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GENETIC RESISTANCE TO HELMINTH INFECTIONS
OF SHEEP.

Summary of a Thesis Submitted for the Degree

of Doctor of Philosophy of the University of Glasgow
by

XKhalil ibrahim Altaif, B.V.M. & S. (Baghdad).

That some breeds of sheep and individuals within these breeds thrive
better than others in parasite-~infested localities has probably been
recognised by stockmen for centuries, but it is only within the past
50 years, and largely as a result of field surveys that the existence
of genetically-determined differences in host resistance to parasitic

infections has become widely recognised. As yet remarkably . little is

known about the genotypes responsible for resistance or susceptibility 3

and even less of the mechanisms involved. Within the past decade several
reports have suggested that resistance to some parasites is associated
with the animal's haemoglcbin type, sheep with EbA being more resistant f
as judged by faecal egg counts and venous haematocrits than those with
HbB. Since the frequency of these haemoglobin types varies in different
breeds it has been tacitly assumed that inter-hreed variations in
resistance are related to differences in the relative haemoglokin type
gene frequencies, but none of these studies has indicated whether such
reslistance is expressed primarily as a resistance to parasite establishment
‘or resistance to the parasites® specific pathogenic effects.
In view of its potential practical significance it was cousidered

vorthivhile to examine the concept of breed and haesmwoglobin type resistan.e
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2.

to parasitic infections and their possible rxelationship to the
immunological status of the host under carefully controlled
experimental conditions. The work represented in this thesis
is essentially a study of the role of genetic factors in

resistance to two important gastrointestinal helminth parasites

of sheep, i.e. Haemonchus contortus and Ostertagia circumecincta.
The first section deals with the inter-relationship between
haemoglcbin type and breed and the response of sheep to primary

infections with H. contortus. For this purpose worm-free Scottish

Blackface and Finn Dorset sheep with different haemoglobin types

were each infected with 350 H. contortus larvae/kg bodyweight and

their responses monitored and compared by a combination of clinical,
radioisotopic and parasitological techniques. The results obtained
showed that sheep with HbA developed less severe clinical and

pathophysiological disturbances, passed fewer eggs and harboured

© fewer worms at necropsy than animals with BbB and that Scottish

Blackface sheep exhibited similar advantages over Finn Dorsets with
the same haemcglobin type. 8Since variations in the severity of the
disease as judged by pathophysioclogical effects correlated closely
with worm numbers it was concluded (a) that genetic resistancer
operates at the level of parasite establishment which in turn is
controlled by the immune response elicited, (b) that although HbA
is a useful genetic marker for resistance, the degree of protection
with which it is associated is very much influenced by other, and
as yet undefined "breed" characteristics, and (¢} on the basis of

a second experiment demonstrating that sheep oé each haemcgyleobin

type were equally susceptible to the establishment and pathogenic

effects of H. contortus when heavily infected (1400 larvae/kg), it
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would appear that the magnitude of the larval intake is an additicnal
factoxr inveolved.

The second and third sections are devoted to an examination of
the influence of breed and haemoglobin type on acquired resistance to

H. contortus, the former dealing with the acquisition of resistance

from primary infections terminated by anthelmintic treatment, the
latter with the well-known "self-cure" phenomenon. The results of

the third section demonstrated that individuals and breeds with high
resistance to primary infections, i.e. animals with HbA and belonging
to the Scottish Blackface breed are also ﬁore resistant to reinfection
than for example HbB and Finn Dorset sheep. In terms of worm
establishment this resistance was no greater than that acquired during
primary infections possibly due to the interruption of antigenic
stimulation caused by anthelmintic treatment, but all reinfected
animals were nonetheless able to seriously impair the parasites'
‘biotic and pathogenic potential.

Attempts to induce "self-cure" of H. contortus by exposing

-infected sheep to reinfection or rapidly growing parasite-free grass
showed that the reaction could occur under both conditions. This
suggests that the phenomenon may be both immunological and non-
immunological, the former in all likelihood being a manifestation
of a hypersensitivity reaction in the abomasal muccsa, the latter
due to the presence of an anthelmintic or anaphylactoid-type factor
in the grass. However, whether produced by larvae or grass the
reaction was more closely associated withlthe breed than with the
haemoglobin type of the animals concerned, being obsérved i. the

majority of the Scottish Blackface sheep of each haemoglobin type




but in only a minority of the Finn Dorsets and Suffolks; even if
"unable to expel their existing worm populations most sheep were
able to impair the reproductive and haematophagic activities of
parasites derived frém subsequent infections.
The experiment reported in the fourth section was designed to
ascertain whether the response of sheep to non-haematophagic

parasites 1s also related to their haemoglobin type. For this

purpose HbA and EbB Scottish Blackface sheep were individually

infected with 100,000 Ostertagia circumcincta larvae; resistance
to thé subsequent disease was compared by biochemical and
radiocisotopic methods and resistance to worm establishment by
measurement cf worm'counts 16 days after infection. In terms of
disease no clear difference was observed between the groups, but
the presence of smaller numbers of adult worms and more inhibited
larvae in EbA than in HbB sheep was suggestive of a better immune
response on the part of the former.

The final section examines the genetic control of antibody
production to non-parasitic antigens. No difference was observed
between BbA and HbB type sheep, or between Scottish Blackfaces
and Finn Dorsets in respect of immune elimination of horse gamma
globulin, but on the basls of a significantly better response to
human serum albumin, and suggestive evidence of a better response
to rabbit red cells in HbA than in HbB Scottish Blackface sheep,
it seemed reascnable to conclude that the advantages exhibited by
the former in relation to parasitic infections were associated

with a superior immunological competence.

%
1
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GENERAL INTRODUCT1UN
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The continucusly growing demand for animal protein
in recent decades has led to a rapid eypansion and
intensification of livestock production, particularly
in tropical and sub-tropical regions of the world.
Unfortunately, the potential of many development programmes
is limited by the existence of helminthic and protozeoal
diseases which cause countless deaths and incalculable
insidious losses. to the industry, and which paradoxically
" assume increasing significance unde: nodern systems-of
management. It is of some importance, therefore, that
these diseases be eliminated or at least controlled, and
at the present time, short of rearing animals parasite-~
free and folding them over uncontaminated vasture, there
are essentially two methods of achieving this aim, i.e.
"chemical" and "immunological®. The former, which involves
rearing animals under the protection of anthelmintics,
molluscicides or insecticides, necessitates high standards
of husbandry and veterinary supezrvision, and although
widely and successfully practised is still often unreliable
or impracticable in many developing countriesg because of
insufficient epidemiological informaticn and technica.
and financial resources.

Immunoprophylaxis utilises the hest's capacity to
Yesist or limit parasitic invasion and is currently
achieved by vaccination with irradiated larvae oxr in
some instances, artificial infection terminated by drugs.

Such procedures have resulted in commercial vagcines against

A
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parasitic bfonchitis of cattle and sheepl'2 and hookworm in
dogs™, while a number of others, e.g. avian coccidiosis4'5
and syngamiaéise, bovine theileriosis7 and ovine schistosomiasisg,
have given promising results in the laboratory. In spite of
these advances effective large~scale immunisation against the
- great majority of parasites remains a distant goal which even
if theoretically feasible could prove an uneconomic and
tnrealistic proposition for all but the ﬁost advanced nations.
For the majority, which includes those within the vast and
often fertile continents of Africa, Asia and South America
an alternative short-term, economically more viable and
technicelly less demanding approach is clearly indicated.

One possibility is the development of resistant
indigenous stock or improved exotic breeds. Admittedly
there is litile in the literature to inspire confidence
that breeding for the quality of disease resistance will
ever in itself be an economic proposition, but a number of
observations peint to the possibility that such an approach,
combined with the more extensive and judicious application
of control procedures might be exploited on a greater scale
than at present. In the first place there is now an
Increasing awareness that certain individuals, strains
and breeds thrive ketter in parasite-infested localities
than others, and that even in the most carefully controlled
experimental infections wide variations in the establishment
and patlhogenic effects of parasites are the rule xathexr than

the exception. One particularly striking illustration of
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this phenomenon is the high resistance exhibited by the
dwarf N'dama and Muturu cattle of West Africa over Zebus

9—13’ but

to natural and experimental trypanosomiasis
numerous other studies, some of which are reviewed in
more detail later, suggest that similar differences
prevail in many host-parasite systems, e.g. bovine and

ovine trichostrongylosisl4~37; bovine theileriosis38

39,40

. . . . o 41,42
and babesiosis ; avian coccidiosis

and
ascaridiasis43; rodent malaria44 and nippostrongylosis45;
murine trypanosomiasis46 and trichuriasis47'48. Many of
these differences could of course be attributed to variation
in age, grazing habit, acquired resisiance and even infection
technigue; but nevertheless the overall impression gained is
tﬁat resistance to many parasites is determined to some
extent by the host's genetic constitution, znd this has in
fact been verified experimentally in a number of host-parasite
systems. For examplé, Ross and co—warkerszl demonstrated
heritable resistance to haemonchosis in Nigerian cattle;
Vhitlock and Scrivner successfully bred sheep with high

resistance to Haemonchus contortus18 and Ostertagia

o
circumcincta“s; and Acke~t, Sucharit and MacDonald, and

Wakelin, chickens, rats and mice resistant respectively to

. . . .50 , . .
Ascaridia 11neata49, Brugia pahangi and Trichuris murls48.

Impressive differences in susceptibility tco Plasmodium berghei

have also been obtained by inkreeding mice with high and low
resistanceSl. These findings add fur*her weight to the premise
that breeding for disease resistance could form a useful

adjunct to prophylaxis and thereby facilitate livestock



production in many areas.

The logical and necessary first step towards achieving
this aim is the identification of those genotypes responsible
for increased resistance and an understanding of fthe mechanism
by which they operate. Some progress has already been made
in both areas, most notably the recognition that the
prevalence and severity of a number of diseases caused by
.haemoprotozoan and haematophagic helminth parasites may

be related to genetic variations in red cell biochemistry23’25'

jo I
30,33,34,36,37,52-62, _ 4 by recent advances demonstrating

genetic control of immune responses§3—65.

Of all the inherited erythrocyte factors implicated in
resistance to parasites, haemoglobin type is currently
considered the most important. The relevance of this
character was first brought to light by Allison's classlcal
studles linking resistance to human malaria with sickle cell
haemoglobin52—54, but since then a number of reports, based
largely on results of field surveys have provided
circumstantial evidence of analogous relationships in
parasitic diseases of livestock. The ébsance of haemoglobin
B for example has been associated with increased teolezance
to bovine trypanosomiasisSs, and foetal haemoglobin (HbF)
with the low susceptibility of the young bovine to
.’:11'1a.plasmos:i.sﬂz,r but by far the most conpelling evidence for
the involvement of haemoglobin polymorphism in host-parasite

interactions concerns the response of sheep to Haemonchus

contortus.

I
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T™we different haemoglobins, A and B are found in
the majority of normal adult sheep66 and whilst their
breed distribution varie567, their frequency is genetically
determined by two alleles which produce three phenotypes,

66,68 ,

A, AB and B . Several authors have produced evidence
which suggests that haemoglobin A-type sheep are more
resistant to H. contortus than animals with haemoglobin

B (#bB). This hypothesis originated from Evans et al.,23,

who found smaller worm burdens and lower faecal segg counts

in HbA than in HbAB sheep following experimental infections.
Subsequently, Evans and Whitlockzs, reported a significant
correlation between haemoglobin type and venous haematocrit

in ;grazing sheep ;amd on this evidence suggested that the
presence of HbA might mitigate the effects of natural

Haemonchus challenge and exposure to cold. However, it is

only within the past few years that haemoglcbin type has

been more directly implicated.in individual and breed resistance
to this parasite. Jilek and Bradley3o observed that HbA
Florida Native sheep were less susceptible than HbAB and HbB
types as jndged by egg and worm counts and haemoglobin levels,
and in addition presented evidence which indicated that the
higher survival rate of this breed compared with imported
Rambouillets under the tropical/sub-tropical conditions
prevailing in Florida was a reflection of the significantly
higher gene frequency fcr HbA in the latter (0.56 and 0.19
respectively). Eince then work carried out in Kenya36'37,

has confirmed the advantage conferred by HbA to Merinos inn
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a Héemonchggjendemic area, and indicated that the poor - J
performance of thils breed relative to the indigenous Masai

and imported ﬁorpers is related to a higher frequency of

EbA alleles amongst these latter breeds.

Collectively the above findings suggest that haemcglcbin
polymorphism has an important bearing on a number of host-
parasite relationships, but as yet remarkably little is
‘known about the mechanisms involved. Certainly with regard
to the Haemonchus situation all the indications from the
field suggest that the phenomencn is a reflection of
variations in worm establishment. This may be the case,
but at the wmoment supportive evidence is based almost
entirely on egg counts and haematological indices, i.e. on
indirect parameters of infection and not on direct measurements
of worm load. Indeed the few attempts made to explain
resistance to Haewmonchus in terms of worm establishment have
either been unconvincing or disappointing, For example, the
oft~quoted studies of Evans and his colleagues from which the
vhole céncept of haemoglcbin-type resistance to Haemonchus
originatedz3 certainly revealed smaller parasite numbers in
HbA as compared with HbAB sheep, but these differences were
not accompanied by differences in the haematological status
of the two groups, neither were they significant, nor in
this author's opinion a reliable basis for comparison, being
obtained from animals which died as a result of infection and
which in all likelihood lost a large proportion of their

originally established population569'7o. Furthermore, in



the only other report comparing the response of animals
with different haemoglobin types to standardised infections

of H. contortus34, egg counts and worm loads were actually

somewhat higher in HbA than in HbAB or HbB sheep and perhaps
significantly the only real advantage exhibited by the former
was an ability to maintain relatively higher venous
haematoecrits,

The apparent disparity between field and experimental
cbservations implies that the better performance of animals
with HbA at grass arises not so much from an inherent
capacity to resist initial worm establishment - although
this may yet prove to be important, buc rather (or additionally)
from a greater ability to limit the persistence of infection,
resist reinfection and/or withstand the stresses of haesmorrhage
and vagaries of climate. With regard to the first possibility,
it is significant that Allonby and Urquhart37, noted more
frequent and effecti;e "self~cure” in HbA Merinos grazing
infected pasture, suggesting a genetic link with immunoleogical
competence, but it remains to be established whether this
also encompasses resistance to reinfection.

One point which is Y _.wvever firmly established, is tﬁat
HbA does confer a number of cardiovascular properties'thch,
in theory, could be advantagecus in Haemonchus-endemic areas.
Firstly, the affinity of HbA for oxygen is 30-50% greater

than HbB 1! 72

and hence in animals with HbA, oxygen uptake
from the lungs is facilitated and arterial oxycgen content

and percentage saturation elevated. Secondly, HbA type sheep

have a greater capacity to increase thelr cardiac output in



73,7
response te the anoxic stress imposed by phlebotomy 3 4.

Thirdly, vhen severely anaemic, sheep which carry the gene
for A haemoglcbin produce haemoglobin C75"77, a ﬁ -chain
variant with an improvéd oxygen—carrying capacity78’79.
Finally, there is a suggestion that sheep with HbA are
heavier and maintain higher haematocrits, haemoglobin levels
and blood volumes than their HbLB counterpart525'37'74'80.

From the foregoing account it is cléar that tﬁe
relationship between haemoglobin polymorphism and resistance
to Haemonchus is extremely complex, and that despite extensive
investigation many aspects remain largely unresolved and
unstudied. The problem is essentially one of determining
wnether the advantages displayed by individuals with a
particular haemoglobin type arise (a) from a superior "innate"
resistance to rarasite establishment or to the effects of such
establishment, or both, i.e. are manifestations of non-specific
factors rendering these animals physiclogically unsuitable for
parasite development and/or better equipped to withstand the
subsequent pathophysiological effects; or (b) from the
acquisition of a more effective and specific "acquired"
resistance involving the immune system; it is also possible,
of course, that "innate" and "acquired" factors act in concert
thereby increasing their overall effectiveness. At the present
time the relative importance of physiological as opposed to
jmmunological factors is either unknown or clouded by
deficien~ies in experimental design and technique. Indeed

one of the major defects has keen the reliance placed on field
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observations and more partlcularly faecal egg counts and
blocd composition. Contrary to the views expressed by
many authors, differences in such parameters are not
necessarily consistent with parasite number537’7o’81,
and in a field situation where larval challenge is often
continuous and extremely variable are probably a better
indicator of acquired than innate resistance; furthermore,
even with a knowledge of worm burdens, natural infections
are insufficiently precise for detailed analysis of the
mechanisms involved.

The same applies to the phenomenon of breed resistance.
If indeed such intra-breed variations in resistance to
Haemonchus exist, it would seem reasonable to ascertain
whether these are related to differences in the relative
gene frequencies of the various haemoglobin types or
reflections of other, and as yet unknown, breed characteristics.

The above considerations immediately raise two further
questions. Firstly, is haemoglobin type a reliable genetic
marker for résistance or susceptibility to ncn-haematophagic
paiasites?; and secondly, are animals belonging to certain
breeds or haemoglobin types generally immunologically more
responsive than others? Surprisingly neither possibility
has received much attention although the importance of "breed”

and "strain" components in resistance to Ostertagia

circumcincta26-28, and Trichostrongylus axei3% and in the
. . . e 63-65
immune response to complex multideterminant antigens y are

well docunented.




Clearly, there is a need to apprailse, and in many
respects re-appraise the whole concept of haemoglobin
type and breed resistance to parasitic infections and
their possible relationship to immune responsiveness
under carefully controlled experimental conditions and
utilising techniques which provide reliable and detailed
comparative information concexrning the physiological and
immunological status of the animals concerned. This in
effect is the aim of the work described in this thesis.

In the first section the responses cof parasite-free
Scottish Blackfaée and Finn Dorset sheep with different

haemoglcbin types to single infections with H. contortus

were monitored and compared by a combination of clinical,
radioisotopic and parasitoclogical techniques with a view
to determining whether any differences recocded derived
from variations in resistance to the establishment and/or
pathogenic effects of this parasite. The second and third
sections are devoted to an examination of the possible

>

influence of breed and haemoglobin type on the "acquired"

component of resistance to H. contortus, the former dealing

with the acquisition of :¢sistance from primary infections
terminated by anthelmintic F;eatmegt, the latter withiéhe
well-known "self-cure" reaction. The fourth section

examines the influence of haemoglobin type on the response

of Scottish Blackface sheep to single infections with

Ostertagia circumcincta, and the f£ifil, the relative

capacities of Scottish Blackface and Finn Dorset sheep

belonging to wvarious haemoglobin types to prnduce antibodies

/-



against a number of non-parasitic antigens.

Each of the separate aspects studied is prefaced
by a review of the relevant literature and details of
the cbhsexrvations not included in the text may be found

in the appendices.
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REARING AND MAINTENANCE OF EXPERIMENTAL ANIMALS

The sheep used were Scottish Blackface, Finn Dorset and
Suffolk wethexrs; those of the former two breeds were 7-10
months old while the Suffolks were 2 years old. The Blackface
and Suffolk lambs were born outdoors, removed from their
mothers when one week old and transferred to concrete pens
with straw bedding. Whole milk was fed during the following
four weeks and lamb weaner pellets (British O0il and Cake Mills
Ltd., Renfrew, Scotland) introduced from two weeks of age;
after weaning at four weeks the diet consisted of a pelleted
concentrate (% 1b per 15 1b liveweight Jaily) and ad 1ib hay
and water. The larbs were castrated, docked and inoculated
with a combined clostridial sheep vaccine when eight weeks
0ld, a booster injection 5eing given.four vwoeks later,

The Finn Dorset lambs were obtained from the Animal
Breeding Reseaxch Oféanisation, West Linton, Scotland.

These animals were reared and maintained essentially as
described above except that lambing was indocrs and weaning

carried out at eight weeks of age.

BAEMOGLOBIN TYPING

Two alfferent haemoglobin types, A end B are found in
the majority of normal adult sheep, each being genetically
determined by two alleles (A and B) which produce three
phenotypes, i.e. AA, AB and BB. These haemoglobirs consist
of twool and twojg globin polypeptide chains. Haémoglobin

A and HbB have the same ok (termed Iy ) but [3 chains



(pA andﬁB) whose primary stxuctures differ in seven
positionsl—e. Homezygous and heterozygous animals are
most easily identified by electrophoresis of haemolysed
erythrocytes at pH 8.5-92.0 when HbA migrates faster
towards the anode'than HbB and HbAB intermediate between
the two {Figure 1).

A third haemoglobin, EbC is found in minute quantities
'in the blood of nprmal sheep carryving thefBA structural
gene (i.e. phenotypes AA or AB) and in dramatically increased
amounts under conditions of anaemic étress. This haemoglobin,
which has tJ;xe same A chains as HbA and HbB but ’8 chains (ﬁc)
‘differing in the number and sequence of their amino acid
residues (141 compared with 145 residues with 17 differences
in sequence), is easily recognised since it has an
electrophoretic mobility slower than that of HbBG“ll.

For the studies described in this thesis haemoglobin
typing'wue performed on cellulose acetate since in the
experience of the author and otherxrs, this medium is more
easily handled and gives a resolution similar to that
obtained by the more conventional starch-gel procedurelz—l4.
Cellulose acetate is also suitable for scanning in a re-ording
densitometer thereby permitting evaluation of the relative
proportions of the various haemoglobin types, and of

particular relevance to these studies, the likely production

of HbC in HbA and HbAR animals made anaemic by infection

with H. contortus (Figure 2).




-
&
femeie

Figure 1: Separation of Ovine Haemcglobin Types by
Electrcophoresis on Cellulose Acetate.
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Figure 2: Evaluation of Eaemoglobin Types on an
Automatic Scanning Densitometer.
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Cellulose acetate strips ("Celagram"”, Shandon
Instruments, Camberley, England) were saturated with
trisborate buffer (pH 9), lightly blotted to remove
excess buffer and laid across the supports of an
electrophoresis tank ("Multi-Microband Electrophoresis
Kit", Shandon Instruments) containing barkitone buffer
{(pH 8.5). |

Haemolysed blood samples (prepared by addition of
an equal volume of distilled water) were applied to the
strip about 2.5 cm from the cathode énd using an applicator
plate. A constant voltage of 150 v was applied for 40
minutes from the power pack. The strips were then removed,
placed in a tray containing a 5% aqueous solution of
trichloroacetic acid (TCA) for 5 minutes to "fix" the
proteins, and subsequently developed by stalning for
5 minutes with 0.2% Ponceau S (G.T. Gurr Ltd., London,
England) 11 3% agueous TCA. Finally, the strips were
washed three times in 5% aqueous acetic acid to remove
background coloration and evaluated automatically using
2 Kipp and Zonnen nicro-densitometer DDZ; the relativé
amounts of sach haemoglobin were expressed as a percentage

cf the total.

PARASITOLOGICAL TECENIQUES

Culture and harvesting of infective Haemonchus contortus
larvae

A pure strain of H. contocrtus, obtained from the

Wellcome Vetexinary Research Station, Frant, England, was

/-
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passaged through sheep reared and maintained under woxrm-free
conditions. Faeces were collected daily using a faecal bag
and cultured by placing approximately 250 ¢g amounts in

500 ml honey jars which were incubated at 22°%¢ for 14 days.
Infective third stage larvae were recovered by the method
described by Roberts and O'Sullivanls. The jars were
filled with 1uke~warﬁ tap water and allowed to stand for
several hours in diffuse light. The fluid was then sieved
(60 meshes/inch).to remove the coarse debris and the
suspension filtered through a double’layer of gauze milk
filter (Clover No. 9, Johnson and Johnson, Slough, England}
using a Buchner funnel fitted to a side-arm flask evacuated
by means of a vacuum pump. The filters were then placed,
laxrval side up, on a fine sieve (mesh MNo. 10) in a Basrmann
apparatus and left for 2-3 hours to allow larval migration
from the filters to the warm water. After settling to the
narroﬁ piirt of the funnel the larvae were drawn off and

stored at 6°C.

Preparation and administration of larval inoculum

The concentration of the larval suspension was determined
by examining at least ten 0.025 ml aliquots containing o
total of not less than 1,000 larvae. 'The suspension was
mixed thoroughly and agitated while sampling. Doses for
inoculation were measured by pipetting the calculated volumes
of the original larval suspension into universal bottles, a
check being made toc ensure that the desired number of. larvae

+ 10 per cent was present.




The larvae were administered orally to each animal
using a 20 ml syringe which was then subsequently flushed

twice with water.

Faecal egg counts

Faecal samples cocllected either directly from the
rectum or from collection bags fitted to the animals were
examined by a modified McMaster techniquele. In this
method 3 g faeces were mixed with 42 ml wéter and passed
through a sieve (60 meshes /inch); two 15 ml samples of
the filtrate were centrifuged in flat bottomed test tubes
for 2 minutes at about 1500 g and the supernatant poured
off. The sediment of one of these tubes was re-suspended
in saturated salt (NaCl) solution and the test tube
inverted several times; both chambers (volume 0.15 ml)
of a McMaster worm Egg Counting Slide (Hawksley & Sons,
Londor, England) werxe then filled with the suspensicn
uvsing a pasteur pipette. The number of eggs in both
chambers was multiplied by 50 to give the number of esggs
pexr gram of faeces.

If the sample proved negative for H. contortus eggs

using the above method, the second test tube containing
sediment was filled with saturated salt solution and
thoroughly mixed. More saturated salt solution was then
added until the meniscus was above the rim of the tube.
The sample was allowed to stand for a few minutes before

using a platinum loop to remove the upper laver of the

oD
her |
2

[



fluid and smear it on a clean glass slide. A
microscopical examination then confirmed the absence

of Haemonchus eggs or thelr presence in small numbers.

Necropsy procedure

All sheep to be necropsied were starved for 24
hours prior to slaughter. A captive bolt pistcol was
used to sheot the sheep after which it was bled out.
The abdomen was opened and the abomasum and omasum
separated from the rest of the intestinal tract, care
being taken to ensure that the contents remained intact.
After removal of the omasum, the abomasum was opened
along the greater curvature and washed under slow running
water. The abomasal washings and contents were diluted
to 2 litres in a graduated pclythene bucket and after
thorough mixing, two samples, each of 200 ml were taken
in a graduated scoop for subseguent microscopic enumeration
of worm population; 10 ml of 40% formalin was added as
preservative to each sample.

The entire abomasal mucosa was then scraped off with
a sharp knife, chopped finely with a cleaver and 200 g
lots placed in separate Kilner jars. The jars were then
filled with a pepsin-hydrochleric acid (HC1l) mixture and
incubated for 6 hours at 420C; the digests were then
formalinised, diluted to 2 litres and two samples each of
200 ml remcved for worm counting. he pepsin-HCl mixture
was similar to that described by Herlichl75 JO ¢ of v

1:2500 pepsin powder (British Drug Houses, Poolg, England)}
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was dissolved in 600 ml of water and acidified with 30 ml

concentrated ECl.

Worm counting and nreasurement

The 200 wl samples of abomasal washings and digests
collected at necropsy were‘treated as follows:
2-3 ml 45% iodine solution (containing 720 g potassium
iodide and 450 g iodine crystals/litre distilled water),
vere added to each sample with thorough mixing using a
5 ml pipette broken at the 4 ml mark (to obtain a wide
bore). 4 ml aliquots were withdrawn and pipetted into
petri-dishes. 2-3 ml 5% sodium thiosulphate solution
were added to clear the background while allowing the
parasites to retain the colour of the iodine thus
enabling them to be more easily observed for countinglg.
At least ten 4 ml aliquots from each. 200 m! sample were
examined under a disgection microscope, and the number
of parasites found multiplied by the appropriate dilution
factor (50) to give the number of worms in the original
2 litres. This counting technique gilves an estimate
which varies within + 10% of the meanlg.

Measurements of H. contortus worms were made by

nmounting individual parasites on slides which were then
viewed on the screen of a projection microscope (Projectina
Co.Ltd., Heerbrugyg, Switzerland) at a nagnification of

10x objective, The resulting image was traced on paper
and the length cf the tracing determined using an opsometer
end the results divided by the magnification to give a

measure of worm size.




oND
[ays]

BLOOD ANALYSES

Collection and storage of samples

Blood samples were collected from a jugular vein into
evacuated 5 ml glass tubes (Vacutainer, Becten and Dickinson,
New Jersey, USA}. Tubes containing 100 International Units
heparin as anti-coagulant were used for all haematological
examinations. For serum analyses, blood samples were left
standing overnight at room temperature in inverted
unheparinised tubes and the serum recovered transferred by
means of a pasteur pipette into plastic wvials which were

immediately frozen and stored at -5%%.

Packed cell volumes (PCV)

Packed cell volume percentages were determined by the
nicrchaematocrit method. Capillary tubes containing the
blood sample were sealed at one end by heat or plasticine
and centrifuged for 5 minutes in a microhaematocrit
centrifuge (Hawksley & Sons Ltd., London, England); the
percentage PCV was determined from the scale on a Hawksley

Microhaematocrit Reader.

Haemoglobin concentration (Hb)

Blood haemoglobin was estimated by the cyanmethaemo-
globin method of Van Kampen and Zijlstrago. 0.02 ml well
mixed blood were added to 5 ml dilute potassium ferricyanide
solution. Haemoglcbin was thus oxidised to haemiglobin
which in turn was converted by treatment with cyanide to

the stable cyanmethaemoglobin. This compound was measured



colorimetrically at 542 mt, and the concentration of
haemoglobin (g/100 ml} determined with the aid of standard
cyanmethaemoglobin sclution (Roche Diagnostica, Roche

Products Ltd., London, England).

Red cell count (RBC)

Total red cell counts (x106/cu.mm) were determined
by an electronic particle countexr (Coulter Model "D,

Coulter Industrial Sales Co., Elmhurst, Illinocis, USA).

Mean corpuscular volume (MCV) and Haemoglobin
concentration (MCHC)

These indices were calculated as follows:

3 PCV x 10
wov () - TR0

o _ Hb x 10O
MCHC F‘o) Bov

Serum proteins

Total serum proteins were estimated by a biuret
ceolorimetric techniqﬁeZI, and albumin by the bromocresol
green method descriked by Rodkeyzz. Serum globulins were
calculated as the difference bketween total protein and

albumin concentraticns.

Serum iron
‘Blood samples collected in iron-free tubes were
allowed to clot and the serum obtained treated with an
anionic detergent (Teepol, in acetate ruffer, pH 5.8) to
. bt . -
split the Fe ~transferrin complex and subseguently with
++

sodium dithionite to reduce free Fe.H'+ to Fe . Addition

of bathcophenanthroline disulphonate (7.5 mmol/litre)

AN
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produced a complex, the colour intensity of which was read ﬁ}@
in a spectrophotometer at 546 mi. Serum iron concentration
was calculatea by reference to the colour intensity of a

:

standard solution treated as above.

RADIOISOTCOPIC TECHNIQUES

Labelling of red cells with 51Cr

The successful labelling of red celis with SiCr depends
upon the fact that anionic hexavalent chromate penetrates
into the cell, is reduced to cationic trivalent chromium
(Cr3+), which becomes bound to the globin molety of
haemogloLin23'24. Hence the procedure in general consists
of incubating a volume of the animal's blood ox red cells
in vitro with a suitable amount of radiochromium as
hexavalent chrcumate (e.q. Nazcrod). Since excessive amounts
of chromium can cause damage to the cells it is recommended
that the specific activity of the SlCl should be such that
less than 2 ug of chrowmium is added per ml of packed red

e
cells, equivalent to approximately 0.7 pg/ml whole bloodzj.

Procedure

Blood (equivalent to about 7 ml packed red cells) was
obtained by jugular puncture and collected in universal
bottles containing heparin as anticoagulant. After
centrifugation for 10 minutes at 2,000 rpm and removal of
plasma the cells wers suspended in isotonic saline and
gentl:- mixed. A measured volume of isotonic saline containing

1
1 nCi 5"Cnr: (specific activity 250 puCi/ug Cr) as sodium



chromate {Radiochemical Centre, Amersham, England) was added
with gentle mixing. The labelled cell suspension was incubated
at 37°C for 30 minutes with frequent gentle mixing and then
"centrifuged at 1,500 rpm for 10 minutes. The supernatant was
removed and discarded, the cells washed in isotonic saline
until free of unbound 51Cr, and finally reconstituted with

the retained plasma for injection. 1In all cases, each sheep

received its own erythrocytes and plasma.

Labelling of plasma and red cells with 59Fe

These were labelled in vivo by intravenous injection of
ferric citrate (Radiochemical Centre, Amersham, England,
specific activitg 15 pci/pg) corresponding to a radiocactivity
of 70 ucCi.

o
Labelling of albumin with 12“1

Trace-labelling of proteins with radioidine was carried
out by the icdine moﬁochloride method of McFarlaneZG. This
method depends upcon treating the protein in slightly alkaline
soluticn with iodine monochloride to which has been added the
radicactive iodine as carrier-free Jodide {(obtained from the
Radiochemical Centre, Amevsham, England, as thiosulphate-~fiee

NalZSI) and results in substitution of 125

I in the tyfosine
residues to give mono and di-iodo tyrosine groupings (Filgure 3).
The introduction of less than 1 atom of iodine per mclecule of
albumin ensures that no marked change occurs in its
physiochemical and immur.ological propcrtie527.

Materials

o e e s e e e

Albumin

T R e e o e

Commercial sheep albumin (Cohn Fraction V, Pentex, Incorp.,

U8

P



FIGURE 3.

MECHANISM OF [ODINE SUBSTITUTION ON TYROS!NE
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Kankakee, Illinois, USA) was used in all experiments.

Iodine monochloride

A solutién §ontaining 0.42 mg I/ml as iodine mono-
chloride (IC1l) in M NaCl and approximately 0.0l N with
respect to HCl was used. This was prepared by dissolwving
5.00 g potassium iodide (XKI)} and 3.22 g potassium iodate
(KIOB) in 37.5 ml distilled water. To tbis was added
37.5 ml concentrated ECl and 5 ml carbon tetrachloride
(CCl4) and the mixture shaken vigorously; ©.1 M KI was
then added dropwise until a faint pink colour appeared
in the CCl4. This stock éolution, which contains
approximately 147 mg I/ml as IC] was diluted 1:350
with isotonic saline to provide a solution containing

0.42 mg I/ml.

Glycine bufrers

Two glycine buffers were used for the labelling
process; one, buffer A (pE 8.5) was used for conversion
of ICL to hypoiodite (IOH), while the other (buffer B,
pH 9.0) was employed for solution of the protein at an
alkaline pH.

Buffer A: 45 ml M-glycine in 0.25 M NaCl + N

NaCH to pH 8.50.

Buffer B: 40 ml M-glycine in 0.25 M NaCl + N

NaCOH to pH 9.00.

Iodination procedure

A 2% solution of sheep albumin was prepared by

dissolving 600 mg freeze-dried protein in 30 ml isotonic

/-



saline and buffered by addition of 15 ml glycine buffer B.
10 mCi of carriex-free radioiodine was added to 2.5 ml of
a freshly prepared solution of ICl containing 0.42 mg I/ml;
the jiodine monochloride solution was then converted to
hypeoiodite by addition of 10 ml glycine buffer A and
immediately mixed with the protein solutiocn. The labelled
preparation was transferred to a dialysis sac containing

2 g "carrier" protein {(bovine serum albumin). Carrier
protein was added to reduce the specific activity of the
labelled albumin to less than 5 pCi/ﬁg, thereby reducing

27,28. The

the possibility of radiation decomposition
labelled protein was dialysed for 48 hours at SOC against
two 20~-1litre changes of isotonic saline to remove unbound
jodide and finally centrifuged for 30 minutes at 1,500 rpm
prior to injection.

Labelled protein prepared as described contalins 0.9

atoms/mclecule assuming 100% incorporation.

Injection of radioisotopes

All radicactive matexials were injected into a jugular
vein through a jugular catheter, (Portex Plastics Ltd., Hythe,
England), and the catheter flushed out with isotonic saline

before being withdrawn.

Radioactivity measurements

One ml samples of blood and plasma were pipetted into
counting bottles and made up to a volume of 15 ml with
0.02 N NaCH, The volume of each daily urine collection was

measured and a 15 ml aliquot taken for radiocassay. Each
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24-hour faecal collection was weighed and mixed thoroughly
ana random 15 g samples packed in counting tubes. Radio-
-activity measurements were carried out using an automatic
well-type gamma scintillation spectrometer (Nuclear
Chicago, High Wycombe, England). Standard solutions of

all labelled preparations were assayed at regular intervals
and corrections for radicactive decay based on the
activities of these solutions. In most of the experiments
reported in this thesis radicactivity due to three isotopes
59Fe, 51Cr and 1251 was measured simultanecusly. Separation
of isotopic m;xtures was achieved by the application of

"overlap" factors calculzted from the relative count rates

of standard soluticns of these isotopes at each photopeak.

STATISTICAL METHODS

Statistical methods employed were those described by
Bishong. Half-Jlife wvalues guoted in the texl were
calculated by regression analysis and unless otherwise
stated, correlation coefficients of radiocactivity against
time were very highly significant (r >-0.95). Standard
errors (SE) and p values (student's t-test) are quoted.

A p value egual to or less than 0.05 is regarded as being

statistically significant.
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SECTION 1

THE INFLUENCE OF HAEMOGLOBIN TYPE AND
BREED ON THE RESPCNSE OF SHEEP TO
PRIMARY INFECTIONS WITH Haemonchus contortus
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INTRODUCTTION

In the introduction to this thesis the possible
existence and basis of genetically-determined resistance

to H. contortus in sheep were critically evaluated.

Field observations strongly suggested that infection

with this parasite was influenced by the animal's
haemoglobin type and breed, but attempts to corxroborate

this experimentally and provide a raticnal explanation

were generally unsuccessful or unconvincing. It was N
concluded that this discrepancy could only be resolved

én fhe strength of more detailed and carefully controlled
investigations into the nature and relative importance of
genetic and acquired factors in the response to infection
with Haemonchus. In attempting to unravel some of the
complexities ¢f the prcblem, it seemed appropriate to
ascertain at the outset whether the response of worm-free
sheep to single standardised doses of infective larvae was

in fact haemcglobin type and breed related, and if so, to
determine to what extent this was a reflection of differences
in resistance to worm establishment and/or the subsequent
disease. The experiments described in this section were
therefore designed to examine these aspects.

Infection with H. contortus is characterised by profound

and often fatal anaemia, hypoalbuminaemia, weight lecss and
the presence of large numbers of worm eggs in the faeces ;

initially the ansemia is normocytic and normochyomic, but

heavy or long-standing chronic infections are usually




'accompanied by macrocytosis and hypochromia, low serum
ifon levels apd depleted livexr iron storesg_lz.

Not unnaturally most of the published work on genetic
resistarice to this parasite has utilised differences in
venous haematocrit (PCV) and faecal egg counts as the
standard criteria of worm establishment and disease
resistance, yet even a cursory glance as.these data
reveals a trend which is far from encouraging. For
exanple, Evans 95“213,13 found no difference in PCV
between HbA and HbAB Merinos, but on 70% of the occasiong
when egg counts were determined the former had values
vwhich were generally 10-15% lowexr than the latter; Jilek
and Bradley'sl4 "high" and "low" resistance Florida Native
ewes exhibited average PCV values of 29% and 26% respectively,
but showed no real difference in egqg counts; the PCV of
the HbA Florida Native sheep used by Radhakrishnan g};g&,,ls
fell from 35% to 27% and from 33% to 27% in similarly
infected HbB sheep, and egg counts stabilised at around
3,200 and 1,700 per gm respectively; and finally, Allconby
and Urquhart16 recorded mean PCV's of about 24% and 19%,
and 24% and 21% respectively in HbA and EbB Merino ewes
and lambs, but surprisingly no difference in egg counts
between any of these groupé except during periods of
self—curel'.

Regardless of their possible significance, differences
in PCY and egg counts are neither the reliablé indicators

of infection that some authors might believe, nor are they




axiomatic with resistance to the disease. Any statement

to the contrary inherently assumes that a given worm burden
produces the éame degree of anaemia and egg count irrespective
of haemoglobin type or breed, or expressed in another manner,
that each worm sucks the same amount of blood and produces

the same number of eggs, and that all sheep have a uniform
capacity to withstand haemorrhage. This, of course, is
completely unrealistic -~ firstly, because the amount of blood
consumed and number of eggs produced by each Hamonchus are
extremely variable, ranging between 0.02 and 0.07 ml per day

and between 7 x 106 and 15 x 106 per female worm per day
respectively, depending upon the stage, size and total number
of parasites presents'll'lz’leﬂﬁiand secondly, because the
ability to withstand or counteract haemorrhage is a function

of the host's nlood volume and ability to replace among others,
red cells and plasma proteins. Since resistance to this
parasite can operate at the level of retardation or inhibition
of development with resultant suppression of egg production20'21
and presumably alsc blood loss, it is quite possible that egg
counts remain depressed and PCV's elevated in association with
a relatively high establishment; likewise animals with higher
volumes and synthetic capacities will cbviously beccme less
anaemic (and hypoproteinaemic) following a given blood loss
than thos« less well endowed. 1In other weords, the PCV and
egg count presented by an infected animal are neither directly
not indeed sufficiently closely related to worm burden to

allow accourate assessment of resistance to worm establishment;

clearly this is only possible by direct measurement.




To quantlify resistance to the effects of worm
establishment naturally requires a detailed knowledge
of the effects themselves. Again it cannot be over-—
emphasised that this simply cannot be obtained from
standard clinical tests such as PCV or serum albumin
determinations, for the obvious reason that these
indices are merely secondary manifestations of more
deep~rooted and qomplex functional disturbances.
Disease resistance can therefore be properly assessed
only when these primary disturbances'have themselves
been measured. Since the major consequence of infection

with B. contortus is loss of whole blood and its

constituent red cells and plasma proteins into the
abomasum, any conclusion regarding the parasites'
pathogenic effects must be based on accurate measurements
of these losses and their damage to the haematological and
plasma protein status of the animal as a whole., Hence in
addition to changes in red cell and érotein concentration,
1t is necessary to describe the disease in terms of its
effects on the total amounts and rates of degradation and
svnthesis of these constituents, i.e. in terms of thei~
pool sizes and turmover. This type of dynamic information
can only be obtained through the application of
radioisotopic techniques.

Radioisotopes have already been used extensively in
investigations of the anaemias and plasma protein chaiges

associated with a number of helminthic parasites of sheep,
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10,12,18,22-26

including H. contortus ; but surprisingly

the methodology developed for these studies has never
yvet been extended to cover the possible existence of
genetic varlability in resistance to haemonchosis. In
the absence of the information which these techniques
can so readily provide, it therefore remains to be
established whether haemoglobin type and breed—relaéed
differences in PCV and serum albumin levels do in fact
reflect fundamental differences in disease resistance
pex se, and if so whether this resistance derives from
parasite or host factors, e.g. differences in the blood-
sucking properties of individual worms or inherent
variaticns in bleood volume, red cell and protein synthetic
capacities and haemoglobin C production.

From the foregoing account it ié clear that the whole
concept of resistance to gggggggﬁgg_and/or haemonchosis
can only be proven when the development, establishment
and pathophysiological effects of the parasite have been
measured simultaneously and compared in animals with
different Hb type and breed characteristics. Egqually
obvious is that to have any real significance, this
information must derive from studies utilising radioisotopic
as well as the more conventional haematological, biochemical
and parasitclogical techniques. In the experiments reported
in this section, the dev~lopment and pathogenesis of single

standardised H. contortus infections were monitored and

compared in previcusly worm-free Scottish Blackface and

Finn Dorset sheep (a Finnish Landrace and Dorset cross) of




similar age and known haemoglobin type. Resistance to
the development and establishment of the parasite was
assessed on the basis of egg output and worm recovery,
and resistance to the attendant disease from concurrent
neasurements of changes in blcod composition and red

cell and albumin turnover.




]
Lt

MATERIALS AND METHODS

Experimental animals and design

Two experiments were carried out using a total of
33 Scottish Blackface and Finn Dorset wethers which had
been reared and maintained parasite-free from birth. In
the first, 10 Scottish Blackface (comprising 4 HbA and
4 BbAB and 2 HbB) and 8 Finn Dorset (4 HbAB and 4 HbB)
sheep which were approximately 7 months old were each
. . 51 59 . ,
injected with Cr-labelled erythrocytes, Fe-citrate
125

and I-albumin and 3 days later infected with 350

third-stage H. contoxtus larvae per kg bodyweight;

measurements of red cell and albumin turnover were made
during the following 28 days at which point the animals
were given a second injection of labelled materials;
4 days later the animals were necropsied ané their worm
burdens determined.

The second experiment was of similar design, but
restricted to sheep of the Scottish Blackface breed.
15 worm—f?ee wethers, aged about 9 months were divided
into 3 egual groups on the basis of haemoglobin type.
Each was injected with labelled materials and measurements
of red cell and albumin kinetics made over the following
4 weeks; each was then given a second injection of

radioisotopes, infected with 1400 infective H. contortus

larvae per kg bodyweight and the kinetic measurements

continued for a further 24 days when the animals were

necropsied and their worm burdens determined.



The sheep were confined in standard metabolism cages
throughout, and in addition to hay and water which were
fed ad lib, were dosed orally each day with 10 ml 0.75% KI
to block the thyrecid and thereby ensure rapid excretion of
1251. The sheep were weighed and blood cellected for

haematological and biochemical analyses twice weekly;

faecal egg outputs were determined daily.

Haemroglobin typing

The haemoglobin type of each sheep was determined
before infection and at regular intervals thereafter by

electrophoresis of blood on cellulose acetate strips.

Haematological and biochemical analyses

Packed cell volumre percentages (PCV), blood haemoglcbin
concentrations (Hb) and red cell counts (RBC) were measured
and the mean corpuscular volumes (Mév) and haemoglcbin
concentrations.(MCHé) of theAred cells calculated as
described earlier. Total serum proteins and serum albumin,
globulin and iron concentrations were all measured by the

techniques outlined previously.

Parasitological technigu:os

Culturing of larvae, faecal egg counts and determination
of worm burdens at necropsy were performed as described

earlier.

Labelling procedures

l251-—1abelled albumin

‘Labelled albumin was prepared by trace-labelling a

buffered sclution containing 6CO mg ovine albumin with

1o
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10 mCi Na 1251. 2 g bovine albumin was added as "carrier”
and the preparation dialysed for 2 days against 40 litres
of saline. Solutions centaining about 200 uCi 1251 were

administered on each occasion.

Labelling of red cells with SlCr

Heparinised blood was treated with 51Cr as sodium
chromate and incubated at 37°C for 30 minutes. The labelled
cells were then washed 3 times with 0.9% NaCl and
reconstituted with plasma for injection. &t each injection
every sheep received a suspension of its own labelled cells

51C

containing approximately 700 MCi r.

Plasma and red cell 59Fe labelling

9Ferric citrate (specific activity 7 uCi/Ng) corresponding
to a radiocactivity of about 50 uCi was injected on each

occasion.

Injecticn and sampling procedures

Labelled materials were injected together from separate
syringes‘'via a 3-way tap and jugular catheter. The first
blood sample (5 ml) was collected from the opposite vein
15 minutes later, a further 6 samples at regular intervals
over the following 3 days and subsequent samples daily.

1.0 ml aliquots of blood and plasma were diluted to 15 ml
with dilute NaOH for radioactivity determination. For
measurements of plasma iron turnover rates, 1.0 ml samples
of plasma collected 15, 30, 60, 90, 120 and 180 minules
after injections of radioiron were similavrly prepared.

The total urine and fasces excreted during each 24 hr

Ly
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were collected and representative samples (15 ml and
15g packed to a volume of 15 ml respectively) prepared
for counting. Standard solutions of all labelled

materials were prepared by diluting aliquots of each

labelled preparation injected.

Radicactivity measurements

These were made using an automatic gamma scintillation
counter, separation of isotopic mixtures being achieved
by gamma-ray spectrometry and use of the standard solutions
of each isotope; corrections for radioactive decay were

also based on the activities of these standards.

" Calculations and expression of results

As mentioned earlier in the text the most significant
clinical features of ovine haemonchosis are anaemia and
hypoalbuminaemia. To obtain detailed information on the
aetiology of these changes and their relationship to the
parasites' development within the host requires an
appreciation of {(a) the concentrations of red cells and
albumin in the perxipheral blocd, obtained by the standard
haematological and biochemical methods described earlier,
{b) the total amounts of these constituents in the body
and their rates of breakdown and synthesis, values which
are best measured by the isotopic techniques outlined
below, and (¢) the inter-relationship between the above
rerameters and the more conventional indices of parasite
activity and development referred to earlier} i.e. faecal

egg counts and worm load.




buring the work described in this thesis surveilllance
of parasite activity relied heavily on isotopic methods.
The following is a brief account of the theory behind the"
use of these techniques and of the mathematical analyses
performed; further details are given in the references

cited.

Measurements based on 51Cr—1abelled red cells

Following intravenous injection of red cells labelled
with 51Cr and measurement of the radiocactivities in blood,
urine, faeces and standards, a number of important indices
pertaining to the haematological status of the recipient

were obtained.

Blood and circulating red cell volumes

These were estimated by application of the "dilution
principle". Following injection of the labelled cells,
15 minutes were allowed for complete mixing within the
circulation after which the first blood sample was with-
drawn. The radiocactivity of a carefully measured 1 ml
aliquot of tﬁis sample was divided into the injected
activity to obtain the blood volume (BV). Using the PCV
of the 15 minute sample, the radicactivity per ml of

packed red cells was calculated from the following equation:

counts/min/ml blood x 10O
PCV

counts/min/ml red cells =

and divided into the injected activity to obtain the
circulating red =zell volume (RCV). To enable comparison
of animals of @ifferent weight, all volumes were expressed

on a bodyweight basis.




It should be stressed that while this technigue
provides an accurate index of RCV, figures obtained for
BV underestimate true blood volume. This is because of
a fundamental error in assuming that the peripheral venous
PCV is representative of the haematocrit of the body as a
whole, when in fact because the proportion of erythrocytes
in the capillary bed is lower than in venous blood, venous
PCV overestimates tectal body PCV by about 10%. The probklem
can be circumvented by estimating the animal's plasma and
red cell volumes simultaneously, e.g. by using 125I-~labelled
albumin and 51C;—labelled erythrocytes. In the work reported
in this thesis, measurements of RCV and BV were generally
based on this latter procedure, but in some instances indirect
calculations were made, based on measurements of plasma volume
by dilution of labelled albumin (see later for details). Such
estimates, although less accurate than those based on the
double isotope technique, are nonetheless perfectly adequate

for the comparative studies envisaged.

Red cell survival (Apparent red cell half-~life or t)

The ideal tracer for measuring red cell survival should
have a number of properties, the most obvious of whicii being
that it should be capable of attaching to the exythrocytes
in vitro or in vivo, should remain firmly attached throughout
the life of the cell, and should not be reutilised by ox
reincorporated into new red cells following removal of the

origiually—labelled cells from the circulaticon; f£inally, and

most important of all, it should not damage the cell.




No label has yet been found which fulfils completely
all these conditions, but erythrocytes labelled wifh 51Cr
provide indices of red cell survival which although by no
means quantitative for reasons which are described below,
are nevertheless very useful for comparative purposes.

The value normally used to describe the persistence of
5lCr—labelled cells in the circulation is the "apparent
red cell half-life" or th%. In the present studies this

was obtained by converting the radiocactivity of each

blood sample to activity per ml of red cells and expressing
this as a percentage of the equilibrium 15 minute post-
injection value. A semi-logarithmic plot of red cell
radiocactivity against time was then made which as illustrated
in Figure 1 normally consists of two phases, i.e. an eafly
phase during Jnich the red cell activity falls rapidly,
followed by a period when activity declines exponentially
-with time. It was from the slope of the best straight line
fitted from the circulating radiocactivites during this
latter period that the t! was calculated as the time taken
for the activity to fall by 50%.

Since the normal red cell lifespan in sheep is about
120 days27, it is obvicus that 51Cr red cell t¥ values
(normally about 15 days) are a gross underestimate of true
red cell survival. The reason for this is that the
disaprearance of lebelled cells from the circulation reflects
two r-in processes - loss of red cells by senescence or

breakdown, and elution of isotope from intact cells28’29.

-,
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From the shape of the curve shown in Figure 1, it is
apparent that although very much more marked during the
first few daﬁs following injection of labelled cells
(over this periéd more than 60% of the injected activity
may be lost), the process of elution continues for as
long as any iabelled cells remain in the circulation;
hence the prefix "“apparent” when referring to red cell

half-life values measured with SlCr.

Gastrointestinal haemorrhage and iron loss

Perhaps the greatest use of 51Cr-—labelled red cells is

in estimating gastrointestinal haemorrhage. While this
can be done with considerable accuracy in most species
because there is minimal reabsorption of isotope when
labelled cells are given orally or injected directly into

the alimentaxy tractso'31

., in sheep it appears that a small
proportion of the 51Cr (on average 12%) is absorbed into
the blooeod leading to some underestimation of haemorxhagele.
In the present studies abomasal bleeding was estimated
as faecal "clearances" of whole blood and red cells, cbtained
by dividing the total daily faecal radiocactivity by the
activities per ml of blood and red cells respectively taken
at the beginning of each faescal collection period. These
figures represent the amounts of blood and red cells (expressed
es ml per day) which would have had to pass into the gut to
account for the radioactivity in the faeces, but for a numberxr
of recsons they cannot be regarded as quantitative. Firstly,

as mentioned above there may be some absorption of label from

the gut leading to non-quantitative excretion of isotope in
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the faeces and hence underestimation of blood loss. Secondly,
a small amount of 51Cr derived from labelled erythrocytes
broken down within the circulation passes into the alimentary
tract via the bile, tending in theory to cause a slight
overestimation of faecal "clearance". In practice the
contribution made by this process to faecal radicactivity

is negligible after the phase of rapid elution of isotope
from the cells, i.e. the initial 72 hours after injection

and hence may be obviated (as in these studies) by making

no measurements of "clearance" during this period. Thirdly,
because the interval betwen passage of labelled cells into
the gut and excretion of isotope in the faeces is unknown,
circulating blood and red cell radioactivities cannot be
related to faecal radicactivity with a oreat deal of
confidence. Nevertheless, in spite of these potential
sources of inaccuracy, faecal "clearances" based on the
510r~red cell technique do provide very valid estimates

of gastrointestinal blood loss and as such are useful as
indices of the activities of blood-sucking parasites.

A further advantage of the technigque is that in addition
to blood loss, daily estimates may be made of the amounts of
iron lost into the gut as haemoglobin. In the experiments
reported here these were calculated using the formula of
Roche and his colleagues3l:*

b (g%) x3.34 xSlCr "clearance" (ml)
100

Iron lost into gut (mg/day) =

where 3.34 equals mg iron/gm haemoglobin.
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Measurements based on Fe

Although much useful infermation on red cell turnover
is obtained from the use of SlCrmlabelled red cells, in many
respects this is rather one-sided since it relates mainly to
rates and routes of red cell breakdown. In order to obtain
a better overall understanding of the functional state of
the erythron, it is important, especially in situations where
excessive amounts of blood pass into the gut, to be able to
wonitor the animal's capacity to éynthesise red cells and
reutilise sore of their moxe valuable constituents, e.q.
iron. Red cell production may be assessed indirectly from
SlCr faecal "clearances" and changes in total red cell mass,
but direct weasurements are possible only by using a label
which is incorporated directly into haemoglobin. Since the
introduction of radiolron of high specific =ctivity
measurement of plasma iron turnover has beccme a widely
accepted index of haemoglobin synthesis and hence red cell
production. A further advantage of this isotope is that
measurenents of faecal radiocactivity provide estimates
of faecal iron excretion and hence of haemoglobin iron
reabsorption when combined with the 5lCrured cell technique
described earlierx. A brief description of these methods
is given below; further details are provided by Pollcove

and Mortimer32.

Plasma iron turnover

Iron exchange between the var.ious tissues of the kody

is achieved by a transport mechanism in which the iron is
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attached to the ﬁu—globulin transferrin. Since two-thirds

of the iron normally present in the body is in haeﬁoglobin,
and since the tyrnover of this pigment is much greater than
that of the iron storage compounds ferritin and haemosiderin
which make up more than 95% of the remaining iron, it follows
that most of the metal leaving the plasma at any one time is
directed to the bone marrow for incorporation into haemoglobin.
Hence with a knowledge of the rate of clearance of a tracer
amount of 59Fe from the plasma and of the plasma iron
concentration, the amount of iron turned over through the
plasma may be measured.

From the argument presented above such rates should
theoretically reflect iron utilised for haemoglobin synthesis
and hence erythropoiesis, but for two reasons they are in
fact an overestimate. 1In the first place a small proportion
of the iron (and therefore 59Fe) cleared from the plasma is
‘carried to iron stores and second, of the iron taken to the
bone marrow about 25% is not incorporated intc erythroblasts
but instead becomes fixed to a labile irom pool from which it
is subsequently released back into>the plasma. Plasma iron
turmover iates should therefore not be considered as absolute
measurements of haemoglobin synthesis but rather as approximate
indices of erythroid marrow activity,

In the work reported in this thesis, plasma ircn turnover
rates were measured following intravencus injection of 59Fe
as fo.ric citrace. Blood samples were removed at regular

intervals during the subsequent 3 hours and standard aliguots




f
of plasma assayed for radicactivity. Radioiron plasma 5 ¢
concentrations were expressed as percentages of the
15 minute poét—injection value and plotted on semi-

'

Jogarithmic paper as a function of time. Since the

59Fe concentration declined exponentially during the
period of observation the fraction of plasma iron
removed per unit of time (k) was calculated in accordance

with first ordex kinetics, i.e.

_ 0.693
k = t5

where 0.693 equals the natural logarithm of 2 and tk% the
time taken for the plasma activity to fall by 50%

The plasﬁa iron turnover rate (PITR) was then calculated
from the modified formula of Huff and his associatesBB:

Serum iron (mg/ml) x Vp (ml) x 0.683 x 1440
t% (min)

PITR (mg/day) =

where Vp equals the plasma volume, measured as described laterxr
by dilution of radioiodinated albumin, and 1440 the number of
minutes per day.

To allow comparisons between individuals this rate was
evpressed as mg/day/kg bodyweight.

Y éimplex standard of reference, permitting comparison
between individuals, relates PITR to 100 ml whole blood,
34

This was calculated from the equation of Bothwell et al.,

P _Serum jiron (mg%)x0.693x1440 _ 100-PCV
PITR (mg/day/100 ml blood) = o (min) X 755

Faecal iron excretion and haemoglobin iron reabsorption

. ; 5 ..
Following its removal from the plasma, gFe is incorporated

into haemoglobin and subsequently re-enters the circulation as

/..




red cells. By measuring the radioactivity of standard 598
aliquots (normally 1 ml) of blood samples removed daily
after injection, the rate of iron incorporation into. red
cells may be monitored and to some extent gquantified by
expressing the total circulating red cell activity
(obtained by multiplying the maximum count rate/ml packed
red cells by the total red cell volume) as a percentage

of the dcse injected. The figure cbtained, which is known
as the red cell iron utilisation index is often used to
assess erythropoiesis under "steady-state" conditions, but
in situations whexe rapid changes in red cell mass might

be expected, e.g. in E. contortus infections it is impossible

to measure with any degree of accuracy and has therefore not
been included in this thesis.

Nevertheless hy monitoring SgFe blood and red cell
radicactivities and relating these to daily faecal
radiocacc.ivities, "clearance" figures similar tc these
described earlier for 51Cr may be caiculated. Since iron
lost into the alimentary tract as haemoglobin is potentially
avallable for re-utilisation, any SgFe radicactivity which
appears in the faeces must reflect iron actually lost from
the body by this route. Therefore, from determination of
blood loss based on the daily SgFe faecal activity, together
with a knowledge cof the blood haemoglobin level at the
beginning of each faecal éollection pricr, an estimate may
be made of faecal iron excretion using the equation of Roche
and his colleagues31

Hb(g%)x3.3éx59mablood"clearance"(ml)
100

Faecal iron excretion (mg/day) =

where 3.34 is the amount of iren in 1 g haemoglobin.
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Since faecal iron excretion and intestinal iron losses
were both measured in these studies, haemoglobin iron
reabsorption could be estimated from the following equation:

Haemoglobin iron reabsorbed (mg/day) = Iron lost into gut (mg/day)-
Faecal iron excretion (mg/day).

Measurements of albumin distribution and catabolism

Like all proteins in the body albumin is constantly broken
down and synthesised and in order to understand the cause of

any changes in serum albumin concentration occurring in animals

~infected with H. contortus it is necessary to study albumin

metabolism. Albumin trace-labelled with radioiodine by the
method described earlier is particula—ly sultable fcxr this
purpose because .(a) it is free from significant denaturation
and therefore behaves metabollcally like the animal's own

unilabelled molecules35; (b) there is no reutilisation of
36,37
!

-

the label ocnce the protein has been degraded
(c) provided the th&roid is "blocked" by prior administration
of stable iodide the isotope from degraded protein is
excreted quantitatively. The main route of excretion is
the kidneys and although passage of labelled iodide also
occurs into the gastrointestinal tract, faecal excretion
is normally negligible since jodide is absorbed in the
stomach and small intestine38.

In the studies reported here measurerents of the
various parameters of albumin metabolism were based largely
on the mathematical mocd:l illustrated in Figure 2., This
" two~compartment" syétem assumes that there is one common

extravascular albumin pool (ER) which cormunicates with
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intravascular albumin (CA) through pores in the capillarxy
wall, and that protein Eransfer from one pool to the other

takes place in either direction, k., reflecting cutward

1

movenent and kzlthe return via lymphatic flow. It must

be stressed that since there are at least two main groups
of extravascular pools each of which eguilibrates with

plasma at different rates, k, reflects the average return

rate of protein from all theextravascularCompartment539-

2

Three further assumptions are inherent in the model.
FPirst, that albumin synthesis (k syn) is "intravascular".
There is no doubt about the validity of this - albumin is
synthesised exclusively in the liver4o, and upon release
from the parenchymal cells immediately enters the venous
blood or hepatic lymph. Second, that albumin catabolism
(k cat) is also "intravascular". BAgain this appears to
be valid because although a large number of organs catabolise
the protein, e.g. the liver4l, kidney42 and gastrointestinal
'tract43, only "intravascular" catabolism fulfils the
requirement of the constant day to day degradation established
for this protein44'45. Finally, in common with all others
this model assumes that the animal is in a "steady-state",
i.e. that k syn and k cat are equal and that CA and EA remain
constant. In work with parasitised animals this is clearly
not valid; even so a great deal of useful information -
particularly of a comparative nature may still be obtained.

Following intravenous injection of labelled preparations,
and analysis of plasma, urine and faeces for radicactivity

measurements of albumin pools and cataboli¢ rate were made




3D

after first separating whole body radicactivity into its 6
intra- and extravascular components {(Figure 3). This was
achieved by éxpressing the count rate of each plasma sample
as a percentage'of the equilibrium 15 minute post-injection
sample and plotting fhe values on a semi-logarithmic scale
against time (QP). Activity retained in the body at the
end of each day was calculated by subtracting from the
injected dose the cumulative activity e#creted in‘both
urine and faeces, expressed as a percentage of the injected
activity and plotted on semi-~logarithmic paper against time
(QR). Extravascular activity (Qg) was then obtained
indirectiy as the difference between *N and Qp at the end

of each daily collection period.

Plasma volume (Vp)

This was calculated from the radiocactivity of the
plasma sample taken 15 minutes after injection of labelled

albumin and application of the "dilution principle".

Intravasculay albumin (C3)

The total amount of albumin present within the
bloodstream was determined from Vp and the serum albumin
concentration of a blood sample removed immediately prior
to injection.

CA (g) = Vp (ml) x Serum albumin (g/ml)

Total body albumin (TA)

Two procedures were employed ~ the "extrapolation®

46 " i frn 444

me thod and the "equlibrium-time" method .
In the extrapolation procedure the linear point of

the plasma activity curve (Qp) was extrapolated to the
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ordinate, the intercept (Cl) noted and TA calculated from:

CA
TA (g) = o
1

Calculations based on the latter method were made by
noting the wvalues of QE and QP at the equilibrium time,
{i.e. when gh was maximal), and substituting these into

the equation:

T (g) = Cca (QEP+ Qs )

It should be noted that the'assumptions inherent in
these calculations differ. The extrapolation method
assumes that distribution of labelled albumin between
CA and EA is complete after the initial rapid decline
in Q, and therefore that Cl indicates the fraction of
TA present in the plasma had equilibration of labelled
albumin between CA and EA been instantanecus; it further
assumes that albumin synthesis and catabolism take place
both intra- and extravascularly. In fact, albumin
distribution between CA and EA is a continuous process
and synthesis and catabolism are purely intravascular.
Therefore, activity/mg albumin (specific activity) is-
always lewer in the plasma, and as a result of net t;ansfer
of high specific activity protein from EA into CA the
slope of the plasma activity curve is reduced, Cl
underestimated, and TA overestimated. The equilibrium-time
method assumres intravascular catabolism and immediate
excretlon of radioiodide followinc degradaticn of the

protein., It 1s, therefore, theoretically more acceptable

than the extrapolation procedure but is technically more
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troublesome, requiring guantitative collections of urine
and faeces and estimation of the equilibrium time frém a
phase in the QE curve where selection of the time of
maximal radicactivity is difficult. For these reasons,
and since no significant differences were found between
values calculated by the two methods, figures quoted in
the text relating to TA (and hence EA - see below) are the

average of the values obtained by both procedures.

Extravascular albumin (EA)

The size of the extravascular pool was calculated as
the difference between TA and CA, and like all others was
expressed on a bodyweight basis:

EA (g) = TA-CA

Albumin catabeclism

Albumin catabolism was assessed in two ways. First,
on the basis of the "“apparent half-life" (t%) of the
linear part of the plasma activity curve. While for
reasons mentioned earliexr such values underestimate the
true rate of protein catabolism, they do provide good
qualitative indices and are therefore most useful in
comparative studies of the type described here.

The other method employed was based on analysis of
excreted radiocactivity. This method, which was first
introduced by Campbell 33_233,44 assumes that protein
catabolism occurs intravascularly and therefore that any
radioactivity excreted must represent the deqgradation of
a certain fraction of the labelled albumin present within

the bloodstream. This fraction, known as F{CA) or K, was




calculated daily by dividing the total activities excreted
in the urine (U) and faeces (F) by the total activity present
in the plasma, cbtained by multiplying the radioactivity/ml
plasma at the beginning of each collection pericd by Vp.

_ Total excreted activity _ g+
Total plasma activity Activity/ml plasma x Vp

F (CA)

Fractional catabolic rates were then converted to absolute
amounts using the equation:
Mass of albumin catabolised (g/day) = CA x F(CA)

and finally related to bodyweight.

Estimation of gastrointestinal plasma leak

In view of the likelihood that must of the changes in
alburin catabolism would be associated with loss of plasma
into the abomasum, faecal "clearances" of plasma, similar
to those described earlier for blood and red cells using

1Cr and 59Fe, were calculated by dividing the total
radicactivity in eééh 24-hour collection of faeces by
the activity/ml of plasma taken at the beginning of the
collection period. These values underestimate the extent
of any plasma loss because of radioiodide absorption from

the gut, but are still <7 considerable qualitative

significance.

66
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RESULTS

Experiment 1

Scottish Blackface and Finn Dorset wethers were
grouped according to breed and haemoglobin type, infected

with 350 H. contortus larvae/kg bodyweight and necropsied

32 days later. Haematological and biochemical estimations
together with measurements of red cell and albumin kinetics
and faecal worm egg output were made throughout the course
of the investigation. For ease of presentation only
average figures are included in the illustrations, but
since group sizes were small and individual variations
often large, detalled information regarding the response

of individual sheep is given in Appendix 1.

Haematological Observations

A number of falrly consistent features emerged with
regard to the haematological status of the sheep both
prior to and following infection (Figure 4). Even
before infection Scottish Blackface sheep of Hb type A had
significantly higher PCV's than their #“B counterxparts
(P <0.02), with HbAB types intermediate between the two.
This relationship was not apparent in the Dorsets, HbAR
and HbB group mean values being identical but slightly

higher than the corresponding figures for the Blackfaces.
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During the course of infection all
animals developed severe anaemia, but within each
breed this was most bronounced in ‘HbB types. For
example, between the 8th and 24th days, which was
the period of most marked haematological change, PCV's
of HbB Blackfaces fell by 46% to a mean level of 16%,
whereés those of the HbA sheep were relatively well
maintained at 21%, representing a drop of 28%. The
response of HbAB Blackfaces was similarx to that of
their HbB counterparts, but group differences within
this breed were significant only-between HbA and HbB
kp <0.05). Haemoglobin B-type Dorsets suffered reductions
in PéV virtually .identical to those of comparable
Blackfaces (i.e. about 50%) and significantly greater
thap HbAB sheep of the same breed.(p'<o.05),

With the exception of the HbB Dorsets, whose PCV's
deteriorated further‘between day 24 and necropsy, most
sheep maintained their values at the low levels referred
to above throughout the rgmainder of the study; at
necropsy the only statistically significant breed
difference was that HbB Rlackfaces had higher .haematocrits
than similar animals of the Finn Dorset breed (p <0.0§).

The trends observed with regard to total red cell
count and haemoglobin concentration were in general
similar to those described for PCV, but a number of
differences emerged whiclh were reflected in alterations
in both erythrocyte size (MCV) and haemoglobin content

(MCHC) . Both indices remained steady during the early

<

o
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stages of the disease, but from about tﬁe 18th day
onward macrocytosis and hypochromia became progressively
more dominant features of the anaemla, particularly in
the HbB sheep of each breed (Figure 5). Although no
significant breed difference was noted in either index,
MCV's were significantly higher at necropsy in the HbB
Blackfaces than in both HbAB (p <0.05) and HbA (p <0.0l1)
sheep of the same breed; MCHEC's were also significantly

lower in HbB than HbA Blackfaces at this time (p <0.01).

Biochemical Observations

Serum iron concentrations were similar in all
animals at the outset (ranging between 130 g% and 160 Lg$%)
and changed little during the first two weeks of infection
(Figure 5). Thereafter values tended to decline and while
there were no significant group differences at the
termination of the study (21l falling within the range
90 pg%-130 ug%), the extent of the deterioration experienced
by each was breed and haemoglobin type~related in that HbB
and HbAB Dorsets suffered relatively greater reductions
(50% and 24% respectively), and the least dramatic decline
(18%) was associated wiihh the HbA Blackfaces.

The sexrum protein changes recorded during the study
are illustrated in Figure 6. Prior to infection no
consistent inter-relationships were apparent between these
values and the breed or haemoglobin tvye of the animals
concerned, cxcept that there was sewe indication that total

protein and albumin concentrations were higher in Blackface
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sheep and within each breed, with each substitution of
an A for a B allele.

The most marked disturbances attributable to infection
occurrad from about the 2nd week aftex larvél administration,
and were characterised by progressive reductions in total
-protein and albumin levels. At necropsy the lowest values
for both components were associated with HbB Dorsets and
the highest with HbA Blackfaces. No significant breed
differences were reco&ded but a number of group differences
were apparent, particularly in the Blackfaces where HbA
types had a significant advantage at necropsy over their
EbE and HbAB counterparts with respect to both albumin
{(p <0.01) and.total protein concentrations (p <0.05).

Serum globulins remained fairly static throughout with
the result that albumin:globulin ratios generally declined;

the few group differences recorded were minimal.

Production of Haemoglobin C

| Electrophoretic and subsequent densitometric analyses
of the haemoglobin samples'collected at weekly intervals
during the experiment revealed a decrease in the percentage
of HbA and a corresponding increase in the percentage of

HoC around the third and fourth weeks after infection
(Figure 7), i.e. about the time PCV and Hb levels fell below
20% and 7% respectively. These changes occurred only in
sheep which carried the gene for HbA while no replacement of
HbB was observed even in severely anaemic HbAB or HDB types.

Although the proportion of HbA replaced by HbC in AB type
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sheep (about 22% on day 28) was greater than in EbA animals ?
{14%) , the concentration in the latter was greater (0.85 g$

and 0.67 g% respectively). Within each group, HbC

production was enchanced to the greatest extent in the most

ahaemic sheep but breed and haemoglobin type differences in

the ultimate concentration attained were minimal.

Parasiltological data

The mean faecal worm egg output of.each groﬁp is depicted
In Figure 8 from which it can be observed that the general
pattern was similar_in all groups, i.e. eggs were first
detected around the 15th-17th days after administration of
larvae zad increased dramatically in numbers over the following
week to reach a level which was maintained thereafter. Egg
output was clearly highest in HbB Dorsets (31 million per day)
and lowest ir. HbA Blackfaces {1l million per day} with other
groups intermediate between these figqures, but because of
the considerable wvariability experier.ced the only significant
group difference was the lower rate of production in HbA over
HbB Blackface {p <0.05).

The number of infective larvae given to each sheep, the
number and size of the worms recovered, and the percentage of
the administered dose of larvae established as adults are
shown in Table 1. These figures demonstrate an obvious
interaction between worm recovery, breed and haemoglobin type.
Fewer worms were recovered from Blackface than from Dorset
gheep of comparable haemoglobin type and within both breeds,

from animals with an allele for HbA. Small group sizes and
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TABLE 1. é

Worm Counts at Necropsy of Sheep Infected with 2350
H. contortus Larvae/kg.

Group
Mean worm lengths
Sheep Larval Worms {mean) + S.E. %
No. Dose Recovered male female Recovery
34 9100 900 9.9
51 8700 950 10.9
Blackface Hbh o 9700 1350 13.9
71 8300 1600 19.3
Mean 8950 1200 13.0 19.6 13.5
S.E. 299 167 1.1 1.4 2.1
48 9400 2200 23.4
54 7500 1600 21.3
Blackface HbAB g 7500 1300 17.3
93 6900 1150 16.7
Mean 7825 1563 12.9 18.8 19.7
S.E. , 544 232 1.4 1.5 1.6
53 7900 1650 20.9
Blackface HBE  qq 7400 1950 26.3
Mean 7650 1800 13.8 17.2 23.6
S.E. 250 150 2.2 1.8 2.7
473 90c0 1550 17.2
485 9600 2100 21.9
Dorset HbAB 514 9200 2100 22.8
520 8300 2350 28.3
Mean 9025 2025 13.8  20.7 22.6
" S.E. 272 169 1.2 1.9 2.3
480 10200 4400 - 43.1
469 f700 2450 . 27.5
Dorset HbB 501 7600 2700 . 35.5
541 9100 2000 33.0 -
Mean €950 3138 14.7 20.8 34.8

S.E. 533 436 2.3 4.6 3.2




individual variation precluded significance in many instances,
but within the Dorset breed, worm burdens were lower in the
HbAB group (é <0.02), HbA Blackfaces had significantly fewer
worms than HbB éheep of the same breed (P <0.05) which in
turn harboured fewer worms than the HbB Dorsets (p <0.05).

A further feature illustrated is that despite wvariation
in worm load, the mean lengths of the worm recovered from
each of the experimental groups were reﬁarkably éimilar

{these measurements were based on 100 worms taken at random

from the combined worm burdens of each group).

Pathophysioleogical data

Blood volumes -

The results of the blood volume measurements made prioxr
to infection and repeated 28 days later are given in Tables
16 and 17 (Agpendix 1),

From the pre-infection data it is apparent that within
.the Blackface breed, sheep of b type A held a distinct
advantage over each of the other haemoglobin types with
respect tc the size of all blood compartments. Circulating
red cell volumes were approximately 25% greater in this
group than in HbAB (p <0.02) and EbB (p <0.0l) types and
essentially similar differences were recorded in plasma
and blood volumes. No such variation was apparent in the
Dorsets, but animals of this breed had higher volumes than

Blackfaces of the same haemoglobin type (p <0.05-<0.0l1).

Undovhtedly, the major reason for these differences was the

variation in liveweight of the animals cencerned - HbA
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Blackfaces were clearly heavier than others of the same
breed and Dorsets had a welght advantage over Blackfaces
of comparable haemoglobin type; moreover when compartment
volumes were related to liveweight all the above mentiocned
intra-breed and several inter-breed differences were
nullified, although in all parameters HbAB Dorsets
retained their superiority over EbAB Blackfaces (p <0.05-
<0.02}.

The two outstanding features rgvealed by the results
at 28bdays post-infection were, firstly the low red cell
volumes of all animals compared with pre-infection values,
and secondly the clear indication that the depletion
suffered by individual sheep was both breed and haemoglobin
type related, with Dorsets of each type experiencing mere

. dramatic reductions than comparable Blackfaces (i.e. 60%
compared with 50%) and HbA types of the latter breed being
least affected of all (i.e. 40% reductiocn). Considering
the initial red cell volume of each group it is evident
that the deficit incurred by Dorset over Blackface sheep
wag even greater in absolute than in percentage terms
(mean 330 ml compared with 190 ml respectively).

Since plasma volumes were generally unaffected by
the disease, contractions in blood ané red cell volumes

were usually closely related,

Red cell survival

Red cell survival was assessed on the basis of the

circulating half-life (t%) of 51Cr~labelled ervthrocytes

.




oo
<o

during two stages of the investigation, i.e. over the
first week following larval administration - to provide
an index of survival in the absence of excessive abomasal
bleeding, and again between the 3rd and 4th weeks to
assess the relative effects of the adult worm population
of each group. No significant group variations were
noted over the early stages of the infection with t
values generally falling within the normally accepted
range for sheep (320-450 hrs), but a number of major
differences were apparent during the post-patent period
of observation. At this stage red cell survival was
lower (p <0.05-<0.0l) in all groups, <%'s ranging between
98 hrs in HbB Dorsets and 199 hrs in HbA Blackfaces, but
the only significant difference recorded between comparable
groups was the longer survival of labelled cells in the

circulation of EbA than in HbAB Blackfaces (p <0.02).

Gastrointestinal blood and red cell losses

Gastrointestinal blood and red cell losses were
estimated during the first 28 days of infection by relating
the dailv faecal 51Cr radicactivity to that present in the
blood and red cells respectively. Figure 9 which il%ustrates
the average losses recorded, gives an insight into the pattern
and extent of bleeding suffered by each group.

Excessive harmorrhage into the gut was first detected in
all animals between the 8th and 10th days, increcsed rapidly
in severity cver the following 10-.2 days, recaching a peak

which was generally maintained thereafter. However, considerable
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Figure 9: The Onset and Development of Abomasal Haemorrhage
after Infection with H. contortus.
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variability existed betweén groups and also between 8
individuals within each grcup in the severity of this

haemorrhage.  Of the Blackface sheep, HbA types lost

less blood via the gut than HbB sheep (p <0.05), and

in the Dorsets haemorrhage was less severe in HbAB than

in HbB animals (p <0.05); however, differences between

groups 6f the same haemoglobin type were not significant

- even in the case of HbB sheep where Josses of both

blood and red cells were about 50% higher in the Dorset

breed.

Two further point merit emphasis with regard to
these results. Firstly, the cumulative red cell loss
suffered by each animal was considexrably in excess of
the total red ceil deficit. This was particularly
apparent in the Dorsets which on average lost
approximately 400 ml red cells between the 8th and 28th
days, but was also noticeable in the Tlackfaces which
lost about 300 ml over the same pericd. The fact that
reductions in red cell volure amounted, as mentioned
earlier, to 330 ml and 190 ml respectively suggests in
an indirect way that erythropoiesis was accelerated in
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