investigations on the question of trypanotolerance
have been carried out on cattle in Nigeria (Roberts and Gray, 1973a, b), The
Gambia (Murray et al., 1981a; reviewed by Murray et al., 1982), Senegal (Toure
et al., 1978), Burkina Faso (reviewed by Roelants, 1986), Kenya (Njogu ¢t al.,
1985; Ismael et al., 1985; Paling et al.. in press) and in the ILCA/ILRAD
Trypanotolerance Network (1986a, b). The main breeds studied were the try-
panotolerant N'Dama, and the trypanosusceptible Zebu (Boran).

In these investigations, cattle were infected by syringe inoculation with
bloodstream trypanosomes, exposed to field challenge, laboratory challenge
with wild caught tsetse or with tsetse experimentally infected. Irrespective of
the mode of infection, the outcome of each study consistently confirmed the
superior resistance of the N'Dama (and the West African Shorthorn) and
showed that the basis of this trait lay in the capacity of these animals to develop
less severe anaemia (Fig. 5). Furthermore, their resistance to anaemia appeared
to be correlated with the ability to limit the intensity, prevalence and duration
of parasitacmia to a significantly greater extent than the trypanosusceptible
Zebu or European breeds (reviewed by Murray et al., 1982), rather than an
innate capacity to mount and maintain a more efficient erythropoietic response
(Dargic et al., 1979a). A similar capacity to control parasitaemia and resist
anaemia has been shown by the Orma Boran cattle in Kenya (Ismael etal., 1985)
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Fig. 5. Parasitaemia and anaemia in trypanotolerant (@) and trypanosusceptible (O) cattle infected
with Trypanosoma vivax.

and to an even greater extent by several species of wild Bovidae (Murray et al.,
1981b).

A study which indicated that the height of parasitaemia per se can influence
the degree of anaemia was a dose response experiment in which groups of
N’Dama and Zebu were inoculated subcutaneously with 103, 10° or 108 blood-
stream forms of 7. brucei (Murray et al., 1979f). It was found that the number of
parasites inoculated influenced not only the prepatent period but also the height
of parasitaemia. Thus, the N’Dama and Zebu groups that received the largest
doses had the shortest prepatent period and the highest parasitaecmia and,
correspondingly, developed the most severe anaemia (Fig. 6). In confirmation
of their trypanotolerant nature, the N'Dama were better able to control para-
sitaemia and developed less severe anaemia than the Zebu which received the
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same dose; thus, it was necessary to challenge the N'Dama with 5 log,o more
organisms to produce similar levels of parasitaemia and similar severity of
anaemia as in Zebu. This work, using 7. brucei in cattle, is the only dose
response study of which we are aware. It has important implications both in
relation to control of parasitaemia and development of anaemia. However, it is
our impression with 7. congolense infections in cattle that while infective dose
determines the prepatent period it does not affect the height of parasitaemia or
the severity of anaemia. In the same way in mice, increasing doses of 7" congo-
lense (Morrison and Murray. 1985) or 7. brucei (ILRAD, unpublished data)
resulted in shorter pre-patent periods but there were no significant increases in
the height of parasitaemia or the time to death after the first peak of parasitae-
mia.

It is generally believed that the superior capacity to control parasitaemia is
associated with the immune response but in cattle, at any rate, there are only a
few preliminary studies in N'Dama infected with 7" vivax (Desowitz, 1959) and
Bauole infected with 7' congolense (Akol et al., 1986; Pinder et al., 1988) which
indicated that this might be the case. Details of these results were discussed
carlier in relation to leukopoiesis (Fig. 4).

Considerable understanding in the interrelationship between susceptibili-
ty, parasite growth and the immune response has been provided by the work of
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Black et al. (reviewed in 1985) on the mouse model system. Mice vary in their
susceptibility to 7. brucei (Black et al., 1983), T. congolense (Morrison et al.,
1978) and to T. vivax (Mahan et al., 1986). No critical studies have been done to
compare the haemopoietic responses of these different strains of mice but it is
our impression that they are minor, although the question requires investiga-
tion. Basically, it has been found that the more resistant strains of mice such as
the C57B1 are better able to control parasitaemia and produce a superior
antibody response. The differences in the immune response to infection could
not be attributed to inherent differences in the immune response to the parasite,
as no differences in antibody responses occurred between different strains of
mice when immunized with non dividing irradiated 7. brucei (Black et al.,
1983), T.congolense (Morrison and Murray, 1985) or T.vivax (Mahan et al.,
1986). In T. brucei infections, it was concluded that the height of parasitaemia is
controlled by the availability of molecules which maintain the parasites as
dividing forms. When the molecules reach a limiting concentration, the parasi-
tes cease dividing and start to degenerate. In vitro analysis suggests that 7" bru-
cel growth promoting activity 1s associated with serum components of molecu-
lar mass greater than 100 kDa (Black et al., 1985). The importance of parasite
growth regulation in the control of parasitaemia is further emphasised by the
findings which suggest that antibody responses against 7. brucei are stimulated
by fragments derived from senescent non dividing organisms but not by ac-
tively dividing parasites (Sendashonga and Black, 1982). As with 7. brucei, the
elimination of 7. vivax and T. congolense from the blood is antibody mediated.
There, however, would appear to be important differences in the role played by
antibody in controlling 7. brucei, T.congolense and T.vivax parasitacmia.
Antibody responses to 7. brucei (Sendashonga and Black, 1982; Black et al.,
1983) and T. congolense (Mitchell and Pearson, 1986; Whitelaw et al., 1983)
parasitaemia occur after most organisms have ditferentiated to non-dividing
forms, the stumpy form in the case of T bhrucei, and hence when parasite
population expansion in the blood 1s no longer exponential. In contrast, anti-
body control of parasitaemia in C57B1/6 mice infected with 7. vivax occurred
during the exponential phase of parasite population increase in the blood (Ma-
han et al., 1986). Thus, the capacity to control 7. brucei and T.congolense
parasitaemia appears to lie in the ability to regulate parasite growth followed by
the induction of the immune response, while in 7" vivax infections it appears to
be directly dependent on the ability to mount an immune response.

Another aspect of the inability of susceptible C3H/He mice to control
parasitaemia following infection with T. brucei (Black et al., 1986) or with
T.vivax (Mahan et al., 1986) resulted from an impaired capacity of parasite-in-
duced antibody-containing cells to secrete immunoglobulin. Such cells regained
the ability to secrete antibody within 24 h after trypanosome elimination by
treatment with the trypanocidal drug Berenil (Black et al., 1986; Mahan et al.,
1986), suggesting that the block in antibody secretion was maintained by living
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parasites or short-lived components of degenerating parasites. Our own obser-
vations suggested that Ayrshire cattle might be the bovine equivalent of the
C3H/He mouse with respect to susceptibility and response to infection with
trypanosomes. Following infection with 7. congolense or T. vivax, parasitaemia
reaches a high level, antibody responses are low and transient and remission of
parasitaemia 1s absent. It was a notable feature of both susceptible C3H/He
mice and Ayrshire cattle that during infection the splenic architecture became
rapidly disorganised (Murray and Black, 1985).

It was also possible to manipulate population growth rates in mice infected
with T. congolense (Murray and Morrison, 1979), T. brucei (Murray and Mor-
rison, 1979) and T vivax (unpublished data). Mice treated with heat-killed
Propionibacterium acnes (Corynebacterium parvum) prior to infection were
able to control parasitaemia and survive for longer. The effect was most marked
in strains of mice with the greatest innate resistance to trypanosome infection,
e.g., the C57B1/6. Thus, sera from P. acnes-treated mice contained a group of
hydrophilic molecules (100 kDa-1000 kDa) which competitively inhibited the
capacity of foetal bovine serum (FBS) to support multiplication of 7. brucer in
vitro (S.J. Black, personal communication). Similar molecules were released by
macrophages of P. acnes-treated mice, by macrophages fed P. acnes in vitro and,
at a 4000 fold lower efficiency, by P. acnes incubated in vitro in the absence of
macrophages. The competitive interaction between the growth-promoting fac-
tors in FBS and the growth-inhibiting factors produced by P. acnes might in-
dicate a competitive interaction for a receptor site at the level of the trypano-
some, a receptor usually reserved for the binding and uptake of serum nutri-
tients which regulate multiplication.

The 1dentification and characterisation of the factor(s) that promote and
inhibit parasite growth, as well as the trypanosome-factors that inhibit immu-
noglobulin secretion in trypanosusceptible animals, could lead to new thera-
peutic or immunological approaches to prevent or control parasite growth.
Prevention could result in a vaccine, better control might make it possible to
turn the trypanosome status of a Zebu into that of a N’Dama, and of a N'Dama
into that of a wild Bovid.

There is also evidence to indicate that the macrophage could play an
important role in controlling parasitaemia. Thus, it was found that wildebeest
(Connochaetes taurinus) infected with T. brucei were better able to control
parasitaemia than their cattle counterparts and unlike cattle did not develop
anaemia (Rurangirwa et al., 1986). Both wildebeest and cattle produced similar
IgM. IgG, and IgG: antibody responses to the infecting trypanosome. However,
it was found that serum from infected wildebeest had a higher capacity than
cattle to induce adherence of trypanosomes to their own peripheral blood
leukocytes (PBL) and that this difference could be attributed to the presence of
[gM receptors in wildebeest PBL, which were not present on the PBL of the
cattle studied. Such a mechanism could account for the lower parasitaemia
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encountered in trypanotolerant animals. The cattle in this study were trypano-
susceptible Zebu X Charolais and 1t 1s important that trypanotolerant N’Dama
cattle be investigated in the same way.

Haemopoietic responsiveness

There is little doubt that the intensity of parasitaemia has a significant
effect on the severity of the subsequent anaemia, an observation that has led to
the general conclusion that the superior resistance of trypanotolerant animals
lies in their ability to control parasitaemia rather than an inherent capacity to
resist red cell destruction or mount a more efficient erythropoietic response
(Dargie et al., 1979a).

However, differences in the severity of anaemia have been observed under
circumstances where no difference in the intensity or prevalence of parasitae-
mia OCCUrs.

Thus, a number of workers have confirmed that calves of less than one year
are more resistant than adults to the effects of trypanosomiasis (Fiennes, 1970;
Maxie and Valli, 1979; Wellde et al., 1981; Murray et al., 1982). While Wellde et
al. (1981) concluded that parasitaemia was possibly less severe in calves infec-
ted with 7. congolense, in an experiment carried out at the International Labo-
ratory for Research on Animal Diseases (ILRAD), Nairobi on Boran cattle aged
6 weeks and 18 months, we found that the calves developed anaemia that was
significantly less severe than in adults, despite the fact that there were no
differences in the intensity or prevalence of the parasitaemia. These results
might indicate that younger animals have a superior erythropoietic response. In
this respect, i1t 1s of interest that it is well recognised that calves are more
resistant than adults to babesiosis (Callow et al., 1976; Levy et al., 1982).

Certain species of wild Bovidae can develop high levels of parasitacmia
following trypanosome infection, e.g., waterbuck (Kobus ellipsiprymnus) infec-
ted with 7. brucei. Despite this, no significant changes in red cell numbers
occurred, in contrast to the marked anaemia in a trypanosusceptible cow with
equivalent levels of parasitacmia (Fig. 7). These findings might suggest that the
waterbuck red cells were more resistant to the destructive effects of the try-
panosome.

In probably the most informative experimental study to date on the ques-
tion of trypanotolerance, Paling et al. (in press) presented results on N'Dama
and Boran cattle which indicated that the superior capacity of the N'Dama to
control parasitaecmia and resist anaemia are processes which are controlled
genetically but are not directly linked to each other. The eight N'Dama used in
the study were of Gambian origin and had been obtained by intrauterine
implantation of embryos into Boran female cattle at ILRAD (Jordt et al., 1986).
The N’Dama along with corresponding Boran controls had been challenged on
four occasions with Glossina morsitans centralis infected with clones of 7. con-
golense belonging to four different but equally virulent serodemes. To prevent
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Fig. 7. Parasitaemia and anaemia in a waterbuck (®) and Ayrshire steer (O) infected with Trypano-
soma brucei (T = treatment with trypanocidal drug).

death any infected animal with PCV value = 15% or less was treated with
Berenil. In addition, all infections were terminated with Berenil on 164, 127,
149 and 133 days after each challenge.

No N’Dama required treatment but 77% of all infections in the Boran (32
animals) did. Moreover, in contrast to the severe weight losses experienced by
trypanosome-infected Boran, compared with uninfected controls, trypanosome
infection did not appear to affect body weight or liveweight gains in the
N’Dama. Also in contrast to the Boran, infected female N’Dama continued to
show normal oestrus cycle activity.

There were no significant differences between either the breed groups or
among the infections of the four 7. congolense clones in the prepatent period or
in the number of days to the first peak in the parasitacmia. However, the
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Table 1. Mean parasitaemia score! and packed cell volume percent of the N'Dama and Boran?
infected with Trypanosoma congolense during four consecutive periods

T. congolense Mean parasitaemia score Mean PCV (%)
clone

N’Dama Boran N'Dama Boran
ILTIBO ... 1.90 2.42 279 25.4
IL2642 ... ... 2.23 - 28.7 -
ILIS87 . 2.05 3.01 29.1 24.1
IL2079 ... .. .. 2.20 2.43 31.2 24.9
Overall ¢ sumsmosnssssesasnss: 210 2.72 29.2 24.7

' Scoring method of Paris et al. (1982)
2 Results are presented on the 3 Boran in group 2 which did not require treatment.

average number of parasites per ml blood at the first parasitaemia peak was
slightly but significantly lower in N’Dama than in Boran. The overall mean
parasitaemia score of the N’Dama during the four infection periods was signif-
icantly lower than the overall mean score of untreated Boran (Table ). Within
the N’Dama group individual animals demonstrated significantly higher or
lower mean parasitaemia levels and this trend was consistent throughout all
four infections (Table 2).

The kinetics of the anaemia in the group of N’Dama cattle during each of
the four infection periods was very similar. First, there was a short phase during
the development of parasitaemia from day 10 to 15 when the average daily PVC
value in N’Dama and Boran dropped at the same rate. This was followed by a
period from day 15 to 33, during which the average PCV in N’Dama decreased,
but at a slower rate than that of the Boran. Might this suggest that N'Dama red
cells are more resistant to destruction? From day 35 to 60, the average daily
PCV value in N'Dama remained at the same level but most of the Boran
required treatment. The lowest average PCV value reached by the N'Dama
varied between 22.5% and 23% during the first two infections and between 25
and 27% during the second two infections. Next was a period of spontanecous
recovery in the N'Dama, as assessed by a return to an average PCV value of
30%. In contrast, no spontaneous recovery occurred in the Boran. Most of the
Boran required treatment and those that did not maintained a persistent av-
erage PCV value of 22%. The overall mean PCV value of the N’'Dama was 29.2%
during the four infection periods and this was significantly higher than the
mean of 24.7% for the untreated Boran (Table 1).

While the mean PCV value of the N'Dama group increased from 27.9%
durig the first infection to 31.2% during the fourth infection, there was no
corresponding decrease in trend in the parasite numbers measured during the
four infections (Table 1). In the same way, some N'Dama demonstrated consis-
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Table 2. Mean parasitaemia score and packed cell volume percent of N'Dama during four periods of
infection with Trypanosoma congolense

Animal number Parasitacmia score PCV (%)
Mean Ranking Mean Ranking
T g 2.12 5 30.5 7
2 1.93 2 27.4 |
A 2.46 8 29.1 5
4 2.03 3 30.0 6
A 2.13 6 31.5 8
S 2.10 4 29.0 4
O 2.14 7 28.5 3
O 1.86 1 27.6 2

tently higher PCV values during all four infections while others showed better
parasite control (Table 2). Thus, there was no correlation in the N'’Dama be-
tween the level of parasitaemia, expressed as the mean parasitacmia score
during the period of infection, and the level of anaemia expressed as the mean
PCY,

The superior resistance of N’Dama compared with Zebu to trypanosome
infection was once again confirmed by this study and the same general conclu-
sion made, namely, that N'Dama exhibited a superior capacity to control
parasitaemia and resist anaemia. However, when mean parasitacmia and PCV
values of the N’Dama were computed over four infection periods no direct
correlation could be established either at a group or individual level, indicating
that both processes although controlled genetically are not directly linked to
each other. PCV values of trypanotolerant livestock in tsetse-infested arcas are
known to be positively correlated with production traits such as reproductive
performance and growth (ILCA/ILRAD, 1986a, b). Therefore, under controlled
experimental conditions, PCV values induced during a primary trypanosome
infection might serve as a selection criterion for trypanotolerance.

While control of parasite growth would still appear to be an important
component of trypanotolerance other explanations must be sought for the
capacity of certain groups of cattle and individuals within each group to resist
anaemia. One interesting possibility has been reported by Esievo et al. (1986)
who measured erythrocyte surface sialic acid concentrations in uninfected
N’Dama and Zebu with no previous exposure to trypanosome. The sialic acid
concentrations in the N’Dama were about seven fold greater than in the Zebu,
although no differences in red cell or leukocyte numbers occurred. This might
suggest that the red cell surfaces of the N’Dama are “stronger™ than the Zebu
and that, if the presence in trypanosomes of the sialic acid-cleaving ¢nzymes,
sialidase (Esievo, 1983) or proteases (Londsdale-Eccles and Grab, 1986) is
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significant, sialic acid concentrations on red cell surfaces might play an impor-
tant role in host resistance to trypanosome-induced anaemia.

In addition, in the study of Paling et al. (in press), there was evidence that
the N'Dama had a greater inherent capacity to make better tertiary erythro-
poietic responses. Thus, the lowest average daily PCV values reached by the
N’Dama group was 22.5, 23, 25 and 27% 1in consecutive infections, while the
overall mean of all PCV values covering each of the four infection periods was
27.9, 28.7, 29.1 and 31.2% (Table 1). Both results show a significant upward
progression. This improved responsiveness was not observed in the Boran
subjected to four consecutive infections and was not related to improvement in
control of parasitaemia or to a difference in virulence among the four clones of
T. congolense used.

With respect to the improved response to consecutive infections, it is of
interest that acquired resistance to trypanosomiasis has been reported in cattle
on several occasions (reviewed by Murray et al., 1982) and has been assumed to
be the result of acquisition of immunity. Thus, in Kilifi Plantations in Kenya,
any cow (Sahiwal X Ayrshire) with a PCV value of less than 30% was treated
with a trypanocidal drug; no systematic examination was made for parasites in
the blood. Data analysis showed that, independent of age, the number of pre-
vious treatments influenced the number of subsequent treatments, 1.e., the
more previous treatments the less treatments that would be required (Murray et
al., 1982). This was interpreted as circumstantial evidence of the acquisition of
immunity to the trypanosome population in the locality. However, on the basis
of the findings of Paling et al. (in press), it might be the result of tertiary
responses of a primed haemopoietic system.

The way ahead

In seeking to understand the anaemia, and in general the pancytopaenia
that occur in cattle infected with African trypanosomes, the availability of cattle
which are highly resistant to infection and of cattle that are highly susceptible to
infection offers an uparalleled opportunity to identity and understand the key
mechanisms involved.

As reviewed, the kinetics and mechanisms responsible for the anaemia
change during the course of the disease and it will be necessary to plan long term
experiments to produce cattle in the chronic as well as in the acute phase of the
disease. At the same time, several factors must be considered as likely to play
important roles in the pathogenesis of the anaemia and in the outcome of
infections. These include parasite virulence, parasite growth regulation, para-
site-derived biologically-active substances, immune responses, macrophage
function, red cell biochemistry and haemopoietic responsiveness.

Cattle that can resist anaecmia remain productive (ILCA/ILRAD,
1986a, b). Therefore, the identification of markers that allow selection for this

423



trait, or the manipulation of the mechanism(s) responsible in order to induce
resistance to anaemia will make a major contribution 1o improving livestock
production in Africa. Furthermore, the availability of new chemotherapeutic
approaches for the treatment of the phase of the disease that is unresponsive 1o
the action of trypanocidal drugs could also improve the performance of cattle
that currently are non productive.
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