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SUMMARY,

The thesis consists of six reviews and a dissertation on the
research project.

In Chapter I various aspects of the epidemiology and pathogenesis
of haemonchosis are reviewed. The disease is highly seasonal being
more prevalent during the warm humid months, although chronic infections
can occur almost all the year round. The parasites suck blood causing
haemorrhage into the host's abomasum and the pathogenesis of the disease
depends on this blood loss. Factors such as age, breed, haemoglobin
type and nutritional status of the host influence the pathogenesis of
the disease.

The pathogenesis of bovine trypanosomiasis which depends on
factors such as anaemia, pathological lesions and immunodepression is
described in Chapter II. Although the anaemia is classified as haemolytic,
the precise mechanism appears multi-factorial.

In Chapter III the use of radiochromium (51Cr) and radioiron
(**Fe) in studying the mechanism of anaemias of parasitic infections is
examined. Red cells labelled with 51Cr provide information regarding the
contribution made by haemodilution and increased erythrocyte breakdown
while 59Fe may be used to monitor the animalslcapacity to synthesise
red cells.

In the study of albumin metabolism in parasitised animals,
radioiodine (*”*I or ~”i) is often employed (Chapter 1IV). ~~1 or
H**I-labelled polyvinylpyrrolidone (PVP) or ~Cr (as “CrCl,) are the
isotopes of choice in providing information regarding the aetiology of
gastrointestinal albumin losses in parasitic infectionmns.

In/



In Chapter V most parasitic infections are shown to upset
the nutritional status of the host through depression of food intake,
disturbances of post-absorptive N and energy metabolism and poor feed
conversion efficiency. Adequately fed hosts develop immunity earlier
which also persists longer than their poorly fed counterparts.

In Chapter VI the limited value of conventional methods of
control of haemonchosis and trypanosomiasis is highlighted. Similarly,
the limited success of vaccination trials is also discussed.

In Chapter VII the results of a project carried out to determine
the effects of different levels of protein intake on the pathophysiology
of acute haemonchosis and on the self-cure phenomenon are presented.
Animals on the high protein diet performed better than their poorly fed
counterparts as judged by a variety of parasitological, haematological
and radioisotopic criteria. The better performance of this group was
concluded to reflect a better immune response against the parasite. The
nature of this immune response was not determined but was thought to act
either against parasite establishment or through suppression of egg laying
capability of the female worms. A slight fall in total egg production
was observed following reinfection. However pathophysiological changes
following reinfection were as severe as recorded following primary

infection with the low protein group being more severely affected.



CHAPTER I

EPIDEMIOLOGY AND PATHOGENESIS OP HAEMONCHOSIS



EPIDEMIOLOGY ADD PATHOGENESIS OF HAEMOITCHOSIS.
Introduction:

Haemonchosis in its classical form has been described as an
acute syndrome characterised by severe anaemia, hypoalbuminagmia., sudden
death and weight loss associated with the rapid acquisition of a large worm
burden during periods of warm wet weather (Veglia, 1915; Fourie, 1951;
Andrews, 1942; Gordon, 1950; Soulsby, 1965). Anaemia is probably the
most important manifestion of haemonchosis.

Initially the anaemia is normocytic and normochromicbut in
heavy or long standing infections itbecomes macrocytic and hypochromic with
low serum iron levels and depressed iron stores (Dargie, 1975; Dargie and
Allonby, 1975)* Allonby (1975) and Allonby and Urquhart (1975)drew
attention to a previously unrecognised chronic syndrome encountered in
natural cases of the disease and characterised by persistent anaemia without
obvious clinical signs, widespread incidence, very high morbidity and a
progressive insidious weight loss not unlike malnutrition. They considered
this form of the disease more important than the classical form economically.

Most of the literature deals with the disease in sheep, goats and
cattle in decreasing order of susceptibility and ascribes its cause to
either Haemonchus contortus or Kaemonchus -placei; both of which are
trichostrongylid worms inhabiting the abomasum of their hosts. H.EKontortus
is mainly a parasite of sheep and goats while 5. placei infects cattle.

There is no claim of absolute host specificity as H. contortus has been
recovered from cattle and H. placei from sheep (Skryabin, Shikhobalova,
Shults, 1954).

The disease has been recognised for a very long time in wvarious
parts of the world (Fitzsimmons, 1969; Edgar, 1955; Hall, 1956; Gordon, 1950;
Lee, 1955; Adams and McKay, 1966; Fabiyi, 1970; Schillhom wvan Veen, 1975;

Allonby, 1975)- Gordon (1950) attributed the importance of the disease to:-
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(a) the high biotic potential of the worm; £he females lay
5,000 to 10,000 eggs per 24 hoars which is higher than any
other species;
(b) development of eggs to infective stage -under optimal
environmental conditions is rapid lasting only 5 days;
(c) the sudden onset of acute clinical disease and death in
previously healthy flock, typically after a period of
heavy rainfall;
(d) the relative lack of age resistance in the occurrence of
the disease.
The disease is characteristically that of tropical and sub-tropical regions
(Allonby and Urquhart, 1975) and in most of these areas is probably the most
important disease of sheep economically (Schillhom van Veen, -1973* 1978;
Allonby and Urquhart, 1975)* According to Allonby (1973) the disease may
also present problems in the warmer temperate regions of Southern Europe
and elsewhere.
The epidemiology and pathogenesis of the naturally occurring
and experimentally produced disease in ruminants are reviewed forthwith.
A. Epidemiology;
Epidemiological studies in various parts of the world showed
that larval challenge and faecal egg counts are highly seasonal.
Gordon (1948) in Australia regarded haemonchosis as a disease
of the warmer months of the year, i.e. spring and summer. Later works by
Gordon (1958) and Swan (1970) also in Australia confirmed the seasonal

fluctuations of H. contortus eggs in the faeces of infected sheep and the

periods when these eggs increased markedly. Such periods have rainfall
above 2 ins. and temperature above 18°C. In England studies by Boag and
Thomas (1971, 1973); Thomas and Boag (1972, 1973); Waller and Thomas

(1975) and Thomas and Waller (1979) revealed that clinical haemonchosis was

nainly a problem of the spring and summer months.



Observations made in Nigeria, fairly typical of most tropical areas, by

Lee, Armour and Ross (i960); Hart (1964); Fabiyi (1970); Okon and

Enyenihi (1975) confirmed the seasonal nature of haemonchosis in ruminants

and regarded the length of rainfall as the key factor in the pattern of
infections. Outbreaks therefore occur during the rainy season lasting from

5 to 9 months of the year depending on the ecological zone. Lee, Armour

and Ross (i960) postulated a monthly rainfall of 6 inches as being necessary
for the development of the disease in the Savannah zone of Nigeria. This
value is likely to be lower in the Southern forest zones due to differences

in soil evaporation rate, leading to a longer period of heavy worm burden
(Okon and Enyenihi, 1975)* Allonby and Urquhart (1973> 1975) also confirmed
this seasonal fluctuation in faecal egg counts, worm burdens and pasture
larval contamination in the semi-arid regions of Kenya in East Africa. These
variables were at their peak during periods of heavy rainfall with temperatures
above 18°C. in mid-March to mid-June and between September to November.

When they failed to find significant worm burdens in months with optimal
environmental conditions, they concluded that factors other than rainfall and
temperature were important in the development and availability of H. contortus
larvae on herbage. Such factors were not determined. A deviation from this
seasonal occurrence of haemonchosis was reported by Schillhom van Yeen (1978)
in Northern Nigeria, when he observed clinical haemonchosis during the dry
season in 6 weeks old lambs. He attributed this to the unusually high
rainfall recorded at the time of birth of the lambs which produced a high
level of pasture contamination during subsequent grazing. Similar observations
were made by Gordon (1950)5 Connan (1975); Allonby and Urquhart (1975) when
clinical haemonchosis was observed during period of high rainfall in 2 months
old lambs.

The/



The seasonal occurrence of haemonchosis is closely linked with
certain aspects of husbandry and management. Birth of offspring in
temperate areas coincides with the season when the disease is at its peak
(Gordon, 1950)* The availability of susceptible age group, i.e. the lambs
and the breeding ewe, coupled with the failure of the infective free living
stage of the parasite to find optimum conditions during the cooler months of
the year (Gordon, 1948)> are further factors responsible for the seasonal
occurrence of this disease. While this observation may be largely true
in the drier parts of the tropics where there is a sharp distinction between
the dry and rainy season and births restricted to particular periods, the more
humid regions experience slightly different epizootiological conditions. In
these regions the dry season is. either short or absent and births are not
restricted to any particular time of the year. What appears to be more
important is the stocking density of pastures which determines the level of
pasture contamination since the pastures are suitable for larval development
and survival almost all the year round. This observation is borne out by the
work of Okon and Enyenihi (1975) who found worm burdens in goats during the
peak of the dry season in the forest zone (January) which are comparable to
the burdens of those in the savannah zone during the peak of the rainy season
(August) .

The ’'rain-rise’ or 1lspring-risel in faecal egg count exhibited
in haemonchosis has been described in several parts of the world (Proctor and
Gibbs, 1968; Gibbs, 1973> 1977; Van Geldorp and Schillhom van Veen, 1976;
and Schillhom van Veen and Ogunsusi, 1978). This rise was attributed by
Gibbs (1973) to the resumed development of the hypobiotic 4th stage larvae
of the parasite as a result of seasonal influence. This resumed development
causes an increase in the adult helminth population which is detectable through

increased parasite egg output. The rise coincides with the onset of rains or

spring/



spring when pastures are optimal for larval development and there is
availability of susceptible hosts, hence the name’spring-riselor'rain-rise'.
This rise in faecal egg counts is commonly associated with the peripaturient
period in ewes (O'Sullivan and Donald, 1970; Michel, 1970; Connan, 1976;
Schillhom and Ogunsusi, 1978; Gibbs, 1977; Donald and Waller, 1973)*
Allonby and Urquhart (1975) could observe no such peripaturient effect.

Michel (1974) and Connan (1976) concluded that there was a reduction in the
turnover of helminths in lactating animals leading to a relative increase in
worm burdens. This observed phenomenon coupled with the high fecundity of the
worms was presumed to cause the observed rise in lactating ewes (Schillhom
van Veen and Ogunsusi, 1978). Once the hypobiotic larvae responsible for the
spring-rise is established, parturition or lactation has no effect on its
development since prolactin or diethylstilboestrol did not advance the onset

of spring-rise in haemonchosis infected ewes (Blitz and Gibbs, 1972;
Schillhom van Veen and Ogunsusi, 1978).

'Self-cure' was first used by Stoll (1929) to describe a sudden
fall in the faecal egg count occurring in lambs subjected to continual
reinfection with Haemonchus contortus. Gordon (1948) showed that self-cure
was a regular and consistent flock phenomenon in endemic areas and that it
not only causes a dramatic fall in faecal egg count but led to expulsion of
the adult worm burden of the affected sheep. Two widely different hypotheses
were put forward to explain this phenomenon. Gordon (1948) on always observing
this phenomenon following a period of rainfall, incriminated an'anthelmintic'
factor in freshly growing pasture as the probable cause. Stewart (1950a, b,
1953) experimentally challenged sheep with infective larvae and observed
self-cure which led him to believe that an "immediate-type hypersensitivity

reaction" in the abomasal mucosa was responsible. The works of Gordon (1967);
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Lopez and Urquhart (1967); Allonby and Urquhart (1973) failed to find any
immunological basis in explaining the phenomenon,as self-oure occurred in the
absence of reinfection; was seen at exactly the same point in time in mature
ewes and young lambs irrespective of their worm burdens and, more importantly,
was not followed by obvious resistance. The only common factor to all these
field cases was the onset of rains and this led Allonby and Urquhart (1973) fa
surmise that:-

(a) The shoot of freshly growing grass contains a substance toxic to
Haemonchus;

(b) the sudden dietary change caused the abomasum to undergo certain
physiological alterations, e.g. pH making existence intolerable for
adult Haemonchus;

(c) an anthelmintic factor in new pasture could produce a
hypersensitivity reaction, as described by Stewart (1953)%

Their work thus largely validated the earlier observation by Gordon (1948)%*
Dargie and Allonby (1975) produced self-cure in sheep following experimental
reinfection. They used abomasal losses of 15Cr—labelled red cells as a
parameter of worm activity. Their work has led further credence to the
"immediate type hypersensitivity reaction" theory which is said to be triggere
off by the antigenic materials released by newly acquired larvae during the
third ecdysis (Stewart, 1953; Soulsby and Stewart, i960). They differentiat
the classical self-cure where reinfection was not followed by protection and
another form of self-cure which was followed by protection. The immunologic
theory was further supported by the occurrence of self-cure and expulsion of
worms within 7-10 days of reinfection accompanied by raised antibody levels,
increased peristalsis and oedema of the abomasum. Stewart (1953> 1955)
observed that H. contortus will cause self-cure of infections with other small

intestinal/



7.
intestinal and stomach worms and ascribed this to the passage of antigenic
materials produced in the stomach, into the small intestine. Altaif and
Dargie (1978b) showed that self-cure was not related to the haemoglobin
phenotype though Allonby and Urquhart (1976) and Preston and Allonby (1979b)
produced evidence to suggest that such a relationship existed in
experimentally and naturally infected merinos. Whether induced by larvae
under experimental conditions or by grass, studies by Altaif and Dargie
(1978a,b) ; Preston and Allonby (1978, 1979a,b) showed that self-cure was

more closely associated with the breed than the haemoglobin type of the

animals concerned.

Two different mechanisms appear to operate in explaining the
different conditions under which self-cure operated. The '’anthelmintic factor’
for field cases and the *immunogenic theory' for experimentally produced self-
cure. Regardless of the mechanism involved, the whole concept of self-cure
opens up a wide field for further fundamental work on host-parasite relationships.
If the reaction is truly immunogenic, reminiscent of an allergic reaction, is it
accompanied by any of the manifestations of an allergic reaction, such as
production of histamine or related compounds as postulated by Stewart (1953)?
Could self-cure be merely a useful biological adaptation by the parasite to
ensure a turnover in its population or to protect it against extermination by
protecting the host against an overwhelming and fatal infestation? Whatever
phenomenon is involved, the importance of self-cure in natural field cases of
ovine haemonchosis in regard to control measures cannot be over-emphasised.

Gibbs (1968) showed that certain helminths were able to arrest their
development inside the host in the face of adverse conditions and resume their
development when such conditions improve. This inhibited development in
H. contortus infections has been reported frequently from various parts of the

world/



world (Muller, 1968; Connan, 1968, 1971; Eart, 1964; Blitz and Gibbs, 1972a,t;
Ayalew and Gibbs, 1973; McKenna, 1973; Brundson, 1973; TIabiyi, 1973; Van
Geldorp and Schillhom, 1976; Ogunsusi and Eysker, 1979; Ogunsusi, 1979)*
The epidemiological implication of this arrested development is that, with the
arrival of favourable conditions, i.e. spring in temperate countries and rains
in the tropics, pasture contamination becomes rapid and lambs are exposed to
heavy build-ups. This could result in acute haemonchosis. In tropical
countries, termination of arrested development occurs at the beginning of the
rains* i.e. April (Ogunsusi, 1979) and in spring in temperate countries
(Blitz and Gibbs, 1971).

The factors responsible for resumption of development of inhibited
larvae are yet to be determined. Soulsby (1965) and Dineen et _al (1965)
suggested host resistance as a primary cause for inhibited development but
Waller and Thomas (1973) arid Eysker and Ogunsusi (1979) could find no evidence
to support this when they observed no significant differences in pattern of
inhibition between ewes, permanent lambs and tracer lambs. Blitz and Gibbs
(19?2a)put forward the diapause phenomenon as suggested for Qstertagia ostsrtagi
by Armour (1970) when they found low numbers of arrested larvae in spring and
summer. The subsequent autumn increase was attributed to seasonal changes in
the larvae resulting from decreasing temperature or photoperiod and that these
developing larvae trigger a*self-curellike reaction in the host. This
immunological response was said to be. temporarily suppressed in lactating ewes
allowing the worms to develop to patency, producing the characteristic rise in
peripaturient faecal egg counts. Waller and Thomas (1975) working in North-easx
England, could find no evidence to support the diapause phenomenon when they
recorded 100 per cent inhibition before any decline in temperature. They
concluded that at least in that part of England, inhibition is the normal state,
the parasite spending the major part of its life-cycle in the host and a short
period on pasture, i.e. one generation per year. McKenna (1974) in New

Zealand/



Zealand attributed differences in his results from that of Blitz and Gibbs (1972a;
to the non-reproductive sheep used in his experiments, as opposed to the breeding
ewes used by the Canadian workers. He also subscribed to the diapause
phenomenon. Ogunsusi and Eysker (1979) in Nigeria and Connan (1975) suggested
environmental stimuli as the factor responsible for an obligatory type of
inhibition at the end of the rainy season enabling the parasite to survive the
6 months dry season. In view of these conflicting findings from different
ecological zones, two possibilities need to be further examined. Firstly, the
workers may be dealing with different strains of the parasite which have
different generations per year and, therefore, different persistence intervals.
Secondly, age resistance may be involved, as suggested by Waller and Thomas (1975)«
Blitz and Gibbs (1971); Ogunsusi and Eysker (1979) noted that
inhibited fourth stage larvae contained some characteristic rod-like crystals.
These crystals were suggested to represent degenerative changes in the parasite

which may be asoociated with retardation of development (Bird et al, 1978).



PATHOGENESIS.

The adult and immature stages of Haemonchus suck blood causing
anaemia (Veglia, 1915; Bailey and Herlich, 1955)* The pathogenesis of
haemonchosis is centred on this blood loss anaemia. Various hypotheses have
been advanced to explain the mode of pathogenesis. These range from the
haemolytic anaemia postulated by Holman and Pattison (1941) and Schwartz (1921)
to the aplastic anaemia noted by Neklyudov et al (1956) who propounded
that substances produced by the parasite exerted a depressant effect on the
central nervous system of the animal leading to a disturbance of the neuro-
humoral regulation of haematopoiesis. However, the haemorrhagic anaemia concept
first observed by Fourie (1951) and characterised by severe to chronic gastritis
and subsequent anaemia appear to find most favour. This has largely been
confirmed by the findings of Dargie and Allonby (1975) and other workers.

MORBIDITY AND MORTALITY.

The number of Haemonchus species required to produce illness
or death under experimental conditions can be extremely wvariable. While
Roberts (1957) was unable to produce haemonchosis in 3-4 month old worm-free
calves infected with doses of larvae ranging from 50,000 to 200,000 given either
singly or in spaced out intervals, Ross, Armour and Hart (1962) produced marked
pathogenic effect following administration of 40,000 H. -placei larvae given as
a single dose to calves whose ages were not recorded. In sheep, Fourie (1931)
produced anaemia with doses of larvae ranging from 3»000-20,600 and death when
total number of larvae administered was 52,000. The ages of the sheep were not
recorded. Andrews (1942) showed that 35*000 larvae given as a single dose to
3-month old lamb was fatal in 45 days and when dose of larvae was increased to
100,000, death occurred in 23 days. A single dose of 45,000 larvae given to 8
:months o0ld lambs did not prove fatal. This could be attributed to age resistance.
(Conway (1962) was able to prove that multiple doses of larvae given over a

period of time produced a more severe reaction than a single dose.
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11.
Clinical Symptoms:

Patent infections produce similar clinical effects in both
sheep and cattle though the disease is more common in sheep. Mayhew (1944)
experimentally infected three to five month old calves with an unstated
number of larvae and observed that there was loss of weight and anaemia.
Fourie (1931) observed anaemia, tachypnoea, frequent pulse and pounding of
the heart during a fatal haemonchosis in sheep while Gordon (1950) reported
a fall in milk yield of ewes following the administration of 12,000
H. contortus larvae.

The classical acute haemonchosis was described by Soulsby (1965)
as an anaemia and oedema caused by the rapid acquisition of larvae. Many
workers have since drawn attention to a more widespread 'chronic syndromel
characterised by an insiduous loss of weight in which anaemia or oedema were
not regular features (Allonby and Urughart, 1975; Schillhom wvan Veen, 1978;
Eysker and Ogunsusi, 1980). A hyper-acute syndrome characterised by severe
anaemia and dark coloured faeces prior to death has also been described
(Allonby, 1973)* Faecal egg counts vary from 0-4(}0 00 in hyper-acute cases
to 1,000 - 100,000 in acute cases and 200-2,000 in chronic cases (Allonby, 1973)%*
Factors affecting egg production include:-

(2) resistance of sheep; (b) worm burden - larger worm burdens
tend to have low rate of egg production;
(c) fasting - this decreases egg production; and
(d) anthelmintics (Gordon, 1950)¢
Haematology:

Haematological studies in Haemonchus infections has received a
good deal of attention. The amount of blood each parasite removed from
the abomasal mucosa was worked out by Martin and Clunies-Ross (1934); and.
Clark, Kies and Goby (1902) as 0.05 ml/worm/day. Assuming a worm burden of
2,000, Dargie (1973) pointed out this may be equivalent to 100 ml. of blood being
lost daily into the abomasum.

Haematological/
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Haematological values quoted 'by various workers differ from
place to place. There is general agreement that the anaemia at one stage or
the other is characterised by a fall in red blood cell numbers (RBC), packed
cell volume (PC7) and haemoglobin concentration (Kb), while mean corpuscular
volume (MCV) and mean corpuscular haemoglobin concentration (1iCHC) showed an
increase. There was considerable variation in white blood cell (WEC) and
differential white cells values.

Values obtained from experimental infection of calves by Delaune

and Kayhew (1943) revealed BSC values of 2.5 x 10 per cu.mm., and Kb values of

1.45 per cent. There was initial leucocytosis followed by a decrease to as
low as 1.75 x 10 per cu.mm. Leucocyte differential counts did not follow
any set pattern. Harness, Fitzsimmons and Sellwood (1970) gave three levels

of infective larvae 50,000, 125,000 and 500,000 to calves and compared the
observed blood picture with that of uninfected calves of similar age and breed.

Ho changes were observed in 9-week old calves given 50,000 larvae and thus they
concluded ¢ that calves of this age group can resist this level of infection.

Those given heavier infections shoved a normccytic macrocytic anaemia, the
severity of which depending on the level of infection. The anaemia later

became macrocytic and hypochromic which they attributed to increased demands

on the erythropoietic tissues. Anosa (1973) observed the seasonal changes

in the blood picture of White Palani calves naturally exposed to helminthiasis
caused mainly by Haemonchus. Lowest PCV values of 28.9 * 5-7% was recorded

in the late rainy season when helminth egg counts were maximal and the highest

values of 35*8 * 7«1/o during the early rains when egg counts were moderate but

pastures vere at their optimum nutritionally. He also confirmed age resistance
to the disease when he consistently obtained higher values in calves aged

0-3 month than in those between 3 and. 12 months.

In/
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In sheep the earliest experimental work on haematological changes
was that of Fourie (1931) who infected sheep with H. contortus larvae and
observed a progressive decrease in red cell count to as low as 1.6 x 10* per
cu.mm., Hb from 82% to 10% and PCV from 34% to 5%* There was also marked

bone marrow response leading him to characterise the anaemia as being

haemorrhagic. Total and differential leucocyte counts followed no set
pattern. Andrews (1942) largely confirmed the findings of Fourie but also
recovered increasing amounts of blood from the faeces. He substituted

jugular bleeding in an uninfected control to simulate the blood loss from the
faeces and found the loss to be identical in both cases. The decrease in blood
values was associated with increase in faecal egg count. He also confirmed

the haemorrhagic nature of the anaemia produced on the basis of increased
reticulocytosis. Charleston (1964) compared the haematology and bone marrow
cytology of sheep experimentally infected with H. contortus with those of

worm free sheep bled to simulate the blood loss of such an infection. He
confirmed the earlier observation by Andrews (1942), though the anisocytosis

of haemonchosis was less marked and bone marrow activity with distinct

erythroid cells was greater in anaemic animals.

Ogunsusi (1978)#/WAnosa (1977) studied the haematological changes
in Nigerian sheep of different age groups and suffering from acute and chronic
haemonchosis. Blood values showed a rapid decline in RBC, PCV and Hb in those
suffering the acute disease which was associated with a rapid increase in
faecal egg count while these values declined slowly and steadily in those
suffering the chronic form of the disease. By the third week, 'these values
had dropped significantly in those suffering the acute disease while no
significant drop was noticed by the seventh week in those suffering from
chronic haemonchosis. Severe blood changes were observed in those of the
4-43ir and 5~6jinths.age group.Features of the anaemia included a. high
reticulocyte count in those suffering from severe anaemia, normochromic and

normocytic/
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normocytic response, age resistance as manifested by failure of 2 month

old sheep to show severe symptoms and a positive correlation between worm
burdens and severity of anaemia. Allonby and Urquhart (1975); Dargie and
Allonby (1975) recorded similar findings in sheep grazing in an endemic area
of Kenya. The latter workers combined radioisotopic, haematological and
parasitological parameters to monitor simultaneously the pattern of
erythrocyte loss and haemopoietic activity during the course of single and
challenge infections with H. contortus. They infected 2 year old Iterinos
with 10,000 larvae and exposed them to a further challenge 7 to 8 weeks later.
Marked haematological disturbances commenced between days 12-25 after infection
with the PCV falling from 53% to 22% and subsequently remaining constant or
increasing steadily. Haemorrhage was observed between days 7 to 10 after
infection and increased in severity over the next 10-14 days. Despite this
continuous haemorrhage, the PCV remained steady indicating an increased rate
of red cell production. Evidence in support of this was obtained from the
plasma iron turnover values which showed a rapid and progressive increase
despite some depletion in the level of serum iron. The authors concluded
that there were 3 stages in the pathogenesis of anaemia due to H. contortus.
Stage 1 which was between days 7 and 25 post-infection and was characterised
by a progressive and dramatic fall in PCV, low or negative faecal egg count
and normal serum iron,was caused by the voracious blood sucking activity of

the fifth stage larvae and the delay in the response of the host to the

haemorrhage. During the second stage,egg counts may be significant, serum iron
level was normal or slightly reduced while PCV values remained steady. The rate
of red cell synthesis equal the rate of breakdown. The third stage was

characterised by a dramatic fall in PCV with low serum iron concentrations due
to frank iron deficiency. The rate of red cell breakdown exceeded the rate of
synthesis. The authors finally concluded that PCV values and faecal egg
counts were unreliable indices of the amount of blood being lost into the
abomasum.

Following/
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Following the observation of significant increases in plasma
volume 2-5 weeks after infestation in sheep suffering from severe parasitism,
Owens (1971) concluded that the infested sheep compensated for the reduction in
red cell volume caused by parasitic blood loss by increasing the plasma volume.
Biochemistry:

Ross, Armour and Hart (1962) observed a fall in serum albumin
levels 19 days after infection of calves with 4-0*000 larvae. Anderson, Gaff
Hammond, Fitzgerald and Miner (i960) failed to observe any marked changes in
serum protein in calves experimentally infected with 12,000 and 165,000
H. placei larvae. It is probable that the infection was not patent due to
age resistance (ages not stated) or they used a less pathogenic strain of the
parasite.

Evans, Blunt and Southcott (1965) administered a dose of 51,500
larvae to sheep 11 weeks after an initial-dose of 4,000 larvae. The anaemia
produced was characterised by a fall in PCV and Hb concentration followed by
a marked rise in the concentration of potassium in the erythrocyteTK*+J and
a fall in the concentration of sodium * aet+j > 1°lal | “e+ + ~&e+J reinaine”
steady. Plasma potassium and sodium concentrations remained constant. They
also produced evidence to show that sheep of haemoglobin type A harboured fewer
worms than those with type B. Since young erythrocytes contain higher
concentrations of potassium (Blunt and Evans, 1965) and the anaemia
itself was characterised by a marked bone marrow response, the rise in
r J observed could be explained by an influx of these young cells into the
circulation (Evans et al, 19&3; Blunt and Evans, 1963).

Christie, Brambell and Mapes (1967) reported a marked rise in
abomasal pH in sheep which was associated with the emergence of H. contortus

larvae from the mucosa 2-3 days after infection similar to the observation o.f

Armour et al (1966)/
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Armour et al (1966) and Jennings et al (1966)who observed a rise in abomasal
PH due to heavy infestations with Qstertagia ostertagi. This rise in
abomasal pH was also observed by Christie et al (1975) Halczewski (1970)»
However, Christie est al (1978) using immunologically competent lambs
investigated the effect of prolonged repeated (5 days a week) infection with
10,000 larvae of H. contortus for 6 months and found that at the end of the
experiment all 7 sheep had acquired a high level of resistance which was not
associated with an abnormally high gastric pH. The role of immunity to
haemonchosis and development of elevated pH in the abomasum is not clear.
Dargie (1973) stated that abomasal pH was not significantly elevated in
haemonchosis but the experimental conditions did not include resistance to the
disease. He also found that though plasma pepsinogen values may remain
elevated as long as the animal is infected, the concentrations were not as high
as those associated with ostertagiasis.
Body Weight:

Adverse nutritional conditions may influence acquired resistance to
haemonchosis (Ross, 1932). Better fed animals are able to resist the
disease (Ross and Gordon, 1936; Preston and Allonby, 1978) than their less
well nourished colleagues. Whether this resistance is directed against worm
establishment or to the effects of the disease remains to be determined.

Chronic haemonchosis causes an insidious weight loss (Allonby, 1973)*
There is a four-fold increase in albumin catabolic rate in animals suffering
infections (Dargie, 1973). This increase causes mobilisation of tissue
protein from areas such as the muscle to vital areas like the liver and bone
marrow to maintain normal plasma proteins and haemoglobin. This mobilisation
coupled with the failure to reabsorb all the nitrogen lost into the gut due to
plasma leak were held responsible for the adverse effect of
haemonchosis on body weight by Dargie (1973).

Immunity:/
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Immunity:

This aspect of the pathogenesis of haemonchosis has received the
most attention. Stoll (1929), while propounding the 'self-cure* theory,
showed the development of an immunity to E. contortus in lambs exposedto
infection over a period of time. Mayhew (1941) interpreted the sudden
decrease in egg counts in calves giving varying doses of larvae over a
considerable period as evidence of the development of an immune state, and
stated 15 weeks as the lowest age at which immunity developed and 40 weeks
as the maximum age.

Both Ross (1932) and Gordon (1950) in Australia observed that both
aged ewes and wethers can be as heavily infected as lambs on the same
pasture and while concluding that age resistance does not play any part in
haemonchosis, nevertheless noted that lambs which had previous experience of
infection were more resistant than lambs which had never encountered an
infection. They then concluded that a temporary immunity was at play which
soon disappeared in the absence of re-infection.

It would seem that immunological competence or responsiveness
to haemonchosis is a function of age and the amount of functional antigen.
Thus Manton et al (1962) gave 10,000 larvae to 2-4 months old Dorset Down lambs
either as a single dose or over 60 days and failed to develop resistance to
subsequent challenge, whereas the same regime of treatment conferred immunity
in lambs 10-12 months old. Other works using X-irradiated larvae as
immunising agents, have confirmed the immunological unresponsiveness of young
sheep. Jarrett et al (1959; 1961); Urquhart et al (1966a) and
Bitakaramire (1966) successfully immunised Scottish Blackface sheep aged 7-17
months with two doses of 10,000 X-irradiated larvae at 40 Kr. at one month
intervals but attempts by Urquhart et al (1966b) to repeat this same technique
in 5-12 week old lambs failed. Wilson and Samson (1974) were unsuccessful
in using parenteral inoculations of larvae or somatic and metabolic extracts

as/



as antigens in sheep of 2#-5 months of age, whereas Stoll (1956) reported
high resistance in sheep of 7-12 months of age using the same type of antigens.
Silvermann (1965) successfully used larval extracts to immunise 4-6 months old
lambs but Nielsen (1975) could not. Reasons suggested for the failure to
immunise younger sheep included interference with antigenic stimulation by
colostrum acquired antibodies and immunogenic immaturity (Urquhart et al, 1966b).

Thus sheep becomeresponsive at some time between 6-12 months

of age but Lopez and Urquhart (1967 )showed that this responsiveness can be
jeopardised by infection acquired early in 1life. They successfully immunised
adult two year old Merinos raised under worm-free conditions but not those
raised in endemic areas. Dineen and Wagland (1966) showed that the
unresponsiveness of those raised in endemic areas was not due to infection
acquired early in life. They observed that the response of 7-8 months old
Merinos and Border Leicester sheep given six sensitising infections of 3,000
H. contortus larvae over 12 weeks to a challenge infection of 3,000 larvae
was modified by prior removal of thesensitising infections. When challenge
was superimposed on existing infection, the challenge dose was established
probably due to immunological exhaustion during the prolonged antigenic
stimulation. Removal of the sensitising dose 8 days prior to challenge with
an anthelmintic, led to recovery of immunological competence. Wagland and
Dineen (1967) provided inconclusive evidence,using 3-4 months’ old lambs,
that the resistance was greater at 4 and 8 weeks after challenge than at 2 and
16 weeks after removal of sensitising dose suggesting an early immunologically
latent period and rapid loss of resistance in the absence of reinfection.
They thus suggested that anthelmintics should only be used on animals showing
clinical signs of disease as they interfered with the development of resistance.

Donald/
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Donald, Dineen and Adams (1969) could observe no detrimental effect of
anthelmintics on resistance if the sensitising dose was allowed to persist

for a considerable time (about 4 months) before challenge. Early removal

of the sensitising dose (@ months) led to a loss of immunity. They thus
concluded that manifestations of resistance appear in a sequence which could
be related to a product of larval dose and time and that strong resistance was
associated with prolonged uninterrupted exposure.

The immunological unresponsiveness of lambs does not imply
permanent susceptibility to haemonchosis for, in endemic areas,the disease
is not so overwhelming that survivors do not exist. This suggests in part
a degree of functional immunity. This was demonstrated by Christie et al
(1964; 1966) who showed successful, development of resistance in both 2 months .and
74 months old Scottish Blackface lambs when larval doses are interspersed with
anthelmintics. Dineen et al (1965) also showed significant immunity in 2-3
months old Merinos by dosing them daily with 100 larvae for 30 days but if this
dose of 3,000 was given singly no immunity was produced.

Mulligan et al (1961) showed surprisingly the development of solid
immunity in Scottish Blackface lambs 7 months o0ld given an initial dose of
2,000 attenuated larvae followed by a second dose of 5,000 whereas this
vaccination regime failed to confer immunity in Merinos of the same age.

This points to the existence of a fundamental difference in immunological
competence of Merinos and Scottish Blackface sheep. This was further

supported by the finding of Lopez and Urquhart (1967) who failed to protect

7 months old Merinos using the same schedule which protected Scottish Blackface
sheep of similar ages. These findings imply a genetically determined
resistance to haemonchosis. The reason for this unresponsiveness in lambs

is unknown as lambs have been shown to develop both humoral and cell mediated

responses/



responses to a wide variety of antigens (Silvermann and Prendergast, 1970;
Cole and Morris, 1973) and. are successfully immunised against a wide variety
of bacterial diseases. Duncan, Smioh and Dargie (1978) speculated that the
unresponsiveness of young lambs may be due in part to a deficient production
of mucus IgA and serum IgG antibodies when they failed to find significant
levels of these antibodies in two months old lambs vaccinated and then
challenged with 10,000 larvae. They concluded that young lambs may be
incompetent in mounting a protective immune response against such complex
nematode antigens or that the abomasum )s slow to develop the capacity to
produce IgA. Their work confirmed an earlier one by Smith (1977a and b) that
adult sheep respond to 5. contortus vaccination with the production of abomasal
mucus IgA and serum IgG though their protective role was not confirmed. This
association between mucus IgA and serum IgG antibodies and protection was
subsequently demonstrated by Smith and Christie (1978; 1979). Globule
leucocytes were found in large numbers in both resistant and susceptible sheep.
They have been associated with prolonged exposure of the abomasum to parasites
but their protective role has not been clarified.

The failure to resist infection following administration of
anthelmintics, as proposed by Dineen and his colleagues (1966; 1967), wa.s
further supported by the works of Benitez-Usher et al (1977); and Altaif
and Dargie(19'7Sa,b)in Scotland, who showed that the successful immunisation
schedule based on irradiated larvae broke down even in mature animals when
the larvae were removed by the anthelmintic Thiabendazole at three weeks in
between vaccinations. Similar observation was made by Ross (1963) in cattle
infected with H. -placei. They suggested that anthelmintics led to a cessation
of antigenic stimulation leading to waning of immunity but disagreed with the
recommendations of Dineen et al (1963) in that subclinical haemonchosis and
reinfection on the field are equally important as the clinical disease

(Allonby/
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(Allonby, 1973)» which Dineen et al failed to take into consideration.
Recent work by Smith and Christie (1979) showed that the removal of vaccine
worms one week prior to challenge with Levamisole did not affect the
degree of protection conferred by immunisation, thus wvalidating the earlier
work of Donald, Dineen and Adams (1969) that strong resistance was
associated with a prolonged period of uninterrupted exposure. Thus vaccine
worms need a long period of uninterrupted exposure for resistance to be
developed but once this immunity is obtained, the protective effects are
dependent on other factors than a direct interaction between vaccine worms
and challenge larvae. Factors such as the age of lambs at immunisation,
which could produce a degree of immunological unresponsiveness, the relative
nature of the sensitising infections and genetic influences could be
important in this respect.

Genetic factors have been shown to operate in determining
resistance between and within particular breeds of sheep enabling them to
survive in areas where H. contortus is endemic (Evans, Blunt and Southcott, 196
Evans and Whitlock, 1964; Jilek and Bradley, 1969). Heritable resistance
to haemonchosis was also demonstrated by Whitlock (1958) a*id Ross, Lee and
Armour (1959)* If a genetic marker for host resistance could be determined,
then breeding for host resistance could be important in the sheep industry
of many tropical and sub-tropical countries where haemonchosis is a major
problem. One such genetic marker is the haemoglobin genotype of which there
are two different kinds, A and B, in the majority of normal adult sheep
(Evans et al, 1956). The frequency is determined by two alleles which
produce three phenotypes A, AB and B (Evans and Whitlock, 1964).

Evans/



Evans eb al (1963) showed that HbA Merino sheep were more
resistant than KbA3 types under field conditions based on the lower egg counts
and worm burden in the former than in the latter. No obvious differences in
haematological indices were found. Evans and Whitlock (1964) linked the
advantages of HbA sheep over HbAB and HbB types on the basis of their higher
haematocrits in the face of infections. Jilek and Bradley (1969) used both
haematological and egg count parameters to show that Eb type was implicated
in both individual and breed resistance. The HbA sheep were more resistant
than either the HbAB and HbB sheep and the higher survival of the Native
Florida sheep than the imported Rambouillets was related to their higher
frequency for EbA. Similar observations in Kenya by Allonby and Urquhart (19
Preston and Allonby(1979a,b)based on parasitological evidence as well as on
the frequency of self-cure demonstrated the advantages of EbA sheep over the
other Hb types in an endemic area. The exact relationship between the Hb
polymorphism and host parasite interactions is unknown but from the indirect
evidence of variations in egg counts and haematological indices, the mechanism
appeared to be related to variations in worm establishments. From the work
documented, attempts to explain resistance to haemonchosis in terms of worm
establishment have not been convincing. Thus Evans jrt al (1963) failed to
record any haematological differences between the Hb types and even the worm
burdens were recovered from animals which died of the infection and which must
have lost a large proportion of their worm populations (Evans and Whitlock,
1964; Dargie and Allonby, 1975)%* Although Allonby and Urquhart (1975) a*d
Preston and Allonby(1979a,b)linked ’'self-cure’ with immunological competence,
they did not show if this competence also embraced reaction to reinfection.
F.adhakrishnan et al (1972), using standardised infections of H. contortus
for comparing the response of animals with different Eb types, showed higher
PCVs in HbA animals than in other types but egg counts and worm loads were

actually/
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actually higher in HbA than HbAB and HbB sheep. This led to widespread

speculation of the exact importance of EbA. Its importance probably rests on

its ability to limit persistence of infections, resist reinfection or enable
the animals to withstand haemorrhagic and climatic stress.* However, HDbA has

been shown to confer certain advantages by Altaif and Dargie (1978a and b);

Preston and Allonby (1979a*,b), i.e.:

(a) greater affinity for oxygen, thus conferring a measure of physiological
advantage;

(b) production of HbC in times of anaemic or climatic stress (Blunt and
Evans, 1963). The HbC is a (3-chain variant with an improved oxygen
carrying capacity (Gabuzda et al, 1968);

(c) HbA sheep are heavier and maintain higher PCV, Hb and blood volumes than
others (Evans and Whitlock, 1964; Allonby and Urquhart, 1975);

(d) the greater availability of oxygen and methionine to the parasite in
HbB sheep, i.e. a direct Hb-parasite interaction as suggested by Evans
et al (1963) and Maxwell and Baker (1970).

Though field observations strongly suggested that the Hb type and
breed of the animal influenced infection by H. contortus, this had not been
successfully corroborated experimentally nor had any rational explanation
been provided until the works of Altaif and Dargie (1976; 1978a and b).

The problem was in determining whether the advantages displayed by HbA sheep

were due to a superior innate immunity to withstand effects or resist
establishment of infection or both, or due to superior acquired immunity,

i.e. superior ability to elicit an immune response. Allonby and Urquhart (1975);

Dargie and Allonby (1975) showed that larval challenge was extremely variable
and that differences in faecal egg counts and haematological indices were not
necessarily consistent with parasite numbers. Hence these parameters

are/
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were better indicators of acquired rather than innate immunity (Dargie, 1975)
and disease resistance based on them are apt to be misleading. He

therefore suggested the use of measurements of blood loss and their damage

to the haemoglobin and plasma protein of the whole animal which are the
direct effects of the parasite. Using radioisotopic criteria to measure
blood loss, pool sizes and turnovers combined with haematological, biochemical
and parasitological criteria, they compared these parameters in previously
worm-free Blackface and Finn Dorset sheep exposed to single standardised

H. contortus infections and showed conclusively that Hb type is related to
resistance if the challenge is not massive (Altaif and Dargie, 1976;

1978a and b). They also provided explanations as to the role of HbC which
they found to function mainly as an aid to survival playing no role in worm
establishment either during primary infections or during reinfections. Also
the direct Hb-parasite interaction, as proposed by Evans et al (1963),

was shown not to explain the difference in worm burdens of animals with the
same Hb type but of different breeds. The genetic resistance operated
primarily against worm establishment and, barring the unlikely involvement

of non-specific physiological factors such as weight, the resistance was
controlled by the immune response elicited (Altaif and Dargie, 1978a and b;
Preston and Allonby, 1979a»b).The nature of this response was unknown but
appeared to operate only against the larval stages since it was first expressed
on the parasite on the seventh to twelfth day of its development and the

size and metabolic activities of the surviving worms were similar in all
animals. The more frequent and effective self-cure shown by HbA types
provided additional evidence of an immunological mechanism. The lack of
correlation between Hb types and exposure to heavy challenge was attributed
to delayed immune response arising from excessive amounts of antigen during
the critical period of larval development.

Altaif/
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Altaif and Dargie (1978a and b) concluded that, though the Eb
type is a useful genetic marker for resistance against E. contortus, the
degree of protection it afforded was influenced by yet undetermined breed
characteristics.
Preston and Allonby (1978) showed that the higher resistance
displayed by the indigenous Red Masai sheep was a product of natural
selection in an environment where H. contortus was endemic and no routine
anthelmintic practice was carried out. The Red Masai were shown to possess
higher mean levels of anti-larval IgA than Merinos and these antibodies were
shown by Smith and Christie (1979)» Duncan, Smith and Dargie (1978) to be
associated with resistance to haemonchosis. Preston and Allonby (1978a,b)and
Altaif and Dargie (1978a and b) showed that differences in susceptibility
to H. contortus are greater between breeds than between haemoglobin phenotypes
within a breed, suggesting that the development of breed rather than strain
differences in resistance to haemonchosis would be more useful in helminth
control practices in particular areas.
Because hyperinfection using irradiated larval vaccines conferred
protection against subsequent challenge in immunologically competent lambs,
attempts were made to determine if immunisation of sheep with various types of
larval antigens of E. contortus would produce the same effect. Scott eft al

(1971) were able to produce resistance to initial infection with B. contortus

by the transfer of allogenic lymph nodes from a resistant ewe; infiltration
of unrefined antigen into the abomasal mucosa; intramuscular injections of
unrefined antigens plus adjuvant. Failing to observe resistance following the

intravenous injection of allogenic globulins, ttjey concluded that circulating
antibodies could not be related to resistance. All the lambs were fed iron
ad 1lib and, as shown by Dargie (1975)» "the massive turnover of body iron from
the earliest onset of haemorrhage in haemonchosis can only be replenished

from dietary sources; the resistance observed by Scott et al may be directed

towards the effects of haemonchosis and not to infection. This is borne out



by their findings that feeding of oral iron supplement enabled lambs to
survive normally fatal E. contortus infections. Smith (1977a) showed
that, though larval antigens stimulated serm and mucus IgG antibodies, they
were not protective. The protective effect of such antibodies has since
been documented (Duncan, Smith and Dargie, 197Q; Smith and Christie, 1979)*

The finding that adult worms inhibit further development of the
immature stages (Tetzlaff and Todd, 1973; Kennedy and Todd, 1975) has
to the concept of interaction between different age groups of haemonchosis and
the additional role this plays in immunity to haemonchosis apart from the
host immune responses. Evidence in support of this was provided by Kennedy
and Todd (1975) who observed a four-fold decrease in egg production in
premunised challenge exposed immunological competent lambs compared to
premunised but not challenged controls. They concluded that the premunised
controls would not have had such a tremendous egg production if the host
alone was involved in resistance and ascribed the decrease in egg production in
premunised challenged exposed lambs to age-group interaction effect, i.e.
the adults inhibiting the development of the larvae. Tetzlaff and Todd (1973)
also found that relatively less pathogenic adult worms could maintain themselves
against massive challenge doses of a more pathogenic isolate of Haemonchue
without ’self-curel occurring, thus lending support to the age-group interaction

phenomenon.
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CHAPTER 1II

PATHOGENESIS OF BOVINE TRYPANOSOMIASIS WITH

PARTICULAR REFERENCE TO HAEMATOLOGICAL CHANGES
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Introduction:

Trypanosomiasis is a group of acute to chronic infectious diseases
of all domestic animals and man, except poultry, caused by *trypanosomes
which are flagellated unicellular protozoa belonging to the class
zoomastigonhora, order kinetoplastida. Most of the trypanosomes responsibl
for bovine trypanosomiasis are transmitted by tse-tse flies (Glossina sop.)
which are the principal vectors. The disease is characterised generally
by intermittent fever, anaemia, severe debility, weight loss and lymphadenitis
The trypanosomes undergo an obligatory development in the insect wvector
which could either be by posterior station or anterior station giving rise
to stercorarian or salivarian trypanosomes respectively. Mechanical
transmission by biting flies other than tse-tse flies is also possible.
The salivarian trypanosomes are responsible for 'Magana' (Zulu for depressed
or low spirits), i.e. the tse-tse transmitted trypanosomiasis of cattle in
Africa and the main species responsible are Trypanosoma vivax, Trypanosoma
congolense and Trypar.osora bruoei. Trypanosoma gambiense and Trypanosoma
rhodesiense which cause sleeping sickness in man also fall within this group.

Trypanosomes as pathogens of cattle have been recognised as far back
as 1894 when David Bruce sought for the aetiology of Nagana, a fatal disease
of cattle in Zululand. Since then different species have been recognised
which have been found to vary in virulence, infectivity and pathogenicity.
Even among the same species different strains exist which have been found to
differ in virulence (Desowitz, 1959)%* In Vest Africa T. vivax is generally
considered most pathogenic, followed by T. congolense and T. bruc-ei in that
order (isoun, 1975)¢ In nast Africa, however, T. congolense is usually
considered more pathogenic than either T. vivax or T. brucei (Fiennes, 1970;
Losos and Ikede, 1972).
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Breed, differences also affect the course and degree of infection with
trypanosomes. Thus certain Vest African humpless dwarf breeds such as the
N 'dama and the Muturu are known to exhibit greater tolerance to the disease
than the humped Zebus (Desowitz, 1959; MacLennan, 1970; Chandler, 1958;
Dargie et al., 1979a,b).

The problems caused by both animal and human trypanosomiasis in Africa
are enormous. Firstly, tse-tse borne trypanosomiasis has profoundly affected
the development of much of tropical Africa by rendering large areas of the
continent detrimental to the raising of livestock except poultry. The areas
affected cover a substantial proportion of sub-Saharan Africa and, according
to Lumsden (1968), constitute more than one quarter of the land surface of
the continent. This area was estimated in 1963 to be capable of supporting
125 x 10 cattle which was more than the total population in Africa at that
time (Vllson et al., 1963). The disease is confined to lattitude 29°S. and
14°N. and paradoxically it exerts its greatest effect where it is not apparent
in the loss of the vast grazing potential of the Savannahregions. This has
led to serious nutritional and economic problems in these areas as many
communities never had the opportunity to domesticate or utilize livestock
except by hunting. There was thus lack of manure to fertilize land ;
lack of draught animals to till the land thereby relegating man to the
principal domestic power source and lack of protein in the diet causing a
chronic protein shortage. Even livestock in the margins of fly-infested
areas suffer high mortalities, while the cost of chemotherapy and prophylaxis
adds to the economic loss suffered from the disease.

In Vest Africa, trypanosomiasis delimits the main cattle raising area
to the sub-Saharan Sahel Savannah zone. This area which is tse-tse free
with a scanty rainfall and low relative humidity is inhabited by nomadic
Fulani who between them constitute the main cattle rearing community. Due
to the absence of settled husbandry and lack of technical know-how this area

is/



is always overstocked and overgrazed. With the advent of the dry season,
these nomadic cattle men are therefore forced to trek their livestock
southwards into known tse-tse infested bush for sustenance. There is thus

a high mortality from the disease during this period. In contrast, settled
herds experience high morbidities during periods of greatest fly activity,

i.e. the rainy season. These nomads do not own the land on which their stock
graze and the condition of land tenureship coupled with the force of tradition
has denied them modem farming techniques and the advantages of a settled
husbandry practice. In the southern areas where there is increased awareness
of these benefits, trypanosomiasis has provided the major constraint to a
comprehensive livestock farming. Most areas of tropical Africa are faced
with this problem.

For many years research activities into this disease have centred mainly
on chemotherapy and entomological control, i.e. measures aimed at combating
natural infections (Murray, 1974)%* Studies on the pathogenesis of the
disease, therefore, received little attention. With the advent of new
techniques such as cryopreservation, serodiagnosis and use of laboratory
animals for passaging and infectivity studies, there has been a shift in
emphasis and most workers are now concerned with elucidating the pathogenesis
of the disease. Most of the work with laboratory animals has been carried
out with T. brucei and T. congolense which grow readily in these abnormal
hosts. A review of the literature on some aspects of the pathogenesis of
the disease, e.g. the pathology, the phenomenon of immunosuppression and
antigenic variablity and, most importantly, haematological changes following
infection is presented forthwith.

Pathology:

The descriptive pathology of bovine trypanosomiasis is still a subject

of wide controversy. Much of the problem involves extrapolating results

obtained in laboratory animals to natural cases of the disease, inability to

follow/



follow sequentially the development of lesions as studies on pathology are

invariably done on terminal cases and, most importantly, the problem of either

regarding all trypanosomal infections as a single composite disease entity

(Murray et al., 19742-? Fiennes, 1970) or as a group of diseases equal in number

to the different species of pathogenic trypanosomes (Losos and Ikede, 1972).
Work carried out with laboratory animals (Goodwin, 1970, 1971;

Murray, 1974a and b; Murray et al., 1974a; Losos and TIkede, 1972) showed

that T. brucei in addition to infecting the plasma also infects the inter-

cellular tissue fluids, especially of the connective tissue and fluids of

body cavities. The pathological picture was therefore dependent on the

areas of localisation. On this basis Murray et al. (1974a)studied the

pathology of trypanosomiasis in rats infected with T brucei and concluded

that the disease process could be categorized into three, i.e.

(@) initial marked plasma cell hyperplasia in the immunological
apparatus of the spleen, thymus and lymph nodes followed by
depletion of these immunological cell types. There was increased
activity of the mononuclear phagocytic system;

(b) production of haemolytic anaemia as evidenced by increased
erythropceisis in the spleen and bone marrow, reticulocytosis,
haemosiderin deposits in variousorgans and marked erythrophagocytosis.

(c) specific organ damage most especially in the heart giving rise to
myocarditis. This damage was attributed to an inflammatory reaction
which led to necrosis and diffuse or focal infiltration by lymphocytes,
histiocytes and trypanosomes.

Earlier Tkede and Losos(1972a,b)observed similar findings in cattle
experimentally infected with T. brucei. The trypanosomes localised
extravascularly and produced inflammatory lesions in the skin, testes,
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subcutaneous tissue, heart, the eye and central nervous system.

The pathology of T. congolense and T. vivax infections is not so
straight-forward. Though Murray et al (1974a) recognised them as
haemoflagellates, they were of the opinion that the pathology of the disease
process caused by them was similar to their observations in rats infected
with T. brucei. They supported their views with the finding of extensive
depletion of the immunological apparatus of the lymph nodes and spleen,
anaemia, as evidenced by haemosiderosis and erythrophagocytosis, and focal
myocarditis in four East African cattle naturally infected with T. congolense
and T. vivax. They further claimed that Mac'lennan in a personal communication
found heart lesions in acute T . vivax infections of cattle in West Africa;
and that three sheep in Glasgow .experimentally infected with T . vivax had
similar lesions as cattle, i.e. anaemia and myocarditis. Further support
came from the work of Kaliner (1974) who observed mainly inflammatory and
proliferative lesions in cattle experimentally infected with T. congolense
and which were necropsied terminally. However, Losos and Ikede (1972);
Naylor (1971c); Losos et al (1973) produced evidence in support of the
early work of Hornby (1952) and Hornby and Bailey (1931) that at least
T. congolense is strictly a plasma parasite and that the disease process was
primarily the result of the anaemia. There was thus an absence of necrotic
or inflammatory lesions. Lesions observed such as atrophy of skeletal
muscles, mucoid degeneration of adipose tissue and central lobular necrosis
in the liver were attributed to the result of the anaemia, while the focal
polioencephalomalacia was ascribed to pressure necrosis caused by the oedema
which resulted from the accumulation of trypanosomes in the capillaries and
venules of the cerebral cortex and cerebellum. This ischaemic necrosis was

also found in the heart and skeletal muscles. Earlier work with T. vivax

by/



43. .
by Lester (1932) and Fiennes (1952) also implied that this parasite could

produce lesions similar to T. brucei, i.e. it is tissue invasive. In these
reports neither was there complete supportive histological evidence nor were
trypanosomes found outside the blood vessels. Losos and Ikede (1972)

carried out routine histological examinations on cattle naturally infected
for up to three months and could detect no trypanosomes outside the blood
vessels. They therefore concluded that the disease caused by T. vivax
appeared similar to that caused by T. congolense. These two parasites
were consequently grouped as haematic, i.e. plasma parasites and T. brucei

as humoral, i.e. plasma and tissue parasite. Mixed infections with more

than one parasite are very common in natural cases of the disease (Losos and
Ikede, 1972; Luckins, 1972). In the lesions described by Murray et al(1974a)
from cattle in East and West Africa, mixed infections which included T. brucei
probably contributed. T. brucei usually exhibits a low grade and transient
parasitaemia in domestic animals often not detected routinely as it is easily
masked by the higher parasitaemia of T. vivax and T. congolense. The
possibility that the lesions in the Glasgow sheep experiment resulted from
ischaemic necrosis rather than a necrosis sequel to inflammation cannot be
ruled out.

There is a divergence of opinion as regards the mechanism by which these
parasites cause their damage. Murray et al. (l1974a)and Losos and Ikede (1972)
proposed a possible involvement of cell-mediated immunologic responses based
on the observed response by mononuclear cells. This explanation had support
from the work of Mackenzie, Boreham and Facer (1972) who showed enhanced
production of antibodies in rabbits infected with T. brucei and by Boreham
and Kimber (1970) who had earlier demonstrated immune complexes in the kidneys
of rabbits also infected with T. brucei.

During trypanosome infections vasoactive amines are released
(Boreham, 1968; Richards, 1965). This led Goodwin (1971) to suggest
that the vascular lesions seen in trypanosomiasis could be an immunological
lesion mediated through the release of kinins by an antigen-antibody reaction.
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Research activities are continuing aimed at clarifying the basic
disease process caused by different species of trypanosomes and the
underlying mechanisms responsible for the destructive damages caused by
these parasites.

Haematological Changes:

There appears to be universal agreement that anaemia is the principal
pathological and clinical feature of the tse-tse transmitted trypanosomiasis
of cattle in Africa. Workers such as Hornby (1921, 1952) and Hornby and
Bailey (1931) even concluded that the anaemia which followed infection was
solely responsible for the disease process.

The course and degree of anaemia is dependent on various factors, e.g.

(a) the species and strain of the infecting tryps.nosome which may exhibit
differences in virulence and hence infactivity;
(b) the status of the host with respect to age, health, nutrition, breed and
previous exposure to the disease.
Thus I)esowitz (1959) produced gradations in infection in three breeds of
cattle (Muturu, N'dama and Zebu) infected with the same strain of T. vivaxe¢
The Muturu which had never been exposed suffered an acute disease, while
the N'dama which had been raised in a trypanosomiasis endemic area suffered
a transient asymptomatic infection and the Zebus suffered a chronic infection
even though they had no previous experience of the disease. Similarly
Dargie jet al. (1979b) using a field strain of T. brucei isolated from a
naturally infected N'dama cow showed gradations in infections between previous-
ly unexposed N'dama and Zebu cattle in that the anaemia produced was more
severe in the latter. Such gradations have also been described in the two
breeds when infected with T. congolense (Dargie et al. 197%9a; Murray ep al.
1979). This tolerance of the humpless N'dama and the Muturu over the Zebus
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has been recognised for a long time (Fiennes, 1970; Maclennan, 1970;
Roberts and Gray, 1975) and various reasons have been advanced for this.
Fiennes (1970) postulated that the tolerance was acquired as a result of
infection acquired early in life; Stewart (1951) incriminated the transfer
of maternal antibodies; Desowitz (1959) suggested a low incidence of
intercurrent disease and freedom from stresses of migration,while Roberts
and Gray (1973) implicated genetic factors. But, as suggested by Dargie
et al (1979b), the superiority of the N’dama over the Zebu probably lies in
their greater capacity to limit the level and duration of parasitaemia rather
than in mounting a more efficient erythropoietic response. The mechanism of
this response was unknown but suspected to be immunological. The importance
of age in the course and degree of the disease was shown by Fiennes et ad.
(1946); Valli and Mills (i960) who observed a milder, though haemolytic
anaemia in infected neonatal calves compared with 6-month old calves infected
T. congolense.

The principal features of the disease were described by Fiennes (1954)
during infections of cattle with T. congolense and T. vivax. He found that
the disease could be peracute, acute or chronic; that the number of red cells

varied directly with the parasitaemia', that the anaemia of the acute stage was
macrocytic while that of the chronic stage was microcytic and,most importantly,
that the anaemia was non-haemolytic even though he incriminated a haemolytic
factor in the haemolysis he observed'in acute conditions. Subsequent work
on the morphological characterization of the anaemia showed a macrocytic
and normochromic response in T. congolense infected cattle (Naylor, 1971b;
Yalli and Mills, 1980); normocytic and normochromic also in T. congolense
infections of cattle (Losos et ad. 1973? Wellde et al. 1974).

Valli, Forsberg and McSherry (1978) observed a macrocytic normochromic
response in acute cases and normocytic normochromic response in chronic
T. congolense infections. Saror (1979) using electronic cell counting
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equipment which offered greater accuracy over the manual evaluation used

by the previous workers showed that the anaemia was basically normochromic
and normocytic with a tendency towards being macrocytic and normochromic.
Finding no evidence of iron deficiency in chronic cases, he concluded that
iron deficiency was not significant in chronic trypanosomiasis, as suggested
by Fiennes ('1954). The onset of patency depends on the number of injected
érypanosomes but usually ranges from 3-10 days (Welide et al, 1974;

Naylor, 197la;Losos _et al, 1973). The duration of the disease is, however,
independent of this number. Following patency there is usually a progressive
decrease in the packed cell volume (PCV), haemoglobin concentration (Hb),

red blood cell values (rbc) while the mean corpuscular volume (MCV) and mean
corpuscular haemoglobin (MCH) values are increased. White blood cell (WBC)
values are inconsistent. In natural infections of cattle with T. congolense
Fiennes (1970) observed a fall in rbc value from 7-2 x 10~/cmm" to

3.1 x ]Cfvémnrz and Hb from 8.7 gm % to 5*2 gm %. Losos et al. (1973)
recorded the haematological changes in cattle infected experimentally with

T. congolense and which died as a result of the infection. PCV at time of
death was 11.0+ 3.5%; Hb 5.6t 1.1 gm %, rbc 1.9%3*3 x 106/cmm5 and WBC

8.0 + 4*1 x lolycmmq. Saror (1979) experimentally infected cattle with

T. vivax and found that PCV fell from a normal of 38% ~0 about 2P6b by the 12th
day of patency, while Hb was 6gms/dl and rbc 3*5 x 10%/cmm” at this time.
There were increases in MCV and MCH indices. Maxie, Losos and Tabel (1976)
compared the haematological aspects of the disease caused by T. congolense
and T. vivax in cattle. They confirmed that the anaemia in both cases

was initially normocytic and later macrocytic. The erythroid response was
more marked in T. congolense while the T. vivax infected animals showed a
consistently positive direct Coombs test, as opposed to the T. congolense
infected group which reacted negatively. This led them to conclude that

different mechanisms were involved in the pathogenesis of the haemolytic
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anaemia in the two conditions. The leucocytic response also differed
markedly. While the leucopenia associated with T. congolense was observed
not to change with chronicity, as previously noted by Naylor (1971b) and
Wellde et al (1974)» that due to T. vivax was shown to be transient, as
previously documented by Vohradsky (1971); Saror (1976). In’contrast,
Losos et al (1973) in Uganda showed relative leucocytosis from about the 11lth
week of infection with T. congolense in cattle. Valli, Forsberg & Lumsden
(1979) snU Naylor (197”b) all recorded increased WBC counts from the 14th
week of infection with T. congolense in cattle. It is noteworthy that the
experiments of Maxie, Losos and Tabel (1976) had no surviving animals by the
11th week and this might have been responsible for the observed failure of
WBC response rather than the conclusion of different pathogenesis being held
accountable. One cannot rule out the possibility that different strains

of the parasite or undetermined breed factors were involved as the cause of
the observed differences, if any, was unknown. The leucopenia involved a
decrease of lymphocytes and neutrophils (Loses eu al, 1973? Anosa and Isoun,
1980) . Anosa and Isoun (1980) attributed the lymphopenia to a probable
depopulation of lymphoid nodules and transformation of lymphocytes into
plasma cells, and the neutropenia to a part of the generalised bone marrow
depression. Losos at al (1973) 2nd Maxie, Loses and Tabel (1976) suggested
that either leucocytes were attracted to trypanosomes located in the micro-
circulation in the T. congolense infected animals or that the bone marrow
erythropoiesis was so intense that erythroid cell production occurred
preferentially to granulopoiesis. Comparable data in T. brucei infected
cattle are few and far between but, as suggested by Dargie et al (19792-,b),
clinical and pathophysiological changes in Zebu and N'dama cattle infected
with e brucei were similar to those infected with T. congolense. Similar
haematological changes are therefore envisaged. Thus Anosa (1975) observed
anaemia and leucopenia in T. brucei infected mice. Edwards et al (1956a)
failed to observe any consistent pattern of leucocyte change in T. vivax

infection of sheep, goats and cattle.

Reticulocyte/



48.

Reticulocyte values have been inconsistent. Workers who
demonstrated a regenerative anaemia with distinct erythroid hyperplasia
have tended to observe reticulocytosis in peripheral blood smears. Thus
Saror (1979) working with T . vivax infected cattle; Mackenzie and
Cruickshank (1973) and Anosa and Isoun (1980) with T . vivax in sheep and
and goats; Boreham (1967, 1968), Jenkins at al(1974a,b, 1980) in T. brucei
infection of rabbits; Murray (1974a) ,Anosa (1975)> Jennings et al. (1974)
in T. brucei infection of mice observed a reticulocytosis with an attendant
macrocytosis which they held responsible .for the increased MCH and MCV
and decreased MCHC values. On the other hand, workers who failed to find
increased reticulocyte counts irrespective of the observation of increased
destruction of the red blood cells concluded that there was failure of
compensatory stimulation of erythropoietic tissue (Naylor, 1971b; Boycott
and Price Jones, 1913; Edward, Judd and Squire, 1956b; Losos et al, 1973)e
Erythrokinetic studies involving radioisotopes has provided evidence in
support of the regenerative nature of the anaemia which is also accompanied
by erythroid hyperplasia of the bone marrow (Holmes, 1976; Dargie et al,
1979dk;Jennings et al, 1980).

Maxie, Losos and Tabel (1976); Valli and Mills (1980) observed
that thrombocytopenia was a feature of T. congolense infection of both
adult and young cattle. Naylor (1971) produced a transient thrombocyto-
penia which was said to soon return to normal values though the platelet
data was not presented. Jenkins et ad (1974) also reported thrombo-
cytopenia in rabbits infected with T. brucei though Murray (1974a)could
find no such evidence in mice infected with the same trypanosome specie.

Red cell abnormalities such as anisocytosis, spherocytosis,

polychromasia, macrocytosis and crenation have been reported

by/



by various workers in both domestic and laboratory hosts infected with
either of the three pathogenic African trypanosomes (Boreham and Goodwin,
1967; Naylor, 197l1la, b; Balber, 1974; Wellde et al, 1974; Saror, 19/9;
Anosa and Isoun, 1980; Jenkins et al, 1980).

There is general agreement in the literature that the
anaemia is basically haemolytic, the haemolysis occurring extravascularly.
This conclusion was based on the finding of:-

(a) increased levels of bilirubin in the blood (Hudson, 1944;
Fiennes, 1954, 1970; Edwards, Judd and Squire, 1956b; Naylor, 1971c;

Jenkins et al, 1974b). Increased levels of bilirubin was based on

the consistently positive indirect Van den Bergh test in T. congolense

infected cattle (Fiennes, 1954), while failure to find haemosiderin

in the kidney tubules was Interpreted as evidence of extravascular

haemolysis (Valli, Forsberg and McSherry, 1978). Jenkins et al (1980)

in a more recent study failed to observe increased bilirubin levels
in T. brucei infected rabbits as they did in an earlier work (Jenkins
et al, 1974a). They then concluded that the liver of rabbits was
either more efficient in dealing with pigments or the haemolysis they
produced in the second experiment was not severe enough to cause
bilirubinaemia;

(b) erythrophagocytosis in various organs and tissues of different

laboratory and domestic hosts infected with any of the three pathogenic

trypanosomes. This has been observed in the spleen, liver,
haemolymphs and lymph nodes of cattle infected with T. congolense or
T . vivax (Fiennes, 1970; Naylor, 1971b; Murray et. al, 1979;

Valli, Forsberg and McSherry, 1978; Losos _et al, 1973; Wellde

et al, 1974); in sheep and goats infected with T. congolense,

T. vivax or T. brucei (Edwards, Judd and Squire, 1956a,b, 1959;

McKenzie/
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McKenzie and Cruickshank, 1973; Van der Ingh at al, 1976;
Saror, 1980) and in various laboratory rodents (Murray et al, 1974a,b;
Boycott and Price-Jones, 1913; Jenkins at ad, 1974a, 1980; Isoun, 1975;
Anosa, Jennings and Urquhart, 1977; Sadun et al, 1973)* The spleen
is the major site of erythrophagocytosis though in T. wvivax infections
in sheep the liver has been found to assume this major role if
infections are severe (Anosa and Isoun, 1980). The fall in haematocrit
resulted from the haemolysis and associated increase in erythropliago-
cytosis;
Haemosiderin deposits in various organs and tissues except in the
renal tubules (Boycott and Price-Jones, 1913; Piennes, 1954; Edwards,
Judd and Squire, 1959; Boreham, 1967; Naylor, 197l1a; McKenzie
and Cruickshank, 1973; Wellde et al, 1974; Loses et al, 1973;
Jenkins et al, 1974a, 1980; Valli, Forsberg and McSherry, 1978;
Murray et al, 1974a). Naylor (1971b)found evidence of intravascular
haemolysis in some of his T. congolense infected cattle based on
haemosiderin deposits in the renal tubules. The possibility of
intercurrent protozoal disease such as acute Babesiosis cannot be
ruled out in such cases;
Erythroid hyperplasia of the bone marrow causing marked reticulocytosis
(Fiennes, 1954; Boreham, 1967; Jennings _et ad, 1974; Jenkins
et al, 1974a, b; Saror, 1979; Anosa and Isoun, 1980), decrease in
the myeloid-erythroid ratio (Jennings et al, 1974; Sadun et al, 19732
Naylor, 1971b; Jenkins et ad, 1974a,b) and normoblastic hyperplasia
(Jennings et ad, 1974)* These showed that ,the anaemia was not

megaloblastic but regenerative;
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(e) Findings from erythrokinetic studies using radioisotopic techniques.
Such techniques permit a direct assessment of the kinetic aspect of
trypanosomiasis as most of the measurements could be carried out
concomitantly in the same animal. Observations based on these
techniques during the course of T . vivax:, T. congolense or T. brucei
infections in cattle, sheep, goats and laboratory animals include a
shortened half-life of 51Cr—labelled red blood cells, accelerated
urinary excretion of such label, retention of injected 59Fe in the
body despite a faster iron-tumover rate and rapid disappearance of the
radio-iron from the plasma (Jennings _et al, 1974; Jenkins 2t al,
1974a, 1980; Holmes and Jennings, 1976; Anosa and Isoun, 1980;
Dargie et al, 197%9a, b; Murray et al, 1979)%* These findings
indicate a massive loss of red cells from the circulation often very
early in the infection (about 10 days) which became greater as the
disease progressed and that erythropoiesis was in no way impaired
but rather enhanced.

Despite the overwhelming evidence that haemolysis is basically
responsible for the anaemia of trypanosomiasis, the exact mechanism of the
anaemia is largely controversial and various hypotheses have been postulated.
Firstly, the haemolysis could be immunological in origin. Various
immunological models have been postulated to account for the phagocytosis.
Thus Herbert and Inglis (1973) demonstrated that trypanosome antigens can
attach to the surface of red cells thereby rendering the cells susceptible
to phagocytosis. This model was supported by the finding of Woo and
Kabayashi (1975) who successfully eluted antibody from red cells of rabbit
infected with T. brucei and demonstrated that the cells agglutinated
trypanosomes in vitro. Woodruff (1973); Maruta and Mizuno (1971) showed
a Coomb’s positive anti-globulin reaction and the anaemia was consequently
suggested to result from the phagocytosis of antibody coated red cells.

Other workers have found it difficult to demonstrate a consistently positive
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Coomb’s antiglobulin reaction on cells from infected animals (Boreham
and Facer, 1974; Kobayashi, Tizard and Woo, 1976; Ikede, Lule and Terry,
1977), though Dodd, .lenkins, Lincoln and McCrorie (1978) using the ’'build-
up’ technique patented in their laboratory shoved a consistently positive
reaction throughout the duration of T. brucei infections in rabbits
indicating that antibody attached to red cells was minimal. A model
incorporating a role for complement was suggested by Ingram and Soltys
(1i960) and Woodruff at al (1973) based on the finding of high immuno-
conglutinins which are antibodies produced against complement in
laboratory animals infected with T. brucei. The trypanosome
antigen-antibody reactions in the circulation could lead to production
of complement which, on activation, adhere to the red cells and are
consequently lysed or phagocytosized when imnrunoconglutinins are linked
to the activated complement complex (Jennings, 1976).

Secondly, the haemolysis could result from the release of a
haemolysin from trypanosomes. Thus Fiennes (1994) found that if red cells
from normal bovines were incubated with infected plasma, the cells were
haemolysed. Recently Huan et al (1975) observed haemolysis of mouse red
cells following incubation with the supemate from a living suspension of
T. brucei. The haemolytic factor was purified and characterized as a
protein. Tizard et al (1977) and Tizard, Sheppard and Nielsen (1978) made
similar observations with sheep red cells but attributed the haemolytic
activity of the parasites to free fatty acids and suggested that thehaemolytic
factor described by Huan et al (1975) could have been a phospholipase. In
vivo demonstration of this haemolytic factor mediated haemolysis has not been
described in cattle. This mechanism is difficult to envisage in chronic
trypanosomiasis when parasitaemias are scanty except,as suggested by Jenkins
et al (1980), the haemolytic factor was released from dead trypanosomes.

The haemolysis was also postulated to result from disseminated
intravascular coagulation (DIC). This followed the observation of

thrombocytopenia/
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thrombocytopenia (Jenkins jet al,19742.4,1980), increased production of
clotting factors VIII and IX and fibrinogen in rabbits (Boulton, Jenkins and
Lloyd, 1974; Boreham and Facer, 1974) infected with T. brucei; and of
formation of fibrin thrombi in vessels (isoun, 1968; Anosa and Isoun, 1980).
DIG -per se has only been observed to occur in human patients (Barrett-Connor,
et al, 1973) and in rats (Davis et al, 1974)*

Enhanced phagocytosis due to an altered red cell surface
could result following competition for essential metabolites. Thus the
hypoglycaemia encountered in terminal stages of trypanosomiasis (Hudson, 1944;
French, 1938; Fiennes, Jones and Laws, 1946) was interpreted as a sequel
of competition for glucose by both red cells and trypanosomes. If red cells
are unable to regenerate ATP their surfaces will be altered and consequently
subjected to phagocytosis (Maruta and Mizuno, 1971)%* Tliis mechanism may
not explain situations of low parasitaemia. Moreover, Jennings et al (1974&jb)
Anosa (1975) showed that if cells from infected and anaemic donors are
transferred to normal recipients, they have the same half-life implying that
whatever alteration suffered by the latter was not permanent.

Holwill (1965) on observing the rapid and lashing type of
motility exhibited by trypanosomes, suggested that the trauma caused to the
red cells was strong enough to cause haemolysis. This hypothesis may not
be significant in scanty parasitaemias.

Lastly, pyrexia which is often observed in trypanosome infected
animals was considered as a factor likely to cause haemolysis (Karle, 1968a).
Jenkins ejt al (1980) observed pyrexia in T. brucei infected rabbits but its
role in haemolysis was not considered significant.

Other factors acting singly or in concert with haemolysis are
thought to play a contributory role in the pathogenesis of bovine
trypanosomiasis. -Such factors include:-

(a) Haemodilution:/
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(a) Haemoldilution;

This was first reported in T. cungolenss and T. vivax
infections of cattle by Fiennes (1954). This observation was further
supported by Clarkson (1968) and Naylor (1971b) using conventional plasma
volume determination techniques. Radioisotopic measurement of plasma
volume with 5%‘e—transferrin and circulating red cell volume with s%r—
labelled erythrocytes (Mamo and Holmes, 1975; Holmes and Mamo, 1975;

Holmes, 1976; Holmes and Jennings, 1976; Anosa and Isoun, 1980) showed
conclusively that haemodilution contributed to the fall in haematocrit of
parasitized animals, especially during the early stages of infection.

Holmes (1976) could find no evidence in support of the observa.tion by Boreham
and Goodwin (1967) that the high vascular permeability caused by elevated
kinins in the tissues was responsible for the haemodilution. Reasons for the
elevated plasma volume are unknown. Clarkson (1968) and Naylor (1971lc)
proposed that the osmotic effects of the increased y-globulin fraction of
plasma proteins found in trypanosomiasis could be responsible. Though
albumin rather than globulins are recognized for their osmotic effects,

the hyperglobulinaemia was of such magnitude (13C%o) that their osmotic
effects could be considerable. Other probable reasons include changes in
aldosterone levels, release of vasoactive peptides and release of metabolic
products from trypanosomes (Holmes, 1976). Haemodilution was not a feature
of T. brucei infection of mice on day 3 of infection (Jennings et al, 1974);
of N'dama and Zebu cattle infected with T. brucei (Dargie et al, 1979a,b)
and of T. congolense infection of cattle (Preston and Wellde, 1976). The
discrepancy probably lies in the different techniques employed in estimating
plasma and blood volumes.

(b) Dyshaemopoiesis: N

This was regarded as an adjunct to haemolysis by workers
who failed to observe reticulocytosis in infected animals (Fiennes, 1954;

Edwards/
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Edwards, Judd & Squire, 1956b; Naylor, 1971b; Parkin and Hornby, 1950).
The poor reticulocyte response was interpreted as evidence of bone marrow
depression. Work by Schnappauf at al (1967) showed poor reticulocyte
response in cattle following the removal of large volumes of blood by
phlebotomy implying that appreciable reticulocytosis can only be demonstrated
in these animals under conditions of extreme anaemic stress. There is
ample evidence in the literature that the bone marrow shows marked activity
rather than depression in trypanosomiasis (Jenkins et al, I960; Anosa and
Isoun, I960; Saror, 1979; McCrorie et al, 1980).
(c) Hypersplenism;

Splenomegaly is commonly observed in trypanosome infections
(Wolbach and Binger, 1912; Hudson, 1944; Edwards, Judd and Squire, 1959;
Isoun, 1968; Fiennes, 1970; Jennings ejt al, 1974; Jenkins et al., 1974b;
Murray et al, 1974a;Losos and Tkede, 19 72; McCrorie eb al, 1930). The

hyper-active spleen was postulated to account for the anaemia following the

removal and destruction of the red cells by the organ. Factors in the
splenic environment conducive to phagocytosis include;- a non-specific
activation of splenic macrophages; damage to red cells due to increased

osmotic and mechanical fragility or a decrease in K+/Na+ ratio (Richmond

et al, 1967); damage to red cells due to low cholesterol and glucose levels
and low pH due to lactic acid accumulation (Anosa, 1977). Hypersplenism
may have a contributory role in the anaemia as splenectomy has been found to
ameliorate the anaemia in T. brucei infected rabbits (Jenkins et al, 1974a;
McCrorie et al, 1930), but not in T. vivax infections of sheep and goats
(Anosa and Isoun, 1980). This role becomes less important during the
terminal stages of the disease when the spleen either had returned to normal
size or only slightly enlarged (Fiennes, 1954; Albright, Albright and
Dusanic, 1977; McCrorie et al, 1980).

In/
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In conclusion, all available evidence points to the anaemia
as being haemolytic in origin but accompanied by haemodilution and hyper-
splenism. There was no evidence of dyshaemopoiesis from radioisotopic
studies although iron-reutilisation from degraded erythrocytes was impaired
as a result of blockage of reticuloendothelial iron release (Dargie et al,
1979a and b). The mechanism of the haemolysis remains largely unresolved.
Immunological mechanisms have been demonstrated in abnormal laboratory hosts
but not in vivo in domestic animals. Based 011 the close correlation of
changes in haematological indices, circulating red cell and plasma volumes,
erythropoiesis and red cell removal from the circulation with the presence
of parasitaemia, and the rapidity with which these parameters returned to
normal following treatment (Holmes and Jennings, 1976), the anaemia was
considered not immune mediated (Fiennes, 1950; Huan et al, 1976;
Holmes and Jennings, 1976). The pathogenesis of the anaemia in trypano-
somiasis is still an open field and more fundamental work is continuing to be
aimed at elucidating the precise mechanism(s) involved.

Changes in other plasma constituents were also investigated.
Saror (1976) observed fluctuations in plasma copper levels during infections
but the levels were within normal range for clinically healthy Zebu cattle
used in the experiment. Seram iron levels and total iron binding capacities

were unaltered during the course of infections using both conventional and

radioisotopic criteria (Tartour and Idris, 1975; Holmes, 1976; Dargie et al,
1979a,b). Serum lipid levels declined in cattle and sheep suffering from
T . vivax and T. congolense infections (Roberts, 1975). This was attributed

partly to haemodilution and partly to a direct effect of the trypanosome
on the metabolism of the host. Gamma globulinaemia, hypoalbuminaemia and
an increase in total serum proteins have also been reported (Clarkson, 1968;

Edward/
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Edward, Judd and Squire, 1959; Besowitz, 1959; Bar, Paris and Wilson,

1975; Anosa and Isoun, 1976). Haemodilution was responsible for the
fall in albumin as albumin catabolism was unchanged (Holmes, 1976;

Anosa and Isoun, 1976). The total inbravascular pool of albumin was
unaltered despite marked alteration in the distribution of albumin between
the intravascular and extravascular pools and a reduction in the total body
pool of albumin (Holmes, 1976). The total serum protein was unaltered due
to a corresponding rise in the globulin fraction (Holmes, 1976) though early
in the infection Wellde et ad (1974) reported a fall which gradually returned
to normal as infection progressed. Haemodilution,increased protein catabolism
and disturbances with absorption or metabolism were suggested as probable
causes of the observed fall. The excessive protein catabolism caused a
slight elevation of blood urea nitrogen (Wellde et al, 1974).

Immuno suppros sion:

Circumstantial evidence linking trypanosomiasis with immuno-
suppression, i.e. the depressive effect of the disease on the immune
responsiveness of the host to a wide range of antigens, has existed for years
when severe streptococcal infection was observed in sleeping sickness
patients (Greenwood, 1968). Experimental evidence of trypanosome induced
immunosuppression was first produced by Goodwin (1970) and Goodwin et al, (1972)
when they found that following infection of mice and rats with T. brucei
the cell-mediated haemaglutinin response to sheep red blood cells (SRBC)
was significantly reduced. Allt et al (1971) failed to develop experimental
allergic neuritis in T. brucei infected rabbits and concluded that humoral
antibody responses were also depressed. Several workers have now confirmed
and extended these preliminary observations in laboratory animals using
either T. brucei or T. congolense and a variety of antigens (Albright, Albright
and Dusanic, 1977; Cox, 1975; Murray et al, 1975; Urquhart et al, 1975;

Freeman/
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Freeman et al, 1973; Mansfield and Wallace, 1974; Pearson ejt al, 1978a,b;
Wliitelaw et al, 1979; Hoelants et al, 197%,b) .Extension of these
investigations to large animals showed that Zebu cattle experimentally-
infected with T. congolense showed profound immunodepression .t a
polyvalent clostridial vaccine (Holmes ep al, 1974 )> to Foot and Mouth
disease and/or clostridial vaccine (Scott et al, 1977)> to louping-ill virus
vaccine (Whitelaw et al, 1979)> and. in sheep infected with T.congolense
(Mackenzie et ad, 1975)» similar to the findings in laboratory animals.
The mechanism underlying this phenomenon remains largely undefined.

The first probable mechanism implicates hyperglobulinaemia
with immunodepression. Raised immunoglobulins (igG and IgM) ,especially
IgM, has been shown as a feature of the disease in laboratory and domestic

animals (Mattem et al, 1961; Houba, Brown and Allison, 1969; Luckins,

1972a,b, 1974, 1976; Murray et al, 1974b; Clarkson and Penhale, 1973;
Hudson et al, 1976; Pearson efc al, 1978a,b; Kobayashi and

Tizard, 1976; Greenwood, 1974). Murray et al (1974b) and

Hudson et al (1976) observed high IgM levels only early in the infection
while Ogilvie (1965) observed a post-acute persistence of high IgM levels
which Brown (1967); Seed et al (1969) and Seed (1972) ascribed to the
continuous antigenic variation exhibited by trypanosomes to which the host
responded by producing new IgM antibodies. Malaria parasites exhibit
similar antigenic variations but IgM levels are not excessively increased
(Brown, 1971). However, hyperimmunoglobulinaemia appears
dependent on the presence of the parasite as trypanocidal drugs cause a fall
in the immunoglobulin levels (Luckins, 1974> 1976). The probable link was
first suggested by TJrquhart et al (1973) and later Hudson et al_ (1976),

i.e. that trypanosomes contain a B-cell mitogen which caused polyclonal B
cell stimulation giving rise to antibodies of many specifications (both

specific/



specific and non-upoc*fic) and ultimately clonal exhaustion superseded
and this caused the state of immunosuppression. They based their
conclusions on the observation of reduced plaque forming cell response to
SRBC as well as elevated background plaque forming cell responses to a
variety of antigens in T. brucei infected mice. Corsini et al (1977)
provided support when he showed high levels of IgM and IgG in spleen cells
removed during the early phase of T. brucei infection in mice. The levels
declined as infection progressed and stimulation by the B cell mitogen
lipopolysaccharide (LPS) failed to elicit any further increase. The
incorporation of 3H-labelled leucine by spleen cells was used as an index
of immunoglobulin synthesis. The search for a putative in vivo B cell
mitogen has so far been unsuccessful though Mansfield, Craig and Stelzer
(1976) showed that trypanosoma! extracts exerted a weak initogenic effect
and Clayton et al (1L979)» Esuruoso (1976), Greenwood and Odulojo ('1978)
attempted characterizing the nature of B cell mitogens but with limited
success.

Chronically T. brucei infected mice suffered a reversal of
immunosuppression within 48 hours of treatment with a trypanocidal drug
(Murray et al, 1974b) implying that lymphocyte dysfunction was not solely
responsible for immunosuppression as these mice were envisaged to be in a
state of clonal exhaustion. Primi et al (1977) postulated that the
stimulation of B cells by a mitogen might by-pass the normal regulatory
functions of T-cell subpopulations (Helper and suppressor cells) on B cells
and lead to the production of autoantibodies. These autoantibodies had
earlier been demonstrated by Mackenzie and Boreham (1974)» Mansfield and
Kreier (1972), and Seed and Gam (1967). Mitry-Martin et al (1979) showed
that these autoantibodies first appear 20-25 days after infection and
therefore may not play any role in the immunosuppression seen in early

trypanosomiasis/
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trypanosomiasis usually from day 6 of infection. Though their production
hss been established, their in vivo effects and role in the severe lymphoid
depletion seen in chronic infections have not been demonstrated. As previous-
ly stated, the T-cell subpopulations, i.e. helper cells and suppressor cells,
are involved in the T-cell and B-cell immunoregulatory mechanisms. Any of
these regulatory pathways can become defective. Following the immuno-
suppression produced with a variety of antigens by Hudson et al (1976)

and Terry (1977)» they concluded that an exaggeration of non specific
suppressor cell activity was responsible. This wa.s supported by the finding
of Jayawardena and Waksman (1977) that, following stimulation by a variety

of antigens, the addition of T-lymphocytes from T. brucei infected mice
inhibited the uptake of “H-labelled thymidine by normal lymphocytes in vitro.
The same author and others in 1978 (Jayawardena et al, 1978) observed
enhancement of antibody response to SRBC in early trypanosomiasis and
incriminated helper cell activity while later infections exhibited diminished
responses which they attributed to non-specific suppressor cell activity.
Hyperimmunoglobulinaemia was attributed to the activation of helper T-cells
which non-specifically stimulated B cells to produce IgM and IgG (polyclonal
B cell activation) while immunodepression was explained on the basis of non-
specific suppressor cell stimulation. Similar conclusions resulted from the
works of Albright, Albright and Dusanic (1977); Roelamts et al (1979 a,b)
and Pearson et al (1978, 1979)~* T-cell failure rather than excessive
T-cell activity was held responsible for immunosuppression and polyclonal B
cell activation by Mansfield, Craig and Stelzer (1976) and Mansfield and
Bagasra (1978). Though altered T-suppressor, T-helper, B-memory cell
functions have been demonstrated (Corsini et al, 1977; Askonas Jet al, 1979)
in vitro, the search for a probable trypanosoma antigen which could cause
these alterations in function in vivo remains elusive. Furthermore, Clayton,
Ogilvie and Askonas (1979) showed that B cells are directly affected

in trypanosomiasis when they demonstrated hyperimmunoglobulinaemia and
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immunodepression in nude mice which possess few, if any, T-cells. The
role of each lymphocyte population or sub-population in .immunedepression
thus remains unclear.

Macrophages have also been implicated in immunosuppression by
Corsini et al (1977) whenthe/demonstrated that macrophages from the
peritoneal cavity of T. brucei infected mice had suppressor properties.
However, Goodwin (1970); Murray et al (1974b); Jayawardena et al (1978)
stated that macrophages were not functionally impaired in trypanosomiasis.
Trypanosomes are postulated to place a massive antigenic load on host
immune system (Taussing and Lachman, 1972) which give rise to antigenic
competition purportedly on macrophage receptor sites. When such sites are
saturated, a state of immunodepression was produced.

The finding by Nielsen et a] (1978) that cattle infected with
T. congolense showed amongst other thing's, reduced circulatory G-, levels led
them to suggest that C.* reduction may contribute to immunosuppression.
Complement (C*) normally play a role in induction of immune responses.
Hudson and Terry (1979) failed to find reduced C* levels in mice infected
with a chronic strain of T. brucei which was attributed to the observed fact
that mouse IgM antigen complexes were known to be poor activators of
complement (Klaus jat al, 1979) The role of complement in immunodepression
still remains undefined as immunosuppression and normal levels have been
shown to co-exist (Hudson and Terry, 1979)%*

Certain polyunsaturated fatty acids (FUFA) have been found to
depress the immune responses of mice (Mertin and Hughes, 1975)* The
observation that pathogenic T. congolense released free PUPA while the
non-pathogenic T. lewisi did not (Tizard ej* al, 1977) led to the
postulation that the distrubance of lipid metabolism may contribute to
immunosuppression. Tai, Gibson and Terry (1979) recovered higher amounts
of PUPA in T. congolense than in T. lewisi infections but could find no

relationship/
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relationship to immunodepression and actually found that serum levels
of these FUFA were decreased. Increased immunoglobulin catabolism, as
measured by a reduction in half-life of labelled immunoglobulins in cattle
infected with T. congolense, was observed by Nielsen e, ad (1978) and this
was postulated as contributing to the immunodepression observed in such
infections, as previously reported by Jennings et al (1973)*
Whether any of the different mechanisms reviewed acting singly
or jn concert or yet unknown mechanisms are involved in immunosuppression
is a matter of conjecture. What is certain is that immunosuppression is a
well recognised field phenomenon in bovine trypanosomiasis and its
significance lies in its detrimental effect on the host. Such deleterious
effects possibly include:~
(2) increased susceptibility to secondary infections (Holmes et al, 1974);
(b) interference with response to vaccination (Holmes et al, 1974)»
although Scott et al (1977) showed that the immunosuppression
observed in T. congolense infected cattle in an endemic area of
Ethiopia was unlikely to impede the development of protection against
Foot and Mouth Disease and clostridial infections by vaccination since
titres found were invariably above the levels necessary to give the
required protection. Later work by Whitelaw et al (1979) showed
that trypanocidal chemotherapy (diminazene aceturate) administered
on the same day as vaccination largely restored the competence of
the immune response of both mice and cattle infected with
T. congolense and they advocated the use of such drugs during
vaccinations against trypanosomiasis in endemic areas.
(c) interference with optimal immune responses to homologous parasites.
Hudson et al (1976) observed such interference in mice infected with
a sub-acute strain of T. brucei followingthe first wave of parasitaemia
while Terry (1977) could observe no such interference in chronic
trypanosome infections when animals are already immunodepressed.

The/



The nature of immunodepression may be different in T. brucei
infections from the plasma parasites T . vivax and T. congolense as confirmed
by Whitelaw et al (1979) when they observed 9'2 immunosuppression in
T. congolense and T. vivax infected cattle to Louping-ill virus vaccine
while the response in T. brucei infected cattle was not significantly
reduced. This was attributed to the relatively light and transient
parasitaemias exhibited by the T. brucei infected cattle. Findings from
abnormal laboratory hosts may not be applicable to situations in normal
hosts where parasitaemias are relatively low and chronic infections more
common . More information is continually becoming available to unravel
the complex phenomenon of immunodepression and the mechanisms involved.
Antigenic Variation:

Salivarian trypanosomes exhibit narked antigenic variants
(Gray, 1963, and Vickermann, 1965) designed to evade host immunity.

These vari b'l.e antigens were first shown t) be proteins (frown and William-
son, 1962; Williamson and Brown, 1964) and later glycoproteins (Allsop
and Njogu, 1974)%* The variation involved a change of the glycoprotein
molecules constituting the cell surface coat of the trypanosome. Antibodies
produced against the preceding variants were not reactive against the new
variant (Salaman and Wedderbum, 1966; Barry, 1977). Although antigenic
variation has been described in T. congolense (Wilson and Cunningham, 1972.;
Clarkson and Awan, 1969), and in T. vivax (Jones and Clarkson, 1972;
De Gee, Shah and Doyle, 1979), only in T. brucei was the immunochemistry of
the surface coat which appeared to be the site of the variable glycoprotein
antigen (Cross, 1975; Rovis and Barbet, 1977) studied in great detail
(Brown, 1977). Evidence of a protective response which transcends antigenic
variation and is T-cell dependent has been shown in malaria infected hosts
(Brown, 1976; Brown, Jarra and Hills, 1976). Similar protection studies
in animals have been hampered by the inability of finding natural

host-parasite/
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host-parasite models. Limited evidence from game animals (Ashcroft,

Burtt and Fairbaim, 1959) has shown that this protection may in fact occur
though weak compared with malaria. The phenomenon of antigenic variation
lias thv/arted vaccination efforts against African trypanosomiasis (Barry,

Hajduk, Vickermann and Le Ray, 1979).
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THE APPLICATION OF RADIOISOTOPES TO THE STUDY
OF PARASITIC ANAEMIAS
Introduction:

An animal is regarded as anaemic when the packed cell volume (PCV)
and/or haemoglobin concentration (lib) per unit volume of blood falls below
the accepted normal range for that particular species (Schalm, 1965).

The anaemia can result from one or a combination of three basic mechanisms,
namely:- haemodilution; increased red cell loss or breakdown due to
haemorrhage, haemolysis or increased erythrophagocytosisj and reduced

red cell synthesis (Largie, 1975)*

Many parasitic infections are characterised by a concomittant anaemia.
Helminth parasites causing anaemia by a direct haematophagia include the
hookworms of man and animals, Necator americanus, Ancylostoma duodenale,

A. caninum, Ur.c:nrria stenocenhr la, Gaigeria uach'scelis, Bunostomum
trigonocephalum, B. phlebotomum (Ortlepp, 1937? 1939» Roche ct al, 1957;
Miller, 1966), and the stomach worms Haemonchus placei in calves (Delaune anc
Mayhew, 1943) 2nd H. contortus in sheep (Veglia, 1915; Fourie, 1931;
Andrews, 1942; Whitlock, 1950; Richards _et al, 1954; Clark, Kiesel,

Goby, 1964; Dargie and Allonby, 1975)%* Anaemia was reported in infections
with the stomach worm Ostertagia circumcinta in sheep by Horak and Clark
(1964) and 0. ostertagi Type II in calves by Martin et al (1957) and
Anderson et al (19652 1969). Other nematode parasites implicated in

the production of anaemias include Oesophagostomun radiaturn in calves
(Bremner, 1969? 1970), 0. columbrianum in sheep (Horak and Clark, 1966;
Lobson, 1967; Bawden, 1969)? Charbertia ovina in lambs (Wetzel, 1931;

Ross, Dow and Purcell, 1969; Herd, 1971) and in calves (Ross and Todd, 1968)
Trichostrongylus axei (Gibson, 1954; Kates and Turner, i960), T. colubrl-
formis (Horak, Clark and Gray, 1968; Barker, 1973)? Strongyloides
papillosus (Turner, 1959) and the redworm infections of the genus

Strongylus/
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in horses (Jennings, 1968). Anaemia was associated with chronic

infections of Fasciola gigantica .in cattle by Bitakaram.ire (1970) and
Hammond (1973) and in acute and chronic F. hepatica infections in sheep
and rabbits (Stephenson, 1947; Jennings, Mulligan and Urquhart, 1956;

Todd and Ross, 1965; Symons and Bora.y, 1967? 1968; Holmes at al, I960;
Holmes, 1969; Holmes and Maclean, 1969; Holmes, Maclean and Mulligan,
1971) - Heavy infections with other flukes such as F. magna, Dicroecoelium
dendri tjcum and Paramphjstonur. cerv: can produce anaemia (Soulsby, 1965).
Acute outbreaks of fchistcs': me bovis and S. mattheei with accompanying
anaemia have been reported .n cattle and sheep (Str/dony 1963;

Dargie, 1980). Laboratory studies with S. mattheei

in rabbits and sheep confirmed, anaemia as one of the major signs of infection
(Preston, Dargie and Maclean, 1973a, b).

Heavy infestations with arthropod ectoparasites such as lice, fleas
and ticks can lead to anaemia. Thus the sucking Lice of cattle
Haematopinus eur; stemus were reported to cause a severe anaemia by
Shermanchuk, Hauffe and Thomson (i960) and fleas in sheep and goats by
Obasaju and Otesile (1979)%* Ticks feed exclusively on blood and anaemia
has been reported in infestations with Boouhilus decoloratus in horses
(Theiler, 1921), B. microulus in cattle (Riek, 1957; Little, 1963; 0 'Kelly
and Seifort, 1970), Ixodes ricinus in sheep (Heath, 1951) 2nd Permanentor
andersoni (Philip, Jellison and Wilkins, 1935; Jellison and Kohl, 1938)*

Anaemia is recognised as a cardinal sign in a variety of protozoal
diseases such as Anaplasmosis of sheep and cattle (Piercy, 1956; Baker,
Osebold and Christenseen, 1961; Kreier, Ristic and Schroeder, 1964; Anthony
and Roby, 1966; Ristic, 1968), Eperythrozoonosis (Neitz, 1937;

Littlejohns, i960, 1966; Foggie and Nisbet, 1964; Rouse and Johnson, 1966),
Babesiosis (Zuckermann, 1964; Jennings, 1976), Theileriosis (Hooshmand-Rad
and Hawa, 1973) 2nd trypanosomiasis (Fiennes, 1954, 1970; Naylor, 1971;
Loses and Ikede, 1972; Holmes and Mamo, 1975; Saror, 1979; Anosa and

Isoun, 1980).
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Despite the wide variety of parasites known to cause anaemia,
only in a few case3 have the Bunderlying mecharisms been established
This is because the type and severity of anaemia, due to any particular
species varies and depends on such factors as number of parasites and stage
of infection, the nutritional status, age, breed and even haemoglobin type
of the host. Moreover, as pointed out by Dargie (1975), conventional
methods of classification based on parameters such as PCV, Hb concentration
and red cell counts give little reference to the cause of the anaemia or
changes in the Iota] body pool. A proper underslanding of h )w parasites
cause anaemia in their hosts should therefore include a description of the
physiological and biochemical alterations in the host which arise directly
or indirectly from the presence of the parasites, which can only be achieved
by resorting to the methods of isotopic labelling. Radioisotopes have
provided a knowledge of the underlying changes in metabolic pools arid rates
of addition and withdrawal from these pools by synthesis and catabolism
respectively. Such studies have provided a better understanding of the
mechanisms of the anaemias seen in some complex host-parasite systems such
as Fascioliasis, Haemonchosis, Schistosomiasis and Trypanosomiasis on which
this review is based.

Methods of Investigation:

Isotopes for in-vivo labelling of red cells or protein must attach
firmly to these cells or proteins without damaging or altering their life
spans. Furthermore, when the cells become effete or destroyed, the label
should not be reutilized or reabsorbed but excreted quantitatively in the
urine or in the alimentary tract if haemorrhage occurred. Unfortunately
there is no one label which meets all these requirements but studies with
59Fe and 51Cr have been of considerable aid in elucidating the mechanism of
anaemias seen in some parasitic diseases.

Studies/
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1
Studies with " Cr-labelled erythrocytes:

Gray and .Sterling (1950) first demonstrated the marked affinity of
erythrocytes .for 51Cr obtained as sodium chromate. This property was
subseouently confirmed by Nechelles, Weinstein and Leroy (1953) and
Mollison and Veali (1955)* The chemistry of the labelling depends on the
fact that anionic hexavalent chromate penetrated the cells, was reduced to
cationic trivalent chromium which then combined with intracellular protein.
The procedure was that recommended by Gray and Sterling (1950) and consists
of incubating whole blood or washed red cells to which radioactive chromium
( ~Cr) of known specific activity had been added, for 30 minutes at 37°C.
or one hour at room temperature. Unbound isotope was removed by washing
the cells several times with physiological saline and the cells resuspended
in the original plasma or in physiological saline for intravenous injection.
For erythrokinetic studies a measured volume of the labelled cell suspension

is injected through a jugular catheter into parasitized and control animals
and a blood sample (5%“10ral.) taken at 5-15 minutes after injection depending
on the species. Further samples are collected at 20, 30, 60, 90, 120 and
180 minutes post-injection, and thereafter daily for 10-30 days. Aliquots
of the blood and the plasma are diluted to a suitable volume (10 ml) with
0.01lm NaOH for radioactivity determinations. The total daily output

of urine and faeces are measured and suitable aliquots prepared for counting.
Standards for each animal serving as corrections for radioactive decay and
changes in the instrument are prepared from the injected red cell suspension.
Radioactivity determinations are then made on the appropriate samples of
blood, plasma, urine, faeces and the standards in a suitable scintillation

counter. Haematocrit estimations are carried out on all blood samples.

Red/
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Red cel], turnover calculations are made and the following parameters

de term ined.

(a) Ol.rcabating red cell volume; This is reliably determined by
dividing the radioactivity .in counts/min. of the total volume of
injected tag by the radioactivity of the recovered tag after
equilibration (usually the first blood sample obtained post -injection)
using the dilution principle. This volume can also be determined by
using any of the counts of the samples obtained in the 6-12 minutes
post -injection interval or extrapolating to zero time and using the
appropriate count. However, Wetterfors (1965) showed that there was
no significant differences in red cell volume obtained by either of the
three methods provided the 51Or was evenly distributed at equilibration
and was not degraded or excreted, within this period. The blood volume
is calculated from the red cell volume by dividing- by the haeinatocr.lt
(expressed as a percentage). Hodgebts (1961); Gillet and Halmagi (1966) {
Zehr et al (1969) reported sheep blood volume of 66.4 mg./kg., 6g*5 mg/kg.
and 70.6 mg./kg of body weight respectively using "~Cr-labelled cells
while Giles et al (1977) reported 53*5 ml/kg. of body weight using 59Fe
labelling- technique. These differences may not be significant due to
blood volume variations between individual sheep on per unit weight
basis and on the amount of adipose tissue in each sheep (Zehr ab al,
1969).

(b) Apparent half-life of red cells This is calculated from the
slope of the line obtained by a semi-logarithmic plot of daily blood
activity against time as the time taken for the activity to fall by 53ro.
The blood activity disappearance curve has a clear slow exponential
phase after the initial rapid decline in sheep (Sewell et al, 1968)
and rabbits (Ma.clean e, al, 1968) but not in cattle (Bitakaramire, 1970)

which makes calculation of red cell tJ after extrapolation more reliable

in sheep and rabbits than in cattle. Two assumptions are inherent in

the/
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the calculations. Firstly, that the labelled cells are made up
0 ' one population which, In reality, if .false. Since labelling w s
done in vitro, the labelled cells will therefore consist of a random
popiilation of cel Is of various ages and the slope of the disappearance
curve represents the function of rate of removal of old cells through
senescence and rate of random destruction of younger cells. Secondly,
that the 51Gr remained firmly bound to the red cells without eluting.
Again, considerable elution has been demonstrated, particularly in
ruminants where 40 60 & of the original activity was lost during the
first 3~5 days post-injection (Drury and Tucker, 1958; Tucker, 1963;
Selmappauf, di Giacomo and Cronkite, 1965; McSherry, Van Dreumel and
Robinson, 1966a, b; Todd and Ross, 1966; Bitakaramire, 1970;
Giles et al, 1975; Gulliani et al, 1975)- For these reasons
lapparent half life’ is used in red ceil t%'estimations by the 51Cr
technique. The lower survival time due to elution can be avoided b*
using other isotopes which have been shown to remain firmly bound to
the cells without eluting such as F di-isopropyl fluorophosphate,
i.e. DF (Endie, Smith and Brown, I960; Tucker, 1963) ~d ''“Fe
(Giles et al, 1977) in red cell tJF determinations, though these methods
have other disadvantages.
Blood loss into the gut or urine: Owen, Bollman and Grindlay
(1954) administered 51Cr-labelled cells to human patients suffering
from hookworm infections and recovered 90% of the activity in the
faeces which led them to the conclusion that this isotope can be
used to quantitate blood loss into the gut as only a negligible
proportion was reabsorbed. A faecal clearance of blood and red
cells was calculated for each 24-hr. collection period by dividing
the total daily faecal radioactivity by the activity per ml. of
red cells during the collection period. These values represent

the/
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the amount- of blood, or more accurately red cells, which have

to appear in the gut to account for the faecal radioactivity.
Similar clearance figures can be obtained for the urine. More
studies on blood loss using 51Cr—labelled red cells have been
reported by Miller (1966) in dogs, Roche et al (1957) in. man,
Holmes et al (1968) in sheep and Maclean jet al (1968) in rabbits.
A small percentage absorption of 51Cr was reported by Clark,

Kiesel and Goby (1962)in sheep which could be overcome if labelled
cells are in circulation. It thus appeared as if the presence

of chromium in the blood inhibited the uptake of more chromium
from the gut amd. a slight underestimate of the true leak can be
envisaged if no chromium was in circulation. Todd and Ross (1966)
concluded that the elution suffered by this isotope precluded its
use in reliably estimating gastrointestinal blood loss in cattle.
Subsequent studies in F. gigantica infected cattle by Bitakaramire,
(1970) showed that ~Cr was reliable in estimating faecal red cell
clearance. Moreover, radioisotope lost by elution is excreted

in the urine, hence complications can only arise if the parasites
cause intravascular haemolysis whereby the isotope is also excreted
by the same route, or if there is significant contamination of

the faeces with urine. As pointed out by Jennings (1968),
estimates of red cell leak are needed for comparative studies in
parasitological work and provided sufficient time is allowed for
the blood radioactivity to fall to the exponential part of the
disappearance curve, the faecal radioactivity can be reasonably
and reliably related to the blood activity.

By analysing the pattern of 51Cr loss from the body, the part
played by elution, haemolysis or haemorrhage in any parasite
anaemia can be determined as elution or haemolysis leads to
elevated renal excretion of isotope whereas when labelled cells

are/



are lost into the gut, the isotope appears quantitatively in the

faeces (Ebaugh et al, 1958; Jennings, 1968; Mulligan, 1975;

Largie, 1975)*
Studies with Radioiron ( Fs):

Radioiron was one of the first isotopes used in vivo labelling

techniques to obtain information concerning red cell production in
man and animals. The early works of Huff et al (1950), Wasserman
_et al (1952) showed that iron circulating in the plasma as a complex
with transferrin was largely carried to ihe bone marrow for haemoglobin
synthesis with no appreciable returns, i.e. the loss of radioiron from
the plasma was exponential. They then concluded that with a knowledge
of the rate of removal of radioiron transferrin from the plasma and of
the level of iron in the plasma at that time, the amount of iron passing
through the plasma per -init time (the plasma iron turnover rate) can be;
calculated. Since after incorporation into haemoglobin, the labelled
iron appears in the erythrocytes, the rate of red cell iron utilisation
can also be calculated from the rate cf appearance of 59Fe in the
erythrocytes. Certain variables were found to influence these
measurements apart from erythropoiesis. Plasma iron turnover rate
can be affected by:- dilution of isotope in enlarged iron stores,
utilisation of iron for synthesis of myoglobin and iron containing
enzymes, the early recycling of iron from rapidly destroyed red blood
cells and the incorporation of 59Fe into the molecule of haemoglobin
before separation of the plasma from the red cells (London, Shemin
and Rittenburg, 1948; Radin, Rittenberg and Shemin, 1950; Shemin,

London/



London and Rittenberg, 1950; Bothwell et al, 1956). In the

calculation of the rate of red cell iron utilisation, the reflux

of the iron carried initially to non erythroid sources back to the

plasma and thence to the bone marrow v/as not taken into consideration.

Despite these limitations, these measurements have been shown to

yield valuable comparative information on erythropoiesis (Weinstein

and Beutler, 1962; Jennings, 1968; FAO/1AEA, 1970, 1980). For

ferrokinetic investigations the labelled transferrin solution
containing the 59Fe as ferric sulphate in isotopjc solution was
injected intravenously intc parasitised and control animals. Blood

samples were collected at 5i 15> 50, 45» 60, 90, 120 and 180

minutes post-injection and further daily samples for the next 50 days;.

The total output of faeces and urine during each 24-hr. period was

measured and samples taken for radioactivity determinations. Suitable

samples of blood, plasm;:, faeces,, urine and standards prepaced from

the injected plasma were assayed using a scintillation spectrometer.

Venous blood haematocrit, haemoglobin concentration and serum iron

concentration were also estimated by conventional analytical methods.

The following ferrokinetic and erythrokinetic indices can be

calculated from the results:-

(a) Erythrocyte Survival (t*-). This is calculated from the slope of
the line obtained by a semi-logarithmic plot of net radioactivity
counts for each blood sample against time, as the time taken for the
activity to fall by 52%. The isotope has been used for red cell
survival studies in man (Williams et al, 1972), cattle (Kaneko,
1965), sheep ('Tucker, 1965; Giles et al, 1977)* The isotope does
not elute from cells and hence appeared more reliable than 51Cr

in red cell survival estimations in normal animals (Giles et al,.

1977/



84.

1977) but, as shown by Gibson et sl (1947)» the isotope was
reutilisel tor new haemoglobin synthesis when haemolysis occurred
in vivo, thereby giving relatively higher survival figures.

(*) Plasma .iron turnover “ate (PITR): This was calculated .fram the
rate of disappearance of soFe from the plasma expressed as a half
life (tgj value, together with the serum iron and venous haematocrit
at time of injection using the formula of Bothwell, Hurtado,

Donohue and Finch (1957)»

pmr - serum iron (rg./10- il1l.) x 0.695 x 1143 100 -Bv
" tj (min.) X 10O

and expressed as mg/day/100 ml. blood or mg/kg/day of blood.

(c) The total plasma iron turnover was calculated from the PITH find
the blood volume.

(d) Percentage red cell iron utilisation: This was obtained by a
piol of activity per nl KBC against tine, calculated from the
radioactivity and haematocrit of each blood sample using the

formula: -
50
Blood lume x_yygé_acggv;ty/ml. blood x 100

11i 1 = = =-= G LA R L
Utllisat 06% Total udFe activity injected

(e) The red cell iron incorporation rate is calculated as the product
of percentage utilisation and PITH expressed as mg/day.

(f) Iron lost into the faeces daily was obtained from the blood and
faecal radioactivities by the method of Roche, Perez Giminez

and Levy (1957) where

A
Faecal iron loss = Eb(gm %), x 5.34 x Fe blood clearance

(g) Faecal and urinary clearances of red cells and blood can be
. . . 51
obtained as previously described for .Cr.
From these results, the role played by dyshaemopoiesis or
increased erythropoiesis in the anaemia can be defined as increased

erythropolesis is usually accompanied by low or normal serum iron,

rapid/



rapid 59Fe disappearance rate, high PITR and red blood cell iron
turnover rate and increased red cell iron utilisation, while dyshaemo-
roierir s charaoter snd bv high or normal serum icon, normal or
reduced PITR and red cell iron turnover rate and low red cell iron
utilisation.
59 51
Double Labelling with Fe and__ Cr:

This can yield valuable information on intestinal iron loss
and possible reabsorption. The two isotopes are injected simultane-
ously (Roche, Perez Giminez and Levy, 1957) and radioactivity
determinations carried out on suitable volumes of blood, plasma,
urine and faeces collected at regular intervals over 10-30 days.
51Cr lost into the gut is not significantly reabsorbed, therefore the
blood lost into the gut can be determined from the blood haemoglobin
concentration and faecal output of 51Cr expressed as a clearance of
whole blood. The 59Fe activity in the faeces which denotes the amount
of iron lost into the faeces is quantified from the 59Fe faecal blood
radioactivity and blood haemoglobin level. The difference between the
amount of iron excreted in the faeces and that lost into the gut gives
an estimate of Hb-iron reabsorption. Georgi (1964), Georgi and
Whitlock (1965, 1967) calculated erythrocyte loss and restitution in
ovine haemonchosis under the assumption of insignificant iron reabsorp-
tion. Subsequent work by Dargie (1973) in ovine haemonchosis and by
Holmes and Maclean (1969), Daxgie et al (1970), Dargie (1975) in ovine
fascioliasis showed significant reabsorption under conditions of severe
anaemic stress.

Other isotopes have been used in investigating different facets
of red cell and iron kinetics. Havesay et al (1944) estimated blood

32
volumes using ' P labelled erythrocytes in man. Blood loss in rabbits

was/
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was estimated with A2P labelled red cells and 1311 labelled serum

albumin by Jennings et al (1954, 1955, 1956). Both isotopes were

not firmly bound and also labelled other cells following degradation.
Glycine-2-2C was used in erythrocyte survival estimations in man by
Shemin and Rittenbuxg (1946), swine by Bush et al (1955) and In sheep

by Judd and Matrone (1962). The isotope was not reutilised following
degradation, hence appeared superior to 59Fe in erythrocyte survival
determinations. Immature erythrocytes were also labelled _in vitro

with Glycine-2-~C and used for r«d coll life span studies (London,

Shemin, Rittenberg, 1948). These immature erythrocytes were subsequently
shown to possess a shorter life span than mature cells by Neuberger and

Niven (1951).

59Fe and 51Cr have featured largely in elucidating the mechanisms

of the anaemias seen in fascioliasis, haemonchosis, schistosomiasis and
trypanosom: ' asi:
The .Anaemia of Fascioliasis.

Fascioliasis occurs in two distinct forms, the acute syndrome
caused by the migratory and feeding habits of immature flukes in the
liver which could be fatal (Taylor, 1964* Boray, 1968, Roberts, 1968)
and the more common chronic form which is associated with the presence
of adult flukes in the bile ducts. Anaemia is encountered in both
forms of the disease which in field outbreaks is initially normocytic
and normochromic, later becoming macrocytic and hypochromic (Dargie, 1973)*
The aetiology of the anaemia was for a long time controversial due to
differences in opinion about the feeding habits and nutrition of the
flukes. V/orkers such as Stephenson (1947), Todd and Ross (1964),
Symons and Boray (1968) were of the opinion that the anaemia resulted
from a direct blood loss due to the haematophagic activities of the
flukes, while others have suggested other mechanisms such as dyshaemo-

poiesis (Obara, Sonoda and Watanabe, 1964, Sinclair, 1964) and. release
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of toxins capable of depressing erythropoiesis or causing haemolysis
(Lapage, 186?, S nolair, 1?67, Dawes and Hughes, 1970). Evidence

from the simultaneous use of conventional and radioisotopic techniques
has tended io favour the theory that the liver fluke is haematophagic.
This conclusion was based on the consistent differences in behaviour

of $1Cr and 5QF€ labelled cells in fluke infected and normal hosts.

When red cells labelled with 51Cr was injected into hosts harbouring
populations of adult F. hepatica (12 weeks old infection), the loss of
isotope from the circulation as expressed by tg- values war :¢n all cases
faster than in normal animals and the rate? of removal correlated do sol
with the number of parasites in the bile ducts (Holmes ejt al, 1968,
Sewell et al, 1968, Dargie et al, 1970, Dargie, 1975)- The rapid loss
of isotope from the circulation and the shortened red cell survival in
parasitised animals was associated with the presence of isotope in the
faeces. Thus faecal clearance of red cells was 18 ml. in parasitised
animals and only 0.7 ml. in normal animals, while urinary excretion of
isotope was similar in both groups (Dargie, 1975)* Comparative studies
in F. gigantica infected cattle by Bitakaramire (1970) showed that the
use of red cell tg values as an index of erythrocyte loss from the
circulation was unreliable in the animals due to rapid elution of the
isotope. Faecal clearance of red cells were, however, significantly
greater in fluke infected cattle. These findings can only be explained
on the basis of loss of erythrocytes into the gut, presumably wvia flukes
and bile. Furthermore, there was good correlation between fluke burden,
apparent tgy, PCV and enteric haemorrhage as animals with the highest
fluke burdens generally had the lowest PCVs, shortest tg and severest
blood loss, indicating that adult flukes suck blood and that this was
primarily responsible for the anaemia. The onset of this blood loss
was found to coincide with the time of entry and subsequent development

of/



of the flukes within the biliary system from the 8th. week onwards
(Dargie ep al, 1970, Dargie and Mulligan, 1970, Holmes et al, 1971)e
A minor anaemia evidenced by a shortened red cell tA and slight fall
in PCV v/as observed during fluke migration (from the to 8th week)
but there was no increase in faecal radioactivity as haemorrhage was
not occurring into the bile ducts (Dargie, 1975). This anaemia merely
reflected the passage of erythrocytes into the migratory tracts left
by young burrowing flukes, while failure to demonstrate increased
urinary activity daring this period was attributed to seme trapping of
Liberated 91Cr in the liver. Other data from fluke infected animals
are in support of the haematophagic activity of the flukes. Firstly,
Urquhart (1996), Ross, Todd and Dow (1966) demonstrated higher radio-
activity in flukes relative to bile, the presence of intact red cells
in the caeca of flukes and a positive benzidine reaction in bile
recovered from infected animals. Secondly, Dargie et al *1963)
observed the cessation of haemorrhage and enteric red cell leak with
concurrent return of haematological indices to normal values following
anthelmintic removal of the flukes. Thirdly, Symons and Boray (1967)
showed that the mucosa v/as often missing and replaced by a blood clot
at the site of fluke attachment. Fourthly, the features of the anaemia,
i.e. an initial normocytic normochromic response tending to macrocytosis
and hypochromia can be explained on the basis of haemorrhagic mechanism.
Ferrokinetic studies in F. hepatica infected sheep and rabbits
and control uninfected hosts are characterised by three main features.Firstly
"the amount of iron carried from the plasma to the marrow for haemoglobin
synthesis daily was increased roughly four times in the infected animals

and/
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and this increment was accomplished by an enhanced plasma Fe
clearance detectable from about the 6th week of infection (Symons
and Boray, 1968). Secondly, the rate of iron incorporation into
new cells was greatly increased (Symons and Boray, 3968, Dargie and
Mulligan, 1970, Holmes jt al, 1971) showing that erythropoiesis rather
than, being depressed was greatly'accelerated in fascioliasis. This
conclusion was supported by the presence of reticulocytes in the blood
of fluke infected rabbits and sheep (Urquhart, 1958, Rejd ei al, 1970)
and by erythro id marrow hyperplasia (Ross, Todd, Dow, 1966, Sewell
et al, 1968). Thirdly, a ten-fold increase in the rate of disappearance
of 59FenLabelJed erythrocytes from the circulation was observed in
infected animals (Dargie, 1973). Most of the iron derived from these
cells was not reabsorbed from the gut except in the most anaemic animals
(Holmes and Maclean, 1969» Maclean et al, 1968). Such losses together
with a terminal inappetence in infected animals (Berry and Dargie, 1978)
can bring about serious depletion of iron stores and inability to compensate
for the haemorrhage. A frank iron deficiency with serum iron levels as
low as 40 pg% supervenes and is rapidly fatal. This stage is a
reflection of the effects of the blood loss and not the direct cause of
the anaemia.

Three basic disturbances to erythrocyte metabolism were observed
in the anaemia of fascioliasis, i.e. an increased rate of red cell
destruction, a compensatory increase in red cell synthesis and a

continuous drain on body iron stores due to the blood-sucking activities

of the parasites. Haemolysis or dfshaemopoiesis played no role in the
anaemia. Similar pathogenic mechanisms probably operate in
Fasciolq emagna and Dicroecoelium dendriticum infections but no

kinetic information is as yet available.

The/
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The Anaemia of Schistosomiasis:

The importance of schistosomiasis .is veil reoognised ir various
parts of Africa (Pitchford, 1963; binnik and Dinnik, 1965; Dargie, 1980)
and the clinical, parasitological and gross pathological features of the
disease have been described (MoCully and Kruger, 1989; Preston, Dargie and
Maclean, 19732.; Warren, 1973; Saad et al, 1980). The pathology of the
disease includes an anaemia which initially is normocytic and normochromic
(Malherbe, 1970; Preston, Dargie and Maclean, 1973a)but with a tendency
towards being macrocytic and hypochromic n severely affected animals.
Various mechanisms such as haemodilution, haemolysis, dyshaemopoiesis and
haemorrhage have been implicated in the aetiology of the anaemia (jamra,
Maspes and Keira, 1964; McCully and Kruger, 1969; Malherbe, 1970;
Preston, Dargie and Maclean, 1973a, b). The precise role of each of these
mechanisms in the aetiology of the anaemia was investigated by Preston
et al (1963b), Preston and Dargie (1974)» Dargie: and Preston v1974), with
the aid of red cells labelled with 51Cr and 59Fe and albumin labelled with
1311 in sheep with patent infections of Schistosoma mattheei. Erythrokinetic
studies were then carried out before and after exposure to infection
with metacercariae. A pronounced increase in blood and plasma volumes
and a concomittant fall in red cell volume was observed from the 8th week
after exposure coincidental with the inception of oviposition. Haemodilution
was concluded as playing a significant part in the anaemia observed
during this period. The mild anaemia which occurred between the 4th to
6th week was attributed to the combined effect of haemodilution and
dyshaemopoiesis as red cell survival and intestinal leak were similar in
both the infected and control animals. From the 8th week onwards there
was a marked reduction in red cell lifespan, greatly accelerated rate of
faecal clearance of red cells while urinary clearance of isotope remained

similar/



91.

similar in both groups. There was thus excessive disappearance of
labelled cells from the circulation via the gut. There was also a
close correlation between these observed changes and the onset of marked
reductions in PCV and Hb, and animals with the lowest PCV generally had
the lowest reduction in red cell lifespan and cell volume, and the
highest enteric blood loss. Furthermore, with the return of faecal red
cell clearance figures to values obtained in the controls, no further
changes in PCV and red cell mass we:re recorded. The anaemia of this
siage was essentially haeinorrhagio n nature. Ferrokinetic studies
revealed that between the 4th and 8th weeks of infection there was
marked reduction in plasma iron turnover rate and red cell iron
utilisation. Moreover, the reduction in red cell mass was shown to
be greater than could be caused by haemorrhage alone and the deficit was
explained by the degree of marrow depression observed. This was inter-
preted as evidence that dyshaemopoiesis was important in the anaemia which
occurred between the 4th and 6th weeks of infection. With the onset of
haemorrhage from the 8th week, the PITR and percentage red cell iron
utilisation was found to be similar in both fluke infected and worm free
controls, implying that the absence of marrow response greatly increased
the severity of the anaemia. There was no evidence of iron deficiency,
although this can be envisaged in severe or long-standing infections
since no significant reabsorption of iron occurred in either the control
or parasitised sheep.

What has emerged from these studies is the apparent complexity
of schistosome anaemia with mechanisms such as haemodilution, dyshaemo-
poiesis and haemorrhage playing important parts at one stage or the other.
This complexity was further highlighted by Holmes et ad (1977) who
employed similar techniques in studying the erythrokinetics of baboons
experimentally infected with S. mansoni. With the onset of patency a

mild/



mild anaemia developed which they showed to result from a combination

of haemodilution and haemorrhage. There was no evidence of dyshaemo-
poiesis or haemolysis. Earlier work by Mahmound and Woodruff (1972)

in 5. mansoni infected mice shoved that the anaemia was in part auto-
immune caused by hepatosplenomegaly especially during the chronic stages.
No splenomegaly was observed in .the works of McCully and Kruger (1970)
and Preston jet al (1973a) in S. mattheei infected sheep even in long
standing infections and this could have been responsible for the failure
to demonstrate a haemolytic process in the anaemia.

The Ajia mia ol II»m n h sis:

The economic importance of Haemonchosis especially in sheep is
well recognised in most tropical and sub-tropical countries (Dargie,
1973) . The disease is characterised mainly by an anaemia which results
from haemorrhage into the host abomasum due to the blood sucking
activities of the immature and adult parasites (Veglia, 1S815* Fourie,
1931; Andrews, 1942; Richards et al, 1954)- Heavy infections
produce a typical blood loss picture, i.e. a macrocytic hypochromic
response whereas light infestations are characterised by a normocytic
normochromic response which can also progress to the severe stage. Both
acute and chronic infections are additionally marked by reductions in
serum iron levels, percentage saturation of transferrin and depleted
iron stores (Dargie and Allonby, 1975)* Early kinetic studies involving
the use of 59Fe and 51Cr labelled cells gave an estimate of 0.05 ml.
blood loss per parasite and increased faecal clearance of red cells from
6-12 days after infection prior to the appearance of eggs in the faeces,
i.e. confirmation of the haematophagic activity of the larval stages

(Whitlock/
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(Whitlock, 1950; Biker and Douglas, 1957, 1966; Clark, Kiesel
and Goby, lc®6l; Georgi, 1962; G'orgi <mu \hit!'.0 k, 1.965) » No
attempts were made to monitor simultaneously the patterns of erythrocyte
Loss and haematopoietic response of sheep during the course &' the
infection and to correlate these with parasite egg production and changes
in peripheral blood picture. Furthermore, the possible reabsorption of
iron lost into the abomasum for haemoglobin synthesis was not investigated.
These deficiencies were remedied by Dargie and Allonby (1975) who
combined both parasitological, haem-itological and radioisotopic techniques
to study the red cell kinetics and iron metabolism oi single and challenge
infections of H. contortus in merino sheep in East Africa. Abomasal
losses of red cells and iron were quantified using 51Cr labelled cells
and erythrocyte production/faecal iron excretions assessed by “Fe
while measurements of egg output, PCV and Hb were carried out concurrently
by conventional methods. Abomasal losses of 51Cr labelled red cells were
used as an index of worm activity in investigating’ the phenomenon of
"self-cure". From their results, the anaemia of haemonchosis was
concluded as occurring in three stages. The first which occurred during
the first three weeks of infection (the pre-patent phase) was characterised
by a progressive fall in PCV, low or negative faecal egg count and
normal serum iron concentration. This early anaemia was attributed to
the blood sucking activities of the immature and young adults of
H. contortus. Blood loss was not as large as when the parasites were
matured and the fall in PCV was caused by a delay in the response of the
host erythropoietic system to supply red cells at the rate at which they
are destroyed. The delay could be fatal when challenge is heavy.

The/
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The second stage occurred in the early post-patent phase
between the 3rd end 8th weeks of infection. Blood loss was at a
maximum as indicated by ty and E?1Cr faecal clearances, though no
further drop in PCV was observed. They concluded that the haemopoietie
system of the host was producing red cells at rates equal to their
destruction (hyperactivity). This conclusion was confirmed by the
finding of increased iron turnover rate, percentage red cell iron
utilisation and elevated serum iron levels from ferrokinetic data.
This pha.se is tl e chronic haemonchosis well recognised In field outbreaks
of the disease (Allonby, 1973; Schillhom van Veen, 1978; Ogunsusi and
Eysker, 1979)* Since the capacity of sheep infected with haemonchosis
to reabsorb iron lost into the gut is severely limited (Dargie and
Allonby, 1975)> the body iron reserves become progressively depleted
leading to the third stage of the anaemia which is characterised by a
low serum iron and a further fall in PCV. The failure of erythropoiesis
was due to a combined effect of iron deficiency and continuous loss of
protein into the abomasum. When a challenge infection was superimposed
during this terminal phase, a partial self-cure occurred but the renewed
haemorrhage and the already existing fall in PCV and low serum iron
completely overwhelmed the host synthetic machinery and death supervened.
Various factors are known to influence the course and severity of the
anaemia of H. contortus infections. Resistance to the disease was
shown to be genetically determined, being related to such factors as the
breed and haemoglobin type of the host. Jilek and Bradley (1969),
Radhakrishnan ejt al (1972) showed that Florida Native ewes were more
resistant than imported Rambouillet types and Altaif and Dargie (1976,
1978a, b) demonstrated similar advantages in Scottish Blackface sheep
over Finn Dorsets. Sheep of haemoglobin type A were also shown to
possess a higher resistance and to suffer a less severe anaemia than

Hb-B/
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Hb-B types (Evans eb al, 1963; Jilek and Bradley, 1969; Altaif arid
Dargie, 1978aj Db). Altaif and Dargie (1976, 1978a, b) used abomasal
losses of 51Cr labelled cells as an index of worm activity to show that
the differences in the severity of the anaemia observed in sheep of
different breeds and lib-types was due to an innate ability to resist
the establishment of infection and not because of any physiological
advantages which alleviated haemorrhagic stress,as previously suggested
by Blunt and Evans (1.965), Dav/son and Evans (1962), Gabuzda et al (1968).
Such abomasal losses of 51Cr were also used to investigate the
phenomenon of 'self-curel by the same workers. Classical 'self-cure'
was observed when a challenge infection was superimposed on an already
existing infection, which led them to support the theory that self-cure
under experimental conditions was mediated by an immediate type hyper-
sensitive reaction in the abomasal mucosa, triggered off by antigenic
materials released during the third ecolysis of the larvae, as previously
suggested by Stewart (1953) and Soulsby and Stewart (i960). Self-cure
under natural field conditions can be apparently non-immunogenic
(Allonby and Urquhart, 1973)%*

The anaemia of haemonchosis is predominantly haemorrhagic due
to the blood sucking activities of the immature and adult parasites
but complicated by failure of erythropoiesis in terminal stages as a
result of frank iron and globin deficiency.
The Anaemia of Trypanosomiasis:

The problem posed by both human and animal trypanosomiasis
in tropical Africa are enormous and well documented (Lumsden, 1968).
Bovine trypanosomiasis is caused by the three pathogenic African
trypanosomes T. congolense, T. vivax and T. brucei, and the principal
clinopathological feature of the disease is anaemia (Hornby, 1952;
Fiennes, 1954; Edwards, Judd and Squire, 1956a,b; Losos and Ikede,

1972, Murray, 1974; Isoun, 1975; Saror, 1979).. The anaemia is

usually/



usually normocytic and normochromic with a tendency towards

macrocytosis and normochromia (Naylor, 1971b; Losos et al, 1973;

Saror, 1979; Valli and Mills, 1980). Various mechanisms have been
advanced in the pathogenesis of the anaemia. Haemolysis was suggested
based on the observed increase in red cell destruction and manifested

by (a) increased plasma bilirubin (Hudson, 1944; Fiennes, 1954> 1970;
Jenkins et al, 1974)> (b) erythrophagocytosis (Boycott and Price-Jones,
1913; Naylor, 1871l1a,b; Sadun at al, 1973; Mackenzie and Cruickshank,
1773; Murray et al, 1974; Jenkins et al, 197At 1980), (c) haemosidcrin
d«.pos ts in tissues (.Boycott and Price-Jones, 1913; Fiennes, 2954;
Naylor, 177la, Murray et al, 1974)» (d) decreased red cell survival
(Woodruff ejt al. 1973; Jennings et al, 1974; Jenkins et jfL, 1974* 1980)
and (e) bone marrow erythroid hyperplasia (Sadun et al, 1973; Jenkins
et al, 1974» 1980). Haemodilution was also implicated by Fiennes (1954)
Clarkson (1968) and Naylor (L9/lc) and dyshaemopoiesis by Fiennes (1954%
1970) and Naylor (1971c).

The application of radioisotopic tracer techniques to the study
of red cell kinetics and iron metabolism in parasitised animals has
provided further insight into the mechanism of the anaemia. Using
51Cr labelled cells it was found that, following infection with T.
congolense or T. brucei in cattle, there was a massive loss of red
cells from the circulation which was responsible for the anaemia. The
half-life of the labelled cells was considerably shortened, the urinary
excretion of such cells greatly accelerated without any significant
faecal clearance of the cells (Mamo and Holmes, 1975; Holmes, 1976;
Holmes and Jennings, 1976; Preston and Wellde, 1976; Dargie et al,
1979a,b) . They concluded that the anaemia resulted from intravascular
breakdown of red blood cells by erythrophagocytosis in the reticuloend-

othelial/
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oihelial system, especially in the spleen, as previously suggested
in T. brucei infected mice by Murray jet al (1975) e« Tsotop.ic dilution
studies using 59Fe showed that haemodilution played a significant role
in the anaemia especially during the early stages (Mamo and Holmes,
1975; Holmes, 1976). Dargie et al (1979a) could find no evidence
of haemodilution using and "'“Cr in T. congolense infected cattle
and attributed this to the difference in technique from those of the
earlier workers. Studies with radioiron revealed a rapid disappearance
of label from the plasma, a fast PITR retention of 59Fe in the body and
a four ibid increase in erythropoietic index in infected animals
(Holmes and Memo, 1975; Dargie et al, 1979 jb) suggesting that
dyshaemopoiesis was of no significance in trypanosome anaemia. Dargie
et al (1979a) observed that red cell synthesis was less than expected
from the degree of the anaemia and concluded that there was a defective
iron reutilieation from degraded cells possibly due to reticuloendothelial
blockage. They also shov.red that the superior resistance of the N'dama
over the Zebu was due to their ability to control parasitaemia,and hence
blood loss,and not to an innate ability to mount a more efficient
erythropoietic response (Dargie et al, 1979%,b). Valli and Mills (1989)
used radioisotopic criteria to show that neonatal calves suffered a
milder haemolytic anaemia than those 6 months old. There was an
inconclusive evidence of a mild and transient erythroid depression.
Otherwise the anaemia was hyperproliferative in both age groups.

Trypanosome anaemia can be attributed to the combined effects of
haemodilution and intravascular haemolysis. Haemorrhage and dyshaemo-

poiesis did not feature from radioisotopic studies.
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THE APPLICATION OF-RADIOISOTOPES TO THE STUDY OF
PARASITIC HYPOPDOIEIHAEKIAS.

ITTJIOLUCTIQIT.

Most parasitic infections are characterised by changes in the
plasma protein coup- si.ti.on nd distribution of the hosts, which usually take
the form of depression in tlbuinin and elevation in one or more of the
globulins (Urquhart and Armour, 1973)* Gastrointestinal loss of proteins
as a cause of hypoproteinaemia was demonstrated in certain diseases of man by
Citrin et al (1957) and later confirmed by Schwartz and Jamum (1962),
Jeffries and 3leisinger (1962). These diseases were referred to as
protein-losing-gastroenteropathies and their discovery was facilitated by
the introduction of radioisotopes into clinical investigations. Employing
similar techniques in animals, certain parasitic infections have been shown

to be analogous to diseases of man where intestinal loss of proteins have

been demonstrated. Such losses have been observed in trichostrongylid
infections of cattle, swine, sheep (Cornelius at al, 1962; Mulligan et al,
1963; Nielsen, 1966; Dargie, 1973) ar>d in trematode infections of sheep

by Holmes, 1969; Holmes at al, 1968; Maclean at al, 1968; Dargie, Maclean
and Preston, 1973)> hence these diseases could be regarded as true protein
losing gastroenteropathies.

The plasma proteins are maintained in a state of dynamic
equilibrium between the intravascular and extravascular pools by continuous
synthesis and catabolism. A change in concentration may indicate altered
distribution or changes in the rates of synthesis and ca.tabolism.
Conventional analytical methods provide static parameters which are of
limited use. A proper understanding of how these changes are brought
about necessitates a study of protein metabolism involving the measurement
of pool sizes and turnover rates. Such measurements can only be carried
out by radioisotopic techniques.

METHODS/
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ICTHQDS OF lIIYZSTIGATI GIT.

lari,. itteiupls at 17?bell trg proteins for metabolic stud e.j
utilised and and though these isotopes were not denatured, they
were reutiUsed for new protein synthesis after catabolism (Margen and
Tarver, 1956). Moreover, Holmes (1969) pointed out that the technique
was time-consuming and the yield of labelled proteins poor.

Labelling of proteins, especially albumin and immunoglobulins,
in vitro with the isotopes of iodine ( y I and i I) was shown to be a
valuable to > iH the study of protein metabolism b, Sterling (1951)3j
McFarlgne (1956, 1958) and Holmes (1969). These workers observed that
the labelled albumin behaved metabolically like the animals' own unlabelled
proteins, remaining firmly bound under physiological conditions until the
albumin was degraded whereupon the label was not reutilized for new protein
synthesis but excreted largely in the urine if the thyroid had been blocked
by the administration of excess ordinary iodine. Commerically obtained
immunoglobulin is usually impure hence the different 1YG subclasses are
usually separated by anion exchange chromatography prior to labelling to
achieve metabolic homogeneity (Nielsen and Nansen, 1968). This is not
usually a problem with albumin.

In the study of parasitic hypoproteinaemias the iodine mono-
chloride method of McFarlqgne (1958) is commonly used to label proteins
in vitro with radioiodine. The protein in slightly alkaline medium
was treated with iodine monochloride to v:hich the radiocactive iodine had
been added as carrier-free iodide. The chemistry of the radioiodination
involved the substitution of iodine for hydrogen in the tyrosine grouips
of albumin, the buffer aiding the conversion of iodine monochloride to
hypoiodite which appeared necessary for the substitution to occur.
Precautionary measures aimed at preventing denaturation wgre outlined
by Freeman (1967). Firstly, over iodination occurred frequently, hence

the/
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the specific activity of the labelled protein was reduced by the
addition of carrier protein. Denaturation was also shown to be a
function of time (Nielsen and Nansen, I960), hence the protein should
be used immediately after labelling. Finally, the activity was
ensured to be bound to the protein being iodinated. The labelled
protein was finally dialysed for 48 hours at °j°C. against two

changes of large volumes of physiological saline and centrifuged before
injection.

A measured volume of the labelled proteins was Injected
intravenously into .infected and control animals, iieparinized blood
samples were taken 5-16 minutes after injection and further samples
taken at suitably spaced out intervals over the next two weeks. Serum
protein estimations were carried out on blood samples obtained prior
to the injections and during the study. The total daily outputs of
urine and faeces were measured and radioactivity determinations made on
suitable samples of plasma, urine, faeces and standards prepared from
the injected albumin suspension. The data was analysed and the following
indices calculated:-

(a) The plasma volume (Vp). Plasma volumes were estimated by the
dilution principle from the radioactivity of the first plasma sample
taken after injection using the formula

/ -\ _ Total injected radioactivity
' ™ Radioactivity/ml. of 5 or 10 min. sample

For comparison, the volumes were either expressed as absolute values or
on a body weight basis.

(b) Intravascular pool of albumin (C3). This was obtained by
multiplying the plasma volume by the plasma albumin concentration

determined by chemical analysis or electrophoresis.

(o)/
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(c) Total body albumin (TA). This was calculated by either employing

the'equ il ,brium timel method desc-r.lbed b, Campbell et al (1956) or the
extrapolation method of Sterling (1.951)* The plasma radioactivity
dj.Scippeaictnoe curve has an initial rapid decline attributed to
distribution throughout the total body pool, followed by a more gradual
exponential fall due to catabolism. Making the assumption that no
further redistribution occurred during the ’linear’ phase, Sterling (1951)
proposed that the intercept 0 obtained by extrapolating the exponential
part of the curve to the ordinate indicated the fraction of the total
amount of albumin that would have been present in the plasma at zero

time if the label had equilibrated instantaneously with all the albumin

compartments. Hence: -
TA (gm/kg) = *

Two assumptions are inherent in this calculation, i.e. that protein
synthesis and catabolism occurred both extravasoularly and .intravascularly
and that no significant redistribution of labelled proteins occurred after
the initial equilibration hence all body compartments have equal specific
activities. Anderson (1964) pointed out that catabolism was largely
intravascular, hence after the preliminary distribution period, the
specific activity of the plasma will alv/ays be lower than that in the
extravascular compartments, resulting in a net transfer of protein of
higher specific activity from the extravascular pools back into the plasma.
This net transfer decreases the slope of the plasma activity curve making
very low and, as suggested by Mathews (1966), the values obtained for
total protein and extravascular protein tended to be slightly overestimated.
The equilibrium-time method of Campbell et al (1956) depended on the daily
excreted activity in the faeces and urine. The extravascular activity was
obtained as the difference between the cumulative activity excreted in the
urine and faeces (Q*) and the plasma activity (Q*). At equilibrium time,

the/
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the extravascular activity was maximal hence the ratio between the
extravascular and intravascular activities was assumed equal to the
ratio of their pool masses, i.e.

(0) EA
P ~ 6
and since TA = CA + EA

TA (gn/kg) = CA (gm/kg) (pH Qp)
QP

This method also assumed intravascular catabolism of protein and rapid
excretion of degradation products. However iodine .is primarily
distributed in the iodine pool of the body before ultimate excretion
(Nielsen and Nansen, 1968) and in situations of increased protein,
breakdown a.s in most parasitic infections, the significant retention

of iodine will occur leading to overestimation of QE and of TA.

(d) The extravascular pool of albumin (EA) was obtained as the difference
between TA and CA.

(e) Catabolic rate. This was indirectly estimated by analysis of

the plasma activity curve using the methods of Mathews (1957) or
Nosslin (1966) or directly from measurements of excreted radioactivity
as described by Campbell et al (1956) or Pearson et al (1958)* In th®
Mathews' method where protein degradation was assumed as occurring
intravascularly, the apparent half-life (tj) was calculated from the

linear part of the curve as the time taken for the radioactivity to fall

by 50%. The slope constant of the curve was calculated by the equation: -
v 0-695
1 t2-(days)

The extrapolated portion of the curve was subtracted from the original
curve to yield a new curve with slope constant b0 and intercept with the
ordinate Cr,. This technique was continued until subtraction resulted
in one single, 1linear curve. The exponential part of each 'curve was

characterised by a slope constant (b*, b,, etc.) and an intercept

(C1/



CL, C? etc.)* It was shown mathematically that the catabolic rate (K)
as a fraction of the intjwasoulal cool broken iown per day oar be

calculated from the equation:-

n
b. + b b
1 g n
The slope b. and intercept of the final exponential was usually
accurately determined while and C,, were more subject to errors since
they were difference measurements. The absolute amounts of albumin

degraded pec day was obtained by multiplying K by the intr v scular pool

of albumin. In the Campbell et al (1956) method the excreted isotope in
urine and faeces was assumed proportional to the amount of labelled albumin
in the intravascular pool where degradation occurred. The fraction of the
plasma pool broken down each day was then determined from the daily excreted
activity and the average activity present in plasma within the same time:

Total excreted activity
Mean plasma activity

K
(f) Faecal clearance of plasma. This was obtained by dividing the
total radioactivity in each daily faecal collection by the activity per
ml. of plasma, taken at the beginning of the collection period. The
figure represents the amount of plasma which would have to appear in the
gut to account for the faecal radioactivity.

The fractional catabolic rate or turnover rate determined by either
methods described above serve as indices of metabolism and not as absolute
values as computation of absolute values require ’'steady-state’ conditions
(synthesis = breakdown) which rarely holds true in parasitized animals
(Mulligan, 1975; Targie, 1975)* Moreover, the discrepancy between the
observed and true catabolic rates was greatest when K was calculated from
excreted activity in faeces and urine (Campbell’s method). In subjects

where/
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where quantitative collection of urine and feaces is difficult, turnover

data are best calculated from the plasma radioactivity curve using the
methods of 1l-lathews (1957) or Nosslin (1966)* A high turnover rate
occurring concomittantly with normal or increased intravascular albumin
pools indicate greatly Accelerated synthesis. If the hyperoatabolism
exceeds the animal's capacity to manufacture albumin, the result is a
hyper catabolic hypoalbuminaemia.

Loss of protein into the gastrointestinal tract may be the most
important factor responsible for reduced t| and increased catabolic rates.
Such losses cannot be quantitaied with .iodine labelled plasma proteins
due to the substantial breakdown and reabsorption of the label from the
gut. A synthetic macromolecule which was not subjected to enzyme

breakdown, e.g. ~ "1 or ~*I-labelled polyvinylpyrollidone (PVP) or a
51

plasma protein label which was not reabsorbed, e.g. Cr labelled albumin
was used for this purpose. Gordon (1979) first demonstrated the use of
151

I PVP for the measurement of protein loss from the plasma into the gut.
The label was neither degraded nor absorbed. Later works by Jamum
(1961, 1963) demonstrated significant renal excretion of the label which
affected protein leak estimates. Irrespective of this, a good correlation
was found between faecal excretion of PVP and gastrointestinal 1loss by
Holmes (1969) and Mulligan et al (1973) and the main objection to its use
appeared to be its dissimilarity as a molecule to plasma proteins
(Mulligan 1973) A“Chromic Chloride was used to label albumin by Gray
and Sterling (1950) but it was Waldman(1961l) who introduced the isotope
as a quantitative tool for diagnosing intestinal protein loss. The 1label
was unreliable in albumin turnover studies as it was observed to label
the immunoglobulins after degradation of the albumin (Van Tongeron and
Majoor, 1966) and also led to denaturation of the protein molecules thus-
giving a very short plasma tj (Hofer, Sc-hatz and Thumb, 1968). It

remained/
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remained valuable for detecting enteric protein leak. Van Tongeron and
M. joor (1°6f) fund that the rale cC lluappea csiice of JVr from thf
Piasma was the name whether the isotope was administered as 61Chromic

. 51 . 51 . .
Chloride, Cr-albumin or Cr Serum. For convenience carrier-free
51 . .. . . . .

Cr Chloride was injected _in vivo and labelling of proteins allowed, to
occur. This method was adopted for subsequent studies. Following
injections of either *“I-labelled PVP or '“Cr intravenously, complete
24 hour collections of faeces were made and plasma samples also collected
daily. Serum albumin concentration was determined Jrc-m a bio d sample
collected prior to the injection. Faecal clearances were calculated as
previously described and the quantity of albumin lost .into the gut
obtained by multiplying the serum albumin concentration by the plasma
clearance. Other isotopes used for quantifying enteric plasma leak
. 95 . .. . . 67
include Niobium-labelled albumin by Jeejeebhoy et al (1964)» Copper

59
labelled ceruloplasmin by Waldman and Woclmer (1965) and ~ Fe-labelled
Cr

iron dextran (Jamum et al, 1968). The y Nb-labelled albumin was
unsuitable for turnover studies while the high cost and short half-life

67 . . . 59 .
of Cu-ceruloplasmin has precluded its routine use. The Fe-iron
dextran was shown to be the most promising as there was no observed
urinary excretion and also gave a better correlation between faecal
excretion and turnover rate.

In studies of protein metabolism in parasitic hypoproteinaemias,

I or I is routinely employed for turnover studies while ~*I-PVP
or 51CrClA is used for quantifying protein losses into the gut from the
plasma. The results of such studies have helped in elucidating the mechanism
of hypoproteinaemia in some parasitic diseases which are reviewed

forthwith,

HYPOPROTEHTAEMIA/



HYPQPRQTEINALTI1A OF FASCIOLIASIS.

Chronic fascioliasis is associated with marked changes in the
plasma protein profile, tJie total pcote In levels usually rem ining
within normal range while albumin levels are depressed and the globulins
elevated (Secretan and Biokel, 1I960; Sinclair, 1962; Thorpe, 1969;
Ross, Todd and Dew, 1966; Simensen et al, 1968). The aetiology
of the hypoalbuminaemia remained controversial for a long time. Thus
Thorpe (1965) suggested liver damage as the primary factor interfering
with albumin synthesis, while Sinclair (3962) concluded that losses of
albumin occurred in the inflammatory exudates in the liver.

Studies of experimental fa.scioliasis involving 13]f—albumin,

12} pvp or 91CrCl , in rabbits, sheep and cattle with patent F. hepatica
infections have revealed the following features (Dargie et al, 1967» 1968,
1970; Holmes at al, 1968; Holmes, 1969; Maclean at al, 1968;

Nansen et al, 1968; Nansen, 1971; Dargie and Mulligan, 1971; Dargie,
1975; Holmes et al, 1971).

(a) The mild hypoproteinaemia which occurred during the migratory phase
of the flukes (3-6 weeks post infection) was attributed to liver damage
which caused a decreased synthesis and increased degradation of albumin;
(b) Though infected animals were all hypoalbuminaemic, the reductions

in the intravascular pool of albumin were lower than the extravascular
pool reductions. Since a continuous exchange occurs between these two
comportments, a net transfer of albumin from extravascular sites such as
muscle and skin back into the plasma must have been taking place in order
to keep the plasma albumin concentration within normal limits;

(c) The fractional catabolic rate (k) was markedly increased. In sheep
with patent infections in the bile ducts (12 14 weeks old infection) k
was 0.140 and only 0.054 in controls (Holmes, 1969), while in rabbits

the equivalent figures were 0.433 and 0.191 respectively (Dargie et al,
1968) . That the hypercatabolism did not give rise to a severe

hypoalbuminaemia/
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hypoalbuminaemia, was explained by the fact that synthesis must have

been almost keeping pace with catabolism, the rate being faster in
infected than in control animals. An insignificant difference in
catabolic rate between infected and c ntrol cattle was observed in

F. gigantica infections by Bitakaramire (1970)- This was attributed

to the low fluke burdens in the infected calves which failed to cause
enough plasma loss to increase the albumin catabolism. A two-three

fold increase in immunoglobulin (especially IgG-) turnover rate was
demonstrated in sheep and cattle using ~JcIgG” by Holmes (3969);

Holmes _et ad, 1968; Nansen et al, 1968; Nansen and Nielsen, 1968).

The hypercatabolism was attributed to increased biliary loss. Thus

a loss of both albumin and immun globulins was occurring into the gut

of parasitized animals. Electrophoresis revealed a hyperimmunoglobulin-
aemia and hypoalbuminaemia. This implied that IgG synthesis must have
been proceeding at such an increased rate that normal or even elevated
serum levels were obtained. A direct correlation was found between the
plasma concentrations of albumin and immunoglobulin G and their catabolic
rates in mice and sheep (Gordon jrt al, 1959; Montgomery et al, 1962;
Fahey and Robinson, 1965; Nielsen, 1966, 1970). Eence the high
catabolic rate of IgG could have been caused by a combined effect of
high serum level of IgG per se and the biliary loss. The capacity of
fluke infected animals to synthesize plasma proteins appears variable
with IgG synthesis taking precedence over albumin synthesis. This was
confirmed byrNansen (1971) who showed that the synthesis rate of albumin
was normal or slightly?7decreased while IgG* synthesis was greatly
accelerated in cattle. The reduced synthesis .of albumin probably resulted
from liver damage since the liver is the only site for albumin production,
(d) The faecal excretion of # I-PVP or J CrCl” was greater in infected

animals showing that there was a loss of protein through the bile ducts
into the gut. This was attributed to the haematophagic activities of the

parasites/
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parasites. Using simultaneous labelling of red cel]s with 51Cr and
plasm; pr t*tins with 05lb, Ttavg e e 1 (1968, 19/0); Maclean et &l
(1978) and Holmes (1969) presented evidence that the macromolecule
Leakage was greater titan can be aocoounted for entirely by blood loss.
Histology of the bile ducts of fluke infected animals revealed
enlargement of the surface area due to epithelial hyperplasia and such
lesions were thought to contribute to the additional plasma leakage
(Murray, 19/4; Nansen, 1978). Such leakages are probably secondary

to the direct loss caused by flakes (Dargie., 1975)%*

(e) A marked rise in serum albumin levels and a fall in catabolic rate
v/as observed following anthelmintic removal of the fulk.es (Maclean et al,
1968; Holmes, 1969). The drop in catabolism was attributed primarily
to the removal of the flukes which led to a cessation of whole blood
loss, and secondarily to a reduced synthesis of albumin which was possibly
mediated by a regulatory mechanism preventing serum albumin concentration
from rising above the normal level. Furthermore, the liver damage might
have been worsened by the fasciolicide thereby causing an impairment of

function.

HYPOPROTEINAEMIA OF SCHISTOSOMIASIS.

Marked serum protein changes characterised by a fall in albumin
concentration and an elevation of total protein and gammaglobulin
concentrations have been reported in various laboratory animals, sheep,
cattle and man infected with either Schistosoma- .japonicum, S. mattheei,
S. mansoni or S. bovis (Evans and Stirewa.lt, 1957; Sadun and Walton,
1958; Ramirez et al, 1961; Smithers and Walker, 1961; Sadun and
Williams, 1966; Von Lichtenberg et al, 1971; Malherbe, 1970; Preston,
Dargie& Maclean, 1973a; Saad et al, 1980). Various reasons have been
advanced for these observed changes. Fayez and Aziz (1963) attributed
the reduced albumin synthesis to liver dysfunction while Smithers and

Walker/
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Walker (1961) concluded that Increased catabolism of albumin in monkeys
resulted .fram losses of plasma into the gut. Furthermore, as 5. munsoni
.infections of man led to portal hypertension with a consequent ascites
and fluid retention, Fiorillo at ad (1954) were of the opinion that the
hypoalbuminaemia merely reflected a pooling of albumin in the extravascular
tissue spaces.
More insight into the pathophysiological processes responsible

for tiie.se changes came from the radioisotopic turnover studies with
Ipc

l1-labelled albumin b r Dargie, Maclean and Preston (1972, 1973) in
S. mattheoi infected sheep and by S.cithers and Walker (1961) working with
S. mansoni infected monkeys. No significant alterations in protein
metabolism occurred during the first four weeks of infection indicating
that immature flukes have little or no effect on the protein status of
the hosts. V/ith the onset of oviposition (from the 4th week
hypoalbuminaemia and hypergammaglobulinaemia became a feature of
infection. Despite the hypoalbuminaemia, the intravascular mass of
albumin remained virtually unchanged which was taken as evidence that
the pronounced plasma volume expansion observed during the same period
(6th to 12th week) was responsible for the hypoalbuminaemia. The fall
in extravascular-intravascular ratio was attributed to a net transfer of
protein from extravascular sites into the plasma as part of the,normal
homeostatic response for the maintenance of constant plasma protein
concentrations. The catabolic rate in infected sheep was markedly
increased being 0.113 as compared to 0.075 in the controls. A close
correlation was observed between the fractional catabolic rate, the
severity of the hypoalbuminaemia and the fall in total exchangeable

albumin. From faecal clearance figures, the cause of the hypercatabolism

was/
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was attributed to loss of plasma into the gut. Clearance figures
lining 1-1':5'1—!abelI'd albumin w tb t. it.'.ed nt unreliability due
to breakdown and reabsorption of the albumin in the gut, still
showed a value of 57. ml. for the* infected sheep and only 9.1 ml./day
for the controls (Dargie, Maclean and Preston, 1973)- Studies with
51Cr—labelled red cells in schistosome infected sheep by Preston and
Dargie (197 3) when compared transtedially with the 1%1I—labelled albumin
studies by the same workers revealed that high catabolic rates were stiill
being observed at a time when faecal clearance of red cells had returned
to values found in control animals. An additional loss of plasma over
and above that lost by haemorrhage thus occurred which was linked
with either increased vascular, permeability or leakage of lymph through
the obstructed, dilated or eroded lymphatics. Since the hypoalbuminaemia
was not so severe despite the high catabolic rate, they concluded that
synthesis must have been proceeding at a faster rate in the infected
animals. An estimate of synthesis can be obtained by multiplying k by
the total body pool of albumin and this was found to be 22% greater in
infected relative to control animals from the 4th week onwards. Infected
animals were also anorexic at about this period and this was thought to
cause an impairment of protein synthesis due to reduced dietary intake.
Thus the catabolic rate and synthesis rate observed in later stages of the
disease between the 8th and 12th weeks were reduced compared with the
preceding four week period. They concluded that infected animals
compensated for the reduced protein intake by a reduction in protein
synthesis and catabolism as was observed in malnourished children (Cohen
and Hensen, 1962) and rabbits (Hoffenberg, Black and Brock, 1966).

The hypoproteinaemia of schistosomiasis,at least in sheep, resulted
from a combination of haemodilution, redistribution, hypercatabolism due
to enteric loss and possibly reduced synthesis due to terminal inappetence.

Haemonchosis/



122.
KAEMQKCHQSTIS:

There appears to be general agreement that the three major
clinical features of liaemonchosis, i.e. anaemia, hypoproteinaemia and
weight loss, result directly from the blood sucking activities of both
the larval and adult stages of the parasite.

Investigations into the hypoproteinaemia have been limited
131

to a study of the hypoalbuminaemia. Iodine-labelled albumin and

131I—labelled FVP were used in measurements of albumin turnover and enteric
leak respectively in Merino sheep by bargie (1973)%* Hypoalbumin emia was
confirmed in infected animals but the drain on extravascular protein was
greater than the intravascular pool which led to a lowered ratio of
extravascular to intravascular protein. A net transfer of album.in into

the plasma thus occurred. A high rate of albumin degradation expressed

by a Sfoortexdtg- and high fractional catabolic rate was a feature of the
disease from the 1lst to 3rd weeks of infection. These values were 245 hrs
and 0.I36 in parasitized animals compared with 502 hrs and 0.069 respectively
in the controls. The total body pool of albumin and serum protein
concentration was not so seriously lowered in the infected animals compared
with the controls indicating that synthesis was also going on at a faster
rate. Faecal clearance figures using 1311 or 131I—PVP revealed a substantial
leakage of plasma macromolecules into the gat, which correlated well with

the worm burden. The hypercatabolic hypoalbuminaemia was attributed to the
blood sucking activities of the parasites and eventual passage of the
constituents into the gut. Dargie (1975) also suggested that amounts of
plasma in excess of those expected from losses due to haemorrhage probably
passed into the gut as was observed in fascioliasis by Dargie eb al (1968).
The hypercatabolic hypoalbuminaemia eventually led to diversion of amino-acids
from low priority sites such as muscle to vital organs. This diversion
coupled with the failure of infected sheep to reabsorb substantial amounts

of the nitrogen lost into the gut was thought to cause the pronounced fall

of body weight.
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Albumin turnover studies were also carried out in Merino
sheep re ini' Ctea i;iih 3 J, 0.) larvae c1 H. contortus in order to induce
and hence examine the phenomenon of self-cure (Dargie, 1973)ec When
self- cure occurred, the rate of albumin breakdown and faecal clearance
of plasma progressively declined to control values while serum albumin
concentration increased progressively. Those animals which failed to
self-cure, i.e. those overwhelmed by the challenge infection, exhibited
a marked increase in albumin breakdown and enteric plasma leak which was
progressive to death. Still others were able to maintain a relatively
close to normal serum albumin concentration in the face of the continued
hypereatabolism and enteric plasma leakage. He concluded that self-cure
was apparently immunogenic and that the pathogenicity of the disease v/as
related to the immune status of the host. Altaif and Dargie (1976, 1978)
later used observations from albumin turnover studies to show that genetic
resistance to haemonchosis was influenced by the breed and haemoglobin
type of the hosts. Thus Finn Dorset sheep had higher fractional catabolic
rates, more severe hypoalbuminaemia and higher faecal plasma clearances
than Scottish Blackface sheep. Similar disadvantages were displayed by
sheep of HbB compared to HbA within each breed of animal. The severity
of the albumin depletion v/as found to be directly related to the severity
of the catabolic stress.

The hypoproteinaemia of haemonchosis is of the hypercatabolic
type and appears to result directly from the feeding activities of the
parasites and eventual passage of the constituents into the gut.
HYPOPROTEINAEMIA OF OSTERTAGIASIS ADD OTHER TRICHOSTRONGYIS3.

Hypoproteinaemia, especially hypoalbuminaemia, has been

reported in Type II or chronic ostertagiasis of cattle (Anderson et al,

1965;/
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1965; Martin et al, 1957; Nielsen and Aalund, 1961; Mulligan, Dalton

a:' Anderson, H. '.93." 1 1 &ieep sufferi ig frc n acute @, ciicumcincta
.infections (Horak and Clark, 1964; Holmes and Maclean, 1971). Following
the discovery of the's;/ndr me if protein losing gustroentferopathyl in man

by Cjtrln et al (1957,) in which radioisotopic tracer techniques were used to
demonstrate gastric leakage of plasma proteins in some gastrointestinal
disorders of man, attempts were made to examine if similar pathophysiological
abnormality also occurred in animals suffering ircm gastrointestinal
diseases. Ostertagiasis was the first disease entity to be studied and

the first reports of such studies came from the works of Mulligan et al (1963)
Using 131I—labelled albumin these workers showed conclusively that heifers
with ostertagiasis had a marked hypercatabolic hypoalbuminaemia. This was
confirmed in subsequent studies in cattle by Nielsen (1966a), Halliday

et al (1968), Nielsen (I96S), and in sheep by Holmes and Maclean (1971).
These authors showed that the hypoalbuminaemia was due to an intestinal

loss of albumin when they recorded higher faecal radioactivities in infected
animals relative to controls using either 131I—albumin or 51CrCl,5. In
sheep, Holmes and Maclean (1971) showed that the high fractional catabolic
rate and increased faecal radioactivity was limited to the acute stages

of the disease, i.e. between the 1lst and 3rd weeks of infection. The

route of this excessive leakage was thought to be through the junctional
complexes of the hyperplastic abomasal mucosa which were observed to open

up in the parasitized abomasa thereby permitting macromolecules to pass
through (Nielsen, 1968; Murray, 1969; Murray et al, 1970). However,
Nielsen (1966a) was of the opinion that the functional state of the
gastrointestinal tract might be more important in the pathogenesis of the

protein leakage when he recorded high fractional catabolic rates and

high/



high faecal excretion of 1§lI only during the diarrhoeic phases of the
diseas:- in cattle. These values were normal in quiescent infected
animals. Furthermore, no significant changes were observed in albumin
turnover and faecal excretion of rad ocactivity in two sows infected with
Hyo strongvi'us r .0 idus which failed to scour even though the abomasa! mucosa
was hyperplastic (Nielsen, 1966b). Studies in sheep by Holmes and Maclean
(1971) showed that albumin turnover values were higher in diarrhoeic than
non-diarrhoeic animals but faecal clearance values were similar and high
turnover and increased faecal radioactivity occurred in the absence of
diarrhoea. Perhaps some losses of plasma from increased endogenous
catabolism into perivascular spaces (not into the gut) occurred in the
severely affected animals as suggested by Holmes and Maclean (1971) or
diarrhoea per se was important in precipitating the protein leakage (Nielsen,
1966a) .

Hyostrangylus rubidus infection in pigs also causes an
abomasitis not unlike the lesions of 0. ostertagi in cattle. Studies
with ~CrCly *"~I-labelled albumin and I*"I-PVP by Dey-Hezra et al (1972),
Titchener jrt al (1974) confirmed a hypercatabolic hypoalbuminaemia with
greatly increased albumin turnover and faecal excretion rates. These
values were higher in diarrhoeic pigs. As mentioned earlier, Nielsen
(1966b) studied two cases with I-albumin and failed to find evidence
of hypercatabolism. This was attributed to the absence of scouring in
the pigs. Strongylus ransomi was also shown by Dey-Hezra et al (1972)
to cause a gastrointestinal loss of protein in pigs while Bremner (1969)
demonstrated similar losses in cattle infected with Oesophagostomum
radis.turn and plasma albumin turnover rate and loss into the intestine were
also shown to be markedly increased in guinea-pigs infected with

Trichostrongvlus/
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Trichostrongylus colubriformis by Symons, Jones and Steel (1974)
although hypoproteinaemia had been observed in Tri.chostroivyyTus sup.
inlections of ruminants as, early as 19.59 by .Andrews and later by
Horak, Clark and Gray (1968).

In conclusion, evidence from radioisotopic studies have
shown that the hypoproteinaemia associated with the parasitic infections
reviewed was hyperca/fcabolic in nature. This was based on the observed
apparent reductions in the plasma albumin coneentiations and in the size
of the intravascular pools of albumin and the very markfd increases in
albumin catabolic rate. As pointed out by Mulligan (1972) and Dargie
(1979), the distinction between absolute and fractional rates of catabolism
should be recognised in interpreting the results and, furthermore, a
rapid turnover of a smaller pool of albumin c.uld occur when animals are
severely hypoproteinaemic in which case the absolute amount of albumin
degraded per day may not be in excess of normal. The hypercatabolism was
subsequently shown to result from losses of plasma into the gut. In all
the diseases reviewed, the loss of plasma into the gut failed to give rise
to a severe hypoalbuminaemia, a finding which was interpreted as evidence
that synthesis was almost keeping pace with catabolism and also proceeding
at a faster rate in infected animals. The excessive loss of plasma into
the gut was suggested as the stimulus for the increased rate of protein
synthesis by Symons, Jones and Steel (1974)* This increased rate of
essential protein synthesis apparently occurred at the expense of other
productive processes such as muscle protein synthesis, an assertion borne
out by the finding of reduced synthesis and increased catabolism of
muscle protein in mice and guinea-pigs suffering from gastrointestinal
nematode infections (Symons and Steel, 1971, 1972). The effect was more
pronounced in anorexic animals and since most of the parasitic conditions
reviewed are characterised by anorexia, a marked rechannelling of amino

acids/
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a.cids away from productive processes into synthesis of essential proteins
necessary for survival is envisaged. The net effect .is an impairment

in productivity (Dargie, 197b)¥* Other implications of the macromolecular
leakage include a possible deleterious effect on nitrogen balance of the
hosts. Increased loss of nitrogen in the urine has been reported in most
of these diseases but significant reabsorption of the nitrogen also occurred,
except in cases where the lower gastrointestinal tract was affected. The
disturbance in nitrogen balance was thought to result from a failure of the
host to conserve the amino acids derived from excessive breakdown oi tissue
and blood proteins (Darg e, 1975)e Where the parasites cause damage to

the lower gastrointestinal tract where no significant reabsorption occurs

as in Qesophagostomum columb ianum infection of cattle (Bremner, 1969), the
adverse effect on nitrogen balance was attributed solely to impaired
absorption which could also be worsened by inappetence. Finally, in
situations where the macromolecular leakage embraced all the plasma proteins,
e.g. fascioliasis, the loss of immunoglobulins may affect the development

and course of immunity although this has not been proven conclusively.
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THE INFLUENCE OF 1TUTRITIOIT ®1 THE, PATHOGENESIS OF
PARASITIC INFECTIOUS
Nutrition in common with variables such as rate of
larval dose, the species of parasite, the immune status of the host
and the breed and age of the host exert a profound influence on the
pathogenic effect of parasites. Most studies on the influence of
nutrition on the relationships between parasites and their hosts in
damestic-, and laboratory animals have been carried out on gastrointestinal
and liver parasites. These parasites cause some derangement of function
which ultimately gives rise to metabolic disturbances and poor
productivity of the hosts. The impaired productivity is usually
manifested primarily by loss of appetite, impaired digestion or
malabsorption, curtailed deposition of certain minerals, abnormal losses
of endogenous metabolites into the gut and by reductions in liveweight
gains or actual weight losses. These changes are non-specific and are
influenced by the same variables irrespective of the aetiological agent
involved.
Though parasites affect the nutritional physiology of
their hosts, the plane of nutrition offered to the host also influences
the occurrence and severity of parasitisms. Gordon (1964) defined
two effects of nutrition on the pathogenesis of parasitic infections
(1) tiie indirect effect which finds expression through the amount and
nature of forage available or through the grazing habits of the animal
and invariably affects the epidemiology of the parasites by influencing
the availability of the free-living stages of the life cycle. Little
attention was focussed on this aspect though reports are in agreement
that the seasonal availability of the pasture and free-living stages
of the parasites are usually associated with increased occurrence of
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overt disease during favourable seasons (Drurie, 1962).

(2) The direct effect is associated with the ability of the; host

i resist infections. In this reg..r 1 hunter (19'3) pointed out

that diet per so had little or no effect on the parasites themselves.
Most studies attribute the effects of nutrition to alterations in

the resistance aol' the host to their parasites though only in a few
reports have individual dietary deficiencies been related to the
immunological competence of the hosts. Thus Jackson (1925) showed
that malnutrition caused atrophy of the thymus while Wells (1963)
demonstrated that low protein dlefcs depressed the cellular reactions
of rats infected with Nippostrongylus brasiliensis. These early
reports have lately been confirmed by Dineen and Adams (1971)

in Trichostrongylus colubriformis infections of the guinea-pig and
by Dobson and Bawden (1974) in Oesophagostomum columblanum infections
of sheep. Resistance to parasitic infections can either be directed
against establisliment of the infection or to the effects of an already
established infection. Though there are reports of resistance to the
establishment of an infection (Chandler, 1953; Geiman, 1958) most
reports are agreed that nutrition has no effect on the establishment
of infections but rather modifies the effects of an established
infection (Kates and Wilson, 1955; Gibson, 1983; Bawden, 1969).

The association between particular nutritional
deficiencies and increased susceptibility to parasitic infections was
first made by Ackert and Beach (1953) from their studies on Ascaridia
galli infections in chickens whereby a specific deficiency of dietary
protein was incriminated. Later works have shown that the vitamin A
content (Hunter, 1953)> the protein level and quantity of the diet
(Vegors at af, 1958) are the most important nutritional factors in
modifying reactions to parasitic infections.

In/



In this reviev/, the influence of nutrition on the
relationship between gastrointestinal and liver parasites and their
hosts is considered along two lines. Firstly, the impairment of
production due to disturbances of the nutritional physiology of the
hosts by parasites and secondly, how nutritional planes modify
these disturbances at the various, sites of parasitism.

A* Parasites and the Nutritional Physiology of their Hosts:

Most gastrointestinal and liver parasites are associated
with impairment of growth and/or loss of weight of their hosts. The
check in growth rate resulted in poor productivity though factors such
as the higher water content of infected animals (Berry and Dargie,

1978; Sykes and Coop, 1978) curtailed deposition of fat, protein,
calcium and phosphorous (Sykes and Coop, 1978, 1977) also lowered
productivity by affecting carcase quality. Production losses can also
be manifested by reductions in wool growth and up to 4-0% reductions have
been described in infected animals (Southcott, Heath and Langlands,

1967; Roseby, 1970; Barger, Southcott and Williams, 1973; Edwards

et al, 1978). Various reasons have been advanced in an attempt to
explain these effects

(1) Derangement of basic cellular functions arising out of pathological
lesions caused by the parasites. Such lesions range from destruction
of gastric glands during growth and emergence of the immature forms

from the gastric mucosa in Ostertagia. circumcincta and T. axei infections
(Armour, Jarrett and Jennings, 1986; Urquhart and Armour, 1973);
mutilation of the mucosa and haematophagic activities of Haemonchus
contortus (Fourie, 1931) to mucosal and villous atrophy or flattening
with sparse stunted microvilli in T. colubriformis infections;
ulceration and haemorrhage in 0. columbianum and Chabertia ovina
infections (Bawden, 1989; Herd, 1971; Barker, 1973); hepatic
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necrosis and haemorrhage during fluke migration with biliary erosion
when infections are patent in the bile ducts (Murray and Rushton, 1975)
and erosions and haemorrhage In S. mattheel infections (Preston,

Dargie and Maclean, 1973). These lesions, depending on their severity,
were postulated to make an animal disinclined to eat and consequently
affected body weight and growth changes.

(2) Reductions in Feed Intake - This is a common finding in parasitisms
and,when such reductions are lower than amounts consumed by the
uninfected counterpart, lead to serious impairment of wool
growth and bodyweight gains. Reductions in voluntary feed intake have
tended to be transient in infections produced by a single large dose

of infective larvae, e.g. in Ostertagiasis of sheep and calves (Jennings
et al, 1966; Holmes and Maclean, 1970 an8 in T. oolubrlfcrmis
infections of sheep (Steel, 1972; Roseby, 1973; Reveron et al, 1974).
Where experimental infections have been achieved by daily dosing with
less numbers of infective larvae to simulate the natural cases,
reductions in appetite have been consistent and persistent due possibly
to continual presence of immature stages in the gastrointestinal mucosa,
e.g. ostertagiasis (Coop, Sykes and Angus, 1978; Sykes and Coop, 1977)?
T. colubriformis infections (Coop, Sykes and Angas, 1976; Sykes ana
Coop, 1976). However, persistent reductions in appetite were reported
in F. hepatica infections irrespective of the method of dosing (Sinclair,
1975; Berry and Dargie, 1976; Sykes,Coop and Rushton, 1980) and in single
heavy infections of 0. columbianum (Gordon, 1958; Horak and Clark, 1966;
Dobson, 1967) and S. mattheei (Berry, Dargie and Preston, 1973). Only
in H. contortus (Dargie, 1973)? mixed populations of nematodes (Southcott
et al, 1967) and Cooperia spp. (Andrews, 1939; Andrews et al, 19447

Coop, Sykes and Angus (in press) were infections not characterised by
reductions in food intake.

Though/
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Though various reports are in agreement that the
reductions in food intake accounted for a significant proportion
of the weight differences between infected and ad libitum fed
controls, the aetiology of the reduced intake remains unresolved.
Among the reasons postulated are the- pathological lesions produced
by the parasites and the physical limitations on the capacity of the
gut to transport digesta (Grovum and Philips, 1978). Dargie (i960)
was of the opinion that, though the lesions could make an animal
disinclined to eat, the reduction in intake often fell progressively
as infection progressed, especially if the food was of poor quality,
implying that the persistent anorexia could not be attributed solely
to the lesions produced initially. He therefore concluded that the
clinical condition of the animal, as manifested by blood and serum
protein changes which fell progressively with increasing duration of
infection, were more important determinants of the reduced intake.
Parasites also lower the efficiency of feed conversion into growth
independent of the reduced food intake (Sykes and Coop, 1976, 1977)
though such effects are often overshadowed by the latter.
(3) Anaemia and plasma protein changes - Poor production has also
been blamed on the production of anaemia, hypoalbuminaemia and
hyperglobulinaemia by these parasites. Where information is
available, the application of conventional and radioisotopic techniques
have proved valuable in elucidating the mechanism'of the anaemia
and hypoproteinaemia. Thus in 0. circumcincta (Holmes and Maclen,
1971) , H. contortus (Dargie, 1973)» T. colubrifcrmis (Barker, 1973)»
0. radiatum (Bremner, 1969), C. ovina (Herd, 1971), P. hepatica (Berry
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and Dargie, 1978; Dargie and Berry, 1979) and S. mattheei (Dargie,
Maclean and Preston, 1973; Preston and Dargie, 1974) infections, the
anaemia and hypoaibuminaemia were associated with high fractional

rates of removal of red cells and albumin coincidental with the

observed weight loss or poor weight gains of the animals. In

addition, large volumes of blood and plasma were being lost into the
gastrointestinal tract and the site of loss was referrable to the
predilection site of the parasites except in fascioliasis where

the loss occurred via bile into the intestines. The endogenous loss

of albumins was also attended by increased synthesis in the liver

and,in the case of immunoglobulins, the hypercatabolism was accompanied
by an even more pronounced synthesis (Dargie, 1975)%* The increased
synthesis of essential proteins, coupled with the loss of proteins

into the gut, invariably produced reductions in weight or curtailed weight
gains. These effects occurred independently of reduced feed intake and
Dargie (1980) therefore concluded that the lowered production of
parasitised animals could be explained partly by reduced feed intake

and partly by their higher rates of blood protein turnovers.

(4) Mineral metabolism - Dowered productivity has been associated with
curtailed deposition of Ca, P, Mg, reductions in bone size and density

of bone matrix and its degree of mineralisation in 0. circumcincta

and T. colubriformis infections of sheep (Barger, 1973; Reveron ct al,
1974; Sykes, Coop and Angus, 1975, 1977; Sykes and Coop, 1976; 1977).
In T. colubriformis infections hypophosphataemia was a constant finding
while in 0. cirenineincta infections serum levels of Ca and P were normal.
In both infections the reductions in bone size and/or circulating P

could not be accounted for solely by reductions in food intake. Reduced
digestibilities of either both Ca and P (Sykes and Coop, 1976, 1977;
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Sykes, Coop and Angus, 1977) or of P alone (Reveron et al, 1974)

were reasons adduced for the bone abnormalities. These workers
concluded that in tridhostrongylosi# there was an induced Ca and P
deficiency while in ostertagiasis an Induced energy or protein
deficiency probably occurred. However, no attempts were made to

show that P digestibilities was reduced more than Ca nor to determine
the relative contributions of dietary and endogenous losses to the
faecal mineral losses. Moreover, energy and protein intake in infected
animals was act lally lowered by 2XP/. Because of these shortcomings
Dargie (198d) was of the opinion that the observed differences between
the two infections merely reflected differences in degree of infection.
The other parasites do not appear to affect mineral metabolism directly
though reductions in food intake per se could manifest in reductions

in skeletal size as was observed in fascioliasis by Sykes, Coop and
Rushton (1980).

(5) Alterations of gut and liver functions - Evidence incriminating
alterations in function of the sites of parasitism which could account
for poor productivity is equivocal.

On observing decreased flow rate of digesta from the rumen
relative to the other parts of the gut and the finding of increased
amounts of liquid and solid materials in the abomasum and small intestine
relative to the rumen in T. colubriformis infected sheep, Pioseby (1977)
concluded that the parasite altered gut motility and digesta flow.
However, there was no indication whether the sheep were diarrhoeic and
the volume and flow rates were obtained from different animals. Also
the flow-rate of particulate matter was not measured hence his conclusions
failed to gain universal agreement. Similarly Bawden (1970) who
observed decreased flow rate of digesta in non-diarrhoeic sheep infected
with 0. columbianum did not use pair-fed controls. Even where
conclusive evidence was obtained that parasites altered gut activity

based /



based on electrical activity of the gat wall ofsheep infected with
T. axei (Bueno et al, 1975)» such sheep were diarrhoeio. Diarrhoea .is
al let t aus eut o *even absent in most >f the par initin conditions
discussed and such alterations in git motility, if at all, can onlybe
loctlised in certain regions of the gut and notgeneralised. The
contribution of altered gut moti.Lity or digesta flow to lowered
productivity remains doubtful.

Impairment of hormones and digestive secretions has also
received some attention. In calves fitted with abomasal cannula
and infected w~ith 0. osbertagi, marked changes in abomasal secretions
such as elevated pH, Na concentration and viable bacteria coupled with
reductions in K, Cl and peptic activity were recorded. These defective
secretions were concluded to interfere with protein digestion possibly
through the presence in the duodenum of digesta with elevated pH
which could reduce the secretions of the pancreas and the intestine.
However, Ben-Ghedalia et al (1976) found that defective abomasal secretions
did not interfere with the handling of proteins by the gut as a whole
when large amounts of protein infused directly into the ileum were
completely digested and some of the N retained. Titchen and Anderson
(1977) with the aid of a cannula in the abomasum and another in a
separate fundic pouch compared secretions in the pouch and the
parasitized abomasum (0. c-ircumcincta) . There was a profound
hypergastrinaemia and a doubling of secretions despite marked reductions
in food intake. Earlier work by Walsh (1975) had shown that gastrin
increased water and electrolyte secretion by the liver, pancreas and
ileum and the hypergastrinaemia was therefore implicated in promoting
diarrhoea, dehydration and weight loss. Evidences from other studies
appear at variance with this conclusion. Cohen and Sadun (1976)
observed that Pentogastrin, a synthetic analogue of gastrin inhibited
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reticulo-ruminal and abdominal activity in sheep thus tending to
reduce digesta flow and counteracting any net movement of fluids.
Moreover, diarrhoea is not a regular feature ol abomasa! parasitism
even though gastrin levels are elevated and in oases where diarrhoea
features prominently, eg, in T. co.LubrIfarm's infections, elevated
gastrin levels liave not been reported (Urquhart and Armour, 1975)e
Impaired digestibility or absorption of certain nutrients
arising out of the pathological leasions caused by the parasites have
also been incriminated in poor productivity. Reductions in nitrogen
digestibility have been reported in sheep infected with 0. clrcumcjncta
(Horak and Clark, 1964; Holmes and Maclean, 1971; Parkins, Holmes and
Brenner, 1975; Sykes and Coop, 1977) and H. contortus (Dargie, 1980).
There are also reports of reductions in digestibility in T. colubriformis
infections (Franklin et al, 1946; Shumard et al, 1957; Barger, 1975)
but the majority of studies have shown neither protein nor energy
digestibilities to be affected (Andrews et al, 1944; Roseby, 1975;
Reveron et_al, 1974; Sykes and Coop, 1976). Reductions in N
digestibility have also been reported in 0. columbianum infected
sheep (Gordon, 1958; Horak and Clark, 1966; Dobson, 1967) and
0. radiatum infections in calves (Bremner, 1969). In F. hepatica
infections achieved by daily-dosing with 5-14 metacercariae for
98 days to simulate field conditions, no reductions in N and dry
matter digestibilities were noticed (Sykes, Coop, Rushton, 1980),
whereas in single large experimental infections of up to 5>000
metacercariae some workers observed reductions in digestibility
(Duwell et al, 1972; Canale et al, 1975; Dargie, Berry and Parkins,
1979) while others have failed to observe any reductions (Sinclar,
1975; Hawkins and Morris, 1978). Berry, Dargie and Preston (1975)
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also reported reductions in N and dry matter digestibility in sheep

infected with S. mattheei. Interpretation of these observations
are complicated by & L o 1la.tr. Where reductions in digeo tibi Lity
have been observed (H. contmdn, ; P. hopxtica; T. colibrifomi s;

0. radio turm), such reductions can be explained by the excessive gut
leakage of plasma. Moreover, where the loss was occurring near the
sites of digestion or absorption of nitrogenous materials, the extra

protein appear processed whereas in large intestinal parasitism where

no significant reabsorption occurs, the extra protein leak wmas being
lost wholly as protein in the faeces. For these reasons poor digestion
or malabsorption cannot be said to be operating. Even in ostertagiasis

where Sykes and Coop (1977) showed that the reductions in digestibility
could not initially be explained by gut leakage alone, the digestibility
coefficient subsequently returned to values explainable by the gut
leakage and Dargie (1980) was of the opinion that this phenomenon

could have been responsible in the first place. Also in schistosomiasis
the reductions in digestibility were complicated by the occurrence of
diarrhoea. It would thus appear as if parasites per se do not affect

N digestibilities and, even if they do, their contribution to lowered
productivity remains questionable.

(6) Disturbances of post-absorptive metabolism - Poor nitrogen
retention caused mainly by excessive urinary excretion has been
demonstrated in T. colubriformis, 0. circumcincta and S. mattheei
infections of sheep (Sykes and Coop, 1976, 1977; Parkins, Holmes and
Bremner, 1975; Berry, Dargie and Preston, 1975)* The increased
urinary losses of N was blamed on reduced digestibility of nutrients.
But as earlier shown such conclusions are questionable and at best

a lowered efficiency of utilisation of apparently digested N seems

to be more acceptable in explaining the urinary losses. Following

the finding of elevated levels of urea in the plasma of sheep infected

with T. colubriformis or 0. circumcincta relative to pair-fed controls

(Parkins/
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(Parkins ep al, 1973; Roseby and Leng, 1974), the excessive
urinary N loss wa3 concluded to result from urea metabolism.
However, the source of the urea remained controversial with xjossible
sources being from the gut leaked proteins or from catabolism of
muscle proteins. Various otheL* observations are in favour of the
latter. Thus, the studies of 14-C-L-leucine incorporation into
liver and muscle of guinea pigs and sheep infected with T. colubriformis
by Symons and Jones (1975, 1978) have revealed a reduction in muscle
protein synthesis, while liver protein synthesis showed an increase.
The increased liver synthesis was related to protein leakage in the gut
rather than to reductions in appetite and also occurred in the membrane-
bound ribosomes which produced the circulating plasma proteins (Symons,
Jones and Steel, 1974; Symons and Jones, 1978). Furthermore, the
differences in N metabolism between infected and control animals occur
at periods when the animal is losing proteins into the gut as well as
synthesising these proteins in the liver (Bremner, 1969; Dargie, 1975;
Roseby, 1977; Dargie et al, 1979) implying that amino-acid degradation
must be occurring elsewhere. Whatever the source of the amino acids,
the net effect is a loss of weight due to loss of proteins in the gut
coupled with increased catabolism of body and tissue proteins. Thus
the distribution of synthesis between and the extent of catabolism
within the various body pools of proteins differ in parasitised and
normal animals with much of the available amino acids in the former being
diverted to organs involved with the synthesis of those amino acids
essential for survival. The mechanism responsible for such inter-tissue
transfer of amino acids remain unclear but a probable endocrine control
has been postulated based on the finding of high plasma corticosteroid
and lower thyroxine levels in T. colubriformis infected sheep relative

to/



to pair-fed controls (Pritchard et al, 1974)%* It is noteworthy that
Coop et al (1976) were of theopinion that the amino acid responsible
for the increasei urinary loss of N could hoveoriginated from the gut
through increased degradationof amino acids in the caecum and increased
absorption of tie resultant Mas ammonia.

Parasites also lower the efficiency with which apparently
digested or metabolised energies are utilised for growth or maintenance.
Up to 5Pl reductions in efficiency have been noted by Sykes and Coop
(1976) which confirmed earlier observations by Andrews et ad (1944)
and Reveron et al (1974) in T. colubriformis infected sheep though
Steel (1972) could observe no such effects. Similar reductions have
been reported in ostertagiasis of sheep by Holmes and Maclean (1971)»
Sykes and Coop (1977) and in fascioliasis by Berry and Dargie (1976)
and Sykes, Coop and Rushton (1980). The lowered effieiency of feed
utilisation was held responsible for the poor growth of the parasitized
animals over and above that caused by the lowered feed intake. The
main cause of this lowered efficiency was traced to the high cost of
blood protein synthesis in terms of energy consumption (Dargie, 1980).

In conclusion, parasites affect the nutritionad physiology
of their hosts primarily through poor feed conversion efficiency which
has been shown to result from disturbances in food intake, post-
absorptive N and energy metabolism. The last two disturbances being
traceable to the production of immunoglobulins and other essential
amino acids and the leakage of blood and proteins into the gastro-
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B. The InB aencg of Nutrition on the “.elationshirs between Parasites
and Nneir hosts:

A ™ AhO'.aial aia..ile
Early attempt?- at defining' the influence of nutrition on the pathogenesis
of abomasul parasites utilised the feeding of diets of different crude
protein contents and examined effects such as worm establishment based
on worn: recovery at necropsy and faecal egg counts. Higher numbers of
parasites were reported in animals kept on the poor nutritional plane
(Fraser et al, 1938; Fraser and Robertson, 1933; Taylor, 1943; Kates
and Wilson, 1955; Gibson (1954a,b) &a case was therefore made that
nutritional plane affected worm establishment. Brundson (1964) working
with a mixed population of trichostrongyles used similar criteria to show
that nutritional plane had no effect on already established infections
even though when his infected experimental animals previously kept in pens
were moved to infected pastures, those on the previously low nutritional
plane had lowered resistance to the establishment of reinfection. In
these early studies no pair-fed controls were utilised, hence it was
difficult to separate the effects of reduced feed intake from those due
to the nutritional plane and, moreover, the possibility existed that
resistance to the effects of parasitism was being considered rather than
resistance to the establishment of the infection. As pointed out by
Sykes (1978) indices such as worm recovery at necropsy or egg counts do
not necessarily quantitate worm burdens or the metabolic impact of such
burdens.

Studies employing pair-fed controls coupled with assessment
of worm burdens have tended to show that nutritional plane has no effect
on worm establishment in abomasal parasitisms (Goldberg, 1965; Scroggs,
1968; Downey et al, 1972; Sykes and Coop, 1977). However, Preston
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and Allonby (1978) showed that in sheep and goats experimentally
infected with H. oont:rtus, those on the poor plane of nutrition
exhibited higher egg counts which could not be explained by
differences in laecal output. They therefore concluded that the
differences reflected differences in worm egg production in the
abomasum which possibly was due to either a large number of established
worms or increased fecundity of female worms in animals on the low
protein diet. Worm burdens were not assessed in animals on both
rations. It would therefore seem that nutritional plane plays a
more important role in modifying some of the pathophysiological changes
in the host brought about by these parasites. Prominent among these
changes are weight loss and growth retardation. From the observations
of Gibson (1954b), Kates and Wilson (1955)» Goldberg (1965), Hussain
et al (1967), Downey et al (1967) on II. contortus, T. axei or O0,.
circumcincta infections of sheep and calves, animals on a high plane
of nutrition appeared more capable of withstanding the growth inhibition
caused by the parasites. Those on the poor nutritional plane suffered
the greatest retardation in growth rate, experienced more weight loss
and also had up to “Fb reduction in efficiency of food utilisation
compared to those on the higher plane though the same diet did not
cause any retardation inweight in studies where pair-fed controls were
used. Reductions in red blood cell indices such as PCV, Hb and RBC
counts have also been observed in poorly fed animals relative to those
on a higher plane, although such reductions did not denote actual anaemias
(Kates and Wilson, 1955; Gibson, 1954a; Downey et al, 1972). Downey
et al (1972) working with 0. circumcincta infected sheep also recorded
elevation of serum pepsinogen levels in two groups on different nutritional
levels during the first to fifth weeks of infection but subsequently
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higher values were only encountered in those on the low protein
diet. Hyperglobulinaemia and hypoalbuminaemia occurred five weeks
at ter iufec'ti n in both groups but was more pronounced in those on
the lower plane while infection also increased the weight of the
abomasa. mucosa with those on the poor plane being most affected.

Diets of the same energy content but from different sources
were shown not to affect susceptibility of calves to 0. ostertagi
infections (Borgsteede at ad, 1978). However diets of the same
energy content but prepared differently have been observed to affect
the biotic potential and pathophysiological effects of H. cor.tortus,
0. ostertag! and T. axel. Vetter et al (1983), Theur et ad (1965)*

Poeschel and Todd (1969) and Scroggs (1968) examined the effects
of natural versus semi-purified synthetic diets on the pathogenesis
of these parasites and found that the parasites established themselves
in greater numbers and grew faster with no inhibition in those fed the
semi-purified diets while weight gains and efficiency of food
utilisation were better with the natural diet. Egg production by the
worms were better with the natural diets and the conclusion was that
the degree of inhibition of the parasites increased as the crude plant
ingredient of the diet decreased and also that a factor(s) was present
in the natural diet which was required by the parasites for egg
production though such factor(s) were not isolated. Pelleting of the
diet also led to decreased egg counts and worm recovery at necropsy
(Vetter et al, 1983) and less severe drop in PCV (Kates and Wilson,
1955) than when the same diet was fed in loose form.

A deficiency of Vitamin A and Ca was found to increase the
susceptibility of goats to Haemonohus infections (Kumar and Deo, 1978)
while the addition of trace minerals to the diet greatly increased the
resistance to K. contortus in sheep (Shumard et al, 1958). The role
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of Cobalt supplementation in the diet in the pathogenesis of

abomasal parasites was studied by Downey (1965, 1966a,b). With

lambs infected with H. contortus, a low level of Cobalt in the diet

was found to be detrimental to the worms when he observed that lambs
given a Cobalt supplement had a higher egg count and more severe
clinical signs of disease than those without. Similar conclusions

were arrived at with T. axei infections, while in the case of

0. circumcir.cta those 011 Cobalt deficient diets showed higher egg

counts and more severe clinical signs and weight losses than those on
cobalt supplemented diet. No ceasons were given for these different
responses.

2 - Small intestinal parasites.

The studies of Gordon (1943, 1950» 1964) and Stewart and Gordon (1953)
provided much of the early observation on the effect of nutrition on the
pathogenesis of small intestinal parasites. Sheep naturally infected
with a mixed population of trichostrongyles and subsequently brought
into pens were observed to lose their worm burdens at a rate inversely
related to the nutritional plane. Those on the poor plane (47/cSE and
7/CP) also resisted the development of a superimposed H. contortus
infection less successfully than those on the high plane (5C$> SE and
18/CP) (Gordon, 1943). The 1953 wiork was along similar lines except
that additional evidence was presented to show that Trichostronmyles sap,
were more rapidly lost by the better fed sheep. In a later study
Stewart and Gordon (1953) observed that in sheep naturally infected with
T. colubriformis and subsequently penned and placed on two different
diets, one providing 53/aSIC and 20;0CP, the other 54/0SE and 6/CP, more

of those on the poorer plane of nutrition developed infections when
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challenged with infective larvae. When the experiment was repeated
with previously verm free sheep experiencing a first .infect.ion, there
was little difference in the degree of infection established in the

two groups. From these studies, poor nutrition was concluded to
adversely affect the ability of the host bo resist infections and that
previous exposure to infection exerted more influence on resistance than
the nutritional plane. Gordon (1964) showed that the duration as well
as the quantity of feed offered the host affected susceptibility to

T . colubr:ifcnis infection. He employed two diets which were
qualitatively similar (565&E and 10/CP) but quantitatively different -
one group receiving half the quantity of the other. There was no
difference in the establishment of the infection in the two groups
following infection with 50,000 larvae of T. colubriformis and a

feeding period of 7 weeks but when the experiment was prolonged for

23 weeks those on the half-ration appeared more susceptible to
reinfection though resistance to the effects of the infection was not
greatly different between the two groups, as shown by similar mortality
patterns. Even this difference diminished with time as shown by the
results of a second reinfection after another 120 days whereby those

on the half-ration were only slightly more susceptible than those on

the full ration. The only significant observation was the daily feed
intake which declined with, time in animals on full ration while those

on half-ration maintained their appetites. The plane of nutrition was
concluded to affect the weight gains and food intake of parasitised
animals. Though later work has shown this to be true (Goldberg, 1965;
Klosterman et al, 1975)> these early studies.failed to utilise pair-fed
controls, hence their observations could also be explained by the degree
of loss of appetite. Nutritional plane was consequently observed to
have no effect on worm burdens or parasite egg production in small
intestinal parasitisms (Lara et al, 1977) but rather affect the resistance
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of the host to the effects of an established infection. Feeding of
supplements ir 1lh o0i< t - s alst te n shown to iiave similar effects on
the pathogenesis of gastrointestinal parasites irrespective of the
pasture type (Ciorda et al, 1962). Extra supplements in the diet
caused early maturity and. less mortality from gastrointestinal parasites
in lambs (Sharma and Kidwai, 1971).
3 - Large intestinal parasites.
Studies on the influence of nutrition on parasitism at this site have
been carried out. with Oesoptiagoil0imm coEmbianmn which causes the
condition called 'pimply gut* in sheep. The protein quality of the
diet was found to inversely affect susceptibility to infection at this
site (Bawden, 1969) even though parameters used for assessing susceptibility
such as worm egg counts or worm recovery at necropsy are questionable.However,
Herbert, Lean and Nickson (1969) incriminated a specific dietary
deficiency of carbohydrates in the poor egg production and fecundity of
the parasite in pigs. The anaerobic condition created in the colon
through the incomplete digestion of the potato and bran was concluded
to aid parasite survival and development.

Changes in blood characteristics of parasitised animals
was found to be influenced by the nutritional plane (Bawden, 1969b)
in sheep infected with 1,500 larvae of 0. columbianum and placed on two
qualitatively different nutritional levels. Significant reductions
in Hb, PCV and number of circulating erythrocytes' were recorded only in
those on low protein diet while these indices were not changed in those
on the high plane. There was no effect of nutritional plane on MCV,
MCH and MCHC, i.e. the anaemia was normocytic and normochromic and was
blamed on the severe haemorrhage caused by the parasites. The low
protein sheep harboured more worms at 56 days post-infection and this

coupled/
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coupled with the deficient diet led to the observed haematological
di sturbanees.

Infection affected weight gains and in some cases led to
actual weight losses (Bawden, 1969a-,b) but those on the poor nutritional
level were most affected. The loss of weight resulted from decreased
food intake and. efficiency of food utilisation. Similar depressions
in efficiency have been reported by Horak and Clark (1966) for
0. cplumb 'snum infections of adequately fed sheep and by Bremner (1961)

0« r dlatum infection of calves.

The plane of nutrition was found not to affect the
establishment of Q. columbianum infections (Bawden, 1969%9a,b; Dobson and
Bawden, 1974) but there was an inconclusive evidence that there was a
delayed re-emergence of the 4th stage larvae into the lumen in those
on the poor plane of nutrition confirming earlier observations made by
Veglia (1925) who attributed the phenomenon solely to the poor
nutritional plane of the animals. Once in the lumen, the rate of
passage of the worms to their predilection sites was found to be influenced
by the rate of passage of ingesta through the gut and this rate of
passage was found to be slower in animals on a poor plane of nutrition
(Bawden, 1970). He then concluded that there was an enhanced survival
ability of the worms in these poorly fed animals which could increase
their susceptibility to the infection and possibly explain the earlier
egg production and increased fecundity of the female -worms (Dobson and
Bawden, 1974)%*

Sheep on the high protein diet were thus concluded to have
mounted a more efficient immunological response which enabled them to
withstand the parasites’pathogenic effects. The immune mechanisms
were postulated as operating at the level of exsheathment of the 3rd

stage/
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stage larvae and was attended by marked eosinophilic response and

the formation of microscopic nodules (pimply gut). Various
parameters were determined to show the more superior iinmun<;logical
response of the better fed sheep such as enhanced macrophage-lymphocyte
cells hyperplasia; high mast cells, mucin secreting cells,
eosinophils and globule leucocyte counts| and more encapsulated

larvae showing arrested development (Dobson and Bawden, 1974). These
parameters have earlier been pointed out by Dobson (1972) as important
sequelae to the hypersensitivity reactions induced by the parasite.
Similarly Dash (1970) was of the opinion that there were two histotrophic
phases in the life cycle of the parasite which increased the number of
antigenic stimulations and thereby governed the extent of the tissue
reaction to the parasite. Bawden (1969a) speculated that 0. columbianum
frequently spent more time in the small intestine of animals on the poor
plane of nutrition and this led Dobson and Bawden (1974) to surmise that
the parasite probably failed to undergo the second histotrophic migration
in poorly fed animals since caseous nodules which usually resulted from
host reactions to the second migration were relatively fewer. Such
animals would therefore be denied any enhanced immunological responsiveness
that the second tissue invasion would have stimulated. Also Dobson (1967)
drew attention to the inhibitory property of mucin against parasitic
nematodes and its protective action against gut contents, hence the
failure of sheep on low protein diet to show increased mucin cell
responses (Dobson and Bawden, 1974) denied them an important immune
response. A deficiency of thymic function was blamed for the poor
lymphocyte and antibody production of the poorly fed sheep and

coupled with malfunctions of the innate immunity of the gut involving

decreased/
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decreased peristalsis and failure of mucin cell response led to their
increased susceptibility to the effects of the infection.

4 - Liver parasites.

Poor quality diets especially the protein and vitamin A content have
been shown to increase the prevalence of clinical F.hepa4ica infections
(Reid et al. 1970), lead to marked falls in weight gains (Elmagdoub

and Badr, 1966) and to affect the natural resistance of sheep to the
effects of F. giga.ntica infections (Deo et al, 1967). These studies
gave no information on the effect of nutrition on the parasite itself
and more importantly no pair-fed comparisons were made. These
deficiencies were remedied by the studies of Berry and Dargie (1976, 1978)
and Dargie, Berry and Parkins (1979). Berry and Dargie (1976)

assessed the influence of nutrition on the pathogenesis of F. hepatica
infections in 9 month old Blackface sheep using indirect indices of
clinical manifestations of disease. Infection was established with a
single large dose of 1,030 metacercariae and the dietary planes employed
provided iy/o CP for the high plane and 6/ CP for the low plane.
Nutritional plane had no effect on establishment of the infection as
judged by fluke burdens at necropsy. Neither was the development of
the worms affected by nutrition. Dimitrov jet ad (1978) did, however,
observe fewer mature flukes and less development of flukes in sheep on
poor nutritional plane and infected with F. heuatica. In the studies
of Berry and Dargie (1976), there was an earlier development of symptoms
and mortalities in the poorly fed sheep which were ascribed to the small
size and limited metabolic reserves of these animals, thereby rendering
them physiologically disadvantaged in counteracting the parasites’
pathogenic effects. The superior ability of the better fed sheep was
consequently observed not to be due to any innate ability to resist or-

limit/



limit infection, for when they were transferred to a low protein diet
there was a rapid deterioration in body conditions. Diet also influenced
the nature earl timing oi the haeimitol .glcal responses shown by the animals.
Anaemia was evident in the poorly fed group during fluke migration and
was characterised by a depletion of red cell haemoglobin and normochromia
while the anaemia seen in the better fed group coincided with the onset
of patency of infection in the bile ducts and was macrocytic with
haemoglobin levels being depleted only terminally. Since macrocytosis
usually is indicative of an enhanced bone marrow response, 1i.e.
reticulocytosis,the better fed sheep were concluded to be synthesising
red cells at an accelerated rate while the poorer response of those
on low protein diet was attributed to a combination of iron and protein
deficiency. A more severe and early weight loss, more pronounced
hyperglobulinaemia and hypoalbuminaemia were also recorded in the poorer
fed sheep and these changes were also directly related to the fluke
burdens. No adverse weight changes occurred in the better fed sheep
with fluke burdens of 200 or less due possibly to the regaining of
appetite. Inappetence accounted mainly for the weight loss and hypo-
albuminaemia but had no effect on the development of the anaemia. Carcase
quality was also speculated to be affected due to the presence of
oedema which was more pronounced in the poorer fed sheep.

Berry and Dargie (1973) assessed the influence of nutrition
on the pathogenesis of liver fluke infections from a more direct
measurement of the parasites’ activity using 125I—albumin and 51Cr
labelled plasma proteins to study the albumin turnover and enteric
protein leak in the same animals used for the previous study. The

hypoalbuminaemia which occurred during the biliary phase of the disease

was/



shown to be influenced by the albumin pools of the body which, .in

turn, depended on such factors as nutritional plane, appetite and
fluke burden. More albumin was catabolised by sheep with low fluke
burdens and in those with the same level of infection, those on the
higher plane catabolised more albumin, became leasi hyj ocalbumiriaemic,
survived longest and also synthesised more albumin. Chronically
infected sheep also synthesised more albumin than pair-fed controls.
Digestibility and nitrogen balance studies were also carried out

(Dargie, Berry and Parkins, 1979). Intakes of metabolizable energy
and CP digest IblLilti.es were higher in infected animals given hay and a
pelleted supplement compared to those given hay alone due to the higher
protein content of their diets. These differences were not significant
when pair-fed comparisons were made. However, infected animals were
in a negative N balance due to increased urinary losses and this was more
pronounced in the poorer fed sheep, though again when compared with
pair-fed controls the difference from those on supplementary feed was
not very significant. They therefore concluded that differences between
infected and control animals could be explained largely by the differences
in food intake and proteincQtabolism, both factors being exaggerated
v/ith poorness of the diet offered the host.
5 - Schistosome infections.
Most studies on the influence of nutrition on the pathogenesis of
schistosome infections have been carried out in laboratory animals
and dietary deficiencies of proteins and vitamins were found to exert

the greatest influence on the pathogenesis and course of infections.
Early experiments examined the effect of malnutrition on either the
parasite or the host and little attention was focussed on any possible

interaction/
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interaction between the host and parasite due to nutritional factors.
Thus Vitamin C deficient diet in guinea-pigs infected with S . mansoni
led to detective egg production or slower rate of destruction of the
worms compared to controls on normal diet (Krakower et ad, 1944)
while Do Witt (1957a>b) and de Meillon and Paterson (1959) iecoi dod
more worms which were stunted and.immature in mice fed diets deficient
either in proteins, selenium or vitamins. A more comprehensive picture
of the influence of nutrition on both the host and the parasite emerged
from the works of Bhattacharyya (1965), Coutinho-Abath et al (1962)
Zuckerman and Macdonald (1964) and Knuft and Warren (1969). Portal
cirrhosis was reported in the rat but not in the mice on a 4% protein
deficient diet (Bhattacharyya, 1965). This difference was attributed
to the fact that the rat was considered an abnormal host, albeit a poor
one for the parasite (Warren and Peters, 1967). Coutinho-Abath et al
(1962) could observe no histopathological differences between control
and infected mice on either 8/ or 60/ protein diets while a high
carbohydrate diet was observed to produce less portal cirrhosis than
normal diets by Zuckerman and Macdonald (1964). Knuft and Warren (1969)
failed to find any difference in cercarial penetration between control and
infected mice on various levels of protein (12/, 8/, 4/) and calorie
deficiency (25/ and 50/) and they concluded that nutrition exerted no
influence on the establishment of infections but there was a marked
decrease in the number of eggs produced per worm pair in the liver.
Inappetence was only evident in mice on 4/ protein deficient diet but
reductions in body weight gains, liver weight gains, spleen weight
expressed on body seight basis, all fell with the degree of dietary
deficiency and coincidental with the inception of oviposition. Total
serum protein was unaffected by plane of nutrition but a fall in serum

albumin/



albumin with a concomittant rise in gammaglobulins occurred, the
extent being proportional to the degree of dietary protein or calorie
deficiency. The hnenalorr t w s a-f<*cleX ao'e y by the protein
deficient diets. Liver cell size diminished in animals on 4%

protein diet and the numbers of granulomas and epjthelcid cells
contained therein decreased with nutritional plane except: in animals
on the 12/ protein level which was considered adequate nutritionally.
Nutrition was therefore concluded to have either an antagonistic effect
on schistosome infections (decreased manifestation of overt disease
through reductions in egg output) or a synergistic effect especially
with severe protein deficiency (more marked pathophysiological effects)
or to exert a balancing effect, especially under moderate protein
deficiency (12/) whereby the harmful effects were offset by a negative
effect on the parasites. Severe calorie deficiency was concluded to
affect the parasite more than the host, whereas protein malnutrition

exerted severe effects on both host and parasite (Knuft and Warren, 1969).

CONCLUSIONS:

Parasites affect the nutritional physiology of their hosts
through reductions in food intake, decreased efficiency of use of
metabolisable energy and through alterations in protein metabolism.

From all the host-parasite systems reviewed, there was no definitive

proof that protein digestibility was reduced. However, marked alterations
in post-absorptive N metabolism occurred and even this was linked
indirectly with the loss of whole blood or plasma and the attendant shift
in catabolism and synthesis of proteins within and between the various
body pools. Poor productivity ultimately supervened.

Nutritional level was found not to prevent the establishment
of an infection but a high plane of nutrition invariably mitigated the

effects/
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effects of an infection and the adequately fed hosts developed
immunity sooner which also persisted longer than in the poorly fed
host. The only exception was in haemonchosis where more losses were
observed when nutrition was excellent but environmental conditions
were conducive to massive infestations.

The importance of trypanosomiasis is widely recognised
but there appears to be a paucity of information on the effects of the
parasite on the nutritional physiology of the host and the role of
nutrition on the pathogenesis of infections. Nevertheless, the findings
of Fiennes (1970) and Loses and Ikede (1972) showed that nutritionally
stressed animals suffered most from the effects of the disease while
Bevan (1936) cited by Murray and Urquhart (1977) reported that the
tolerance of vaccinated cattle broke down under the stress of

malnutrition.
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CHAPTER VI

THE CONTROL OF IIAEMONCHOSIS AND TRYPANOSOMIASIS

WITH PARTICULAR REFERENCE TO POSSIBLE VACCINATION
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A. Haegonohosis;

Gordon (1973) defined oor.trol of gastrointestinal parasites
as the measures aimed at restraining: the biotic potential of the
parasites at a level compatible with the biologic requirements of
economic husbandry. He also pointed out various ecological and
epidemiological features of haemonchosis relevant to any control
programme, e.g. the difficulty in predicting and diagnosing outbreaks,
the post-parturient rise in worm burdens and hypobiosis during
unfavourable weather, the high biotic potential and capacity for
outbreaks, xhe additive effects of malnutrition, destruction of
the free living stages, high susceptibility of the parasites to
anthelmintics, violent population changes due to self-cure and the
development of immunity by the host.

Much reliance has been placed in the past on
agricultural practices such as rotational grazing and the use of
anthelmintics in the control of haemonchosis (Blood and Henderson,
1968) . Modem preventive control programmes employ the integrated
approach and are based on well-defined epidemiological ana ecological
principles directed at limiting contact between the host and parasite
(Brundson, 1980). An adequate knowledge of the life history of the
parasite, the different sources of pasture contamination and their
relationship, availability of infective larvae on pastures, the build-
up and decline of infections and the timing of events are basic to
this modem approach. Such integrated control can be achieved by a
combination of three essential practices:- grazing management, judicious
use of anthelmintics and dependence on acquisition of immunity by the
host (Blood, Henderson and Radostits, 1979; Brundson, 1939; Morley and

Donald, 1930). The control should be carried out on a herd basis

(Blood, /
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(Blood, Henderson and Radosfcits, M1979) and since it forms an integral
port of the whole f r ung enterpri s- , shotilft he avev spec il'lc or farm
specific in its design taking the local environmental and climatic
conditions into consideration (Brundson, I960; Marie,/ and Donald,
1960) .

The control of haemonchosis is reviewed along established
practices along with the possibility of exploiting the immune response
to the disease to achieve control through vaccination.

1 - EGTABLIGHIID CONTROL PRACTICHS.

(2) Improvement in nu.tritions.l status: This has been recommended as

a method of general application in the control of gastrointestinal
nematode parasites (Blood, Henderson and Radostits, 1979) but according
to Brundson (1980), improved nutritional status at best afforded
protection against moderate infections and was of limited value in
heavy infections.

(b) Rotational grazing-: This was advocated principally on the
assumption that an alternation of grazing on suitably rested pastures
would break the cycle of reinfection by exposing the eggs and free
living larvae to adverse environmental conditions. Other advantages
of the system included a more efficient pasture use and higher levels
of productivity as reported by Ciordia et al (1964) and McKinney (1974)>
though these advantages were at the expense of pasture contamination
since worm burdens were actually higher in rotationally grazed animals.
The most widely practised method was weekly alternations on pastures
rested for 6-8 weeks and though a few reports have claimed advantages
based on this schedule (Spedding, 1955; Lindahl et al, 1965) the
majority of workers have not (Roe, Southcott and Turner, 1959; Levine

and/
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and Clark, 1961; Zimmemann, 1965; Gibson & Everett, 1968;
Goldberg and Lucker, 1969; Levine e£ al, 1975; Michel, 1976).
These differen. esuits irt prob ibly correlated with climatic
differences between regions where studies were carried out as
the persistence and survival of the free living- stages of
Haemonchus spp. is dependent on climatic factors (Blitz 2 Gibbs,
1972; Gordon, 1973). Such persistence and survival have been
shown to be much longer than previously thought (Michel, 1969;
Southcott et al, 1976; Allonby, 1974; Donald et al, 1978) hence
rotations based cn a 6-8 weeks rested pasture may not be effective
in controlling haemonchosis. Observations from different ecological
zones has led to the discontinuity of this method in controlling
the disease (Donald, 1969; Morley and Donald, 1980; Brundson, 1980).
(c) Improved husbandry and management practices: Various husbandry
and management practices have been recommended for the control of
gastrointestinal parasites which in most cases are either of limited
or questionable value. Parnell (1962) recommended that,where
feasible, lambing should be changed away from seasons favourable
for survival of the free living stages. While this recommendation
may be feasible in areas with distinct breeding seasons, its effect-
iveness is doubtful in most tropical areas where the sheep breed all
the year round. Blood, Henderson and Radostits (1979) listed some
routine bam management procedures such as avoidance of overcrowding,
dung removal, provision of adequate level of nutrition, raising of
water and feed troughs as part of the methods of general application
in controlling gastrointestinal parasitism but also pointed out that
where judiciously followed, these measures only lessen the hazard and

do/
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do not achieve total control. Increase in stocking density has
aU } mr.t bt-omai >-s; ful in coi t ollina >.o0im b mens ol Ilaren r his
(Michel, 19%9; Southcott et, al, 1970) though such increases have
been reported to be effectivein 0 ther hoet-parasite systems, e.g.
ostertagia.sis (Ciordia aJ,1971) .

There are reports of control attempts through alternation of
grazing by hosts of the same or different species. Two or more
species graze a pasture alternatively, the changeover occurring when
the pasture is helminthologically safe for the most susceptible group.
The cattle/sheep system appear most common. Since cross-infection
of H. contortus can occur between sheep and young calves (Southcott
and Barger, 1975)> it is best to graze sheep with yearling or older
cattle though it is doubtful if such cattle can clean pastures for
sheep (Morley and Donald, 1980; Armour, personal communication).
Lambs have been grazed on pastures recently vacated by ewes because
the ewes were once thought resistant and thus acted like vacuum
cleaners (Taylor, 1961). As pointed out by Connon (1968), ewes
can also be a source of infection for lambs due to post-parturient
or lactation relaxation of resistance. Consequently, Gordon (1975)
suggested that adult non-breeding ewes would be more effective as
vacuum cleaners. The leaher-follower system whereby calves are
grazed ahead of cows has also been reported to successfully control
parasitisms (Leaver, 1970).

A more common manipulation of grazing management in some
tropical countries is zero grazing whereby livestock, especially
cattle, are housed continuously and fed either preserved or cut

grass./
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grass. Ideally this method should greatly reduce, if not
eljioJnafce, g& 3+tx in t'stiria.'l le.'tml n 4hiasif. hut unhygienic
husbandry conditions coupled with the utilisation of their manure
as fertilisers ensures continuity of infections on pastures.
Should such animals eventually return to pasture, serious cases
of helminthiasis occur due to their low immune status.

(d) Chemotherapeutic control: This is the most widely practised
control measure in most of the tropics and sub-tropics where
haemonchosis is endemic. Anthelmintics can either be used
strategically when based on the epidemiological patterns of
outbreaks in which case treatment is carried out at the same time
in the management programme or tactically when based on an ad hoc
criterion to abort outbreaks due to abnormal climatic or nutritional
conditions (Gordon, 1971). In the control of haemonchosis a
combination of strategic and tactical dosing or strategic dosing
alone has been recommended (Gordon, 1975; Blood, Henderson and
Radostits, 1979).

Many anthelmintics abound in the market and the choice of any
is dictated by the ease of administration, cost, spectrum of activity
and whether resistant strains have developed from its use. Among the
earliest widely used drugs was phenothiazine which was applied
continuously (Kutler and Marble, 1962) but has had to be discarded
in most areas because the level fed failed to protect against heavy
infections and, more importantly, strains of Haemonchus resistant
to its use were reported (Drudge et al, 1957; Levine and Garrigus,
1962) . More recent anthelmintics such as levamisole, morantel
tartrate and thiabendazole are all effective while the newer
benzimidazoles (ferber, oxfer and albendazole) are additionally said
to be effective against hypobiotic larvae. The major setback to

their/
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their use appears to be the development of strains of H. contortus
which are resistant to the benzimidazole anthelmintics. Such
strains have been reported from U.S.A. (Drudge et al, 1964), Brazil
(Colglaziei: et al, 197 )), both against thiabendazole,and from
Australia (Kelly jet al, 1977) against related benzimidazoles.

Perhaps as practised in the control of trypanosomiasis, drugs of
different chemical groups should be used alternatively between
Haomonchas seasons to overcome the problem of drug resistant strains.
(e) Integrated approach: This combines the judicious use of
anthelmintics based on reliable epidemiological data with the
provision through management of safe pastures to avoid reinfection
of animals and has been applied mainly in the temperate regions and
to a lesser extent in the sub-tropics to control mixed populations
of trichostrongyles which included Haemonchus. The safe pastures
can be provided through elimination of grazing on a pasture for a
considerable time ranging from 4-5 months in autumn/winter to 3-4 months
in summer or through alternation of grazing of cows and calves where
heavy Haemonchus infections are present (Brundson, 1980; Morley and
Donald, 1980) or by sowing new grass ley after 2 or 3 years of cash
crops.

Spring bom lambs are exposed to infection from their dams
and from overwintered larvae. Using the integrated approach, the
ewes are dosed before and after lambing and the lambs moved to safe
pastures in early or mid-summer (Leaning jet al, 1970; Donelly jet al,
1972; Thomas and Boag, 1973; Brundson, 1974) though such movement
was found unnecessary if the eves lambed on safe pastures (Boag and
Thomas, 1973). For post-weaned lambs who are further exposed to
autoinfection, the drenching of the lambs followed by movement to
safe pastures was found effective by Donald et al, cited by Donald

(1974),/
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(1974) . hut where such safe pastures cannot be provided, further
treatments of the lambs in autumn and early winter were found
necessary (Donald and Waller, 1973). Brundson (1976) and Vlassof
(1975) also recommended the drench and move system for controlling
gastrointestinal parasites in iambs in Dew Zealand.

Spring bom calves, on the other hand, are exposed to
infection only from overwintered larvae and Michel and Lancaster
(1970) in England recommended a system of control based on movement
of calves to safe pastures in mid-July accompanied by anthelmintic
treatment (Weybridge System), while in New Zealand where conditions
favourable for larval outbreaks extend through summer, autumn and
early winter, various measures have been practised, e.g. drench and
move (Michel, 1969a; Brundson, 1972) and two drenches, one at the
beginning of summer and a second in autumn, each accompanied by a
move to safe pastures (Brundson, 1930). The successful application
of the integrated control method rests on reliable epidemiological
and ecological information so that adaptations to different
environmental conditions can be possible. In farming situations
in areas of endemic haemonchosis, such information is usually lacking -
and control of haemonchosis is carried out through the use of
anthelminticsO Such treatments are done at the beginning of the
rains, middle of rains, end of the rains and once during the middle,
of the dry season for preventive purposes or the. whole herd is
treated when haemonchosis is diagnosed on routine faecal examinations
(personal observation). The effectiveness of this regime is difficult
to evaluate but, in the light of new knowledge regarding the persistence
and survival of Haemonchus on pastures (Allonby, 1974), such treatments

need to/



need to be more closely spaced and it should be remembered that
faecal egg counts do not gJv* ' n aoc rctf iKt r: of vom burdens

nor the pathogenic effects of such burdens.

IT - THE APPLICATION OF H CF NOTv HI THE CONTROL OF 1iAKHONCHOS IS
THROUGH POSSIBLE ViCC'UTAHGIT.

Immune responses have been demonstrated in haemonchosis as
early as 1950 by Stewart in his studies on the self-cure phenomenon.
Such responses appeared to be of limited potency as they did not
guarantee freedom from reinfection (Mulligan, 1976). There have
been various attempts at vaccination. (Table I).

() Use of larval antigens: Dead worms were unsuccessfully used

as antigens in vaccination trials by Mayhew (1949) and Stewart (1950)
which led to the recognition that the living worms or their metabolic
products contained the antigenic fractions. Normal larvae was next
used by Luisenko (1956) as antigens and though he demonstrated
resistance to a challenge dose of up to 150,000 larvae, the ages of the
sheep were not given and the results were complicated by prior
administration of antigens prepared from adult Haemonchus (Luisenko,
1956, cited by Christie at al, 1964). Subsequently two doses of
10,000 X-irradiated larvae given at an interval of 28 days were used
as vaccines by Jarrett et al (1959) in sheep over 7 months of age

and a solid immunity against a challenge dose of 10,000-50,000 normal
larvae given almost four months after the last premunising dose was
observed. The degree of protection was assessed by comparing resultant
worm burdens in the vaccinated and control sheep. Since this report
there have been various vaccination attempts using either X-irradiated

larvae/
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Reported Experiments on Ircr.urieation against H. contortus

in sheep.
Age Ireiniamg Dose interval Cball segs Dos.
of
Author sh.ep sire Larvae c-ali*rge Slwc ER Outeco. jf Vaccination
f«':i) days)
LuJ-.rw p ' lc i.0f1 Ivi ¢ 7 - I0C* pi- set Ion
ant tgene
Jarr.lt £t a.1(I959)a. 9 1 * 10,000 lrradiated 117 8,030 norstil )
+ normal ) BIS6 - 1'Ofc protection
b. 9 1 r 10,000 irradiated 117 8,000 nc:naal ) in Blackface sheep
4 normal
Jarr.tt «t ai(l861)a. e 2 x 10,000 Inradiat ed 29 13,300 cerssl
. j Solid tecti ab .
b. e 2+ 10,530 rradiated 29 5-.530 5.raal J Solid protection as above
Milllg o e_al (191 1) 7 21 10, 00 irradiated 5 :.,000 t raal Inconsistent piutection
Maoton «t al (i960) a. 24 2 * 1,5X1 or ncxtaal Jo 5.030 r- lual B: protection in Dorset
J0 1 100 at sheep.
2-day interval
b. 10-12 2 x 4,500 or normal V> 15,000 nerxé&l I0C# protection in Dorset
JO x J30 sheep
every 2 days
Christie tt al (1964) 7i 14 x 10,C00 normal 13 46 x nzraal 75% protection in'/4
11,000 Blackface sheep.
Urgihart et al (1962) <6 )i x 10, 00 normal 6>90 ACAD-  nsxaal )
. 103,000 ) Strong iacnijiity con-
|11 x 10,000 irradiated 6-3-90 15.300- 03real ) firmed earlier work (2).
10'-, 300
Urgoharl £t aj(1966)a. s 1x 10,000 or irradiated 50 23,000 ncmal Ho protection in
2 x 10,000 Blackface sheep.
(0 <5 2 x 10,000 irradiated 50 13.000 mrssl Bo protection.
(11) 54 2 x 10,000 t adjuvant 4 Jo 13.000 nonaal Some degree of protection
Faociola but poor compared to
antigen lambs aged 9 aths at
vaccination.
Silveraan (1965) and 4-9 50,000-70,000 normal ¢ 140 73,000 nonaal Inconsistent protection.
Scott £t al (1971) Anthelsrintie parenteral
r«aoval of metabolic
woras antigens

Christie and 24 2 x 25,000 normal 10 2x25,000 nonaal Some measure of acquired

Bragbell (1966) anthelaintica” resistance in Blacxfaee
sheep reported.

Bltaharamire (1966) 10-14 2 x 10,000 irradiated Jo 5-3,000 raanaal B456 - 10056 protection in
Blackface sheep.

Cineen and co-workers 5-6 6 x 5,000 t normal 84 J,000 noreal Ho interference with immunity

(1966, 1967, 1969) anthelointics if vaccine worms persisted for
a long time before their
removal.

I-opez and 0-24 2 x 10,000 irradiated 50 10,000 normal Ko protection in Kerinos at

Orgohart (1967) any age if reared from birth
on infected pastures - immunity
only in those 24 cths. old
reared indoors.

Tetzlaff and Todd ) Initial infection caused dev-

(1975) ) normal * elopmental arrest in challenge

Hanford et al (1974) ) 5-6 2,000-8,000 antigens + Jo 25,030 normal inoculum attributed to presence

Kennedy A Todd (1975)) anthelmintic of adult verms frcn initial
infection. Role of inrune
responses not determined.

Vilson A Sanson (1974) 24 10,000 exsheathed 21 13.000 exsheathe<t Ko protection

24-5 J X 10,000 exsheathed 6J 15.000 «xsheatfc«<2 Enhanced immunity in these
(5 week aged 2$ aths.
intervale)
Heilson (1975) 5 antigens metabolic 10 J. 300 no raaal Bo protection in Blackface
antigens sheep
parenterally
4 adjuvant

Benitez—Usher et al 24 2 x 10,0X irradiated 28 1:,G00 normal Ko protection.

(1977) 84 2 x 10,000 irradiated 28 13,000 ncrsal 96.756 protection.
Anthelmintics interfered with
ianunity.

Ro88, Duncan and 2 2 x 10,000 irradiated 28 13.000 nrraa] Ko protection in Blackface

Halliday (1978) sheep.

2 2 x 10,000+TT irradiated 28 13.000 nonaal protection in Blackface
+ TF* sheep.

5 2 x 10,C00 irradiated 28 13.000 normal 4056 protection in Blackface
sheep.

5 TF TF alone 23 13.000 serial 4556 protection in Blackface
sheep.

Christie et al(1976) loj-a 5 x 10.C00fcr normal 1~)cc, 300 nomal High level cf resistance

25-26 weeks 6 following anthelmintic
removal cf challenge infection.
Du:ican, Smith and 2 2 x 10,000 irradiated 21 13,000 noraal Ko protection in Blackface
Dargie (1978) sheep.
12 2 x 12,00-0 irradiated 21 13,303 Solid protection (>93:)

Sarth and Christie 7 2 x 10,000 « irradiated 28 13,300 nonaal Elqh‘level of immunity.

(1979) anthelmintics Confirmed earlier r.ep:rt (Bo.
16) that anthelmintics do net
affect resistance if vaccine
worms are allowed a long period
of persistence before removal.

Saith A Angus (1963) 14 2 x 10,000 irradiated 28 13.300 noraal Eigh level cf protection.

2 2 x 10,000 irradiated 28 13.300 noreal Ko protection.

2 2 x 10,000 irradiated 26 Ko protection.
+ antigen

2 4 x 10,000 irradiated 28 13,033 normal 5%6 protection.

Tranafsr factor.
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larvae with or without adjuvant, normal 1larvae, exsheathed larvae or
metabolic products of living worms as vaccines (Table 1) and all have
had only limited success due to other important factors. Firstly,
The influence of age on the development of acquired resistance to the
natural infection (l.anton et al, 1962) also operated in experimental
infections. For example, Blackface sheep and other breeds under
three months of age were not protected by the same vaccination regime
which conferred solid immunity in those over seven months (Jarreti

et a], 1961; Mulligan at al, 1961; Urquhart et al, 1962, 1966a,b;
Christie et al, 1964a>b; Benitez-Usher et al, 1977; Christie et al,
1978; Duncan, Smith and Dargie, 1978). Secondly, immunisation cf
merino sheep using X-irradiated larvae yielded inconsistent results.
Thus vaccination of previously worm free merinos at 7 months gave
inconsistent immunity while at 24 months a consistently high degree
of resistance to subsequent challenge was observed (Mulligan at al,
1961)# Lopez and Urquhart (1967) concluded that in addition to
immunological immaturity, naturally acquired early infections led to
a permanent impairment of immune responsiveness in later life giving
rise to the rather prolonged unresponsive period. The possibility
also exists that some of the variable results obtained following
vaccination attempts in Merino sheep might have been related to the
haemoglobin type of the sheep, the Hb type having been shown to
influence host responses to H. contortus (Radhakrishnan et al, 1972;
Allonby and Urquhart, 1973)%* The immunological immaturity view was
also shared by Manton at al (1962), Urquhart _et al (1966a,b) and
Urquhart (1966, 1977). However, the wbrk of Christie and Brambell
(1966) , Benitez-Usher et al (1977) and Smith and Angus (i960) has
demonstrated that at least in Blackface sheep some measure of acquired
resistance to haemonchosis can be demonstrated in young lambs implying
that these lambs were not immunologically immature. Christie and

Brambell/
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Brambell (1966) and Beni e:/,-Usher at al (1977) successfully

immunised 2-4 months o.1d d aokface sheep primed either with two

heavy doses of 29,000 normal larave 03 six monthly doses of

10,000 normal larvae followed by anthelmintic removal of the v/onus
before cliallenge. This s mo regime had earlier been reported to
confer no immunity in Dorset lambs (Urquhart et al, 19&2; Manton

et al, 1962) and in retrospect Urquhart (1980) was of the opinion
that a different result might have been observed if priming had

been done at an earlier age with les3 number of larvae at more
closely spaced intervals to mimic natural infections. However

some measure of acquired resistance was also demonstrated in 2%
months old lambs in New Mexico by Wilson and Samson (1974) using
three weekly doses of 10,000 exsheathed larvae and a long immunising
period though the breeds of the sheep were not stated. More
recently Smith and Angus (1980) detected antibody responses (mainly
circulating and mucosal IgG) against E. contortus in young Suffolk-
Greyface lambs aged Hfmonths given parenteral inoculations of larval
antigens and adjuvant. Though these reports indicate a probable
immune responsiveness in young lambs their value in practical control
measures remain undetermined.

The failure to immunise young sheep has until recently also
been blamed on their failure to elaborate abomasal mucus IgA and IgG'
and serum IgG antibodies, these antibodies having been found in
successfully vaccinated adult sheep (Smith, 1977a,b; Urquhart, 1977;
Smith and Christie, 1978, 1979) and not in young lambs (Duncan, Smith
and Dargie, 1978). However Smith and Angus (1980) failed to

corroborate/
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corroborate the findings of Duncan at a] (1978) when they showed
that the e antibodies were not depressed in young lambs and they
thus concluded that, since these antibodies either in adult or
young iambs were detected in the presence of numerous worms, they
could not be solely involved in resistance to haemonchosis as was
previously postulated but rather.in combination with some unknown
factors which are defective in the young lambs. These factors
have not been identified.

There have been reports demonstrating some measure of
acquired resistance following vaccinations in which immune responses
have not been definitely determined. The works of Tetzlaff and
Todd (1973), Manford et al (1974), Kennedy and Todd (1975) showed
that lambs aged 376 months vaccinated with up to 25,000 normal
larvae with or without antigen were able to resist a challenge
infection which they attributed to the presence of adult worms from
the initial infection which caused developmental arrest in the
challenge inoculum, i.e. a direct age-group interaction between
different populations of Haemonchus. More recently the possibility
of transfer factor treatment (TF) conferring immunity to supposedly
immune incompetent lambs has been investigated (Ross, Duncan and
Halliday, 1978). The transfer factor is a dialysable low molecular
weight derivative of leucocyte lysates which has been demonstrated
to transfer delayed hypersensitivity and cell-mediated immunity in
man (Lawrence, 1949, 1954), and lambs of 2-3 months infected with
Trichostrongylus axei (Ross and Halliday, 1978, 1979). In the
experiments of Ross, Duncan and Halliday (1978) the TFtreatment
produced a 34/'o reduction in the challenge infection infour months

old/



old la.mb3 and a 45% reducation in seven months old lambs similar

to the level conferred by irradiated larval treatments (40%). It

was therefore concluded that TF activity in this infection operated
independently of .immune competence. Experiments with TF treatments
are still in the laboratory phase and it remains to be seen il it

can achieve successful, vaccination in areas of endemic haemonchosis.
(b) Genetic control: There are indications from field observations
that breed differences in resistance to haemonchosis exist operating
at the level of worm establishment or survival and which therefore

may be beneficial in terms of production (Jilek and Bradley, 1969;
Preston and Allonby, 1979a). Using clinical, parasitological or
radioisotopic criteria, various workers have also supported the field
observations experimentally in both primary and secondary infections
(Radhakrishnan et al, 1972; Bradley et al, 1973; Altaif and Dargie,
1978a,b; Preston and Allonby, 1978). Individual variability in worm
establishment within breeds have also been noticed which led to the
search for probable genotypes associated with resistance of which the
haemoglobin type of the animal was consequently identified. Using
similar parameters as earlier mentioned, most reports suggested that
haemoglobin type A (HbA) sheep were more resistant than either HbAB or
HbB types (Evans and Blunt, 1961; Evans, Blunt and Southcott, 1963;
Evans and Whitlock, 1964; Allonby and Urquhart, 1976; Preston and*
Allonby, 1979a; Altaif and Dargie, 1976, 1978a) although there are
also reports where a definite relationship was either not conclusively
demonstrated (Jilek and Bradley, 1969; Radhakrishnan et al, 1972;
Bradley et al, 1973) or non-existent, especially in heavy infections
(Le Jambre, 1978; Rifkin and Dobson, 1979; Altaif and Dargie, 1978a).
These differences between and within breeds in response to H. contortus

infections lias further complicated immunisation studies and, according
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to Mulligan (1976) possibly also goven the degree of unresponsiveness
of lambs. The differences can, however, be exploited in controlling
haemonchosis by breeding through selection for resistant traits if
these traits can be shown conclusively to have a genetic linkage.
In this regard, Whitlock and Marsden (1958) successfully created
resistant populations of sheep grazing on H. oontortus infected
pastures through selection but the genetic basis of the selection was
not determined as the resistance factor and v/as not enhanced by either
cross-breeding or inbreeding. Recently Rifkin and Dobson (1979)
identified another genetically controlled marker on lymphocytes which
responded to larval and adult II. contortus antigens by undergoing
blast transformation. This trait was found to be heritable and also
positively correlated with resistance to subsequent primary, secondaary
or trickle infections of II. contortus in lambs not older than five
months.

From these observations, there appears to be the possibility
of controlling haemonchosis by breeding through selection of resistant
strains of animals based on either the breed, haemoglobin type or the
lymphocyte factor. However, there are no records of successful
commercial control achieved by this method in areas of endemic
haemonchosis. Various obstacles still remain to be surmounted.
For example, there are indications that the haemoglobin marker
appears quite fragile being broken by exposure to heavy'-challenge
(Altaif and Dargie, 1978a) or low nutritional plane (Preston and
Allonby, 1978). Secondly, extrapolating most of these observations
obtained in temperate conditions to tropical situations where
haemonchosis is endemic requires careful consideration of environ-
mental factors such as high ambient temperatures, solar radiation,
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humidity, Irregular food sapply* which on their own limit production
.independent Ly of parasIt isms and h-nee possibly affect res tstant
genotypes. Thirdly, information presently available on the genetic
markers identified appear limited as not much is known about the
heritability, the interaction between genotypes and environmental
conditions and, more importantly, the economics of such genetic

control compared to other methods. Lastly, there are suggestions

from the work of Rifkin and Dobson (1979) that animals resistant to

li. contortus are not necessarily the most productive and that man has
through the ages selected the most productive animals at the expense

of resistance to this parasite.

(c) Anthelmintics and the immune response: The role of anthelmintics
in aiding resistance to haemonchosis has not gained universal acceptance.
Dineen and Wagland (1966) working with heavy priming infections vhich
caused immunological exhaustion in young lambs showed that anthelmintic
removal of the worms at eight days before challenge did not interfere
with subsequent development of immunity. This was supported by the
findings of Christie et al (1964a), Christie and Brambell (1966),
Christie et al (1978). However when the priming dose was not so

heavy, there was interference with development of immunity if the worms
were removed before challenge (Wagland and Dineen, 1967). In later
studies Donald, Dineen and Adams (1969) again showed that if the vaccine
worms were allowed a long period of persistence before removal, there
was no interference with the development of immunity. These conflicting
reports are rendered more difficult to evaluate since in two of their
experiments the lambs were imnrunologically immature at the start of

the experiment. The works of Benitez-Usher et al (1977), Altaif and
Dargie (1970a,b) demonstrated that anthelmintic removal of vaccine
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worms in nine months old lambs at throe weeks in between two
immunisation schedules led to a breakdown of vaccination due to
cessation of antigenic stimulation and consequent waning of

immunity. However Smith and Christie (1979) concluded that
“dministra *jon of anthelmintics one weee* before challenge did not
affect the degree of protection to subsequent challenge implying

that once protection had been afforded by the vaccine worms (possibly
between weeks 5 to 7 of the immunising course), their subsequent
presence was not required to sustain the protective effects. The
importance of these observations in controlling haemonchosis
practically has not been demonstrated and the possibility of boosting
immune responses through the use of drugs, as occurs in trypanosomiasis,
has not been achieved since' the precise role of anthelmintics in aiding
immune responsiveness in sheep remains funconfirmed.

(d) Exploitation of the 'self-core' phenomenon: This can only be
exploited to achieve control if shown conclusively to have a genetic
ba.sis whereby breeding through selection of animals showing high
propensity for this trait can be embarked upon. Much has been
documented about the ’'self-cure' phenomenon such as its nature and
timing (Stoll, 1929; Stewart, 1953; Allonby and Urquhart, 1973),

how it accounted for the parasitological differences at grass between
and within breeds (Allonby and Urquhart, 1976; Preston and Allonby,
1979b) and in animals undergoing experimental reinfections (Altaif

and Dargie, 1978a). However the mechanism still remains controversial.
Some workers considered the phenomenon to be immunological, especially
when experimentally produced,and hence also a probable genetic basis
(Stewart, 1950, 1953; Dargie and Allonby, 1975; Altaif and Dargie,
1978b), though they also conceded that the protection it afforded
appeared short-lived or temporary as it did not guarantee freedom from

reinfection./



reinfection. Others have not found an immunological basis and
postulated that the natural occurrence of the phenomenon was
associated With the .irgest ion oi freshly growing grass and was
independent of the presence of II. con4:- tus (Gordon, 1967; Allonby
and Urquhart, 1973)%* In the light of these different observations,
the 'self-cure* phenomenon apart from controlling haemonchosis under
natural conditions, has not been exploited commercially to achieve
control.

Conclusion;

None of the manifestations of immune response to haemonchosis
appear to have vaccine potential, especially in the most susceptible
age group where it has hitherto been impossible to elicit immune
responses, on the field. Perhaps, as suggested by Mulligan (1976),
the immune response to this parasite is not potent enough. The only
possibilities offering any hope involve further investigation of
transfer factor treatments and the possibility of exploiting resistance
genotypes or breeds by selection for breeding improvements. In the
meantime, much reliance will still be placed on other methods of
control such as the use of the integrated approach where feasible
which has been shown to be effective when rigorously applied. Should
a vaccine breakthrough eventually occur, there are still bound to be
practical problems in its use in endemic areas for the immune prophylaxis
need to be highly effective, as anaemia and loss of condition can still
occur writh moderate -worm burdens if nutrition is inadequate (Allonby -°
and Urquhart, 1975; Preston and Allonby, 1978). Much reliance will
continue to be placed on heavy anthelmintic therapy in controlling the
disease in most areas of endemic haemonchosis in the tropics and sub-
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B. Trypanosomiasl5:

The control of bovine trypanosomiasis can be achieved through
either supprt g the pathogenic effects of the parasites by the
use of drugs or by eradicating their arthropod vectors (Maclennan,
190). Ormerod (1976) and Holmes (1980) listed the problems associated
with either method. With the former the frequency of drug treatment
and the necessity for carefully monitoring such treatments in areas of
high tsetse challenge,often to uneconomic proportions, the advent of
drug resistant strains of trypanosomes, and the absence of new drugs
has marred its effectiveness. With tsetse control, the major limiting
factors include the high cost of undertaking and maintaining such
programmes, failure to prevent reinfestation of reclaimed land and the
facilitation of land destruction and soil erosion by some of the
control measures.
Tsetse Control. Eradication of tsetse flies has led to successful
control of bovine trypanosomiasis and, according to Finelle (1980),
appears to be the only approach to the elimination of the disease,
although Ormerod (1979) pointed out that trypanosomes often reverted tc
mechanical means of transmission in the absence of tsetse flies.
Measures aimed at eradicating the flies can either be direct when the
flies themselves are destroyed by hand catching, traps or insecticides,
or indirect when the habitat and food supply of the flies are destroyed
through game eviction, bush clearing or sterilised males which in
effect reduce the net reproductive rate of the flies.
(a) Direct approach:
(1) Hand catching - Heavy manpower outlay and isolation of area
to be treated are essential requirements of this method of control and
where successes have been achieved, e.g. the eradication of Glossina
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pal-palls from bhe Island of Principe by Austen and Hugh (1922)

cited by Glasgow (1970), these req irements were met. Despite the
obvious advantages of specificity and non-alteration of the environment,
this sytem has been discarded because of the advenb of better and less
expensive control measures (Glasgow, 1970; Leach, 1973).

(ii) Traps and attractants - Traps of various designs have been used

to control Glossina spps. without success and later for distribution
studies also with doubtful success (Potts, 1970). Leach (1973)
suggested that traps may find a return to favour if new and effective
attractants are developed either in distribution studies or as an
adjunct to eradication when tsetse population has been brought to a low
level by other methods.

(iii) Parasites and predators - Nash (1970) reviewed the diverse
species of parasites and predators of Glossina spp. which possibly
control populations of Glossina under natural conditions but so far
these have been of no practical application.

(iv) Repellants - Laboratory trials with natural pyrethrum conferred
protection for 1-2 days against tsetse bite but length of protection
was considered uneconomical (Galun, 1975> cited by Galun et al, 1980).
Recent research has led to the development of a technique of micro-
encapsulation of natural pyrethrum which has lengthened the protective
period to about 10 days (Galun et al, 1988) and, though still not
tested practically in the field, these workers hoped that this might
replace the use of chemoprophylactic drugs especially in slaughter
cattle.

(v) Insecticidal control - Two uses of insecticides were defined by
Burnett (1970) in the control of trypanosomiasis, wvizi- (a) those which
act by virtue of residual deposits killing insects contracting them
over days or months and also permit more discriminative application to

vegetation food traps and pupation sites, and (b) those without
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detectable residual effect needing repeated application from

aircrafts, smoke generators or ground-based fogging machines.

For successful insecticidal control, the environment must remain
favourable for tsetse flies and once control has been achieved, the
reelaimed land should be isolated and made free from reini'estat Lon

by either urbanisation or food cultivation (Burnett, 1970). The
most firmly established method of control in terms of cost and damage
to the environment is the residual application to resting sites (Bur-
nett, 1970; Hadaway, 19/2; Leach, 1973) a”“d organochlorine compounds
like D.D.T., B.H.C. dieldrin and endcsulfan are the most widely used
inseciticides for this purpose. Endosolfan has been used for
sequential aerosol applications in various parts of Africa (Hocking
et al, 1966; Park et al, 1972; Finelle, 1973b; Kendrick and Alsop,
1974) while dieldrin is preferred for residual applications using
either ground-spraying equipment, rotary atomizers or helicopters
(Davis, 1971; Spielberger and Abdurrahim, 1972, cited by Hadaway,
1977; Finelle, 1973b; Spielberger and Na'isa, 1975)* The major
disadvantage appears to be the destruction of non-target species such
as birds, fishes and reptiles (Koeman et ad, 1976, cited by Lee, 1979)
due to the high dosage rates of residual applications. However the
fear of development of resistance to the currently used insecticides
by tsetses, the growing concern for environmental protection and the
restrictions on the use of D.D.T. and dieldrin has intensified the

search for safer and more economical insecticides (Hadaway, 1977).

B. Jndirect control: 1

(1) Release of sterile males - Male Glossina can be successfully
sterilised by either cross-mating different species (Vanderplank, 1944)
or use of mutant genes or high energy radiation (Potts, 1958; Dean and
Wortham, 1969') but successful control of tsetse flies on the field has

been/



been limited. The only reported work was the 9$> reduction of the
indigenous G. morsitcno population of the 200 km"“ Mkaja ranch in
Trzanj t (] re w i tftl! Innson, 10/';; Larne eh 1, 1900) v/here tsetse
population had already been brought to a low level by inseoiticides
and bush clearing before the release of the sterile males. According
to Leach (1973)>the practical difficulties notwithstanding, resistant
tsetses nay develop and non-target species may also be affected.

(ii) Vegetation clearing - This is perhaps the oldest and most effective
method of tsetse control (Fordet al,1970) .Hethods of clearing have
varied from the total or ruthless destruction of all vegetation
facilitated nowadays by bulldozers and arboricides but which
precipitated land destruction (Ormerod, 1976) to more recent
modifications such as selective or discriminative clearing (Ford

et al, 1970) based on the knowledge that not all vegetation was
essential to the flies. Finelle (1973a) pointed out that nowadays
these ecologically damaging measures are only employed to create a
tsetse barrier so that the confined areas can be attacked by insecticides.
(iii) Game eviction - Leach (1973) claimed that destruction of a large
variety of game animals,which are the principal food source of tsetse
flies especially the morsitans group, has cleared the flies from many
areas while Ormerod (1976) cited that the great rinderpest epizootic
of 1895 which greatly reduced the population of game animals' also
achieved successful control of the flies. The eviction has been
rendered more selective based on the finding that not all species

are favoured by the flies but the major constraint to its use is the
conflict with environmental preservators and the fact that reinvasion
by flies follows recovery of the game animal population.
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Control In the r.amnalian BRost:

Ir \hf b euoca of any j*a tic be vaooiue, control In the
mammalian host has relied solely on the use of trypanocidal drugs
and there are many reports of successful control of bovine trypano-
somiasis achieved by their use (.Bevan, 1928, 1956; Smith, 1959;
Shaw, 1960; Scott and Pegram, 1974; Bourn and Scott, 1978) with the
attendant problems as earlier mentioned (Holmes, 1980). The
therapeutic control lias been achieved mainly by two groups of drugs,
Diminazene aceturate (Berenil) which has high activity, low toxicity,
rapid excretion but limited prophylactic property and the phenanthridium
drugs - Homidium Chloride and Isomethamidium chloride (Samorin) both
drugs having considerable prophylactic properties, especially the latter.
Strains resistant to one drug often show' cross-resistance to other
drugs because the drugs are related chemically. Because of this
cross-resistance, Whiteside (1962) developed the concept of using
Sanative pairs of drugs which did not cause mutual cross-resistance
such as Berenil and Homidium or Berenil and Samorin. These pairs are
used alternatively in an area until resistance to one 1is observed
whereby a switch is made to the other. Therapeutic control require
a high level of veterinary supervision and careful monitoring which,
where existing, can lead to widespread economic advantages due to
successful control and even enhancement of immunity vide infra (Wilson
el; ad, 1975a,b; Bourn and Scott, 1978). In traditional systems of
husbandry such has not been the case and drug prophylaxis has been
impracticable since there is no guarantee that cattle under such
prophylactic treatment regimes, will be retreated within the protective
period. Massive therapeutic treatments are therefore embarked upon

in/



in controlling the disease which often precipitates drug resistance
(Jones-Davis, 1967a,b, 1963; Maclennan end Jones-Lavis, 1967?;

Madennan nl ila'isa, 19f0) .

Vaccina ti on:

A pronounced immune response follLows infection by trypanosomes
as evidenced by the high levels of circulating immunoglobulins (mainly
IgM), marked expansion of the mononuclear phagocytic system and the
demonstration of predominantly opsonising antibodies (Lumsden and
Herbert, 1967; Takayanagi et al, 1974; MacAskill jet al, 1980) by
various 1in vitro tests. Theoretically it should be possible to
protect animals against trypanosomiasis by vaccination and limited
success has been reported though no commercial vaccine is as yet
available. The immune responses can also be boosted by trypanocidal
drugs, while the tolerance of some breeds which have been speculated
to have a genetic basis can also be exploited to achieve control.

These different aspects are examined.

(a) Vaccination with trypanosomal antigens - Successful vaccination

of laboratory rodents against defined variants of the genus Trypanozoon
has Dbeen reported using such regimes as infection followed by treatment,
inoculation of trypanosomal extracts or infection with irradiated
trypanosomes (Seed, 1963; Duxbury jet al, 1972b; Duxbury and Sadun,
1969; Wellde et al, 1973) f°r T. rhodesiense; (Dodin and Fromentin,
1962; Seed and Gam, 1966; Seed, 1972) against T. gambiense;

(Dodin and Fromentin, 1962; Miller, 1965; Soltys, 1967; Herbert

and Lumsden, 1968; Cross, 1975) against T. brucei; (Dodin and
Fromentin, 1962; Johnson et al, 1963) against T. congolense.
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Experimental studies were frequently unsatisfactory due; to use
of srall numbers of -niir 1 , p or control s and failure to define the
exact nature of the challenge and vaccine antigens (Murray and Urquhart,
1977) . Furthermore, any successes v/ere only of limited practical
value as cross-protection in most cases did not extend to other
variants. In cattle vaccination trials, similar problems were also
encountered, 1i.e. successful vaccination only occurred when the same
variant was used for vaccination and challenge. Bevan (1928) was the
first to establish that tolerance or vaccination of cattle could be
achieved by inoculating a laboratory passaged strain of T. congolense
followed by treatment with a trypanocidal drug though later work
showed that the tolerance could be broken by exposure to T. vivax
infections, malnutrition or piroplasmosis (Bevan, 1936). The claim
that dead T. brucei, T. congolense or T. vivax conferred full immunity
in cattle by Schilling (1953) was not substantiated by Hornby (1941).
However, Stephen (1966) in Nigeria showed that calves infected at monthly
intervals with wild-caught tsetse flies for up to two years developed
acquired non-sterile immunity to T. vivax and T. congolense needing only
occasional drug treatments while untreated controls generally died
within 3 months. Similar successes were reported for T. brucei
vaccinations using infection and treatment by Cunningham (i960),
for T. vivax and T. congolense in cattle in Uganda by Wilson (1971)
and for T. congolense infections in sheep by Uilenberg (1974) cited
by Holmes (1980). Results from experiments using X-irradiated
T. congolense as vaccines in cattle were not as successful as those
reported for mice (Duxbury et al, 1972) which was attributed to
antigenic wariation having occurred in the vaccine or challenge
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inocula. Hov/ever, a lasting immunity was observed when X-irradiated

T. rhodeslense was used as the antigens, while 1. brucei also gave

n Ijj i *.ed degree o' immunity ( eil ie ei al, 197?} T'uhrg et al, 1977).
From these observations in laboratory and domestic animals,

immunisation against individual definedantigenic type is normally

highly successfil but cross-protect.!on does not extend to other

antigenic types. This antigenic variation exhibited by both bloodstream

and metacyclic trypanosomes has been the major constraint to the

development of a trypanosome vaccine and investigations into its nature

have revealed the enormous barrier to be surmounted and vaccination

against trypanosomiasis at best remains a research objective. Firstly,

the variant antigen was revealed as a glycoprotein which constituted the

major part of the surface coat and was made up of a single polypeptide

chain (Vickerman, 1969); successive variants were structurally

dissimilar entities with different amino-acid sequences (Cross, 1975)»

and the phenomenon occurred spontaneously in a random fashion independent

of host immune responses (Jenni, 1977). Secondly, the number of variants

appearing during the course of an infection appear unlimited up to 101

variable antigenic types (VATs) having been isolated from one clone

of T. eouioerdum (Capbem "et al, 1977» cited by Holmes, 1980) though

limited numbers have been associated with the three relevant species

T. vivax, T. congolense and T. brucei (Wilson and Cunningham, 1972;

Jones and Clarkson, 1974; Clarkson, 1976) . Thirdly, opinion appears

divided as to whether these three relevant trypanosomes always reverted

to a very limited number of antigenic types after passage through

tsetse flies or in the early phases of infection in their mammalian hosts.

Recent observations by Van Keirvenne ei_ ad (1977) & Hudson et al (1980)

would seem to support the earlier observations by Gray (1965)* Clarkson

and Awan (1969), Wilson ana Cunningham (1971) that in fact they do but
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Van Meirvenne et al (1975)» Re Ray et a]_ (1977) and Barry at al (1979)
failed to support this conclusion when clone—derived metacyclic
populations of T. brucei were observed to give rise to antibody
production to several variants in the hosts. However, if the number

of antigenic types is limited, a cocktail wvaccine based on such VATs

may be effective. Limited work along these lines has come from the
attempted protection of Zebu cattle against T. congolense in East Africa
using a multi-stabilate vaccine of 11 different stabilates of defined
antigenic types (Scott ef al, 1978) based on an earlier finding by
Herbert and Lumsden (1968) that mice can be protected against four
stabilates concurrently following challenge by any one of the four
original stabilates. The immunising regime consisted of priming with
two doses of the 11 stabilates either as live organisms or dead vaccines,
followed by chemotherapy and challenge 40 days later with 9 of the
original stabilates. All the vaccinated and control cattle eventually-
died but there was evidence from the increased survival time of the
group given the live vaccines that a measure of protection had been
induced. Various reasons were given for the observed failure, such as
lack of precise timing of chemotherapy to allow slowly replicating

VATs to confer their own immunity, competition between stabilates and
too massive a challenge dose ( 10 - 109 organisms) . Thus so far

field vaccination against bovine trypanosomiasis still remains completely
impractical.

(b) Immunoprophylaxis - Cattle and sheep kept under conditions of
natural challenge have been observed to produce a significant degree

of immunity which can be boosted by trypanocidal drugs. Urquhart (1977)
considered this approach as offering a better and more practicable
method of controlling trypanosomiasis through exploiting the host

immune responses rather than attempting to produce a trypanosome
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vaccine. The idea originated from the observations of Bevan (1928, 1936)
that cattle clinically recovered from trypanosomiasis by 'brig

1r**a nun euand in good health despite reinfection a fvidenced

by positive blood smears and the term ’'tolerance’ was used to

describe this phenomenon. Similar observations were.made by

Whiteside (1962) and Cunningham (1966) whereby after a variable

number of natural .infections and treatment regimes of cattle in an
endemic zone, the interval between drag treatments and parasitaemias
increased, which was attributed to the development of anon-sterile
immune state. Such immunities also broke down when infection rate

was high. The successful control of trypanosomiasis through
exploitation of this ability of cattle to develop an immune response

to trypanosome challenge assisted by chemotherapy has been reported

from East Africa (Wilson et al, 1975a,b; 1976; Bourn and Scott, 1978).
The non-sterile immunity was achieved by exposure of cattle to natural
infection and treating them when their PCV fell below 23% or when they
were overtly sick while the effectiveness of the immunity was assessed
on the basis of frequncy of drag therapy, development and duration of
parasitaemia, ability to maintain normal blood levels in the face of
infections, calving rate in breeding stock and growth rate in beef herds.
In a high tsetse challenge zone, a breeding herd was kept successfully
for 2 years with eight Berenil treatments and an average of 35 days
between parasitaemias and reduced susceptibility evidenced by increased
number of calves bom, lessened calf mortalities and abortions (Wilson
et al, 1975a). In an area of medium challenge, steers which originally
required Berenil treatment every 58-60 days only required such treatments
after 130 days by the ninth treatment by which time the parasitaemic
interval had also increased to 30.9 days from 11.7 days. Some steers

which/



which received no treatment during the last six months of the
experiment survived and continued to grow at the same rate as

'h < e ewv r; uua ,nmmnr- vii ;h showed ti ar the ie,unity wos n t

drug dependent (Wilson et al, 1975b). In a second group of steers
treated on an -verugo eer... 26 days when parasites appeared in the
blood, there was no devel jpiaent of immunity and when the drug

treatment was withdrawn, severe signs of illness and mortalities
resulted. In this group better results and the development of
immunity were observed when Samorin was used for treatments. Bourn
and Scott (1978) reported the successful keeping of work oxen in an
area of endemic trypanosomiasis in Eithiopia (Angar-Gutin Settlement
Scheme) based on infection and treatment but, more importantly, on the
ability of the animals to develop a non-sterile immunity to the disease.
These successes, according to Holmes (1980), were determined largely

by the level of careful management, good veterinary supervision and the
judicious use of drags, measures which cannot be guaranteed under
traditional husbandry practices but nevertheless emphasise the point
that susceptible herds can be kept successfully in areas of low or
medium tsetse challenge through immunoprophylaxis.

(c) Trypanotolerance - Certain breeds of cattle, especially the

West African dwarf breeds such as the Muturu and N '’dama, certain breeds
of sheep and goats and game animals are more resistant to infection with
trypanosomes than others when challenged for the first time or during
reinfections with the same or similar numbers of organisms, suggesting
that trypanotolerance has a genetic basis (Desowitz, 1959; Stephen, 1966;
Fiennes, 1970; Roberts and Gray, 1973a—>fr; Murray et al, 1979&»b;
Griffin and Allonby, 1979)- Recent evidence from tolerant mice
(Whitelaw et al, 1980; Jennings et al, 1978; Morrison et al, 1978)
would seem to suggest that trypanotolerance has an immunological basis.
Breeding for tolerance, according to Finelle (1980) should increase

the/



the number of tolerant animals and their degree of tolerance, but it
lias not been shown conclusively that trypanotolerance can be inherited,
j.i. enhanced by £>1*c i e bee<d n vA'hIn b ebr? > vht tber ccost -
breeding with productive breeds can enhance productivity. From
evidence presently avail bie, trypanotclerance does ngt confer
protection to the effects of the disease (Murray et a”® 1979%9a,b)

but rather enables such animals to limit the first wave of parasitaemia,
i.e. a superior resistance to infection,and consequently limit the
severity of the anaemia. Practical constraints to successful control
of trypanosomiasis through exploitation of the innate resistance of
these breeds include the cost and limited stock of breeding animals
available (Holmes, 1980), the long term nature before full realisation
of breeding objectives and the necessity for good nutrition, careful
veterinary supervision, good husbandry without which breeding cannot
be successful. These measures can also achieve successful control

in the more productive Zebus (Urquhart, 1977),

Prospects for Vaccination:

At present the only practical exploitation of the host’s
immune responses in controlling trypanosomiasis has been through
acquired or genetic trypanotolerance. The problems of antigenic
variation notwithstanding, the search for possible vaccines against
trypanosomiasis continues and various options are being considered
(Murray et al, 1979c; Holmes, I960) and optimism appears based on
the long recognised fact that cattle under natural conditions of
challenge can control parasitaemias, and on recent scientific advances
in other fields:-
(1) Further exploitation of the multi-stabilate vaccine approach: The
requirements for success along these lines have been earlier enumerated

(Murray eft al, 1979)*

(ii)/
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(ii) There is the possibility that different VATs of the same
species or between different species have cross-reacting determinants

. nd McGuire, 1978) and it has been suggested that, if the
immunogenicity of such determinants can be increased, vaccination
may be achieved.
(1ii) The large scale production of antigens hitherto a problem
has now been made possible by the works of Hirumi et al (1977,
1976a,b, 1980) who also identified and cloned together antigenically
more stable mamallian bloodstream forms with the same VAT repertoire
as metacyclic forms. Thus it may be possible to define the VAT
complement of metacyclic populations and, hopefully, produce a
vaccine against that VAT repertoire.
(iv) “fccent advances in molecular and genetic engineering in other
fields such as recombinant DNA technology, use of specific messenger
RITA and specific target tissues to produce immunising proteins,
transfer of specific genes from one genome to another, production of
trypanosome antigens in bacteria, as well as weak spots in the life
cycle of the parasite, are being watched for possible vaccine
potentials.
(v) A search for possible antagonists capable of inhibiting antigenic
variation continues but so far without success.
(vi) Possible use of immunostimulants to induce non-specific immunity
against trypanosomes. Limited success has been reported in a pilot
trial by Murray and Morrison (1979) using the immunostimulants
Bordetejla uertusis,Corynebacterium uarvum and Bacillus-Calmette Guerin
(3.C.G.) in T. congolense infected mice but Holmes (198C) was unable
to produce similar results with another stabilate of T. congolense.
(vii) In vivo attenuation of the parasites to boost non-sterile immunity
is also undergoing laboratory investigation (Holmes, 1980) but there is

the/



the fear that such attenuated parasi te3 may revert to more pathogenic

forms under field conditions.

Conclusion.

An integr ted approach, as suggested by Finelle (15>80),
probably offers the best scope for control. Using this approach,
chemotherapy can be used to eliminate existing trypanosome infections,
thereby avoiding mechanical transmission and tsetse control achieved
by insecticidal application followed by release of sterile males
to obtain total tsetse eradication. Alternatively, 1in areas where
effective control cannot be achieved due to economic reasons and
location in marginal tsetse areas, breeding of trypanotolerant
animals can be embarked upon. Either method should be integrated
with rural development taking into consideration all the problems
likely to be encountered and a programme designed accordingly.

The Jjoint FAO/WHO programme for the control of African
trypanosomiasis and related development in Africa is an example of
such an integrated approach (Finelle, 1980). In the meantime, much
reliance will continue to be placed on sporadic chemotherapy and

limited tsetse eradication in areas of endemic trypanosomiasis.
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INTRODUCTION:

Helminth and protozoan par a:itea exert by fa.r the greatest
limiting factor on economically viable livestock production in most
tropical and sub-tropical countries. Unfortunately in such areas a
large number of humans suffer from chronic protein malnutrition and
various efforts are being- made to correct this deficiency. One approach
has involved a shift from the traditional methods of husbandry to more
intensive techniques. Paradoxically the problems posed by these
parasites have assumed more importance under the new management systems.
.Attempts are also being made to exploit the genetic resistance of some
indigenous breeds to boost productivity through cross breeding with the
more productive exotic breeds but so far with limited success. The
finding that irregularity of food supply, typical of situations in most
endemic countries, can affect genetic markers of resistance independently
of the presence of parasitism has further complicated this latter approach.

Of the helminth infections associated with poor productivity in
livestock, especially sheep, in tropical countries, haemonchosis caused
by either Haemonchus contortus or H. placei is generally regarded as the
most important. Annual losses due to this parasite in sheep from various
tropical countries are not widely available. One report from the semi-
arid regions of Kenya puts such losses in the order of 3 million pounds
(Allonby, 1974). The widespread prevalence of the disease in most
tropical countries and in the warmer temperate regions of Southern Europe
and elsewhere was highlighted in Chapter I.

The basic features of the epidemiology and pathogenesis of the
disease were also reviewed in Chapter I. Anaemia, hypoproteinaemia and
weight loss or reduced weight gains are the major consequences of
infections.

The/



Trie mechanism of the an."eraia has longlheen recognised as
haemorrhagic (Fourio, 1931)%* This h.is been supported and further
ix trader! by the use ol e¢adioino' opio tracer tecmiques (Dargie, 1974;
Dargie and Allonby, 1975). However the wide va.rlation in the severity
of the anaemia exhibited by infected animals suggests the invulveiaent
of other factors in the pathogenesis of the anaemia. Some of these
factors, i.e. age, breed, haemoglobin type, have been identified and
their influence on the disease process determined (Gordon, 1958;
Urquhart at al, 1966a,b; Altaif and Dargie, 1978a, b; Preston and
Allonby, 1978, 1979a>b) - Chapter I. More importantly, the nutritional

status of the host affects susceptibility to infections but the exact

relationship has not been easy to define. Most of the early observations
on this aspect were reviewed in Chapter ST. The important conclusions
are:- (a) the adequately fed host is mors resistant than the poorly fed

host to most parasitic infections, i.e. nutritional status can affect the
immune response of hosts to their parasites; (b) the infections may
upset the nutritional physiology of the hosts thereby leading to poor
productivity, performance and even death; and (c) the necessity to
differentiate between resistance to the establishment of an infection
and resistance to the effects of an established infection.

So far no firm conclusions can be drawn as to whether the
establishment of H. contortus is affected by the nutritional plane of
the host. Similarly, the contention that the nutritional plane of the
host affects the severity and ultimate outcome of haemonchosis,in
common with other gastrointestinal parasites has been widely accepted
but has not been verified in sufficient detail experimentally. Since
protein level -per se can impair erythropoiesis it is necessary to define
if the differences in susceptibility observed in animals on different
dietary protein regimes reflect differences in impairment of erythropoiesis

or/
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or a faster and more severe pathogenesis. This necessitates a study
of the functional state of the erythrori under the different dietary
regimes, .s wat ittemi/tod in the present experiment¥*

The changes in plasma protein metabolism following single
experimental infnotions were documented by Dargie (1974, 1975» 1909)
using isotopic tracer techniques (Chapters I and IV). He concluded
that the underlying changes in plasma protein metabolism in haemonchosis
involved disturbances in the balance between catabolism, distribution and
synthesis. The extent to which these changes are influenced by nitrogen
intake was examined to a limited extent by Dargie (1974) in a comparison
of ad libitum fed II. contortus infected and pair-fed control sheep. He
showed that infected animals, although consuming more food than controls,
failed to gain weight at the same rate as the controls. This he
attributed to the hypercatabolism and re-channelling of essential amino
acids away from tissues such as the muscle to organs involved in
essential amino acid synthesis. He consequently suggested that sheep on
a low protein diet would have lower rates of fractional and absolute
albumin degradation. This assumption has been verified in other host
parasite systems, e.g. fascioliasis (Berry-and Dargie, 1978), but no actual
measurements have been made nor diets affording different crude protein
intakes used to test this assumption in haemonchosis. Hence it is
worthwhile to examine this aspect as dietary deprivation forms an integral
part of the epidemiology of the disease in endemic areas.

Loss of body weight or failure to gain weight thus occur in
haemonchosis (Dargie, 1974). This could arise from either inappetence
or other metabolic disturbances. Using a system of pair-feeding he
showed that inappetence was of no major importance in this disease.
Similarly, evidence for reduced digestibility of nitrogen contributing

to/



to the weight differences between infected and pair-fed controls

has been inconclusive. This is because the reduced digestibilities
observed were more or less accounted for by the passage of endogenous
nitrogen into the gut and there was no indication that this nitrogen

was not ultimately processed. He thus concluded that poor digestion

or malabsorption was not associated with haemonchosis. The weight
difference was attributed solely to the greatly accelerated rate of
protein synthesis and the attendant shift in amino acid metabolism from
tissues such as muscle into organs such as liver and bone marrow which
are involved in synthesis of essential proteins. If this mechanism
truly operates in haemonchosis, then the quality and quantity of the host
diet will be of particular importance, since the more nutrients available
from the diet the less the animal will have to release from its body
reserves. A nutritional balance and digestibility study was consequently
carried out to determine if nutritional plane affected the nitrogen
balance or digestibility of various food constituents at a time when the
sheep were harbouring patent infections of K. contortus.

A further aim of the work described in this thesis was to examine
the influence of dietary protein intake cn the pathophysiological changes
associated with the self-cure phenomenon. Larval challenge in animals
carrying patent infections of 5. contortus has been shown to cause a
dramatic fall in egg production and expulsion of the previously acquired
infection due to a local hypersensitivity reaction in the abomasum
initiated by the newly acquired larvae (Chapter i). There are indications
that natural self-cure is not immunogenic in origin but rather caused by
a possible anthelmintic factor in freshly growing grass (Allonby and
Urquhart, 1973).

Information/



Information is currently available both on the functional
changes in the worm which accompany expulsion, particularly as regards
egg or tput ar I bHood sucking = titties, as well as on t e patho-
physiological changes in the host associated with the phenomenon
(Dargie and Allonby, 1975; Dargie, 19/4) - (Chapters I and III).

Despite this detailed information only in a few instances lias
the nutritional status of the host been linked with the manifestation of
self-cure. Preston and Allonby (1978) concluded that animals on a
high protein diet self-cured more effectively than those on the low
protein diet indicative of a better immune response in the former.
Effectiveness of self-cure was based solely on faecal egg counts (eggs/
gram of faeces) and no worm recoveries were ma.de nor any pathophysiological
alterations monitored. Attempts were made to examine these aspects in
the present experiment.

The influence of nutrition on the pathophysiology of acute
haemonchosis and the self-cure phenomenon was examined by offering two
groups of sheep diets of different crude protein content. The course
of the infection in each group was followed using parasitological,
haematological and radioisotopic parameters. Red cells labelled with
51Cr v/ere used to study the alterations in red cell kinetics following
primary and challenge infections. Changes in the iron kinetics and
hence erythroid marrow activity were monitored with the help of plasma

cn 125
labelled radioiron ( Fe), while albumin trace labelled with I was
used to follow the changes in albumin metabolism'in both parasitised
and pair-fed control sheep. A nutritional balance and digestibility
trial was also carried out to detect any adverse effect of protein intake
on the nitrogen status and digestibility of various nutrients by the host.
For ease of presentation the work is divided into sections, each

embracing maiterials and methods and results, followed by a general

discussion.
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GENERAA. MATERIALS Mn_ METHODS .

I - Fly-jeh: lental r<e£,
(2a) Rearing and. maintenance be ftre experiments:

Twelve Scottish Blackface wethers aged 9-12 months were
purchased commercially and drenched with a 2.5 per cent suspensions of
benz imidazole (Panacur-Hoechst Pharmaceuticals) at the rate of 1 ml./kg.
body weight to remove gastrointestinal worms. The treatment was
repeated four weeks later. Their parasite-free status was checked by
regular faecal examinations.

The animals were housed in covered pens with concrete floor and
straw bedding. For two weeks after purchase they were fed on ad libitum
hay and pelleted concentrate. Subsequently they were divided into two
groups of six animals each, kept in two adjacent pens and introduced to
the special compound diet. Group A received the high protein diet which
consisted of sugar beet pulp, siftings, soya bean meal and mineral and
vitamin mixture. Group B received the low protein diet made up of the
same ingredients as the former but without the soya bean meal. These
diets were fed twice daily for a further two weeks before the animals were
moved to the metabolism cages.

(b) Maintenance of animals during experiments:

The sheep v/ere confined in standard metabolism cages throughout
the duration of the experiment having been moved to these cages a week
before the commencement of the experiment. The special high or low
protein diets were offered to the appropriate animals of each group.

Each sheep was fitted with a faecal collection bag lined v/ith a polythene
bag which allowed complete and separate collections of faeces and urine.
The urine passed through the grid floor of the cage and was collected in
a bucket placed behind the cage. Each infected sheep was paired on a
body weight and haemoglobin type basis to an uninfected control and

thereafter/



thereafter the latter was offered same amount of food as that eaten
by its partner the previous ::;. This pair-feeding’ Lasted throughout
the !"i*s - oast of the ax»)e-.?imout and the firsl week oJ thi- oenond part,
after which the animals were fed their respective diets to appetite.
Six litres of water was offered to each sheep daily.

II — Experimental pro tocoI:

The sheep v/ere used in two separate but comparable experiments
consisting of a primary infection and a challenge infection.

During the five weeks before the animals v/ere moved into the
metabolism cages the sheep v/ere weighed weekly, usually in mid-morning,
using an Avery-Spring balance pig weigher. Blood for haematological
and biochemical analyses was also collected weekly usually before weighing.
These parameters (weight, packed cell volume and haemoglobin type) enabled
the division of the animals into the two groups A and B.

For the experimental period the sheep were confined in standard
metabolism cages and fed their respective high or low protein diets. On
day 1 of the experiment three sheep in each group v/ere individually
infected with 350 37d stage larvae of H. contortus per kg. body weight.
The other three served as worm-free controls and v/ere allotted on a body
weight, POY and Hb type basis to the three infected sheep of each group.
All the six animals in each group were injected with 51Cr—labelled red

cells and 59Fe on the same day and later that day infected with H.contortus

12
larvae. Injections of 5I—labelled albumin were unavoidably delayed
until three days later. Pair-feeding commenced a week earlier and was
maintained throughout this part of the experiment. To ensure the rapid

excretion of iodine from degraded albumin each sheep was dosed with

10 ml. of 0.75 per cent solution of potassium iodide beginning four days
before the injection of labelled substances and continued throughout the
duration of the experiment. Red cell, iron and albumin kinetics v/ere
measured during the following 40 days. The daily feed and water intakes,

urine/



urine and faecal outputs were recorded. A 7-day nutritional balance
study was carried out between days 31 2xd 3% which entailed special
treatments of the daily urine nd faecal collections as described in
Section D.

For the challenge infection nn day 42, each infected sheep of
both groups was again reinfected with the same number of infective larvae
(350/kg. body weight) in an attempt to induce self-cure. The various
measurements v/ere continued for a further 28 days except that pair-feeding
was discontinued on day 49 and the animals fed their respective diets to
appetite. Intakes were recorded. The animals were necropsied at the
end of the experiment and worm burdens determined.

Blood samples for haematological and biochemical analyses were
collected once weekly on Mondays before the morning feeding throughout
the duration of the experiment. The animals v/ere weighed after the
bleeding. Blood for radioisotopic measurements were collected daily
as described below. Faecal egg counts (total output) v/ere determined
once weekly following primary infection and thrice weekly after the
challenge infection.

I11 - Injection of radioisotopes and preparation of samples:

Each sheep received approximately 500 pCi (%281), 16? pOi (89Fe)
and 833 pCi (81Cr) on each of tv/o occasions. Injections of isotopically
labelled substances were made into the jugular vein via a jugular
catheter (Portex Plastics Ltd., Eythe, England) connected to a three-way
tap. The catheter was flushed out with isotonic saline before being
withdrawn. The syringes were weighed prior to and after injections for
determination of amounts of isotope injected.

The/



The first blood sample was taken 10 minutes after injection
fiom the opposite vein and ether samples at y > 60, 98, 120 and 180
Jiim e . 1l ley webe sd :ea a ,1/ bled 1 fjce da.il- jjj thr ne>;t three
days and thereafter once daily for the duration of the experiment.

"ml. of blood wHs v/ithdrom into heparinised tubes at each bleeding.
Daily urinary and faecal outputs were collected and recorded.

1 ml. samples of whole blood and plasma v/ere pipetted into
counting tubes and made up toa volume of 10 ml. with 0.02 N NaOH. A 10ml.
aliquot of the daily urineoutput was taken for radioassay. Each 24-hour
faecal collection v/as weighed, mixed thoroughly inside the polythene
bag and random duplicate 10 g. samples taken and packed to a volume of
10 ml. in counting tubes.

1 ml. of each of the. isotopically labelled preparationsv/as

weighed in a syringe and the contents emptied into a 100 ml. volumetric

flask. The syringe was re-v/eighed. The contents of the flask v/ere

made up to the mark with 0.02 N NaOH. 1 ml. of this was drawn into

counting tubes and made up tol0 ml. with 0.02 N NaOH. These standards
125

v/ere made up for each sheep except the I standard. The standards

served as corrections against decay, changes in the sensitivity of the
counting equipment and for calculations of injected dose.

Count rates of the three isotopes in the samples v/ere determined
simultaneously as described in Section C.
TV - Statistical methods;

The statistical methods employed were those described by
Snedecor (1956) a—-nd 3ishop (1966). The exponential phase of the
radioactivity disappearance curves v/ere calculated by linear regression

analysis/



analysis and all radioactivity curves v/ere drawn by such regressions.
A correlation coefficient r > 0.95 was accepted.

T)e"'i d c'u lrvmme ui U J.IH were fq o 3i-ec as S'tarlarb #rrors
(SE) of the means. The 'tl values were considered significant at

p - 0.05.
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SECTION A - CLINICAL AND PARASITOLOGICAL OBSERVATIONS.

A . MATERIALS ATID METHODS.
I - Preparation and administration of infective larvae:

Infective third stage larvae of H. contortus v/ere kindly
suxjpli ed by the Wellcome Laboratories for Experimental Parasitology,
University of Glasgow. These laih/ae v/ere recovered from cultures
of faeces from sheep with patent infections of H. contortus. The
concentration of the larval suspension was determined by examining
forty 0.025 ml. aliquots, with thorough mixing during sampling. Doses
for each sheep (358/kg. body weight) v/ere measured by pipetting the
calculated volumes of the original larval suspension into narrow-necked
universal bottles. An error of * 10/ was usually envisaged.

The larvae were administered to each animal by oral drenching
v/ith the universal bottles. Each inoculum v/as followed by a drench
of water to ensure swallowing of infective dose.

II - Faecal egg counts;

Faecal egg determinations v/ere performed using a modification of
the McMaster technique as suggested by Whitlock (1948). Samples v/ere
taken per rectum or from the faecal bags, from which three grams v/ere
weighed and broken up in 42 ml. of water using a homogeniser. This
was poured through a 100 mesh sieve to remove the coarse debris while the
filtrate was collected, agitated and then used to fill a 15 ml. flat
bottomed test tube. The tube was centrifuged at 2,000 r.p.m. for two
minutes, the supernatant poured off and the sediment agitated v/ith a
whirlmixer. Saturated sodium chloride wa.s then used to top up the tube
to the previous level and the tube inverted six times sc that the rising
air bubbles could mix the solution. This was pipetted rapidly into both
chambers of a McMaster slide; the slide examined under the microscope
and the number of eggs counted in the two chambers multiplied by 50 bo

give the number of eggs per gram of faeces.



I11 ™ Necropsy -procedure ana assessment of worm burdens:

All sheep to be necrops.ied v/ere starved for 24 hours prior
to s'laig ter. 'hey w. r . Lill 5 by rapi I intravenous injection of
Pentobarbitone sodium (Euthatal, May & Baker, Dagenham, Esse:*:).

A ventral midline' incision was made and the alimentary tract removed
from the body cavity. The abomasal/duodenal junction was quickly
ligatured to prevent transfer of parasites from one site to another.

Estimations of worm burdens were performed according to the

techniques of Ritchie et aL_(1966). The abomasal contents were v/ashed
gently under slow running water into a bucket and the contents made up
to 2 litres. This was thoroughly mixed and two 200 ml. samples taken

into jars. 10 x 4 nil. aliquots of the mixed suspension were counted in

a lined petri dish after iodine staining and decolorisation v/ith 5/
sodium thiosulphate. The average count was multiplied by 50 (dilution
factor) to give an estimate of the worm burden.

The abomasum was divided transversely at the pyloric-fundic region
and the mucosa scrapped off and digested in a pepsin-BC1 mixture for 6
hours at 42°C. The digested material was formalised, made up to 2
litres and duplicate 200 ml. aliquots again counted using a stereoscopic
microscope (x 12 objective) as described for abomasal contents. The
two counts v/ere added to give the total worm burden. Worms were classified

as adults or developing stages.

B. RESULTS.
I - Clinical observations:

The main clinical sign observed in both groups of infected sheep
was pallor of the visible mucous membranes. Only in one animal on the
low protein diet was there evidence of facial and submandibular oedema.
All infected animals maintained good appetites throughout both primary

and challenge.infections and no weight losses were recorded. However,

infected/



infected animals cn the high protein diem gained more weight than those

on ihe low' protein diet'. This difference was more pronounced during
the in rwr ' .nNd Lou but =3 3t.HL actjual U .foil w n thf oh llengi
infection when all the sheep were fed to appetite. On an average

infected sheep on low protein diet gained 8.5 kg. during the duration
of the experiment, while those on the high protein gained 11.0 kg.
Control sheep on the low protein diet gained 10 kg. during the duration
of the experiment, while those on high protein gained 12.8 kg. Weight
gains between infected and control sheep on either diet v/ere not
significantly different though noticeably higher in the latter (Fig. 1).
IT - Parasitological data.:

(a) Primary Infections: The mean faecal worm egg output of
each group is depicted in Fig. I from which it can be observed that the .
general pattern was similar in both groups. Eggs v/ere first detected
during the third week after the administration of larvae and increased
substantially over the next two weeks to reach a level which was more or
less maintained until reinfection cn day 42. Egg output was clearly higher
in sheep on the low protein diet than those on the high protein diet.
For example, mean egg output was 42 million per day by two v/eeks following
patency in the former group and only 21 million/day in the latter.
These differences v/ere significant (P < 0.05). The faeces of the worm-
free controls remained negative.

(b) Challenge Infections: Although some noticeable drop in
egg output occurred within a week of reinfection in both dietary groups,
the percentage drop was not significant. Over the next two weeks egg
output returned to pre-challenge levels and increased steadily until

the termination of the experiment.

°)/
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Fig. 1: Mean faecal egg counts and percentage body weight gains of
sheep infected with H. contortus (¢) and normal animals (o)
maintained on low protein (LP ----) and high protein

2P --—-—- ) diets.
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(c) Worn Burdens: The worm burdens of individual sheep
determined at the end of the experiment are presented in Table II.
tic sxgui fi ant dxfe. c-nees in ;r,ad burdens r ;carred between the two
dietary groups - mean for the high protein group being. 5>033 - 605
and the low protein group 5» i-35 - 5Bb. A small proportion of immature
adults (L5) was recovered from one sheep (R95) the high protein diet.

No significant alteration of the male:female ratio was noticed.



The worm hardens of sheep maintained <:n high an?
K, pjj*e:n dies aiter p imiy a i c ail-n/.e
infections with 35'0 larvae/kg. of IL. contortus.

Worm Burdens

No.
. Kale:
Diet of Immature Adults Total ale
sheep (15) Female.
Y75 5,800 5,800 1.32
ov/
Y76 - 4,700 4,700 0.94
Protein
Y81l - 4,900 4,900 0.69
Kean + SE 5,133 + 586 0.98 + 0.18
R82 ’ 5,250 5,250 0.86
High
R92 - 4,350 4,350 0.78
Protein
R95 700 4,800 5,500 0.78

Mean + SE 5,033 + 605 0.81 £ 0.03"



SECTioi1t 3 - svsiyroirocercri 1) BIOCHEMICAL OBSERVATIONS,

B. MATERIALS AMD METHODS.

I - Collection and storage of sampler:

All blood samples were taken from the jugular vein. Samples
for radioisotopic and daily packed cell volume determinations were
collected into evacuated 5 glass tubes (Vacutainer, Bee ton and
Dickinson and Co., New Jersey, U.S.A.).containing 100 international
units of heparin as anti-coagulant. Those for the weekly haematological
analysis were collected into 5 nil. Monovette tubes (Sarstedt, Monovette,
Leicester, England) containing ethylene diamino tetracetic
acid (EDTA) as anti-coagulant. For analyses involving serum, blood was
collected into 10 ml. evacuated tubes, allowed to clot and left standing
overnight at room temperature v/ith the tubes inverted. The serum v/as
transferred by means of a Pasteur pipette into plastic vials v/hich v/ere
immediately stored at -570.

II - Red cell count (RBC), Packed cell volume (PCV), Mean cell volume MOV)
and Haemoglobin concentration (kb)!

The total red cell counts (x 10%%mﬂ§, percentage POV, mean
cell volume (p*) and haemoglobin concentration (g.%) were determined
using an electronic particle counter and Coulter haemoglobinometer
respectively (Coulter Model ZF, Coulter Electronics Ltd., Harper/den,
Herts., England). The PCVs of the daily blood samples v/ere determined
by the capillary microhaematocrit method. Capillary tubes containing
the blood samples were sealed at one end by plasticine, centrifuged for
5 minutes in a microhaematocrit centrifuge (Hawksley J Sons Ltd., London,
England) and the percentage PCV read from a scale on a Hawksley micro-
haematocrit reader.

I11/



Ill - Mean cell haemoglobin concentration (1-ICHC) and mean cell

Hbo x 100
MCHC
PCV
MCTT Ub_x JX
RBC

TV ~ Haemoglobin typing:

Haemoglobin typing was carried out by electrophoresis of
haemolysed red cells on cellulose acetate strips (Smithers, 1955)c¢
V - Serum iron:

Serum iron was determined using a commercial test kit (Roche
Diagnostics, RochcProducts Ltd., London). Serum obtained from clotted
blood collected in iron-free tubes was first treated with an anionic
detergent (Teepol in acetate buffer pH 5*%8) to split the Fe”+ transferrin
complex and thereafter v/ith sodium dithionite to reduce free Fe3+ to Fe
One drop of bathopbenanthroline disulphate was added to give a reddish
pink complex, the colour intensity of which was read on a spectro-
photometer at 546 mp. Serum iron concentration was calculated by
reference to the colour intensity of a standard solution treated as above
VI - Serum proteins:

Total serum proteins were estimated by a biuret colorimetric
method (Weischselbaum, 1946) and albumin by the bromocresol green
technique of Rodkey (1965). Serum globulins were calculated as the
difference between total proteins and albumin concentrations.

VII - S&ru sA\pensinogen:
Sxfc/rvi pepsinogen concentrations were estimated according to the

methods of Edwards et al (i960).

B. RESULTSJ
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Haematological end biochemical results from the infected
sheep and their worm-free counterparts are illustrated in Figures 2 and 3«
For clarity and ease of presentation the interrelationship of the
various parameters determined and the features of the anaemia are
described separately for the initial and challenge infections.
Haematological observations:

(a) Primary Infection:

The packed cell volume (PCV) of all infected sheep and their
controls were comparable before the infection, although these v/ere
relatively higher in animals on the high protein diet. The most marked
haematological disturbances occurred at about the same time in both
groups, i.e. during the 2nd - 4th week after infection, when PCVs of all
infected animals fell significantly. The fall in PCV was more pronounced
in the low protein group (from 33% to 17% compared to 34%-22% in the high
protein group)0 Sheep on either diet subsequently maintained their PCV
at this low level until reinfection.

The trends observed with regard to total red cell counts and
haemoglobin concentration v/as generally similar to those described for
POV but differences were observed which v/ere reflected in alterations in
erythrocyte size (MCV) in animals on the low protein diet. The 110V
was steady during the early phase of the infection in both dietary groups
but from about the 37d week onwards macrocytosis became progressively
dominant in the low protein group. The MCV of the high protein group was
maintained within normal values during the primary infection. Mean values
for the two groups of control sheep v/ere similar throughout this period
although those on low protein tended to have higher values. While HCVs
tended to decline in the control sheep, the MCHC remained relatively
constant.

(b) Secondary Infection:

Reinfection /



Fig. 2: Hae