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SUMMARY

Immunelogical aspects of the host-parasite relationship

were investigated in two systems: Nippostrongylus brasiliensis

in the rat and Haemonchus contortus in sheep and are described
in Sections T and IT of this thesis réspectively.

The objective of the work described in Section I was
to study the uptake of labelled metabolites by the parasites
under a variety of different circumstances to test the validity
of such measurements as an index of immunological worm damage.
This was largely successful in that in all the circumstances
éxamined, worm expulsion was preceeded by a marked depression
in their metabolite uptake. However the converse was ncel always
true, i.e. a depressed metabolite uptake w%s not necessarily
followed by expulsion. For instance in both necnatally
infected rats, in rats treated with Depoprovera {a long acting
progesterone) and also in female rats in pro-oestrus, worm expulsion
was significanily delayed although metabolic damage evidently
occurred at the normal time. This finding is important since
it implies that iﬁmunologically damaged worms are still able
to persist in the host and that a further, possibly non-immunological
mechanism, is needed to bring about their subsequeni physical
expulsion, - |

One of the most interesting features of this sectiovn
was the observation of significant 'strain' differences in the

immine response of the host to N. brasiliensis, i.e. the Aberdeen

strain of rat appeared to selfcure earlier than the London strain.

An opportunity arese teo pursue this line of research in relation
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to an economically important helminth disease in East Africa,

namely H. contortus in sheep.

The experiments described in Section II of the thesis
demonstrate that in Merino sheep in East Africa there are sig-

nificant strain differences in susceptibility to He. contortus

and that these strain differences are linked to haemoglobin

type. It was 3hqwn that sheep of haemoglobin type A are more
resistant than those with haemoglobin B and that AB animals 5
ococupy an intermediate position. These differences were demonstrated

by parasitological, haematological and pathophysiological

measurements. However this strain difference is not zbsolute

and appeared to be dependent on the size of the challenge

infection, At certain levels of infection the strain difference

in susceptibility tended to disappear. It has been shown that

haemoglobin B gene is predominant in Kenya, although the

incidence of the A gene tends to increase in the wetter areas.

One possible reason for this gradient of haemoglobin genes couid

be related te the higher incidence of H. contortus in wetter

areas which might favour the selection of the A gene which confers

more resistance to H« contortus. The practical application of

this strain difference in resistance to haemonchosis is

discussed.



GENERAL  INTRODUCT ION

Although the majority of the estimated 200,000 nematode
species are non-pathagenic free-living in soil ox water, many
have become parasitic in plants, arthropods, molluscs and
vertebrates and constitute one of the major remaining scourges
of mankind. For example, of the total amount of food produced
in the world it is evident that a very large proportion is
consumed each year by nematodes through the destruction of plant
tissues, by causing poor growth and lowering the production in
food animals or by direct deprivation within the humwan body.

- Indeed, nematodes in domestic animals have caused losses amounting
to hundreds of millions of pounds throughout the world by their
exploitation of the internal niches offered by the eye, mouth,
tongue, alimertary canal, liver, lungs or body cavity.

Important progress has been made however during the last
seventy years in the development of a series of chemothcrareutic
compounds which were found to be toxic to the adult, and some
to the immature nematode. The early remedies such as sodium
arsenite ,copper and nicotine sulphate, although reasonably
effective unfortunately proved very toxic to the host. A
latér group of chemicals, which included carbon tetrachloride,
were generally more effective but the side effects caused by h
them also discouraged thelr use. The advent of phenothiazone
from the late 1930's marked the first of the broad spectrun
anthelmintics (Gordon, 19457, The compounds develeoped later
were even more efficient, less toxic and increasingly effective
against the immature paraéitio stages and included organophosphoruus

chemicals such as Neguvon and Loxon (Hebden and Hall, 1965;




~

Kingsbury ard Curr, 19¢7). Thiabendazole, the first of the
benzimidazoles, wss the fimst anthelmintic which enabled a

true diagnostic spplication to detect and measure the economic
effects of parasitic diseases caused by gastro—intestinél nematodes
in sheep and cattle. Additional benzimidazoles have been
introduced, to which thiophenate is the latest addition (Eichler,
1973).

However, the repealed use of the same anthelminjic
compound hzs also led %o problems concerned with the development
of resistant strainsg of parasites. Some parasites scem far
more prone to develop resistance than are others. Natural
gelection and the reproduction of resiatant individuals evidently
can occur zelatively cuickly and effectively as is examplified

Ly the devesloprment of resistance to H. contortus by phenothiazine

(Drudge et 2l., 1964} and O. circumcincta to orgsnophosphorous

anthelmintics (Douglas and Baker, 1968). Two types of resistance
to chemiceals heve keen described; 'specific resistance' which

is characteristically due to a single dominant or recessive

gene, and 'polwvgenic resis%ance‘ (Hoskins and Gordon, 19563

Plapp, 1970). The resistance of some strains of H. contortus

to thiabendazole appears to be an example of specific resistance

whilst the resistance of strainsof H. contortus to morantel

tartrate mzy bz an exsmple of polygenelc resistance.

Although the use 9f anthelmintics has led to a
considerakle reduction in the annual losses from animal
production, the repeated use of drugs is an expensive high cash-

investment exercise which is not available to many farmers of
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the world, since intensive and continual usage and high standards
of hushandry and management are prerequisites for success (Lindahl
et zl., 1971); Accurate forecasting techniques warning of
imminent outhreak of diseases such as offered by Allonby (1974)
and Themas and Star (1977) for acute haemonchosis could alleviate
the expenditure by the farmer but again may be too sophisticated
as yet for many countries.

fnimals cen be reared and maintained worm-free by keeping
then indeors throughout 1ife, e.g. poultry in battery cages or
by folding grazing animals on uncontaminated pasture. However,
the economics of this latter option are such that this method
is unrealistic and unprofitakle for most farming systems.

Immunological control by vaccination and the utilisation
of the host's capacity to vesist parasites has so far been limited
te = very few species. Vaccination against babesiosis and
arzplasmosis is now a well estchlished procedure in Australia
(Callow and Mellors, 19663 Callow, 1971) and in recent years
more than a million doses of vaccine have>been supplied annually.
Vaccines against parasitic bronchitis in cattle {Jarrett et al.,
1957) and in sheep (Jovanovié et al., 1965) and hookworm in
dogs (Miller, 1968) are now commercially available, whilst the
development of others such as these against boviﬁp theileriosis,
ovine schistosomiasis, avian coccidiosis and avian syngamiasis
have given promising recent results. A single course of
vaccination using one of a variety of forms of antigens, e-g.
irradiatad larvae, attenuated adults or an artificial infecticn
terminated by drugs given at a predescribed age, can render thé

animal resistant. However, although effective, large scale

10
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immunisation programmes are expensive and require a great deal
of organisation, with technical and financial backing. This
approach although followed in Australia, USA and some parts of
Europe must be considered economically unrealistic as yet in
most of the developing countries.

With the present rapid increase in the world's human
population and an estimated 500 miilion people suffering at
present from malnutrition it is paramount that the production
of protein from animal sources should be increased as much as

possible. This can be achieved by intensification, by improved

management and particularly by improved disease control. At
least 7 million square kilometres of grazeable land in Africa
are capable of supporting 120 million head of cattle, but
remain unproductive chiefly because of trypancsomiasis and East
Coast fever,

As well as the need to muitiply the numbers of good
stock, decisions must be made as to the breed of the animals
to be used. The choices open to the government of a developing
country at the moment appear to be four fold. The first is
the selection within the indigenous tropicsl bmeeds; upgrading
them is a long and slow process.  The second ohoice is the
importation of exctic livestock. This is expensive and can
bring rapid results but many of these 'quality producers' are
unable to survive the exposure to a plethora of tropical diseases
due to an absence of innate immunity, which makes this choice
economiczlly less sound, unless the best management procedures

can be guaranteed.
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Mass importation of tropically adapted livestock from
olher tropical countries could bhe a third choice, although
many tropical countries are criticélly short of improved livestock
and there is generally little livestock surplus foxr export.
The fourth choice is the cross-~breeding of tropical livesteck
with exotic breeds and the evolution of stabilised or semi-
stabilised crossbreeds. This choice is a compromise to
improve the production capacity of the animal but to retain
some innate immunity to tropical diseases. It there were no
immuirity to tropical diseases there would be probably no
livestock in most of Africa. Therefore studies of the possible
use of the host's own resistance may ultimately prove of more
practical application in the development gf cross-breeding and
immuni sation programmes designed to reduce parasitic disesse.
The presence of genetic and heritable resistance in
sheep to trichostrongyle worms has been observed by various
authors (Gregory et al., 19403 Emik, 1949; Whitlouck and
Madsen, 1958; Scrivner, 1964a, b). Many host-parasite
systems bave been investigated and rost breed-differences
appear to confer differences in susceptibility, as for example
in bovine theileriosis (Radley, 1976) and babesiosis, (Daly and
Hall;, 1955; Johnston, 1967), avian coccidiosis (Rosenberg,
19413 Long and Rose, 1965), and ascariasis (Ackert, 1942),
murine trypanosomiasis (Jennings and Urquhart, 1977) and trichuriasis
(Wakelin, 197%a, b) and rodent malaria {Zuckerman, 1966) and

nippostrongylosis (Katiyar and Sen, 1969).

12



Although a proportion of these breed differences could
possibly be attributed to variation in age, sex, acquired
resistance and perhaps grazing habits, resistance has been
clearly demonstrated to be heritable. Ross et al. (1959)
demonstrated heritable resistance to Haemonchus in cattle in
Nigeria, and Whitlock {19%5Db) successfully bred sheep with
low susceptibility to Haemonchus. Sheep, chickens, rats and
mice have been bred resistant respectively to Ostertagia

circumcincta (Scrivner, 1967), Ascaridia lineata (Ackext

et al,, 1936), Bruqia pahangi (Sucharit and MacDonald, 1973)

and Trichuris muris (Wakelin, 197%b), and Zuckerman (1963)

has been able to develop mice strains with both high and low

resistance to Plasmodium berghei.

A belter understanding of the immunological aspects
of host-varasite intersctions is essential not only from the
point of view of extending the possibilities of vaccination but
also in the implementation of management procedures which take
into account the host's own capacity to develop immunity against
helminths.,

This is essentially the subject of this thesis which
consists of two sections. Section T deals with a series of

. /

experiments on the mechanism of the immune expulsion of

Nipposirongvlus brasiliensis from the small intestine of the

rat. Thi's system has been used as a 'model' by many workers
interested in understanding the nature of the immune xesponse
to gastrointestinal parasites. One of themost interesting

features of this programme was the observation of significant

13



'strain' differences in the immune response of the host to
this parasite. An opportunity arcose to pursue this line of
research in relation to an economically important helminth
disease in sheep in East Africaf

This is developed in Section IT of the thesis in which

a series of experiments on the strain differcnces of Merino

sheep in their resistance to Haemonchus contortus infection
is described. A detalled introduction is presented atl the

beginning of each section.

14



SECTION I

STUDILS ON  THE MECHANISMH

OF IMMUNE EXPULSION

Or

Nippostrongylus brasiliensis

FROM THE RAT




INTRODUCT TON :

Nippostrencvslus bhrasiliensis was first described

by Travessos in 1914, It is believed to have originated

a~d to have a cosmopolitan distribution in Brazil. This
parasite has subSéquently been observed in Australia, China,
Panama, U.S.A.; Canade; Fhillipines and also Englend (Balfour,
1922; Dudgeon, 1922), It is a nematode endoparasite of

Rattus norvegisus, Rattus rstitus and Mus musculus (Haley,

1961). Il brzsiliencis larvae have been experimentally

intreduced into a number of laboratory animals. Haley (1961)
observed that the worms reached full sexual maturity when

the larvae were iniroduced into the cotton rat, golden hamster,
chinchilla, gefbil and rabbit. Adult worms did net develop

in the deer mcuse, vole or guinea pig (Lindquist, 1949, 19503
Newton et al., 1959; Gharib, 1961).  In guinea pigs reared
‘worm~free' or cortisone treated then sexual development of

the worms occurred normally (Newton et al., 1959; Parker, 1961).

The size ard duration of N. brasiliensis infection is

influenced by preed, age, sex and diet of the‘host animal
(Haley, 1958).  For example, only 4% of infective larvae
reached the adult stsge in hamsters compared with the rat
(Haley, 1958), 149 of the larvae attained maturity in mice
{Solomon and Haley, 1966&), whereas very few worms developed
into adults in the zebbit (Thorson, 1953 ). The adult worms
were stunted and the prepatent period long in the cotton rat

and golden hamster (Lindquist, 1950).  There was no difference

16



between male snd female mice in resistance to the infection
and n5 change in the sex ratio of the adult worms (Solomon
and Faley, 19¢6., There are, however, similarities between
the ezfect of the innate resistance shown in the hamstex

and the scguired resistance in the rat since both forms of
resisiance affect the female worm before the male parasites
(Halev, 19585 Africa, 1931).

Tn the laboratory rat N. brasiliensis completes a

life-cycle within three weeks. This provides a means ror

rapld and productive experimentation and hence N. brasiliensis

infec=ions in the rat is a convenient laboratory model in which
to study the hosi-parasite relationship.

Tne life-cycle of N. brasiliensis consists.of two

roulis in an external non-parasitic phase followed by two
moultes in a paracitic phase. Haley (1962) describes in
datail the worms' development. Rhakditiform larvae hatch
from the egz within 24 hours, and moult to the second stage
larvae in a further 48 hours. After & sccond moult the
larvae become third stage filiariform infective larvae

vhich venetrate the skin and pass via the blood strean to the
heart and lungs (Yokagawa, 1922) or possibly Qia the lymphatic
system. vring migration 40 - 60% of the larvse are lost
{Jarrezt et al., 19¢8a) and only 55% of the remaining larvae
reach raturstion (Haley, 1962). Once in the lungs the larvae
moult &galin and sexual differentiation occurs. These fourth
stage larvae migrate to the intestine via the bronchi,
traches, oesophagus and stomach. The fourth and final

moult cccurs 90 - 108 hours post-infection. The adult

17



worms become sexually mature, ccpulate, and the female worms
produce eggs which are carried exlernally in the faeces.
Each female worm can produce one thousand fertile eggs every
twenty four hours (Phillipson, 1969).

The parasites distribute themselves in 'pockets'
throughout the jejunum (Brambell, 1965) and apply themselves
closely to the mucosa where the oxygen level is high (Rogers,

1949a). The worms move from one position to another to

copulate and to find new sites. The N. brasiliensis adult
worms begin to feed by pressing their cuticular ridges on to

the villi. This results in the damage of the microvilli

and epithelial cells of the intestine (Lee, 1969b). The
worms'do not suck blood nor cause significant blood loss
(Mulligan et al., 19653 Neilson, 196%a).  Absorption of

food via the cuticle is unlikely (Roberts and Fairbairn, 1965)
and the worms probably feed solely by absorption through the
gut. The digestive enzymes of the parasite consist of
aminopeptidase, noé specific esterase (Lee, l969b,‘1970) and
three isoenzymes of acetylcholinesterazes (Edwards et al., 1971).
These enzymes are poured on to the intestinal cells and the
pre-digested cell debris is sucked up with the parasites

punping and glandular oesophagus (Jamuar, 1966; Lee, 1969bj.

As well as their use in digestion the acetylcholinesterazes

are believed to act as a 'biochemical holdfast' allowing the
worms to maintain their position by affecting nerve transmission
té the muscles of the intestinal tract and haltfng peristalsis

(Sanderson and Ogilvie, 1971).

18



As the host becomes immunc the worms alter their
positién so that they are found mainly anteriorly and to
some exltent towards the distal ileum (Brambell, 1965).
The ribosaﬁes in the gut cells of the worms which are known
to be actively involved in absorption and in protein synthesis
become replaced by large vacuoles (Lee, 1969a; Jamuar, 1966).
Immune precipitates may begin to block the lumen of the gut
of the worms (Taliaferro and Sarles, 1939, 1942) although
Ogilvie and Hockley (1968) and Lee (1969a) were unable *o
confirm this. The reproductive tract then ceases to‘function.
At this time egg production by the female worms ceases and
spermatozoa are reabsorbed by the male worms (Lee, 1969a).

Worm expulsicon then follows but the changes within the
worms are not themselves responsible for worm elimination.
The female worms are expelled earlier than the male worms
JMAfrica. 1931) possibly since they are more antigenic
(Ogilvie, 1965a). At the time of expulsion the number of
mast cells and globular leukocytes in the host's intestine
increases significantly (Jarrett et al., 1968). An anaphylactic
reaction is thought to occur involving mast cells, reagins and
allergens, thus facilitating the leakage of piotective
antibodies inlo the intestine. A number of worms which
are believed to be less antigenic (Ogilvie, 1969) remain in
the intestine as a residual population. The worms consist
mainly of male parasites and are then concentrated in the
region just posterior to the pyloric sphincter (Brambell, 1965).

The age, sex and general condition of the host

and previous experience of infection, as well as size

19



of infection, appears to influence both the

b

timing and rate of expuleion and the size of the residual
population. Female rats were able to expel their worm
population earlier than male rats (Murray et al.,1971).

Worm expulsion was delayed in lactating rats (Connan, 1970)
and was either delaved or did not occur in rats treated with
cortisone or antilymphocytic serum or in rats thymectomised
in neonatal life (Ogilvie, 1965bs; Kassai ot al., 1968;
Jones and Ogilvie, 19713 OQgilvie and Jones, 1967).

Large single infections of N. brasiliensis larvae

resulted in a sudden expulsion of adult worms whereas in
small infections the worms were expelled more gradually
(Haley and Parker, 19613 Jarrett et al., 1968a).  If rats
were continually exposed to a small number of larvae worm
expulsion did not occur as dramatically. The residual
population was larger and eggs were continued to be produced
(Jenkine and Phillipson, 1972).

Neonatally infected rats did not expel thelr worm
burden as rapidly and the prolonged survival of the adult
worms was dose dependant (Jarrett ot al., 1966) and the residual
population was also larger. The response to second infection
was more complete and depended not only on the response cf the
initial infection but also on‘bqth the age of tﬁe rat at challenge
and the size of tﬂe challenge (Jarrett and Urguhazi, 1969).

The mechanism of immune expulsion is bhelieved to be
a two stage process (Urquhart et al., 19653 Jones and Ogilvie,

19713 Murray et al., 19713 Kelly and Dineen, 1972).

20



The first stage in the expulsion was regarded as the
development of a hypersensitivity in the gut which‘rGSUlted
in a local anaphylactic reaction with increased permeability
to plasma macromolecules at the sites occupied by the worms.
Woxrm damage and expulsion was thought to result from the
action of anti-worm antibodies on the parasites. More recent
results are difficult to reconcile with thissimple hypothesis,
e.g, significant immunological damage to the parasite appears
to occur quite early in the infection (Ogilvie and Hockley,
"19685 Lee, 1969), i.e. before the major macromolecular leak
OCCUTS, The fact thal a depression in egg count always
preceeds the actual expulsion also suggests some degree
of worm damage prior to the actual elimination. This early
immunological damage is very difficult to quantitate. Lee
(1969) described the damace in terms of ultrastructural changes
observable in the worms.  Move recently Henney et al., (1971, 1973)
have attempted te measure functional changes in the parasite
associated with the development of immunity in the host. Theix
method depends on the measurement of the uptake by the parasites
6f certain labelled metaholites (32P phosphate and 758@~
methionine) injected into the host. Preliminary studies with
this method have indicated a significant fall in the metabolite
uptake preceeding the actual worm expulsion.

The objec£ of the experiments described in this section
was to conduct further studies on the 'metabolite- uptske'
method-with a view to assessing its validity as an index of
impaired metabolic activity of the parasite in the immune host.

- Tt seemed worth while to carry oult a series of experiments

21



undér circumstances where worm expulsion i1s altered in time

to find out if there is always a consistant relationship

between the fall in metabolite uptake and worm expulsion.

Thus the following series of experiments was performed (i) in male
and female rats (where there is a time difference in the nnset

of expulsion), (ii) in young rsts (where expulsion is

delayed), (iii) in female rats at different stages of the

oestrus cycle (where endocrinological factors are likely

to cause variations in the onsel of expulsion) and (iv) in

rats treated with drugs likely to interfere with expulsion.



SEMERAL MATERIALS AND  METHODS I
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A.

GENERAL

fxperimental Animals

(a)

(b)

Fxperimental Rats

Male and female Hooded Lister rats were
supplied by Animal Suppliers, London: and
the Rowett Rescarch Institute, Aberdeen.
The rats were transported by rail, and were
placed in guarantine for ten days prior

to experimentation. The rats used in each
experiment weighed 150 - 200g body weight

unless oltherwise stated.

The N. brasiliensis culture was supplied by

the Department of Parasitology, the Veterinary
School,; University of Glasgow. ‘The culture

was subsequently maintained at the Department
of Veterinary Physiology, University of Glasgow,
and passaged through cither Albinc oxr Hooded

Lister rats.

Housing, diet and environmental conditions

A maximum of ten rats was kept in metal wire cages

measuring 30 x 60 x 20 cm. A grid floor allowed faeces

and urine tc pass out of the base of the cage to be collected

in a metal tray beneath. When collection of faecal



pellets was required paper towels were placed on the
tray, and faeces were removed daily or twice daily for
analysis. The urine was absorhed into the paper.

The ambient temperaturc was maintained at 6508, and

a system of 12 hours light and 12 hours darkness was
imposed. All rats were fed on 'Diet 41 pellets'

(w. Primrose and Son, Glasgow). Food and water were

always precent in plentiful supply.

The culture of N, brasiliensis larvae

Faecal pellets were collected from rats having a

patent infection of N. brasiliensis by placing paper

towels in the metal trays under the cages on days

7 - 9 post infection. The faecal pellets were separated
from the discarded food pellets and shavings, and lightly
washed in warm water. The sponges and Petrl dishes
(Oxoid Lid.) were autoclaved prior to being used.

This procedure was adopted to eliminate the freguent
appearance of a fungal growth during culture of the

N. brasiliensis larvae which appeared to be constming

the larvae, and hence resulting in low vields. The

fungal spores were believed to be possibly contained within
the food pellets or in the shavings. The washed pellelc
were placed into a mortar and mixed with a small volume

of warm water. A little of this faecal paste was

smeared thinly, using a spatula, in a c;rcular

patch on the middle of a 7 cm. diameter Whatmans No. 1
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filter paper. Care was taken to keep the.peripheral
edges of the filter paper clean. The entire filter
paper and faecal smear was dipped into warm water (3500)
and then placed on a water-saturated piece of foam
material (5 c¢cm x 5 cm) which had been placed in the
middlie of the bése of a disposable Petri dish. The
Petri dish 1lid was replaced and the disheé were placed
in an incubator at 27°C. A dish of water was also
placed in the incubator to maintain a high humidity.

The N. brasiliensis larvae were harvested 8 - 10 days

after the faecal materlal had been spread. After

removal of all the Petri dish lids the base of the Petri dishes
containing the foam sponge, the filter paper with the

faecal smear, and the larvae situated at the edge

of the filter paper, wesc fiooded with warm water (35°C).

After 10 minutes the spongc and filter paper were

squeezed and discarded. The larvae were now in the warm

water which also contained loose faecal matter and consequently
it was necessary to concentrate and to filter out the larvae.
The water was passaged through strong filter paper

held in a large Buchner funnel under pressure. The

N. brasiliensis larvae collected on the filter paper in

large numbers. The filter paper containing the larvae
was inverted and placed on top of a fine Endecott

sieve with a mesh size of 400. The sigve was then
placed at the top-of a Baermann funnel which was filled

with warm water (35°C). A bright light was directed on
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to the sieve from below. The larvae were attracted

to the light and cecllected at the base of the funnel.

One hour later the larvae were released into a measuring
cylinder. The larvae were allowed to settle and the
water was poured off and replaced by physiological saline
(0.85% NaCl).

The number of larvae present was estimated by first
diluting the lérvae with physiclogical saline to 100 ml.
The larvae - saline mixture was well shaken and 0.025 ml
was removed using an autozero pipette. The number of
larvae contained in this volume was counted at 40 x magnific-
ation using a binocular microscope, The number counted
was multiplied by 40, thus assessing the number of

Ne. brasiliensis larvae in 1 ml. Five of these readings

were made and the mean value was used to calculate the
estimated total number of larvae present. The lavvae-
saline mixture was then diluted or concentrated by the
removal or addition of physiolouical saline until a
concentration of 4000 - 4500 per ml was achleved. This
concentration was used to infect the rats in the following

experiments, unless otherwise stated.

The experimental infection of wrats with N. brasiliensis

The N. brasiliensis lamvae held in physiological saline

at the required dilution were placed in a graduated
cylinder. The mouth of the cylinder was fitted with
a Tubker bung through which a needle was placed (Henney;

personal communication). The larvac were mixed by

28

Syt A ORI Ty S

fe e g



Cinvertion of the cylinder, One ml was withdrawn

frorm the cylinder using a 1 ml syringe inserted into

a nzedle fixed in the rubber bung.

Eacl. rat was placed in a large glass beaker with a

1id, and lightly anaesthetised using 'Trilene’
(trichloroethylene B.P., I.C.I. Pharmaceuticals Ltd.)
sozred into absorbent paper. The rats were thus rendered
more manageable. The larvae were injected subcutaneously
into the groin of each rat using a 2 cm long, 20 gauge
disrosable needle which was large enough to allow the larvae
to pass through 1t. Care was taken that the larvae

did not leak out from underneath the skin and a finger

was placed over the site of entry immediately the needle

was withdrawn and held there for about 15 seconds.

The recovery of . brasiliensis adult worms from the small

intestine of the rat

Rats were placed in a large jar éontalning '"Trilene'’

and anaesthetised. They were removed from the jar

and their necks were disliocated. The ventral abdomen

was inciséd so as to expose the small intestine and the
lencth of the alimentary canal between the pylorus and
thevilio—caecal junction was removed. Using round-

tipred sciscors, the gut was slit longitudinally along

its iength then cut transversely into b cm pieces. These
pieces of gut were placed in a bag made of a double thickness

of rmislin gauze. The bag containing the gut pileces was
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uspended in a 250 ml besker containing warm physiological
saline f37oC), and the beaker and contents were placed
in a water bath (37°C).

fhe [I. rrasiliensis adult worms were seen to dislodge

thzmselves from the intestine and intestinal contents

and pass through the gauze and collect at thebase of

the beaker. | In the experiments in which radioisotopes

were uvsed the intestine was incubated for 30 minutes to reduce
the lencgth of time in which isotopic leakage occurred and also
to stancardise this loss. In all other experiments the
inzestire was incubated for 60 minutes. The gauze containing

the intestine was removed and discarded. The N, brasiliensis

worms were allowed to settle, and the saline was gently

poured off.

Vorm curden analysic

Anzlysis of the worm burden was assessed in one of a
nurber of ways depending upon the sunsequent aims of

each particular experiment. In some cases only the

rurbers of N. brasiliensis adult worms present in the
smzll intestine of each rat on a particular day post-

infection was reguired. The N. brasiliensis adult

worms were placed in a measuring cylinder in physiological

+

saline. F series of aliquots of N. brasiliensis-in-

saline were removed and placed on a Petri dish which
hac been mzrked out into squares to facilitate counting.

The number of worms in each alliquot and by summation in

30



the whole sample; was counted and recorded. In ‘the

radioisotope experiments, the N, brasiliensis adult |

worms were washed three times in cold saline to kill
39
tho worms and thereby halt S“P metabolism, and to

remove any debris. The N. brasiliensis worms were

drawn into a 10 m! disposakle syringe and passed ouc
slowly on to Whatman No. 50 filter paper which had been
previously soaked in physiological saline and then placed

in a micro-~Buchner funnel. The N. brasiliensis worms

were filtered and surface dried under pressure usingy

a2 water pump. The small pile of worms which collected
on the filter paper was picked up using a small spatula,
and placed at the bottom of a labelled pre-weighed
counting hottle. The bottle and worms were reweighed

and lhe fresh welt weight of the N. brasiliensis worm.

was calculated.

Faecal FEgg Counts

Faecal nematode egg counls were performed by a modified
McMaster technique (Gordon and Whitlock, 19393 ‘hitlock,
1948). A number of faecal pellets were selected at
random from the tray of laeces removed from under the
cages of experimentally infected rats. Three groups

of these faecgl pellets were placed in a 100 ml beaker
and 42 ml of water wes added. After the faecal pellets
had softened in the water the entire contents were poured
into an overhead macerator and the faecal pellets broken

up finely. The liquid faeces mixture was poured through
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a2 sieve which aXlowed the N. brssiliensis eggs in the

solution to vass through but which retained the larger
faecal matier. The solution which contained the egys

wes ¢ollected into a bowl, well stirred to prevent the

2i, bragiliensis eggs from settling to the bottom of

the kowl, and 15 ml of the mixture was immediately poured
into a 15 ml labelled test tube. The mixture was again
stirrad and znother 15 ml labelled test tube was filled.
Thus two aliguois were taken from ‘each sample.

The lakellsd test tubes containing the faecal samples
were placed In s centrifuge, and spun for 5 minutes at
2020 r.p.m.

The ecupernstant fluid was then discarded and a super-
szturated solution of sodium chloride was added to the
test tube uniil the tube was full. The test tube
contents were mixed by repeated inversion of the test
tube, with a thumb blocking the entrance. Following
irversion a pigette was quickly placed in the solution
and the solution was rapidly transferred on to one half
of a lclaster slide. The test tube was inverted again
and another samole was placed in a similar manner on

the second hzlf of the same MclMaster slide. Conseguently
four sepsrate readings were made for each faecal sample

and a mean value wac calculated for each.

=]
it

G

he . brzsiliensis eggs could be readily seen using the

~

10 % lens of a kinocular microscope. The number of
eogs within the marked sqguares was counted. This
nunber was multiplied by 100 to give the number of eggs

in on2 gran of faeces.
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L. METARPOLIC UPTAKE MEASUREIENTS

1. Labelled phosphate solution

32P) (Radiochemical

Sodium dihydrogenorthophosphate (
Centre, Ltd., Amersham) was diluted with isotonic
saline to give a dilution of 20 uCi/ml. The pH was

adjusted to 7.4.

2. Injection procedure

The experiaentally infected rats were weighed and each
rat wee marked with & number at the base of the tail
32
with a *mo%\c matker'. The volume of P to be
- . . 32 L .
administered was assessed using 1 ml of P solution per 150 g
rat total body weight. After being lightly anaesthetised
in a jar ccntaining 'Trilene' the tail of each rat was
. . 0 .
bathed for one minute in a 50°C hot water bath. This
procedure ensured good visible dilation of the tail veins.
Using a 2 ml disposable syringe and a 29 gauge, 1.5 cm
32 . . s . .
long needle the P solution was injected inte the wvein.
Access to the vein was easier at the distal end of the
tail as the vein was nearer to the surface at this level.
A small beaker containing a Trilene soaked swab was
placed near to the rat's nose to ensure continued
anaesthesia and to reduce the movements of the rat.

The rats were returned to thelr cages and killed four

hours after receiving the isotope injection.



Radioactivity measurements

‘The labelled, weighed counting hottles containing the

varicus samples of surface-dried N. brasiliensis

worms were placed in order in an automatic liquid
scintillation counter. Empty bottles were placad

in front and behind of the sequence of sample bottles

to measure the background count. The 32P activity in

the samples was assessed using the Cerenkov counting method
(parker and Elrick, 1966).

In the first experiment, the results were not corrected

for quenching, and were expressed directly. In later
experiments, il was appreciated that a certain amount of
quenching was occurring. Therefore, the quench correction
was applied using either an experimentally prepared graph
or by the internal standard method. For the internal
standard method the worm samples were dissolved in 2 ml
'Soluene~100"'(Packard Instruments, Ltd., Caversham,
Berks. ), with heating where necessary, and the radioactivity
determined. The standards were treated with 2 ml
'Soluene~100"', After counting each sample was treated
with a kpown amount of labelled inorganic phosphate and

recounted.



C.. VAGINAL SMEAR TECHNIQUL

A drop of distilled water was held in a short
blunt pipette. The female rat was held on its back
by holding the rat by the looge skin of the neck.
The pipette was inserted into the vagina and the
distilled water was sgulrted out and then drawn
back into the syringe. Vaginal cells were held in
solution. These were obsgerved under a microscope
using a magnification of 10 x and the stage of the
oestrous cycle assessed from the prevalence of the

various cell types present each day.

35



(b)

(c)

SOLUTTONS

Mammaliasn Ringers seolution

Stock A NaC1 - B1.80 litre
KC1 -~ 4,10 ©
NaHCO, - 4.70

Feves a - ] it

Stock B CaCl,, 6H,0 4.38

Working solution

100 ml Stock A
800 ml Distilled water
100 ml Stock B

Physiological saline - 0.85%

Stock solution

170, 0g Hall dissolved in

2 litres of distilled water.

Working solution

Dilute the stock solution x 10.

Glucose/Mammalian Rincers Solution

1 1itre Ringer solution

1 g glucose.
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OBRSERVATTION OF A PRIMARY  INFECTION

OF Nippostrongylus brasiliensis IN BOTH

SEXES OF _TWO_ STRAINS OF RATS
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INTRODUCT ION

The course of a primary infection of N. brasiliensis

has been stucdied by many workers using various parameters.
Faecal egg counts and worm burdens during the course of an
experimental infection have been quantitively assessed by
Jarrett et al, (1968). The sudden reduction in faccal egg
counts towards the end of infection always occurred about two
days earlier than the reduction in adult worm burdens.
Furthermore9 worm expulsion in female rats was found to ocecur
two days earlier and at a greater rate than in male rats

The objective of the present experiment was to see
if the depression in metabolic uptake also occurred earlier
in female than in male rats, i.e. is there a consistent corrcia.ioun
between depresced metabolite uptalke and expulcizn?

During the course of the initial experiment, using
rats suppiied by the London supplier, it was noticed thatl the

rats were infected with a number of Hymenolepis diminuta.

Apart from the difficulty in separating these tapeworms from

the N. brasiliensis adult worms, and the possible inaccuracies
in the worm wet welght results, ilhe tapeworm could also have

. v 32

interfered with the P uptake results. In an attempt to
eliminate these inaccuracies rats were ordered from a different
animal supplier. Subsequently, Hooded Lister rats from the
Rowett Research Inslitute, Aberdeen were used and found to be

tapeworm-free, Thus, the course of a primary experimental infection

was studied in two different strains of rats.
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This led to the following observations which showed
that there was a difference in the time of expulsion of

N. bracsiliensis from the two different strains of mat.

MATERTALS AND  NETHODS

Fifty male and fifty female Hooded Lister wats from
Animal Suppliers, London (*London' strain) and the same
number of rats of both sexes from the Rowett Research Institute,
Aberdeen (‘Aberdeen' strain) were experimentally infected with

4,000 N, brasiliensis larvae as described earlier in materials
5

and methods I.

Four days after experimental infection faecal pellets
were collected and faecal egg counts were assessed daily from
day 4 to day 14 post infeclion, using the lkicMaster slide
techinique (Gordon and Whitlock, 1939).

Each day five rats from each group were injected
intravenously in the tail vein with 1 ml (20 uCi) 32P~sodium
dihydrogenorthophosphate per 150g body weight of rat as
described in materials and methods I. Four hours laler the

rats were killed and the N. brasilicneis adult worm burden

was recovered from each animal. The worms were washed
three times in ice~cold saline, surface dried and placed in
a labelled pre-weighed counting hottle and reweighed.

After the experiment had been completed all the

counting bottles containing the N. brasiliensis adullt worms

were placed in a liquid scintillator counter and the radio-
activily measured using the Cerenkov method (Parker and Elrick,

1966). The results were expressed as counts per minute per mg
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worm wet waight, and these values were expressed as a per-
centage of the maximum metabolic asclivity observed during '

each infection.

RESULTS

Faecal eqqg counts

The results of the dally Taecal egg counts are recorded
in Table 1. Faecal egg counts became positive on day 6
when all groups except the Aberdeen strain of female rats
showed relatively high egg counts.

Self-cure, as judged by the reduction in faecal egq
counts to zero, occurred earliest in the female Aberdeen strain
of rats on duy 11, followed by self-cure in male Aberdeen
strain of rats on day 12. Self-cure cccurred in the London
ctrain of rats in the female group on day 13 and in the male
group on day 14,

These results clearly demonstrate a significant
difference between the two strains ¢f rats on the time of
expuleion of the parasite. Within each strain the already
recoonised male/female differences also occurred,

N. brasiliensis ad it worm burdens

The adult worm burdens were assessed bv wet weights
and are recorded in Table 2 and Tables a and B in the
fopendix. tSelf-cure', as assessed by a decrease in worm
burdens to less thon 1mg wet weight, occurred in the femeale
Aberdeen strain of rats on day 11, the male Aberdeen strain

on day 12 and in male London strain sometimes after day 13.



TABLE 1

Faecal eggs per gram of faeces observed in both sexes

of two strains of Hooded Lister rats experimentally

infected with 4,000 N, brasiliensis larvae

London strain Aberdeen strain
Days )
after Male Female Male Female
Ciatedton rats rats rats raty

1
o
o
(o]
<

6 52 500 30 200 8 400 0
7 46 500 45 000 10 300 6 500
8 64 500 42 300 22 800 23 150
9 50 000 30 600 7 300 5 650
10 30 000 29 400 4 800 500
11 28 500 6 000 200 0
12 6 600 100 0 0
13 1 000 0 0 0
14 0 : 0 -0 0
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TABLE 2

Wet weight of adult worm burdens (mg) in both sexes of two

strains of Hooded Lister rats exXperimentally infected with

4,000 W, Brasiliensis larvae
Days London strain Aberdeen strain
?igzztion 'Malﬁe Feninale Male Female
rats rats rats rats
4 G NS 0 <. 01 2.7 + 0.8 <01 O
5 54,0 + 16.3 <01 0 <501 22,7 + 5.3 WS 25.5 4 16.5
6 62.1 4+ 15,2 <05 13.8 + 3.0 <05 25.7 + 2.7 NS 47,5+ 18,5
7 79.5 1 19.6 <G05 26,8 4 2.9 NS 22.4 + 3.4 NS 33.9 + 2001
8 4.8 + 13.6 NS 54.8 4 4.0 <01 23.6 4+ 5.5 WS =5.5 F 16.3
9. 54,5 4 12,4 NS 47,9 1 5.5 GO0l 12,4 v 3.9 Ny 29,7 + 1003
10 89.6 + 23.1 <05 22,8 4+ 2.2 WS 16,1 + 3.9 NS 21.9 + 12.9
i1 49.2 + 20.6 NS 19.2 + 2.5 <.001 1.7 + 1.3 <01 O
S 12 31.8 4+ 5.4 GO1 13,3 4+ 1,3 <001 0.2 + 0.1 <0.01 0
13 15.2 + 12.6 NS 0,2 + 1.3 NS 0 NS O
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Figuve 1

Metabolic activity expreused as a parcentage of the

London straing of Hooded Lister rate infected with

No brasiliensis

TTRRTT

100 -
P

e /

e TR YT

- 7
L /
Metabolic i x
activity i ,
(as a % of & /
maximum i /
activity) : //
s /
¢
50 -
]

SEL L SO SE icv_:q:u::.:‘:mv AN Fresn o PRI E R r:.‘..‘-r" RIS AT H S

o

3 [
Fi \\ . . .
\\
o

/

Metabolic
activity
(as a % of
maximum
activity)

Koo VAT RS (BT TRAIL . N PN DTN RS

T

4 5 6 7 8

days after infection

S I AL T

O--~0 female rats

———¢ male rats

Aberdcern strain

~

~_,

G === O = =0

9 10




Metabolic uptake

uptake by the N. brasiliensis in female rats of London strain

are incorporated into this section. Experimentation on the
four groups of rals was not conducted simultaneously.
Therefore the actual isotopic counts between the groups cannot
be compared quantitatively, hence only the relative difference
in uptake pattern can be contrasted. The metabelic activity
was thus expressed as a percentage of the maximum activity
and is shown in Figure 1 and Table A in the Appendix.

The general pattern of 32P uptake appeared to he very
similar in each group of rats, i.e. a few days of high 32?
uptake were followed by a sudden and continual decrease in
uptake. However the onset of the sudd=n decline in isctope
uptake was different in each grovp, and cccurred about four
days after the start of worm expulsion, i.e. 1t occurred earlier
in the Aberdeen than ©in the London strain, and in the London
strain aboutl one day earlier in the female (after day 7)
thén in the male rats (after day 8). In ihis experiment
there was no significant difference in the rate of worm

expulsion in the male and female Aberdeen rats (after day 6).

DISCUSS LON
The course of N. brasiliensis infection in rats can
J
be divided inteo four phases,- namely Loss Phase 1, the Plateau

Phase, Logs Phase 2, and the Threshold Phase (Jarrett et al.,

1968a). Not all the larvae injected into the rat aré able
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to compiete the migration to the lungs and finally to the

small intestine. A number are lost en route, or destroyed.
This constitutes Loss Phase 1. The Plateau Phase is formed
by the surviving larvae which have matured to adulis in the

small intestine of the host. The N. brasilicnsis adultl worms

utilise the metaholites of the host, copulate and the females
produce eggs which are released into the lumen. Suddenly
{around 10 - 12 days post-infection) there is an exponential
expulsion of the majority of woxrms in which the female‘worms
are removed somewhat earlier than the males. This constitutes
the Loss Phase 2 or self-cure {(Mulligan et al., 1965). A
small number of residual worms are left in the small intestine
and these constitute the Threshold Phase.

The results of this experiment confirm the findings

oi earlier workers regarding the expulsicn of N. brasiliensis

infection in the rat and provide further insight into its
possible mechani sm. Taecal egg counts became negative before
wornm burdens depling (Jarrett et al., 1968a). As observed
by Murray et al. (1971) worm expulsion, as determined by
faecal egg counts and worm hurdens, occurred about a day
earlier in female rats than in males. On the basis of the
same parameters this applied to both strains of rat,

These observations were extended however by the findings
that, as assessed by faecal egg counts and worm bumdens, there
was an even more marked difference in the onset of 'self-cure'
between the two strains of rats. Thus, althbugh the London

strain of rats showed 'self-cure' from dsy 13 and 14 in female
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and males respectively, this occurred two days earlier in
each sex respectively, in the Ahordeen strein of rats.

T \32 - [N A N r . R o

The P uptake' technique of Henney et al., (1971)
provided evidence of immunological worm damage somc davs before
thelr expulsion, and the results of this experiment confirm
these initial observations. They also provided an excellent
opportunity to see i{ worm expulsion was consistently preceded
by a drop in metabolic uptake by the worms. The decline in
32 : e ] Fhon s . . : .

P uptake from day 6 after infection onwards was thought to
be melated to the onset of immunological damage. The results
have shown that in both scxes of the London strain of rats
. . . . y . .32, o
immunological damage as monitored by reduction in P uptake
began six days pricr to complele worm expulsion. In the
Aberdecen strein of rats, however, the onset of immunolocical
damage commenced on the same day (after day 6) in koth sexes
of rat, i.e. 1 and 2 days earlier than the female and meale
London stzain of rats respectively.

One possible explanation for this anomaly 1s that the
more efficient worn cxpulsion of the Aberdeen strain may have
surpressed the exhibition of the differences usually observed
between the two sexes. Thus immunologicol damage in the

Abexrdeen strain commenced six days after infection which 1:

{

possibly the minimum period required for protective antibodies
o be stimulated, produced, mobilised and become effective.
under these circumstances the factor responsible for the

accelerated worm exoulsion in famale rats may not have had tine

to operate and to bhecome eflffective.



~

In summary, therefore, female rals were able to expel
thelr worm hurderns earlier and at a greater rate than male
rats, Tre decline in metabolic activity occurred earlier
in the Akberczen strain than in the London strain. It also
orcurred in female rats earlier than in male rats of London
strain, but sirultarecusly in both sexes of the Aberdeen strain.
The results incicate tﬁat good correlation existed between the
decling ir. retapelic activity, indicative of immunological
demage, ard the timing of self-cure.

It has bheen suggested thal the difference observed in
the onset ¢of weorm erpulsion between male and female rats may
be related <o the influence of sex hormones (Waddell et al.,
1971 ). Frem the resulls presented here it was evident that
there was a larger wvariatien in the wet weights of worms
recovered from the fovale rats than those recovered from
male rals. This suggested to the asuthor that a relationship
migh*t exiszst beilwezen the cestrous cycle of the rat and the

course of infection of N. brasiliensis, This was the subject

of furiher invesiigztions which are described later.

Although the observation on strain difference arose
by chance there s clearly scope for further study of this
phenomanon. 3resed difference in response to parasitic infections
is well documentad, e.g. the dwarf N'dama and Katuru cattle
of VWest Africa sre more resistant to trypancsomiasis than Zebu

cattle (Mason, 1951

“.,
=
fo
e

Lz, 1970: Roberts and Cray, 1972, 1973;

lurray and Murras - personal communication). Much less is knovmn

about strain differences. Perbaps the Nippostronoylus/rat
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system could serve as a2 '‘model’ for studying some of these
complex genetic aspects of host/parasite interactions.
This theme will be elakorated in more detail in the final

discussion at the end of this section.
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OBSERVATION OF A PRIMARY INFECTTOM

OF Nippostrongylus brasiliensis

IN YOUNG RATS

a b



INTRODUCTION

Jarrett et al., (1966) and Kassai and Aitken (1967)

found that neonatal rats infected with N. brasiliensis do

not expel a primary infection of the parasite as efficiently
as adult rats. The full response of the rats to the parasites
does not occur until the rats are 6 - 7 weeks of age (Jarrelt
et al., 1966), as the immune wesponse is neither effective
“nor efficient in young rats (Good and Papermaster, 1964).
The degree of effectiveness of the immune response appears

to be relsted to the infection dose. Thus a worm population

of N. brasiliensis will persist for several months in a young

ral which had been infected with a small dose of 50C larvae

whereas a larger infection of 2000 lsrvae will result in worm

expulsion by young rats althcuglh this is delayed for a few

days and the efficiency of expulsicn is also reduced (Jarrett,
In the previous experiment the metabolic activity

was assessed during the course of an experimental infection

in two strains of both sexes of Hooded Listcr rats. High

32P uptake or high metabolic activity suddenly decreased

early in the infection. It was believed that this metabolic

embarrassment was related to the occurrence of immunological

damage by the host to the parasites. The results also indicated that

there was a direct correlation between the decl%ne in metakolic

activity and the onset of self curec.
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The fellowing experiment was designed lo investigate
the worm burdens and metabolic activity of the adult warms
during the course of an experimental” dnfection i 2600

N. brasiliensis larvae in young rais. “ois again provided

an excellent opportunity to determine whelher worm expulsion
was consistently preceded by a duop in metabolic uptake by

the worms.

MATERIALS AND  METHODS

Twenty five 4 - % week old (80 - 100 g total body
weight) male Hooded Lister rats of the Aberdeen strain were

infected subcutaneously each with 2000 N. brasiliensis larvae.

On various days after day 6 of infection five rats
were injected intravenously in tho tail vein with 1 ml (20 uCi)
32

P-sodivw dihydzooenorthophnsphate per 100 g aof hody wndcht.

Four hours later the rats were killed and ‘the N. brasiliensis

worms were collected and washed three times in ice-cold saline
gnd surface dried. The parasites were then placed in pre-
welghed labelled counting bottles and reweilghed,

At the end of the experiment all i1he counting bottles
certaining the worms were placed in a liquid scintillation
counter, and the radioactivity of the worms calculated. The
results were corrected for quenching as described earlier in
materials and methods I and were expressed as corrected counts
per minute per worm wet weight (ma). These values were exvressed
as a percenlage of the ma%imum metabolic activity observed

‘during the infection.
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RESULTS

Thé results of the adult worm wel weights and the
corrected counts per minute per milligram of worm wet weight
are recorded in Figure 2 and in Table B in the Appendix.
In Figure 2 the results are compared with those of adult
male Hooded Lister rats of Aberdeen strain from the previous
experiment and the metabolic activity is expressed as a per-
centage of the maximum activity.

It is evident from these results that expulsion of
the adult worms coccurred more efficiently in some young rats
than in others, especially from day 11 onwards. The mean
results indicate that complete expulsion has not occurred
at the end of the ekperiment on day 13.

The size of the worm burden was similar in both young

and adult rats even though tﬁe young rat had been given an
infection of 2000 larvae and the adult rat one of 4000 larvae.
However, in the young rats the worm burdens on day 11 were
étill maintained at 15 mg followed by a gradual reduction,
whereas in the same day the worm burdens in the adult

_ rats suddenly declined to 5 mg followed by near to total
'self-cure'. After day 6 the 32P uptake declined rapidly
and similarly to the 32P uptake curve of adult male Hooded
Lister rats of Aberdeen strain, although the variation within
the groups was greater in the young rats compared to the

adults.
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Figure 2

Worm burdens expressed as wovrm wet weipghts and

metabolic aclbivity expressed as a percentage of the

adult male rats of Aberdeon strain infected with
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. DISCUSSTON

PO S ———

These results show that the decline in metabolic

activity in the N. brasiliensis adult worms occurred at the

same stace of irfection in the young Hooded Lister rats as

in adult rzts of the same sex and strain. Although the
sdult worms were expelled from the young rats this expulsion
took loncer to occur in some rats than others and was
generzlly slower to occur than in the older rats. Further-
inore the size of the worm hurdens were comparable to those

in adult rats even though the voung rats had been infected
with 2000 larvae whilst the adult rats had been infected with
4000 larvae.

It appeers that more larvae were able to complete
the idigration to the lungs and thence to the small intestine
in the youry ratls compared with the adult rats i.e. Loss
Phase I vas smzller in young rats compared to adult rats.
Hence a greater proportion of the infected lacvaec matured
in young rats, perhaps due to reduced immunologioalAefficiency
of the youry host.

Althoush Cgilvie and Hockley (1968), using the 'worm
transfer technique', found that worms in neonatally infected
rats were damaged leter than in adult rats, Jarrett et al.
(1966, 1968%) observed that worms recovered from young rats
were structufally damaged by immunity to the same extent as
worms which were daraged in adult rats. This experiment using

~

32 . . . . . .
the 7P upiake technigue' substantiates this latter observation.



N Netabolic activity, indicative of immunclogical
damage, was found to occur early in the infection after
day 6 and cccurred simultaneously with the onset of immunological
demage in adult rats of the same sex and strain. However,
in the vyounag rats worm expulsion was evidently delayed,
indicating that retention of the worms by the young rats, or
in other words the delay in 'self{-cure', may be related to
a relative inefficiency in the mechanism of the second stage
of worm expulsion. .

It would be interesting to give a lower infection

of N. brasiliensis to even younger rats in which the adult

worms might be expected to be retained for a longer period
and to monitor the metabolic activity of the worms. However,
in order to use the present technique efficiently and
acenrately, the rats have tobe of sufficient size to permit
injection of isotope inte the tail wvein to be made, In
addition to this the size of the worm burden has to be sufficient
to sllow for the collection, washing ard drying procedures to
be conducted accurately.

The results of this experiment indicate that the 32P~
uptake technigue appears to have distinguished the two stages
of 'self-cure' described from other parameters by various
workers (Ogi lvie, 1965; Jones and Ogilyvie, 197L;
Murray et al., 19715 Kelly and Dineen, 1972). It appears
therefore that young rats retain their worm burdens longer

than adult rats despite the facl that the worms have heen

immunologically damaged at the same stage of the infection.



Further experimenls on the use of this lechnique as a 'tool'
to separate these two different stages of the 'self-cure'
process are described and discussed further in a later

section of this thesis.



MEASUREMENTS OF THE RATE OF PASSAGE

OF TO0OD IN RATS UNDERGOTNG A PRIMARY

INFECTICN OF Nippostrongylus brasiliensis
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N ' INTRODUCT 10N

~

In the previous experiments the uptake of dQP by

the N. brasiliensis worms in the rat ducdenum was shown to

decrease abruptly about 5 - 6 days prior to the sudden
decline in the number of eggs counted in the faeces. Since
the faeces have to pass the length of the alimentary canal
before the faecal egqgg count can be assessed, there may be

a significant delay in observation of self cure as assessed
by this parvameter. Thus the true timing of reduced egg
laying by the female parasites does not precisely coincide
with the fall in faecal egg counts. Could the true timing
of reduced egyg laying capacity by the femsle parasites
coincide with the earlier metabolic embarrassment of the

M, brgsiliensis worms?

The ftollowing experimnent was designed to estimate lho
rate of passage of fcood from the duodenum to the time of
defecation in a rat during an experimental infection with

N. brasiliensis. The rate of the passage of food has been

assessed in many animals by varicus workers using iron oxide
(Bergeim, 1926), chromium sesquioxide (Moor and Winter, 1934)
and phenol red (Reynell and Spiay, 1956). In the present

experiment an inert green indicator dye was used.

MATERTALS AND METHODS

Ten female Hooded Lister rats of the Aberdeen strain

were experimentally infected with 4,000 N. brasiliensis by
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the method described earlier inmaterials and methods T.

411 ten rats werz caged together and were given food pellets
and weter 22_libkitum. On day 7 of infection, ordinary food
pellets were removed end replaced by pellets which had been
cnated in a green inert dye (Michrome No. 240 light green
S.F. vellowish, Zdward Gurr Ltd., Londoﬁ, S.W.14).

A1l the rats continued to feed. Rats were killed
individually at various intervals and autopsied. Thelalimentary
‘canal was exposed and the position of thegreen dye in the
glimertary <ract was reconded. The length of time for the
dve to pass from the duodenum at the site of infection to the

defeceted faecal pellets was noted.



REGULTS

Table 3

iHecord of lhe length of time which elapsed before dyed food

taken orally by the rats was observed as green faccal pelleis

in rats experimentally infected with N. hrasiliensis larvae

Description of the rate of passage of

Time
dyed food
0 Dyed food pellets given
1 hour Dark green colouration with food in

1.5 hours

3 hours

3.5 hours

4,5 hours

stomach and up to 3 inches from the caecum.
Duodenum flaccid and watery.

Creen dye passed into caecum and large
intestine, and newly formed pellets in
upper colorn.

Creen cye in the faecal pellets up to a
distance of three faecal pellets from
the anus.

All faecal pellets green in rectum.

" Green faecal pellets defecated.
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DISGCUSS TON

The rats began to eat the dyed food pellets almost
immediateily.  Observations showed that the dyed food reached
the stomach within one hour an& that the passage through the
duodenum was very fast, possibly due to the flabby state of
the duodenal walls and its ligquid contents.

The length of time taken for the dyed food to be eaten
and defecated was only four and a half hours. Consequently
the faecal egg counts performed on fresh faecal matter would
give a very accurate insight into the female parasites' egg-
laying capacities about four hours previously.

Thus, the four day interval betwéen the fall in metabolic
activity and the fall in faecal egg count cannot he related
to the time taken to eliminate the faecal mattex. Furthermo.r
metabolic embarrassment does not appear to produce any Immediate
effect on the ability of the femae parasites to lay their eggs.

Although relatively empirical these wesults contribute
towards an underslanding of the sequence of events wbich ocCurs
during infection. It would be interesting to repeat the
experiment each day during the course of an experimental infection
to assess if towards the end of-infection the duodenal contents
solidify and whether there is any delay in the length of time
taken .for food to pass through the alimentary canal. Hence,
the optimum freguency of sampling of faecal egg counts and
subsequent delay factor could be determined and more accurate

resul ts obtained.
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INVESTICATICHNS INTC THE EFFECT OF THE

QESTROUS CYCLE OF THE RAT ON THE

COURGE OF A PRIMARY INFECTION OF

Nivpostrongylus brasiliensis
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A . INTRODUCT ITON

It has been shown that female rats infecled with

Ne brasiliensis expel their worm burden carlier then male

female rats retain their worm burden longer than non-lactating
rats (Connan, 1970). Lymphocytes in infected lactating rats
are less effective than in non-lactating rats and immunological
damage cannot therefore occur until later (Dineen and Kelly9
1972). It would appear that this suppression of the immuno-
logical response may be related in some way to the effects of
the circulating hormones which are associated with the later
stages of pregnancy and lactation, since in nulliparocus rats
a more apparent immunological Tesponse occurs.

In the earlier experiment using a primary infection

of N. brasiliensis in both sexes of two strains of rats it was

evident that the individual variation in the daily worm
burdens was greater in the female rats tﬁan those in the male
rats as manifested by differencesin standard error. During
the course of the_oestrOUS cycle in female rats there is a
change in the hormonal status in the blood stream so that the
effect of different hormones in varying concentritions or by
thelr interactions might, in some wey, affect the immune
responsiveness of the host.

The female reproductive system undergoes cyclic
changes (Ebling and Highnam, 1969). During the

oestrous cycle in the rat marked changes lake place in the wall
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ol the wagina as well as in the uterus and ovaries. As a
consequence of these changes cells are shed in sequence into
the vaginal lumen.

Proestrus is characterised in a wvauinal smear by groups
of rhombeidal nucleated cells, About 12 hours later oestrus
begins and is indicated by the appearance of cornified cells
in the smeamn. Some nucleated epithelial cells reappear at
30 hours and by 45 hours polymorphonuclear granulocyles appear
in large numbers producing a very thick smear. This stage is
called metoestrus, Dioestrus occurs when some nucleated
epithelial cells and a few leucocytes are present at 60 - 72
hours., At 96 hours the leucocytes disappear and proestrus
starts again. Thus proestrus lasts for about 12 hours, oestrus
about 33 hours and meloestrus and dioestrus together about

i)

5¢ hours (Figure 4).

L

The principal homxmonecs which are secreted during ovulation
i.e, during oestrus, are the oestrogens. The corpus luteum,
formed after ovulation, secretes progesterone and high concen-
traticons of progesterone are found in the blood just prior to
oestrus during proestrus. If fertilisation does not occur
the corpus ]uteum.regresses and progesterone secretion stops.

In this experiment the course of an experimental infeciion

of N. brasiiiensis was observed in three groups of female rats,

each group in a different stage of the oestrus cycle.
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N MATERTALS AND  METHODS

Onz hundred female Hooded Lister rats of Aberdeen

strain werse infected with 4,000 N. brasiliensis larvae by

the methods described earlier in materials and methods I.
(n each day following infection rats were inspected and vaginal
smears perfermed to determine which day of the oestrous cycle
the rats hsd reached and those at the same stage of the cycle
were placed fogether in the same cages.

On each successive day of infection from day 5 to
day 10 five rats from each of the three groups, in either ocestrus,
proestrus or diocestrus, were intravenously injected with 32P.
Four hours later the worins were removed, washed, killed and
surface-dried as described in materials and methede I. The
adult worms were pleced in pre-weighed labelled counting bottles
and the poztries and worms were reweighed. At the end of the
experirent ail the counting bhottles containing the adult worms
were assayed for radicactivity in a liquid scintillation counter.
The resultz were corrected for qguenching as described in materials

and methods I and expressed as coryected counts per minute per

mg of wet weight of worms.

A srort narrow pipette containing a little distilled water
was inserted into the ral's vagina and some of the contents was
removed. This sample was placed on a microscope slide anc the
cells were examined using 10 x magnification under a binocular

microscope.
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. RESULTS

The <ally adult worm wet weights and corrected counts

per mirate psr vorm wel weight for each group ave recorded

t,lc
bl
]
o
o
el
W
O

in the Appendix and in Figure 3.
The =otal mean results for daily worm burdens followed
the sam2 gensral pattern as observed in the earlier experiment
for the same sex and strain of rat, i.e. initial high worm burdens
oi about 50 -g weight followed by a decline after day 8, but the
course of intection in rats divided into ocestrus, proestrus
=nd dioz2strus showed merked differences. In the proestrus
croup the rormal pattern was observed, i.e. the same pattern was
okserved ac ithe mean results obtained in the 'strain experiment' with

egmale rats cf the same strain not grouped sccording to periocd of

1

Tre worm burdens in the dioestrus group were much
lower and rerained constant until day 8 after which a similax
cudden sxpuleion occurred. In the oestrus group the worm burden,
zlthough iriiially higher on day 5, was e%pelled at a greater
mate than in either of the other two groups. After day 6

Lhe worn wet welghts were reduiced by two thirds and by cay 8

S

the weight of worms recovered was only 3 mg. The difference in

worm kurder:s between the proestrus and oeslrus groups was

signi

oy

icant.
In all three groups (i.e. oestrus, proestrus and dioestrus)

32
+re ~°P uptake by the adult worms declined after day 6 in the

gzme wav as rreviously observed in the strain experiment. Similar

-etween the dloestrus, cestrous and proestrus groups (Figure 3).
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Figure 3

Worm burdens expressed as worm wet weights and

metabolic activity expressed as a percentage of

the maximum activity of female Hooded Lister rats

of Abcerdeen strain infected with N. brasiliensis
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Thé successive changes in vaginal epithelial cell

types in vats at each stage of the cesirus cycle
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DISCUSSE TON
The results indicate that although the same pattern
of events for both worm burdens and ~ 7P uptake occurred as was
seen for the same sex and strain of »at in the experiment on
strain described earlier, differences were apparent according
to the particular stage of the oestrous cycle.
32

As judged from the resulis of P uptzke the metabolic

activity of N. brasiliensis adult worms does not appear to be

affected by changes in the oestrous cycle,

The difference in worm burden and worm expulsion between
the three groups was more marked as judged by the results of
the mean worm welt weights. While the rats in proestrus
showed the normal pattern of worm burden; and expulsion, i.e.
similar to the mean in the first experiment, those in dioestrus
had relatively low worm burdens with normal time of expulsici.
Those rats in cestrus showed higﬁer initial werm burdens and a
significantly higher rate of expulsion. In the oestrus, proestrus
and dicestrus groups worm expulsion could be said to have
started on days 5, 6 and 7 respectively.

These findings help to explain the results of eariier
experiments in which there was greater individual variation of
worm burdens amongst female ra&s than in males.‘ The explanation
for this phenomenon remains conjectural however, and only
tentative suggestions can be made at this stage.

In those rats in proestrus worm expulsion was delayed
significantly compared to the worm burdens in the oeslrus

group of rats. Thie mey be related to the high concentrations



of progestecrone which are present during proestrus, Progesterone
"is known to act as a smooth muscle relaxant and may result

in reduced peristalsis of the gut thereby affecting worm

expulsion. In a later experiment rats were treated with depoprovers,
a long acting progesterone, to observe if expulsion could

in fact be relarded by progestercone. It would appear from

these results that hormonal factors only influence stage TI

of worm expulsion as immunological damage occurred simultaneously

and early on in infections in all three groups.
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THE EFFECT OF 'DEPOPROVERA'

(medroxyprogesteroncacetate) ON THE COURSE

OF A PRIMARY INFECTION OF Nippostrongylus

brasiliensis IN BOTH SEXES OF RATS
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INTRODUCT TON

The precicse mechanism of immune expulsion of

N. hrasiliensis {rom the small intestine of the rat is still

the subjecl of some controvoersy (see reviews by Jarrett and
Urquhart, 1971; Ogilvie and Jones, }971; Murray, 1972).

The concept of a two stage process is accepted by
many workers in the field (Urquhart, Mulligan, Eadie and
Jennings, 19653 Jones and Ogilvie, 19715 Murray, Jarrett
and Jennings, 19713 Kelly and Pineen, 1972), and it is now
clear that significant immunological damage to the parasite
occurs early in the infection, i.e. during the hypothetical
Stage I (Ogilvie and Hockley, 1968; Lee, 1969; Henney,
Maclezn and Mulligan, 1971). So far no gencrally accepted
description of Stage 1T has heen put forward. It could represant
an intensification and culmination of the immunological processes
which are involved in Stage T or it could be a separate and
perhaps relatively non-specific process involved in removing
worms already damaged by specific immunity (Jones and Ogilvie,
1971}, A clearer understanding of expulsion could come from
a study of factors which inhibit cxpulsion, particularly If
a factor could ke found which aclts selectively on eitherx
Stage I or Stage II. There 1s evidence to suggest that the
two stages can be separated as examplified by the experiment
described earlier using young rats.

The hormone status of the hest can influence immunity

to parasites and the most marked changes occur in the female
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in the post-parturient phase, i.e. during lactation (Connan,
1970). Because of the great complexity of hormonal changes
occurring around the time of parturition there is a good case
for investigailions where possible, of the effect of specific
hormones. Obvious hormonal differences between peri-parturient
and normal nrats are increased levels of progesterone until 2 - 3
days hefore parturition (Uchida, Kadowaki, Nomura, Miyata

and Miyake, 1970) and increased levcls of prolactin during

late pregnancy (Bast and Kelampy, 1972). During lactation
prolactin levels are high and initially 20 hydroxypregn-4-
on~3oné and later progesterone lovels are also elevatled

(Ochida, 1970). Some suppression of rejection of N. brasiliensis

in rats treated with ovine prolactin has recently been
described by Kelly and Dineen (1973).
In a previous experiment in this thesis il was noticed

“Pal 1n female rals infected with M. brasilicnsis the standard

differences of the worm burdens were greater than the standard
differences in male rats. It was thought that the ocestrous
cycle of the host may have influenced the course of infection

in some way. To investigate this observation the oestrous

cycle of rats was monitored concurrantly with a primary infection

of N. brasiliensis. uring the course of infection the wovm

hurdens of the ralts experiencing proestrous were higher than
rats in oestrous and dioestrous and the decline in metabolic
activity slightly less severe (Figure 3). During prozstrous
higher titres of progesterone are released into the body of the

host.

73



The present series of experiments describes the effect
) |
of medroxyprogesteroneacetate (Depoprovera) on the expulsion of

N. brasiliensis from the rat. Again, the opportunity arcse to test

the validity of the 'metabolite uptake' method.. In this
case. this method was used as a 'tool' to separate the end
of Stage I i.e. the timing of immunological damage, and the

beginning of worm expulsion, Stage IL.

MATERIALS AND HMETHODS

A. The effect of Depoprovera on the expulsion of . brasiliensis
P
from the male and female hooded Lister rate (London sirain)

Six oroups of male and & of female rats of normally 5

animals per group were infected with 4,000 N. brasiliensis iurvee

per rat on day O of the experiment. Depoprovera (1 mgy per
injection) was given to one group of males and one croup of
females on day 9, and to further groups of males and females

on day 11. Faécal egg counts werc performed daily from day

6 ~ 14 and representative groups were killed on day 15 and

day 17 and the worms recovered and counted. The results of

the egg counts are shown in Table 4, and worm burdens in Table 5.

Depoprovera Administration

Tn Experiment A rats {(London strain) were injected
intramuscularly with 1 mg of Depoprovera either on day 9 or
day 11 of the infection. In Experiment B involving 'Aberdeen’
rats Depoprovera was injected on day 7 of the infection, since the
onset of parasite expulsion occurs two days earlier in the Aberdeen
strain.
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RESUTS

It is clear from the resultls that the administration
of Depoprovera to male rats on day 2 of the infection inter-
fered with the normal expulsion of the parasites as indicated
by the numbers of worms recovered on days 15 and 17.  Even
when Depoprovera administration was delayed until day 11
significant worm retention was demonstrable on day 195.
Depoprovera similarly administered to female rats was without
effect (Table 5}.

In the light of these findings it is very interesting
to note (Tahle 4) that Depoprovera had no effect on the faecal
egg counts in either male or female rats.

The situation seen in the treated male rats Qhere some
retention of parasites was not accompanied by prolongation

of egg cutput implies that the retained worms were neverthe-

less damaged. For this reason it was felt desirable to repeat

the experiment on male rats and to introduce some additional
measurement of damage or metabolic impairment of the parasites

(Experiment B).



TABLE 4

Faccal egg counts (e.p.z) of male and female rats
. ?k {32

injected with Depoprovera on day 9 or day 11 of a

Ne brasiliensis infection

oy

days Mﬁlﬁ“ﬁ . : E ema_l_;e__"}gj?s_ .

o tor Control OnLZigcged z;tgaEPll Control onigiicéed g;tgaSPll

infection :
6 52 000 40 000 40 000 30 200 26 200 25 000
7 47 000 53 000 64 000 45 000 57 000 50 000
8 64 000 46 000 42 000 42 000 120 000 55 300
9 50 000 32 000 32 000 30 600 66 400 48 200
10 30 000 25 000 19 000 29 400 14 460 20 500
11 28 000 23 000 21 000 6 000 13 800 9 900
12 6 600 & 000 5 500 100 100 900
13 1 000 1 200 300 0 0 100
14 0 1 200 0 | 0 0 0

76



Mean worm burdens on days 15 and 17 of male and

female rvats injected with Depoprovera (DF) on

day 9 or 11 of an N, brasiliensis infection

Worms recovered on

day 15 day 17
Control 30 + 18 2L+ 5
Male Injected with 430 + 147 80 4 23
rats DP on day 9 (£,001) (£.001)
Injected with 140 + 65 22 + 17
DP on day 11 (NS<&. 1) NS
Control 20 + 12 24,8 + 12
Female Injected with 37 + 54 15 410
rats © DP on day 9 NS NS
Injected with 34+ 13 1T 4+ 6
DP on day 11 NS NS
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B. The effect of Depoprovera on the metabelic activitlty and

expulsion of N. brasiliensis from male hooded Lister

rats of Aberdeen straln

MATERTALS  AND  METIICDS

Seventy ratls were each infecled with 4,000 N. brasiliensis

larvae on day O of the experiment. Groups of five were killed
daily from day 4 onwards. 32Pwlabelled inorganic phosphate
was injected intravenously into each w»at 4 hr prior to necropsy
and the worms recovered, weighed and assayed for radiocactivity
as described under Materials and methods T. On day 7 of the
infection half{ of the memaining rats were injected intramuscularly
with 1 mg of Depoprovera. From day 8 onwards 5 treated and

5 control rats were injected dally with labelled inorganic
phosphate and killed 4 hr later for recovery and radioassay <f
WOTmS. The mean weight of worms and their mean radiocactivity
levels are shown in Table 6, Figure 5, and in Tables D

in. the Appendix.

RESULTS

Allowing for alteration in 'timing' associated with the
use of '"Aberdeen' ac opposed to Tondon' rats the results of this
experiment fully confimzm the observations made under Experiment A
in that the adwministration of Depeprovera leads tq some inhibition
of normal immunological expulsion. This is clearly shown

by the weights of worms recovered from treated and control rats
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TABLE 6

Worm burdens (mg worm wet wt) of male rats

of Abcerdeen strain injected with Depoprovera

on day 7 of No brasiliensis infection

Days Injected with
after Control DP on day 7
infection
43 2,68 -+ 0.8 -
5 22,60 + 5.3 -
6 25,70 + 6.1 -
7 22,40-+ 3.4
] 23.60 4 5.5 TS 26.2 - AT
9 12.4 4 3.9 {,05 25,2 4 3.1
10 16,1 + 3.9 NS 2503 & bok
1L 123 4 3.4 {02 9.6 + 2.6
12 0,17 -+ 0.06 {05 11.2 + 8,3
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on days_10, 11 and 12 (Table 6). On the other hand there is
no interference by Depoprovera with Imnunological damage to

the worms as measured by phosphate uptake (Figure 5).  This
is again in line'with the results of Expexriment A where worm

damage was manifested by the depression of egg output.
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DISCUSS TON

These results indicate that in the male rat Depoprovera

interferes with the expulsion of N. brasiliensis rather than with

the immunological damage which the parasite suffers due to the
development of host immunity. In this respect it differs
significantly from certisone which interferes with the expulsion

of the parasite (Ogilviey 19653 Urquhart et al., 1965) but

also inhibits immunological damage because egg output is maintained
beyond the time when it would have fallen in untreated rats

and the transfer of metabolites firom the host is likewise maintained
(Henney et al., 1971).  Prolactin has recently been shown to
prolong the infection in castrated male rats (Kelly and

Dineen, 1973) and here again the effect is observable, both

in terms of worm burden and egg output.

It seems possible therefore that the action of
Depoprovera is related to its properties as a smooth muscle
relaxant. It has been suggested by Ogilvie and Jones (1971)
that adult worms secure their position in the gut through
the secretion of acetylcholinesterases which produce a local
paralysis in the host's gut and that production of antibodies
by the host against these enzymes releases the gut from its
imposed localparalysis. A good deal of attention has bheen
given to the r»ole of histamine and BHT as mediators of increased
gut permeability to macromolecules and hence antikodies
(Murray, 1972), and it has also been emphasised that increased
release of these mediators occursarcovnd the time of expulsion.

However both histamine and DHT have stimulating effecls on
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peristzlelis and it is this which may ke important in the
expulcion of veres,

Irn the alove clrcumstences the relaxing effect of
Depoprovera woulc tend to oppose the stliuli leading to
increszed gut motility and hence to delay the expulsion.
In this conrecticn it is interesting that transit time
throush the esmeil intestine is increased during pregnancy,
i.e. when progesterone levels are highest (Pany, et al.,
1970) . '

It is not possible at the present stage to explain
the relative ineflectiveness of Depoprovera to interfere with

a1

the expulsicn o7 . krasiliiensis from the female rat. It

may be that the fzmele which will have previously encountered
considerable amcunts of progesterone has a capability,
possivlv through enzyme induction,; to rapidiy inactivate excess

amcunte of prouss.adlonal agents. Alternatively the cells

£

in the femals, for example the smooth muscle of the gut and/ox
mucosal cells, mav ke somewhat less responsive to progesterone-

1iké =cents than those in the male bhecause of a familiarization

effect witn »rocesterone-like hormones.,
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DISCUSSTIONS AND CONCLUSTONS

The extent to which Nippostronoylus brasiliensis wonms

become immunologically damaged in the mat host has been assesced
from the structural damage to tﬁe worms (Jarrett et al., 1966, 19¢3b;
Ogilvie and Hockley, 1968; Lee, 1969), from the effect of

acguired immunity on the migration development and expulsion

of a challenge infection (Sarles and Teliaferro, 19263

Taliaferro and Sarles, 1939, 1942; Chandler, 1932, 193%, 1936a,
1937, 1938; Spindler, 1936; Thorsen, 1953;

Jackson, 1960; Ogilvie, 1965b; Jarrett et al., 1968a; Ocilvie
and Hockley, 19685 Ogilvie, 1969), and from the ability of

worms to recover when transferred to noninfected rats (Sarles

and Taliafcrro, 19363 Chandler, 1936a; Iulligan ct al,,

19653 Ogilvie and Jones, 1967; Neilson, 1969; Henney et a’..
1971, 1973).

More recently attempts have been made to monitor the
metabolic activity of the parasite in its host and to assess
how this is altered by the development of immunity by the host,
i.e. to measure immunological damage in lerms of altered
function of the worm. Since adult worms obtair nutrients
by extra corporeal digestion, and absorption of metabolites
from the tissue flulds of the host (Rogers.and Lazarus, 1949),
Henney et al., (1971, 1973) tried to devise a technique for
measuring the ability of the adults to absorb labelled phosphate
from the host rats which had been intravenously injected with
the isotope. This method does not of course measure 'net

transfer' of phosphate from the host tissue fluid lo the parasite



‘But it gives some indication of the rate of equilibrétion of
a metabolite between host and parasite which probably reflects
to some extent the metabolic activity of the lalter.

During an experimental primary infection the capacity
of N. brasiliensis adult worms to take up radicactive inorganic
phosphate from their host was significantly reduced preceeding
actual worm expulsion. This reduction in the uptake of labelled
phosphate was thought to he related to the onsel of immunological
damage in the parasites (Henney et al., 1971, 1973).

This novel.approach of Henney et al. (1971, 1973) was
used in the series of experiments described in Section I to assess
the value of the 32P~uptake method as an index of impaired metabolic
activity of the parasite in Llhe immune host. To do this, situations
were chosen in which worm expulsion was known to vary or was
altered artificially to determine whether a corresponding alteration
in the timing of metabolic uptake could be observed.

For example since Murray et al. (1971) had found that
female rats 'sclf-cured' earlier than male ralts it was decided
t6 follow the 32P~uptake by the worms in both sexes of rats to
determine whether a correlation existed between metabolic upset
and worm expulsion. Furthermore during the course of the study
it was ohsexrved that rats from two animal suppliers ‘self-cured’
at a different time after infection. Hence metabolic damage

was monitored in male and fomale rats of two different strains

given a primary infection of N, brasilicnsis. lThe results
of these experiments indicated that immunological damage to the
worms occurred earlier in the femalesthan in the male rats of

the London str.in, although this seraration between the sexes
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was not apparent in the Aberdeen strain of rats. There was
-generally a good correlation hetween the onset of immunological
damage, as judged from a decline in 32P—uptake9 and adult worm
expulsion, The same period elapsed between the decline in
metabolic activily as measured by 32}3~uptake9 reduced eqqg
production and adult worm expulsion, regardless of time of onset
of immunclogical damage. This strengthens the idea that a
reduction in metabolic uptake is some index of immunclogical
damage.

There were some situations in which the change in timing
of metabolic upset did not correspond with actual expulsion of
WOLMS, For example young rats, or female rals experiencing
proestrus nr in male rats tresated with depoprovera all had worms
which persisted longer than normel althcugh their metabolic uptake
wag apparently depressed at the normal time. It seems reasonable
to interpret this as the occurrence of immunological damage which
was then not followgd by the usual degree of worm expulsion. This
theory is further suppoxrted by the faecal egg count results of the
male rats treated with depoprovera. It would seem therefore that
the '32P~uptake' method was of value in separating the now
recognised two-stage mechanism of worm expulsion.

The mechanism of immunity resulting in the expulsion of

adult N. brasiliensis worms from the intestine of the rat has

caused much controversy. The mechanism is believed to involve
two separate steps (Barth et al., 1966; W.F.H. Jarrett et al., 1968).
Initially the first stage in the expulsion was régarded as the

development of & hypersensitivity in the gut which gave rise to

a local anaphylactic reaction with incressed permeability to plasma
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macromplecules at the sites occupied by the worms. Major worm
damage and expulsion was lhoughl tco result from the action of anti-
worm antibodies on the parasites at this time. More rccent
results afe difficult to reconcile with this simple hypothesis,
e.qg. significant immunclegical damage *to the parasite appears
to occur quite early in the infection (Ogilvie and Hockley, 1968;
Lee, 19693 Henney et al., 1971, 1973), i.e. before the major
macromolecular leak occurs.

This information has led te a new hypothesis on worm
expulsion. In the first step the adult worms are believed to
be irreversibly damaged by protective entibodies (Ogilvie and
Hockley, 1968; Jones ond Ogilvie, 19713 Ogilvie and Love, 1974).
This first step is followed by a second step in which sensitised
lymphocyles (Keller and Keist, 19723 Dinecen et al., 1973) or
mast cells {Murray, 1972) are thought to act on the damaged worms
cnd cause thelr expulsicn.

The protective antibodies produced by the host rat in
the first step of worm expulsion appear to interfere with the
metabolism of the parasite by inhibiting feeding, possibly by
prev-nting the release of digestive enzymes (Cgilvie and Jones, 1973),
The inhibition of the worms' metabolism was detected by Henney
et al, (1971, 1973) as early as day 8 after infection, when
the capacily for the worms™ to take up inorganic phosphate dramatically
and irrevocably decrcased. The results in the present thesis
indicate that in some strains of rats the entire period of
infection was ;f significantly shorter duration. As a consequence,
or probably a cause of this, the metabolic upset of the worm evidently

also occurred earlier than normal. Similarly an experimental
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infection in female rats was of shorter duration than in male
rals and metabolic upset was found to occur correspondingly
early.

It is thought that the digestive enzymes are probably
mcchanically prevented from being released from the worm by
plugs of precipitate blocking the oral and excretory openings
(Sarles, 1938; Taliaferro and Sarles, 1939). These plugs of
precipitate can be detected in the excretory pore of the worms
after the tenth day of infection and almost certainly represent
antibody-antigen complexes. The antigens are probably enzymes
secreted by the woum.

One possible enzyme to act as an antigen could he
acetylcholinesterase (Lee, 19705 Edwards et _al,, 1971). The
functiorn of this enzyme is unclear, but it is thought to aid
the worm maintain its position in the host by acting a2s a
‘hiological holdfast'. As immunity to the worm develops the amount
of acetylcholinesterase in the worm in~resses, and the proportion
of its isoenzymes alter. These changes in concentration of
acelylcholinesterase appear to be induced by ﬁhe formation of
anti-acetylchclinesterase antibodies (IgG) (Jones and Ogilvie,
1972). As anti-acetylcholinesterase production increases co *the
enzyme production by the worms increases and conversely as the
amount of antibodies decrease so the amount of enzyme produced
by the worms decrease. Presumobly the adull worms are attempling
to secrete more enzyme to help maintain their position in the gut
and to compensate for the amount cownlercd with anti-acetylcholin-

esterase antibodies. When unable to do this further, alterations
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in the antigen by isomer formation possibly defeats the immune
response of the host for a short time Lefore the anlibodies eventually
interfere with the "biological holdfasi' forcing the worms lo
leave their bosition in intimate contact with ‘the mucosa.

The inhibition of feeding of the worm presumakbly due to
the antigen-antibody plugs of precipitate blocking the worm's
oral and excretory openings possibly'results in malnutrition.
The malnutrition itself is assumed to cause damage to the gqut
of the worm (Jones and Ogilvie, 1971). Savere cyloplasmic changes
in the large gut cells of the worms could be detected by the tenth
day of infection when cytoplasmic ribosomes were replaced by large
vacuoles (Ogilvie and Hockley, 1968; Lee, 1969).

This metebolic damage by antibody action and the structural

changes in the gut of the worms are not however sufficlent to

recsuli per se in eificient worm expulsion from the host, nee
the wemms erc damaged the cecend slep, the actuzl physical expulsion
of the worms, begins. There has been much discussion and continuing
controversy as lo the effeclor mechanism of worm expulsion,

Urquhart et al. (1965) suggested that elimination of adult

N. brasiliensis worms was induced bv an anaphylactic reaction.

A number of workers have found that the number of cosinophils
(Wells, 1962) globular leukocytes (Whur, 1966) and mast cells
(Taliaferro and Sarles, 1939; Jarrett et al., 19683 Murray,
et al., 197135 Ottolenghi et al., 1975) in the intestinal mucosa
at the time of worm expulsion increased dramatically.

However other workers have observed that the increase in
mast cells occurred after the worms were expelled (Wells, 19623

Kelly and Ogilvie, 1972). These opposing observations may of
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course be related to the effectiveness of the techniques for
detecting mast cells, probably dependant on the method of fixation,

(Enerback, 1966aj; Murray et al., L968).

A greater understanding of the two stages of werm expulsion
has arisen from the fact that worms damaged by antibody action
are not necessarily expelled from the host rat. For example,

expulsion of M. brasiliensis adult worms was delayed in neonatally

infected rats as compared to adult rats (Jarrett g;mgigg‘19665
1968bs  Jerrett, 19713 Connan, 1970). However, a similar number
of mast cells per unit area were fTound in the intestine of infected
young‘rats as there were in adult rats (Jarrett et al., 1969).
Alse anaphylaxis is known to be fully developed in young infected
rats by four weeks (Jarrett and Urquhart, 1969) although their
capacity to eliminate worms did not fully mature until they were
seven weeks old (Binaghi et al., 1966; Jones and Ogilvie, 1967b).
This suggested to Ogilvie and Jones (1971) that the presence of
mast cells was not essential for anaphylaxis to occur locally.
Using the worm transfer technique Jones and Ogilvie (1971) found
that the worms from youngrats were expelled normally when trans-
ferred to adult rats, indicating that the worms had been previously
damaged in the young rats. This was confirmed in the present
study when, using the '32P—uptake‘ technique, the metabolic damage
to the worms occurred at the same time in young as in adult rats,
yel in young rats Llhere was a dclay in worm expulsion.

»~ Similarly, in lactacting rats, although damage occurred
fo the worms at the same time as in non-lactaling controls

(Kelly and Ogilvie, 1972) the worms were not expelled (Connan, 1973;
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Dineen and Kelly, 1972) although the intestinal‘mucosa of lactating
rats had been shown to be infiltrated wilh large numbers of mast
cells at the same time and to the same extent as in non-lactating
controls (Kelly and Ogilvie, 1972; Connan 1973). Worm expul sion
occurred normally however in lactatating rats and neonatally
infected rats which were given sensitised lymphocytes from adult
donors at the same time as larval infections (Dineen and Kelly,
1972, 19743 Keller and Keist, 1972).  These resultls suggested
to Keller and Keist (1972) that functionally intact lymphocytes
were a prervequisite for thée second step of worm expulsion, and
that prolonged infestations in lactating and neonatsl rats result
from a deficiency in their capacity to mount the lymphocyte-dependent
immune reaction against the worms.

The second step in worm expulsion was found Lo be seguential
to the Tirst step (Dineen et al., 1973) ss only damaged worms
could be expelled effectively by giving sensitised lymphocytes
to tﬁe host rat. A mecent series of experiments using
jrradiated wats has shown that lymphocytes can only produce the
exphlsion of damaged worms by collaboration with another cell-
type derived from the bone marrow (Jones and Ogilvie, 1971;
Ogilvie et al., 1977). There is stili speculation as to the
nature of these bone marrow cells. The most popular suggeslions
are that they are elither eosinophils or masl cells and it has
been suggested that worm expulsion may be due to a sudden release
of amines from the mast cells. This release of awine has bewn
found to occur after the interaction of reaginic antibodies on

the mast cell surface with worm allexgen (Barth el al., 19663
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Jarrett et al., 1968; Murray ct al., 19713 Murray, 1972). The
induction of immunity is thymus dependent but it is not yet known
whether effector lymphocytes are alsc thymus derived.

Recently Sinski and Holmes (1977) have demonstrated a
close relationship between the parasitic binding capscily of
local IgA and immunclogical damage which occurs prior 1o expulsion
of adull worms and therefore provides useful evidence that IgA
may be involved in the induction of worm expulsion. This
hypothesis is supported by Murray (1972) who suggests that expulsion
is achieved by fhe summation of several immunological events in the
micosal surfaces and in particular the local IgA potentiates the
release and passage of local anti-worm antibody (IgA) or systemically
produced anti-worm antibody (1gG).

How any of these factors sufficiently immobilies the

worms or prevenl them maintaining their position in the intestine

b

of the ral 2: not understood. The results of th

]
LR

oponrovena
Ao roven:

[

experiments tend to suggest that the second stage is entirely
or {n part non—immunélogical and may be due to changes in gut
mobility, and this is supported by the results of the investigations
on the effect of the oestrus cycle on worm expulsion. In this

case it was found that, although immunological damage occurred

at the same time, irrespective of the stage of oestrus;the rate

and onset of worm expulsion was delayed significantly in the rats

in proastrus compared to the rats in oestrus. This delayed
expulsion of worms during proestrus may be related to the presence
of higher concentrations of progesterone which are present during
this phase. Progesierone ﬁay perhaps bevthe cause of the delay

in werm expulsion, in a similar manner to that found in the depcprovera
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expe:r:j_mc\‘ntg through i1ts action as a swmeoth muscle relaxant.
lowever, this theory cannot be extended to explain the delay in
expulsion in young rats when the amounts of progesterone would
be expected lo be relatively low. Delayed worm expulsion has also
been observed in rats treated with various drugs such as cortisone
(Ogilvie, 1965; Urquhart et al., 1965), but a precise inten-
pretation of these experiments is difficult to find (Keller and
Ogilvie, 1972). Many of the drugs used to inhibit worm expulcicn
have been found to have an inhibitory effect on lymphoc?tes as
well as on the production of amines (Kelly and Dineen, 1972b).

How progesterone effects the second stage of worm expulsiocon
is as yet unknown. The fact that another hormone, prolaclin,
has also been shown to cause the host rats to retain their worm
burden is of interest (Connan, 1970). A further study of the
influenge of the hormonal status of rats on experimental infection

with N. brasiliensis would probably help to elucidate this

subject.

Whilst the difference in the timing of worm expulsion
occurring %p female and male rats has been recognised and
documented previously the fact that the strain of rat has so much
influence on the timing of 'self-cure' was hitherto unknown. In
view of the importance laid on each part of the infection in terms
of studying 'self-cure' it is obvious that greater attention
should be made to the sitrain of rat used. Strain difference
could be investigated further in either of two ways. Firstly,

to use the N. brasiliensis model to sludy the expulsion in more

detail or sccondly to lock at the practical implications in an
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economically important helminth infection. An opportunity
arose to study strain diffcrence in an economically important

parasite, A. contortus in Kenva in three strains of sheep.

This work constitutes Section I[I of this thesis.
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STUDIES ON STRAIN DIFFERENCES

N THE RESIGTANCE OF

SHEEP TO Haemonciws zontortus
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INTRODUCT TON

Whilst it was useful to study the influence of strain
on the host-parasile relationship in a laboratory model, such

as the well documented N. brasiliensis-rat system, it was

believed equally important to apply the information gained
from these studies to an economically important helminth. The

system chosen was Hacmonchus contortus in sheep since this

parasite is widely recognised as one of the most important of
the main pathogenic nematode species in most tfopical and sub-
tropical areas. Furthermore, the occurrence of the 'self-cure'
phenomenon in this system and recent evidence that difference

in suscepltibility te . contortus may bhe related to the strain

of the hosl, provided a suitable system in which to extend the
work of the first section of this thesis, i.e. a study of the
extent to which the strain of the host influences the host-

parasite relalionsnip and the timing of the 'self-cure’ phenomenon.

. contortus is a blood sucking nematode parasite of
the Trichostrongylidae family which occurs in the abomasum of
sheep, goals, cattle, buffalo and many other wild ruminants.

The primary pathogenic effect of H. contortus is the anaemia

caused by the hlood sucking activities of both the larval and
adult stages and the haemorrhage produced by those activities
(Fourie, 19313 Andrews, 19423 Dargie, 1974).  The extent
of the anaemia is apparently governed by the number of worms
nresent in the host and the hosl's own capacity to replace

i

the lost blood (Clark et al., 1962).

White ovaries splral around the blood-filled intestine giving
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the characteristic 'Barber's pole' appearance. The adult male
is about half the length of the female, It has a well developed
bursa with @n asymmetrical dorsal lobe supported hy a Y-shaped
dorsal ray. Male and female adults feod on whole blood taken
from the sub-mucosal capillaries. The female is often quoted

as one of the most prolific egg-laying helminths and it is
estimated that & single female will produce up to 10,000 eggs
per days; in other words an average production of approximately
one egg every ten seconds.

These eggs arc passed outl into the intestinal contents
and are deposited with the faeces on the pasture where under
optimum conditions they undergo rapid development. The first
larval stage can be fully formed in less than a day if the
conditions are favourable, i.e. temperature of 11 - 21°C and high
relatlive humidity (93 = 95%) (Reee 19503 Silsngwa and Todd, 19645
Waller and Denald. 1970). However. in adverse conditiors the
eggs can lie dormant for many weeks. Cnce the egg hatches
the firstl stage larva emerges and feeds on bacleria within the
faeces. Moulting gives rise to the second stage larva which
also feeds on bacteria. The develepment to the third stage
larva takes only 2 or 3 days under favourable conditions. The
L3 stage is the infective stazye and is mere resistant to dessication
than the previous stages (Ellenby, 1968).  This arises largely

through the retention of the cuticle of the L, stage. However,

2

the ensheathed I

3 stage larva cannot feed but remains dormant

on the pasture up to 6 - 12 months (depending on the conditions)

until grazed by the definitive host (Allonby, 1974; Onar, 1974;
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Waller, 1974; ILevine et al., 1974).  After being swallowed
“by the host the infective larvae lose their protective sheath

in the hosl's rumen and then find their way into the abomasum.

Here they burrow inte the mucosa and become covered with mucus.

The third moult is followed by a period of growth during which

the L, larvae feed on whole blood (Clark et al., 1962; Dargie

and Allonby, 1975). After a further ten days the L4 larvae

emerge from within the mucosa and move about freely on the surface
of the macosa. They then moult for the last time, become sexually
mature and begin their voraciovs klood-sucking activilies.

After copulalation the females begin egg laying and these can

be observed in ihe facces of the host between 18 to 24 days after

infection.

The blood loss caused by the worms results in anaemia,
which if severe enough, results in lctharay, loss in condition
and even death. ™ hyperacute haemonchosis sudden death, which
is often the first sign of the disease, can occur wilhin one or
two days - of infection (Soulsby, 1965; Allonby, 1974). ' In acute case:r thare
ig sudden lethsrgy and progressive weakness often terminating
in death (Fourie, 1931; Baker et al., 19593 Baker and Douglas,
1966). In chronic haemonchosis long term weakness and cmaciation
resvlts in stunted growth and poosr wool vyield considerably reducing
the economic viability of the host (Allonby, 1974).

The occurvence of the ‘'self-cure' phenomenon or the periodic

expulsion of the entire adult worm population in H. contortus

in sheep was one of the esrliest reports of possible iwmunity
Lo a helminth infection (Stoll, 1929), It is known to occur

periodically in situations where sheep are left untreated and is

=
}_!
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apparently the principle way in which acute haemonchosis is limited.
N

The timing of self-cure of naturally acquired iI. contortus

infections has been shown to be agsociated with periods of significant
rainfall although it is not clear why this relationship exists
(Goxdon, 1948, 1967; Stewarlt, 1950a, b, 1953). The rainfall

is thought to stimulate both the hatching and development of

Haemonchus to the infective stage and the growth of new grass.

Whethexr the antigenic stimulus of the larvae causing a local
hypersengitivity response (Stewart, 1953; Soulsby and Stewart,
1960) is responsible fdr self-cure or whether newg grass contains
anthelmintic properties (Allenby and Urguhart, 1973) has yet to
be clarified. In an experimental infection conducted 'indoors
BAitaif {1975) investigated both these stimuli and found that

self-cure occurred equally well when sheep were given either
infective laxvae or fresh grass. An apparent anomaly to the
immunological theory regarding self-~cure in the field is that
it apparently does not confer any protection against rapid
reinfection (Gordon, 1948; Lopez and Urguhart, 1967; Allonby
and Urgubart, 1973), and in fact worm burdens following

reinfection are generally higher than the pre—expulsion levels.

Despite the widespread occurrence of this pathogenic
nematode in tropical and subtropical areas the control of the
disease has proved to be problematical due to a number of reasons.
Although strategic drenching with anthelmintic therapeutics, combined
with good management proceducesg can prevent thé occurrence of acute
disease, this is an expensive exercise which rarely achieves

complete control of the disease. In most areas reinfection is
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rapid following anthelmintic treatment and most animals are
continuously affected with low to moderate worm burdens throughout
their lives.

A further and ever increasing problem is the continual
development of resistance by parasites to anthelmintics (Theccorides,

19743 Colglozier et al., 1974). Strains of H. contortus have

become resistant to most of the modern anthelmintics, for
example, pherothiazone (Drudge et al., 1957), thiabendazole
(Drudge et al., 19643 Conway, 1964; Smeal et al., 1968;
Colglazier, et sl., 1974), morantel (Le Jambre et al., 1974)
and parabendazole (Berger, 1975).

Another possible form of control is the developmentl of
methods of immunological control. Whilst there have been various

attempts to immunise shcep against H. contortus the success of

vaccination evidently depends on several faclors such as the age
of the host at vaccination and the animal's earlier experience
of infection. These factors are also known to vary with the
breed of sheegp involved. For example, vaccination trials with
7 ~ 17 month worm-free Scottish Blackface sheep using attenuated
larvaec have been consistently successful (Jarrettet al., 1961;
Urqubart et al., 1962; Bitakaramive, 1966).  However, in
attempting to vaccinate 7 month old Merino sheep, Mulligan et al.,
11961) were successful in immunising only 6 out of the 10 animals
used. lopez and Urquhart, {1967) also failed to protect 7 month-
old Merino lambs. Thus there appear +to be fundamental differences

in the immunological competence of different brecds of sheep.
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Recenl work in Kenya has shown thal some breceds of sheep

have a greater innate resistance to H. contortus thsn other breeds.

For example, Masai sheep were found to be much more resistant to

H. contortus than Merino sheep in Kenya (Preston and Allonby,

19773 Allonby and Preston, 1977) and Scotlish Blackface sheep
were more resistant than Dorest horn sheep in Britein (Altaif
and Dargie, 1976). However, within each bread it was ohserved
that there were marked individual differences in susceptibility

to H. contortus. These individual differences in susceptikiliy

to H._contertus within each breed appear {o be associated with
the strain of the host.

Biochemical polymerphism has been used recently as a means
of distinguishing strains of animals. An easily detected
polymorphism and one which has been used as a means of distinguishing
strains of sheep is hacmoglobin polymorphism. Two alleles (A and
B) and three phenotypes (A, AB and B) are commonly found (Harris
and Warren, 19553 Evans et al., 19565 Helm et al., 1957
Huisman et al., 1958a, b). There is some evidence that sheep
with haemoglobin A (HbA) are more resistant to H. conlertus
than sheep with haemoglobin B (HbB), (Fvans et al., 1963
Loggins et al., 197335 Evans and Whitlock, 19643 Jilek and
Bradley, 1969). The practical application of this experimental
finding has been suggested by Allonby and Urquhart (1975) who

observed that in Merino sheep reared for two years cn L. coniortis-

endemic pasture that HbA sheep had higher PCV values, 'self-cured'
more often and, more important in terms of production, maint=zined

consistentl 7 higher total body weights than sheep with k3.
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I seems surprising in view of the persistent difficulties
in achieving control of haemonchosis by the use of anthelmintics
and of the difiiculties in developing immunication technigues
that differences in the strain of the host have notl been
purstied as a possible aid in controlling helminthiasis.

The possible utilisation of haemoglobin polymorphism for
i.e. 'haemoncho-tolerant' animals, appeared to justify further
investigation end these studies are described in the next section

of this thesis.
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GENERAL MATERIALS AND METHODS II

116



~ SECTION TII

MATER IALS AN METHODS

INDEX

HALEUATOLOG ICAL  TECHN TQUES

HAEMOGLOBIN TYP ING

Solutions

INDOOR  EXPER IMENTS

Experimental animals

Housing and maintenance

PARAS TTOLOG ICAL  TECHN IQUES

Cutture of H. ceontortus

Lxperimental infection
Faecal egg counts

Abomasal worm burdens

RADIOISOTOPIC TECHN TQUES

=

Labelling of erythrocytes with J1C1‘

. . . 125
Labelling of sheep albumin with I
Injection 1f labelled materials into sheep

Daily procedure

117



A HAFMATOLOGICAL — TECHN IQUES

Blood samples were collected from the jugular vein of
each shecp using E.D.T.,A. as anticoagulant, by means of an
evacuated venoject blood collecting tube, o two-way needle
and a needle holder (Terumo Corporation, Tokyo, Japan).

Packed cell volume percentages (FCV) were determined
by the microhaematocrit method of Fisher (1962).  Capillary
tubes containing the blood samples were sealed alt one end
by the heat from the flame of a bunsen burner and centrifuged
ror 5 minutes in a microhaematocrit centrifuge (Hawksley and
Sons Ltd., London, England). The percentage PCV was determined

from the scale on a Hawksley Microhaemztocrit Reader.

RB. HAEMOGLOBIN  TYPING

Haemnglobin typing was performed by electrophoresis on
cellulose acetate paper using a multi microband electrophoresis
apparatus, (Shandon Scientific Co.). This method allows for a
¢lesr and rapid separation of the bhands, énd was Tound to be
Just as effective as the conventional starch-gel procedure

used by Smithies (195%) and later modified by Huisman (1963).

SOLUT IONS
Buffex

16.5g of bharbitone acetate buffer {(Oxoid Ltd., London)
were dissotved in 500ml of warwm distilled wateor, cooled and made

up to one titre with distilled water.
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Prebuffer

25.2q Tris (hydroxymethyl-aninomethane), 2.5g E.D.T.A.'
(ethylenediamine tetra-acetic acid) and 1.9g Loric acid were
dissolved in 1000 ml distilled water.

All compartments were filled with enough buffex to
cover the metal electrodes. Care was taeken that both sides
of the compartments contained the same volume of buffer.
Buffer-moistened filter papers (Whatman No. 3 No. 31M.23 x 4.5cm)
were placed on both shoulder pieces. The cellulose acetate papers
('Celagram', Shandon Scientific Co.), size 78 x 150mm were soaked
in prebuffer taking care that each part of the paper made
contact with the prebuffer instantaneously so that no air
bubbles occurred. The cellulose acetate paper was carefully
blotted bhetween filter paper and placed across the bkridge of
the tank.

A drop of each blood sample was placed on a multi
applicator plate (Shandon Scientific Co.), and haemolysed by
the addition of a drop of distilled water to each.

Using a multi applicator (Shandon Scientific Co.) 10
samples of haemclysed blood were tested simultaneously. The
applicator was carefully dipped into the haemolysed blood samples
and any excess blood was removed with filter paper.

The samples were carefully applied to the middle of
the cellulogse acetate paper. The 1id was replaced and 200
volts were applied at constant current. After 20 mins it was

possible to see a good separation of the haemoglokbin bands.
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The cellulose acetate paper was then placed.in a 0.2%
solution of Ponceau S dye in 3% trichloracetic acid for about
30 mins. The paper was removed, washed in 5% acetic acid,
blotted, dried and read.

Reading of haemoglobin types

Haemodglobin type AA migrated towards the anode faster
from the bhase line than haemoglobin type BB, Two lines could

be seen for haemoglobin type AB.

Ce INDOOR  EXPERIMENTS

Experimental animals

A description of the breed, age, sex, treatment, numbers
of sheep and their origins is given at the beginning of each
experiment.

Housing and maintenance

Sheep were separately confined to standard sheep metabolism
cagesa Each sheep was fitted with a leather harness to which
a canvas faccal bag was attached and tied in position axound the
anus. Inside the canvas bag was placed a removable polythene
bag into which the faeces were collected and this was changed
every 24 hours.

Urine passed through a metal grid at the base of the
metabolism cage and was collected in a wide-necked bowl wh'.ch
was placed undexr the cage.

Food and water was provided in a compartment at the
front of the cage.

A description of the diels of the sheep is‘given at the

beginning of each experiment.
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D. PARASTTOLOCTCAL  TECHNIQUES

Culture of Haemonchus contortus

A pure strain of H. contortus was obtained from the

vVeterinary Research Laboratories, Kabete. ¥unya. Here the
H. contortus were passaged through adult Mexrino sheep reared
and maintained under worm-free conditions indoors. Faeces
were collected daily using a faecal bag and cultured by half
filling. 500 ml jarg with faeces and incubating the jars for
14 days at 22§C ié darkness, .
Infective L3 stage larvae were recovered from faecal
culture by a method similar to that described by Roberts and
0O'Sullivan (1950). The jars were filled with warm water and
allowed to stand for several hours. The coarse debris was
removed using a 250 mesh/om seive and the suspension was filtered
through filter paper under pressure using a Buchner Funnel
atlached 1o o water punp. The filter papeors were then placed
larval side down on a fine seive (Mesh No. 10) in a Baermann
apparatus filled with werm water and left for 2 -~ 3 hours to.
allow the larvae to migrate from the filter paper to the base
of the funnel. The larvae were then released into a measuring
cylinder.

Experimental infection

The number of H. contortus infective larvae in the

suspensibn was assessed by remov&ng 0.025 ml of the suspension
using an aut&zero pipette. The number of larvae contained

in this volume were counted, and this value was multiplied by 40,
thus assessing the number of H. conivortus larvae in 1 ml.  Five

of these readings were performed and an average figure was
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taken to bo the number of larvee present. However this method
was only employed if more than 200 larvae were counted In
each sample otherwise the larval suspension was concéntrated
further. 1he larval suspension was then diluted or concentraled
by the removal or the addition of physiclogical saline until
the required concentration was achleved.

The number of larvae used is described in each experiment.
In all experiments the lamrval dose administered was related
to the body weight of the sheep. The larvae were administered
orally using a disposable syringe.

Faecal egg counts

A faecal sample was collected daily from each sheep.
The faecal egg counis were performed by a modified WNchiaster
technicque (Gordon and Whitlock, 1939; Whitlock, 1948) and
as described previously in general materials and methods I.

Abomasal worin hurdens

The sheep were stunned with a captive bolt pistol and
exsanguinated from the jugular vein. The abdomen was opened
and the abomasum and omasum removed togelher and placed on to
a metal tray.

The abomasum was sepavated from the omasum, and incised
along its greater curvature. .’lhe contents of the azbomasum
and tray were then washed out into a plastic bucket with physio-
logical saline. A series of aliquots of the thoroughly
mixed diluted akomasum contents were removed and placed in a
Petri dish, and the numbers of worms in each aliguot were counted.
By summation the numbers of worms in the whole sample were counted

and recorded. The entire abomacsal mucosa was scraped off
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with a sharp knife, chopped finely and 200g lots placed inlo |
separate jars. The jars were filled with pepsin-hydrochloric
acid mixture and incubated at 42°C for 6 hours. The digests
were fFormaliniseddiluted to 2 litres and two samples, cach
of 20Cml, were removed and retained for later examination.
The number of larval stages present in each aliquot were
counted under a binccular microscope at 10 x magnification
and the total worm burden calculated.

The pepsin - HCl mixture was similar to that descrilked
by Herlich (19%6), i.e. 10g of 1:2500 pepsinpswder was dissolved

600 ml of water and acidified with 30 ml of conc. HC1.

=
=i

E. RADICISOTORIC TECINIQUES

P

1. Lebelling of erythrocytes with OlCr

On day O d each experiment Dlovd samples were collected
from the jugular vein of each sheep usina E.D.T.A. as anti-
coagulant, by means of evacualed venoject blood collecting
tubes, a two way multi-sampler needle and needle holder.

The PCV was determiﬁed for each blood samplc. The method
used for labelling the erythrocytes with 510r was that of
Holmes et al (1968),

After centrifuging at 1200 x».p.m. for ten minutes
the plasma from each blood sample was separated and retained.
The red blood cell samples were placed in labelled universal
bottles, stoppered with cotton woel, &nd were incukated for

i

. -0 . o1 . - . . .
30 min at 37°C with Cr in the form of sodiwm chromate

Radiochemical Centre, Ltd., Amexrshari, England). The blood



samples were gently mixed from time to time. About 200 uCi 51Cr

were added per ml of paclked red cells.

The 5](‘,."r~labelled red cells were washed three times
by the addition of physiclogical saline (37°C) mixing and
centrifugation as described above. The supernatant contalning
the unbound 51Cr was disposed of aflter each washing using a
Pasteur pipette attached to a wvacuum pump.

The 510r labelled red blood samples were then re-
constituted with their respective plasma and about 1 ml of
each sample was placed in a 1 ml syringe for use as a standard.
The remaining blood was drawn into a 20ml disposable syringe
for injection, In all cases each sheep received its own
erythrocytes and plasma. The syringes and blood samples
were each weighed beforce and after injection so that the
weight of 510r«1abe11ed blood injected into each sheep and
used for each standard could be calculated.

51
Cr standards

-
The OICr—labelled blood samples contained in tlhe

1 ml syringes were separately dispensed into 200ml volumetric
flasks and dijuted to 200 ml with 0,05% NaOH.

2. Labelli’ng of sheep albumin with ]251

The method employed was described by Vogel (1951).
Three days before injection into the sheep the following
solutions were made up.

Buffer A Nine ml M.glycine in M/4 Nacl -+ 1 ml N - NaOH.
This buffer was used to convert iodine monochloxidé to hypoiodite
(pH 8.5). . !

Buffer B Eight ml M. glycine in M/4 Nacl + 2 ml N ~ NaOH.

This buffer vos used to dissolve the protein (pH 9.0),



Preparation of a stock solulion of iodine monochloride

" Five g KI and 3.22 ¢ K£O3 were dissolved in 37.5 ml

distilled watler. 37.5 ml conc. HCl and 5 ml 6814 vere
added to the solution. This stock solution contained
approximately 147 mg I/ml as iodine monochloride (ICL).

The mixture was shaken vigorousiy and a slight pink
colour was noted.
Solution 1

In order to prepare a 2% solution 600 gm of commercial
sheep albumin were dissolved in 30 ml of distilled watér in a
conical flask. Fifteen ml of glycine Buffer B was mixed
with this protein solution.
Solution 2

The stock iodine monochloride solution was diluted
350 times with saline so as to contain 0.42 mg I/ml. 4 ml
o:s This diluted sclution was placed in a conical flask and to
it 10 MC; carried free Ha l‘?BI was added.

15 wml of glycine Buffer A were quickly mixed with
solution 2, then added immediately to solution 1.

The labelled albumin was transferrced to a dialysis
sac using o filter funnel. The dialysis sac contained 2.5 gm
of ‘carrier' bovine serum albumin. Carrier protein was used
to reduce the specific activity of the labelled albumin to less
than 5 uCi/ing thereby reducing the possibility of radiation
decomposition (Freeman, 19613 Berson, Yalow, Schreiber and
Pest, 1953). The labelled albumin was dialysed overnight
in a cold room (5°C) in about 20 litres of distilled water
Lo remove the unbound iodide. The following day 1lhe dialvsis
58C Was tran;férred to 20 litres of a solution of 0.85% NaCl

for another 24 hours.

—
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The labelled albumin was then placed into a centrifuge

~

tube and centrifuged for 30 mins at 1200 r.p.m. It was then
drawn inte 20 ml disposable syringes for injection inlo sheep

and into two 1 ml syringes for use as standards.

12

The 20 ml and 1 ml syringes containing the 5I—labelled

alhumin were weighed hoth bhefore and afler injection so that

1

. 15
the weight of 2“}leabelled albumin injected into each sheep

and that used for the standards could bhe calculated,

1251 Standards

The 125I~labelled albumin contoined in two 1 ml syringes

were separately dispensed into two 250 ml volumetric flasks
and diluted to 250 ml with 0.05% NaOH.

3. Injection of labelled materials into sheep

A wide bore catheter needle was inserxted into the
right jugular vein of each sheep and a plastic jugular catheter
was fed into the vein.

The syringe containing the labelled red cells was
placed in one of the entréhces o% é three-way tap. When
labelled albumin was used in the experiment the syringe
containing the protein was inserted into the entrance of the
second tap.

The 51Crnlabelled red cells were injected into the
vein of the sheep followed by the 125I—1abelled albumin. The
cathelor was then flushed out with saline to-make sure all
the labelled material had entered the sheep.

The time was noted when both the labelled samples
had been injected into the sheep. Ten minutes after the
injection a blooq sample was removed from Lhelleft Jugular veln

using E.D.T.A. as anticoagulant. The ten minutes time



lapse before the [irst sample was wiilhdrawn was to ensure the
h 51
complete mixing of the " "Cr-labelled red cells within the

circulation.

Daily Procedure

Blood samples

Every 24 hours a blood sample of about 3 ml was removed
from the jugular vein of each sheep using E.D.T.A. as anti-
coagulant and a PCVdetermination made. One ml of each blood
sample was pipetted into counting bottles labelled with the
day of the experiment and the sheep number. When pipetting
care was taken that all the red cells were removed from the
pipette by releasing the blood very slowly. Nine ml of
0.05% NaOH was added to each 1 ml blood sample as a diluent.

For determination of plasma 1251 activity the hlood
sanmples were centrifuged for 10 mins at 2000 r.p.m., the plasma
was removed and 1 ml of each sample was transferred into a
counting bottle and diluted with 9 ml of 0.05% NaOH.

Faecal samples

The 24 hour faecal sample was collected at the same
time each day and weighed. A 10 g sample of the faeces from
each sheep was weighed and pressed into counting bottles.
Additionally a 3 g sample of faeces was taken daily from the
faecal sample and a faecal egg count estimation was performed.

Urine samples

A total urine collection was made daily and the volume of
urine produced by each sheep wsas recorded, A 10 ml sample of
urine from each sheep was transferred into labelled counting

bottles.
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Radicactivity measurements

Radioactivitly measurements were performed using an
avtomatic well-type gamma scintillstion spectrometer.

The wounting bottles containing the blood, plasma,
urine and faeces samples were measured at the end of the
experiment for radicactivitly. One ml of the standard
solutions of 510r and 125I were diluted with 9 ml of 0.05%
NaOH in seperate ccunting bottles and used to calculate the

total amount of injected wradiocactivity,
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A SURVEY OF HAEMOGLOBIN TYPES OF

SHEEP  Til  KENYA
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INTRODUCT TON

Hacmoglobin polymorphism has heen used recently as a means
l

of dislinguishing strains of animals and has been studied in man,
sheep, goat. cuttle, horse, donkey, rwule, doa, cat, chickens and
also in some laboratory animals (Evans et al., 19563 Rodnan
and Ebraugh, 19573 Ogden, 19613 Schaid, 1962a, by Jones et al.,
1972). Sheep, goatls, mules, cattle and horses show a clear
polymorphism with two alleles, and three possible phenctypes,

namoly AA, AD and BB (Harris and Warren, 19553 Evans et al.,

1956; Helm et al., 19573 Huisman et oal., 1958a, Lk).  The pig,
dog and cac are thought to have a single haemoglobin type; whereas
the fowl has heterogenous haemoglokins, the synthesis_of which
are helieved to be controlled by at least three genes (Rodnan and
Ebrauah, 19%7).

Fany authors have attempted to explore the possible use
ofT these biochemical polymorrhic traits 25 a tonl for the
determination of parentage (Osterhoff, 1964), the investigation
of the genctic background of a breed (Huisman ct lz., 1958b;
Evans et al., 1958a), and the genetic relationship between Lreeds.
An interesting speculation as to this latter point was made by
Bangham and Blumberg (1958) who postilated that the Jersey breoed
of cattle were descended from cattlc of the ancient Indus valley
civilisation, Furthermore, the intimate ecological association
Letween human groups and their domesiic animals has led Evans gt al..
(1958a) to belicve that a study of gene frequencies in animal
breeds may enable human migration to be traced.

The gene frequencies for hoemoglobin type have been recorded

for over 120 hreeds of sheep from many countries by numerous
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workers. (See Review Agar el al., 1972.) The distribution

of the haemoglobin types varies markedly between breeds of sheep
(Bvans el al., 1958a; Meyer, 1963). Since haewoglobin A has
been shown to have a higher affinity for oxygen than haemoglobin 3,
it has been postulated that natural and human selecticn would
favour hacenoglobin A type sheep at high altitudes and haemoglobin
B type sﬁeep at sea level (Huisman etal., 1958; Dawson and Fvans,
1962; Naughton et al., 1963, Sirs, 1966). Evans et al. (1958a, h)
found that there appeared to be a tendency for haemoglobin A type
sﬁeep to be associated with mountainous and relatively cold areas
and for haemoglobin type B sheep to be found at sea level.

However, there was no difference in distribution of the haemoglobin
types in sheep inhabiting mountain, hill and lowland areas in
Sardinia (Dassat and Sartore, 1968). Haemoglobin B appeared to

be common in sheep living in the Cuneso Province of Ttaly (Dassat,
19641);  in z number of breeds of sheep from the Peruvisn Anrdesg
(Chan, 1968); and in sheep from the himalayan region (Agar,

et al., 19685 Agar Qnd Seth, 1971). It appears, therefore, that
other factors in addition to the possible association with altitude
and/or temperature must influence the natural selection of
haemoglobin type in each particular locstion.

More recently, it has been found that a relationship exists
between biochemical polymorphism and reproductive performance and
other psrameters of production, particularly in sheep. The possibla
esgociation hetween haemoglobin type and reproductive performance
in the Merino ewe was studied by Evans and Turner (1965). They
showed that HbA ewes producéd and reared fewer lambs than [bAB

or HbB sheep. Similar observations were also made by Dooley (1965)
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and in oﬂher breeds in different countries, i.e. Langhe ewes
in ITtaly Bernoco, 1967, 19€¢8; Dassat and Bernaco, 1968), Marwari
in Asrael (Reshef, 1965). However, HbA Bilackheaded lutton
sheep in Northern Cermany were more fertile than HbB ewes (Meyer
el 2l,, 1967). Consequently Obst and Evans (1970) suggested
that HbA had bhetter reproductive performance under conditions
of a cold hazsgh environment because of their enhanced productive
performance whereas HbB predominated in warm environménts,

An interesting observation was made by Blunt and Evans (1961)
who showed that the gene frequencies of tho haemoglobin types
of romney Marsh and South Down sheep in Austiralia were predominantly
HbA whereas the original stock in their native British environment
were predeminantly HbB. This suggested Llh+t HbA might be In
some wouy assoclated with an adeptation to the Australian environment.
One possible hasis for this adaplation in Australia was suggested
by Evans et al., (1963) who noticed some correlation beiween

haemoglobin type in sheep experimentally infected with H. contortus,

in that the HbA sheep had higher haematocrits and lower faecal
egg counts. This indicated that haemoglohin type might be linked
with resistance towards this blood-sucking abomasal parasite.

In an attempt to elucidaie the relationsihilp between
haemoglobin polymorphism and the strains of sheep breeds in
various environments it was decided to conduct a survey of
haemoglobin types of some exotiz and indigenous sheep Lreeds
where both co-existed in a country of great topographical diversity.

9]
Kenya was chosen as in its 582,644 xm®, ranging in altitude from
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sea level to over 4,000 metres, i1 contains six of the seven

eco-climatic zones described by Pratt et al., (1966): sheep
——— !

being represented in five of theose zones. H. contortus is
g 8

also endemiec in Hentya, but the size of the challenge is zrelated

to rainfalls; hence in areas of-high rainfall it would ke expected

that there would be a high H. contortus challenge, whilst oniy

a spasmodic challenge would occur in the arid areas. Sheep of
seven different breeds or their crosses were sampled from all
the eco-climatic zones where sheep are found and their frequency
of haemoglobin types was determnined for the sheep strain in each
zone. Apart from defining the variation in haemoglobin types
between sheep breeds it was hoped that, should any clear pattern
of distribution emerge, this would prove useful in understanding
the population genetics of these characters and perhaps throw
some light on their possible relationship to the distribution

and prevalence of Jl. nontortus infection.

MATERIALS  AMND  NETHODS

Sheep were sampled from the five eco-climatic zones of
Kenya in which sheep were represented, The flocks cof sheep
sampled belonged largely to locsl herdsmen. In most cases each
herdsman maintained a flock of between 10 to 15 animals, although
in a few cases larger flocks of 100 sheep or more vere encountered.
Most of the smallstock owners had never treated their

animals with anthelmintics, nor had thev sgprayed or dipped them



with acaricide. Continuous mating and non-castration were usual
‘and hence the 'gene pool' could he regarded as reflecting tlhe
rigorous conditions of traditional management with greatest
emphasis on natural selection.

Care was taken to make a random selection of animals
in as many locations within each ecolcgical region as possible.
This was done by driving through an area observing sheep in
each village or settlement. If a flock of more than Llen sheep
was observed, permission was asked to sample five sheep. After
sampling these sheep the next [lock was sampled from a co-
operative farmer of the next village. In this way a number
of flocks of sheep could bhe sampled in one day. After a sampling
period of 2 - 3 days all samples were takzn te Nairobil for
processing. In some areas local prejudices ahoul taking blood
were not overcome particularly ir arecs where drinking water
was scarce, and blood snd milk from their animsls were the
source of the familyfe main liquid supply.

Sampling technique

Semples of whole bhlood were collected from the jugular
vein of the sheep using evacuated heparanised venoject tubec
and a two-way needle. In the lahoratory the blood samples were
tested for haemoglobin type as described in general materials

and maethods II1.
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The map of Kenya showing the six eco-climatic zones
of Pratt et al., (1966) is presented in Iigure 6, and the
distribution of sheep in Kenya is found in Figure 7, The
eco-climatic zones and record of the Provinces and Districts
from where the samples were taken is found in Table 6. The
incidence of the three haomoglobin phenotypes in each breed

from the five eco-climatic zones in which sheep are represented

are recorded in Table 7.

It is apparent that the great maiority of these breeds
are polymorphic with respect to the three haemoglolin types and
that there is quite a wide variation in the gene frequencies
from breed to brecd. However in the majority of cases there
wis 9 agreater frequency of the B gene compared to the A gere.
Only in one district in eco-ciimatic zone IT was the frequency
for A (0.98) greater thon that for B (0.02).

The Mésai sheep in zone II had a higher proportion of
A gene (0.29) compared to those in zone IT1 (0.25) which had higher
A frequencies than the Maséi sheep in zone IV (0.09) and zone V
(0.06). Of the exotic sheep a similar trend was observed.

For example, Dorper shecp in zine TI showed a gene frequency
for A of 0.98, and in zone TIII, 0.(”:; and 0.33 in Merino sheep
in zone III whilst in zone IV the freguency for A was 0.23.

These resulls indicate thati the incidence of A gens
decreased, in both indigenous and exotic breeds, in sheep in the
drier areas. Conversely the incidence of A genes increased in

weltler areas.



A map of eco-climatic zones of Kenya
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Ficure 8

A map of Kenya showing sheep distribution
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SURVEY.
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Provinces and Districts

TABLE 6

\
e et g e

sampled in cach eco~climatic zone

during

the

survey of Kenva

Fco-climatic Zone Moisture Index
I Afro-alpine goveined by * &
climate latitude not
moisture
IT Equatorial -10 Western Bungoma
climate Rift Vallev Laikipia
IIT Dry sub-humid -10 to -30 Rift Valley Nakuru
to semi-arid Goast Rilifi
IV Semi-arid -30 to -40 Bastern Machakos
Rift Valley Narok

Vo Arid

IE PP
Yastcurn

Machakos

Norch-FBastern Garissa
Coast Taita
Rift Valley Baringo
VI Very arid ~31 to -57 Eastern Marsabit
VII 7True desert =57 to ~§7 - -
(does not occurn
in Kenya)
!
* sheep not represented in this zone
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TABLE 7

o an ot VR PR AT

Frequency of haemoglobin types in different

Ecorclimatic  Distvict Breed Noe of  Gene Freyuency
Zone animals .
PN e s ar Lo e ‘/_\‘ }3
11 Bungoma Dorper 70 0,98 0.02
Fat-talled ' 102 0.02 0.96
T Laikipia Corriedale 195 0.09 0.91
Masai 80 0,29 0.71
ITI Nakuru Merino 129 0633 0.67
Masai 100 0,25 0.76
Dorper x Merino 36 0,17 0.83
Homnehive x Merino 28 0,2¢ 0.79
IIT Kilifi Dorper 23 0.02 0.98
v Machakos Merino 71 0,23 0.75
v Narok Mas ai | 16 0,09 0.91
Y Garissa Blackhead Persian 42 0.17 0,83
~Lype
\Y% Taita Blackhead Persian 16 0,00 1.00
v Baringo Masai. 31 0,06 0.94
!
VI Marsabit Blackhead Persian 20 0.00 1.00
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DISCUCS ICH

The results of this survey show that alihough all thiee
haemoglobin phenotypes are represented in the sheep breeds in l
Kenya there was little difference between the gene frequencies
of the breeds except in the case of the Dorper sheep tested
from zone II, in which a significantly greater freguency of A
‘genes was noted compared to all the other groups. The results
suggest therefore that within each sheep breed in the higher
areas of Kenya there is generally a tendency for a hicher
frequency of gene A and conversely in the drier zone the frecuency
of D genes increases within each bhxeed. This trend was okserved
in both exotic and indigenous breeds of sheep.

These resulls extend the observations of Evans ct al.,
(19%8a) who found that Blackhead Persian'and Masai sheep had
only HbR type of haemoglobin: and those of Khattab (1968)
who found exactly ecual number:of genes for haemoglobin A anc
B in Merine sheep in Sudan. The location of these enimals
within each country was unforiunately not reported.

The reasons for this divergence of haemoglobin type is
not cleﬁr but as eaxrly as 1957, Evans demonstrated differerces
in fluid intake in sheep, which were related to sheep with =
low potassium (LK) potassium-level in their red cells. By
inference haemcglobin B sheep ﬁad a significantly lower rluid
intake compared teo sheep wilh high potassium intake, i.c. EbA
sheep. Fvans suggested that this may be 2 significant factor
in selection. However, not until 1975 were further investigstions
made (Michell, 1975), and although direct examination of waler

-
uptake was not madec a 'Na prsference' test was conducted on
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Cheviot sheep in Britain. Again by inference it was suagested
that haemoglobin 2 sheep reguired less water than HbA sheep.

In the arid regions of the world it is quite likely
which influences the natural selection of the haemogiobin genes.
Since most of Kenya comprises of zones IV and V, i.e. semi-arid
and arid; it is possible thatl gene selection has favoured
haemoglobin B, i.e¢. as HbR sheep possibly require less water
‘they have been naturally selected in the drief areas of Kenva.
This does not, however, explain the apparent advantage of HbA
in the wetter areas.

Tt was impossible to identify any direct correlation
between altitude and the A gene. dowever, since the diversity
of altitude in Kenya is so extreme it would be expecled that if
the advantaye of A gene in ite welation Lo oxygen affinity were
important then a much higher frequency of the A gene should have
emerged by natural selection.

A possible reason for this gradient of hacemoglobin types
between the wet and dry areas of Kenya could be related to the
findings of Evans et al., (1963) whose observations indicated

that HbA sheep were possibly moxe iesistant to H. contoxrtus.

This nematode is endemic in Kenya (Round, 1962) but since a relative
humidity of 93 - 95% is required for its survival, it is only
in the wetter areas of Kenya where haemonchosis is a continual

problem.

1

Since such a correlation between haemoglobin type and

resistance to H. conlortus could be of practical impoxrtance
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to the survival of different sheep strains, it was declided to
investigate this phenomenon in a more controlled cnvironment

in sheep grazing continuously on H. centortus-endemic pasture.
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OBSERVATIONS OF THE EPIDEMIOLOGY QOF HAENCNCHCSTS 1IN

MERTNO SHEEP OF DIFFERENT HAENOQGLOBId  TYPES GCRAZING

He contorius~-ENDEMTC  PASTURE AT A FARM NEAR TIACHAKOS. KEIYA




WTRODUCT TON

The recults of the haemoglobin svrvey of sheep in the
different eco-climatic zones of Kenys indicated that, although
the B gene for haemoglobin type was generally more prevelant in
all the breeds sampied9 there was a tendancy for ﬁhe freguency
of the A gene to increase in the wetter areas. In these regions
of high rainfall, it would be expected that there would be a
high lI._contortus challenge, whereas only'a spasmodic challenge
would normally occur in the arid areas. Hence resistance to
haemonchosis weuld appear to be a likely selection factor for

the A gene in Kenya where H. contortus is endemic.

Evans et _al. (1963) infected HbA and HbAB sheep with

He contortus and found that sheep with IbA had lower faecal

egg counts than lIbAB sheep, They suggested that this was due
to the fact that HbA sheep were rore i1osistant to the establishment

of H, contortus adults. However, Jilek and Bradley (1969)

and also Radhakrishnan et al. (1972) studying Florida Native

sheep found no such relationship, i.e. there was no indication

that HbA sheep were less susceptible to haemonchosis than HbB
sheep, nevertneléss HbA sheep appeared to 'self-cure' more

readily. This readiness to 'self-cure' in HbA sheep was also

" observed in a preliminary study by Allonby and Urquhart (1976)

in Merino sheep rcared on endemic pasture in Kenya. Sheep with
HbAa appeared to undergo 'self-cure' more frequently and effectively
than HbAB sheep which themselves 'self-cured' more readily than
HpbB sheep. If such a relationship between Hb ty;e and respohse

to H. conlortus infection exists then this could have practical



application in 1he selection and development of wore haemomcho-
tolerant strains of sheep in Kenyo. This is especially important
in a country in which traditional management methods do not
advocate the use of anthelmintics and 'self-cure’ is the only
way in which the worm burden of the sheep is periodically
eliminated.
Hence it was decided to perform an epidemiological study
in order to clarify whether any relationship existed between
the three streins of sheep and their response to a natural

infection wilh H. contortus. From the results of the survey

it was apparent that there was a greater likelihood of finding
sheep with all three phenotypes in a flock of exotic rather
than indigenous sheep. A suitable source of Merino sheep,
with all three phenotypes present was found as a flock already

gt zing an H. contortus-endemic pastures at a farm near

Machakos. An epidemiological study of haemonchosis in

the three strains of Mexino sheep was performed throughout a

two year period. Faecal egg counts werelmonitored every three
weeks and later every two weeks and at the end of the experiments
period six sheep of each homczygous type, i.e. HbA and IbB were

autopsied and their worm burdens were examined.

MATERIALS AND  MZTHODS

A flock of 71 Merino sheep, consisting largely of

castrates between 1 and 4 years old were grazed on H. contortus-

endemic pasture at a farm necar Machakos, which is situated



about 50 ki east of Nairobl in an area of Acacia-savannah crossland,
which is characteristic of ecologlical zone IV.

At the beginning of the experiment blood samples in [FDTA
were taken from the jugular vein of each sheep. The haemcglobin
type for ezch gheep was determined by paper acetate elecilio-
phoresis using the method descrihed in general materials and
methods T1.

Faecal samples were taken from each sheep every three
Weeks during the first 98 weeks, then every tﬁo weeks theresfter.
Faecal egg counts were ﬁerformed on the samples by the McMaster
technique as described in general materials and methods I.

During the 108th week of the study twelve sheep, six
c¢f HpA type ard six of HbBE were outopsied and the numbers of
gastro-intcstinal nematodes in each sheep were identified and
counted.

The raintall figures were recorded and kindly suppliad
by the Machakos Meterologicel Station, situated about 5 km from

the famm.

RESULTS

Haemoglobin phenotypes

Shesp with !bB were the predominant type of sheep in
this flock (45 sheep), the HbA sheep were the fewest represcnted

(7 sheep) whilst the HbLAB sheep were intermediate (19 sheep).

No. of animals Gene freguencics
A B
71 0.23 0.77
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Faecal eqgqy counts

The mean feecal Ggg'count results for each group of
sheep are recorded in Table E in the Appendix. The results
for HbA and HbB sheep are illustrated in Figure 6.

The results show thal in general the faccal egg coumts
of sheep with IhAB were intermediary between HbA and B sheep,
and therefore for the sake of clarity the description is made
wlth reference only to the two homozygous groups.

At the beginning of the experimental peried, i.e. August,
1974 the mean faecal egg counts of HhA and B sheep were similar
(2,500 epg). However at the next sampling period the numbexn
of eges decreased in both groups to about 200 epg. After
this time the results diverged.

The mean egg count results for HLB sheep gradually but
with fluctuations increased to chout 1,500 epg by January, 1975.
Then followed a sudden reduction in egg count to about 400 wpg.
The egy counts incrgase@ steadily reaching about 1,500 epg
followed by another sudden reduction in March to 400‘epg aftexr
which the counts again rose to reach aboul 200 epg in August.

After diverging from the HbB group the egg counts of the
HbA sheep rose slightly during Ockober, 1974 then decreased
suddenly in January, 1975 as ‘fself-cure’ occurred (as judged
by a fall in egg counts of more than 80%). After a slight
increase in egg counts the HbA group 'self-cured' again and
except for one month when the egg counts increased to about 1,500
epg the HbA group remained very low from March t; July. In

August lhe egg count rose rapidly toe around 1,000 epg.
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During the second year of sampling the egy counts of
koth groups reméined fairly static from August, 1973 until
January, 19765 HbA egg counts were about 1,000 epg, whilst
HbB resulils were higher at about 1,500 epg.

In January, 1976 the egg counts for the HhB groups
decreased to about 300 epg by March then increased steadily
to above 3,500 epg by May. By mid-June the egg counts decreased
again and the sheep 'self-cured' for the first time followed
by a steady increase to about 300 epg. The counts for HbA
sheep followed a similar trend hut 'self-cure' occurred during
both January, 1976 and June. Between these latter periods
of 'self-cure' the counts increased to a-mean of only about
700 epg.

Faccal egg counts of IbA and HbB sheop periodically
converged, i.e. August, 1974 (2,525 and 2,600 respectively),
September, 1975 (1,300 and 1,653 respectively) and October, 1975
(1,033 and 1,540 respectively), From the size of the egg count
this seems to be related to périods of high challengé.

Faecal eqgq counts in relation to roinfall

The rainf 11 figures for the Machakos area are illustrated
in TFigure 6. Two main periods of heavy rains occurred each
year from about March to May and from October tolale December.
Fach of the four periods of heavy rainfall during the experimental
period was found te coincide with reduced fFaecal egg counts in
both groups. By defining 'self-cure' as a drop in egg count
of 80% or more within a period of two weeks, ‘selficure‘occurrod

in the HkA sheep alter each of the four periods of rsinfall.
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However 'celf-cure' occurred on only one cccasion in the 1bR
sheep, 1.e. May, 1976, and was both less marked and less
persisicent than in the HbA sheep.

On three occasions, i.e. August, 1974, Seplember and
October, 1975, the faecal eag count results for holh groups
were similar and high. This may be related to a time of heavy
challenge which obliterated the sirain differencec. The
rainfall was heavy in September/bctobex, 1975, but not so in
August, 1974. During the latter month isgolated rain sﬂowers

and high humiditly may have been sufficient stimulus to cause

anaccelerated development of H. contortus larvae,

Worm burdeng
The results of the erxamination of the gastrointestinal

nematode burdens chowed that H. contortus represented 97% or

more of the total worm burden and that in all twelve sheep
autopsied it was the only nemacode species present in the
abomasuim. The other intestinal nematodes present were

Oesophagostomum columbianum and Trichostrongylus covecies but

since so few werc present they are not considered further.

The H. contortus worn burden of six sheep of HbA and

six of HbB autopsied during the 108th week are rvecorded in

}Pble 8. The results show that sheep with HbB had significantly
higher ( < 0.01) worm burdens than sheep with HbA, i.e. a mean

of 1,062 worms compared to a mean of 3C1L worms in the HbhA sheep.
There was no significant diffeience betlween the HbA and Hos
groups in either the male/female worm ratio (0.98 and 0.90

respectively) or the egg laying capacity of the female worms

(11.02 and 9.59 ‘eqggs per day respectively).
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TABLE 8

N

Worm burden data at autopsy of six Merino sheep

of HWbA and six of HbB after being rearved on

endemic pasture at a farm near

Machalkos for two year~

HbA

Sheep  Total Noe of worms male/female epg/female
No. '

W5 177 0.84 5621

G38 144 1.09 10,15

G93 241 0.72 4el5

G99 518 0.99 9,96

Wo4 495 1,32 1315

w82 231 0.94 _ 23653

Meaan 301.00 + 66,65 0.98 + 0.08 11.02 + 2,85
LB

w70 G09 0.82 6.87

W50 417 0.63 ’ 8,87

G80 1254 1.31 . 9.58

w38 1883 0.93 5.63

Gl2 803 . 0,71 12,31

G9 1347 1.01 14,29

Mean 1062.17 + 216454 0,90 + 0.09. 9.59 4 1.33
P {o.01 | ' NS NS
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The rezults of this field erveriment indicate that

HbA Lype slicep are wore able teo survive in H. contortus-

endemic environmenis and confirms what has already Leen sucgested
aboutl the relationship between haemoclobin type and resistance

to H. contortus (Evans et al.. 1963; Evans and Whitlock, 196<;

Loggins et al.., 19723 Allonby, 1974; Altaif and Dargie, 197¢).
Generally the mean faecal egg counts of HbA sheep during the
study period were lower than those of the HbB cheep. Howe er

this difference disappeared at certain times throughout the

grazing season. These times appeared to correspond to periods
of high rainfall or higher c¢hallenge. Therefore it appears

that the difference in resistance betwesn the haemoglolin tvpes

ig noi absolute ut can perhaps vary wiih the size of the che. 'erge.

G et ~ T
Alter poriods of '

celf-cured' and hve

3]

rainfall the HuA sheep
occurred four times altogether durin. the study period, However
'self-cure' occurred on only one occasion in the HbR cheen ancg
was both less marked and less persistant than in the HbA shecn.

These results substantiate lhe findings of Radhakrizhran
et al. (1972) and Allonky and Urguhart (1976) who observed thac
HhA type sheep showed 'self-cura' more frequently and effectively
than those with HEB and HbAB. The much lower mean agc counts
for HbA sheep compared to the HbB sheep also augments the results
)

of Evans et al. (1963), who experimentally infected toth Eb:

and HeAL sheep with H. contortus snd found that the trend ir
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~

faecal egg counts and worm burdens at autopsy suggested that
HbA sheep were more resistant to the establishment of adult
infections. However this experiment extends these previous
findings in that there is some evidence that the relative
recistance of the three haemoglobin types can vary with the
size of the infection.

However the sufvey of haemoglobin frequencies of sheep
breeds in Kenya indicated that the majority of sheep are HbB
and consequently are relatively susceptible to haemonchosis.
In addition to resistance to haemcnchoris three other factors
could perhaps influence the selection of a particular haemoglobin
type. The first factor is that natural selection might favour
the A gene in sheep reared at high altitudes due to the greater
oxygen affinity of HbA blood (Huisman et al,, 1958; Dawson and
vans, 196235 Naughton et al., 1963; Sirs, 1966). The second
factor is that the A gene might be of advantage due to the
better reproductive performance in HbA sheen in cold weather
(Obst and Evans, 1970) although the B gene has been shown to
predominate in warm environments where the reproductive performance
of HbB sheep is better (Evans and Turner, 1965; Dooley, 1965;
Bernoco, 1967, 1968).  The third factor which might influence
the selection of a ;articular haemoglobin gene is that there is
evidence that HbB sheep require less water; therefore, the B
gene would be of selectional advantage in areas of drought
(Evans et _al., 1958; Michell, 1975).

In Kenya the wetter areas, in which there was a tendency

for the A gene to increase in frequency, generally coincided



with the cooler areas of higher altitude and where H. contortus

incidence was higher, thus it was not possible to distinguish
the most imgortant ‘'selection factors' from the survey resulis.
However, tentative suggestions can be made.

Since much of Kenya 1s prone to prolonged periods of
water shortage and warm climatic conditions at breeding times,
the ’éelection factors' towards the B gene may be related to
drought resistance and possibly better reproductive performance.
However, since altitude changes in Kenya are so diverse, ranging
from 0 to 4,500 metres, it would be expectéd that if the advantage
of the A'gene in its relation to greatef oxygen affinity at high
altitude were important then a much higher frequency of the A
gene would have emerged. Furthermore éince the conditions even
in the high altitude areas of Kenya are not nearly as severe @s
those in tempcrate climates the recordeﬁ advantage of the A gene
- in terms of its improved breeding performance in regions with
'cold and.snvere weather' would not necessarily apply. Hence
resistance to haemonchosis would appear to be the most likely
and important selection factér for selectin in faydur‘of the

A gene,

The way in which this resistance to haemohchosis is
expressed may pearhaps occur in one or two ways. The first
may be related to the ability of the sheep to withstand the
pathogenic effects of H. contortus by homeostatic mechanisms.
This form of resistance has been described as 'resilience' by

Riffkin and Dobson (1977), and may be related to the host's
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ability tc replace blood and protein. jowever, resistance
may also imply an antagonistic response by the host against
the development and presence of the parasites. This immuno-
logical comretence of the host could be manifested in a
number of ways, i.e, suppressioﬁ of worm establishment, larval
. development, egg production and the amount of blood ingested
by the parasites.

The results of the field experiment indicated however
that, apart from periods which were apparently associated with
high larval challenge, faecal egg counts were generally lower
in the HbA.sheep compared with the HbB sheep also that worm
establishment was suppressed and 'self-cure' occurred more
often and effectively in HbA sheep than HoB sheep. It was
therefore decided to investigale further the degree and type
of resistance to haemonchosis expressed by the different stralns
of sheep and-to study their relative response o wvarious levels
of experimental infection and to experimentally induced 'self-

cure'.
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A STUDY OF THE PATHOPHYSIOLOGY OF PRIMARY AND

SECONDARY EXPERIMENTAL INFECTIONS OF H. contortus

(300L/kg) IN MERINO SHEEP OF DIFFERENT HAEMOGLOTIN TYPES




INTRODUCT ION

The results of the study of naturally acquired
haemonchosis confirmed earlier suggestions that a relationship
existed hetween haemoglobin type and resistance to haemonchosis

i.e, HbA Merino sheep had a generally lower mean faecal

egg count than the MHbB sheep and on the single occasion when
autopsies were performed, had a significantly iower worm
burden. However from the relationship between faecal €99
counts and rainfall it was evident that during periods of
high rainfall, i.e. high larval challenge, that there was
less disparity between the egg counts of the groups than

at other times,. Furthermore, the HbA sheep showed a more
frequent and effective 'self-cure' than the HbB sheep.

These findings confirmed and extended the observations
of various authors (Evans et al., 1963; FEvans and Whitlock,
19643 Radhakrishnan, 1972; Loggins éi_gli, 19733 Allonby
and Urquhart, 1976) whose work was also largely based on the
results of faecal egg counts and PCV values. Whilst these
parameters can often given some indication of the degree
of infection neither of these measurements can be used as
a precise index of TESistance or indeed the extent of any
pathogenic effects.

For example, whilst a low PCV value is indicative of
anaemia it is -known that an animal is able to compensate.for
erythrocyte loss by accelerated erythropoiesis and in this
way maintain a normal PCV value (Dargie and Allonby, 1976).

This is provided that the nutritional value of the feed is



adequate and that no incipient iron, or other mineral deficiency,
is present. Once feed quality or quantity is insufficient
to support accelerated erythfopoiesis the PCV inevitably
begins to derline and leads to the symptoms of clinical anaemia,
lethargy and progressive loss of weight which are so characteristic
of the chronic disease.
| Faecal egg counts can also be misrepresentative of
pathogenesis since they are not directly proportional to either
the number of worms present (Allonby,1974) or to the amount
of blood loss. This discrepancy arises largely from differences
in the si.e and egg~laying capacity of the adult worms and from
the haematornagic habits of the 4th and 5th larval stages before
the production of eggs commences.

In investigating the mechanism of resistance to
haemonchosis aé either being related to immunological or
other factors affecting the estahlishment orv development
of the parasites orkeiné related to the host's own physiological
ability to compensate for the infection it was therefore
necessary to employ more precise monitoring techniques.
For this reason it was decided to study the influence of sheep

strain on the pathophysiology of experimental H. contortus

infections using isotopically labclled erythrocytes and plasma
proteins. In this way 1t would be possible to quantitate
various parameters such as daily red cell loss and daily
plasma protein loss and production in relation to total blood
volume, as well as the conventional parameters.

Nine sheep were withdrawn from the field experiment

described in the last section, i.,e. three sheep with HbA, three
a9 3
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with HRAR and three with HbB. All the experimental animals
had, therefore, been exposed Lo a natural field challenge of |

H. contortus prior to this study. The sheep were treated

with thiakendazole (100 mg/kg) twice at monthly intervals and
confined to metabolism cageseb "Red cells and albumin were
~ labelled using chromium (BlCr) and iodine (1251) respectively
and bleod volume, blood and protein loss were monitored during
the pre-infection phase and during a primary infection with

. H. contortus. In order to relate the pathogenic effects of

the infection to unit body size 1t was decided to give a
larval dose which was proportional to the total body welght
of each sheep. An infective dose of 300 larvae per kg was
used since this resulted in a total dose.of about. 10,000
larvae which has been used by many other workers as a standard
rate of infection for producing a non-fatal acute syndrome.
Since the HbA sheep had shown a more {regquent and
effective 'self-cure' under field conditions it was also thought
worth while to study the response of each haemoglobin type
to experimentallyAinduced ‘gelf-cure' as produced by a secondary
and superimposed challenge infection (Stewart, 1953; Dargie
and Allonby, 1976). Following completion of the planned
experiment and since equivocal.results were obtained the
experiment was repeated (as Phase 2) once the sheep had been
maintained indoors 'worm-free' for six months after the end
nf the first experiment (see Figure 9).
Thus, the aims of this experiment were first to compare

resistance of Merino sheep of different haemoglobin types



in pathophysiological as well as pavasitological terms +to

experimental H. contortus infection and second to study |

thelr response, to experimentally induced 'self-cure' and

possible differences in the development of acquired resistance,
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MATERTALS  AND  METHODS

Experimental animals

The animals used in this experiment were nine one-year
old Merino castrates which were withdrawn from the field
experiment at a farm near Machalos, as described in the last
experiment, Three of each haemoglobin type i.e. HbA, HbAB
and HbB were selected and prior to the beginning of the experiment
each sheep was treated twice with thiabendazole¥* at a dosage
rate of 100 mg/kg.

Diet

All the sheep were given a daily ration of about 200gm
of hay and 300gm of commercial sheep peliets (Kenya Farmers
Association). KI (0.005) and NaCl (0.,47) was added to the
drinking water four days prior to the beginning andthroughout
the experiment in order to block the thyroid and thus ensure

125

rapid excretion of I.

Experimental design

A diagram of the experimental plan is found in Figure 9.

Nine Merino castrates, confined to standard sheep
metabolism cages, were each injected intravenously with
autclogous 516r labelled red cells and with 1251 labelled
albumin, by the methods described in general materials and
methods II. Blood samples were collected daily for radio-
activity determination and PCV measurements., The total faecal
oufput and total urine output was measured for every 24 hour
period. -

% Thibenzole: Merck, Sharp and Dohiwe Ltd., Nairobi, Kenya.
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Radioisotopic, parasitological and haematological
techniques were as described in general materials and methods
IL, Eight days after injecticn of lahelled cells and protein
each sheep was experimentally infected ozally with 300

H. contortus (L,) larvae per kilogram of body weight.
fw}

Faecal egg counts were determined from 15 days after infection.
Radiojisotope sampling ended 21 days after the infection with

H. contortus, although the primary infection continued.

The sheep were then reinfected after a further 34 days with
labelled red cells and plasma protein. Sixtythree days after

the primary infection the sheep were given a second oral challenge

of 300 H. contortus (L3) larvae per kilogram of body weight.
Radioisotopic, parasitological and haematological sampling
continued until day 14 of the second infection. This part
of the experiment constitutes phase 1. The sheep were then
given treatment with thisbendazole (at 100 mg/kg) twice at
monthly intervals, and maintained indoors under worm-free
conditions for a further four months.

Phase 2 was essentially a repetition of phase 1.
The sheep were cogfined to metabolism cages and subjected to
thiabendazole treatment. One month later autologous 5lcr—
labelled red cells and 1251 labelled albumin were injected

into each sheep. Eight days later *the sheep were experimentally

infected with 300 H. contortus (L3) larvae per kilogram of

body weight. Radioisotopic, parasitological and haematological
sampling ended 21 days after infection. Fortynine days afler
the primary infection labelled red cells and plasma proteins

were readministered. ‘Twelve days later a second infection
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Figure 9

Diagramatic representation of experimental programme
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of 300 H. controtus (L3) larvae per kilogram of body weight
ﬁas experimentally introduced into each sheep. Radioisotope
sampling continued for ten days. Faecal egg counts were
monitored throughout the experiment and the sheep were weighed
at weekly intervals throughout the experiment.

At the end of phase 2 the sheep were autopsied.

The numbers of adult H. contortus in the abomasum of each sheep

were counted and each abomasal mucosa was digested as described
earlier in general materials and methods and the number of

H. contortus larval stages was determined.

Calculation of results

Whole blood, red cell volumes and plasma volumes

The whole blood volumes were calculated by dividing the
radiocactivity per ml of the blocd samples collected ten minutes
post injecilon into the total injected radicactivity.

Circulating red cell volumes were calculated by using

the PCV of the 10 min sample and using the following equation:

Total injected activity cts/s/ml
Iy 100
blood activity cts/s/ml x oV

Plasma volumes were calculated by dividing the
radicactivity per ml of the plasma sample taken 10 minutes
after injection of labelled albumin into the total injected
radiocactivity. - |

To enable comparison between animals of different

weights all volumes were expressed on a body weigHt basis.
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Faecal clearance of whole bhlood and red cells

Gastrointestinal blood loss was estimated by the
use of 51Cr—labelled erythrocytes. Abhomasal bleeding was
estimated as a daily faecal 'clearance' of whole blood and
red cells, These results were calculated for each 24 hour
period by dividing the total daily faecal activity by the
activity per ml of whole blood and red cells respectively
taken at the beginning of each 24 hour faecal collection
period.

Red cell clearance

The persistence of labelled red cell circulating
in the bloodstream can be assessed using the 'apparent red
cell half-life' (t3). This method is not quantitative
but has proved to be very useful foxr comparative purposes.
The t¥ values are obtained by converting the radioactivity
of each blood sampie to activity per ml of red cells and
expressed as a percentage of the 10 min post-injection
value. This percentage of £ed cells can be plotted against
time on semilogarithmic paper.

Albumin turrovern

Plasma proteins were lost into the gut as a result

of ‘the blood sucking activities of H. contortus and the

degradation of this protein by digestive enzymes. This
catabolism can be quantitated by the use of plasma proteiné
labelled with a radioisotope of iodine. Catabslic rate was
measured using 125leabelled albumin.  Breakdown of labelled
albumin leads to the liberation of radioisotope as iodide
which is rapidly and quantitatively excreted provided that the

thyroid of thc sheep is blocked by an excess of normal iodide,



" The rate of albumin degradation can be expressed
as a fractional catabolic rate F(CA), which is the fraction
of the intravascular pool catabolised each day.
. . 125 C . e
The amount of 771 excreted in uviine and faeces

over a 24 hour period divided by the total plasma radioactivity

at that time, gives the fractional catabolic rate F(CA).

RESULTS '
Phase 1
For the sake of clarity, and since the results for
HbAB sheep almost always occupied an intermediary position,
only the results of the HbA and HbB sheep have been shown
in the graphs and only those types are referred to in the
rasults and discussion.

Faecal eqq counts

The fluctuations in the faecal egg counts of each

sheep following experimental infection with %00 H. contortus

larvae were recorded in Table M in the Appendix; the mean
results for haemoglobin grovps HbA and HbB are illustrated
in Figure 10. |

Eggs were first detected in the faeces nn day 20 in
both groups and the egg count increased dramatically over
the next few days to a level of about 15,000 epg which was
maintained for about 10 days. This was fellowed by a gradual
decline in egg count to about 6000 epg just prior to secondary
infection and this general pattern was observed in both

groups.
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After the secondary infection with H. contortus

the egg counts first increased lto about 8000 epg then Tell
gradually in both the haemoglobin groups to a level ol about
5000 epy.

Waleitny et So iy

The mean daily changes in PCV for the HbA and HbB
groups are illustrated in Figure 11. The individual results
are recorded in Table N in the Appendix.

At the onset of the primary H. contortus infection

the mean PCV value for both groups was similar i.e. about
30% and progressively declined to about 23% at 20 days after
infection with no significant differences between the two
groups. |

Further reductions occurred in both groups so that
by 55 days after infection the mean PCV values were only 15%

but following the second challenge with H. contortus on day &2

the mean PCV values of both groups increased rapidly to reach
about 23% by day 76.

Gastrointestinal blood and red cell losses

The mean daily red cell clearances for each group were

plotted against time, and these results are illustrated in

Figure 12 and represent the mean pattern and extent of

abomasal haemorrhage in each group. The whole bloed and

red cell clearance during the period of pre-infection, primary

infection and post secondary infection were calculated for

each group and the mean resulls are illustrated in Figure 14 and Table H.
Red cell loss was about 4 - 9 ml/day in each sheep

during the pre-infection period. Following the primary
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infection with H. contortus faecal red cell loss was maintained
at about H to 7 ml/day until day 9 of infection after which
the losses gradually increased from 7 ml/day (on day 10)
to about 15 ml/ﬁay (on day 20). However, just prior to
the second infection with H. contortus the red cell 10ss for
both groups had declined and red cell loss was maintained
at about 7 ml/day in both groups.

This low red cell loss continued after the secondary
infection in both groups for about 10 days. Thereafter
the red cell loss of botﬁ groups increased very dramatically,
i.e. from 7 ml/day (on day 70) to about 50 ml/day (on day 76)
in HbB sheep, but to only about 25 ml/aay-on HbA sheep.
The mean red cell loss from the group of the HbB sheep became

significantly greater than that of the HbA sheep (P<0.001).

Whole blood volumes

The whole blood volumes, circulating red cell volume:,
and plasma volumes in‘relation to the total body weight of
each sheep, as determined 8 da?s prioxr to infection aﬁd
55~days later, are illustrated in Figure 14 and Tables F
and G in the Appendix.

Pre-infection, the whole blood volumes and the circulating
red cell volumes were similar in both groups at about 42
ml/kg and 12 to 14 ml/kg respectively.

By B9 days after infection the whole blood volumes
had increased significantly in both HbA and HbB sheep (P« 0.0%)
reaching 53 ml/kg and 51 ml/kg respectively. Howéver, the
circulating red cell volumes had decreased and were significantly
(P;i 0.01) below the pre-infection level in both groups at about

8 ml/kq,
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Figure 11
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Albumin turnover

The mean daily F{CA) values are illustrated in Figure 13.
The F(CA) values increased slightly during the earlyprimary
infection in both groups, i.e. from about 0.03 to 0.1, but
had reduced to pre-infection values just prior to £he second
infection. After the secondary infection the F(CA) values
increased slightly in both groups, i.e. Lo about 0.05.
There was no significant difference between the groups during

both periods.

Phase 2

Faecal egg counts

The results of the faecal egg counts following a
second experimental infection at the same dose mate of

300 H. contortus larvae per kg of IbA and HbB groups of sheep

are illustrated in Figure 19 and the individual results are
recorded in Table M in theAppendix. There was no significant
difference between the two groups and the same general pattern
wés observed as in Phase 1, Eggs were first detected in the
faeces on day 20 in both groups after which the egg count
increased dramatically to about 10,000 epg in both groups

by day 40 {slightly less than in Phase 1), then fluctuated

and declined to about 6C00 epg by day 60. Following secondary
chalienge on day 61 there was no clear pattern and the mean
count of both groups fluctuated between about SOOP to 10,000

epyg.
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Haematology

The mean dally PCV values declined in both groups
during the primary infection but not as rapidly as in Phase 1
(Figures 16 and Table N in the Appendix). The mean PCV
values for HbA sheep decreased from 28% to 25% just prior
to the second challenge and from 26% to 20% in HbB sheep
over the same period.

During the latter part of the primary infection the
HbA sheep developed a significantly higher mean PCV value
Lthan the HbR sheep, i.e. about 25% and 19% respectively
(P < 0.05). As in Phase 1 after the second challenge the
PCV values for both groups increased rapidly, i.e. from 25%
to 29% in HbA sheep within 10 days; and from 20% to 24% in
HbB sheep during the same period.

Gastrointestinal blood and red cell losses

The mean daily red cell clearance for both HbA and
HbB groups are illustrated in Figure 17. Mean daily red
cell loss prior to infection was maintaiﬁéd al a low level
in both groups, i.e. about 3 ml/day. After day 22 post -~
primary infection the red cell loss increased slightly in
both groups to about 6 ml/day.

Following the second infection red cell loss gradually
increased in both groups from about 5 ml/day to about 7 ml/day,
then gradually at the end of the sampling period the red cell
loss had returned to pre-infection levels of about 3 ml/ﬂay.
There was no significant difference between the two groups

throughout the period. (Tables K and L in the Appendix and Figure 19.)
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Whole blood wvolumes

Prior to infection the mean whole blood volumes in HbA
sheep were significantly hiocher than HbB sheep, i.e. 53 ml/kg
compared to 42 mi/kg respectively (P £ 0.03), This difference
was also reflected in the resulte of the red cell volumes,

i.e. 15 ml/kg and 10 ml/kg respectively (P<£ 0.05), (Figure i9
and TablesI and J in the Appendix). After 49 days following
primary infection the whole blood volumes had increased in both
groups to 58 ml/kg in HbA sheep and 51'ml/kg in HbB sheep,

i.e. this was significantly higher in the HbB sheep. Although
no significant differences were observed between the groups

in whole blood volumes and plasma volumes, HbB sheep had
significantly lower red cell volume comparéd to HbA sheep,

i.e. about 10 ml/kg compared.to 14 ml/kg (P« 0.05),

Albumin turnover

The resultis of the daily fractional catsbolic rate F(CA)
are illustrated in Figure 18. The F(CA) values increased from
0.05 after day 15 to about 0.15 in both groups, but had decreased
to pre-infection values just prior o the secondary infection.,
These values were maintained into the secondary infection until
day 20 when the values increased to 0.2 in both groups. There
was no significant difference bétween the groups during the
iwd periods.

Worm burdens

The whole burdens at autopsy are recorded in Tabkle 9.

There was no significant difference between the groups either

of the mean number of M. contortus recovered (310 worms in
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Phase 2

following primary and sccondary experimental infection

with H. contortus (3001, /kg)
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Figure 16

Phase 2

The mean PCV values of HbA ond HbD type Merino sheep

following primary and secondary experimental infection

with H. contortus (BOOLq/kg)
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Figure 17

Phase 2

The daily mean faecal red cell clearance of HbA and

HbB Merino shcep following primary and secondary
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Figure 18

Phase 2

The mean fractional catabolic rates of albumin

following primary and secondary experimental

infection with H. contortus (300L3/kg)
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Figure 19

Phase 2

s T

The faecal clearance of whole blood and red hlood cells, red cell

and plasme volumes in HbA and B type Merino sheep following primary

and secondary experimental infections with U, contortus (300L/kg)
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TABLE 9

Worm burden data at autopsy of Mernine sheep of the

three haemoglobin types experimentally infected

with Il._contortus (300L/kg)

HB type Sheep No. Total No, % recovery rbe/worm
of worms

AA 0 0 -
AA 540 3.79 0.041
AA 390 2,87 0,031

Mean 310.00 + 160,93 2.22 + 1.14 0,036 + 0,005
AB 3 1240 8,89 0,006
AB 530 3.86 0,028
AB 40 0.29 0.157

Mean 603033 4 348035 4e35 + 2,49 0,064 + 0,047
BB 1 340 2655 . 0.040
BB 2 510 b£o10 0,021
BB 8 1320 10,14 0,021

Mean 723,33 + 302,34 5,60 + 2.32 0,027 + 0,006
P NS NS NS

[,
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HbA sheep and 723 worms in HbB sheep) or the amount of blood
taken by each worm, i.e. 0.03 ml/day in both Hba and HbB .
sheep.

Total body weights of sheep

The percentage change in‘total Lbody weloht of sheep
during the experimental periods is recorded in Table 0 in
the Appendix. Although the sheep in both groups gained
in weight during the two experimental periods, i.e. by 15.5%
in HbA sheep and by 11.3% in HbB sheep, the weight gain

statistically was not significantly different.

DISCUSSION

The numbers of animals involved in each group in
this experiment were very small; this was also the first attempt
in this department, to canxry out pathophysicloyical measurements
using isotopically labelled cells and plasma protein. Being
a Tirst attempt there was the possibility that some of the
results might have been subject to some errors in the absolute
sense. However, as comparative figures they were felt to
be valid and useful.

The objective of this experiment was to investigate
further the relationship between haemoglobin-type and the
nature of resistance ‘to haemcnchosis in Merino sheep. In
order te monitor more precisely the onset and development of

the patho-physiological changes arising from haemonchosis in
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each sheep strain, it was decided to use radicisotopiczlly
labelled red cells and albumin in conjunction with conventional
parasitological and haematological techniques.

Th~ results indicated that there was some difference
between the haemoglobin groups of sheep in their susceptibilitly

~to experimental infection with H. contortus, i.e. HbA sheep

developed less severe clinical and patho-physiclogical
disturbances.

The ¢nset and development of haemonchosis followed
a similar course to that described by Dargie and Allonby (1975)
and Altaif and Dargie (1976). In the first twenty days after

the primary infection with H. contortus no eggs were passed

.in the faeces of the sheep. However, after day ten the haematocrit
values decreased markedly and the amount of red blood cells
lost into the gut through infection by the parasites or
frank haemorihage increased progressively throughout the
period of sampling.
The faeczl egg counts increased rapidly after day
20 to about 20,000 epg and were then maintained at hetween
about 5000 and 20,000 epg for a further forty days. During
which time the PCV values were reduced further as red cells
lost inte the gut increased. .After administration of the

.secondary infection of H. contortus in Phase 2 , the amounts

of blood and plasma protein lost into the gastrointestinal
tract increased significantly and perhaps surprisingly the
mean haematocrit values also showed a significant increaase.
A €ight decrease in egg counts occurred at this time in all

the groups.

184



The second phase was in effect a repelition of phase 1
and similar results were observed, i.e. although the trends
were similar in each of the three haemoglobin groups the
disease process appeared to be less severe in Phase 2, possibly

due to the development of some acquired immunity. It appeared,

for example, that in Phase 2 each group of sheep had H. contortus
worms with a lower egg-laying capacity and reduced haematophagic
habits, i.e. the mean faecal red cell clearance figures were
significantly lower than those observed in Phase 1, in both

the primary and secondary infections.

Following the second infection (in Phase 1 and Phase 2)
there was a significant rise in haematocrit values, although
this period coincided with an increase in blood loss which
was quite marked from day 70. These results appeared to be
difficult to reconcile. One possible explanation is that,
as a result of the secondary infection, a type of anaphylactic
reaction which occurred in Lhe abomasum perhaps led to the loss
of significant amounts of plasma into the gut which would have
resulted in significant fall in plasma volume. Hence the
PCV values, a percentage of the ratio between red blood cells and
plasma would appear higher than otherwise. Unfortunately the
plasma volume measurements were made prior to the'second
infection therefore they were unknown during this critical
time. This phenomenon appears worthy of further investigation
in the future and could be done by making frequent measurements
of the plasma volume over the period of a secondafy infections
This would help to explain this apparent anomaly of an increase

in packed cell volume concurrent with an increase in blood loss.
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The decxeased pathogenicity of the Phase 2 infection
suggests that a degree of acouired resistance had developed

although a difference in pathogenicity of the H. contortus

culture cuonot be ruled cut. Such acquired resistance,
although perhaps not leading to'a reduction in the numbers
_of worms which establish, is pessibly the cause of the lower
amount of blood which the parasites removed from the host
in Phase 2 than was oﬁserved in the first phase. A similar
phenomenon has been described by Miller (1968) in hookworm
in dogs when in the immunised animal the blood loss was
‘significantly less than in the non-immune animal.
However, the fractional catabolic rate for albumin
was significantly higher in Phase 2 than'in Phase 1 and since
there was no corresponding increase in blood loss in Phase 2
this must represent an increased loss of plasma in some way
rather than of whole blood. Again this may be a manifestation
of some degree of hypersensitivity developing in the gut which
caused the increased leakage of plasma.
Although the results indicated that by certain criteria
the HbB sheep were slightly more susceptible to haemonchosis
there was no such clear evidence of any large strain difference
as was recorded recently by Altaif and Dargie (1976), who
investinated this in two breeds of sheep. These workers,
investigating Scottish Blackface and Finn Dorset sheep

experimentally infected with H. contortus, found a significant

difference between the strains of both these breeds, i.e. HbA

sheep dzveloped less severe clinical and patho-physiological
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disturbances, passed fewer eggs and harboured fewer worms atl
‘necropsy than animals with HbE. The same workers also found
that a breed difference existed; Scettish Blackface sheep

were more resistant to H. contortus than Finn Dorset sheep.

These differences between the strains and breeds were observed
using an infection of 350 larvae/kg. However, when a heavier
infection of 1,400 larvae/kg was used Altaif {1975) found

no correlation between haemoglobin type and worm establishment.
This, he suggested, was a reflection of a dela&ed immune
response caused by expoéure to excessive amounts of antigen.
Sincevihe Merine breed is generally recognised as being much

more susceptible to H. contortus infection than the Scottish

Blackface, it is possible that the dose rate of 300 larvae/kg,
as used in thls experiment, was too high foxr any innate
differvences in the susceptibiliiv of erino strains to be
expressed,

The results reported earlier in the field studies
at Machakos in which a separation of mean faecal egg-counts
was chserved as only occurring during periods of low rainfall,

i.e. low H. contortus challenge, alsc support this view.

On the basis of these findings therefore it was decided to
proceed with fumther experiments using experimental infections
in which the level of challenge was significantly reduced below

the level of 300 larvae/kg used in +this experiment.
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SUMMARY

In this experiment, which involved a primary and later

a secondary experimental infection of H. contortus at

300 L/kg ard then two further infections following an interval
of being maintained worm-free, the evidence increased to show
that in Merino sheep resistance tc haemonchosis is related

to the difference haemoglobin types. For example during

the second infection iﬁ Phase 1 the amount of blood which

was lost by the HbB sheep was significantly greater than

that lost by the HbA sheep. However, these differences in
blood loss were much less than those‘reported by Altaif and
Dargie (1976) in their comparable study of HbA and HEB Scottish
Blackface sheep. The most likely explanation for this difference
between the response of these two breeds is in the relative
size of the challenge and the greater overall susceptibility

of the Merino breed to H. contortus infeclioits
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STUDIES OF PRIMARY EXPERIMENTAL

INFECTIONS OF H. contortus IN MERINO

SHEEP OF DIFFERENT HAEMOGLOBIN - TYPES

USING INFECTION DOSES OF 150, 50 AND 10 LS/KG




INTRODUCT ION

In the last experiment three groups of sheep of
different haemoglobin types, i.e. HbA, HbAB and HbB were

infected with a primary infection of 300 H. contortus larvae

followed hy a secondary infection of a similar sized dose
nine weeks later. The results indicated that there was

some evidence of differences in susceptibility to H. contortus

between the haemoglobin groups, although there was no apparent
difference in the occurrence of ‘self-cure' or in the development
of acguired immunity.

The infection dose of 300 larvae per kilogram was
chosen since it was known from eavlier observations that
this level normally produced clinical, non~fatal haemonchosis
in Merino sheep (Dargie and Allonby, 1975). This dose rate
was alsc comparable with that used by Altaif and Dargie
(1976) in Scottish Blackface sheep and Finn Dorset sheep,
and resulted in a total dose of about 10,000 larvae per sheep
in-this experiment. This sizeof infection has been used

as a standard dosage of H. contortus by many workers when

an infection rate proportional to the body weights of the sheep
was not reguired.

The observations of intermittent differences in faecal
eqq Céunts between the three groups of sheep in the Machakos

field experiment indicated that during periods of high natural
/

¢
-~
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challenge all groups responded equally, whereas during periods
of low challenge the HkA sheep had significantly lower egy
counts. Further evidence of this relationship between
dose response and haemoglobin type was okiained recently {rom
the results of Altalf and Dargie (1976) who infected two
breads of sheep, i.e. Scottish Blackface sheep and Finn Dorset
sheep with 350 larvae per kilogram, and found significant
differences both between the haemoglobin groups and between
the breeds. However, when high dose of 14,000 larvae per
kilogram was used no differences were obeerved associated
with Hb type.

These observations led the author to believe that
the larval dose of 300 larvae per kilogram as used in the last
experiment, was perhaps too large for the haemoglobin differences
in Merino sheep to become apparent. It was therefore decided

¥o) smalle xperimental infectionsof H. contorius in a
to use smaller experimental infectionsof H tortus in an

attempt to distinguish more clearly the differences between
the haemoglobin types and to confirm that these differences
are dose dependant.

The following experiment is in ‘three parts. Part 1

describes the course of a primary infection of H. conlortus

using 150 laxwvae per kilogram in two groups of sheep, i.e.
HpA and HbB, Since the results of the previous experiments
showed that HbAB sheep always held an intermediary position
between HbhA and HbB sheep, it was decided to investigate
only the two homozygous haemogleobin types. The course of
Part 1 was observed using patho-physiclogical, haematological

and parasitological parameters,
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Since in the last experiment and in other pathophysiclogical o

studies of haemonchosis in sheep the pattern of albumin catabolism

tended to follow that of red blood cell loss, labelled albumin
turnover was not studied in this experiment. In order to

allow for any possible separation between the haemoglebin groups
to develop fully it was decided fto monitor pathophysiociogical
ﬁeasurements during a later period than in the previous

experiments, i.e. from-day 38 to 58 after a primary infection

instead of from the pre-infection period to about a month after
patency. In Parts 2 and 3 the sheep were infected with 50L/kg and
25L/kg respectively and haematological and parasitological measurements
were performed.

MATERTALS AND METHCDS

Part 1 -

Experimental animals

The animals used in this part of the experiment were
six Merino ewes, aged about 1% years, which originated from
Naivasha Animal Husbandry Research Station, Kenya. They had
been withdrawn from a flock rotation programme in which
for all practical purposes they had hkeen reared 'worm-free'.
Three of the sheep possessed HbA and three of the sheep had HbE.
Although male sheep are normally easier to sample for this
type of experiment, the lack of sufficient males with HbA
made it necessary to select all females.

Experimental design

Six worm-free Merino ewes, confined to standard sheep
metabolism cages, were each experimentally infected with 150

H. contortus (L.) larvae per kilogram of body weight.

3
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Faecal egg counts end “CV wore monitored twice weekly
for 2 weeks, then daily. The sheep were weighed weekly during
the experimental period.

On day 38 of the infection with H. contortus each

animal was injected with an autologous 51Cr labelled red cell
suspension, Heparinised blcod samples were collected daily
for radioactivity determination and packed cell wvolume measurements,
The total faecal output for each 24 hour period was weighed.,
To aveid any contamination of faeces by urine in these female
sﬁeep faecal samples for daily fuaecal egg counts and for
radioactivity determination were taken directly from the
rectum of each sheep.

The methods used for these technidues are described
in General Materials and Msthods TI.

n

Experimental animals

Two more Merino ewes, one with HbA and the other with
HbB, aged 14 years, were brought from Naivasha Research Station

where they had been reared on H. contertus endemic pasture,

The same six animals from the previous part of the experiment
were re-used. Although it would have been more satisfactory
to use completely new groups of animals either 'woxm-free' or
having been reared under similar conditions the scarcity of

HbA sheep necessitated this approach.

Experimental desiqn I
Eight Merino ewes, four with HbA and four with HbB

were given anthelmintic treatment at 3 and 1 months bhefore
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the stert of the experiment. They were confined lo stardard
sheep metabolism coges and were experimentally infected with

50 H. contortus (L3> larvae per kilogram body welght,

Faecal egg counts and FCV wvalues were monitored dally
and the sheep were weighed each wesk during the experimental

period of 58 days.

Experimental animals

The same sheep were used as in the last experiment.
The sheep were subjected to anthelmintic treatment twice, i.e.
2 months and 1 menth prior to the start of the experiment.

The sheep were experimentally infected with 25 11, contoxrtus

(LB) larvae per kg body weight and the same haematological

and parasitological measurements were performed as in Part 2.

RESULTS

Part 1 (150L/kg)

Faecal egg counts

The daily mean faecal egg counts are illustrated in
Figure 20 and the datg recorded in Tahle P in the Appendix.
The HbB sheep showed a slightly earlier rise in egg count
than the sheep with HbA. After day 19 or 20 the mean faecal
eqgyg counts increased sharply and apart from normal fluctuations
maintained a level of about 5000 epg in the HbB sheep wnereas

this reached only about 2000 epg im thie HDA slieep.  These
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di fferences hetween the mean epg of the 1wy groups wére significant
(see Table P in the Appendix) for most of the period of infection
hut at 40 days post~infection these differences bhecame less
marked. During the subseguent 2 weeks the mean egg counts
became once again significantly different but on day 56 post-
infection the HbA sheep unexpectedly 'self-cured'.
Haematology

Sheep with HbA had daily mean PCV values which were
about 4% higher than those of the HbB sheep throughout the
first part of the experiment. On some occasions these
di fferences were statistically significant at the 5% level.
(Figure 23 and Table Q in the Appendix.)

Pathogenesis

There was no significant difference between the mean bluod
volumes, the mean red cell or plasma volumes in sheep of the
two haemoglobin types (Table i0). However, the amount of
whole blood lost into the faeces of the HbB sheep was significantly
( €.0.02) higher than in the HbA sheep, i.e. 20.6 ml and 10.2 ml
respectively {Table 11). Although the average amount of
red blood cells lost into the Taeces was 4.9 ml, in HbB sheep
and only 2.8 ml in HbA sheep this difference between the loss
was not statistically significant. The daily red cell clearance
results indicated that HbB sheep wevre losing about 5 ml/day
whereas HbA sheep were losing about 2 ml/day (Figure 24).
The rate of disappearance of the labelled cells from the
circulation expressed as 'half-life' values indiczted that
the red cells of MbB sheep had a significantly ( ﬁi.Ol) shorter

1ife span than {he HbA sheep (Table 11).
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Part 2 (50L/kq)

Faecal egqg counts

The results of the mean daily faecal eqqg counts are
illustrated in Figure 21 and the details recorded in Table P
in the Appendix. HbB sheep again showed on average a shorter
patency period than sheep with HbA, and HbB sheep generally
maintained a higher meen daily egg count than the HbA sheep
and on many occasions this difference was statistically
éignificanﬁ. From 30 déys post-infection the mean egg.countls
in the HbB sheep were maintained at about 2500 epg (maximum
4600 epg) whereas the HbA sheep had levels of only about 1500 epg
(maximum 2800 epg).

The mean PCV values are illustrated in Figure 23 and
the individual results are recorded in Table Q in the Appendix.
From the beglining ¢of this port of the experiment HbA sheep
had higher PCV values than the HbB sheep and in all cases
the difference was significant. Both ¢roups of sheep
maintained more or less the same PCV throughout this part
of the experiment, i.e. around 32% in HbA sheep and 25% in the

HbB sheep.

part 3 (10L/kg)

Faecal egg counts

The faecal egg counts began to increase after day 18
but they rose only gradually wcaching about 500 epg after a
further 8 days, i.e. day 26,1in both yroups. Between days 26

and 36 the HbE sheep sometimes had signifiifcantly higher egg counts but
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thereafter the egg counts of the two groups began to converge
i.e. NS . By day 3% the HbB sheep had stabilised at a mean
egg count of ahout 2300 epg, whereas the HbA sheep reached

only about 1500 epg. (Figure 22 and Table P in the Appendix).

Haematology
The mean PCV values are illustrated in Figure 23 and
the individual values are recorded in Table Q in the Appendix.
At the beginning of this part of the experiment the HbA sheep
had mean PCV values which were about 3% higher than the HbB
sheep and this disparity was statistically significant after day 27
The HbA sheep maintained these higher values and towards the
end of this part of the experiment the PCV increased slightly
to reach 31.5%. The HbB sheep maintained much lower PCV
values, however, of around 27% throughout this part of the
experiment. This difference between the two groups was slightiy
less than in.the Part 2.

Body Weights of Sheep

The mean total body weights were similar in both HbA
and HbB sheep and were generally maintained throughout each
part of the experiment. There was no significant difference

between the groups. (Table R in the Appendix.)
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Figure 20

The mean faecal egp counts of HhA and HDB Merino shcep

following experimental infection with H. contortus
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Figure 22

The ﬁean faecal ege counts of HbA and HbB Merino shcep
following experimental infection with H. contortus
(10%, /kg)
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Figure 24

The daily mean faecal clearance of labelled red cells in

HbA and HbE Mevino sheep following experimental infection

with H. contortus (1501,3/kg)
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LABLE 10

Blood, red cell and plasma volumes and PCV of Merino shecp

on day 38 of an infection with H. contortus (150L/kg)

Hb type  Sheep No. BV (ml/kg) Ve (ml/kg) Vp (ml/kg) POV

AA 1 56,2 1502 412 27,0

AA 2 6543 17.3 48,0 26,5

AA 3 60.1 22,2 37.9 34,0

Mean 60.6 + 2,6 18,3 + 2.1 42,37 + 2.9 29,16 + 2.4

BB 4 62.9 13.8 . 49,1 22,0

BB 5 95.8 21.5 7442 22,5

BB 6 70.8 16,9 53.8 24,0

Mean 76.5 4+ 9.9 17,5+ 2.2 59,0 + 7.7 22.8 + 0.6
P NS NS NS ¢ 0.05

203



Faecal clearance of whole blood and red blood cells and

half-life of red blood cells in Merino sheep of HbA and B from

days 41 to 55 of a primary infection with H. contortus (150L/kg)

Hb Sheep Faecal Clearance T% C(hrs)
type  moe whole blood rhe whole rhe
AA 1 15.7 4,0 222,9 239,2
AA 2 7e7 2.2 258,0 241.6
CAA 3 6.9 2.2 259.9 258,9
Mean 10.2 + 2.8 2.8 4 0.6  266.9 + 12,03 246.6 -+ 6.2
BB 4 23.2 4.8 226.5 193.7
BB 5 12.4 3.3 230.8 197, 4
BB 6 26.3 6.6 191.1 168, 4
Mean 20,6 + 4.21 4,9 + 0,95  216.2 + 12.6  186.5 + 9.1
P 40,02 NS NS (0,01




As in the previous experiment, the numhkers of animals

involved ie guite small. There are several reasons for thisj

one is the availability of the Tacilities required for experiments
_of this nature where the sheep have to be kept in metabolism
cagesy also the volume of work involved in experiments of this
kind where daily collection of blood, faeces and urine are
necessary. In this series of experiments a number of sheep
were re-used. It would have been preferable to have had
different sheep for each experiment, e.g. worm-free, However
the availability of animals, particularly of HhA type, made
it necessary to indulge in this economy. = Both HbA and 1bB
groups of sheep received exactly the samie treatment so there
was no reason why the resultls should not be completely wvalia
as a comparative exercise.

It was apparent frem this series of experiments that

when relatively low experimental infections of H. contortus

i.e. 150, 50 and 10 L/kg were administered to two groups of
Merino sheep with HbA and B, a difference in the relative
resistance of HbA and HbB sheep was evident. Thi s resistance
when expressed in the form of reduced blood loss, showed
correspondingly lower erythropoiesis, low egg counﬁs and hicher
haematocrit values in HbA sheep than in HbB sheep.

The combined results of the last two experiments indicate
that the phencmenon of strain resistsznce of different lerino

haemoglobin types to H, contortus infection was not absolute
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but Was\apparontly dependent on the size c¢f the infection.

For example, in higher levels of experimental infection (i.e.
300 L/kg)ﬂ the strain difference in susceptibility became much
less apparent,

Generally, the disease followed a similar course to
that observed in the last experiment and as observed by Dargie
and Allonby (1975) and Altaif and Dargie (1976).  Eggs were
observed in the sheep faeces from between 18 and 20 days after
infection in all three experiments. From this point t; around
25 days post-infection the faecal ¢yg counts increased rapidly
and, although fluctuations occurred, this was followed by a
plateau-phase in which the faecal egg output was maintained
athetween 1000 and 8000 epg. In all three experiments HbB
sheep maintained higher faecal egg counts compared with HbA
shoep.

A slight decrease in haematocrit values occurred in
both groups after day 25 of an infection with 150 L/kg, but
this decrease did not occur when infections of 50 or 10 L/kg
were used. In both these latter cases the haematocrit values
maintained a steady level, probably due to both groups of sheep
being able to compensate sufficiently for any blood taken by the
relatively few numbers of parasites. For most of the period
the HbA sheep had significantly higher haematocrits than the
HbB sheep. The greatest difference in haematccrits between
the haemoglobin groups was observed when the infective dose was

50 L/kg.
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The HbB sheep lost significantly more whole blecod
into the faeces than HbA Sheeh and since red cell clearance
figures were not significantly different this suggests that
a higher proportion of plasma was lost in the HbD sheep than
red blood cells,

For instance the daily red cell clearance results
indicated that the HbB sheep were losing about 5ml/day of red
blood cells, whereas HbA sheep were losing only about 2 ml/day
and there was a corresponding increase in erythropoiesis in
the HbB sheep when they were infected with 150 L/kg of

H. contortus. Towards the end of the experiment the red

cell loss decreased in both groups following the occurrence
of 'self-cure' and probably expulsion of most of the worms.

The reason for the occurrence of 'self-cure' after
day 55 remains obscure. However at all times during the
experiment the sheep were confined to metabolism cages
indoors and fed the same batch of hay which was alsc kept
dry and indoors. Thus this rainfall could not have been
responsible for a challenge of larvae and sunsequent hyper-
sensitivity reaction described by Gordon (1948), and Stewart
(1953) and Soulshby and Stewart (1960) or a factor in the new .
grass described by Allonby and Urquhart (1973) each leading
to ‘self;cure’

Although allomby and Urquhart (1973) were able to
record that 'self-cure' occurred more often and effectively
in HbA sheep they were unable to observe overall differences
in the faecal egg counts between the haemoglobin tvpes of

Merino sheep naturally infected with H. contortus in Naivasha

Kenya. However differences in faecal egg counts between
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the haemoglobin groups were apparent in the Machakes fleld
experiment except al certain times of the year related to

periods of heavy challenge, These differences in cbservation

may be related to the difference in size of the natural infectionse,

Naivasha pasture may have had a higher incidence of M. contortus

than Machakos. The size of the infection may also affect
the extent of resistance in Florida Native sheep, as Jilek
and Bradley (1969) and also Radhakrishnan et al. (1952) were
unable to observe that HbA were more resistant to haemonchosis
than HbB sheep by meonitoring faecal egg counts although HbA
sheep 'self-cured' more often.

These results lead to the conclusion that differences

between haemoglobin types in resistance to H. contortus only

became apparent undexr certain circumstances, and that the size

of the challenge is most important.

SUMMARY

In Mmerino sheep there is a difference in susceptibllity
between sheep of haemoglobin type A and those of hsemoglobin
type B. It has been demonstrated that this strain difference
in susceptibility is not absolute and that it is dependent on
the size of the challenge infection, and as in the case nf’
Scottish Blackface, at certaig levels of infection the strain

difference in susceptibility becomes obscure.
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DISCUSSIONS AND CONCLUSIONS

The results of the experiments in Section IL of this
thesis demonstrate that certain differences exist in the
susceplibility between Merino sheep of the three haemoglobin

types to H. contortus infection, i.¢. HbA sheep were generally

more resistant to H. coqtortus than HbB sheep, whilst sheep
with HbAB occupied an intermediate position. This difference
has been demonstrated both in parasitological terms, i.e. by
monitoring faecal egg counts and worm burdens, and also by

assessing the pathogenic effect of H. contortus infection on

the host from various pathophysiological parameters. Apart
from ceriain periods possibly related to periods of high challenge
the investigation of naturally acquired infections showed that
Hbit sheep had lower egg counts and 'self-cuved' more often and
effectively than HbB sheap. From these findings it wae
concluded that this strain difference in susceptibllity was

not absolute since it appeared to be dependent on the size

of the experimental infection, i.e. at high levels of infection
the strain difference in susceptibility became obscure. It
has also been shown that the HbB gene was predominant in most
sheep in Kenya and it is thought that this is probably due to
the apparent overriding selection for resistance to drought.
However since the incidence of the A gene tended to increase

in the we%ter'areasy it is possible that this gradient in heemo-

globin type i1s related to the higher incidence of H. contertus in

these regions rather than towards a selection towards the incidence

of drought.
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Subsequent sludies on the respeonse of each strain to
q

experimental H. contortus infection indicatled that the differen?e

in resistance to haemonchosis within the haemoglobin groups
was due to the differences in the establishment of adult

H. contortus rather than a suppression of egg laying capacity

cor variations in the amount of blocod taken by each worm. From
the results of these studies it is clear that the conditions

in the abomasum of thé HbA sheep must have been more unfavourable
in some way tc¢ the parasites than that in the HbB sheep. Recent
work has indicated that IgA antibodies may be involved in the

protective immunity to H. contortus infecticns in sheep.

Using radioimmunocassay techniques Smith el al. (1977) found
that seven month old sheep rendered immune to H. contoxtus by
vaccination had high levels of specific mucous IgA as well as
an increased number of IgA producing plasma cells in the atomzczl
mucosa, whereas two month old lambs, which could nol ke protectsd
vaccination, had significantly depressed IgA levels in the mucosa,
Furthermore, Duncan et al. (1977) have shown in Kenya that the
indigenous Masal sheep had higher levels of IgA than the exotic
Merino sheep. However, one week after anthelmintic treatment
the IgA levels in both breeds were significantly reduced. This
might have been due to either there being no worms, or pcssikly
due to some immunosuppressive activity in the drug, It would
be interesting to assess the IgA levels in sheep of the three
haemoglobin types to determire whether any differences also occur
between the three strains.,

Recent work performed concurrently to that described

here has indicated that Masail sheep were by far the most resistan=
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to infection with H. conltortus when compared o Merino, Blackhead
Persian, Corriedale and Dorpexr breeds; using both parasitological
and pathophysiological parameters (Allonby and Preston, 19773
Preston and Allonby, 1977). This breed difference also appearcd
to be associated with lower worm establishment sincé a marked
expulsion of worms was found to occur duringthe prepatent

period in the Masal sheep.  However this breed difference was
shown not to he dose dependent (Allonby, Preston and Aucutt, 1977;
Aucutt et al., 1977) or related to different pianes of nutrition
(Allonby and Preston, 1977). Clearly there must be a profound
immunological difference between strain differences and breed
gifferences in susceptibility which i1s possibly related to the
physical structure of the abomasum as well as physiclogical
differences.

When reared worm free, the weight gains in Masai sheep

were equal to those of Merino sheep (Allonby and Preston,1977). However

under traditional management Masai sheep are characterised by
their stunted appearances, thought to be largely related to an

early and chronic infection with H. contortus (Allonby, 1974).

This apparent anomoly may be related in some way to the
interesting phenomenon which arcse from the pathophysiology
experiments described in this section. After a second infection

with H._contortus haematocrit values increased dramatically,

although there was also a substantial increase in red blood

cell loss in both haemoglobin types (see Figs. 11 and 12). Tnis
!

may be due to a homeostatic response of fluid shift, but it also

could be that there was an increased loss of plasma into the

abomasum. This might be due to a hypersensitivity reaction
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occurring.ageinst the worms at the mucosal wall. A corresponding
deleterious effect of the nitrogen balance may occur, effecting
welght gaing of the sheep 1f food and water was not present in
plentiful supply to compensate. This coulid possibly explain
how even & partially immune animal may still appear stunted as is
the case of Masai sheep reared on endemic pasture under traditlional
management,

The information presented in Section II could have a
nuinber of practical applications. One such application would
be ‘the selection and development of haemoncho-tolerant strains
of sheep in the traditional low investment/low risk management
systems of Africa in which the high incidence of 'self-cure’,
often the only mechanism in which the sheep periodically lose
their worm burden, would be advantageous. However, it could

equally well be implemented in more sophisticated animal breeding

w
o

LLOYL BINE S, There has been an increase in public opinicn agains
the use of 'drugs' on consumable items such as fruit and vegetables;
and a reduction in the use of pesticides nas already seen the
highly successful development of many disease-resistant plant
strains. Chemical contaminanis in butter, milk and meat are

also becoming increésingly unacceptable and hence public opinion
against the use of acaricides and anthelmintics plus the ever
increasing incidence of resistance to these chemicals and their
intrinsic high costs, could make the breeding of haemoncho-
tolerant straihs of sheep a commercially viable proposition,
particularly if combined with & cross-breeding programmne.

Interest in this resistance of certain strains is also growing

in connection with other diseases. Bangham and Blumberg (1958)

observed an association between haemoglobin type and wesistance to
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trypancsomiasis in cattle; and more recently Anderson et al. (1972)
indicated that the high resistsnce of young cattle to anaplasmosis
may be associlated with the presence of.foeﬁal haemogloebin.

Another practical application of the information on strain
would be in relaticn to the choice of animals in research work.

As early as 1931 Fourrie noticed a big spectrum in response to

H. contortus and in many field and indoor experiments documented

so far there are always individual animals which react differently
from the main group. The choice of sheep of similar strains
would obviously help to minimise these variations in the future
selection of experimental animals.

One of the disadvantages of working with large animals
in an "indoor" experiment is that the number of animals involved
are necessarily low because of the facilities for maintaining

thei The sdvontage of the N, brasiliensis-ratl system studied

in the experiments described in Section I of this thesis is
that large numbers of rats can easily be used. This system has

proved to be a useful laboratory model of a host-parasite relation-

ship and its use in combination with the H. contortus-sheep system
could continue to 5@ advantageous due to the similarities betwéen
the two systems, i.e. in both systems a strain difference of tho
host has been found to influence the balance of the host-parasite
relationship ‘self-cure' which is itself influenced by the hormonal
_ffects of 1a§tation. It would be of interest to perform further

studies on the N. prasiliensis system to determine whether strain

differences are also dose dependent. Another possible useful

approach would be to investigate the development of immune
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competency in lambs of different haemoglebin types and to use '

both helminth systems as models to investigate in more

detail the way in which immunoleocical and other factors

regulate the host-parasite relationship. This might then

lead the way to the rational development of immunisation procedures
against helminths which.would be of inestimable value to the

welfare of both man and animals throuchout the world.
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e et

32 . .
P-uptake in both sexes of London and Aberdeen strains

of Hooded Lister rats infected with N. brasiliersis

Days after London strain Aberdeen strain
infection Male Female Male Frmale
rats rats * rats rats

& - | - 18.3 + 1.5 -
5 36,0 4 10.9 - 4led + 6.6 73.2 + 32.6
6 39.1 4+ 9.2 104.8 + 7.5 43 + 5.4 159.7 + 311
7 42,3 + 9.5 110.2 -+ 23,2 204 4+ 5.4 85.3 4 3645
8 31.9 4+ 9.3 35,44+ 6.1 15,9 + 3.4 81.4 + 52.3
9 36.2 + 15.3 10.6 5.8 4+ 2.9 88.7 + 34.9
10 18,3 + 4.6 4.3+ 1.3 32, + 0.8 20,5 & 4.6
11 1.1 4+ 5.2 8.4 1.0 0.3

* The results of Henney et al., 1971 are incorporated in this table
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TABLE B

Pty

32 ,
Worm wet weights (mﬁ) and P-uptake during the course of

an infection with N, brasiliensis in 4-5 week old male

Hooded Lister rats of Abevdeen strain

Days Woirm wet weights (mg)
aftex
infection Young rats Adult rats
6 15,0 4 553 NS 25,6 - 2,72
7 22,9 1 8.5 NS 2607 4 3o
8 1502 + 5.9 NS 2346 + 5.5
9 4.2 + 447 NS 1204 - 3.9
10 1369 4 5.7 NS ‘ 16o4 + 3.9
11 13.4 4+ 3.3 062 3¢5 4+ 365
13 69 + 6.9 2065 0
Days _-E-uptake
after
infection Young rats Adult rats
6 51.2 + 5.9 NS 4b4o3 4 5.4
7 27,5 + 9.3 NS 20,4 + 6.9
8 20:3 4+ 8.2 NS 15.9 + 3.4
9 172 -+ 3.7 NS 5.8 + 3.0
10 9.1 + 3.1 NS 302 -+ 0.8
11 6.2 -k 2.7 NS 0.3 4 0.3
13 1.8 +.1.8 .,i
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e
. . 32 ,
Worm wet weights (meg) and " P-uptake during the course

of infection with N. brasilicnsis in fomale Hooded

Lister vats cf Aberdecn strain experiencing proestrus,

oestrus or dicestrus

Days Worm wet weights (mg) PR

?fLGL , Rats in Rats in ' Rats in

infection N , )

proestrus oestrus dioestrus

5 19.3 + 16.7 NS  60.6 + 10,9 NS 204 - 14,5
-6 - 58.9 + 14.0 NS 52,8 + 8.6 NS 23.1 + 20,9
7 36.8 + 11,2 €0.05 15.9 & 6.5 NS 30.2 + 11,9
8 36.4 + 7.4 0,01 3.4+ 1.5 NS 23,2 4+ 11.0
a 26.2 - 7.0 «0.05 6.2 + 2.1 NS 11.5 + 3.1
10 17.2 + 7.2 NS 9.9 + 6.9 NS 1.9 -+ 1.9

bays Pp-uptake

é,ter_. Rats in Rats in Rats in

infection .

proestrus oestrus dicestrus

5 49,3 -+ 4e3 <0.05 35.3 + 2.9 NS 36,2 + 7.4
6 76,9 + 11.6 NS 66.1 4+ 8.9 NS 79.0 + 19.6
7 40,0 + 11.7 NS 15.7 + 0.7 NS 32.3 + 9.8
8 23,6 + 7.9 NS 17:5 + 365 NS 23.1 4+ 3.0
9 15.3 + 6,2 NS 13.3 + 3.2 NS 17.9 + 2.2
10 7.2+ 0.6 NS 10.3 4+ 1.7 NS 12.7 + 1.0
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IABLE D

32

T P-uptake in male Hooded Listexr rats of Aberdeen strain

infected with N. brasiliensis larvae. Experimental grou
. p

injected with 0,02 ml of Depoprcvera on day 7 of infection

Days Pp_uptake
after Control . Experimental
infection group group
4 18.3 + 1.5
5 4le5 - 6.6
6 44,3 + Seb
7 204 4 5.4
8 15.9 4 3.4 NS 12.5 + 2.0
g 508 - 2.9 NS 7.7 + 0.9
10 | 3.2 4 0.8 NS 3,6 + 0.4
11 0.3 4+ 0.3 ~ NS 1.2 + 0.4

3



Mean faccal egg counts of the three groups of sheep

with different hacmoglobin types rearced on Il. conlortus-

endemic pasture at a farm near Machakos

Week of
sampling

Mean faecal egg counts

ThA HbAB HbB

0 2 525 1 980 2 600
3 200 400 260
6 525 850 1 150

9 325 80 770
12 850 1 000 660
15 175 850 700
18 330 210 425
21 100 350 506
24 400 1 100 909
27 350 1 700 1 784
30 67 250 348
33 0 190 480
36 166 418 638
39 100 209 696
02 25 92 414
45 50 182 396
438 400 691 1 324
51 1 100 2 191 2 340
54 1 300 1 008 1 653
57 1 033 2 527 1 540
60 975 1 066 1 105
63 400 425 965
66 1 125 1 612 1 815
69 333 900 538
72 0 227 638
75 400 290 417
78 225 138 272
84 900 660 9A5
87 667 1 060 3 236
90 1 025 1 010 3 692
93 0 11 314
96 25 63 91
98 50 178 600

ﬁﬂi‘/



Woek of Mean faecal cgg counts
sampling

HbA HbAB HhE
100 900 114 051
102 1 100 .1 356 2 054
104 400 925 1 504
106 400 1 120 2 350
108 850 1 873 3 146
110 1 733 3 023 5 167
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TABLE ¥

Phase 1

Whole blood, red cell and plasma volumes and PCV of Merino cheep

prior to experimental infection with . contortus (300L/kg)

Hb type Sheep no. BV ml/kg) Ve (ml/kg) VP (ml/kg)
AA 1 38,0 12.6 25.5
AA 2 ) 42 .6 14,1 28.6
AA 3 46.9 1461 32.8
Mean 4205 :t 206 1306 :t 005 2859 :t‘_ 201
AB 7 52.2 15.1 36,6
AB 8 30.4 9.0 21.3
AB 9 75.8 15.0 60.7
Mean 52,8 4+ 13,1 13.2 4 2.1 39,5 + 11.5
BB 4 31.3 7.8 2343
BB 5 35.9 12,1 23,4
BB 6 57.9 15:.6 45,4
Mean K107 + 8,2 1148 + 2.3 30,7 + 7ot
NS NS NS
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TABLE G

Whole blood, red cell and plasma volumes and PCV of Maerino sheep

55 days after a primary experimental infection with H. contortus

(300L/kg)

Hb type  Sheep no. BV ml/kg) Ve (ml/kg) VP (ml/kg)
AA 1 57.3 9.2 48 .. 4
AA 2 50.2 9.0 41,2
AA 3 51l.2 62 45.1
Mean 52.9 + 2.2 8.1 4+ 0.9 4469 -+ 3.1
4B 7 55.1 12,2 42,9
AB 8 43,2 9.5 33,7
AB 9 5.5 5e5 40,0
Mean 47,2 + 3.6 9,1 + 1.9 38.9 + 2.7
BB , b 54,2 6.5 4747
BB 5 56,2 12.3 43,8
BB 6 42.6 3.1 37.5
Mean SOng :‘: 402 8@0 i 202 4390 '1" 2@9
!
NS NS NS
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TABLE 1l

Faecal clearance of whole blood and red cells in Merino sheep during

the control, primary and secondary periods of experimental infection

Hb Sheep Faccal clearance
type moe control pericd during primary during secondary
infection infection
whole rbe whole rbe whole rhe
blood blood blocd
AA 1 35,5 9.9 22.7 45 56.5 1z.6
AA 2 40,2 11.2 43,8 7.7 90.4 L5.€
AA 3 24,0 6.7 53.4 6.4 58.6 2.9
Mean 33.3 9.2 40,0 6.2 68.5 12.7
+ 4.8 + 1.3 + 9.1 + 0.9 -+ 10.9 + Lo6
AB 7 45,8 13.7 42 .8 6.2 69.4 14,3
AB 8 16.6 6.2 17.7 3.6 47.9 12.6
AB 9 31.4 7.7 49,2 5.8 82.0 14.0
Mean 31.3 9.2 36.6 5.2 66.4 13.6
+ 8.4 + 2.3 + 9.6 + 0.8 + 9.9 + 0.5
BD &4 52.2 13.2 45.4 5.7 59.2 9.1
BB 5 18,4 5.6 36.0 7.9 78.2 21.6
BB 6 24,4 7.0 29.6 3.8 129,.2 27,5
Mean 31.7 8.6 37.0 5.8 88.9 19.4
1 10.4 + 2.3 + 4.6 + 1.2 4 20.9 + 5.4
!
J o -
NS NS NS NS LLo5 {05




TADLE 3

Whole blood, red cell and plasma volumes of Merino sheap

prior to an infection with H. contortus (300L/kg)

Hb type  Sheep no. BV (ml/kg) Ve (ml/kg) VP (ml/kg)
AA 1 55.2 17.7 37.5
AA 5 49.0 12.3 36,8
AA 6 55,1 16.0 39.1
Mean 53.1 + 201 15.3 + 1.6 37.8 - 0.7
AB 3 45,1 13.5 3L.6
AB 7 46,3 13.9 32.4
Al 9 56.8 16.5 40,3
Mean 4904 + 3.7 14,6 + 0.9 34,8 + 2.8
BB 2 41,9 10.5 31.5
BB 8 3844 ' 9.9 28a4
Mean 426+ 2.5 1004 + 0,3 32.0 + 2.3
P OAAJEB {05 {05 NS
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Fhase 2

IABLE J

Whole blood, red cell and plasima volumes of Merino sheep 49

days after a primary infection with H. contortus (300L/kg)

BV (mi/kg) Ve {(ml/kg) Ve (ml/kg)

Hb type Sheep 1io,
AA 4 57.4 1641 41.4
AA 5 54.8 12.1 42,7
AA 6 61.2 17 465
Mea,n. 57:8 j: leg ].463 :ll_: 102 4'305 ;{; ]..05
AB 3 4.4 12.5 33.9
AB 7 50.3 10,1 40.2
AB 9 58.8 10.6 48,3
Mean 5108 :t 3|s7 llcl i Oo? 4009 :{; ('I‘oz
BB 1 52.9 10.1 42 .9
BB 2 44,5 9.4 35.2
BB 8 54.7 10,9 43.8
Maan 50,7 4 3.1 10.1 4+ 0.4 40.6 - 247
P AA/BB NS

£,05 NS




Phase 2

Faccal cleavance of whole blcod and

TADLE K

red cells in Merino sheep during

the control pericd and »neriod of primary cxperimental infection

Hb Sheep
type Noe

Faecal clearance

control period

during primary

whole rbe vhole rbc
blood blocd
AA. 4 6.2 2.3 11.8 2.5
AA 5 20,9 5.9 7.8 1.8
AA 6 2.8 1.7 8.3 2.2
Mean 9.9 j:5°5 3.3 i:]OB 9.3 + 1.2 2.1 + 0.2
ADB 3 1.3 0.4 6.3 2.0
AB 7 4,0 0.9 17.2 6.6
AB 9 7.2 1.9 9.8 2.6
Mean él'c]. i 14:7 ]..qO j: Ood} 1].91 “t 302 3:»7 ‘:_t_ -Iaél'
BB 1 8.8 2.3 11.0 2.5
BB 2 1.9 0,48 14,9 3.5
BB 8 11.5 2.9 8.0 1.9
Me:’lﬂ 794 ;’l: ].208 108 :I: 007 ,1.].03 :*: 2(0 206 :j: Oc'q
‘NS S NS ° NS




A

Phase 2

TABLE L

Faecal clearance of whole blood and red cells of Merino sheep

prior to and duving a secondary infection witn U. contortus

(300L [l

Hb

Sheep

type  no.

control period

Faecal clearance

during primary .

28,9 - 11.2

NS

4e8 4 1.2 19.8 + 10.5 4.8 +

-
i
[
=z
w
=2
%

infection
whole rbe whole rbe
blood blood
AA 4 1.6 1.2 0.73 0,5
AA 5 34,0 797. 23.2 6.9
AA 6 16.4 4.8 12.9 3.6
Mean 17.3 + 9.4 o5 + 1.9 12:3 + 6.5 3.67 + 1.
AB 3 10.8 3.0 10.6 2.6
AB 7 19,0 5.1 6.5 2.0
AB 9 207 009 N ' 257 N Oug
Mean 1006 ;_I" 4:7 3;'-0 i’: 1@2 656 i 203 1.08 :i: 095
BB 1 21,9 4,5 19.4 4.3
BB 2 14,0 2,9 1.7 0.6
BB 8 50.8 7.0 38.3 9.7
Mean 2.6



TABLE M

Mean faecal epg counts of threc grours of Merino sheep

infected with 300L/kg H. contortus larvae

Phase 1 Hb_type

days after Hb A HbAB HbB P A:B

infection
18 0 0 0
20 200 + 100 67 + 33 167 + 86 NS
27 8000 - 2816 5333 - 2444 9433 + 754 NS
28 8500 + 1852 9233 -+ 3329 7000 + 917 NS
30 7367 + 176 11567 - 2258 9267 + 953 NS
32 16200 + 1474 11967 + 2378 14333 + 2677 NS
33 18000 + 3163 16300 + 2884 17667 + 2171 NS
34 15767 + 2992 22733 4 2267 17300 + 3493 NS
35 16467 + 2829 20500 4+ 755 13900 + 3817 NS
36 15667 + 3797 13133 = 3120 17300 + 1457 NS
38 11700 + 4650 223100 + 4513 20733 + 2115 NS
41 7367 + 1789 16633 + 2326 16133 4- 1934  {0,05
42 6933 + 2264 5267 + 2397 6100 + 1286 NS
43 5800 + 2955 2970 + 2525 5200 + 2254 WS
44 9500 4+ 2673 3267 + 3117 4425 + 1785 NS
46 9333 + 1878 4633 -+ 3709 11067 + 933 NS
u7 10167 + 4579 17033 + 4206 11900 - 4539 NS
48 6667 + 2572 3800 -+ 2603 9200 + 1255 NS
50 9767 + 3996 6367 + 3702 11989 4+ 868 NS
51 5567 + 2206 3033 + 1449 6967 + 2450 NS
52 7733 + 1954 1133 + 589 4133 + 865 NS
54 8833 + 3991 3567 + 2378 14533 - 3205 NS
58 11600 4+ 5302 4600 + 2318 8067 + 2477 NS
61 11233 + 1980 7400 4 2759 11033 + 2643 NS
63 9833 4 4684 5333 4 2049 7367 -+ 3166 NS
65 10567 + 2890 5400 + 2079 7600 + 3722 NS
67 7433 4 2631 5833 -+ 2404 6733 + 3317 NS
69 5133 + 2111 3733 + 2322 2100 + 3962 NS
72 5600 - .1986 4633 + 2684 5533 + 2618 NS
73 5600 + 1823 5000 + 3591 6133 + 3034 NS
74 5700 + 2417 6767 -+ 4355 6500 + 4382 NS
75 3867 + 1125 7500 + 4680 5200 4+ 2352 NS




Phase 2 ib_type

days after HbA Hb Al HbB P AD
infection

19 0 0 0 NS
20 0 0 0 NS
24 265 + 88 1350 4 233 1650 + 1184 NS
28 617 + 216 2617 + 1217 2433 4 1909 NS
33 3733 + 3508 28683 + 25429 4367 + 707 NS
35 3750 + 3026 20017 + 4273 10747 4 4741 NS
40 7850 + 2837. 6217 + 3089 9300 + 3352 NS
42 6417 + 3034 33117 + 20628 10833 + 2450 NS
45 6417 + 2800 30100 + 16450 9800 4+ 3010 NS
49 6800 + 3204 15000 + 6050 9000 + 2693 NS
52 6850 + 2300 15250 - 7280 10000 + 3390 NS
56 7750 + 2457 15000 + 7070 9700 -+ 2626 NS
61 7750 4 2319 15250 + 7456 9683 + 1937 NS
62 10067 + 4932 1900 + 1450 6033 + 3332 NS
63 4883 + 2455 700 + 264 11033 + 6624 NS
64 4100 + 3802 3600 + 2298 5133 + 2614 NS
65 3133 + 2603 1633 + 1390 2367 4 1260 NS
67 11650 + 5911 7417 & 4621 7100 4+ 2696 NS
68 12483 + 5896 7400 + 4629 5883 + 1335 NS
69 5233 + 2984 8083 I 6320 4733 + 3679 NS
70 9883 + 4619 6150 + 3655 3000 + 2358 NS
71 7150 + 3919 10950 + 7765 8883 -+ 7320 NS
73 6167 + 2634 6883 4+ 4819 3183 -+ 1711 NS
75 567 4 296 600 + 503 767 + 328 NS
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LA 1oL IN

Mean POV velues of three groups of Mevino sheep infected

with 300L/kg . contortus larvae

Phase 1

PR . S

days after HbA HIAB HbB P A:D
infection
0 310 42,0 27.5 + 1.9 28,0 + 2.6 NS
1 31.0 + 1.6 27,0 4+ 1.5 27.5 + 1.4 NS
2 31e7 - 1.2 28.7 4 2.1 30.3 + 2.0 NS
3 30.7 + 1.2 27.0 + 2.0 30,3 + 2.2 NS
4 31.0 - 1.3 29.0 1+ 2.6 29.0 + 2.1 NS
5 30,0 + 0.9 29,0 + 1.7 28.7 + 1.9 NS
6 32,0 + 0.6 27.7 + 1.8 31.7 4+ 1.5 NS
27.7 + 2.3 30.7 + 1.8 28.7 + 1.3 NS
8 29,0 + 0.0 30.0 + 2.1 29.0 + 2.0 NS
28,0 4 0.6 30,0 + 2,1 28,3 + 1.2 NS
10 29.0 + 0.6 30,0 + 2.1 28.7 + 1.8 NS
11 , 28.7 -+ 1.3 28,0 + 1.5 27.5 + 1.0 NS
12 29.0 + 1.1 30,0 + 1.6 30.3 + 1.4 NS
13 27.7 + 1.2 29.7 + 1.4 28,7 + 0.9 NS
14 28,0 + 1.0 29.0 + 1.5 28.5 %+ 2.0 NS
15 26,7 + 1.8 29.0 1 1.9 29.3 + 2.0 NS
16 28.0 + 0.6 29.0 + 2.6 30,2 + 2.8 NS
17 2605 + 1.3 25.8 + 1.6 . 26.7 + 1.8 NS
18 27.7 + 1.3 27.2 + 1.8 29.0 + 2.0 NS
19 25,0 + 1.2 25.7 + 1.2 25.8 + 1.6 NS
20 24,7 + 0,9 26,5 + 1.3 25.8 + 2.1 NS
23 23,7 + 0.7 24,0 + 1.9 2445 + 0.9 NS
55 15.3 + 1.8 1847 + 3.3 15.3 + 3.3 NS
56 167 + 2.4 19.7 + 3,3 15.3 + 3.0 NS
57 15,5 4 2.5 16.2 + 2.8 14,0 + 3,5 NS
58 16,7 + 2.9 16,8 + 3.0 16,8 + 4,1 NS
59 17.0 4 2,1 18.0 + 3.1 17.3 + 3.6 NS
60 15,7 -+ 2.2 16,7 + 2.6 4.7 + 1.2 NS
61 163 + 1.9 17.2 4 2.7 17.5 + 2.8 NS
62 17,7 4 1.2 18,0 + 2,1 16.3 + 2.4 NS
63 16.8 + 2.1 19.3 + 3.3 17.3 + 2,8 NS




Hb_type
days after HbA HbAD HbB P A:B
infection

64 17.3 + 1.9 18.3 + 2.5 19.3 + 5.4 NS
65 17.7 + 19 18.0 + 2.6 17.3 4 3.1 NS
66 1607 + 2.3 20,8 + 2.2 18.0 + 2.5 NS
67 18,0 + 3.2 T 21,2 + 2.0 18,8 4 2.7 NS
68 1842 3.2 22,2 + 1.8 19.7 + 2.9 NS
69 18.5 + 4.0 20.0 + 2,1 19,7 + 3.2 NS
70 19.5 + 3.3 21,0 + 2.0 21,5 + 2.8 NS
71 20,2 + 3.2 22,3 + 2.8 22.8 + 3.2 NS
72 20.8 - 2.6 20.8 + 2.7 20.8 + 2.8 NS
73 2163 + 3.2 22,7 + 2.9 21,0 + 2.1 NS
74 23,3 + 3.3 23,8 + 3.8 2607 + 3.6 NS
75 23,2 + 3.5 23.2 3,1 23,7 + 34 NS
76 22,7 + 2.8 23,8 + 3,2 22.3 4 2,5 NS

Fhase 2

0 28,7 + 2,0 29,7 + 0.3 24,7 + 0.9 NS
1 28.3 + 1.2 29.0 + 1,5 25.7 + 1.7 NS
2 28.0 + 1.0 30,3 & 1.5 27.7 + 1.5 NS
3 27.3 + 0.7 29,3 -+ 1.5 26,3 + 0.9 NS
4 27.7 + 0.9 2907 + 1.7 26,3 + 1.8 NS
5 27.0 + 1,5 29,0 - 0.0 25,7 + 1.5 NS
6 2703 + 1.7 29.3 + 0.7 25,0 + 1,2 NS
7 27.3 + 0.3 29.0 4+ 1,0 2403 + 1,2 NS
8 28,0 + 1.5 307 + 0.7 25,0 4 1.2 NS
9 2743 4 0.3 30,3 + 1.2 24,7 + 1.3 NS
10 26,7 + 0.3 . 29.0 + 1.0 25,0 4+ 1.0 NS
11 28,0 + 1.2 29,3 + 0.9 25,3 + 1.7 NS
12 26,7 * 0.9 30.0 + 0.6 25,0 + 1.5 NS
13 26.3 + 0,3 29.7 4 1.2 24,3 + 0.9 NS
14 25,7 + 09 3003 4 1.7 25,7 + 1.2 NS
15 27.0 + 0.0 30,7 + 1.2 26,0 + 1.0 NS
16 27.0 + 1,7 28,7 + 1.8 26,3 + 0.9 NS
17 27.0 + 1.0 30.3 -+ 1.5 26.0 + 1.2 NS
18 27,7 -+ 2.0 3.0 + 1.5 27.7 + 0.9 NE
19 28.7 + 1.5 32,0 + 1.5 27.7 + 1.2 NS
20 28,7 + 1.3 31,3+ 1.9 26,0 + 0.6 NG




Olvnan 2
Phase 2 ih type
days after HbA IbAB 11bB P A:B
infection ’

21 27.0 + 1.5 2807 + 0,7 26.3 4 0,3 NS
22 26.3 -+ 2.0 28,0 + 1.0 24,0 + 0.9 NS
23 2703 + 1.9 2807 -+ 0.9 2640 + 1.2 NS
24 25.3 + 1.7 28.3 + 1.5 25,3 + 1.2 NS
25 26,3 + 1.5 27.0 + 0.0 24,0 + 1.3 NS
26 26,0 + 0.6 27.3 -+ 0.2 24,0 + 1.5 NS
27 25.0 -+ 2,1 28,7 + Lo7 24,0 -+ 1.2 NS
28 27.3 + 0.3 29,3 + 0.7 2407 + 1.5 ‘NS
29 . 2763 + 0.7 27,3 -+ 0.9 24,3 + 0.9 N3
49 25.3 + 1.5 217 ++ 2.7 20,0 ++ 0.6 £0.05
50 2547 + 1.2 26.3 4+ 2.0 17.7 + 1.5 £0,01,
51 29.3 + 2.9 29,0 + 1.5 18,7 + 15 {005
52 28,0 -+ 3.0 29.7 -+ 0.3 18.7 + 1.5 £0,02
53 27.3 + 2.7 28.3 + 1.2 18,0 + 2.0 0,02
54 28.0 + 1.5 29.3 + l.2 18,3 + 2.2 £0.01
55 27.3 4+ 2.3 2.3 + 1.3 17.7 + 2.8 0,05
56 26,0 + 2.6 2703 + 0.9 1863 + 3.2 €0,05
57 26.7 1+ 1.5 28.3 + 1.2 21.0 + 3,0 {0.05
58 280 + 1.7 2943 -k 1.9 20.7 + 2.4 £0,02
59 27.3 + 2.4 29,3 -+ 2,0 20.0 4+ 1.5 {002
. 60 27,0 + 1.2 28.3 + 2.9 21,7 + 1,5 0,05
61 28,3 + 2.4 28.0 + 2.9 22.7 + 0.9 0,05
62 29.0 - 2.3 29,7 + 1.5 22,0 + 0.6 £0,02
63 28.0 4 2.5 2857 - 1.9 22,0 + 1,0 £0,05
64 28.0 + 1.5 28.0 + 1.7 23.7 + 1.7 £0,05
65 28.7 + 2,6 28.3 4+ 1.7 23.3 + 1.5 <0,05
66 29,0 + 1.2 27,3 + 1.9 23.3 + 1.2 <0,05
67 29,3 + 1.5 28,0 + 2.0 24,7 4 0.7 {0.05
68 29.3 + 1.2 29.7 ++ 1.9 25.7 4+ 0.7 {0.02
69 303 + 0.6 300 + 2.1 ! 25,0 + 1.2 {0.05
70 3063 F 0.7 29.7 41,9 24,7 + 1.7 0,02
71 29.0 + 0.6 29.7 4 1.9 24,3 + 1.3 £0.05

)
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TARLE O

Total body weights of Merino sheep of different hacmo-

globin types during the two experiment periods

b Sheep Days after infection % gain/loss
type 1o Phase 1 Phase 2 c o o
0 55 77 0 49 61 71

AL & | 24,0 25.0 25.0 | 26.0 27.0 28.0 28.5 | 18.8
AA 5 | 22.5 22.5 23.0 | 24,0 24.5 26.0 25.0 | 11.1
AA 6 | 24,0 25,0 26,0 | 27.0 27.5 29.0 28.0 | 16.7

15.5 4+ 2.3

AB 3 23.0 26.0 26,0 | 20,5 27.0 27.5 27.5 19.6
AB 7 24:0 2545 25.0 26,0 26,0 27.0 27,5 14.6
AD 9 23,0 25,0 25,0 25,0 25,0 25.0 26,0 13.0

15,7 4+ 1.9

BB 1 23.5 24,0 25.0 25,0 26,0 27.0 26.7 12.8
BB 2 23.0 25.0 25.0 26,0 26.0 27.0 26.0 13,0
BB 8 25.0 26.0 26,0 26,0 27,0 27.5 27.0 8.0

11.3 + 1.6

246




Mean faecal egg counts of two groups of Morino sheep

infected with 10L/kg, 50L/kg and 150L/kg iI. contortus larvae

10L/%ks S0L/kg 150L ks
days days days
after . bR p o |AFEeT ypa HbB pojafter HoB P
infec- infec~- infec-
tion tion tion
0 0 0 0 0 0 0 0
15 0 0 13 0 0 15 0
16 0 0 |14 0 0 19 0
17 0 0 15 0 0 20 0 33 4+ 33 uS
18 325+ 149 100 + 71 ns| 16 0 0 21 67+ 33 500 4 208 (05
19 350 + 287 200 + 135 NS| 17 0 0 22 300 4+ 203 1267 + 353 €05
20 275 118 350 k166 NS| 18 100 4+ 7L 375 &+ 179 Ns| 23 753 + 348 2367 + 328 02
21 300 4+ 196 250 + 144 NS} 21 1367 4 696 1600 4+ 612 NS| 24 900 + 462 2657 + 441 (02
©22 675+ 333 775+ 342 NS| 25 1367 4+ 731 2025+ 702 NS| 25 1000 = 519 3367 + 706 {05
23 300 & 122 475 + 144 NG| 31 1433 - 722 2300 4 612 NS| 26 1400 + 666 3733 + 074 <05
24 725+ 562 450 -+ k& NS| 32 1867 £ 906 2800 - 864 NS| 27 2167 + 1167 5400 -+ 2364 {05
25 650 4 429 525+ 189 NS| 34 1500 £ 737 4675 +£1972 05| 28 2500 £ 700 4066 L 1822 (05
26 650 :k 456 425 -+ 155 RS 37 2500 -k 1322 3925 4+ 246 NS| 29 867 + 176 4533 — 1547 02
30 825+ 217 2075+ 617 (05| 40 2833 + 1433 2550 4+ 228 NS| 30 1800 + 874 3367 4 742 NS
3L 5254: 175 12254+ 235 (0S| 43 900 4+ 458 2350 + 443 402| 32 1767 + 809 4600 + 1677 {05
32 725 + 189 4450 4 601 NS{ 45 1367 + 784 2775+ 705 NS| 33 3200 + 1496 8500 4+ 34& 401
34 625 & 118 950 4 126 NS| 47 1600 - 755 2950 + 656 NS| 34 2700 + 1405 5033 4+ 1703 {05
35 1275 478 1675+ 511 NS| 49 933 4 418 2625 + 322 01| 36 2500 + 1021 6367 + 521 (05
36 1075 + 397 1900 + 279 0S| 53 1600 + 656 2675 4+ 709 NS| 37 2133 + 1338 5567 -+ 968 (05
‘37 1425 + 439 2175+ 322 NS| 57 1533 + 689 2675 + 357 <05| 39 2000 4 1179 6367 4+ 961 ¢02
38 1350 4+ 405 2225 + 256 €05 40 4233 + 3099 L4033 + 1934 XS
39 1550 + 333 2300 + 474 €05 41 1300 + 1056 £500 + 2478 405
41 1750 + 497 2225 + 487 NS | 43 1766 + 1551 7700 + 2312 405
42 1725 + 427 2100 + 442 NS 44 1233 + 1135 1733 + 318 ¥
43 1300 + 286 1825 + 455 NS 46 500 + 404 3167 + 617 NS
44 1550 + 232 2525 + 403 €05 47 1166 + 1167 2100 + 666 Ks
561675 4+ 243 2325 + 673 NS 48 1000 4 611 2467 + 1039 Ks
56 1700 + 376 2250 + 444 NS 49 666 + 666 3267 + 825 €05
50 1100 -+ 700 2333 + 186 NS
51 300 + 185 2333 + 578 <02
53 366 + 185 7600 4+ 3539 &OS
54 500 + 264 8367 + 367 {05
55 0 8367 + 3374 €05
56 33+ 33 6067 + 2515 £ 05
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TABLE Q

Mean PCY walues of two crcups ¢f Merino sheep infected

with LOL/kg, 50L/k¢ and 150L/kg H.contortus larvae

10L/ kg S8t/kg 150L/ke
days days : days .
after o, B p afeer g 3 po|efter HbE p
infec- | infec- infec-
tion tion tion
31.0 + 1.7 27,0 + 2,1 NS 31.0 + 0.5 25,0 + 0.9 {001 O
30.3 + 0.1 26,5+ 2.1 K5| 10 31,0+ 0.6 25.5+ 0.3 {001 10
10 29.5: 0.6 26.5 1+ 2.9 N5} 25 31,04+ 0.6 26,0+ 0.5€001f 26 30.3 + 2.1 30.2 + 2.0 KS
17 29.5 4 0.6 27.3: 3.0 Ns|30 30,7+ 1.0 25.5+0.9¢01 | 29 30,5+ 1,5 27.2 + 2.0 NS
23 30,3+ 0.6 27.0 4 2.1 NS| 40 31.3 4 1.5 25.8 + 0.3 ¢0L}{ 32 27.8 + 1.5 27.7 + 2.1 NS
27 31,0+ 0.7 27.6 # 0.9 {05) 45 31,5+ 1.8 25.4+ 1.5<¢05 [ 36 30.3 + 1.6 27.3 + 1,2 NS
30 31.0 k0.7 27.6 £ 0.9 05| 48 32,7 4+ 1.4 25.8 + 1.7 ¢05| 37 29,2 + 2.4 22.8 + 0.6 {05
37 31,0 4 0.5 26054 0.9¢0L} 51 31,04 1.5 25,9 0.3 ¢02| 39 29,7 + 2.4 25.0 + 0.9 NS
41 31.3 4+ 0.9 26,4 3 0.9 02| 54  32.3 % 1.3 25.6 + 0.9 0L | 40 28.0 + 1,5 25.0 + 1.0 NS
43 31.0 4 0.5 26,3 + L.3<C01) 57 32,34 1.8 26.4 % 1.0<05| 41 30,3 + 0.8 24,7 + 1.5 <05
52 31.0 -k 0.6 26.3 -+ 1.1 <02 : 42 27.3 + 1.5 23.3 4+ 1.2 NS
57  31.5+ 0.9 26.3 + 2.1 €05 43 27.7 + 1.4 23.8 + 1.0 05
44 28,3 + 1.5 23.0 + 0.6 (05
45 27.3 4 2.1 27,7 + 0.6 XS
46, 27.3 -+ 1,1 25,8 < 0.5 NS
47 26,8 + 1.0 23,8 + 0.9 {05
8 29,0 + 1.5 23.7 + 0,6 <05
49 28.0 + 1.6 24.0 4+ 0.5 <02
50 28,0 + 1,6 2&£,0 4 0,5 <05
51 29.0 + 1.5 26.2 - 0.9 X5
52 29,9 + 1.5 25.2 + 0.8 (05
53 30.7 + 2,0 26.3 + 0.5 XS
54 27.7 + 1.0 25.6 + 1.2 X5
55 26,0 + 1.5 26.3 4+ 1.0 X5
56 28,0 + 1.0 25.3 + 1,3 XS




TABLE B

Total hody weights of Merino sheep of different

haemoglobin types during two experimental infections

with H. contortus i.e. 10L/kg and 50L/kg

L0L/keg Days after infection
Hb type  Sheep Noa 0 27 56 % gain/loss
AA 1 35,0 24,0 35,0 0,0
AA 2 élo ® O [:l'é*'o O 43 e O -1'7 © 5
AA 3 42,0 b5 43,0 +2.4
Al 4 44,0 36.5 40,0 ~10.0
"‘Ooz
BB 5 38.5 34 35 ~13.0
BB 6 41.0 40 40 w245
BB 7 4160 45 43 +5,0
BB 8 42,0 41 42 0.0
~-2.6
20L/kg Days after infection
Hb type  Sheep No. 0 30 45 % gain/loss
AA 1 36.0 36,0 37.0 +32,0
AA 2 40:0 4200 112 oO 'I".Soo
AA 3 L}'Oﬂo ll‘é‘oo QZmO 'i"SuO
AA- - 4 40.0 41,0 45.0 +13.0
"I‘OQS
!
BB 5 40.0 39.5 Y +10,0
BB 6 49,0 49,0 46,0 ~7,0
BB 7 42,0 45,0 46,0 +1050
B 8, 37.0 37.0 39,5 7.0,
+550]
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