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ABSTRACT

Since the anaemia of T. congolense infection, which has been
shown to be mainly due to erythrocyte destruction by macrophages of
the mononuclear phagocytic system, has been shown to be associated
with poor reticulocyte response, a study was designed to verify if the
unresponsiveness is attributable to low erythropoietin levels. In the
absence of commercially available bovine erythropoietin, a
radioimmunoassay based on human urinary erythropoietin was assessed
in measuring bovine erythropoietin levels, but was found to be
unsuitable, presumably because the polyclonal antibody to human
erythropoietin could not recognise bovine erythropoietin.

An in vitro bioassay which indirectly measures erythropoietin levels
by utilising erythropoietin's stimulatory effect on *Il-deoxyuridine
(IUDR) incorporation in DNA of spleen cells from phenylhydrazine treated
mice was able to measure erythropoietin levels in bovine plasma. The
assay could detect minimum of 62.5 mU/ml of erythropoietin in plasma.
Using the in vitro bioassay, increased erythropoietin levels were detected
in calves as early as 6 hours post-bleeding (hpb) of 50% of their
estimated total blood volume. The peak levels of 1225 mU/ml was
reached at 33hpb and dropped below the detection limit of the assay by
72hpb. Reticulocytes appeared in the blood of the calves by 72hpb and
this was followed by a macrocytic hypochromic anaemia during the
recovery period.

From 18 day post-infection (dpi) onwards, undiluted plasma
collected from T. congolense infected animals suppressed IUDR
incorporation into spleen cells. Diluting the plasma five fold decreased its

suppressive effect and allowed the detection of erythropoietin.



(X)

Using diluted plasma in the assay, distinct erythropoietin peaks were
observed both in the acute stage of the disease when the packed cell
volume (PCV) was dropping rapidly and in the chronic stage when the
PCV had stabilised between 16-17%. Increased erythropoietic response
occurred throughout the acute stage of the disease indicated by
progressive increase in mean corpuscular volume. During the chronic
stage of the disease (39-76 dpi) the anaemia was macrocytic
hypochromic and there was very few reticulocytes (0.2-0.4%). From
76dpi, despite low PCV and peaks of elevated erythropoietin, the
erythropoietic response waned as indicated by a normocytic
normochromic anaemia and an absence of reticulocytes. This suggests
the bone marrow was unresponsive to elevated plasma erythropoietin.

Cattle treated in the chronic stage of T. congolense infections
recovered their normal PCV although their erythropoietin levels were
below the detection limit of the assay. The animal treated on 57dpi
recovered its pre-infection PCV four weeks after treatment while an
animal treated on 85dpi had only recovered 84% of its pre-infection PCV

11 weeks after treatment.



CHAPTER ONE

1. INTRODUCTION

Animal trypanosomiasis is a disease caused by several species of protozoan
parasites of the genus Trypanosoma. The disease is endemic in sub-Saharan Africa, and
in large areas of Asia and South America. In Africa, trypanosomes are mainly
transmitted cyclically to animals by tsetse flies of the genus Glossina while in South
America and Asia, trypanosomes are mainly transmitted mechanically to animals by
biting flies of of genus Stomoxys and Tabanus. The disease in cattle (bovine
trypanosomiasis) is caused by Trypanosoma congolense, T. vivax and T. brucei brucei.

In Africa, T. congolense and T. vivax cause the greatest economic loss (Losos and lIkede,

1972).

Bovine trypanosomiasis is one of the major hindrances to livestock development
in Africa. Approximately, 37% of the African continent is tsetse fly infested and
consequently most of this land can not be effectively used for livestock production
(ILRAD, 1990). As aresult, it has been estimated that Africa produces 70-times less
animal protein per hectare than Europe (Allsopp ei al., 1985). The human population in
sub-Saharan Africa is estimated to be 500 million and its growth rate of 3.1 % is the
fastest of any region of the world (Winrock report, in preparation). Therefore in order
to provide the rapidly growing sub-Saharan Africa population with much needed animal
protein, the control of trypanosomiasis is essential. Current control methods for
trypanosomiasis are primarily based on the reduction of tsetse fly population density
using insecticides and the use of trypanocidal drugs for prevention and treatment of the
disease. The success of these approaches is limited by a number of factors.
Trypanocidal drugs are expensive, not always readily available and their use has resulted

in the development of drug resistant trypanosomes (Mbwambo et al., 1988). The



application of insecticides to tsetse fly habitats, apart from being expensive and
laborious, may result in environmental pollution (Nantulya and Moloo, 1988).

Therefore there is a need to develop alternative control methods.

Attempts to develop vaccines in the control of trypanosomiasis have not produced
successful results because trypanosomes possess the ability to vary their glycoprotein
surface coat, thus evading the immune response of the host (Doyle, 1977). However it
has long been recognised that some cattle breeds as well as some species of wild animals
are able to survive and remain productive in tsetse fly infested areas without the aid of
trypanocidal drugs (Murray et al., 1986). This trait is known as trypanotolerance and is
exhibited by West African Long Horn (e.g. N'Dama) and Short Horn (e.g. Baoule)
cattle breeds. Trypanotolerant animals have the ability to limit the numbers of
trypanosomes in their blood and control the development of anaemia; both of these
features are heritable, although not genetically linked to each other (Paling ei al, 1987;
Trail et al., 1991a). Trail et al. (1991a) observed that the ability of trypanosome-
infected animals to control the development of anaemia, measured by the packed cell
volume of erythrocytes (PCV), is correlated with economically important traits such as
growth rate and reproductive performance. Studies have been initiated in the field to
select trypanotolerant animals based on their ability to maintain a high PCV during the
course of infection (Trail, 1991b). The mechanisms through which trypanotolerant
animals control the development of anaemia are not well understood. A better
understanding of the host-parasite interactions which enable trypanotolerant animals to
limit the development of anaemia, might facilitate the production of animals which are
resistant to trypanosomiasis using a number of ways. Means may be designed by which
the development of anaemia in trypanosusceptible animals can be blocked by using
therapeutic or immunological methods. In addition, the genes responsible for limiting
the development of anaemia in trypanotolerant cattle may be identified and they may be

incorporated into the genome of susceptible animals. Studies such as the one reported in



this thesis are an attempt to understand what effects trypanosome infections have on

erythropoiesis.

Anaemia which occurs in bovine T. congolense infections is mainly due to
destruction of erythrocytes by the expanded and active mononuclear phagocytic system
(MPS) and by ineffective erythropoiesis (Dargie et al., 1979; Murray and Dexter,
1988). Histopathological examination of lesions from trypanosome infections revealed
massive deposits of haemosiderin (a form of storage iron which is not readily available
for iron metabolism) in the bone marrow, spleen, liver and haemolymph nodes (Murray
and Dexter, 1988), hypoferraemia (Dargie et al., 1979) and low rate of plasma iron turn
over (Wellde et al., 1989). This means that the iron is retained in the MPS and hence
the bone marrow is deprived of iron which is essential for haemoglobin synthesis.
Decreased availability of iron interferes with the capacity of the bone marrow to respond
to increased demand for erythrocytes. Consequently, the erythroid population in the
marrow is either decreased or an inadequate erythroid response for the degree of
anaemia occurs (Valli and Mills, 1980). Erythrocytes which are smaller than normal
(microcytes) may be produced (Fiennes, 1970; Wellde et al., 1989), and in more
chronic cases the femoral marrow become yellow and gelatinous (Dargie et al., 1979), a
sign of almost total unresponsiveness. In such situations the erythroid response
following trypanocidal drug treatment becomes poor (Murray and Dexter, 1988).

Ineffective erythropoiesis due to retention of iron by the MPS is also a feature of
anaemia of chronic disorders in humans (Cartwright and Lee, 1971; Feldman and
Kaneko, 1981; Murray and Dexter, 1988; Suliman and Feldman, 1989). In addition,
it has been shown that patients with anaemia of chronic disorders have low
erythropoietin titres relative to their degree of anaemia and this may contribute to the
pathogenesis of their anaemia (Baer et al., 1987). This was confirmed when the
administration of erythropoietin in these patients resolved their anaemias (Oster et al.,
1990; Pincus et al., 1990). Since the anaemia of chronic disorders is "morphologically,

biochemically and kinetically similar to anaemia of chronic bovine trypanosomiasis”



(Dargie el al., 1979), it is therefore possible that anaemia of bovine trypanosomiasis is
associated with low plasma erythropoietin. Igbokwe and Anosa (1989) observed that
plasma from anaemic T. vivax infected sheep elicited a poor reticulocyte response when
injected into mice, compared to plasma from normal sheep. This suggested low levels
of erythropoietin in anaemic T. vivax infected sheep. A similar situation may prevail in
cattle infected with T. congolense. These infections takes more chronic course than
T.vivax infections of sheep with progressive erythroid unresponsiveness due to the iron
blockade by the MFS (Dargie et al., 1979; Murray and Dexter, 1988). The
relationship between iron blockade and erythropoietin is not known but if erythropoietin
can resolve the anaemias of chronic disorders, then in addition to regulating
erythropoiesis, erythropoietin may directly or indirectly be able to release iron from
MPS. This suggests that erythropoietin may have therapeutic potential for anaemia of
trypanosomiasis especially in chronic or prolonged cases which respond poorly to
trypanocidal therapy.

The purpose of the study reported in this thesis was to establish an assay which is
capable of detecting bovine erythropoietin in serum or plasma and to use this assay in
measuring the levels of this hormone in serum or plasma from cattle infected with T.
congolense. A more clear understanding of erythropoietin responses in trypanosome-
infected cattle would allow us to better understand why cattle suffering from anaemia

associated with trypanosome infections exhibit a px>or bone marrow erythropjoietic

response.



CHAPTER TWO

2. LITERATURE REVIEW

2.1. T. congolerise infections of cattle.
2.1.1. General Introduction

Trypanosomes of medical and veterinary importance are protozoa belonging to
the family Trypanosomatidae. The family Trypanosomatidae is divided into two
sections, namely the salivaria and the stercoraria, depending on the location of their
development in the insect vector and their mode of transmission to their mammalian
hosts. Trypanosome species in section salivaria include T. congolense, T. simiae, T.
vivax, T. uniforme, T. brucei, T. rhodesiense, T. gambiense, T. evansi, T. equiperdum
and T. suis. Section stercoralia comprises of T. cruzi and T. theileri.

The hosts of T. congolense include domestic animals such as bovines, equines,
sheep, goats, camels, pigs and dogs (Hoare, 1970). It is the smallest of the African
trypanosomes, measuring 9-18 fim in length. It has a blunt posterior extremity, lacks a
free flagellum, and the kinetoplast is marginal. In wet mounts, T. congolense has
sluggish intermitent twisting movements (Soulsby, 1982).

T. congolense is cyclically transmitted by several species of tsetse flies of the
genus Glossina. These include G. morsitans, G. tachinoides, G. palpalis and G. austeni
(Soulsby, 1982). It produces the most economically important form of trypanosomiasis
in East Africa (Losos and lkede, 1972).

T. congolense infection in cattle produces a disease which may be acute or
chronic, or may be an asymptomatic carrier state, depending on a number of factors.
These include parasite factors such as the stock and virulence of the T. congolense
involved and the host factors such as the breed, age, sex, pregnancy, state of nutrition,
overwork, previous exposure to trypanosomes and the presence of concomitant

infections (Losos and Ikede, 1972; Logan-Henfrey el al., 1992). After a variable



incubation period following infection, the acute disease usually develops and lasts for 4-
6 weeks. The commonly observed clinical signs are lethargy, weakness, anaemia,
weight loss, intermitent fever, and a "stary” (dry and bristling) hair coat (Losos and
Ikede, 1972). The acute disease may end in death, a chronic disease or in some rare
cases, recovery of the infected animal (Nantulya et al., 1984). The chronic disease may
last for months or years and is characterised by weakness , anaemia and emaciation.

The chronic disease usually terminates in either death, spontaneous recovery or a
persistent carrier state (Logan-Henfrey et al., 1992).

Haematological changes in T. congolense infected cattle begins during the first
wave of parasitaemia. These changes include anaemia (Murray and Dexter, 1988),
leucopaenia (Naylor, 1971; Wellde et al., 1974; Maxie et al., 1979; Valli and Mills,
1980) and thrombocytopaenia (Wellde et al., 1978; Preston et al., 1982). Leucopaenia
is largely a result of decreased numbers of lymphocytes and neutrophils (Naylor, 1971,
Valli and Mills, 1980; Ellis etal., 1987; Williams et al., 1991). Later in infection, a
lymphocytosis develops while neutrophil numbers usually remain low (Naylor, 1971,
Ellis et al., 1987; Williams et al., 1991). The numbers of monocytes and eosinophils
are largely unaffected (Murray and Dexter, 1988).

The following mechanisms have been suggested as possible causes of the
haematological changes observed. Lymphocytopaenia may be a consequence of the
movement of lymphocytes from circulation to trypanosome-stimulated inflammation sites
in a variety of tissues including the lymph nodes and spleen (Anosa, 1988).
Neutropaenia may result from a number of mechanisms such as marrow granulocyte
hypoplasia, trapping of neutrophils in the enlarged spleen and phagocytosis of neutrophil
progenitors by bone marrow macrophages (Anosa, 1988; Anosa et al., 1992).
Thrombocytopaenia may be associated with ineffective platelet production in bone
marrow and coagulation abnormalities which may cause excessive consumption of

platelets (Anosa, 1988). Changes affecting the erythrocytes will be discussed under

anaemia.



There are no pathognomonic gross or histological lesions at post-mortem
examination of an animal that has died of trypanosomiasis. Thus, a definitive diagnosis
depends on finding trypanosomes in blood smears taken before or after the death of the
animal. In the acute form of the T. congolense infection, there are usually few gross
lesions. If the animal is anaemic, the carcass appears pale with variable atrophy of
adipose and muscular tissue. There is generalised oedema which is very prominent in
mesentery, abomasal mucosa and perirenal fat (Losos, 1986). There may also be
ascites, hydrothorax and hydropericardium. Enlargement of lymph nodes, haemolymph
nodes, spleen and liver is usually prominent. Red marrow is found in ribs and sternum,
and the distal ends of the long bones from where in some cases, it partially displaces
fatty marrow in the long bones (Logan-Henfrey et al., 1992).

In chronic T. congolense infections, the carcass is emaciated and may have
generalised oedema (Murray et al., 1979; Losos, 1986). There is frequent ascites,
hydrothorax, hydropericardium and serous atrophy of body fat deposits. The heart is
flabby and has rounded ventricles. The lungs may show evidence of bronchopneumonia
and generalised oedema. The liver is enlarged and lobulation is prominent due to
chronic passive congestion. The spleen and lymph nodes may be normal, enlarged or
relatively reduced in size. The thymus is usually markedly atrophied. Femoral marrow
may lack evidence of erythropoiesis and much of the marrow may have undergone
serous atrophy (Losos and Ikede, 1972; Murray et al., 1979; Morrison et al., 1981;
Losos, 1986; Logan-Henfrey et al., 1992).

By light microscopy, trypanosomes may be seen lodged in small blood vessels of
various organs and tissues, especially the heart and brain. This is associated with
swelling of endothelial cells and dilation of small blood vessels (Valli and Forsberg,
1979). The acute stage of the disease is associated with hyperplasia of the lymphoid
organs. During the acute disease, the lymph nodes may be enlarged with hyperplasia of
large lymphoblasts and macrophages in the paracortical area (Logan-Henfrey et al.,
1992). This is followed by development of secondary follicles in the cortex. There are

increased numbers of lymphocytes and plasma cells in the medullary cords. Increased



numbers of macrophages and evidence of erythrophagocytosis and development of
haemosiderosis may be seen in lymphoid sinuses. Spleen sections show hyperplasia of
lymphoblasts in the periarteriolar sheath accompanied by the development of secondary
lymphoid follicles. There is hyperplasia of the splenic cord with the proliferation of
macrophages, lymphocytes and plasma cells as well as marked erythrophagocytosis and
development of haemosiderosis. Early changes in the bone marrow include increased
numbers of erythroid cells, lymphoid cells and macrophages while granulocytes are
decreased (Anosa et al., 1992). There is hyperplasia of Kupffer cells in the liver and
depletion of cortical lymphoid cells in the thymus of young animals (Murray et al.,
1979; Logan-Henfrey etal., 1992). There myocarditis associated with myocardial
infiltration by mononuclear cells. There is also centrolobular ischaemic necrosis in the
liver. Focal infiltration of mononuclear cells is evident in the pituitary. The chronic
stage of the disease is associated with decreased cellularity of lymphoid organs.
However, generalised hyperplasia of MPS and erythrophagocytosis continues in lymph
nodes, haemolymph nodes, spleen, liver, lungs and bone marrow. In the lymph nodes,
the lymphoid follicles become depleted and the organ may eventually undergo atrophy.
The bone marrow becomes hypocellular, and ultimately serous atrophy of marrow tissue

occurs (Losos and Ikede, 1972; Valli and Forsebergh, 1979; Losos, 1986; Logan-

Henfrey et al, 1992).

2.2. Anaemia in T.congolense infections

Anaemia is a reduction in numbers of circulating red blood cells, packed cell
volume (PCV) and haemoglobin concentration. It is the common consequence of
trypanosome infection in cattle (Homy, 1921). The lesions associated with most
trypanosome infections are thought to be largely due to anaemia (Losos and Ikede,
1972). Anaemia is consequently used to monitor the disease status of trypanosome
infected cattle (Murray et al., 1979). The severity of anaemia of trypanosomiasis
depends on the species and strain of the parasite within the species and on host factors

such as breed, age and state of nutrition (Murray and Dexter, 1988).



The pattern of development of anaemia of trypanosome infected cattle can be
divided into two phases (Murray and Dexter, 1988). The first phase, also called the
acute or parasitaemic phase commences following the appearance of detectable
parasitaemia and is characterised by a progressive decrease in packed cell volume
(Naylor, 1971; Wellde et al., 1974).

In general, the onset of the anaemia is closely associated with the appearance of
detectable parasitaemia while the extent to which PCV falls correlates well with the
height and duration of parasitaemia (Dargie et al., 1979). The progressive development
of anaemia takes place over a period of 4 to 12 weeks (average 6 weeks) after infection
and it may result in the death of the animal if PCV falls to 15% or less. Alternatively,
the PCV of the infected animal may stabilise at around 20% (Murray and Dexter, 1988).
The progress of anaemia in this stage is dependent on the presence of trypanosomes in
the circulation. If animals are treated in the acute stage, the haematological values
recover to reach pre-infection values. The earlier animals are treated the more rapid
haematological response is. Wellde et al. (1989) observed that it took only 6 weeks for
an animal treated in parasitaemic phase, to recover its normal PCV value while animals
treated later in the chronic stage had not recovered their pre-infection PCV values even
52 weeks after treatment.

Animals surviving the acute stage progress into the chronic stage of the disease
that may last for months or years. It may end in death, spontaneous recovery or survival
with persisting low grade anaemia. Unlike the acute phase, the chronic stage is
characterised by low, transient or undetectable parasitaemia and PCV values which
stabilise between 20 to 25%. At this stage, some animals mainly of trypanotolerant
breeds e.g. N'Dama (Murray and Dexter, 1988) and a few individuals of
trypanosusceptible breeds (Wellde et al., 1989), make progressive spontaneous recovery
and may attain their pre-infection PCV values 2-4 months after infection (Murray and
Dexter, 1988; Wellde et al., 1989).

A number of factors, acting singly or in concert have been implicated in the

pathogenesis of anaemia of trypanosomiasis. These are haemodilution (Naylor, 1971),
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increased red cell destruction (Mamo and Holmes, 1975) and ineffective erythropoiesis
(Fiennes, 1970; Murray and Dexter, 1988). The roles of these causative factors were
investigated by injecting radioactive isotope tracers, -4 *Cr-labclled erythrocytes, ~ 1 -
labelled albumin and ~Fe-labelled transferrin in trypanosome-infected animals in order
to measure directly the plasma and red cell volumes and the rates at which red cells are
added to and withdrawn from the circulation by synthesis and breakdown. These were
supplemented with microscopic and gross pathological Findings. It was observed that the
erythrocyte survival was reduced in infected animals during the parasitaemic phase of the
disease and was a result of massive erythrophagocytosis by an expanded and active
mononuclear phagocytic system (Murray et al., 1979; Dargie etal., 1979;). At
postmortem examination, the spleen was found to be enlarged and to weigh up to four
fold its normal weight as a result of red cell sequestration and large macrophage
population phagocytosing red blood cells (Murray et al., 1979; Murray and Dexter,
1988). Erythrophagocytosis has also been demonstrated in lungs, haemolymph nodes,
bone marrow, in circulation and is particularly marked in the liver which is usually
swollen and histologically shows a marked increase in active Kupffer cells (Dargie et
al., 1979; Murray et al., 1979). Previous studies using -“Fe-labelled transferrin to
measure plasma volume concluded that trypanosome infections caused an increase in
plasma volume whose dilution effect to the blood contributed to the development of
anaemia (Naylor, 1971). However, Dargie et al. (1979) observed that while there was a
significant increase in plasma volume (measured using */"l-labelled albumin) and a
decrease in total circulating erythrocyte volumes (measured using ~Cr-labclled
erythrocytes), the total blood volume was not changed by the infection. Thus, Dargie et
al. (1979) concluded that haemodilution is not a contributory factor to anaemia of
trypanosomiasis. It was suggested that the increase in plasma volume in anaemic
trypanosome infected animals was a physiological compensatory mechanism for
maintaining blood volume and pressure following a massive loss of erythrocytes from
the circulation. It was further observed that the use of "Fe-labelled transferrin to

measure plasma volume gives misleading results, since ~*Fe is rapidly transferred from



the circulation before it equilibrates with the entire plasma space, thus giving an
overestimation of plasma volume (Dargie et al., 1979).

A number of possible factors which render erythrocytes prone to increased levels
of phagocytosis by the MPS during the acute stage of the disease have been suggested
(Dargie et al., 1979; Murray and Dexter, 1988). These include damage of
erythrocytes, opsonisation of erythrocytes by immunoglobulins and complement, and the
activated and expanded MPS. It has been demonstrated that disintegrating T. congolense
and T. brucei release active enzymes such as proteases and phospholipases. In vitro
studies have also shown that T. max produces neuraminidase, an enzyme capable of
cleaving sialic acid residues from red cell membrane (Esievo, 1983; reviewed by
Murray and Dexter, 1988). The presence of such enzymes in vivo may lead to red cell
damage. Infections caused by T. vivax and in some cases T. congolense in cattle lead to
coagulation abnormalities which result in widespread fibrin deposits in the
microvasculature (Wellde er al., 1978; Wellde et al., 1983). Such fibrin deposits may
cause damage to red cells as they pass through the blood vessels (Murray and Dexter,
1988). In vitro exposure of erythrocytes to temperatures above normal for a few hours
leads to erythrocyte damage through increased osmotic fragility, increased permeability
and reduced plasticity (Murray and Dexter, 1988). A similar situation may occur in vivo
in trypanosome infected animals which exhibit periodic fever which may lead to
erythrocyte damage. Erythrocytes damaged through the above mechanisms may bind
immunoglobulins and complement, facilitating their phagocytosis through
immunoglobulin and complement receptors on macrophages.

Trypanosome specific antibodies, erythrocyte specific antibodies and complement
have been demonstrated on the surface of erythrocytes from T. congolense and T. vivax
infected cattle (Murray and Dexter, 1988). It has been suggested that soluble antigens
from dying trypanosomes may adsorb on erythrocyte surface, resulting in opsonization
of erythrocytes with trypanosome specific immunoglobulins, mainly of the IgM and 1gG
classes. On the other hand, erythrocyte specific antibodies were demonstrated on

erythrocytes of cattle infected with T. vivax (Assoku and Gardiner, 1989; Murray and



Dexter, 1988). These autoantibodies might have been directed to hidden epitopes,
exposed as a result of erythrocyte membrane damage, probably through the mechanisms
already discussed. It has also been demonstrated that trypanosomes activate the
complement in the absence of antibody, and it is suggested that this mechanism may play
a role in the development of anaemia before the antibody response to trypanosomes
occurs (Murray and Dexter, 1988). Furthermore, a complement component was
demonstrated on erythrocytes from trypanosome infected cattle (Kobayashi el al, 1976).
Erythrocytes opsonised by immunoglobulins and complement could be easily
phagocytosed by cells of MPS through the immunoglobulin and complement receptors
on the macrophages. In addition, it has also been suggested that a passive deposition of
antigen-antibody complexes on the surface of normal erythrocytes may result in their
phagocytosis.

The acute stage of trypanosomiasis is associated with an activated and expanded
MPS which is widespread throughout the body and is partly responsible the development
of splenomegaly (Dargie et al., 1979). Such an expansion and activation of the MPS
may by itself induce these cells to phagocytose erythrocytes. Splenomegaly is associated
with hyperplasia of cells lining the splenic cords, inluding macrophages, resulting in
lengthening of splenic cords through which blood passes. A lengthened passage exposes
erythrocytes to the numerous activated macrophages lining the splenic cords and this
renders them prone to phagocytosis.

In the acute parasitaemic phase, there is no evidence of overt ineffective
haemopoiesis. Rather, a number of investigators reported increased erythropoietic
activity marked by elevation of erythrocyte mean corpuscular volume (MCV) (Naylor,
1971; Valli et al., 1978; Wellde et al., 1989). However, others did not observe an
increase in MCV (Murray and Dexter, 1988). Increased erythropoietic activity was also
marked by erythroid hyperplasia in the bone marrow, a drop in myeloidierythroid ratio
(Valli etal, 1978; Anosa etal., 1992) and increased plasma iron turnover and red cell
iron utilization which was up to three fold by the 7th week following infection (Dargie et

al, 1979; Wellde et al, 1989). Although there is evidence of increased erythropoietic
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response in the acute phase of the disease, this response is considered inadequate for the
degree of anaemia. In spite of there beeing macrocytosis, the reticulocyte response was
little or absent and it is known that haemolytic anaemias in ruminants elicits a
considerable reticulocyte response (reviewed by Igbokwe, 1989). Although the
maximum haematopoietic response of cattle is not known, the erythropoietic response in
trypanosome infected cattle has been considered inadequate for the degree of anaemia,
since it is known that sheep, man and pigs can increase their haematopoietic response six
to ten times in response to persistent demand for red cells (reviewed by Murray and
Dexter, 1988; reviewed by Papayannopoulou and Abkowitz, 1991). Further more,
microscopic examination revealed no evidence of extramedullary erythropoiesis or
expanded haemopoiesis in long bones in contrast to the response in mice infected with T.
congolense (Murray and Dexter, 1988).

In the chronic stage of the disease, although splenomegaly is no longer a feature,
erythrophagocytosis continues in spleen,liver, lungs and bone marrow accompanied by
haemosiderosis (Dargie et al., 1979). The moderate erythropoietic response observed in
the acute infection begins to wane despite persistent anaemia. The MCV was reported to
reach its highest value by week four (Murray and Dexter, 1988) or seven after infection
(Naylor, 1971), and then started decreasing progressively. By week 35 after infection,
microcytosis was observed (Welde et al., 1989). There was normal or low erythroid
population in the bone marrow (Valli et al., 1978) and grossly, in prolonged cases, the
bone marrow had undergone serous atrophy resulting in yellow gelatinous appearance
(Murray and Dexter, 1988). Ferrokinetic studies showed development of hypoferraemia
(Dargie et al., 1979) and low plasma iron turnover rate which was one third of the rate
observed during the acute stage (Wellde et al., 1989). These findings suggest that
anaemia of chronic trypanosomiasis is ultimately complicated by some degree of marrow
dysfunction, the basis of which could be a reticuloendothelial iron blockade. This
condition in cattle has been compared to the reticuloendothelial iron blockade associated
with chronic diseases in man (Dargie et al., 1979; Murray and Dexter, 1988; Suliman

and Feldman, 1989). Anaemia of chronic diseases is characterised by decreases in



serum iron, total iron binding capacity and percent transferrin iron saturation. In
addition, there occurs an increase in amounts of stored iron in form of haemosiderin due
to sequestration of iron in MPS. Ultimately a poor erythropoietic response ensues
(Smith, 1989).

The bone marrow response to anaemia is regulated by the hormone
erythropoietin. Although the relationship between iron blockade and erythropoietin is
not clear, the observation that erythropoietin administration to patients with anaemia of
chronic disorders such as malignances and rheumatoid arthritis resolved these anaemias,
suggests that the hormone levels are low in these diseases (Oster et al., 1990; Pincus et
al., 1990). Using a radioimmunoassay for erythropoietin, it was shown that patients
with anaemia of some chronic disorders have low plasma erythropoietin compared to
their degree of anaemia and that this may contribute to the pathogenesis of their anaemia
(Baer et al., 1987). It is therefore possible that the poor erythropoietic response to
anaemia of T. congolense infection of cattle may be partly due to to low levels of
erythropoietin. Igbokwe and Anosa (1989) observed that plasma from anaemic T. vivax
infected sheep elicited a poor reticulocyte response when injected into mice when
compared to plasma from sheep made anaemic by heat treatment of homologous
erythrocytes. This suggests low levels of erythropoietin in anaemic T. vivax infected
sheep. Although there is a degree of erythropoietic unresponsiveness in anaemic T.
vivax infected sheep indicated by absence of reticulocyte and a progressive decrease in
MCV (Anosa and lIsoun, 1976, 1980; Igbokwe and Anosa, 1989), the erythropoietic
unresponsiveness is even more evident in T. congolense infection of cattle which takes a
more chronic course.

It is therefore important to evaluate the erythropoietin response in cattle infected
with T. congolense. Studies in sheep (Igbokwe and Anosa, 1989) measured the
erythropoietic potential of plasma on the basis of the reticulocyte response it elicited
when injected into mice. This method is a crude estimate of the level of plasma
erythropoietin. Currently immunoassays and bioassays which are specific and highly

sensitive are being used to measure human erythropoietin. The adoption of these
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technigues to measure bovine plasma erythropoietin will help clarify whether low
erythropoietin level occur in the anaemia of T. congolense infections of cattle.
Likewise, erythropoietin may be of therapeutic value in animals with chronic or
prolonged anaemia caused by trypanosomiasis. Administration of erythropoietin might
decrease the recovery time of the PCV and thus allow animals to become productive

more rapidly following treatment.

2.3. Erythropoietin

Erythropoietin is a glycoprotein hormone produced primarily by the kidney, and
is a principal growth factor regulating red blood cell production (Krantz, 1991).

The history of erythropoietin was reviewed by Erslev (1987). A French
physician, Dennis Jourdanet, working in a highland area of Mexico in 1850's observed
that the blood of his surgical patients was thick and viscous and contained an increased
number of red blood cells. But he did not realise that low oxygen pressure in highlands
initiated an increase in red blood cell production. At the end of the 19th century,
mountain climbers found that a few weeks exposure to low atmospheric pressure
stimulated red blood cell production. This stimulated a search for a humoral
erythropoietic factor which continued unsuccessfully for about 50 years. In 1953, Erslev
demonstrated the existence of the humoral erythropoietic factor by injecting large
volumes of plasma from anaemic rabbits into normal rabbits and observing the increase
in normoblasts, reticulocytes, erythrocytes and haematocrit in the normal rabbits. This
humoral erythropoietic factor was referred to as erythropoietin (Erslev, 1987).

Early studies on erythropoietin were hampered by the failure to obtain the
hormone in pure form and in sufficient quantities. Miyake ei al. (1977) isolated and
purified erythropoietin from the urine of anaemic patients. Later researchers cloned and
expressed the gene for erythropoietin in mammalian cells (Jacobs et al., 1985; Lin et
al., 1985). The availability of recombinant erythropoietin resulted in improved studies

on the chemistry, site of production, mechanisms of action and therapeutic uses of the

hormone.
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The development of an easy, sensitive, specific and accurate radioimmunoassay using
recombinant erythropoietin to replace the labourious bioassays has provided an important
tool for studies on erythropoietin in various haematological disorders (Egrie el al.,

1987).

2.3.1. The physiology of erythropoietin and erythropoiesis

Erythropoietin is an obligate growth factor for erythroid progenitor cells, without
which these cells die. It is therefore always present in plasma at levels between 10-30
mU/ml in humans (Erslev, 1991). The induction of hypoxia by hypobaria or anaemia
activates two physiological responses aimed at restoring normal tissue oxygen tension.
First, there is a rapidly responsive hyperventilation and a decrease in haemoglobin
affinity for oxygen which occur within hours of the development of hypoxia. Secondly,
an increase in plasma erythropoietin concentration occures and lead to an increase in
erythrocytes, a few days later (Spivak, 1991). Hypoxia stimulates increases in alveolar
ventilation, heart rate and tissue blood flow in order to maintain the diffusion gradient
between the blood and tissues. In addition, hyperventilation causes a reduction in
carbon dioxide tension which results in respiratory alkalosis. The change in pH
stimulates synthesis of an organic phosphate termed 2,3 diphosphoglycerate (2, 3-DPG)
in erythrocytes. This compound binds to haemoglobin and reduces its oxygen affinity,
resulting in enhanced oxygen delivery in tissues. Simultaneously, with activation of
hyperventilation and decreased haemoglobin affinity for oxygen, hypoxia activates the
tissue oxygen sensor which is thought to be a heme containing protein located in or
around erythropoietin producing cells in the kidney (Goldsberg el al., 1988). It is this
oxygen sensor which triggers the synthesis of erythropoietin and its release into the
bloodstream. In the bone marrow, erythropoietin binds to erythropoietin-receptor
bearing cells including the burst-forming-unit erythroid (BFU-E) and colony-forming-
unit erythroid (CFU-E). This interaction causes increased proliferation and
differentiation of erythroid progenitors into mature stages of erythrocytes, so that

ultimately the number of circulating erythrocytes increases. The minimum time taken
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from induction of hypoxia to detectable increase in plasma erythropoietin has been
estimated to be 10 to 15 minutes in mice, and it is probably similar in other animals
(Bauer., 1991). This "trigger phase" involves mainly the transduction process by which
hypoxia lead to accumulation of erythropoietin messenger ribonucleic acids (mMRNA).
The increased plasma erythropoietin concentration produced in response to hypoxia
reaches a transient peak after 20-24 hours (Bauer, 1991). If hyperventilation and
decreased haemoglobin affinity for oxygen manage to correct the hypoxia, then the
stimulus for erythropoietin production is removed and erythropoietin levels return to
normal. However, if the hypoxia is extreme and cannot be compensated for, the
elevated erythropoietin levels persist.

The degree of erythropoietin response depends on the residual arterial blood
oxygen content which is a function of partial atmospheric oxygen pressure, number of
erythrocytes, haemoglobin concentration and packed cell volume (Schuster et al., 1987).
For anaemic patients, with the exception of those suffering from anaemia of chronic
disorders, there is an overall inverse and exponential relationship between plasma
erythropoietin and packed cell volume (Erslev, 1991). Erythropoietin production
depends on a feedback mechanism, by which hypoxia causes increased erythropoietin
production and hence increased erythrocyte production whereas hyperoxia causes a
reduction in erythropoietin synthesis resulting in reduced red cell production. This
relationship between plasma erythropoietin concentration and PCV is very apparent in
severely anaemic patients but becomes less clear when PCV are above 33% (Erslev,
1991).

The hypoxia-induced erythropoietin production can be affected by a number of
factors. Studies using Hep3b, a human hepatoma cell line which produces
erythropoietin when exposed to hypoxia, suggest that inflammatory cytokines have an
effect on hypoxia-induced erythropoietin production (Faguin et al., 1992). The
production of erythropoietin by Hep3B cell cultures in hypoxic condition was inhibited
in a dose-dependent manner by addition of interleukin lalpha (IL-l0), interleukin 1beta

(IL-113), tumour necrosis factor alpha (TNF-a) or transforming growth factor beta (TGF-
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B). Conversely, the addition of interleukin 6 (IL-6) under the same conditions caused a
dose-dependent increase in erythropoietin production. However, IL-6 did not stimulate
erthropoietin synthesis in non-hypoxic conditions. The mechanisms through which these
cytokines affect erythropoietin production are not known but these observations suggest
that these cytokines somehow have an effect on synthesis and secretion of this hormone.
Furthermore, since increased amounts of these cytokines are produced during the course
of various inflammatory disorders, their effect on erythopoietin production may play a
role in the pathogenesis of anaemia of chronic disorders. Other studies have shown that
the hypoxia-induced erythropoietin production can be inhibited by metabolic or
respiratory acidosis, probably due to an acidosis-induced decreased oxygen consumption
by renal tissues (Bauer, 1991). Also the expression of the erythropoietin gene in the
kidney of hypophysectomised mice under hypoxic conditions is inhibited unless insulin
growth factor (IGF-1), tri-iodotyrosil (T3) and testosterone are present (Bauer, 1991).
These hormones may have an influence on the sensitivity of the kidney to hypoxia.

The bone marrow produces 3x10” new erythrocytes per kilogram per day in
order to maintain a stable haematocrit (Papayannopoulou and Abkowitz, 1991). The
bone marrow has the capacity to respond quickly to both acute or chronic demands for
oxygen. The normal time for maturation of BFU-E to CFU-E in vivo is 2-3 days
(Papayannopoulou and Abkowitz, 1991). Acute demand for erythrocyte formation e.g.
in sudden blood loss, is usually followed by rapid entrance of new erythrocytes into the
circulation as early as 24 hours later (Papayannopoulou and Abkowitz, 1991). The
rapidity of the erythrocyte response suggests that a transient peak of erythropoietin
causes a shortening of the differentiation sequence from BFU-E to CFU-E to
proerythroblasts. Such a hastened differentiation may be achieved either through
shortening of intermitotic intervals, fewer mitotic divisions or by differentiation without
division (Papayannopoulou and Abkowitz, 1991). This results in the premature release
of reticulocytes in the circulation which appear macrocytic and basophilic on blood
smear (reviewed by Finch, 1982). Therefore, increased size of erythrocytes (MCV) in

the absence of vitamin Bj2 or folic acid deficiency and increased number of



reticulocytes in the peripheral blood are indicators of increased erythropoiesis. Once the
CFU-E and precursor pools are amplified through these mechanisms, continued
erythropoietic demands, such as those occurring in cases of chronic haemolytic
anaemias, can be satisfied by this greatly expanded late erythroid pool i.e. CFU-E and
their precursors. It is known at least from in vitro experiments that BFU-E require at
least one thousand times as much erythropoietin as do CFU-E (Sawyer et al., 1990;
Papayannopoulou and Abkowitz, 1991). Thus the early unsustained increase in
erythropoietin helps to recruit an additional late erythroid progenitor pool from the early
progenitors while smaller quantities of the hormone can maintain this pool once it is
expanded.

The erythropoietic capacity of sheep, pigs and humans can increase six to ten
times above normal in response to persistent anaemia (Dargie et al., 1979; Murray and
Dexter, 1988; Papayannopoulou and Abkowitz, 1991). In addition to expanded
erythropoietic pools, the sites of active erythropoiesis expand to include those which are
inactive in normal circumstances. In adult animals, the bone marrow in axial bones i.e.
vertebrae, pelvis, ribs and sternum are sufficient for normal erythropoiesis. Under an
expanded erythropoietic activity, the femur, humerus, spleen, liver and rarely the
thymus may also become involved in the production of erythrocytes (Papayannopoulou
and Abkowitz, 1991).

It has recently been shown that factors other than erythropoietin may elicit an
erythropoietic response. Infusion of insulin-like growth factor (IGF-1) stimulates
erythropoiesis directly as well as indirectly through increased erythropoietin synthesis
(Bauer, 1991). The mechanism through which IGF-1 exerts its influence on
erythropoietin is not yet known. Mediators of the inflammatory response such as IL-1,
TNF and r-interferon inhibit erythropoiesis in vitro and in vivo and the inhibitory effect
of IL-1 and r-IFN can be reversed by increased concentration of erythropoietin (Means
and Krantz, 1991). It is suggested that r-IFN inhibits erythropoiesis by inducing the
down regulation of erythropoietin receptor expression on ery throid progenitors and,

likewise, erythropoietin may reverse the inhibitory effect of r-IFN on erythropoiesis by



causing a down regulation of r-IFN receptor expression on erythroid progenitors. The
release of these cytokines by bone marrow macrophages in the course of inflammatory
and chronic disorders, and their suppressive effect on erythropoiesis may play a role in

the development of anaemia associated with chronic disorders.

2.3.2. Erythropoietin action

Erythropoietin responsive cells i.e. the BFU-E and the CFU-E are the
descendants of the pluripotent stem cell (Erslev, 1991). BFU-E and CFU-E have been
identified by the methyl cellulose culture technique that is capable of supporting discrete
erythroid colonies (Basara etal., 1988; Frischt and Nelson, 1990; Krantz, 1991). The
CFU-E is highly responsive to low concentrations of erythropoietin and gives rise to
erythroblast colonies (8 to 50 cells) in two days for mouse cells and seven days for
human cells. The BFU-E is derived from a more immature cell and develops into
grouped clusters of erythroblasts, or larger colonies of more than 500 erythroblasts in 8
days (mouse) or 15 days for human cells (Sawyer, 1990). Bovine CFU-E and BFU-E
take 5 and 10-14 days respectively to develop (Fritch and Nelson, 1990).

The action of erythropoietin on responsive cells is mediated through
erythropoietin-specific receptors (Chang et al., 1974). Studies on mice and human
erythroid progenitor cells show that these receptors develop at the BFU-E stage, attain
maximum numbers at CFU-E/proerythroblast stage and eventually decline before the
cells develop into late basophilic erythroblasts and their descendants (Sawyer, 1991).
The number of erythropoietin receptors correlates well with the dependency of the cell
on the hormone. Erythropoietins act as a mitogen, stimulating the proliferation of both
BFU-E and CFU-E, and also acts as a differentiating factor for the transformation of
CFU-E to proerythroblasts (Schuster et al., 1987; Erslev and Caro, 1989).

In vitro studies on the biochemical effects of erythropoietin on progenitor cells
show that erythropoietin increases DNA synthesis in BFU-E while increases total RNA
synthesis, uptake of glucose, a and fi-globin gene transcription rate, numbers of

transferrin receptors and synthesis of haemoglobin in CFU-E (Krantz, 1991). The
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erythropoietin-receptor complex is important for survival of erythroid progenitor cells,
because when it is present the cells develop into mature erythrocytes and in its absence
they die. Erythropoietin prolongs the survival of progenitor cells by retarding DNA

breakdown and thus prevents programmed cell death (Koury and Boudorant, 1990).

2.3.3. Biochemistry, molecular biology and biogenesis of erythropoietin

The human erythropoietin gene is located on chromosome 7 and its sequence is
identical to that of mouse and monkey, but, there are minor differences in the final
protein product which has 79% (mouse) and 94% (monkey) homologies with the human
protein (Goldwasser, 1989).

Human urinary erythropoietin was first purified by Miyake et al. (1977). It isa
glycoprotein with relative molecular mass (Mr) of 34,000 daltons as estimated by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). It contains
30% carbohydrate (11 % sialic acid, 11 % hexose, and 8% N-acetyl glucosamine). The
peptide portion has 166 amino acids with molecular weight of 18,398 daltons. Human
urinary erythropoietin has a specific activity of 74,000 U/mg protein (peptide) or 50,000
U/mg of the total weight of the hormone.

Recombinant human erythropoietin was simultaneously developed for the first
time by investigators from two biotechnology firms, Genetics Institute and Amgen
(Jacobs et al., 1985; Lin et al., 1985). Recombinant erythropoietin expressed in
Chinese hamster ovary cells has a specific activity of 210,000 U/mg protein or 129,000
U/mg total weight (Browne et al., 1986). The differences in specific activity between
urinary and recombinant erythropoietin may be due to inactivation of some of the
urinary erythropoietin in the process of extraction and collection (Krantz, 1991).

Sialic acid residues on erythropoietin molecule are important for the biological
activity of the hormone in vivo but not in vitro (Goldwasser et al., 1974). Itis
suggested that an enzyme neuraminidase cleaves the sialic acid residues from the
erythropoietin molecules, resulting in reduced half life of the hormone in vivo.

Desialation exposes the galactose residues on the erythropoietin molecule which binds to



galactose receptors in the liver and so the molecule is quickly metabolised. It is likely
that much of the hormone in vivo is eliminated through desialation and metabolism in the
liver, since little of the radiolabelled desialated erythropoietin is taken up by the kidney
or bone marrow or is lost through the urine (Krantz, 1990).

The kidney is the major erythropoietin producing organ in adult life, while the
liver produces only 10-15% of the total amount (Erslev, 1987). The liver is, however, a
major erythropoietin producing organ in fetal life (Bondurant et al., 1991). Studies in
adult mice using RNA and DNA probes demonstrated erythropoietin mRNA in kidney
tubular cells or peritubular endothelial cells of renal cortex and outer medulla (Lacombe
eta 1 1990). The Kupffer cells and hepatocytes in the liver and macrophages in

"erythropoietic blood islands"” in the bone marrow may also be erythropoietin producing

cells (Bauer, 1991; Krantz, 1991).

2.3.4. Measurement of erythropoietin

The definition of a standard unit for measuring erythropoietin had its origin in the
work of Goldwasser, in 1958, who was studying the erythropoietic effect of cobalt in
fasted male Sprague-Dawley rats (Garcia, 1979). He noted that injection of different
doses of cobalt into starved rats produced proportional increase in erythropoiesis which
was identical to that produced by erythropoietin. One unit of erythropoietin was set to
be equal to the response of 5 millimoles of Cobalt in the fasted rat assay. When sheep
plasma erythropoietin extract became available, one batch was set aside as standard A.
One Unit of standard A was equivalent to 0.05 mg of erythropoietin preparation. As
this material was used up, it was replaced by standard B, a lyophilised crude preparation
of human urinary erythropoietin. One unit of standard B was 1.48 mg. This was called
the first international reference preparation (First IRP). The World Health Organization
(WHO) expert committee on biological standards established a second IRP for
erythropoietin in 1971 as a replacement for the first IRP. The international unit (1.U.)

for human urinary erythropoietin is now defined as the activity contained in 0.5 mg of

the second IRP (Annable et al., 1972).



The initial assays for erythropoietin measured the erythropoietin content of the
sample by its effect on haematocrit, haemoglobin concentration, or reticulocyte counts in
a recipient animal such as mice or rabbit (Garcia, 1979). Currently, there are three
genera] approaches for measuring erythropoietin, namely in vivo bioassay, in vitro

bioassay and immunoassay.

2.3.4.1. The in vivo bioassay: According to Garcia (1979) the in vivo bioassay for
erythropoietin, measures the percentage of radiolabelled iron (-“Fe) incorporated into
red cells of polycythemic mice (polycythemic mouse assay) or starved rats (starved rat
assay). These animals are starved or rendered polycythemic (with above normal PCV)
in order to decrease the endogenous rate of erythropoiesis. This renders the animals
more sensitive to exogenous erythropoietin than normal animals. The animals are
injected with the test sample (erythropoietin containing material) and its content of
erythropoietin is assessed by how much =9Fe is incorporated into erythrocytes. The
erythropoietin content of the test sample is calculated from dose-response curves
obtained from standardised erythropoietin preparations. The in Vvivo assay is not
sensitive enough to measure plasma erythropoietin levels of less than 50 mU/ml, thus it
cannot detect normal plasma erythropoietin levels. Moreover it lacks precision, it is
time consuming, and it requires the use of large volumes of sample material and large
numbers of mice. However, it has the advantage of being specific and it measures only

the physiologically active erythropoietin. It remains the major reference assay for

erythropoietin.

2.3.4.2. The in vitro bioassay: The in vitro bioassays for erythropoietin measure the
erythropoietin-induced colony formation, proliferation or haeme synthesis by short term
cultures of bone marrow, spleen and liver cells (Haga and Falkanger, 1979; Brandon et
al., 1981; Krystal, 1983). When grown in methyl cellulose medium in vitro, erythroid
progenitor cells (CFU-E) divide to form colonies. The number of colonies formed

depend on the concentration of erythropoietin in the culture medium. Therefore, the
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erythropoietin content of the test material is measured by the number of colonies it
induces (Haga and Falkanger, 1979). Erythropoietin stimulates a dose-dependent
proliferation, differentiation as well as induction of heme synthesis in erythropoietin
responsive cells (ERC). The erythropoietin induced proliferation of ERC can be
determined by the rate of DNA synthesis, as measured by the amount of incorporation of
AH-thymidine or MI-deoxyuridine in DNA (Krystal, 1983). Haeme synthesis which
takes place in relatively late non-dividing erythroblasts as well as earlier dividing ones
can be measured by the amount of ~*Fe incorporated into haeme by ERC (Krystal,
1983). In order to have an optimal proportion of ERC in the cell culture, foetal mouse
liver cells or spleen cells from phenylhydrazine treated mice are used. In the foetus, the
liver is the major erythropoietic organ, and foetal liver cells taken at 13 days of gestation
are used for the assay when the foetal liver contain optimal numbers of ERC (Brandon
et al., 1981). Two daily consecutive injections of mice with phenylhydrazine at a dose
of 60 mg/kg body weight induces a haemolytic anaemia which in turn stimulates an
erythropoietic response in the spleen. Between days 2 to 5 after the last phenylhydrazine
injection, the number of cells in the spleen increases up to ten times, of which more than
90% are erythroid precursors (Krystal, 1983). Phenylhydrazine is thought to induce
anaemia through immunological mechanisms (Domfest et al., 1992). Phenylhydrazine
may act by causing alterations to the membranes of younger erythrocytes, similar to
changes which occur on membrane of aged erythrocytes. It may also act by inducing an
increase in the quantity of autologous 1gG which recognises aged erythrocytes. This
results in opsonisation of the altered erythrocytes by the autologous IgG and their
subsequent accelerated removal from circulation by splenic macrophages through Fc
receptor recognition of erythrocytes coated with 1gG. Spleen cells collected 3 days after
the last phenylhydrazine treatment are used for the assay since they are more sensitive to
erythropoietin (Krystal, 1983). A defined number of foetal liver cells or spleen cells
ranging from 2 x 10" to 4 x 10" are pipetted into each well of a 96 well plate. The test
material (serum or plasma), heat inactivated at 56 QC for 30 minutes in order to eliminate

non-specific inhibitors of erythropoiesis, is added to cell cultures. The erythropoietin
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content of the test material is measured by its effect on erythroid incorporation of either
®‘Fe into haeme, or "*H-thymidine or ' “m'i-deoxyuridine into DNA. In vitro bioassays
are more sensitive than in vivo bioassays because they can delect erythropoietin levels of
1-5 mU/ml. However, these assays measure biologically but not necessarily
physiologically active molecules. They thus measure asialoerythropoietin as well, which
is active In vitro but inactive in vivo. In vitro bioassays are also more sensitive to non-

specific inhibitors and stimulators of erythropoiesis (Krystal, 1983).

2.3.4.3. The immunoassays: The immunoassays that detect erythropoietin are based
on the anti-erythropoietin antibody recognition of epitopes on the erythropoietin
molecule (Garcia, 1979). Following the production of an antibody which could
neutralise the biological activity of erythropoietin, a number of immunoassays were
developed (Garcia, 1979). These included the Ouchterlony double diffusion technique,
the haemagglutination inhibition test , and the radioimmunoassay for human and sheep
erythropoietin. Recently, an enzyme-linked-immunosorbent assay (ELISA) for
measuring human erythropoietin was developed (Wognum et al., 1989; Kientsch-Engel
et al., 1989).

The radioimmunoassay is based on the competitive binding of the radiolabelled
and unlabelled erythropoietin to the anti-erythropoietin antibody. The test material, the
radiolabelled erythropoietin and the appropriately diluted specific antibody are mixed
and allowed to react at a specified temperature and for a specific period of time. The
free and antibody bound radiolabelled erythropoietin are separated using
immunosorbents or the "double antibody" technique followed by centrifugation (Chard,
1990). The radioactivity of the antibody bound radiolabelled-erythropoietin in pellet is
determined. The erythropoietin content of the test sample is calculated from the degree
of inhibition on the binding of the radiolabelled erythropoietin to the antibody.

Following the purification of erythropoietin from urine and later, the production

of recombinant erythropoietin and the use of the pure hormone in radioimmunoassay, the
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specificity and sensitivity of this assay was greatly improved. In addition, the
radioimmunoassay was found to be accurate and reproducible, making it more
advantageous than the bioassays (Garcia et al., 1979; Sherwood and Goldwasser, 1979;
Egrie et al., 1987). The disadvantage of the radioimmunoassay is its inability to
measure the bioactivity of erythropoietin. Thus, it may also measure biologically

inactive precursors and/or breakdown products of the erythropoietin molecule (Krystal,

1983).

2.3.5. Erythropoietin titres in health and disease

2.3.5.1. Physiologic erythropoietin titres: The circulating levels of erythropoietin
under a normal steady state is sufficient to maintain the erythrocyte production. Normal
plasma levels of erythropoietin as measured by radioimmunoassay are 10-25 mU/ml in
humans (Cotes, 1982), 40 mU/ml in mice, 25 mU/ml in rats, 20 mU/ml in baboon and
56 mU/ml in monkeys (Garcia et al., 1979). Using the in vitro assay, the levels of
erythropoietin in dogs was 88.2 + 30.7 mU/ml, 55.2 + 8.9 mU/ml in horse, 41.7 %
10.3 mU/ml in cow and 39.4 + 5.4 mU/ml in cat (Ikeda et al., 1990).

In patients with severe anaemia, excluding cases of renal disease and rheumatoid
arthritis, there is an overall inverse and exponential correlation between haematocrit and
erythropoietin levels. This correlation however becomes less apparent as the haematocrit
increases above 33% (Erslev et al., 1987; Erslev, 1991). Although the mean
erythropoietin titre shows a relationship to haematocrit, wide variations occur between
individuals with the same haematocrit. For example at a haematocrit of 30%,
erythropoietin titre could be 50 mU/ml or 500 mU/ml (Erslev, 1991).
2.3.5.2. Erythropoietin titres in non-infectious disorders: Determination of
erythropoietin levels can be of diagnostic and therapeutical importance in both
polycythemias and anaemia. Polycythemia is a haematological disorder associated with
abnormally elevated numbers of erythrocites, haemoglobin concentration and

haematocrit. In primary polycythemia or polycythemia vera, the bone marrow' acts
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autonomously and over produces erythrocytes causing an increase in haemoglobin and
haematocrit. This in turn produces tissue hyperoxia and cuts off erythropoietin
production. Thus, primary polycythemia is associated with low plasma erythropoietin.
Secondary polycythemia occurs due to impaired oxygen transport. The resulting tissue
hypoxia generates erythropoietin which in tum stimulate bone marrow to produce more
red blood cells. Consequently erythropoietin titres are usually elevated in
uncompensated secondary polycythemia. Disorders classified as secondary
polycythaemia include carbon monoxide intoxication, diseases associated with high
oxygen affinity haemoglobin, high altitude disease, pulmonary disease and congenital
heart disease associated with shunting of blood from right to left ventricle (Spivak,
1991). However, in cases where polycythemia compensates for tissue hypoxia,
erythropoietin levels return to normal as was observed in cyanotic congenital heart
disease (Haga et al, 1987). Polycythemia may also be caused by inappropriate
production of erythropoietin by certain renal or extra-renal tumours or cysts (Erslev and
Caro, 1984). In the absence of evidence of either primary or secondary polycythemia,
elevated erythropoietin titre may be suggestive of an erythropoietin producing lesion.

Erythropoietin levels are usually lower in people who are anephric and those
suffering from chronic renal disease. Since erythropoietin is primarily produced by the
kidney, anaemia in these patients is due to reduced production of the hormone (Erslev
and Caro, 1989).

Insufficient erythropoietin production has been reported in patients suffering from
anaemia of chronic disease. Despite normal kidney function, patients suffering from
rheumatoid arthritis (Baer et al., 1987), various malignancies (Miller et al., 1990),
acquired immunodeficiency syndrome (Cazzola et al., 1992) and sickle cell anaemia
(Sherwood et al., 1986) appear to have low erythropoietin titres compared to their
degree of anaemia. It has been suggested that blunting of renal oxygen sensor or of
renal erythropoietin synthesis is in part responsible for these anaemias (Erslev, 1991).

Recombinant erythropoietin has been used to treat anaemia in patients with end-stage
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chronic renal disease (Estbach etal., 1987), various types of cancer and rheumatoid

arthritis (Oster et al., 1990; Pincus et al., 1990).

2.3.5.3. Erythropoietin titres in infectious diseases: Anaemi