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GENETIC RESISTANCE TO HELMINTH INFECTIONS 

OF SHEEP.

Sijimnarî  of a Thesis Submitted for the Degree 

of Doctor of Philosophy of the University of Glasgow

by

Khalil Ibrahim A lta if , B.V.M. & S. (Baghdad).

That some breeds o f  sheep and individuals within these breeds thrive 

b e tte r than others in parasite-in fested  lo c a litie s  has probably been 

recognised by stockmen for centuries, but i t  is  only within the past 

50 years, and largely as a re su lt of f ie ld  surveys that the existence 

of genetically-determined differences in host resistance to parasitic  

infections has become widely recognised. As yet remarkably l i t t l e  is  

known about the genotypes responsible for resistance or suscep tib ility  

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 haemoglobin type, sheep with HbA being more re s is tan t 

as judged by faecal egg counts and venous haematocrits than tliose with 

îïbB. Since the frequency of these haemoglobin types varies in d ifferen t 

breeds i t  has been ta c itly  assumed tha t inter-breed variations in 

resistance are related  to differences in the re la tive  haemoglobin type 

gene frequencies, but none of these studies has indicated whether such 

resistance is expressed primarily as a resistance to parasite establishment 

or resistance to nlie p arasites ' specific pathogenic effec ts .

In view of i t s  poten tial p ractical significance i t  was considered 

wortiiwhile to examine tlie concept of breed and haemoglobin type resistance
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2 .

to p arasitic  infections and th e ir  possible relationship to the 

immunological status of the host under carefully controlled 

experimental conditions. The work represented in th is  thesis 

is  essentially  a study of the role of genetic factors in 

resistance to two important gastro in testinal helminth parasites 

of sheep, i .e .  Haemonchus contortus and Ostertagia circumcincta.

The f i r s t  section deals with the in ter-relationsh ip  between 

haemoglobin type and breed and the response of sheep to primary 

infections with H. contortus. For th is  purpose worm-free Scottish 

Blackface and Finn Dorset sheep with d ifferen t haemoglobin types 

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

th e ir responses monitored and compared by a combination of c lin ica l, 

radioisotopic and parasitological techniques. The resu lts  obtained 

showed that sheep with HbA developed less severe c lin ica l and 

pathophysiological disturbances, passed fewer eggs and harboured 

fewer worms a t necropsy than animals with HbB and that Scottish 

Blackface sheep exhibited sim ilar advantages over Finn Dorsets with 

the same haemoglobin t^pe. Since variations in the severity of the 

disease as judged by pathophysiological effects correlated closely 

with worm numbers i t  was concluded (a) tha t genetic resistance 

operates a t the level of parasite establishment which in turn is  

controlled by the immune response e lic ited , (b) that although HbA 

is  a useful genetic marker for resistance, the degree of protection 

with which i t  is  associated is  very much influenced by other, and 

as yet undefined "breed" ch aracteristics, and (c) on the basis of 

a second experiment demonstrating that sheep of each haemcglobin 

type were equally susceptible to the establishment and pathogenic 

effects of K. contortus when heavily infected (1400 larvae/kg), i t

/ -



3 .

would appear tha t the magnitude of the larval intake is  an additional 

factor involved.

The second and th ird  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 

la t te r  with the well-known "self-cure" phenomenon. The resu lts  of 

the th ird  section demonstrated th a t individuals and breeds with high 

resistance to primary infections, i .e .  animals with HbA and belonging 

to the Scottish Blackface breed are also more res is tan t to reinfection 

than for example HbB and Finn Dorset sheep. In terms of worm 

establishment th is resistance was no greater than tha t acquired during 

primary infections possibly due to the interruption of antigenic 

stimulation caused by anthelmintic treatment, but a l l  reinfected 

animals were nonetheless able to seriously impair the parasites ' 

b io tic  and pathogenic po ten tia l.

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

infected sheep to reinfection or rapidly growing parasite-free  grass 

showed tha t the reaction could occur under both conditions. This 

suggests that the phenomenon may be both immunological and non- 

iimiunological, the former in a l l  likelihood being a manifestation 

of a hypersensitivity reaction in the abomasal mucosa, the la t te r  

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 with the breed than with the 

haemoglobin type of the animals concerned, being obsêrved i.i the 

majority of the Scottish Blackface sheep of each haemoglobin type



4 .

but in only a minority of the Finn Dorsets and Suffolks; even i f  

unable to  expel th e ir  existing worm populations most sheep were 

able to impair the reproductive and haematophagic a c tiv itie s  of 

parasites derived from subsequent in fec tions.

The experiment reported in the fourth section was designed to 

ascertain whether the response of sheep to non-haematophagic 

parasites is  also re la ted  to th e ir  haemoglobin type. For th is  

purpose HbA and HbB Scottish Blackface sheep were individually 

infected with 100,000 Ostertagia circumcincta larvae; resistance 

to the subsequent disease was compared by biochemical and 

radioisotopic methods and resistance to worm establishment by 

measurement of worm counts 16 days a f te r  in fec tion . 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 HbA than in HbB sheep was suggestive of a b e tte r  immune 

response on the p a rt of the former.

The final section examines the genetic control of antibody 

production to non-parasitic antigens. No difference was observed 

between HbA and HbB type sheep, or between Scottish Blackfaces 

and Finn Dorsets in respect of immune elimination of horse gamma 

globulin, but on tlie basis of a sign ifican tly  b e tte r response to 

human serum albumin, and suggestive evidence of a b e tte r  response 

to rabb it red ce lls  in HbA than in HbB Scottish Blackface sheep, 

i t  seemed reasonable to conclude tha t the advantages exhibited by 

the former in relation  to p a rasitic  infections were associated 

with a superior immunological competence.
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GENERAL INTRODUCTION



2
The continuously growing demand for animal protein 

in recent decades has led to a rapid expansion and 

in ten sifica tion  of livestock production, p articu la rly  

in tro p ica l and sub-tropical regions of the world. 

Unfortunately, the p o ten tia l of many development programmes 

is  lim ited by the existence of helminthic and protozoal 

diseases which cause countless deaths and incalculable 

insidious losses, to the industry , and which paradoxically 

assume increasing significance under modem systems of 

management. I t  is  of some importance, therefore, tha t 

these diseases be eliminated or a t  lea s t controlled, and 

a t the present time, short of rearing animals p a rasite - 

free and folding them over uncontaminated pasture, there 

are essen tia lly  two methods of achieving th is  aim, i . e .  

“chemical" and "immunological". The former, which involves 

rearing animals under the protection of anthelm intics, 

molluscicides or in sec tic ides , necessitates high standards 

of husbandry and veterinary supervision, and although 

widely and successfully p ractised  is  s t i l l  often unreliable 

or impracticable in many developing countries because of 

in su ffic ien t epidemiological information and teclmicaj. 

and financial resources.

Iramunoprophylaxis u ti l is e s  the h o st's  capacity to 

r e s is t  or lim it p a ra s itic  invasion and is  currently 

achieved by vaccination with irrad ia ted  larvae or in 

some instances, a r t i f i c ia l  infection terminated by drugs. 

Such procedures have resu lted  in commercial vaccines against

/ -



1 2
p a ra s itic  bronchitis of c a ttle  and sheep ' and hookworm in

3 4 5
dogs , while a number of others, e .g . avian coccidiosis '

and syn garni as i  , bovine theileriosis*^ and ovine schistosomiasis^,

have given promising re su lts  in the laboratory. In sp ite  of

these advances effective large-scale immunisation against the

great majority of parasites remains a d is tan t goal which even

i f  theo re tica lly  feasib le  could prove an uneconomic and

u n rea lis tic  proposition for a l l  but the most advanced nations.

For the m ajority, which includes those witliin the vast and

often fer-tile continents of Africa, Asia and South America

an a lte rna tive  short-term , economically more viable and

technically  less demanding approach is  clearly  indicated.

One p o ss ib ility  is  the development of re s is ta n t

indigenous stock or improved exotic breeds. Admittedly

there is  l i t t l e  in the l i te ra tu re  to inspire confidence

th a t breeding for the quality  of disease resistance w ill

ever in i t s e l f  be an economic proposition, but a number of

observations point to the p o ss ib ility  th a t such an approach,

combined with the more extensive and judicious application

of control procedures might be exploited on a greater scale

than a t  present. In the f i r s t  place there is  now an

Increasing awareness th a t certain  individuals, s tra in s

and breeds thrive b e tte r  in parasite -in fested  lo c a lit ie s

than others, and th a t even in the most carefu lly  controlled

ei^qperimenta 1 infections wide variations in the establishment

and pathogenic e ffec ts  of p arasites are the rule ra ther tlian

the exception. One p a rticu la rly  s trik in g  i l lu s tra t io n  of

/ -



th is  phenomenon is  the high resistance exhibited by the

dwarf N'dama and Mutum c a ttle  of West Africa over Zebus

9-13
to  natural and experimental trypanosomiasis , but 

numerous other stud ies, some of which are reviewed in 

more d e ta il la te r ,  suggest th a t sim ilar differences

prevail in many host-parasite  systems, e .g . bovine and

14-37 38
ovine trichostrongylosis ; bovine th e ile r io s is

and babesiosis^^'^^; avian coccidiosis^^'^^ and

43 44 45
ascarid iasis  ; rodent malaria and nippostrongylosis ;

murine trypanosomiasis^^ and trich u rias is^ ^ '^ ^ . Many of

these differences could of course be a ttribu ted  to variation

in age, grazing h ab it, acquired resistance and even infection

technique, but nevertheless the overall impression gained is

th a t resistance to many p arasites  is  determined to some

extent by the h o s t's  genetic constitu tion , and th is  has in

fac t been v e rified  experimentally in a number of host-parasite

21
systems. For example, Ross and co-workers demonstrated

heritab le  resistance to haemonchosis in Nigerian c a tt le ;

VThitlock and Scrivner successfully bred sheep with high

resistance to  Haemonchus contortus^  ̂ and Ostertagia 

28
circumcincta^ ; and Acke-t, Sucharit and MacDonald, and

Wakelin, chickens, ra ts  and mice re s is ta n t respectively to

Ascaridia lineata^^ , Brugia pahangi^^ and Trichuris muris^^.

Impressive differences in su scep tib ility  to Plasmodium berghei

have also been obtained by inbreeding mice with high and low 

51
resistance . These findings add fur+'her weight to the premise 

th a t breeding for disease resistance could form a useful 

adjunct to prophylaxis and thereby f a c i l i ta te  livestock

/ “

4



production in many areas.

The logical and necessary f i r s t  step towards achieving 

th is  aim is  the id en tif ic a tio n  of those genotypes responsible 

for increased resistance and an understanding of the mechanism 

by which they operate . Some progress has already been made 

in botli areas, most notably the recognition th a t the 

prevalence and severity  of a number of diseases caused by 

,haemoprotozoan and haematophagic helminth p arasites may

23 25
be re la ted  to genetic variations in red ce ll biochemistry  ̂ '

30,33,34,36,37,52-62,  ̂  ̂ ^
and by recent advances demonstrating

genetic control of immune responses^^

Of a l l  the inherited  erythrocyte factors implicated in

resistance to p a ras ite s , haemoglobin type is  currently

considered the most important. The relevance of th is

character was f i r s t  brought to lig h t by A llison 's c lass ica l

studies linking resistance to human malaria with sick le c e ll  

52-54
haemoglobin , but since then a number of rep o rts , based

largely on re su lts  of f ie ld  surveys have provided

circum stantial evidence of analogous relationships in

p a ra s itic  diseases of livestock . The absence of haemoglobin

B for example has been associated with increased tolec^nce

56
to  bovine trypanosomiasis , and foeta l haemoglobin (HbF) 

with the low su scep tib ility  of the young bovine to 

anaplasmosis^^, but by fa r the most compelling evidence for 

the involvement of haemoglobin polymorphism in host-parasite  

in teractions concerns the response of sheep to Haemonchus 

contortus.

/ -



Two d iffe ren t haemoglobins, A and B are found in 

the majority of normal adult sheep^^ and w hilst the ir 

breed d is trib u tion  varies^^, th e ir  frequency is  genetically  

determined by two a lle le s  which produce three phenotypes,

A, AB and Several authors have produced evidence

which suggests tha t haemoglobin A-type sheep are more 

re s is ta n t to H. contortus than animals with haemoglobin

23
B (HbB). This hypothesis originated from Evans e t a l . , ,

who found smaller worm burdens and lower faecal egg counts

in HbA than in HbAB sheep following experimental in fections,

25
Subsequently, Evans and Whitlock , reported a s ig n ifican t 

correlation  between haemoglobin type and venous haematocrit 

in grazing sheep and on th is  evidence suggested th a t the 

presence of HbA might m itigate the effects of natural 

Haemonchus challenge and exposure to  cold. However, i t  is

only within the past -few years th a t haemoglobin type has

been more d irec tly  implicated in  individual and breed resistance 

to th is  p arasite . J ilek  and Bradley^^ observed th a t HbA

Florida Native sheep were less susceptible than HbAB and HbB

types as judged by egg and worm counts and haemoglobin levels, 

and in addition presented evidence which indicated th a t the 

higher survival ra te  of th is  breed compared with imported 

Rambouillets under the trop ica l/sub -trop ica l conditions 

prevailing  in Florida was a re flec tion  of the s ign ifican tly  

higher gene frequency for HbA in the la t te r  (0,56 and 0.19 

respective ly ). Since then work carried  out in Kenya^^'^^, 

has confirmed the advantage conferred by HbA to Merinos in _

/ “
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a Eaemonchus- endemic area, and indicated th a t the poor 

performance of th is  breed re la tiv e  to the indigenous Masai 

and imported Dorpers is  re la ted  to a higher frequency of 

HbA a lle le s  amongst these la t te r  breeds.

Collectively the above findings suggest th a t haemoglobin

polymorphism has an important bearing on a number of host-

parasite  re la tionsh ips, but as yet remarkably l i t t l e  is

known about the mechanisms involved. Certainly with regard

to  the Haemonchus situa tion  a l l  the indications from the

f ie ld  suggest th a t the phenomenon is  a re flec tion  of

variations in worm establishm ent. This may be the case,

but a t the moment supportive evidence is  based almost

en tire ly  on egg counts and haematological indices, i . e .  on

in d irec t parameters of infection  and not on d irec t measurements

of worm load. Indeed the fev; attempts made to explain

resistance to Haemonchus in terms of worm establishment have

e ith e r been unconvincing or disappointing. For example, tlie

oft-quoted studies of Evans and h is colleagues from which the

whole concept of haemoglobin-type resistance to Haemonchus 

23
originated certa in ly  revealed smaller parasite  numbers in 

HbA as compared withi HbAB sheep, but these differences were 

not accompanied by differences in the haematological sta tus 

of the two groups, neither were they s ig n ifican t, nor in 

th is  author’s opinion a re liab le  basis fo r comparison, being 

obtained from animals which died as a re su lt of infection  and 

which in a l l  likelihood lo s t a large proportion of th e ir  

o rig inally  established p o p u la t io n s ^ ^ F u r th e r m o r e ,  in

/ “



the only other report comparing tlie response of animals 

with d iffe ren t haemoglobin types to standardised infections 

of H. c o n t o r t u s , egg counts and worm loads were actually  

somewhat higher in HbA than in HbAB or HbB sheep and perhaps 

s ig n ifican tly  the only rea l advantage exhibited by the former 

was an a b ility  to maintain re la tiv e ly  higher venous 

haem atocrits,

The apparent d isparity  between f ie ld  and experimental

observations implies th a t the b e tte r  performance of animals

with HbA a t  grass a rises  not so much from an inherent

capacity to  r e s is t  i n i t i a l  worm establishment - although

th is  may yet prove to be important, buc ra ther (or additionally)

from a g reater a b ility  to lim it the persistence of in fection ,

r e s is t  reinfection  and/or withstand the stresses of haemorrhage

and vagaries of climate. With regard to the f i r s t  p o ss ib ility ,

37
i t  i s  s ig n ifican t th a t Allonby and Urquhart , noted more 

frequent and effective  "self-cure" in HbA Merinos grazing 

infected pasture, suggesting a genetic link with immunological 

competence, but i t  remains to be established whether th is  

also encompasses resistance to  reinfection .

One point whid: is  1 _wever firmly established, is  th a t

HbA does confer a number of cardiovascular properties which,

in theory, could be advantageous in  Haemonchus-endemic areas.

F irs tly , the a ff in ity  of HbA for oxygen is 30-50% greater 

71 72
than EbB ' , and hence in animals with HbA, oxygen uptake

from the lungs is  fa c il i ta te d  and a rtt.r ia l oxygen content 

and percentage saturation elevated. Secondly, HbA type sheep 

have a greater capacity to increase th e ir  cardiac output in

8
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response to the anoxic s tre ss  imposed by phlebotomy"^

Thirdly, when severely anaemic, sheep which carry the gene

for A haemoglobin produce haemoglobin , a ^  -chain

78,79
varian t with an improved oxygen-carrying capacity 

F inally , there is  a suggestion th a t sheep with HbA are 

heavier and maintain higher haem atocrits, haemoglobin levels

n C ”5 T HA fio
and blood volumes than th e ir  HbB counterparts ' ' ' .

From the foregoing account i t  is  c lear th a t the 

relationsh ip  between haemoglobin polymorphism and resistance 

to  Haemonchus is  extremely complex, and th a t despite extensive 

investigation  many aspects remain largely unresolved and 

unstudied. The problem is  essen tia lly  one of determining 

whether the advantages displayed by individuals with a 

p a rticu la r haemoglobin type arise  (a) from a superior "innate" 

resistance to parasite  establishment or to the effec ts of such 

establishment, or both, i . e .  are manifestations of non-specific 

factors rendering these animals physiologically unsuitable for 

p arasite  development and/or b e tte r  equipped to withstand the 

subsequent pathophysiological e ffec ts ; or (b) from the 

acquisition of a more effective and specific  "acquired" 

resistance involving the immune system; i t  is  also possible, 

of course, th a t "innate" and "acquired" factors act in concert 

thereby increasing th e ir  overall effectiveness. At the present 

time the re la tiv e  importance of physiological as opposed to 

Immunological factors is  e ith e r unknown or clouded by 

deficiencies in experimental design and technique. Indeed 

one of the major defects has been the reliance placed on fie ld

/ -
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observations and more p articu la rly  faecal egg counts and

blood composition. Contrary to the views expressed by

many authors, differences in  such parameters are not

37 70 81
necessarily  consistent with parasite  numbers • • ^

and in a f ie ld  situa tion  where larval challenge is  often 

continuous and extremely variable are probably a b e tte r  

indicator of acquired than innate resistance; furthermore, 

even with a knowledge of worm burdens, natural infections 

are in su ffic ien tly  precise for detailed  analysis of the 

mechanisms involved.

The same applies to the phenomenon of breed resistance.

If  indeed such in tra-breed variations in resistance to 

Haemonchus e x is t, i t  would seem reasonable to ascertain  

whetiier these are re la ted  to  differences in the re la tiv e  

gene frequencies of the various haemoglobin types or 

reflec tions of o ther, and as yet unknown, breed charac teristics

The above considerations immediately ra ise  two further 

questions. F irs tly , is  haemoglobin type a re liab le  genetic 

marker for resistance or su scep tib ility  to ncn-haematophagic 

parasites?; and secondly, are animals belonging to certain  

breeds or haemoglobin types generally immunologically more 

responsive than others? Surprisingly neither p o ss ib ility  

has received much atten tion  although tlie importance of "breed** 

and "strain" components in resistance to O stertagla 

circumcincta^  ̂ 28  ̂ Trichostrongylus axei^\ and in the

immune response to complex multideterrainant antigens^^"^^> are 

well documented.
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Clearly, there is  a need to appraise, and in many 

respects re-appraise the whole concept of haemoglobin 

type and breed resistance to p a ra s itic  infections and 

th e ir  possible relationsh ip  to  immune responsiveness 

under carefully  controlled experimental conditions and 

u ti l is in g  techniques which provide re liab le  and detailed  

comparative information concerning the physiological and 

immunological sta tus of the animals concerned. This in 

e ffec t is  the aim of the work described in th is  th esis .

In the f i r s t  section the responses of p arasite -free  

Scottish Blackface and Finn Dorset sheep with d iffe ren t 

haemoglobin types to single infections with H. contortus 

were monitored and compared by a combination of c lin ic a l, 

radioisotopic and parasito log ical techniques with a view 

to determining whether any differences recorded derived 

from variations in resistance to the establishment and/or 

pathogenic e ffec ts  of th is  p a rasite . The second and th ird  

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 resistance from primary infections 

terminated by anthelmintic treatment, the la t te r  with the 

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 c i r curocincta, and the f ifu h , the re la tiv e  

capacities of Scottish Blackface and Finn Dorset sheep 

belonging to  various haemoglobin types to produce antibodies

i i
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against a number of non-parasitic antigens.

Eacli of the separate aspects studied is  prefaced 

by a review of the relevant lite ra tu re  and d e ta ils  of 

the observations not included in the tex t may be found 

in  the appendices.
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REARING AND MAINTENANCE OF EXPERIMIÜNTAL ANIMALS

The sheep used were Scottish Blackface, Finn Dorset and 

Suffolk wethers; those of the former two breeds were 7-10 

months old while the Suffolks were 2 years old. The Blackface 

and Suffolk lambs were bom outdoors , removed from th e ir  

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 p e lle ts  (B ritish Oil and Cake Mills 

L td ., Renfrew, Scotland) introduced from t%vo weeks of age; 

a f te r  weaning a t four weeks the d ie t consisted of a pelle ted  

concentrate (*5 lb per 15 lb live weight daily) and ad lib  hay 

and water. The lambs were castra ted , docked and inoculated 

with a combined c lo s tr id ia l sheep vaccine when eight weeks 

old, a booster in jec tion  being given four w?eks la te r .

The Finn Dorset lambs were obtained from tlie Animal 

Breeding Research Organisation, West Linton, Scotland.

These animals were reared and maintained essen tia lly  as 

described above except th a t lambing was indoors and weaning 

carried  out a t  e ight weeks of age.

HAEMOGLOBIN TYPING

Two d iffe ren t haemoglobin types, A and B are found in 

the majority of normal adult sheep, each being genetically  

determined by two a lle le s  (A and B) which produce three 

phenotypes, i . e .  AA, AB and BE. These haemoglobins consist 

of twoOC and tv/o ^  glob in polypeptide chains. Haemoglobin 

A and HbB have the same oC (termed I ^  ) but ^  chains



( p ^  andp whose primary structures d iffe r  in seven 

positions^ ^ . Homozygous and heterozygous animals are 

most easily  iden tified  by electrophoresis of haemolysed 

erythrocytes a t pH 8 .5-9.0 when EbA migrates fa s te r 

towards the anode than HbB and KbAB intermediate between 

tlie two (Figure 1) .

A th ird  haemoglobin, HbC is  found in minute quan tities

in the blood of normal sheep carrying th e^  ̂  s tru c tu ra l

gene ( i .e .  phenotypes AA or AB) and in dramatically increased

amounts under conditions of anaemic s tre s s . This haemoglobin,

which has the same c4 chains as HbA and HbB but chains (

d iffering  in the number and sequence of th e ir  amino acid

residues (141 compared with 145 residues with 17 differences

in sequence), is  easily  recognised since i t  has an

6-11
electrophoretic mobility slower than tha t of HbB

For the studies described in th is  thesis haemoglobin 

typing was performed on cellu lose acetate since in the 

experience of the author and o th ers , th is  medium is  more 

easily  handled and gives a resolution sim ilar to  th a t 

obtained by the more conventional starch-gel procedure^^ 

Cellulose acetate is  also su itab le  for scanning in a recording 

densitometer thereby perm itting evaluation of the re la tiv e  

proportions of the various haemoglobin types, and of 

p a rticu la r relevance to these studies, the like ly  production 

of HbC in EbA and HbAB animals made anaemic by infection  

with H. contortus (Figure 2).

0
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Figure 1: Separation of Ovine Haemoglobin Types by
Electrophoresis on Cellulose Acetate.
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Cellulose acetate s tr ip s  ("Celagram", Shandon 

Instruments, Caniberley, England) were saturated with 

trisb o ra te  buffer (pH 9) , lig h tly  b lo tted  to remove 

excess buffer and la id  across the supports of an 

electrophoresis tank ("Multi-Microband Electrophoresis 

K it", Shandon Instruments) containing barbitone buffer 

(pH 8.5) .

Haemolysed blood samples (prepared by addition of 

an equal volume of d is t i l le d  water) were applied to the 

s tr ip  about 2.5 cm from the cathode end using an applicator 

p la te . A constant voltage of 150 v was applied for 40 

minutes from the power pack. The s tr ip s  were then removed, 

placed in a tray  containing a 5% aqueous solution of 

trich lo roace tic  acid (TCA) for 5 minutes to "fix" the 

pro teins, and subsequently developed by staining for 

5 minutes with 0.2% Ponceau S (G.T. Gurr L td ., London, 

England) In 3% aqueous TCA. F inally , the s tr ip s  were 

washed three times in  5% aqueous acetic  acid to remove 

background coloration and evaluated automatically using 

a Kipp and Zonnen micro-densitometer DD2j the re la tiv e  

amounts of each haemoglobin were expressed as a percentage 

of the to ta l .

PARASITOLOGICAL TECHNIQUES 

Culture and harvesting of in fec tive  Haemonchus contortus
larvae

A pure s tra in  of H. contortus , obtained from the 

Wellcome Veterinary Research Station, Frant, England, was



passaged through sheep reared and maintained under worm-free 

conditions. Faeces were collected daily using a faecal bag 

and cultured by placing approximately 250 g amounts in  

500 ml honey ja rs  which were incubated a t 22^0 for 14 days. 

Infective th ird  stage larvae were recovered by the method 

described by Roberts and O 'Sullivan^^, The ja rs  were 

f i l le d  with luke-warm tap water and allowed to stand for 

several hours in diffuse lig h t. The flu id  was then sieved 

(60 meshes/inch) to remove the coarse debris and the 

suspension f i l te re d  through a double layer of gauze milk 

f i l t e r  (Clover No. 9, Johnson and Johnson, Slough, England) 

using a Buchner funnel f i t te d  to a side-arm flask evacuated 

by means of a vacuum pump. The f i l te r s  were then placed, 

larval side up, on a fine sieve (mesh No. 10) in a Baermann 

apparatus and le f t  for 2-3 hours to allow larval migration 

from the f i l te r s  to the warm water. After s e tt l in g  to the 

narrow p art of the funnel the larvae were drawn o ff and 

stored a t 6 ^C.

Preparation and adm inistration of larva l inoculum

The concentration of the larval suspension was determined 

by examining a t le a s t ten 0.025 ml aliquots containing ^ 

to ta l of not less than 1,000 larvae. The suspension was 

mixed thoroughly and agitated  while sampling. Doses for 

inoculation were measured by p ipetting  the calculated volumes 

of the o rig ina l la rva l suspension into  universal b o ttle s , a 

check being made to ensure that the desired number of. larvae 

± 10  per cent was present.

/ -
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9 c :
The larvae were administered o ra lly  to each animal 

using a 2 0  ml syringe which was then subsequently flushed 

twice with water.

Faecal egg counts

Faecal samples collected e ith e r d irec tly  from the 

rectum or from collection bags f i t te d  to the animals were 

examined by a modified McMaster technique^^. In th is  

method 3 g faeces were mixed with 42 ml water and passed 

through a sieve (60 meshes /in ch ); two 15 ml samples of 

the f i l t r a te  were centrifuged in f l a t  bottomed te s t  tubes 

for 2 minutes a t  about 1500 g end the supernatant poured 

o ff . The sediment of one of these tubes was re-suspended 

in saturated s a l t  (NaCl) solution and the te s t  tube 

inverted several times; both chambers (volume 0.15 ml) 

of a McMaster vvorm Egg Counting Slide (Hawksley & Sons,

London, England) were then f i l le d  with the suspension 

using a pasteur p ip e tte . The number of eggs in both 

chambers was m ultiplied by 50 to give the number of eggs 

per gram of faeces.

I f  the sample proved negative for H. contortus eggs 

using the above method, the second te s t  tube containing 

sediment was f i l le d  with saturated s a l t  solution and 

thoroughly mixed. More saturated s a l t  solution was then 

added unt"! 1 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 layer of the

/ -



flu id  and smear i t  on a clean glass s lid e . A 

microscopical examination then confirmed the absence 

of Haemonchus eggs or th e ir  presence in small numbers.

Necropsy procedure

All sheep to  be necropsied were starved for 24

hours p rio r to slaughter. A captive b o lt p is to l was

used to shoot the sheep a f te r  which i t  was bled out.

The abdomen was opened and the abomasum and omasum

separated from the re s t  of the in te s tin a l t r a c t ,  care

being taken to ensure th a t the contents remained in ta c t.

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 d ilu ted

to 2 l i t r e s  in a graduated polythene bucket and a f te r

thorough mixing, t\fo samples, each of 200  ml were taken

in  a graduated scoop for subsequent microscopic enumeration

of worm population; lO ml of 40% formalin was added as

preservative to each sample.

The en tire  abomasal mucosa was then scraped o ff with

a sharp knife, chopped finely  with a cleaver and 200  g

lo ts  placed in separate Kilner ja rs . The ja rs  were then

f i l le d  with a pepsin-hydrochloric acid (HCl) mixture <md

incubated for 6 hours a t  42^C; the digests were then

formalinised, d ilu ted  to  2 l i t r e s  and two samples each of

200 ml removed for worm counting. The pepsin-HCl mixture

17
was sim ilar to th a t described by Herlich ? 10 g of

1:2500 pepsin powder (B ritish Drug Houses, Poole, England)
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was dissolved in  600 ml of water and acid ified  with 30 ml 

concentrated BCl.

Worm counting ajad measurement

The 200 ml samples of abomasal washings and digests

collected a t  necropsy were treated  as follows:

2-3 ml 45% iodine solution (containing 720 g potassium

iodide and 450 g iodine c ry s ta ls / l i t r e  d is t i l le d  w ater),

were added to each sample with thorough mixing using a

5 ml p ip e tte  broken a t  the 4 ml mark (to obtain a wide

bore). 4 ml aliquots were withdrawn and pipetted  in to

p e tri-d ish es . 2-3 ml 5% sodium thiosulphate solution

were added to clear the background while allowing the

parasites to  re ta in  the colour of the iodine thus

enabling them to be more easily  observed for counting^^.

At le a s t ten 4 ml aliquots from each 200 ml sample were

examined under a dissection microscope, and the number

of parasites found m ultiplied by the appropriate d ilu tion

factor (50) to  give the number of worms in the o rig inal

2 l i t r e s .  This counting technique gives an estimate

19
which varies within ± 1 0 % of the mean

Measurements of H. contortus worms were made by 

mounting individual parasites on slides which were then 

viewed on the screen of a projection microscope (Projectina 

Co.Ltd., Heerbrugg, Switzerland) a t a magnification of 

lOx objective. The resu lting  image was traced on paper 

and the length of the tracing  determined using an opsometer 

and the resu lts  divided by the magnification to give a 

measure of worm size .

n
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BLOOD ANALYSES

Collection and storage of samples

Blood samples were collected from a jugular vein into 

evacuated 5 ml glass tubes (Vacutainer, Bactcn and Dickinson, 

New Jersey, USA). Tubes containing 100 International Units 

heparin as anti-coagulant were used for a l l  haematological 

examinations. For serum analyses, blood samples were l e f t  

standing overnight a t  room temperature in inverted 

unheparinised tubes and the serum recovered transferred  by 

means of a pasteur p ipette  in to  p la s tic  v ia ls  which were 

immediately frozen and stored a t -5^0.

Packed ce ll volumes (PCV)

Packed c e ll volume percentages were determined by the 

microhaematocrit method. Capillary tubes containing the 

blood sample were sealed a t  one end by heat or p lastic ine  

and centrifuged for 5 minutes in a microhaematocrit 

centrifuge (Hawksley & Sons L td ., London, England); tlie 

percentage PCV weis determined from the scale on a Hawksley 

Microhaematocrit Reader.

Haemoglobin concentration (Hb)

Blood haemoglobin was estimated by tlie cyanmetliaemo-

20
globin method of Van Kampen and Z ijls tra  . 0.02 ml well

mixed blood were added to 5 ml d ilu te  potassium ferricyanide 

solution. Haemoglobin was thus oxidised to haemiglobin 

which in turn was converted by treatment with cyanide to 

the stable cyanmethaemoglobin. This compound was measured
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colorim etrically  a t 542 mjif and the concentration of 

haemoglobin (g/1 0 0  ml) determined with the aid of standard 

cyanmetliaemoglobin solution (Roche Diagnostica, Roche 

Products L td ., London, England).

Red c e ll count (RBC)

29

Total red c e ll  counts (xlO^/cu.mm) were determined 

by an electron ic  p a rtic le  counter (Coulter Model "D", 

Coulter Industria l Sales Co., Elmhurst, I l l in o is ,  USA).

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

These indices were calculated as follows:

MCV

Hb X 100
MCHC (%) = PCV

Serum pro teins

Total serum proteins were estimated by a b iu re t 

'  21
colorim etric technique , and albumin by the bromocresol

22
green method described by Rodkey . Serum globulins were 

calculated as the difference between to ta l  pro tein  and 

albumin concentrations,

Serum iron

Blood samples collected in  iron -free  tubes were

allowed to c lo t and the senna obtained trea ted  with an

anionic detergent (Teepol, in acetate buffer, pH 5.8) to 

4-+-f
s p l i t  the Fe - tran s fe rrin  complex and subsequently with 

sodium d ith ion ite  to reduce free Fe to Fe . Addition 

of bathophenanthroline disulphonate (7.5 mmol/litre)



produced a complex, the colour in ten sity  of which was read 

in a spectrophotometer a t  546 tdjj.. Serum iron concentration 

was calculated by reference to the colour in ten sity  of a 

standard solution trea ted  as above.

RADIOISOTOPIC TËQINIOUES

Labelling of red ce lls  with ^^Cr

The successful labelling  of red ce lls  with ^^Cr depends

upon the fac t tliat anionic hexavalent chromate penetrates

in to  the c e l l ,  is  reduced to cationic tr iv a le n t chromium 

3+
(Cr ) ,  which becomes bound to  the globin moiety of 

23 24
haemoglobin ' . Hence the procedure in general consists

of incubating a volume of the animal’s blood or red ce lls

in v itro  with a su itab le  amount of radiochromium as

hexavalent chromate (e.g. Na^CrO^). Since excessive amounts

of chromium can cause damage to the ce lls  i t  is  recommended

51
th a t tlie specific  ac tiv ity  of the Cr should be such that, 

less than 2 pg of chromium is  added per ml of packed red

25
c e lls , equivalent to approximately 0.7 pg/ml whole blood 

Procedure

Blood (equivalent to about 7 ml packed red cells) was

obtained by Jugular puncture and collected in universal

b o ttle s  containing heparin as anticoagulant. After

centrifugation for 10 minutes a t 2 ,0 0 0  rpm and removal of

plasma the ce lls  were suspended in  isotonic saline and

gently mixed. A measured volume of iso tonic saline containing 

5 I
1 mCi ""Cr (specific ac tiv ity  250 pCi/jig Cr) as sodium

/ -

30



chromate (Radiochemical Centre, Amershara, England) was added

with gentle mixing. The labelled ce ll suspension was incubated

a t 37°C for 30 minutes with frequent gentle mixing and then

centrifuged a t 1,500 rpm for 10 minutes. The supernatant was

removed and discarded, the ce lls  washed in iso tonic saline

51
u n til free of unbound Cr, and fin a lly  reconstitu ted  with 

the retained plasma for in jec tio n . In a l l  cases, each sheep 

received i t s  own erythrocytes and plasma.

59
Labelling of plasma and red ce lls  with Fe

These were labelled  iu vivo by intravenous in jec tion  of 

fe r r ic  c itra te  (Radiochemical Centre, Amersham, England, 

specific  ac tiv ity  15 p.Ci/j_ig) corresponding to a rad ioactiv ity  

of 70 p c i ,

125
Labelling of albumin with ^

Trace-labelling of proteins with radioidine was carried  

out by the iodine monochloride method of McFarlane^^. This 

metliod depends upon trea ting  the protein in s lig h tly  alkaline 

solution with iodine monochloride to which has been added the 

radioactive iodine as ca rrie r-free  iodide (obtained from the

Radiochemical Centre, Ame-»*sham, England, as thiosulphate-free

125 Ü25
Na I) and resu lts  in  substitu tion  of I in the tyrosine

residues to give mono and di-iodo tyrosine groupings (Figure 3 ).

The introduction of less than 1 atom of iodine per molecule of

albumin ensures th a t no marked change occurs in i t s

27
physiochemical and immuiiological properties 

M aterials 

A ^um in

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

h



FIGURE 3 .
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Kankakee, I l l in o is ,  USA) was used in  a l l  experiments, ^

Iodine monochloride

A solution containing 0.42 mg I/ml as iodine mono

chloride (ICI) in M NaCl and approximately O.Ol N with 

respect to  HCl was used. This was prepared by dissolving 

5.00 g potassium iodide (KI) and 3.22 g potassium iodate 

(KIO )̂ in 37.5 ml d is t i l le d  water. To th is  was added 

37,5 ml concentrated HCl and 5 ml carbon te trach loride 

(CCl^) and the mixture shaken vigorously; 0.1 M KI was 

then added dropwise u n til a fa in t pink colour appeared 

in  the CCl^. This stock solution, which contains 

approximately 147 mg I/ml as ICI was dj.luted 1:350 

with iso tonic saline to provide a solution containing

0.42 mg I/ml.

Glycine buffers

Two glycine buffers were used for the labelling  

process; one, buffer A (pH 8.5) was used for conversion 

of ICI to  hypoiodite (lOH), while the other (buffer B, 

pH 9.0) was employed for solution of the protein a t an 

alkaline pH.

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

NaOH to pH 8.50.

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

NaOH to pH 9.00.

lodination procedure

A 2% solution of sheep albumin was prepared by 

dissolving 600 mg freeze-dried protein  in 30 ml isotonic

/"



A II
saline and buffered by addition of 15 ml glycine buffer B,

10 mCi of ca rrie r-free  radioiodine was added to 2.5 ml of

a freshly prepared solution of I d  containing 0.42 mg I/ml;

the iodine monochloride solution was then converted to

hypoiodite by addition of lO ml glycine buffer A and

immediately mixed with the protein solution. The labelled

preparation was transferred  to a d ia lysis sac containing

2 g "carrier" protein  {bovine serum albumin). Carrier

protein  was added to  reduce the specific  ac tiv ity  of the

labelled  albumin to  less than 5 pCi/mg, thereby reducing

27 28
tlie p o ss ib ility  of rad iation  decomposition ' . The

labelled  protein was dialysed for 48 hours a t  5*̂ C against 

two 2 0 - l i t r e  changes of iso tonic saline to remove unbound 

iodide and fin a lly  centrifuged for 30 minutes a t 1,500 rpm 

p rio r to in jec tion .

Labelled protein prepared as described contains 0.9 

atoms/molecule assuming 1 0 0% incorporation.

Injection of radioisotopes

All radioactive m aterials were injected in to  a jugular 

vein through a jugular catheter, (Portex P lastic s  L td., Hythe, 

England), and the catheter flushed out with iso tonic saline 

before being withdrawn.

Radioactivity measurements

One ml samples of blood and plasma were p ipetted  in to  

counting b o ttles  and made up to a volume of 15 ml with

0.02 N NaOH, The volume of each daily urine collection  was 

measured and a 15 ml aliquot taken for radioassay. Each

/ -



24-hour faecal collection was weighed and mixed thoroughly 

and random 15 g samples packed in counting tubes. Radio

ac tiv ity  measurements were carried  out using an automatic 

well-type gamma sc in til la t io n  spectrometer (Nuclear 

Chicago, High Wycombe  ̂ England). Standard solutions of 

a l l  labelled  preparations were assayed a t regular in tervals 

and corrections for radioactive decay based on the 

a c tiv itie s  of these so lu tions. In most of the experiments

reported in th is  thesis rad ioactiv ity  due to three isotopes

59 51 125
F0 / Cr and I was measured simultaneously. Separation

of iso topic mixtures was achieved by the application of

"overlap” factors calculated from the re la tiv e  count ra tes

of standard solutions of these isotopes a t each photopeak.

STATISTICAL METHODS

35

S ta tis t ic a l  methods employed were those described by 

29
Bishop . H alf-life  values quoted in the tex t were 

calculated by regression analysis and unless otherwise 

s ta ted , correlation  coefficients of rad ioactiv ity  against 

time were very highly s ig n ifican t (r >-0.95). Standard 

errors (SE) and p values (student's t- te s t)  are quoted,

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

s ta t is t ic a l ly  s ig n ifican t.
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SECTION 1

THE INFLITENCE OF HAEMOGLOBIN TYPE AND 

BREED ON THE RESPONSE OF SHEEP TO 

PRIMARY INFECTIONS WITH Haemonchus contortus



INTRODUCTION

In tlie introduction to th is  thesis the possible 

existence and basis of genetically-determined resistance 

to H. con tortus in sheep were c r i t ic a l ly  evaluated.

Field observations strongly suggested th a t infection 

with th is  parasite  was influenced by the animal's 

haemoglobin type and breed, but attempts to corroborate 

th is  experimentally and provide a ra tiona l explanation 

were generally unsuccessful or unconvincing. I t  was 

concluded th a t th is  discrepancy could only be resolved 

on the strength of more detailed  and carefully  controlled 

investigations in to  the nature and re la tiv e  importance of 

genetic and acquired factors in the response to infection  

with Haemonchus. In attempting to unravel some of the 

complexities of the problem, i t  seemed appropriate to 

ascertain  a t the outset whether the response of worm-free 

sheep to single standardised doses of in fective l.arvae was 

in fac t haemoglobin type and breed re la ted , and i f  so, to 

determine to  what extent th is  was a re flec tion  of differences 

in resistance to  worm establishment and/or the subsequent: 

disease. The experiments described in th is  section were 

therefore designed to examine these aspects.

Infection with H. contortus is  characterised by profound

and often fa ta l anaemia, hypoalbuminaemia, weight loss and

1 -8
tlie presence of large numbers of worm eggs in the faeces ; 

in i t ia l ly  the anaemia is  normocytic and normochromic, but 

heavy or long-standing chronic infections are usually

/ -
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accompanied by macrocytosis and hypochromia, low serum

9-12
iron levels and depleted l iv e r  iron stores

Not unnaturally most of the published work on genetic

resistance to th is  parasite  has u ti l is e d  differences in

venous haematocrit (PCV) and faecal egg counts as the

standard c r i te r ia  of worm establishment and disease

resistance , yet even a cursory glance as.these data

reveals a trend which is  fa r  from encouraging. For

13
example, Evans e t a l . ,  found no difference in PCV 

between EbA and HbAB Merinos, but on 70% of the occasions 

when egg counts were determined the former had values 

which were generally 10-15% lower them the la t te r ;  J ilek  

and Bradley's^^ "high" and "low" resistance Florida Native 

ewes exhibited average PCV values of 29% and 26% respectively , 

but showed no rea l difference in egg counts; the PCV of

15the HbA Florida Native sheep used by Radhakrishnan e t  a l . , 

f e l l  from 35% to 27% and from 33% to 27% in sim ilarly  

infected HbB sheep, and egg counts s tab ilised  a t  around 

3,200 and 1,700 per gm respectively; and f in a lly , Allonby 

and Urquhart^^ recorded mean PCV’s of about 24% and 19%, 

and 24% and 21% respectively in  HbA and HbB Merino ewes 

and lambs, but surprisingly  no difference in egg counts 

between any of these groups except during periods of
, -7

self-cure"" .

Regardless of th e ir  possible significance, differences 

in PCV and egg coimts are neither the re liab le  indicators 

of infection th a t some authors might believe, nor are they

40
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axiomatic with resistance to the disease. Any statement

to the contrary inherently assumes th a t a given worm burden

produces the same degree of anaemia and egg count irrespective

of haemoglobin type or breed, or expressed in  another manner,

th a t each worm sucks the same amount of blood and produces

the same number of eggs, and th a t a l l  sheep have a uniform

capacity to  withstand haemorrhage. This, of course, is

completely u n rea lis tic  - f i r s t ly ,  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 10  ̂ and 15 x 10  ̂ per female worm per day

respectively , depending upon the stage, size and to ta l  number

8 11 12 18 19
of parasites present • • • ' ; and secondly, because the

a b ility  to withstand or counteract haemorrhage is  a function

of the h o s t 's  nlood volume and a b ili ty  to replace among o thers,

red ce lls  and plasma pro teins. Since resistance to th is

parasite  can operate a t the level of retardation  or inh ib ition

20  21
of development with re su ltan t suppression of egg production '  

and presumably also blood lo ss , i t  is  quite possible th a t egg 

counts remain depressed and PCV's elevated in association with 

a re la tiv e ly  high establishment; likewise animals with higher 

volumes and synthetic capacities w ill obviously become less 

anaemic (and hyp op rote in aemi c) following a given blood loss 

than thosv less well endowed. In other words, the PCV and 

egg count presented by an infected animal are neither d irec tly  

not indeed su ffic ien tly  closely re la ted  to worm burden to 

allow accurate assessment of resistance to worm establishment; 

c learly  th is  is  only possible by d irec t measurement.

h



To quantiiÿf resistance to the e ffec ts  of worm 

establishment naturally  requires a detailed  knowledge 

of the e ffec ts  themselves. Again i t  cannot be over

emphasised th a t th is  simply cannot be obtained from 

standard c lin ic a l te s ts  such as PCV or serum albumin 

determinations, for the obvious reason tha t these 

indices are merely secondary manifestations of more 

deep-rooted and complex 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 H. contortus is  loss of whole blood and i t s  

constituent red c e lls  and plasma proteins in to  the 

abomasum, any conclusion regarding the p a ras ite s ' 

pathogenic e ffec ts  must be based on accurate measurements 

of these losses and th e ir  damage to the haematological and 

plasma protein s ta tu s of the animal as a whole. Hence in 

addition to changes in  red c e ll and protein concentration, 

i t  is  necessary to describe the disease in terms of i t s  

e ffec ts  on the to ta l  amounts and ra tes of degradation and 

synthesis of these constituents, i . e .  in  terms of th e t’' 

pool sizes and turnover. 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  changes 

associated witli a number of helminthic parasites of sheep,

/ -
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including H. contortus^^ '^^ '^^ '^^ but surprisingly  

the methodology developed for these studies has never 

yet been extended to  cover the possible existence of 

genetic v a ria b ility  in  resistance to haemonchosis. In 

the absence of the information which these techniques 

can so readily  provide, i t  therefore remains to be 

established whether haemoglobin type and breed-related 

differences in PCV eind serum albumin levels do in fac t 

re f le c t fundamental differences in disease resistance 

per s e , and i f  so whether th is  resistance derives from 

p arasite  or host fac to rs, e .g . differences in the blood

sucking properties of individual worms or inherent 

variations in blood volume, red c e ll and protein syntlietic 

capacities and haemoglobin C production.

From the foregoing account i t  is  c lear th a t the whole 

concept of resistance to Haemonchus and/or haemonchosis 

can only be proven when the development, establishment 

and pathophysiological e ffec ts  of the parasite  have been 

measured simultaneously and compared in animals with 

d iffe ren t Hb type and breed ch arac te ris tic s . Equally 

obvious is  tlriat to have any rea l significance, th is  

information must derive from studies u ti l is in g  radioisotopic 

as well as the more conventional haematological, biochemical 

and p arasito log ical techniques. In the ejqieriments reported 

in th is  section, the development and pathogenesis of single 

standardised H. contortus infections were monitored and 

compared in  previously worm-free Scottish Blackface and 

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

/ -
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44sim ilar 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 

measurements of changes in blood composition and red 

ce ll and albumin turnover.



MATERIALS AND fÆlTHODS

Experimental animals and design

Two experiments were carried  out using a to ta l  of 

33 Scottish Blackface and Finn Dorset wethers which had 

been reared and maintained p arasite -free  from b irth . In 

the f i r s t ,  10 Scottish Blackface (comprising 4 HbA and 

4 HbAB and 2 HbB) and 8 Finn Dorset (4 HbAB and 4 HbB)

sheep which were approximately 7 months old were each

51 59
Injected witli Cr-labelled erythrocytes, F e-c itra te

125
and I-albumin and 3 days la te r  infected with 350 

th ird -stage H. contortus larvae per kg bodyweight; 

measurements of red c e ll  and albumin turnover were made 

during the following 28 days a t  which point the animals 

were given a second in jection  of labelled  m aterials;

4 days la te r  the animals were necropsied and th e ir  worm 

burdens determined.

The second experiment was of sim ilar design, but 

re s tr ic te d  to sheep of the Scottish Blackface breed.

15 worm-free wethers, aged about 9 months were divided 

into  3 equal groups on the basis of haemoglobin type.

Each was in jec ted  with labelled  m aterials and measurements 

of red c e ll and albumin k inetics made over the following 

4 weeks; each was then given a second in jection  of 

radioisotopes, infected with 1400 infective H. contortus 

larvae per kg bodyweight and the k inetic  measurements 

continued for a further 24 days when the animals were 

necropsied and th e ir  worm burdens determined.

/ -
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The sheep were confined in standard metabolism cages

throughout, and in  addition to hay and water which were

fed ad l i b , were dosed orally  each day with 10 ml 0.75% KI

to bloclc. the thyroid and tliereby ensure rapid excretion of 

125
I . The sheep were weighed and blood collected for 

haematological and biochemical analyses twice weekly; 

faecal egg outputs were determined daily .

Haemoglobin typing

The haemoglobin type of each sheep was determined 

before infection  and a t  regular in tervals the reafte r by 

electrophoresis of blood on cellu lose acetate s tr ip s .

Haematological and biochemical analyses

Packed ce ll volume percentages (PCV), blood haemoglobin 

concentrations (Hb) and red ce ll counts (RBC) were measured 

and the mean corpuscular volumes (MOV) and haemoglobin 

concentrations (MCHC) of the red ce lls  calculated as 

described e a r l ie r .  Total serum proteins and serum albumin, 

globulin and iron concentrations were a l l  measured by the 

techniques outlined previously.

Parasito logical techniques

Culturing of larvae, faecal egg counts and determination 

of worm burdens a t  necropsy were performed as described 

e a r lie r .

Labelling procedures 

125
I “labelled  albumin

b

Labelled albumin was prepared by trace-lab e llin g  a 

buffered solution containing 600 mg ovine albumin with
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10 mCi Na I .  2 g bovine albumin was added as "carrier"

and the preparation dialysed for 2 days against 40 l i t r e s

125
of sa lin e . Solutions containing about 200 |iCi I were 

administered on each occasion.

Labelling of red ce lls  with

51
Heparinised blood was treated  with Cr as sodium 

chromate and incubated a t 37°C for 30 minutes. The labelled 

ce lls  were then washed 3 times with 0.9% NaCl and 

reconstitu ted  with plasma for In jec tion . At each in jec tion  

every sheep received a suspension of i t s  own labelled  ce lls  

containing approximately 700 pCi ^^Cr.

59
Plasma and red ce ll Fe labelling  

59
Ferric c itra te  (specific ac tiv ity  7 pCi/pg) corresponding 

to a rad ioactiv ity  of about 50 pCi was in jected  on each 

occasion.

Injection and sampling procedures

Labelled m aterials were in jected  together from separate 

syringes'Via a 3-way tap and jugular catheter. The f i r s t  

blood sample (5 ml) was collected from the opposite vein 

15 minutes la te r ,  a further 6 samples a t regular intev'-als 

over the following 3 days and subsequent samples daily .

1.0 ml aliquots of blood and plasma were dilu ted  to 15 ml 

with d ilu te  NaOH for rad ioactiv ity  determination. For 

measurements of plasma iron turnover ra te s , 1 .0  ml samples 

of plasma collected 15, 30, 60, 90, 120 and 180 minutes 

a f te r  in jec tions of radioiron were sim ilarly  prepared.

The to ta l  urine and faeces excreted durina each 24 hr

/ -



were collected and representative samples (15 ml and 

ISg packed to a volume of 15 ml respectively) prepared 

for counting. Standard solutions of a l l  labelled 

m aterials were prepared by d ilu ting  aliquots of each 

labelled  preparation in jected .

Radioactivity measurements

These were made using an automatic gamma sc in til la tio n  

counter, separation of iso topic 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 a c tiv it ie s  of these standards.

Calculations and expression of resu lts

As mentioned e a r lie r  in tlie tex t the most s ig n ifican t 

c lin ic a l features of ovine haemonchosis are anaemia and 

hypoalbuminaemia. To obtain detailed  information on the 

aetiology of these changes and tlie ir relationship  to the 

parasites ' development within the host requires an 

appreciation of (a) the concentrations of red ce lls  and 

albumin in the peripheral blood, obtained by the standard 

haematological and biochemical methods described e a r l ie r ,

(b) the to ta l amounts of these constituents in the body 

and th e ir  ra tes of breakdown and synthesis, values which 

are best measured by the isotopic techniques outlined 

below, and (c) tlie in te r-re la tio nsh ip  between the above 

parameters and the more conventional indices of parasite  

ac tiv ity  and development referred  to e a r lie r , i .e .  faecal 

egg counts and worm load.

/ -
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During the work described in th is  thesis surveillance 

of parasite  ac tiv ity  re lied  heavily on isotopic methods.

The following is  a b r ie f  account of the theory behind the *• 

use of these techniques and of the mathematical analyses 

performed; further d e ta ils  are given in the references 

c ited .

Measurements based on ^^Cr-labelled red ce lls

Following intravenous in jec tion  of red ce lls  labelled  

51
with Cr and measurement of the rad io ac tiv itie s  in blood, 

urine, faeces cuid standards, a number of important indices 

pertaining to the haematological sta tus of the rec ip ien t 

were obtained.

Blood and circu la ting  red ce ll volumes

These were estimated by application of the "d ilu tion 

p rincip le". Following in jec tion  of the labelled  c e lls ,

15 minutes were allowed for complete mixing within the 

circu lation  a f te r  which the f i r s t  blood sample was with

drawn. The rad ioactiv ity  of a carefully  measured 1 ml 

aliquot of th is  sample was divided into  the in jected  

ac tiv ity  to obtain the blood volume (BV) . Using tlie FCY 

of the 15 minute sample, the rad ioactiv ity  per ml of 

packed red ce lls  was calculated from the following equation 

covmts/mln/ml red ce lls  = ^°^ts/m ln/m p i o o d x_ 1 0 0

and divided into  tlie in jected  ac tiv ity  to obtain the 

c ircu la ting  red c e ll volume (RCV) . To enable comparison 

of animals of d iffe ren t weight, all. volumes were expressed 

on a bodyweight b asis .

h
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I t  should be stressed  tha t while th is  technique

provides an accurate index of RCV, figures obtained for

BV underestimate true blood volume. This is  because of

a fundamental erro r in assuming th a t the peripheral venous

PCV is  representative of the haematocrit of the body as a

whole, when in fac t because the proportion of erythrocytes

in the cap illary  bed is  lower than in venous blood, venous

PCV overestimates to ta l  body PCV by about 10%. The problem

can be circumvented by estimating the animal's plasma and

125
red ce ll volumes simultaneously, e .g . by using I-labe lled  

albumin and ^^Cr-labelled erythrocytes. In the work reported 

in  th is  th e s is , measurements of RCV and BV were generally 

based on th is  la t te r  procedure, but in some instances ind irec t 

calculations were made, based on measurements of plasma volume 

by d ilu tion  of labelled  albumin (see la te r  for d e ta i ls ) . Such 

estim ates, although less accurate than those based on the 

double isotope technique, are nonetheless perfectly  adequate 

for the comparative studies envisaged.

Red ce ll survival (Apparent red c e ll h a lf - l i f e  or t^)

The ideal tracer for measuring red c e ll survival should 

have a number of p roperties, the most obvious of which being 

tha t i t  should be capable of attaching to the erythrocytes 

in v itro  or in vivo, should remain firmly attached throughout 

the l i f e  of the c e l l ,  and should not be ré u ti l is é d by or 

reincorporated in to  new red ce lls  following removal of the 

o rig ina lly -labe lled  ce lls  from the c ircu la tion ; f in a lly , and 

most important of a l l ,  i t  should not damage the c e ll .

50
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K lNo label has yet been found which f u l f i l s  completely cJ  X

51
a l l  these conditions, but erythrocytes labelled  with Cr 

provide indices of red ce ll survival which although by no 

means quantita tive for reasons which are described below, 

are nevertheless very useful for comparative purposes.

The value normally used to describe the persistence of 

^^Cr-labelled ce lls  in the c ircu la tion  is  the "apparent 

red c e ll  h a lf- life "  or t h .  In the present studies th is  

was obtained by converting tlie rad ioactiv ity  of each 

blood sample to a c tiv ity  per ml of red ce lls  and expressing 

th is  as a percentage of tlie equilibrium 15 minute post- 

in jec tion  value. A semi-logarithmic p lo t of red ce ll 

rad ioactiv ity  against time was then made which as i l lu s tra te d  

in Figure 1 normally consists of two phases, i . e .  an early 

phase during .-aiich the red c e ll ac tiv ity  fa l ls  rap id ly, 

followed by a period when ac tiv ity  declines exponentially 

with time. I t  was from the slope of the best s tra ig h t line 

f i t te d  from the c ircu la ting  rad ioactiv ities during th is  

la t te r  period tlia t the t 5̂ was calculated as the time taken 

for the ac tiv ity  to f a l l  by 50%.

Since the normal red c e ll lifespan in sheep is  about

27 51
120 days , i t  is  obvious tha t Cr red ce ll t h  values

(normally about 15 days) are a gross underestimate of true

red c e ll survival. The reason for th is  is  th a t the

disappearance of labelled  ce lls  from tlie c ircu la tion  re f le c ts

two main processes - loss of red ce lls  by senescence or

28,29
breakdown, and elu tion  of isotope from in ta c t ce lls
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53
From the shape of the curve shown in Figure 1, i t  is

apparent th a t although very much more marked during the

f i r s t  few days following in jec tion  of labelled  ce lls

(over th is  period more than 60% of tlie in jected  ac tiv ity

may be lo s t ) ,  the process of elu tion  continues for as

long as any labelled  ce lls  remain in the c ircu la tion ;

hence the p refix  "apparent" when referring  to red c e ll

51
h a lf - l i f e  values measured with Cr.

G astro intestinal haemorrhage and iron lo ss

51
Perhaps the g reatest use of Cr-labelled red c e lls  is

in estimating g astro in te s tin a l haemorrhage. ' While th is

can be done with considerable accuracy in most species

because there is  minimal reabsorption of isotope when

labelled  c e lls  are given o ra lly  or in jected  d irec tly  into

the alimentar;^ t r a c t i n  sheep i t  appears th a t a small

51
proportion of the Cr (on average 12%) is  absorbed into  

the blood leading to some underestimation of haemorrhage^^.

In the present studies abomasal bleeding was estimated 

as faecal "clearances" of whole blood and red c e lls ,  obtained 

by dividing the to ta l  daily  faecal rad ioactiv ity  by the 

a c tiv it ie s  per ml of blood and red ce lls  respectively taken 

a t  the beginning of each faecal collection period. These 

figures represent the amounts of blood and red ce lls  (expressed 

as ml per day) which would have had to pass into  the gut to 

account for the rad ioactiv ity  in the faeces, but for a number 

of reasons they cannot be regarded as quan tita tive . F irs tly , 

as mentioned above there may be some absorption of label from 

the gut leading to non-quantitative excretion of isotope in

A



the faeces and hence underestimation of blood loss. Secondly,

a small amount of ^^Cr derived from labelled erythrocytes

broken down within the c ircu la tion  passes in to  the alimentary

tra c t  via the b ile , tending in theory to cause a s lig h t

overestimation of faecal "clearance". In practice  the

contribution made by th is  process to faecal rad ioactiv ity

is  negligible a f te r  the phase of rapid elution of isotope

from the c e l ls ,  i . e .  the i n i t i a l  72 hours a f te r  in jection

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

no measurements of "clearance" during th is  period. Thirdly,

because the in te rv a l betwen passage of labelled  ce lls  into

the gut and excretion of isotope in tlie faeces is  unknown,

c ircu la ting  blood and red c e ll  rad io ac tiv itie s  cannot be

re la ted  to faecal rad ioac tiv ity  with a great deal of

confidence. Nevertheless, in sp ite  of these po ten tia l

sources of inaccuracy, faecal "clearances" based on the 

51
Cr-red ce ll to clinique do provide very valid estimates

of g astro in te s tin a l blood loss and as such are useful as

indices of the a c tiv it ie s  of blood-sucking p aras ite s ,

A further advantage of the technique is  th a t in  addition

to blood lo ss, daily  estimates may be made of the amounts of

iron lo s t into  the gut as haemoglobin. In tlie experiments

reported here these were calculated using the formula of

31
Roche and h is colleagues

iron lo s t  in to  g-at (mg/day) 3.34 x^ V , (plj

where 3,34 equals mg iron/gm haemoglobin.

/"•
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Measurements based on F.e

Although mucli useful information on red ce ll turnover

5]
is  obtained from the use of Cr-labelled red c e lls , in many

respects th is  is  ra ther one-sided since i t  re la tes  mainly to

ra tes  and routes of red ce ll breakdown. In order to obtain

a b e tte r  overall understanding of the functional s ta te  of

the erythron, i t  is  important, especially  in situa tions where

excessive amounts of blood pass into  the gut, to be able to

monitor the animal's capacity to synthesise red ce lls  and

re u ti l is e  some of th e ir  more valuable constituents, e .g .

iron. Red ce ll production may be assessed ind irec tly  from 

51
Cr faecal "clearances" and changes xn to ta l red c e ll mass,

but d irec t measurements are possible only by using a label

which is  incorporated d irec tly  in to  haemoglobin. Since the

introduction of radioiron of high specific  ac tiv ity

measurement of plasma iron turnover has become a widely

accepted index of haemoglobin synthesis and hence red ce ll

production, A fu rther advantage of th is  isotope is  th a t

measurements of faecal rad ioactiv ity  provide estimates

of faecal iron excretion and hence of haemoglobin iron

51
reabsorption when combined witli the Cr-red c e ll technique

described e a r lie r . A b r ie f  description of these methods

is  given below; further d e ta ils  are provided by Pollcove 

32
and Mortimer '.

Plasma i r on turnover

Iron exchange between the various tissues of the body 

is  achieved by a transport mechanism in which the iron is

/ -
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attached to  the ^^^-globulin tran sfe rrin . Since two-thirds

of the iron normally present in the body is  in haemoglobin,

and since the tpmover of th is  pigment is  much greater than

tliat of the iron storage compounds fe r r i t in  and haemosiderin

which make up more than 95% of the remaining iron , i t  follows

tliat most of the metal leaving the plasma a t any one time is

directed to  the bone marrow for incorporation in to  haemoglobin.

Hence with a knowledge of the ra te  of clearance of a trace r 

59
amount of Fe 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 ra tes  should

theore tica lly  re f le c t  iron u ti l is e d  for haemoglobin synthesis

and hence ery th ropoiesis, but for two reasons they are in

fac t an overestimate. In the f i r s t  place a small proportion

59
of the iron (and therefore Fe) cleared from the plasma is

carried  to iron stores and second, of the iron taken to the

bone marrow about 25% is  not incorporated in to  erythroblasts

but instead becomes fixed to a lab ile  iron pool from which i t

is  subsequently released back in to  the plasma. Plasma iron

turnover ra tes should therefore not be considered as absolute

measurements of haemoglobin synthesis but ra ther as approximate

indices of erythroid marrow ac tiv ity .

In the work reported in th is  th e s is , plasma iron turnover

59
rates were measured following intravenous in jec tion  of Fe 

as fe r r ic  c itrace . Blood samples were removed at regular 

in te rv a ls during the subsequent 3 hours and standard aliquots

/ -
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of plasma assayed for rad ioactiv ity . Radioiron plasma ^ ^

concentrations were e3q>ressed as percentages of thé

15 minute post-in jec tion  value and p lo tted  on serai-

logarithmic paper as a function of time. Since the 

59
Fe concentration declined exponentially during the 

period of observation the fraction  of plasma iron 

removed per un it of time (k) was calculated in accordance 

with f i r s t  order k in e tic s , i . e .

- ■
where 0.693 equals the natural logarithm of 2 and t^  the

time taken for the plasma ac tiv ity  to  f a l l  by 50%

The plasma iron turnover ra te  (PITR) was then calculated

33
from the modified formula of Huff and h is associates :

PITR (mg/day) = iron (mg/ml) x Vp (ml) x 0.693 x 1440
t^ (rain)

where Vp equals the plasma volume, measured as described la te r  

by d ilu tion  of radioiodinated albumin, and 1440 the number of 

minutes per day.

To allow comparisons between individuals th is  ra te  was 

expressed as mg/day/kg bodyweight.

A simpler standard of reference, perm itting comparison 

between individuals, re la tes  PITR to lOO ml whole blood.

This was calculated from the equation of Bothwell e t  a l . ,

PITR (mg/day/100 ml blood) = gS£H5jT°X ^
t^  (man) 100

Faecal iron excretion and haemoglobin iron reabsorption

59
Following i t s  removal from the plasma, Fe is  incorporated 

in to  haemoglobin and subsequently re-enters the c ircu la tion  as

/ '



red c e lls . By measuring the rad ioactiv ity  of standard 

aliquots (normally 1 ml) of blood samples removed daily  

a f te r  in jec tio n , the ra te  of iron incorporation into, red 

ce lls  may be monitored and to some extent quantified by 

expressing the to ta l  c ircu la ting  red ce ll ac tiv ity  

(obtained by multiplying the maximum count rate/m l packed 

red ce lls  by the to ta l red c e ll volume) as a percentage 

of the dose in jec ted . The figure obtained, which is  known 

as the red c e ll iron u til is a tio n  index is  often used to 

assess erythropoiesis under "steady-state" conditions, but 

in situa tions where rapid changes in red c e ll mass might 

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

to  measure with any degree of accuracy and has therefore not 

been included in  th is  th e s is .

59
Nevertheless by monitoring Fe blood and red c e ll

rad io ac tiv itie s  and re la tin g  these to daily faecal

radioac uLvities, "clearance" figures sim ilar to these

51
described e a r lie r  for Cr may be calculated. Since iron

lo s t in to  tlie alimentary tra c t  as haemoglobin is  p o ten tia lly

59
available for re -u ti l is a tio n , any Fe rad ioactiv ity  which 

appears in the faeces must re f le c t  iron actually  lo st from 

the body by th is  route. Therefore, from determination of

59
blood loss based on the daily Fe faecal a c tiv ity , together

with a knowledge of the blood haemoglobin level a t  the

beginning of each faecal co llection  p rio r, an estimate may

be made of faecal iron excretion using the equation of Roche

31
and h is colleagues

59
Faecal Iron excretion (mg/day) == S >  .Fg.̂ °°d"clearai;ce-' (lal)

where 3.34 is  the amount of iron in 1 g haemoglobin.
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Since faecal iron excretion and in te s tin a l iron losses

were both measured in these s tu d ies, haemoglobin iron

reabsorption could be estimated from the following equation:

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

Measurements of albumin d istribu tion  and catabolism

Like a l l  proteins in the body albumin is  constantly broken 

do\fn and synthesised and in order to understand the cause of 

any changes in serum albumin concentration occurring in animals 

infected with H. contortus i t  is  necessary to study albumin 

metabolism. Albumin trace-labelled  with radioiodine by the 

method described e a r lie r  is  p articu la rly  suitable for th is  

purpose because .(a) i t  is  free from sign ifican t dénaturation 

and therefore behaves metabolically like the animal's own 

unlabelled  molecules^^; (b) there is  no ré u tilisa tio n  of

the label once the protein has been degraded^^'^^, and

(c) provided the thyroid is  "blocked" by p rio r administration 

of stable iodide the isotope from degraded protein is  

excreted quan tita tively . The main route of excretion is  

the kidneys and although passage of labelled iodide also 

occurs into  the g astro in testin a l t r a c t ,  faecal excretion 

is  normally negligible since iodide is  absorbed in the 

stomach and small in tes tin e^^ .

In the studies reported here measurements of the 

various parameters of albumin metabolism were based largely

on the mathematical model i l lu s tra te d  in Figure 2 This

two-compartment" system assumes that there is  one common

extravascular albumin pool (EA) which communicates with
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(3 •?
in travascular albumin (CA) through pores in the cap illary  ^  i.

w all, and tha t protein  transfe r from one pool to  the other

takes place in  e ith e r  d irec tion , k^ re flec ting  outward

movement and the return via lymphatic flow. I t  must

be stressed  th a t since there are a t lea s t two main groups

of extravascular pools each of which equilib rates with

plasma a t  d iffe ren t r a te s , k^ re fle c ts  the average return

39
rate  of protein from a l l  the extravascular compartments

Three fu rther assumptions are inherent in the model.

F irs t ,  th a t albumin synthesis (k syn) is  "in travascu lar".

There i s  no doubt about the v a lid ity  of th is  - albumin is

synthesised exclusively in the liver^^, and upon release

from the parenchymal ce lls  immediately enters the venous

blood or hepatic lymph. Second, th a t albumin catabolism

(k cat) is  also " in travascu lar". Again th is  appears to

be valid  because although a large number of organs catabolise

the p ro tein , e .g . the liver^^ , kidney^^ and g astro in te s tin a l

trac t^^ , only "intravascular" catabolism fu lf i ls  the

requirement of the constant day to  day degradation established 

44 45
for th is  protein ' , F inally , in common with a l l  others

th is  model assumes th a t the animal is  in a "steady-state", 

i . e .  th a t k syn and k ca t are equal and th a t CA and EA remain 

constant. In work with p a rasitised  animals th is  is  clearly  

not v a lid Î even so a great deal of useful information - 

p a rticu la rly  of a comparative nature may s t i l l  be obtained.

Following intravenous in jec tion  of labelled  preparations, 

and analysis of plasma, urine and faeces for rad ioac tiv ity  

measurements of albumin pools and catabolic ra te  were made

/ -



a fte r  f i r s t  separating whole body rad ioactiv ity  in to  i t s  

in tra -  and extravascular components (Figure 3). This was 

achieved by expressing the count ra te  of each plasma sample 

as a percentage of the equilibrium 15 minute post-in jec tion  

sample and p lo tting  the values on a semi-logarithmic scale 

against time (Qp). A ctivity retained  in  the body a t the 

end of each day was calculated by subtracting from tlie 

in jected  dose the cumulative a c tiv ity  excreted in both 

urine and faeces, expressed as a percentage of the in jected  

ac tiv ity  and p lo tted  on semi-logarithmic paper against time 

{ ^ ) .  Extravascular ac tiv ity  ((^ ) was then obtained 

ind irec tly  as the difference between ^  and a t the end 

of each daily  co llection  period.

Plasma volume (Vp)

This was calculated from the rad ioactiv ity  of the 

plasma sample taken 15 mi.nutes a f te r  in jection  of labelled  

albumin and application of the "dilution p rincip le" .

Intravascular albumin (CA)

The to ta l  amount of albumin present within the 

bloodstream was determined from Vp and the serum albumin 

concentration of a blood sample removed immediately p rio r 

to in jec tion .

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

Total body albumin (TA)

Two procedures were employed -  the "extrapolation" 

method^^ and the "equlibrium-time" method^^.

In the extrapolation procedure the linea r point of 

the plasma ac tiv ity  curve (Q^) was extrapolated to the •

/ -
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ordinate, the in tercep t (C )̂ noted and TA calculated from: 0 ^

CA
TA (g) = ^

^1

Calculations based on the la t te r  method were made by 

noting the values of ^  and a t  the equilibrium time,

( i .e .  when was maximal), and substitu ting  these into 

the equation :

TA (g) =
%

I t  should be noted tiiat the assumptions inherent in 

these calculations d iffe r . The extrapolation method 

assumes th a t d is tribu tion  of labelled  albumin between 

CA and EA is  complete a f te r  the in i t i a l  rapid decline 

in and therefore that indicates the fraction  of 

TA present in the plasma had equilibration  of labelled  

albumin between CA and EA been instantaneous; i t  further 

assumes tha t albumin synthesis and catabolism take place 

both in tra -  and extravascularly . In fa c t, albumin 

d istribu tion  between CA and EA is  a continuous process 

and synthesis and catabolism are purely in travascular.

Therefore, activity/m g albumin (specific ac tiv ity ) is* 

always lower in the plasma, and as a re su lt of net transfer 

of high specific  ac tiv ity  protein from EA into CA the 

slope of the plasma a c tiv ity  curve is  reduced, Ĉ  

underestimated, and TA overestimated. The equilibrium-time 

method assumes intravascular catabolism and immediate 

excretion of radioiodide following degradation of the 

p ro tein . I t  i s ,  therefore, theore tica lly  more acceptable 

than the extrapolation procedure but is technically  more

/ -



-troublesome, requiring quan tita tive  collections of urine 

and faeces and estimation of the equilibrium time from a 

phase in "the curve where selection of the time of 

maximal rad ioactiv ity  is  d if f ic u lt .  For these reasons, 

and since no s ig n ifican t differences v;ere found between 

values calculated by tJie two methods, figures quoted in 

the tex t re la ting  to TA (and hence EA - see below) are the 

average of the values obtained by both procedures.

Extravascular albumin (EA)

6Ü

The size of the extravascular pool was calculated as 

the difference between TA and CA, and like a l l  others was 

expressed on a bodyweight basis :

EA (g) = TA-CA

Albumin catabolism

Albumin catabolism was assessed in tv70 ways. F irs t ,

on the basis of the ’’apparent h a lf- life "  (t^) of the

linear p a rt of the plasma a c tiv ity  curve. VThile for

reasons mentioned e a r lie r  such values underestima-te the

true ra te  of protein catabolism, they do provide good

qualita tive  indices and are therefore most useful in

comparative studies of the type described here.

The other method employed was based on analysis of

excreted rad ioac tiv ity . This method, which was f i r s t

44
introduced by Campbell e t  a l . , assumes th a t protein 

catabolism occurs in tra vas cularly and therefore th a t any 

rad ioactiv ity  excreted must represent tlie. degradation of 

a certain  fraction of the labelled  albumin present within 

the bloodstream. This frac tion , knovm as F (CA) or K, was



calculated daily by dividing the to ta l  a c tiv itie s  excreted

in the urine (U) and faeces (F) by the to ta l  ac tiv ity  present

in the plasma, obtained by multiplying the radioactivity/m l

plasma a t  the beginning of each collection period by Vp.

F(CA) " Total excreted ac tiv ity  _ _____________U + F ________
Total plasma ac tiv ity  Activity/ml plasma x Vp

Fractional catabolic ra tes were then converted to  absolute

amounts using the equation :

Mass of albumin catabolised (g/day) = CA x F (CA) 

and fin a lly  re la ted  to bodyiveight.

Estimation of g astro in testin a l plasma leak

In view of the likelihood th a t m^st of the changes in

albumin catabolism would be associated with loss of plasma

in to  the abomasum, faecal "clearances" of plasma, sim ilar

to tiiose described e a r lie r  for blood and rt:d ce lls  using 

51 59
Cr and Fa, were calculated by dividing the to ta l  

rad ioactiv ity  in each 24-hour collection of faeces by 

the activit^Vml of plasma taken a t  the beginning of the 

collection period. These values underestimate the extent 

of any plasma loss because of radioiodide absorption from 

the gut, but are s t i l l  of considerable q ualita tive  

significance.

6
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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 la te r .  Haematological and biochemical estimations 

together with measurements of red ce ll and albumin k inetics 

and faecal worm egg output were made throughout the course 

of the investigation . For ease of presentation only 

average figures are included in the i l lu s tra t io n s , but 

since group sizes were small and individual variations 

often la rg e , de tailed  information regarding the response 

of individual sheep is  given in  Appendix 1.

Haematological Observations

A number of fa ir ly  consistent features emerged with 

regard to the haematological s ta tus of the sheep both 

p rio r to and following infection  (Figure 4). Even 

before infection  Scottish Blackface sheep of Hb type A had 

sign ifican tly  higher PCV's than th e ir  llhB counterparts 

(P <0.02), with HbAB types intermediate between the two. 

This relationsh ip  was not apparent in the Dorsets, HbAB 

and HbB group mean values being iden tica l but s lig h tly  

higher than the corresponding figures for the Blackfaces.

/ -
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69
During the course of infection a l l  

animals developed severe anaemia, but within each 

breed th is  was most pronounced 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 f e l l  by 46% to a mean level of 16%, 

whereas those of the HbA sheep were re la tiv e ly  well 

maintained a t 21%, representing a drop of 28%. The 

response of tIbAB Blackfaces was sim ilar to tha t of 

th e ir  HbB counterparts, but group differences within 

th is  breed were sig n ifican t only between HbA and HbB 

(p <0.05). Haemoglobin B-type Dorsetf suffered reductions 

in PCV v irtu a lly  .iden tical to those of comparable 

Blackfaces ( i .e .  about 50%) and sign ifican tly  greater 

than HbAB sheep of tlie same breed (p <0,05) .

With the exception of the HbB Dorsets, whose PCV's 

deteriorated  further between day 24 and necropsy, most 

sheep maintained th e ir  values a t the low levels referred  

to  above throughout the remainder of the study; a t 

necropsy the only s ta t is t ic a l ly  s ign ifican t breed 

difference was tlia t HbB Blackfaces had higher -haematocrits 

than sim ilar animals of the Finn Dorset breed (p <0.05) .

The trends observed witii regard to to ta l red ce ll 

count and haemoglobin concentration were in general 

sim ilar to tliose described for PCV, but a number of 

differences emerged which were reflected  in a lte ra tions 

in both erythrocyte size (MCV) and haemoglobin content 

(îCîHC) . Both indices remained steady during the early
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stages of the disease, but from about the 18th day 

onward macrocytosis and hypochromia became progressively 

more dominant features of the anaemia, p articu la rly  in 

the HbB sheep of each breed (Figure 5). Although no 

sig n ifican t breed difference was noted in e ithe r index,

MCV's were s ign ifican tly  higher a t necropsy in the HbB 

Blackfaces than in both HbAB (p <0.05) and HbA (p <O.Ol) 

sheep of the same breed ; KCHC's were also sign ifican tly  

lower in HbB tlian HbA Blackfaces a t th is  time (p <0.01) .

Biochemical Observations

Serum iron concentrations were sim ilar in a l l  

animals a t the outset (ranging between 130 p.9% and 160 /ig%) 

and changed l i t t l e  during the f i r s t  two weeks of infection 

(Figure 5). Thereafter values tended to decline and while 

tliere were no sig n ifican t group differences a t the 

termination of the study (a ll fa llin g  within the range 

90 |j.g%~130 pg%) , the extent of the deterioration  experienced 

by each was breed and haemoglobin type-related in tha t HbB 

and HbAB Dorsets suffered re la tiv e ly  greater reductions 

(50% and 24% respective ly ), and the least dramatic decline 

(18%) was associated willi the HbA Blackfaces.

The serum protein changes recorded during the study 

are il lu s tra te d  in Figure 6. P rior to infection  no 

consistent in te r-re la tio nsh ips were apparent between triese 

values and the breed or haemoglobin type of the animals 

concerned, except th a t there was sc-rre indication th a t to ta l 

protein  and albumin concentrations were higher in Blackface

7i
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sheep and within each breed, with each substitu tion  of 

an A  for a B a l le le .

The most marked disturbances a ttribu tab le  to infection 

occurred from about the 2nd week a fte r larval adm inistration, 

and were characterised by progressive reductions in to ta l 

protein and albumin levels. At necropsy the lowest values 

for both components were associated witli HbB Dorsets and 

the highest with HbA Blackfaces. No sign ifican t breed 

differences were recorded but a number of group differences 

were apparent, p articu la rly  in the Blackfaces where HbA 

types had a s ig n ifican t advantage a t necropsy over th e ir  

HbB and HbAB counterparts with respect to both albumin 

(p <0.01) and to ta l  protein concentrations (p <0.05).

Serum globulins remained fa ir ly  s ta tic  throughout with 

the re su lt th a t albumin ;globulin ra tio s  generally declined; 

the few group differences recorded were minimal.

Production of Haemoglobin C

Electrophoretic and subsequent densitometric analyses 

of tlie haemoglobin samples collected a t weekly in tervals 

during the experiment revealed a decrease in the percentage 

of HbA and a corresponding increase in the percentage of 

HbC around the th ird  and fourth weeks a f te r  infection 

(Figure 7), i . e .  about the time PCV and Hb levels f e l l  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 HbB types. 

Although the proportion of HbA replaced by HbC in AB type

/■ "
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Figure 7 : Production of HbC Following Infection with

H, contortus.
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100

Hb TYPE

( %)

HbC

0 — — o HbB

Hb A

,.J iH b C

12

TOTAL Hb 8 

4

1 2 3

W eek s  after Infection

“ T
1 2  3 4

V /sek s  after infection



sheep (about 22% on day 28) was greater than in EbA animals 

(14%), the concentration in the la t te r  was greater (0.85 g% 

and 0.67 g% respective ly ), Within each group, HbC 

production was énchanced to the g reatest extent in the most 

anaemic sheep but breed and haemoglobin t^"pe differences in 

the ultimate concentration attained  were minimal.

Parasito logical data

The mean faecal worm egg output of each group is  depicted 

in Figure 8 from which i t  can be observed tha t the general 

pattern  was sim ilar in a l l  groups, i . e .  eggs were f i r s t  

detected around the 15th-17th days a fte r administration of 

larvae c nd increased dramatically in numbers over the following 

Week to reach a level which was maintained thereafte r. Egg 

output was c learly  highest in HbB Dorsets (31 m illion per day) 

and lowest in HbA Blackfaces (11 million per day) witli other 

groups intermediate between these figures, but because of 

the considerable v a ria b ility  experienced the only sig n ifican t 

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 

in teraction  between worm recovery, breed and haemoglobin type. 

Fewer worms were recovered from Blackface than from Dorset 

sheep of comparable haemoglobin type and within both breeds, 

from animals with an a lle le  for HbA. Small group sizes and

/ -
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TABLE 1 .

Worm Counts a t Necropsy of Sheep Infected with 350
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

Blackface HbA
51
60

8700
9700

950
1350

10.9
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

Blackface HbAB
54
79

7500
7500

1600
1300

21.3
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

Blackface HbB
53
85

7900
7400

1650
1950

20.9
26.3

Mean 7650 1800 13.8 17.2 23.6
S.E. 250 150 2.2 1.8 2.7

473 9000 1550 17.2

Dorset HbAB
485
514

9600
9200

2100
2100

21.9
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

Dorset HbB
469
501

rcoo
7600

2450
2700

27.5
35.5

541 9100 3000 33.0 "

Mean 8950 3138 14.7 20.8 34.8
S.E. 533 436 2.3 4.6 3.2



individual varia tion  precluded significance in many instances, 

but within the Dorset breed, worm burdens were lower in  the 

HbAB group (p <0.02), HbA Blackfaces had sign ifican tly  fewer 

worms than HbB sheep of the same breed (P <0.05) which in 

turn harboured fewer worms than the HbB Dorsets (p <0.05).

A further feature i l lu s tra te d  is  th a t despite variation  

in worm load, the mean lengths of the worm recovered from 

each of the experimental groups were remarkably sim ilar 

(these measurements were based on 100 worms taken a t random 

from tlie combined worm burdens of each group) .

Pathophysiological data 

Blood volumes

The resu lts  of the blood volume measurements made p rio r 

to infection and repeated 28 days la te r  are given in Tables 

16 and 17 (Appendix 1).

From the pre-infection  data i t  is  apparent th a t within 

the Blackface breed, sheep of Hb type A held a d is tin c t 

advantage over each of the other haemoglobin types with 

respect to the size of a l l  blood compartments. C irculating 

red c e ll  volumes were approximately 25% greater in th is  

group than in HbAB (p <0.02) and HbB (p <0.01) types and 

essen tia lly  sim ilar differences were recorded in plasma 

and blood volumes. No such varia tion  was apparent in the 

Dorsets, but animals of th is  breed had higher volumes than 

Blackfaces of the same haemoglobin ty%)e (p <0.05-<0.01) . 

Undoubtedly, the major reason for these différences was the 

varia tion  in liveweight of the animals concerned - HbA

U
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Blackfaces were c learly  heavier than others of the same 

breed and Dorsets had a weight advantage over Blackfaces 

of comparable haemoglobin type ; moreover when compartment 

volumes were re la ted  to liveweight a l l  the above mentioned 

intra-breed and several inter-breed differences were 

n u llif ied , although in a l l  parameters HbAB Dorsets 

retained th e ir  superiority  over HbAB Blackfaces (p <0.05- 

<0 . 02) .

The two outstanding features revealed by the resu lts  

a t 28 days post-infection were, f i r s t ly  the low red ce ll 

volumes of a l l  animals compared with pre-infection values, 

and secondly the clear indication that the depletion 

suffered by individual sheep was both breed and haemoglobin 

type re la ted , with Dorsets of each type experiencing more 

dramatic reductions than comparable Blackfaces ( i .e . 60% 

compared with 50%) and HbA types of the la t te r  breed being 

le a s t affected of a l l  ( i .e . 40% reduction). Considering 

the in i t i a l  red c e ll  volume of each group i t  is  evident 

tha t the d e f ic it  inciurred by Dorset over Blackface sheep 

was even greater in absolute tlian in percentage terms 

(mean 330 ml compared with 190 ml respectively ).

Since plasma volumes were generally unaffected by 

the disease, contractions in blood and red ce ll volumes 

were usually closely re la ted .

Red c e ll survival

Red ce ll survival was assessed on the basis of the 

c ircu lating  h a lf - l i fe  (t^) of ^^'Cr-labelled erythrocytes

79



during two stages of the investigation , i . e .  over the 

f i r s t  week following la rva l 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 re la tiv e  e ffec ts  of the adult worm population 

of each group. No sig n ifican t group variations were 

noted over the early stages of the infection with t̂ z 

values generally fa llin g  within the normally accepted 

range for sheep (320-450 h rs ) , but a number of major 

differences were apparent during the post-patent period 

of observation. At th is  stage red ce ll survival was 

lower (p <0.05-<0.01) in a l l  groups, c^i's ranging between 

98 hrs in HbB Dorsets and 199 hrs in HbA Blackfaces, but 

tlie only s ig n ifican t difference recorded betvæen comparable 

groups was the longer survival of labelled ce lls  in the 

c ircu la tion  of HbA than in HbAB Blackfaces (p <0,02).

G astro intestinal blood and red ce ll losses

G astro intestinal blood and red c e ll losses were

estimated during the f i r s t  28 days of infection by re la ting  

51
the daily faecal Cr rad ioactiv ity  to th a t present in the 

blood and red ce lls  respectively . Figure 9 which i l lu s tra te s  

the average losses recorded, gives an insigh t in to  the pattern  

and extent of bleeding suffered by each group.

Excessive harmorrhage in to  the gun was f i r s t  detected in 

a l l  animals between tlie 8th and 10th days, increased rapidly 

in severity  over the following 10-12 days, reaching a peak 

which was generally maintained thereafte r. However, considerable



81

Figure 9 ; The Onset and Development of Abomasal Haemorrhage 
a f te r  Infection with H. contortus.
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p n
v a ria b ility  existed between groups and also between O  f j

individuals within each group in  the severity  of th is

haemorrhage.’ Of the Blackface sheep, HbA types lo s t

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 of the same haemoglobin type were not s ig n ifican t

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

blood and red ce lls  were about 50% higher in the Dorset

breed.

T\fo further point merit emphasis with regard to 

these re su lts . F irs tly , the cumulative red ce ll loss 

suffered by each animal was considerably in excess of 

the to ta l  red ce ll d e f ic it .  This was p articu larly  

apparent in the Dorsets which on average lo s t 

approximately 400 ml red ce lls  between the 8th and 28th 

days, but was also noticeable in  the Blackfaces which 

lo s t about 300 ml over the same period. The fac t ttia t 

reductions in red ce ll volume amounted, as mentioned 

e a r lie r , to 330 ml and 190 ml respectively suggests in 

an ind irec t way tha t erythropoissis was accelerated in 

a l l  groups, but especially  those under most anaemic 

s tre ss , namely the Dorsets. Secondly, although group 

variations in blood loss were clearly  most pronounced 

a f te r  patency they were already quite apparent by about 

the 12th,day a f te r  in fection . The relevance of th is  

observation is  discussed la te r .

/ -
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In ter-re la tionsh ips between haemorrhage, egg output . O
and worm burden

Although excessive haemorrhage clearly  preceded the 

appearance of eggs in the faeces, blood loss and egg output 

were obviously in te r-re la ted  during the la t te r  stages of 

the experiment and in general correlated well with worm 

burdens (Tables 2 and 3). Nonetheless there was a great 

deal of variation between individuals in the haematophagic 

and reproductive capacities of th e ir  parasite  populations, 

worms of some sheep not only causing greater haemorrhage 

(0.08 ml blood/worm/day) than those of others (0.04 ml 

blood/worm/day) , but also producing more eggs per un it of 

blood consumed ( i .e . 148,000 eggs/ml olood compared with 

78,000 eggs/ml blood). I t  should be emphasised however 

th a t there was no indication th a t the metabolic ac tiv ity  

of individual parasites as assessed by e itner index was 

in any way influenced by the h o st's  breed or haemoglobin 

type.

G astrointestinal loss and reabsorption of haemoglobin 
iron

The amounts of iron lo s t  into  the gut, excreted in the

faeces and reabsorbed, were estimated daily between the 6th

and 28th days of infection (earlie r measurements were

59
precluded by the time lag between injection of Fe and i t s  

appearance in amounts su ffic ien t to allow accurate determination 

of red ce ll rad io ac tiv ity ). Table 4 allows comparison of 

the average values recorded p rio r to the onset of s ign ifican t 

haemorrhage ( i .e . between the 6th and lOtli days a f te r  infection) 

with those obtained between tlie 21st cind 28th days when a l l

/ -



animals were anaemic. The main point to emerge from the 

early data, was tliat a l l  iron which passed into  the gut 

was lo s t from the body - indeed the average en teric  iron 

loss was less than th a t excreted in the faeces. The 

reason for th is  apparent anomaly is  th a t faecal iron 

is  derived both from senescent red ce ll and desquamation 

of in te s tin a l iron-containing c e lls ; hence calculation 

of gut iron loss from ^^Cr faecal ac tiv ity  underestimates 

true iron loss but the erro r involved is  small especially  

in  situa tions dominated by excessive g astro in testin a l 

haemorrhage.

The figures obtained a t 3-4 weeks a fte r  infection 

are important for two reasons. F ir s t ,  they demonstrate 

the magnitude of the iron loss experienced by individual 

sheep a t the height of the infection  -  there are clearly  

re la ted  to the severity  of the haemorrhage, and as 

discussed e a r lie r  to the breed and haemoglobin type of 

the animal concerned; and secondly, they show th a t in 

only a few instances was there any evidence of s ig n ifican t 

iron ré u ti l is a tio n . In teresting ly , th is  capacity, which 

was clearly  of lim ited value when considered against the 

background of the amounts of iron passed into  the gut, was 

best demonstrated by the most anaemic groups, i . e .  the 

Dorsets and HbB Blackfaces.

The fa ilu re  of sheep infected with Haemonchus to 

re u ti l is e  iron passed into  the gut as haemoglobin must 

inevitably cause sh if ts  in iron d istribu tion  between 

circu lation  and sto res. The extent of such red is trib u tion
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TABLE 4.

G astrointestinal Loss and Beabsorption of Haemoglobin Iron

Sheep
No.

6-10 days a f te r  infection 21-28 days a fte r  infection
Fe 

lo s t  
in to  gut 
(mg/day)

Fe
excreted 
in faeces 
(mg/day)

Fe
re
absorbed
(mg/day)

Fe 
lo s t 

into gut 
(mg/day)

Fe
excreted 
in faeces 
(rag/day)

Fe
re
absorbed 
(mg/day)

34 0.9 3.0 10.1 10.7
Blackface 51 . 1.1 3.8 - 13.7 14.6 -
HbA 60 1.4 9.6 - 20.6 22.1 -

71 1,2 10.0 - 20.3 20.0 0.3

Mean 1.2 6,6 - 16.2 16.9 0.1
S.E. 0.1 1.9 — 2.6 2.6 0.1

48 1.6 8.9 — 29.6 31.4 _
Blackface 54 0.9 2.9 - 22.2 22.0 0.2
HbAB 79 1.0 5.2 - * * i t

93 1.5 11.5 - 15.5 11.5 4.0

Mean 1.3 7.1 - 22.4 21.6 1.4
S.E. 0.2 1.9 - 4.1 5.8 1.3

Blackface 53 1.3 6.9 _ 21.0 17.3 3.7
HbB 85 1.1 4.6 - 30.0 25.6 4.4

Mean 1.2 5.8 - 25.5 21.5 4.1
S.E, 0.1 1.2 - 4.5 4.2 0.4

473 1.2 7.9 . 16.0 16.7
Dorset 485 1.7 6.7 - 23.3 20.7 2.6
HbAB 514 1.5 5.3 - 28.5 22.0 6.5

520 2.1 7.2 - 28.5 29.3 -

Mean 1.6 6,8 - 24.1 22.2 2.3
S.E. 0.2 0.6 - 3.0 2.6 1.5

480 1.8 6.2 38.9 39.4 —
Dorset 489 1.7 7.6 27.9 29.3 -
HbB 501 1.8 6.8 - 33.3 32.8 . 0.5

541 1.9 7.6 - 35.0 29.7 5.3

Mean 1.8 7.1 - 33.8 32.8 1.5
S.E. 0.1 0.3 - 2.3 2.3 1.3

* Died on day 23



may be ascertained from changes in blood volume and 

haemoglobin concentration and is  best i l lu s tra te d  by 

the two extremes of the present experiment, i .e .  the 

HbB Dorsets and HbA Blackfaces. Before infection the 

former had a c ircu lating  iron pool of approximately 600 

mg and reserves to ta llin g  about 350 mg (this assumes iron 

stores of 15 mg/kg). Over the following 4 weeks, 600 mg 

were excreted in the faeces and 150 mg remained in the 

circulation as haemoglobin, most of which presumably 

originated from storage compounds - even allowing for 

a compensatory increase in dietary iron absorption.

Since these sheep were losing in excess of 30 mg/day 

i t  is  evident th a t stores were rapidly approaching the 

stage of complete exhaustion. By virtue of th e ir  smaller 

size Blackface sheep were po ten tia lly  more vulnerable 

with 540 mg in the circu lation  and stores containing 

about 330 mg, but because of th e ir  smaller worm load, 

faecal losses to ta lled  only 300 mg and 250 mg was s t i l l  

retained in the blood a f te r  28 days. Clearly, the iron 

stores of these sheep were s t i l l  re la tiv e ly  healtdiy and 

well cible to  provide the additional amounts necessary to 

keep pace with losses of 16 mg/day.

Plasma iron turnover

The resu lts  of the ferrok inetic  measurements made 

immediately p rio r to infection and again 28 days la te r  

are given in Tables 5 and 6, The former revealed no 

major differences between animals of any group; a l l  

parameters fa llin g  within the normally accepted values

A
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for sheep; plasma iron turnover rates were somewhat

higher in  the Dorsets when calculated in absolute terms,

but when related, to bodyweight were remarkably sim ilar

in  a l l  groups.

On repeating the measurements a number of d is tin c tive

features emerged, which although common to a l l  sheep,

d iffered  in degree according to breed and haemoglobin type.

In the f i r s t  place, and as mentioned e a r lie r , serum iron

levels were depressed re la tiv e  to pre-infection values.

Secondly, there was a marked increase in the amount of

iron turned over through the plasma of a ll  groups, but

particu larly  in the HbB Dorsets which exhibited a three-

to fourfold increase in the in terval bet^feen in jec tions,

and sign ifican tly  higher ra tes 28 days a f te r  infection

than HbAB sheep of the same breed (p <0.05). Accelerated

erythropoiesis was also notable in the Blackfaces where

the most marked r ise  was recorded in the HbB group and

tlie lea s t in animals of haemoglobin type A; differences

between these groups were highly s ign ifican t (p <0.02).

Undoubtedly, the major factor responsible for these

59
changes was the greatly  accelerated plasma Fe clearance 

a t 4 weeks post-infection; a t th is  stage average rates 

of iron clearance were between two (in HbA Blackfaces) and 

six  times (in HbB Dorsets) greater than the corresponding 

pre-infection  figures.
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Albumin pools and turnover

Albumin pool sizes were measured before and 28 days

a fte r  infection and catabolic ra te  in the intervening 

125
period using I-labe lled  albumin. A number of important

features are revealed by the albumin pool figures (see 

Tables 24 and 25, Appendix 1). F irs tly , and in  common 

with the observations on PCV and c ircu la ting  red ce ll 

volume referred  to e a r lie r , the albumin status of normal 

HbA Blackfaces, as measured by the amounts of protein 

present both in tra -  and extravascularly , was superior 

to th a t of sim ilar animals belonging to the HbAB and 

HbB genotype (p <0.05), which in turn had smaller pools 

than the corresponding Dorsets (p <0.05), but as before 

these differences were merely reflections of group 

variation in bodyweight. Secondly, comparing the pre- 

and post-infection  data, i t  is  obvious tha t while a l l  

animals experienced sign ifican t albumin depletion during 

the course of in fection , the extent of th is  varied, being 

most pronounced in the HbB Dorsets (26 gm) and le a s t in 

HbA Blackfaces (16 gm) with other groups suffering losses 

intermediate between these extremes. Analysis of the data 

obtained 4 weeks a f te r  infection revealed th a t Dorsets 

fa iled  to re ta in  th e ir  superior albumin sta tus over 

Blackfaces, but th a t within th is  la t te r  breed, tlie HbA 

group s t i l l  enjoyed an advantage over th e ir  HbAB and HbB 

partners (p <0.05 and P <0.02 respective ly ). F inally , 

although both pools contributed to the depletion of body 

albumin, by fa r the major loss occurred from extravascuiar

/ -



s ite s î  th is  is  clearly  indicated by the reduced EA:CA 

ra tio s  4 weeks a f te r  in fection .

From the measurements of albumin degradation 

(Figure 10) i t  is  apparent tha t animals of a l l  groups 

experienced progressive hypercatabolism from about the 

12th day a f te r  in fection , and th a t the ultimate magnitude 

of such elevations was both breed and haemoglobin type 

re la ted , Dorsets a tta in ing  noticeably higher frac tional 

catabolic ra tes than Blackfaces of the same haemoglobin 

type (p <0.05-<0.01) and in the la t te r ,  animals of 

haemoglobin type A exhibiting somewhat lower ra tes than 

th e ir HbB counterparts. That the underlying cause of 

the increased albumin breakdo '̂/n was excessive loss of 

plasma into the gut is  indicated by the close relationsh ip  

in a l l  groups between patterns of albumin catabolism and 

faecal "clearance" of radioiodide.

Th-se features were accompanied by high absolute 

rates of degradation and marked reductions in the "apparent 

h a lf- life "  of labelled  albumin; a l l  these changes were 

closely in te r-re la ted  and correlated with worm burden 

(Tables 28 and 29, Appendix 1).

I t  is  not possible to measure albumin synthesis using 

radioiodinated molecules, but a rough indication of 

re la tiv e  ra tes may be obtained from pool sizes and catabolic 

ra te s . For example, HbB Dorsets which, as mentioned e a r lie r ,  

lo s t about 34 gm albumin during the f i r s t  four weeks of 

infection , catabolised 6 gm per day during the la t te r  two
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weeks/ i .e .  a to ta l  of 84 gm. Assuming the major 

depletion occurred over th is  period, i t  follows th a t 

about 50 gm were synthesised. By contrast, HbA 

Blackfaces lo s t 13 gm catabolised 42 gm, and hence 

presumably synthesised 29 gm. These figures suggest 

th a t albumin synthesis, like erythropoiesis, was 

accelerated to the g reatest extent in animals under 

the most severe catabolic s tre ss .
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E x p e r im e n t  2 9  Ü

The resu lts  of tlie f i r s t  experiment show tha t when 

infected with moderate numbers of H. contortus larvae,

HbA type sheep are more re s is ta n t to worm establishment 

than sim ilarly  infected HbB type sheep. The aim of 

th is  experiment was to determine whether a sim ilar 

situa tion  ex ists under conditions of heavy larval intake.

For th is  purpose Scottish Blackface sheep were divided 

in to  three equal groups on the basis of haemoglobin type, 

infected with 1400 H. contortus larvae/kg bodyweight and 

necropsied 24 days la te r .  As in the previous experiment 

the response of a l l  animals was monitored by a combination 

of c lin ic a l and radioisotopic methods, but to obtain more 

detailed  background information on normal animals of each 

haemoglobin type red ce ll and albumin k inetics were studied 

for an additional period of 28 days p rio r to infection .

To simplify description of data, average values are presented 

in the il lu s tra tio n s  and fu ll  d e ta ils  of the changes recorded 

In Individual animals are given in Appendix 1.

Haematological and biochemical observations

The average values recorded for PCV, MCV, MCHC and serum 

iron are il lu s tra te d  in Figures 11 and 12. Contrary to the 

findings of the e a r lie r  experiment there was no indication 

tliat the haematological indices of normal HbA type sheep 

were superior to those of HbAB or HbB animals, nor WcS there 

any evidence th a t the course of the anaemia which developed 

during the subsequent Haemonchus infection was in any way

/ “
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Figure 12 : Se l'uni Iron Concentrations, MCV and MCHC Values
Before and After Infection with 1400 H. contortus 
Larvae/Kg Bodyweight.
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influenced by th is  character. Indeed, throughout the 

investigation, animals of each haemoglobin type responded 

in  an almost iden tica l manner, exhibiting minor reductions 

in  PCV during the pre-infection  period and dramatic 

reductions from the 9th day thereafter which were 

accompanied terminally by marked macrocytesi s .

Total p ro tein , albumin and globulin 

concentrations were sim ilar and well maintained in a l l  

groups u n til  2 weeks a f te r  infection  when each deteriorated 

progressively to levels unrelated to haemoglobin type 

(Figure 13).

HbC was f i r s t  detected in small amounts about 16 days 

a f te r  infection in sheep with HbA and HbAB, and thereafte r 

in  progressively increasing amounts u n til the termination 

of the experiment. By th is  stage the percentage of HbA in 

the former had decreased from 98% to 74% and HbC increased 

from 2% to 26%, representing an ultimate concentration of

1.2 g%. In HbAB sheep the r ise  in HbC levels was less 

dramatic and by necropsy th is  component contributed 

approximately 11% or 0.6 g% of the to ta l blood haemoglobin 

(p <0.05) .

Parasito logical data

The number of in fective larvae given to each sheep 

together with the number and sex ra tio  of the worms recovered 

from the abomasal washings and digests are given in Table 7. 

I t  is  apparent tliat approximately the same number of larvae 

becaiae established in a l l  groups (about 35% of" the dose

99
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administered) and tha t only a small percentage of the 

to ta l  worm burden was inhibited  a t the 4th stage.

Pathophysiological data

Blood volumes and red ce ll k inetics

Blood volumes were estimated a t 28 days and again 

immediately before in fection . On each occasion tiiese 

measurements yielded values compatible with bodyweight 

and PCV and have therefore been combined to provide 

the relevant background information and a basis for 

comparison with the data obtained p rio r to necropsy on 

the 24th day of infection (Table 40, Appendix 1) .

Animals of each haemoglobin type suffered precipitous 

but essen tia lly  sim ilar reductions in c ircu lating  red 

ce ll mass during the course of infection which despite 

some compensatory expansion of plasma volume resulted  

in noticeable reductions in blood volume. I t  is  also 

relevant to s tress  th a t any advantage held in i t ia l ly  by 

these sheep over tlie ir predecessors in respect of blood 

compartment size was rapidly eroded; indeed, by day 24 

the average erythrocyte depletion recorded in th is  

experiment was about 400 ml or 70%, reductions which 

were clearly  compatible with the heavier worm burdens 

of the animals concerned.

The information provided in Figure 14 gives a 

detailed  insigh t in to  the underlying cause of the anaemia 

which developed in these sheep. I t  hardly needs to be 

sta ted  tha t excessive haemorrhage into the gut was the

102
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Figure 14: G astrointestinal Losses of VJhole Blood and Red

Cells Before and After Infection with 1400 
E. contortus Larvae/Kg Bodyv/eight.
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principal ae tio log ica l factor-, th is  is  clearly  shoT-m 

by the massive increase in faecal blood and red ce ll 

"clearances" recorded for animals of a l l  groups during 

the la t te r  two weeks of the study, by the dramatic 

shortening of red c e ll  survival during the same period 

and by the synchronous development of these changes with 

the anaemia. As in the previous experiment the severity  

of haemorrhage and anaemia experienced by individual 

sheep were closely re la ted  and correlated well with worm 

burden, but one in te res tin g  emd sign ifican t difference 

which emerged was th a t in the present study tlie average 

blood less per worm ranged from 0.01-0.03 ml/day, i .e .  

less than h a lf the figure previously recorded; apparently 

individual worms in heavily infected sheep remove less 

blood than worms from animals with lig h t burdens, and 

th is  in  addition to the shorter duration of the infection 

explains the surprisingly small PCV difference recorded 

between the two sets of experimental animals.

Further information on the changes in erythrocyte 

k inetics which accompanied these more acute infections 

is  given in Table 8. The plasma iron turnover data leaves 

l i t t l e  doubt th a t haemoglobin synthesis was stimulated in 

response to blood loss, and to the same extent in a l l  groups. 

Equally apparent however, is  tha t by comparison with the 

increase demonstrated in the e a r lie r  study, the response 

of the present animals was poor since ra tes of erythropoiesis 

rarely  exceeded twice the pre-infection  values and in the

/ -
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TABLE 8.

Ferrokinetic Indices Before and 24 Days A fter In fection .
l ' J b

Sheep
No.

Serum iron 
(pg %)

59
Plasma Fe 

t^ (inin)
Plasma iron 
mg/day

turnover rate 
mg/kg/day

966 139 174 11.7 0.32
977 121 152 9.7 0.30

Blackface HbA 987 136 141 16.4 0.42
988 146 150 13.2 0.42
990 149 154 13.4 0.35

Mean 138 154 12.9 0.36
S.E. 5 5 1.1 0.03

970 156 156 . 12.4 0.40
973 144 149 11.6 0.39

Blackface HbAB 978 143 216 9.0 0.30
979 185 209 11.4 0.34
984 147 149 13.8 0.41

Mean 155 176 11.6 0.37
S.E. 8 15 0.8 0.02

1 159 186 11.3 0.34
2 142 100 20.6 0.64

Blackface HbB 3 165 132 16.5 0.54
6 126 161 11.1 0.32
8 158 157 12.4 0.38

Mean 150 147 14.4 0.44
S.E. 7 15 2.0 0.06

966 52 54 16.2 0.45
977 67 47 20.1 0.67

Blackface HbA 987 * *• * *
988 67 53 20.2 0.68
990 55 46 18.2 0,51

Mean 60 50 18.7 0.58
S.E. 3 2 0.9 0.50

970 52 41 16.6 0.54
973 32 41 28.3 0.96

Blackface HbAB 978 79 50 20.6 0.69
979 79 54 22.7 0.72
984 52 55 15.2 0.51

Mean 69 48 20.7 0.68
S.E. 7 3 2.3 0.80

1 45 62 12.6 0.38
2 79 65 18.0 0.62

Blackface HbB 3 37 41 12.1 0.40
6 49 59 13.1 0.38
8 64 43 21.1 0.71

Mean 55 54 15.4 0.50 .
S.E. 8 5 1.8 0.07

*  Died
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majority of cases were only marginally greater or even 

less than these. I t  is  of course possible and indeed 

likely  th a t the data a t  24 days post-infection under

estimated the erythropoietic capacity of these sheep 

a t an e a r lie r  stage of the disease, but the fac t remains 

th a t despite a 400% increase in plasma clearance, the 

to ta l  amount of iron carried  to the marrow was lim ited 

terminally by the low serum iron lev e ls .

Iron losses into  the gut and via the faeces before 

infection and between the 16th and 24th days thereafter 

are given in Table 9; these provide a dramatic il lu s tra tio n  

of the magnitude of iron depletion resulting  from haemorrhage 

and a clear basis for tlie accompanying deficiency. Before 

infection the to ta l  iron reserves of these sheep were about 

1500 mg, of which approximately 800 mg was haemoglobin and 

500 mg as storage compounds (these figures may be calculated 

from the in i t i a l  blood volume and haemoglobin concentration 

and the assimption of 15 mg/kg storage iro n ). During the 

in i t i a l  15 days of infection daily faecal iron losses were 

20-25 mg, and by the 24th day the average animal had lo s t  

800 mg iron or i t s  to ta l complement of haemoglobin. The 

depletion of storage iron caused by such losses, calculated 

from terminal blood volumes and haemoglobin levels was 

300 mg - a considerable loss by any standard, and when 

considered against the unlab ile  nature of many iron stores 

certain ly  su ffic ien t to impair the erythropoietic response 

to haemorrhage. F inally , these findings once again demonstrate

/ -
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the in a b ility  of sheep to reabsorb anything but small 

amounts of iron passed in to  the gut as haemoglobin, 

even when severely anaemic.

Albumin pools and catabolic ra te

The resu lts  of tlie albumin pool measurements made 

before infection and 24 days la te r  are shown in  Table 45 

of the Appendix, while the figures for albumin catabolism 

and faecal "clearance" of radioiodide during the intervening 

period are presented in Figure 15. The former revealed 

th a t the mass of albumin present in each compartment was 

approximately the same in a l l  groups before in fection , 

and th a t a s ig n ifican t (p <0.02) but equal reduction 

(about 35%) in the in travascu lar pool occurred during the 

subsequent 24 days. Unfortunately, extravascuiar albumin 

was not determined following infection , but in view of the 

resu lts  from the previous experiment i t  is  certain  tha t 

th is  too was depleted, and probably to a greater extent 

than the in travascular pool.

The data in  Figure 15 provide a further spectacular 

illu s trfitio n  of the damaging e ffec ts  of hea\y Haemonchus 

infections in sheep. The fraction  of the in travascular 

albumin pool degraded each day which had fluctuated around 

7% during the en tire  p re-in fection  period increased 

progressively from the 8th day th e reafte r, reaching a 

peak about 10 days la te r  of 30-40%. The fac t th a t th is  

massive hypercatabolism was paralle led  by an equally 

dramatic elevation in  plasma "clearance" demonstrates

198



yet again the fundamental importance of excessive 

en teric  plasma leak in the aetiology of the 

hypoalbuminaemia which accompanies th is  disease.
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Figure 15 : Albumin Catabolism Before and After Infection with
1400 H. contortus Larvae/Kg Bodyweight.
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DISCUSSION

The principal aims of tlie work represented in th is  

section were to examine tlie possible existence and basis 

of breed and haemoglobin-type related  differences in the 

resistance or su scep tib ility  of sheep to primary infections 

with H. contortus. Apart from the lim itations imposed by

small group sizes which admittedly are substan tia l, the 

logical conclusion to be drawn from the experimental 

resu lts  is  th a t such differences do in fac t ex is t, provided 

the animals concerned are not exposed to massive challenge. 

This conclusion is  based on the lower worm recovery and 

development of less severe c lin ica l and pathophysiological 

disturbances in Scottish Blackface than in Finn Dorset sheep 

given the same re la tiv e  number of larvae? by the expression 

of sim ilar ad"''-outages in animals of both breeds carrying a 

gene for HbA; and fina lly  by the demonstration th a t sheep 

of each haemoglobin type were equally susceptible to the 

establishment and pathogenic effects of these parasites 

when heavily infected.

The question of how such differences arise  is  complex 

but a useful s ta r t  may be made by considering the disease 

i t s e l f  and the p o ss ib ility  th a t disease resistance is  a 

genetically-determined ch arac te ris tic . In introducing th is  

section the author suggested th a t the pathogenic effec ts of 

Haemonchus, and hence resistance to these effects could be 

assesseu only from a knowledge of the d irec t functional

H i
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disturbances arising from parasitic activity, and while JL A/C?

useful for diagnosis, ind irec t indices of in fection , e.g .

the anaemia and hypoalbuminaemia were in su ffic ien tly

precise for th is  purpose. The v a lid ity  of th is  statement

has been completely borne out by what is  best described

by the very tenuous relationsh ip  observed between "cause" ,

and "effect".

Take for instance the anaemia. The resu lts  presented

here i l lu s t r a te  a l l  the c la ss ica l features of the development

of th is  condi.tion, which commences with a sharp f a l l  in

haematocrit in association with the feeding a c tiv itie s  of

4th and 5th stage larvae and young adults, but la t te r ly  is

characterised by l i t t l e  fu rther deterioration  in th is  index.

These features are well known and along with the appearance of

macrocytosis, hypochromia and depressed serum iron levels

have been reviewed by several a u t h o r s ^ ^ ' ^ ^ ' O n  the basis

of PCV measurements one might therefore conclude th a t the

larva l and early  adult stages of H. contortus are more

pathogenic than mature egg-laying parasites when in fa c t,

as the isotopic measurements clearly  show, the la t te r  are

manifestly the more voracious blood suckers. This paradox

is  best explained by the "minimum haematocrit d e fic it"

48
theory f i r s t  proposed by R actliffe  e t a l . , and subsequently

12
confirmed experimentally by Dargie and Allonby . The basis 

of th is  theory is  th a t the erythropoietic system of sheep is  

stimulated only when PCV's drop below a certain  minimum level 

(about 20-25%) and even a t lower values the fu l l  po ten tia l

/ -



for red ce ll synthesis is  not attained  for a period of

1-2 weeks depending on the severity  of the anaemia.

The sharp f a l l  in PCV a ttrib u tab le  to the larval stages,

although caused d irec tly  by haemorrhage is  therefore in

p art a reflec tion  of a latency in the h o st's  erythropoietic

response, and the more gradual subsequent drop, as a

consequence of the attainment of a more closely balanced

equilibrium between breakdown (or loss) and synthesis ;

th is  point is  well i l lu s tra te d  by the ferrokinetic data

28 days a f te r  in fection . Equally well i l lu s tra te d  by the

resu lts  of the acute experiment is  tha t the erythropoietic

time lag is  of g reatest importance under conditions of

heavy larval intake where fa ta l  amounts of red ce lls  may

be lo s t before the erythroid marrow can expand su ffic ien tly

to  replace tdiom. Further support for tliis general hypothesis

is  given by the observation tha t blood erythropoietin levels

of sheep remain depressed u n til  such time as the animal is

severely stressed^^ and also by the work of Charleston^^ and 

17
Allonby demonstrating s ig n ifican t anaemia p rio r to the

appearance of changes in the d is tribu tion  and extent of

erythroid tissue in the bone marrow.

A  further feature of the anaemia recorded in these

experiments was the fa ilu re  of infected sheep to  re -u ti l is e

anything but minor quan tities of iron lo s t into the gut as

12 51
haemoglobin. This confirms e a r lie r  reports * ,  and implies

th a t a major consequence of th is  disease is  progressive 

depletion of iron stores leading ultim ately to frank iron 

deficiency v/ith resu ltan t impairment of red c e ll synfcliesis.
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Such a s itu a tio n , referred  to as "marrov; exhaustion" and

characterised by very low serum iron levels and reduced

10 12
plasma iron turnover ' was not recorded in the present 

studies, although judging by the size and rate  of faecal 

iron excretion in the Dorsets was rapidly being approached 

by these animals.

The above considerations naturally  lead back to the 

question of the re l ia b i l i ty  of PCV measurements as indicators 

of the "effects" and "level" of infection . This is  suitably 

answered by the fac t tha t EbA Blackfaces (Experiment 1) with 

terminal PCV's of 21% experienced average losses of 65 ml/day 

and harboured 1,200 worms, while the HbB Dorsets lo s t 160 ml/ 

day were infected with 3,200 worms but s t i l l  managed to  maintain 

haematocrits of 14%. Admittedly a PCV difference of 30% is  

s ig n ifican t but hardly re flec ts  a difference of 150% in the 

severity  of haemorrhage, or for th a t matter a difference of 

170% in worm load. In the same vein, i t  is  perfectly  feasible 

th a t an animal whose erythropoietic system has become geared 

to meeting the demands of an increased rate of red ce ll 

breakdown, e .g . sheep suffering from the syndrome of "chronic" 

haemonchosis^'^^'^^ may show no sig n ifican t change in PCV over 

prolonged periods; while a t  the other end of the scale sheep 

whose erythropoietic machinery has reached the stage of 

exhaustion may become severely anaemic when infected with 

small numbers of parasites and suffering re la tiv e ly  minor 

haemorrhage. Hence in  many instances a low PCV may arise  

not so much because the animal is  heavily infected but because 

i t  has been carrying moderate worm burdens for an extended

i  ;



period of time. The same applies to serum albumin levels

which obviously f e l l  as a re su lt of the hypercatabolism

arising  through haemorrhage, but which in many instances

were a r t i f ic ia l ly  maintained by a combination of protein

transfer from extravascular reserves and increased

synthesis. This aspect of tiie disease, which has already

11 25
been described in d e ta il ' , emphasises yet again the

p i t f a l ls  in using c lin ica l parameters for defining disease 

severity  and hence comparing disease resistance and worm 

establishment.

On the other hand, i f  any single fac t emerged from 

these studies i t  was th a t variations in the pathophysiological 

e ffec ts  arising  from infection  were closely related  to 

differences in worm burden. This implies th a t genetic 

resistance or su scep tib ility  to H. contortus is  expressed 

prim arily a t tlie level of worm establishment and tha t any 

otlier considerations, e .g . resistance to the "effects" of 

worm establishment are of secondary and indeed minor 

importance. This la t te r  statement may seem incompatible 

with the observation tlia t some sheep synthesised more red 

ce lls  and plasma proteins than others (e.g. the Dorsets 

and HbB types) , and also with tiie existence before infection 

of genetically  re la ted  differences in body composition, e .g . 

weight, PCV, blood volume and metabolic reserves. Admittedly 

these factors had some e ffec t on the disease, but th e ir  

importance has to be put in perspective. For instance the 

observed differences in red ce ll and protein synthesis were 

merely the natural consequence of variations in the hypoxic

/ -
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stress  acquired as a re su lt of infection ; they should 1, X

therefore not be considered as evidence th a t the capacity 

to withstand haemorrhage is  a genetically-determined 

ch arac te ris tic .

There is  however a further and possibly more compelling 

reason for rejecting  the hypothesis tha t resistance to 

the pathogenic effec ts of th is  parasite  is  influenced to 

any sig n ifican t extent by bodyweight or weight-related 

physiological factors - namely, th a t the advantages derived 

from even major weight gains are so rapidly eroded by 

re la tiv e ly  small differences in worm load as to be of 

lim ited p rac tica l value. There are numerous examples of 

th is  in the tex t, but a comparison of some data from tVYO 

of the sheep - (Nos, 485 an HbAB Dorset and 54 an Rb/®

Blackface) provides a useful i l lu s tra tio n  of the point.

Before infection the former held many advantages -  i t  was 

heavier (27 kg as opposed to 21 kg), had a much higher 

PCV and to ta l red ce ll volume (36% and 30%, and 544 ml and 

362 ml respectively) and clearly  was in a b e tte r  position 

to withstand the consequences of infection . Instead, by 

the end of the experiment, and despite a higher ra te  of 

red c e ll synthesis in the Dorset, the values recorded for 

these indices were such th a t the advantage had svrung 

decisively in favour of the smaller Blackface animal 

(PCV's were 13% and 19%, and red ce ll volumes 168 ml and 

200 ml respective ly ). The significance of these changes

is  th a t they occurred in sheep with d is tin c tly  d iffe ren t

weight and haematological ch a rac te ris tic s , but re la tiv e ly



minor differences in worm burden, i .e .  2,100 and 1,600 

adult H. contortus. Since a survey of over 100 Scottish 

Blackface and Finn Dorset sheep fa iled  to reveal a 

s ta t is t ic a l ly  s ig n ifican t correlation between EbA and 

increased values for e ith e r  bodyweight or PCV (see other 

sec tio ns), the p o ssib ility  of the relationship  between 

haemoglobin polymorphism and infections with Haemonchus 

being expressed a t the level of resistance to "disease" 

as opposed to "establishment" becomes even more remote.

Obviously the only condition under which the

physiological sta tus could possibly exert any meaningful

e ffec t on disease pathogenesis would be where, to use

52
the term f i r s t  coined by Evans and Whitlock , " a ll  

other factors are equal", i . e .  where larva l intake and 

su scep tib ility  or resistance to parasite  establishment 

are themselves tlie constant facto rs. Such a situa tion  

is  unlikely to p revail in the f ie ld  where quite apart 

from any other consideration, heavier animals in a l l  

likelihood consume more larvae in the course of satisfy ing  

th e ir  greater appetite and metabolic requirements; for 

th is  reason the number of larvae administered in the 

present experiments was adjusted for differences in 

bodyweight.

This immediately ra ises speculation as to the role 

of HbC. The resu lts  of these experiments which 

inciden tally  are the f i r s t  to demonstrate the presence

117



of th is  haemoglobin in HbA and HbAB sheep made anaemic

with H. contortus confirm many features of i t s  synthesis

but unfortunately add l i t t l e  to  our understanding of i t s

function. I t  is  c lear for instance tha t the stimulus

for A-C switching has to be severe, requiring a lowering

of the haemoglobin level to  about 7% with corresponding

reductions in PCV and red ce ll counts; .equally apparent

is  tlia t the amount of HbC produced and i t s  ra te  of

production are closely re la ted  to the severity  of the

anaemic s tre ss . These features, already well documented

53-55
by others and reviewed by a number of authors suggest

th a t HbC functions purely as an aid to survival and has 

no d irec t influence on worm establishment - e ith e r in 

worm-free sheep, as shown here, or incidentally  in sheep 

made anaemic by previous infection (Section 3). This 

conclusion is  supported by the observation th a t worm 

ac tiv ity  as judged by blood loss and egg output was already 

rad ically  a ltered  p rio t to the appearance of sig n ifican t 

amounts of HbC, and subsequently by the demonstration tha t 

animals with a high proportion of th is  haemoglobin are a t  

le a s t as susceptible, i f  not more susceptible to reinfection . 

Hence in  the fin a l analysis i t  would appear th a t the 

capacity to  produce HbC, like the capacity for growtli, is  

a t  best of lim ited functional value to a po ten tia l host 

and unlikely to explain the b e tte r  performance of some 

breeds and haemoglobin types in Haemonchus endemic areas ;

1.18
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th is  must therefore be seen prim arily as a consequence of

genetically-determined variations in the level of infection

such as observed in the present studies.

The establishment and survival of th is  parasite  in a

po ten tia l host could obviously be regulated by many factors

acting a t any stage during i t s  development. While i t  is

conceivable th a t worm establishment in sheep with HbB for

instance is  favoured by the greater av a ilab ility  of

oxygen^^ and m e th io n in e^ fo r respiratory  and metabolic

purposes, i . e .  th a t there is  in e ffec t a d irec t haemoglobin.-

13
p arasite  in teraction  as suggested by Evans e t  a l . , , th is

would seem unlikely and in any event could hardly explain

the differences observed between individuals with the same

haemoglobin type belonging to d iffe ren t breeds. What is

much more likely  is  th a t variations in infection  levels

both within and between breeds a rise  from variations in

the immune response e lic i te d , although admittedly no attempt

was made to re la te  these to specific  immunological events.

Since the nature of the immune mechanisms which operate

58
against th is  parasite  are as yet unknown i t  is  c learly  

d if f ic u l t  to  equate differences in what is  essen tia lly  the 

outcome of a complex series of processes, any or a l l  of 

which could be under genetic control, with one p a rticu la r 

reaction; for tliis reason i t  was considered more useful 

-as a f i r s t  step to examine the development of these 

mechanisms in terms of th e ir  e ffec t on the p a ras ite s ' 

feeding and reproductive a c tiv itie s  as well as on th e ir  

ultimate size and number.

119
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The resu lts  of the blood loss measurements shovm

in Figure 9 suggest tha t genetic resistance is  f i r s t

expressed on the parasite  a t  some point between the

lo th  and 12th days of i t s  development, but more

effectively  over the subsequent 6-8 days. Since the

4th ecdysis of H. contortus occurs around the 10th 

2
day of infection  , i t  would appear th a t worm development

proceeds normally in a l l  animals to the 4th and to a

lesser extent to the 5th lairval stage, and th a t differences

in ultimate establishment a rise  from variations in the

effectiveness of expulsion during the attainment of

sexual maturity. While i t  is  possible tha t the

expulsion process was preceded by a period of arrested

or inh ib ited  development, th is  was not reflec ted  in the

worms recovered a t  necropsy which apart from 1-2%

arrested  in  the 4th stage were of a size corresponding

2 21
to adulthood, i . e .  males >10 mm and females >14 mm '

Also noteworthy was. tha t neither the size nor the sex 

ra tio  of these worms was dramatically d iffe ren t in any 

group, neither was tlie re any evidence tha t breed and 

haemoglobin-type re la ted  differences in to ta l  blood loss 

and egg output derived from variations in the feeding 

and reproductive a c tiv itie s  of individuals within a 

given population; in fac t the average figures obtained

here for both a c tiv it ie s  corresponded closely with those

7 19 IP pq 
reported by others ' .
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On the basis of these findings i t  would therefore 

appear th a t whatever the nature of the response directed 

against the parasite  possibly a hypersensitiv ity  reaction 

induced by antigens released during the 4th moult^^ , 

i t  l e f t  no permanent damage on the surviving worms.

Since i t  is  well recognised th a t the capacity to mount 

an immunological response is  delayed in the presence of 

excessive amounts of a n t ig e n ^ th e  equal su scep tib ility  

of a l l  haemoglobin types to  heavy infection may simply 

re f le c t the lack of an effective  response during the 

c r i t ic a l  period of la rva l development. At the same time 

i t  must be stressed tha t a t a l l  levels of antigenic 

stimulation the e ffec ts  observed are re la tive  rather 

than absolute and th a t although HbA is  a useful genetic 

marker for resistance to H. contortus, the degree of 

protection with which i t  is  associated is  very much 

influenced by other, and as yet undefined, "breed" 

ch a rac te r is tic s .

19-;
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SUMMARY

To te s t  the hypothesis tha t the response of sheep 

to primary infections with H. contortus is  genetically- 

determined, Scottish Blackface and Finn Dorset sheep of 

known haemoglobin type were each infected with 350 

th ird-stage larvae/kg body\7eight. Resistance to the 

subsequent disease was monitored and compared by 

haematological, biochemical and radioisotopic methods , 

and resistance to parasite  development and establishment 

by measurements of egg output and of worm recovery 32 

days a f te r  in fec tio n .

The resu lts  obtained demonstrated tha t sheep with 

HbA developed less severe c lin ica l and pathophysiological 

disturbances, passed fewer eggs and harboured fewer worms 

a t necropsy than animals with HbB, and th a t Scottish 

Blackfaces exhibited sim ilar advantages over Finn Dorsets 

with the same haemoglobin type. Since variations in 

disease severity  as judged by pathophysiological e ffec ts  

were broadly in line with parasite  nimibers i t  was 

conclude# tha t genetic resistance operates a t the level 

of parasite  establishment which in turn is  controlled- by 

the immune response e lic ite d . The mechanism of the 

immune response was not determined but appeared to 

operate only against 4th and 5th stage larvae, since 

no difference was found in the metabolic a c tiv itie s  of 

individual adult worms within any of the experimental

1

groups-



A subsequent experiment, designed to examine the 

response of sheep to heavier infection (1400 larvae/kg), 

fa iled  to reveal any correlation between haemoglobin type 

and worm establishment. I t  was suggested tha t th is  was a 

reflection  of a delayed immune response caused by e^qoosure 

to excessive amounts of antigen.

9 0
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SECTION 2

THE INFLUENCE OF HAEMOGLOBIN TYPE AND BREED 

ON THE RESPONSE OF SHEEP TO PRIMARY AND 

SECONDARY INFECTIONS WITH Haemonchus contortus



4  n
INTRODUCTION

The resu lts  of the f i r s t  experiment described in th is 

thesis indicated that resistance to the establishment of 

H. contortus in previously worm-free sheep given 7,000-

10,000 infective larvae was influenced by the animal's 

breed and haemoglobin type ; in general, fewer parasites 

reached maturity in Scottish Blackface than in Finn Dorset 

sheep, and within both breeds, in animals with an a lle le  

for haemoglobin A .  Whilst the true severity of the disease 

as judged by a variety  of c lin ica l parameters was often 

largely masked by differences in blood compartment sizes 

and available metabolic reserves p rio r to infection , and 

by variations in red c e ll and protein  synthetic capacities 

the reafte r, the underlying pathophysiological disturbances 

were broadly in line with parasite  burden. I’he implications 

of these findings are twofold: F irs tly , genetic resistance

to th is  parasite  is  expressed prim arily a t the level of 

worm establishment and secondly, barring the unlikely 

involvement of non-specific physiological facto rs, th is  

resistance is  almost certain ly  immunological in orig in , 

i . e .  a manifestation of specific  acquired resistance.

The object of the experiment described in th is  section 

was essen tia lly  to  te s t  the v a lid ity  of tliis hypothesis.

Despite the apparent lack of an effective acquired 

immunity to Haemonchus in the f ie ld , numerous attempts 

have been made to engender th is  experimentally by p rio r
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administration of larval or worm emtigens in one of 

four forms, i .e .  normal and X -irradiated larvae and 

somatic and metabolic ex trac ts. Although much of th is  

e ffo rt  has been in vain, the data made available by 

these investigations co llectively  provide a useful 

insigh t into  the developmental aspects and expression 

of res is tan ce , and are therefore relevant to the present 

work.

From the li te ra tu re  pertaining to  these aspects, 

i t  would appear tha t there are two p rerequisites for the 

induction of,an effective resistance to E. contortus.

F irs tly , the animal must have reached a certain  level 

of immunological competence, and secondly, i t  must be 

presented with su ffic ien t amounts of so-called "functional" 

antigens, i .e .  antigens which stimulate Immune responses 

which adversely a ffec t tlie p a ra s ite 's  b io tic  po ten tia l^ .

In worm-free sheep, immunological competence or 

responsiveness to Haemonchus is  prim arily a function of

2
age. This was f i r s t  c learly  demonstrated by Manton e t  a l ., 

who showed th a t 2-4 montli old Dorset Down lambs given 

10,CX)0 normal larvae, e ith e r in a single dose or as a 

tr ick le  infection over 60 days, fa iled  to develop any 

resistance to subsequent challenge, whereas 10-12 month 

old animals subjected to a sim ilar regimen were almost 

so lid ly  immune. Subsequent work using X -irradiated larvae 

as the source of antigen and other breeds of sheep has 

largely confirmed the "innate" immunological unresponsiveness

i,3u



4 g . s
of the young ovine to H. contortus. For example, J a r re t t  Ji. ci i.

and Urquhart and th e ir  colleagues^'^, as well as 

5
Bitakaramire ' successfully immunised Scottish Blackface 

lambs ranging from 7-17 months of age using a schedule of 

two doses of 10,000 attenuated larvae given a t  one month 

in te rv a ls , but attempts by Urquliart e t  a l . to repeat 

th is  in younger animals (5-12 weeks old) resulted in 

almost complete fa ilu re . Variations in the technique 

and schedule of immunisation were to no avail in enhancing 

the development of resistance in these young lamlDs. Further 

a lb e it ind irec t evidence of immunological unresponsiveness 

to u ,  contortus has been provided by attempts to vaccinate 

sheep of various breeds with parenteral inoculations of 

larvae or somatic and metabolic ex trac ts . Using the former,

7
Wilson aiid Samson fa iled  to p ro tect 2^-5 month old lambs 

whereas Stoll^ reported high resistance in sheep ranging

9
between 7 and 12 months of age. Likewise, Silverman 

obtained some protection (50-60%) with larval ex tracts in 

4-6 month old lambs, but very recent work by Nielson^^ 

using essen tia]ly  the same m aterial fa iled  to confirm th is  

in sligh tly  younger animals.

Wliilst the general impression gained from the above 

findings ±s th a t sheep become immunologically responsive 

to Haemonchus a t some point between 6 and 12 months of age, 

the development of th is  a ttr ib u te  may be seriously retarded 

and indeed permanently depressed by eicposure to infection 

in early l i f e .  This s ta te  of "acquired" immunological

/ -



i  g n
un responsiveness or "tolerance" was brought to lig h t by ^ 6/

11
the studies of Lopez and Urquhart' who demonstrated tliat

adult (2 year old) Merino sheep reared under worm-free

conditions could be vaccinated against an experimental

challenge by p rio r administration of two doses of X-ray

attenuated larvae , but sim ilar animals reared in  endemic

areas remained susceptible. The implication of th is

work is  c lear, i . e .  th a t the apparent absence of an

effective immunity in  adult sheep arises from infection

during the immunologically unresponsive period. Other

work however, suggests tha t acquired immunological

\mrespor"iveness is  not confined to animals which have

experienced such early  antigenic stim ulation. For example,

12
Dineen and Wagland ' showed th a t the response of 7-8

mon til old Mer '̂no X  Border Leicester sheep given six

sensitis ing  infections each of 3,000 E. contortus larvae

over 12 weeks to a challenge in fec tic"  of 3,000 larvae

was modified by p rio r removal of the sensitising  worm

burdens. When challenge was superimposed on the existing

infection v ir tu a lly  a l l  of the challenge dose became

established, whereas removal of the sensitising  burdens

(about 6,000 worms) one week before challenge resulted

in the establishment of only a small proportion of the

challenge infection (437 worms). These findings were

a ttribu ted  to imm.unological exhaustion produced by prolonged

antigenic stim ulation. In a subsequent study, th is  time

13
using animals only 3-4 months old, Wagland and Dineen

/ “



produced less convincing evidence of a greater resistance 

to challenge a t  4 and 8 weeks than a t 2 and 16 week's a fte r 

removal of sen sitis ing  in fec tio n s , suggesting the 

existence of an early immunologically "latent" period and 

a re la tive ly  rapid loss of resistance in the absence of 

in fection . On the basis of th is  and other work carried 

out in collaboration with Donald and Adams, Dineen^^ 

stated  tha t anthelmintic treatment in terfered  witli the 

development and maintenance of resistance to Haemonchus

i  Qo
À.  U  cJ

and proposed that the use of these drugs be re s tr ic ted  

to individuals showing signs of c lin ica l disease.

From tlie above considerations i t  might appear tha t

the existence of immunological unresponsiveness implies

permanent su scep tib ility . While i t  cannot be disputed

tliat haemonchn^is a ffec ts  animals of cill ages, and th is

is  frequently quoted as evidence against the acquisition

of resistance in the field^'^''^^, the fac t remains th a t

the vast majority of sheep in endemic areas do survive

despite neonatal infection and prolonged antigenic

stim ulation. Such animals may very well be infected,

but nonetheless must also have developed some kind of

functional immunity indicating tha t the unresponsive

stage can be broken or a t le a s t i t s  effects minimised.

In th is  connection i t  is  s ig n ifican t th a t C hristie aiid 

17 18
his colleagues ' have shown th a t 2-month old Scottish 

Blackface lambs, in common with older ( i .e . I h  month old) 

animals can develop a very marked resistance to subsequent

/*"



reinfection when given several large doses of infective

larvae interspersed with an the litiin Id. c therapy. Likewise,

19
Dineen and co-wqrkers were able to produce a s ig n ifican t 

degree of immunity in 2-3 month old Merinos by daily 

dosing with 100 larvae for 30 days, but administration of

3.000 larvae as a single dose proved non-immunogenic.

Also relevant in th is  context were the rather disappointing

20
resu lts  obtained by Mulligan e t  a l . , in the course of 

attempts to vaccinate 7-month old Merino lambs with 

X-irradiated larvae. Using a schedule of 2,000 attenuated 

larvae followed 5 weeks la te r  by a second dose of 5,000 

larvae sim ilarly  trea ted , these authors succeeded in  

inducing a so lid  resistance to subsequent challenge with

10.000 normal larvae in only 6 out of 10 animals - a 

finding which compares unfavourably with the consistent 

protection obtained with two doses of 10,000 irrad ia ted  

larvae in Scottish Blackface lambs of the same age. VThile 

these resu lts  co llectively  suggest th a t the size and pattern  

of antigenic stim ulation have an important bearing on the 

acquisition of resistance to th is  parasite , they could 

equally well be in terp reted  as evidence for the existence

of a fundamental difference in the imiaunological competence

of Scottish Blackface and Merino sheep.

This p o ss ib ility  is  supported by a number of other

observations. F irs tly , by the fa ilu re  of Lopes and 

11
Urquliart to p ro tect 7-month old Merino lambs using the 

larger irrad ia ted  dose schedule proven successful with

/ -
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s i m i l a r  a n i m a l s  o f  t h e  S c o t t i s h  B l a c k f a c e  b r e e d ,  a n d

secondly, by the apparent ab ility  of the la t te r  to

expel established worm populations gradually a t  some

s t a g e  b e t w e e n  3 a n d  1 6  w e e k s  f o l l o w i n g  i n i t i a l  

21
infection while in the former such populations are

m a i n t a i n e d  f o r  9  m o n t h s  o r  m o r e  b e f o r e  t h e r e  i s  a

22
sig n ifican t decline

These findings, together with the work already 

reviev7ed in th is  thesis naturally  lead back to the 

p o ssib ility  of a genetically-determined resistance to 

Haemonchus and to two points made e a r lie r  in th is  context 

i . e .  (a) tha t the f ie ld  surveys from whidi the concept 

originated were based almost exclusively on measurements 

of egg counts and haematological indices and as such 

were neither su ffic ien tly  accurate nor d irec t to provide 

the type of information necessary for a proper defin ition  

of any breed, s tra in  or haemoglobin type differences 

recorded; and (b) tha t although such differences were 

in a l l  likelihood manifestations of acquired immunity 

rather than of some non-specific facto r, both p o ss ib ilitie s  

required detailed  investigation under carefully controlled 

experimental conditions. The necessity of the experimental 

approach has already been completely validated by the 

previously reported studies dealing with resistance to 

primciry infections; the object of the experiment described 

in th is  section of the thesis is  essen tia lly  to extend th is 

approach to secondary infections with a view to obtaining



more defin itive  evidence for the premise tiiat genetic ^

variations in resistance to Haemonchus are immunologically 

mediated.

For th is  purpose Scottish Blackface and Finn Dorset 

sheep of known haemoglobin type were each infected with 

350 H. con tortus larvae/kg bodyv/eight, treated  with an 

anthelmintic 5 weeks la te r ,  and together with worm-free 

controls challenged with 10,000 larvae and necropsied 

a fte r  32 days. Since the sensitised  sheep and the animals 

used in the f i r s t  experiment of the thesis were infected 

with the same number and batch of larvae, worm burdens of 

the la t te r  could be used as an index of parasite  establishment 

from the primary infection. The course of each infection 

was monitored and compared by c lin ic a l, radioisotopic and 

parasito logical methods, p a rticu la r attention being given 

to the effects of immune damage on the parasites’ development 

cind b io tic  p o ten tia l.



MATERIALS AND METHODS

E x p e r i m e n t a l  a n i m a l s  a n d  d e s i g n

TweIve 7-month old Scottish Blackface and Finn Dorset 

wethers, reared and maintained p arasite -free  as described 

e a r lie r , were divided into  4 groups of 3 sheep on the basis 

of breed and haemoglobin type. Groups 1 and 2 were Scottish 

Blackface sheep of Hb types A  and AB respectively while Groups

3 and 4 were Dorsets whose haemoglobin types were respectively 

AB and B. All animals received a single oral dose of 350

H. contortus larvae/kg bodyweight and 35 days la te r  th is  

infection was terminated with tliiabendazole C'Thibenzole" ,

Merck Sharp & Dohme L td., Koddesdon, England), administered 

a t  a ra te  of 80 mg/kg. Eighteen days la te r  each was challenged 

with a further 10,000 H. contortus larvae and necropsied a fte r 

32 days; 10,000 larvae were also given to 5 worm-free sheep 

to control the challenge in fection . Red ce ll and albumin

k inetics were measured following intravenous in jections of

51 125 59
Cr-labelled erythrocytes, I-labe lled  albumin and Fe

c itra te  a t  regular in tervals throughout the study.

During the en tire  experiment the sheep were kept in

metabol.''’ sm cages and fed hay and water ^  l i b ; each was

also dosed o ra lly  with 10 ml 0.75% KX daily , beginning.

4 days p rio r to infection .

Blood analyses and parasito log ical techniques

Blood samples were collected  twice weekly for 

estimations of RCV, Hb and RBC counts, and weekly for 

measurements of to ta l  serum pro tein , serum albumin.

/ “



globulin and iron concentrations. Faecal worm egg 

counts were determined daily , and worm burdens at. necropsy. 

The techniques adopted for a l l  these measurements have been 

described elsewhere.

Radioisotopic methods

Labelling, In jec tion  and sampling procedures

The techniques used for labelling  sheep albumin with

125 51 59
I ,  red ce lls  with Cr and transferrin  with Fe have

been described in d e ta il elsewhere. Individual sheep

received approximately 250 pCi 800 pCi and

59
50 pCi Fe, on each of 4 occasions, i . e .  before and .

28 days, a f te r  infection; a t the time of challenge, and 

fin a lly  3 days before necropsy. Injection and sampling 

procedures were sim ilar to those described in the previous 

sec tion , while the methods adopted for rad ioactiv ity  

analyses were outlined in some d e ta il in the General 

Materials and Methods.

Calculations and expression of resu lts

The data obtained from the rad ioactiv ity  determinations

performed were essen tia lly  tlie same as those described in

the previous section. Red c e ll volumes (RCV), apparent red

ce ll t h  and g astro in testin a l losses of red ce lls  and

51
haemoglobin iron were measured from the Cr sample

ra d io a c tiv itie s , and plasma iron turnover and faecal excretion 

59
of iron from Fe ac tiv ity ; haemoglobin iron reabsorption 

was assessed on the basis of the differences recorded between 

iron losses in the faeces and the g astro in testin a l tra c t .

138



Plasma volumes (Vp) ,  albumin pool sizes and catabolic rates i  9  Ci
ü i )

125
were measured from the I data..

RESULTS

Groups of Scottish Blackface and Finn Dorset wethers 

were infected with R. contortus, treated  with anthelmintic 

5 weeks la te r , and a f te r  an in terval of 18 days challenged 

with a further dose of Haemonchus larvae; 5 worm-free sheep 

acted as challenge controls. The effec t of each infection 

and treatment was monitored by analy tical and radioisotopic 

methods and individual worm burdens determined a t necropsy 

32 days a f te r  challenge. To simplify the presentation of 

re su lts , the response of each group is  described chronologically 

and mean values used as the basis for group comparisons; 

some individual data are included in the tab le s , the remainder 

appear in Appendix 2.

Haematological and biochemical observations

T h e  c h a n g e s  o b s e r v e d  i n  P C V , MCV, MCEîC a n d  s e r u m  i r o n  

a r e  i l l u s t r a t e d  i n  F i g u r e s  1 a n d  2. H i e  c o u r s e  a n d  t y p e  o f  

a n a e m i a  w h i c h  d e v e l o p e d  f o l l o w i n g  i n i t i a l  i n f e c t i o n  w e r e  

s i m i l a r  t o  t h o s e  r e c o r d e d  i n  t h e  e a r l i e r  e x p e r i m e n t  u t i l i s i n g  

t h e  s a m e  d o s e  o f  l a r v a e .  H a e m a t o c r i t s  w h i c h  w e r e  i n i t i a l l y  

h i g h e r  i n  D o r s e t s  t h a n  i n  B l a c k f a c e s  o f  c o m p a r a b l e  h a e m o g l o b i n  

t y p e  a n d  t o  a  l e s s e r  e x t e n t  i n  HbA t h a n  i n  HbAB B l a c k f a c e s ,  

f e l l  s h a r p l y  i n  a l l  g r o u p s  b e t w e e n  t h e  f i r s t  a n d  t h i r d  w e e k s ,  

b u t  t h e r e a f t e r  o n l y  g r a d u a l l y  p r i o r  t o  a n t h e l m i n t i c  a d m i n i s t r a t i o n .  

B y t h i s  s t a g e  t h e  a v e r e g e  D o r s e t  PCV h a d  d e t e r i o r a t e d  b y  62%

(m o r e  s o  i n  t h e  HbB g r o u p )  a n d  t h a t  o f  t h e  B l a c k f a c e s  b y  o n l y  

39%, p l a c i n g  t l i e  a d v a n t a g e  d e c i s i v e l y  i n  f a v o u r  o f  t h e  l a t t e r .
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Fiirtlier indj.cations of the more severe disturbances 

experienced by the Dorsets included th e ir  higher MCV 

and lower MCHC and serun iron levels during the week 

preceding treatment.

The e ffec t of the antlieln intic was dramatic, 

resu lting  in immediate improvements in the PCV of a l l  

animals and p articu la rly  those worst affected by e a r lie r  

infection , i . e .  the PIbB Dorsets. Indeed, a notable 

feature of the post-treatm ent data was the inverse 

relationship  between the benefit derived from worm 

removal and the severity  of anaemia ex isting  beforehand ~ 

PCV's of HbA and HbAB Blackefaces increased by 30% and 

44% respectively , those of PïbAB and HbB Dorsets by 69% 

and 91%; hence, differences apparent between breeds 

before treatment narrowed, and by reinfection values 

for a l l  groups containing the B a lle le  were sim ilar, 

although HbA Blackfaces retained th e ir  overall advantage. 

Also worth mentioning is  the fac t tha t reductions in 

MCV and elevations in MŒC and serum iron which accompanied 

improvements in PCV were likewise best demonstrated by 

those sheep formerly most anaemic.

Reinfection was followed by progressive reductions 

in PCV which despite the heavier challenge were delayed 

in  onset u n til about the 14th-18th days; as a general 

rule the severity  of anaemia recorded 32 days a f te r  

challenge was only marginally more severe *han tha t 

recorded immediately before treatment, but as before
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Dorsets were more seriously affected than Blackfaces.

With the renewed development of anaemia MCV values 

increased and MCHC and serum iron levels generally 

f e l l ;  these features were again most apparent in 

sheep of the Dorset breed.

The changes observed in the challenge controls 

were much more severe, a l l  animals experiencing sharp 

reductions in PCV from about the 8th day a fte r  infection; 

by necropsy the average values for the HbA Blackfaces 

had fa llen  from 31 ± 0.6% to  17 ±0.3% and those of 

the HbAB Blackfaces from 30 ± 1.0% to 16 ± 0% (Table 12,

Appendix 2). Measurements of red ce ll counts, haemoglobin 

concentrations and serum constituents were omitted.

Total serum proteins cind albumin, which a t the 

outset were sim ilar in a l l  animals, fluctuated the reafte r 

in the same cyclic fashion as the haematolgoical indices 

(Figure 3). Both f e l l  progressively from about the 

second week a f te r  in i t i a l  in fec tion , improved rapidly 

following anthelmintic treatment, but deteriorated  yet 

again a f te r  challenge. In common w.i th, the PCV changes,

HbB Dorsets were worst affected by each infection , but 

benefited most from treatment.

Elevated serum globulin levels were recorded in 

a l l  groups, were never p articu larly  marked in any, and 

especially  in the Dorsets often f e l l  to values considerably 

lower than those ex isting  before Infection - p articu la rly  

ju s t  before treatment and necropsy.

1,43
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Parasito logical findings

Faecal egg counts were performed dai3.y, and the 

resu lts  p lo tted  in Figure 4. Small numbers (50-100 epg) 

f i r s t  appeared in the faeces of individuals of both breeds 

16 days a fte r  the primary infection and in progressively 

increasing numbers in a l l  animals u n til treatment. I t  

is  apparent however th a t the ultimate level achieved 

varied with breed and haemoglobin type/ highest counts 

being associated with the Dorsets and within th is  breed 

the IlbB group (p <0.05) ; counts were also higher in 

HbAB Dorsets than HbAB Blackfaces (p <0.05) which in 

turn had somewhat greater values than th e ir  HbA counterparts.

Within 3 days of treatment egg counts were negative 

in a l l  animals, and remained so u n til  19 days a f te r  

reinfection , when small numlDers again appeared in one 

HbB Dorset. Three days la te r  a l l  Dorsets were positive, 

but Blackfaces remained negative u n til day 24 when a few 

eggs were detected in three animals. Eggs were present in 

the faeces of a l l  sheep by day 26 and passed in increasing 

numbers up to the termination of the experiment. Highest 

counts were recorded in the HbB Dorsets and lowest in 

HbA Blackfaces, but while l i t t l e  difference existed between 

tlie two HbAB groups, egg outputs were sign ifican tly  lower 

in a l l  groups (p <0.05-0.02) than a t the corresponding 

stage of the primary infection. They were also sign ifican tly  

lower than the values recorded for the corresponding challenge 

controls (P <0.001), which f i r s t  became positive 16 days a f te r  

infection and increased progressively throughout the remainder 

of the experiment ( T a b l e  12, Appendix 2).
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Details of the number and size of the worms 

established from the second infection and of tlie worm 

burdens of the challenge controls are given in Table 1.

These reveal a number of important points. F irs tly , 

both groups of challenge controls had lower worm burdens 

(representing 17% and 24% respectively of tlie administered 

larvae in the HbA and HbAB animals) than th e ir  respective 

reinfected counterparts (29% and 35%) ; in the case of 

the sheep with HbA th is  difference was s ta t is t ic a l ly  

s ig n ifican t (p <0.05). The absence of controls for the 

Dorsets precludes a d irec t comparison of the response of 

th is  breed to primary and secondary infections, but on the 

basis of tlie blood loss measurements, i t  would appear tha t 

in these animals also , the percentage "take" from the 

second infection (about 40% and 45% respectively for the 

HbAB and HbB groups) was a t le a s t as high as the estimated 

burdens from the primary infection  (35% and 40% respec tive ly ). 

Secondly, although none of the re-infected  sheep appeared to 

have acquired any immunity, more worms were nevertheless 

recovered from the Dorsets than from tlie Blackface sheep 

0?, <0.05) and the general pattern  of recovery paralle led  

closely tliat recorded in the e a r lie r  experiment (Table 1, 

Section 1) using the same number and batch of larvae, i . e .

HbB > HbAB Dorsets > HbAB > HbA Blackfaces. F inally , the 

mean worm lengths of the challenge controls were sign ifican tly  

greater than those of tae corresponding reinfected sheep 

(p < 0.001) but sim ilar to the mean length of tlie vrorms 

recovered a f te r  the primary infection  from the experimental 

animals employed for the previous studies (Table 1, Section 1) .

i d ?



TABLE 1.

Worms Recovered a t Necropsy.

i d s

Sheep 
No. ■

Worms
Recovered

%
Recovery

Mean Group Length (mm) 
Male Female

56 2700. 27.0
Blackface HbA 57 2750 27.5

91 3100 31.0

Mean 2850 28.5 11.6 16.3
S.E. 129 1.3 1.1 2.6

80 3800 38.0
Blackface HbAB 82 2400 24.0

92 4250 42.5

Mean 3483 34.8 12 .1 16.0
S.E. 557 5.6 1.7 2.6

482 4900 49.0
Dorset HbAB 521 3500 35.0

538 3850 38,5

îfean 4083 40.8 12.5 16.0
S.E. 421 4.2 0.9 1.2

477 4750 47,5
Dorset HbB 547 4350 43.5

549 4700 47.0

Mean 4600 46.0 11.8 16.6
S.E.

-
129 1.3 1.1 1,4

68 1400 14,0
Blackface HbA a 73 1600 16.0

g 95 2000 20.0
■P

Mean § 1667 16.7 13.1 19.2
S.E. u 176 1.8 0.9 1.3

c

Blackface HoAB g 69 2200 22.0
72 2500 25.0

Mean 2350 23.5 12.6 19.0
S.E. 150 1.5 1.2 1.5



Pathophysio1ogical data

Blood VOlûm esand red ce ll k inetics

Plasma, red c e ll and blood volumes were determined 

on four occasions during th is  investigation, i .e .  

immediately before and 28 days a f te r  the primary and 

challenge infections. Tlie average values obtained on 

each occasion are i l lu s tra te d  in Figure 5. The only 

feature of any significance before infection was the 

sizeable advantage held by Dorsets by virtue of th e ir  

superior bodyifeight. However, th is  was short-lived  

and by the 2 8th day to ta l  red c e ll masses were sim ilar 

in a l l  groups, though smaller re la tive  to bodyweight 

in Dorsets, p a rticu la rly  those of the IhB genotype. 

Hence, like the f i r s t  experiment, red c e ll depletion 

was more extensive in Dorsets than in Blackfaces 

(54% and 34% respectively , p <0.05) which in turn 

were more affected j.n the presence of a B a lle le  

(HbA and HbAB group reductions were 26% and 42% 

respectively, p <0.05), Plasma volumes remained 

steady in a l l  groups with the re su lt tha t blood 

volumes contracted by about 15% in relation  to weight. 

Anthelmintic treatment produced substantial improvements 

in the red ce ll mass of a l l  sheep, especially the 

Dorsets, but since plasma volumes f e l l  a t the same 

time both processes presumably contributed to the

1  h ' d
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elevations in haeniatocrit recorded over th is  period.

Red ce ll volumes deteriorated yet again a f te r  reinfection  

and a t the termination of the experiment were lower in 

a l l  groups tlian a t the corresponding time a fte r  in i t i a l  

infection. On the other hand, plasma volumes were 

maintained a t values sim ilar to those recorded a fte r  

treatment but lower than those found a t  tlie same stage 

of the primary in fection , while blood volumes, as a 

re su lt of reductions in red c e ll mass, were lowered 

re la tiv e  to both pre- and post-treatm ent figures.

The information given in Figure 6 and Tables 2 

and 3 d e ta ils  some of the changes in red c e ll turnover 

recorded during th is  experiment. Haemorrhage in to  the 

gut was not measured u n til  28 days following adm inistration 

of the f i r s t  dose of larvae, but from the data obtained 

thereafter i t  is  evident tha t the severity of bleeding 

and iron loss resu lting  from the primary infection 

increased with each substitu tion  of a B for an A a lle le  

and th a t HbAB Dorsets were more severely affected than 

Blackfaces of the same haemoglobin type. I t  is  also 

relevant th a t the blood losses recorded here for each 

group were of a sim ilar order to those in the e a r lie r  

experiment u ti l is in g  the same dose of larvae, a finding 

which when considered against the background of the other 

features described suggests considerable group variation 

in worm establishment. In tlie absence of actual counls
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155
any suggestion regarding differences in worm burden must 

be purely speculative, but taking the figure of 0.06 ml 

as the approxJ.mate blood loss per worm, i t  may be ten ta tively  

concluded th a t of the 8“10,000 larvae given to these sheep, 

approximately 1300 and 1600 became established respectively 

in the HbA and HbAB Blackfaces compared with 3500 and 4300 

in the HbAB and HbB Dorsets, representing 17%, 22%, 35% 

and 43% of the administered larvae. When re la ted  to to ta l  

egg output during the 4 days preceding treatment these 

figures give an estimated egg output of 10-15 ,000/female 

worm in a l l  groups, which compares favourably with th a t 

recorded in the previous section.

Removal of worms by anthelmintic treatment led 

predictably to a rapid and complete cessation of abomasal 

bleeding in a l l  animals (Figure 6) . Tliis s itua tion  continued 

u n til about 12 days a f te r  challenge when haemorrhage 

recommenced, reaching a peak in a l l  groups around day 21 

which was maintained u n til necropsy. However, three points 

merit mention with regard to tlie blood loss resu lting  from 

reinfection. F irs tly , despite the heavier challenge, 

haemorrhage was less severe and group differences lesf 

pronounced than at the corresponding stage of the primary 

infections. Secondly, the average blood loss per worm 

(0.014-0.024) and incidentally  also the egg output/female 

(2000-5000/day) were considerably lower than expected, and 

undoubtedly lower than in the f i r s t  infections which were 

performed using the same nunber and batch of larvae as

/ -



infection of the animals used in the f i r s t  experiment

described in th is  th esis . F inally , and as observed

previously, cumulative red ce ll losses were substan tia lly

greater than d e fic its  in red c e ll  mass; îlb B Dorsets,

for example, lo s t in excess of 220 ml through haemorrhage,

while reductions in red c e ll volume averaged only 155 ml,

and HbA Blackfaces lo s t  145 ml in association with

average c ircu lating  d e fic its  of 110 ml. These figures

again suggest tha t red ce ll synthesis was enchanced in

a l l  animals but especially  in those experiencing greatest

haemorrhage,

Direct information on red c e ll  synthesis was

obtained from measurements of plasma iron turnover

made a t  four s tra teg ic  stages of the investigation

(Figure 7)„ Before infection a l l  animals had healthy

59
serum iron concentrations, extended Fe plasma clearances

and rates of plasma iron turnover compatible with normal

sheep. Four weeks la te r  each of these indices was

dramatically a lte red  - serum iron levels were lower,

59
plasma Fe clearances shorter and plasma iron turnover 

rates elevated. The extent of these changes was closely 

re la ted  to the severity  of haemorrhagic s tre ss , HbA 

Blackfaces and HbB Dorsets, for example, exhibiting 

three- and five-fo ld  increases respectively in plasma 

iron turnover with other groups responding in an intermediate 

manner.

15G
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Anthelmintic treatment produced some minor

59
improvement in serum iron levels, plasma Fe half- 

lives lengthened and turnover ra tes f e l l  in 

consequence to values approaching but s t i l l  somewhat 

higher than those recorded before in fec tion - 

Reinfection was followed by yet another increase in 

the plasma iron turnover ra te  of a l l  animals, highest 

values again being noted in HbB Dorsets and lowest in 

HbA Blackfaces. Nevertheless when these figures are 

compared both witli those obtained a t the corresponding 

stage of the primary infection and following treatment 

i t  would appear, perhaps paradoxically, tha t i t  was the 

Blackface sheep which responded more positively  to 

reinfection. The two factors contributing to the 

greater acceleration of erythropoiesis in th is  breed 

were f i r s t ly  th e ir  more healthy serum iron levels 

and secondly the a b ility  to further increase th e ir 

rates of plasma iron clearance. Dorsets, on the other 

hand, suffered substan tia l reductions in serum iron 

during the second infection and hence altnough iron 

clearance from the plasma was probably maximal, turnover 

rates tended to f a l l .

Albumin pools and catabolic rate

Ihe resu lts  of tJie albumin pool determinations, 

made concurrently with those of blood volumes are 

i l lu s tra te d  in Figure 8 while the measurements of 

albumin degradation and faecal "clearance" of radioiodide
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p> f\
during the intervening periods are shcvm in Figure 9 and -i U U

Tabled 4 and 5. I n i t ia l ly  the re la tiv e  amounts and

d istribu tion  of protein  were sim ilar in individuals of

each breed although the heavier HbAB Dorsets had larger

to ta l pools than the corresponding Blackfaces (p <0.05).

In the course of the primary infection a l l  animals 

experienced varying degrees of hypercatabolism accompanied 

by excessive g astro in testin a l protein leak with resu ltan t 

hypoalbuminaeraia and depletion of albumin pools; as in 

previous experiments in travascu lar pools were p re fe ren tia lly  

maintained and hence EA:CA ra tio s  f e l l .  All these changes 

were more pronounced in the Dorset sheep, and in both breeds, 

in animals carrying an a lle le  for HbB.

Anthelmintic treatment was rapidly followed by sharp 

reductions in frac tional catabolic rates and faecal 

"clearances". This quiescent period persisted  u n til 

reinfection  by which time the serum albumin levels and 

pool sizes of a l l  groups, but especially  those formerly 

most adversely affected , showed considerable improvement; 

s ign ifican tly  the major benefit derived from th is  re-charging 

process accrued extravascularly with the re su lt th a t E&:CA 

ra tio s  (but not the individual pools) returned to near 

normal values. The changes in albumin catabolism and pools 

which accompanied the second infection  were of a sim ilar 

nature but much less dramatic than those described for the 

primary infection , animals of a l l  groups suffering further 

hypercatabolism and g astro in te s tin a l protein loss from
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1 R /I
about tlie 17th day onwards, Tliese disturbances which 

again were most apparent in HbB Dorsets and le a s t in 

HbA Blackfaces were re flec ted  in lower albumin pools 

at. necropsy.
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DISCUSSION

The resu lts  from the the f i r s t  p art of th is  experiment 

confirm th a t the response of sheep to primary infections 

with H. contortus is  determined by the breed of the animals 

concerned. This is  shown by the development of more severe 

c lin ica l and pathophysiological disturbances in Finn Dorset 

sheep than in animals with the same haemoglobin type belonging 

to the Scottish Blackface breed. Also evident, but less 

marked, was tha t within both breeds substitu tion  of an HbA 

for an HbB a lle le  resu lted  in some reduction in the severity  

of the disease.

Although the number of worms which became established 

from these infections was not measured, the nature and 

severity  of the disease experienced by individuals within 

each of the experimental groups were such tha t they could 

only be explained by substan tia l differences in worm burdens. 

On the basis of abomasal blood loss, which in tlie author's 

view provides a re liab le  index of worm burden during a 

primary infection i t  would appear tha t worm recovery ranged 

from al^ut 1300 in the HbA Blackfaces to 4300 in  the HbB 

Dorsets with other groups interm ediate, i . e .  a trend very 

simi.lar to th a t recorded in an e a r lie r  experiment where 

animals were infected with the same number and batch of 

larvae .

Since there was nothing exceptional about any of the 

deta ils  examined during th is  period of the investigation



tha t has not been covered already in the previous discussion, 

there is  l i t t l e  to be gained by re ite ra tio n . There are 

however two points which merit emphasis. F irs tly , and in 

common with th e -e a rlie r  study, the true severity  of disease 

experienced by a l l  animals, but especially  those most 

seriously affected , was masked by compensatory adjustments 

to red ce ll and protein synthesis and also to some extent 

by changes in protein d is trib u tio n . Secondly, given a 

f ie ld  s itu a tio n , i t  is  unlikely tlia t any of the physiological 

advantages displayed by the Dorset sheep before infection 

would have proved anything but a short-term buffer against 

the greater functional disturbances which they would have 

undoubtedly encountered as a re su lt  of th e ir  g reater 

su scep tib ility  to in fection .

The e ffec ts  of anthelmintic treatment were predictable 

in view of the well-proven efficiency of the drug involved, 

resu lting  in a rapid and essen tia lly  completed cessation 

of abomasa], bleeding and excessive albumin catabolism, and 

an equally dramatic disappearance of worm eggs from the 

faeces of a l l  animals. These changes were accompanied by 

substanti.al improvements in haematological and biochemical 

indices, especially  in those sheep formerly most adversely 

affected; th is  can be considered a natural consequence of 

the greater ra tes of erythropoiesis and albumin synthesis 

recorded in these animals a t  the time of treatment.

In retrospect the response to  reinfection was perhaps 

not en tire ly  unexpected but nevertheless was disappointing

1 S G
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both from an immunological and p rac tica l standpoint. However,

before discussing the im plications of these findings and attempting

an explanation, a b rie f  synopsis of tlie features which

emerged from the secondary infection  and the respects

in whicli they d iffered  from the primary infection  is  in

order.

Tne f i r s t  and most obvious point is  th a t as judged 

by worm numbers, none of the sheep derived any immunity 

from the e a r lie r  infection  ~ indeed i f  any tiling they were 

more susceptible to the second tlian to the f i r s t  dose of 

larvae. Even so they were not equally susceptible and 

the fac t tha t the. spectrum of establishment from the 

primary infection was mirrored in the response to 

reinfection  was in i t s e l f  noteworthy. Tlie second point 

is  th a t although not reflec ted  in a reduced worm establishment, 

there was no doubt th a t when compared with the challenge 

controls, and for th a t matter the sheep used in the f i r s t  

experiment, these animals were able to  exert considerable 

immunological pressure on tlie second dose of larvae which 

was effective inasmuch as i t  (a) delayed th e ir  development 

and stunted th e ir  growti, (b) reduced th e ir  reproductive

and haematophagic a c tiv it ie s  and (c) tliereby lessened th e ir 

pathogenic e ffec ts . The th ird  point is  th a t on tlie basis 

th a t the renewal of haemorrhage was delayed u n til about 

the 12th day a f te r  re infection , i t  would appear th a t the 

immune response was f i r s t  directed against the 3rd and 4th 

stage larvae. I t  should be stressed however, th a t a t necropsy



only adult (a lbe it stunted) worms were recovered, a

finding which tends to suggest ttiat unlike the s tra in

19
of larvae used by Dineen and co-workers “ which becomes 

arrested a t the 4th stage in previously infected Merino 

sheep, the s tra in  used in tlie se eisq^eriments does not 

possess tills propensity.

I t  is  d if f ic u l t  to provide a rational explanation 

for the fa ilu re  of these sheep to r e s is t  reinfection 

but three p o ss ib ilit ie s  may be considered. Tlie f i r s t  

is  th a t because of th e ir  age (7 months old) the sheep 

were immunologically immature from the outset and hence 

subsequently unresponsive to reinfection? tlie second 

is  th a t they were immunologically "exhausted", e ither 

as a re su lt of prolonged antigenic stim ulation, or because 

of the metabolic s tra in  imposed by tlie necessity to replace 

blood constituents lo s t through haemorrhage; and fin a lly , 

i t  is  possible th a t as a re su lt of the anthelmintic 

treatment and consequential cessation of antigenic 

stim ulation, any immunity engendered by the f i r s t  infection 

rapidly waned. In the au thor's opinion the f i r s t  tv/o 

p o ss ib ilit ie s  may be largely eliminated from consideration, 

since as the resu lts  in the following section demonstrate, 

individual animals of a sim ilar age to those employed in 

the present study, even when anaemic, are quite capable of 

re s is tin g  reinfection  and moreover of removing an existing" 

infeoeion of adult worms when the second infection is  

superimposed on the f i r s t ,  Tlie implication of th is  is  

quite clear, namely in the absence of continuous antigenic

/ ”
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stim ulation, immunity to th is  parasite  as judged by worm

numbers, rapidly disappears. This is  supported by the

23
recent work of Benitez-Usher showing tha t the 

successful immunising schedule based on irrad ia ted  larvae 

as employed by J a r r e t t  and Urquhart and th e ir  colleagues^ 5,11 

breaks down even in  mature animals when the larvae are 

removed with an anthelm intic. I t  also confirms a general 

impression le f t  by the work of several authors th a t 

anthelmintics may impair the development and maintenance 

of immunity to a number of important g astro in testin a l 

nematodes. For example, Roberts and Keith^‘ and Ross^^ 

have demonstrated tlie fa ilu re  of calves to develop an 

immunity to natural or experimental challenge with H. place! 

when e a r lie r  infections are terminated by drug therapy, 

and essen tia lly  sim ilar re su lts  heive been recorded in 

respect of O. circumcincta infections of sheep by Thomas 

and Boag and by Reid and Armour^* .̂

The relevance of these findings to  the f ie ld  cannot 

as yet be assessed, but with the present s ta te  of knowledge 

i t  would seem unwise to  follow the extreme recommendation 

proposed by Dineen and h is colleagues^^, i .e .  tha t an /-a ls  

should be trea ted  only when showing c lin ica l signs of 

haeraonchosis. Such a statement assumes (a) th a t sub- 

c lin ica l haemonchosls does not impair productivity , and 

(b) th a t under natural conditions the animal is  not 

continuously exposed to re in fection . Neither assumption 

is  valid  - subclin ical infections with H. contortus have

I. S3
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a profound adverse e ffec t upon growtli ' and c learly , 

apart from periods of drought grazing animals w ill be 

under continuous, and in many areas, heavy challenge. 

This being so i t  is  unlikely th a t trea ted  animals w ill 

suffer serious in terruption  of antigenic stimulation 

and hence impairment of immunity; furthermore as the 

resu lts  of th is  study demonstrate, even when reduced 

to the extent of allowing worm re-establishm ent, 

immunological control may remain su ffic ien tly  functional 

for several weeks a f te r  treatment to  seriously impair 

the b io tic  and pathogenic po ten tia l of the worms.

170



SUMMARY

Tiie experiment reported in tiiis section was designed 

to examine and compare the influence of haemoglobin type 

and breed on the response of sheep to primary and secondary 

infections with H. contortus.

The resu lts  of the primary infections again showed 

tha t animals witli HbA experienced less severe c lin ica l 

and pathophysiological disturbances and passed fewer worm 

eggs in th e ir  faeces than sim ilarly  infected animals with 

HbAB and HbB, and th a t Scottish Blackface sheep were less 

affected than Finn Dorsets belonging to tlie same haemoglobin 

type ; as before variations in the severity of disease were 

such that they could only be explained by substan tial 

differences in resistance to worm establishment,

A sim ilar pattern  emerged during t ie  course of the 

second infections, but when compared with the challenge 

controls none of the reinfected animals had acquired an 

immunity as judged by worm numbers. Nevertheless resistance 

to reinfection was s t i l l  highest in HbA Blackfaces and 

lowest I) HbB Dorsets, and a l l  reinfected sheep were b e tte r  

able to re tard  the development and growth and reduce the 

reproductive and haematophagic a c tiv itie s  of th e ir  parasite  

populations than animals experiencing primary infections.



References

1. Dineen,. J.K, (1963). Nature (Lond.), 197, 268.

2. Man ton, V.'J.A. , Peacock, R ., Poynter, D., Silverman,
P.H. and Terry, R.J. (1962). Res. vet. S oi.,
3 ,  308.

3. J a r re t t ,  W.F.H., Jennings, F.W., McIntyre,
Mulligan, W. and Sharp, N.C.C, (1961). Am. J . 
vet. Res., 22, 186,

4. Urquhart, G.M., J a r r e t t ,  W.F.H. and Mulligan, W.
(1962). Adv. vet. S c i., %, 87.

5. Bitakaramire, P.K. (1966). Parasitology, 56, 619.

6. Urquhart, G.M., J a r r e t t ,  W.F.H., Jennings, F.W. and
McIntyre, W.I.M. (1966). Am. J . vet. Res., 27,
1641.

7. Wixson, G.I. and Samson, K.S. (1974). Res, vet, S c i.,
17/ 390.

8. S to ll, N.R. (1958), Rice In s t. Pamph., 45, 184.

9. Silveruian, P.H, (1965). Am. Zoologist, 153.

10. Nielson, J.T.M. (1975). In t. J . P a ra s itc l .,  427,

11. Lopez, V. and Urquhart, G.M. (1967). Proc. 3rd In t.
Conf. World Soc. Adv. vet. P a ra s i t . , p .153.

12. Dineen, J.K. and Wagland, B.M. (1966). Parasitology,
56, 665.

13. Wagland, B.M. and Dineen, J.K. (1967). Parasitology,
56, 665.

14. Donald, A.D., Dineen, J.K. and Adams, D.B. (1969).
Parasitology, 59, 497.

15. Gordon, H.McL. (1950). Aust. vet. J . , 26, 14, 46, 65, 93.

16. All'onby, E.W. (1974). Ph.D Thesis, University of Glasgow.

17. C hristie , M.G., Brambell, M.R. and Charleston, W.A.G.
(1964), J . comp. Path ., _7̂ , 435.

18. C uristie , M.G. and Brambell, M.R. (1966). J .  comp.
P a th ., 76, 207,

Vi



19. Dineen, J.K ., Donald, A.D., Wagland, B.M. and
Offner, J . (1965). Parasitology, 55, 515.

20. Mulligan, W., Gordon, H.McL., Stewart, D.F. and
Wagland, B.M. (1961). Aust. J. agric. Res.,
H j  1175.

21. Urquhart, G.M., J a r re t t ,  W.F.H, and Mulligan, W.
(1962). Adv. vet. S c i., 2., 87,

22. Stewart, D.F. (1950). Aust. J .  agric. Res. , 1_,

285.

23. Benitez-Usher, C. (1975). Ph.D l'hesis, University
of Glasgow.

24. Roberts, F.B.S. and Keith, R.K. (1959). Aust. vet.
J , ,  32/ 409.

25. Ross, J.G. (1963). J . Helminth., 3 1 ^ , 359.

26. Thomas, R.J, and Boag, B. (1973). Res, vet. Soi.,
15, 238.

27. Reid, J.F .S . and Armour, J . (1975). J . comp. P a th ,,
85, 163.

26, Allonby, E.W. (1973). in "Helminth Diseases of Cattle,
Sheep and Horses in Europe", Eds. Urquhart, G.M, 
and Armour, J . Robert MacDehose & Co.I,td. ,
Glasgow University Press, Scotland, p .59.



1 7  Q

SECTION 3

STUDIES ON THE SELF-CURE OF HaeLApnchus con tortus 

INFECTIONS AND ITS POSSIBLE RELATIONSHIP TO 

HAEMOGLOBIN TYPE AND BREED.



INTRODUCTION

The term "self-cure" was f i r s t  used by Stoll^ to 

describe an abrupt f a l l  in the faecal egg counts of two 

sheep infected with Haemonchus contortus and grazing 

contaminated pasture, but i t  was some time la te r , and 

largely through the work of Gordon and Stewart in A ustralia, 

before the implications of the phenomenon in the epidemiology

of haemonchosls were recognised and i t s  aetiology investigated.

2 3
The observations of Gordon ' " on tlie nature and timing of 

the reaction under f ie ld  conditions in New South Wales drew 

atten tion  to the following points. F irs t, reductions in 

faecal egg counts, while re flec ting  p a r tia l  or complete 

expulsion of worm burdens did not necessarily confer 

resistance to reinfection . Second, the reaction occurred 

simultaneously in almost every sheep in the flock irrespective 

of age and previous exposure, and in d iffe ren t flocks grazing 

pasture several miles apart. Third, i t s  occurrence was 

associated v/ith periods of ra in fa ll  su ffic ien t to favour 

both the. development and suirvival of infective larvae and 

the fresh growth of pasture.

Gordon's observations raised speculation as to tJ.ic; 

cause of self-cure , and over the years two basic theories 

have evolved. Perhaps the best substantiated of these is  

the "immunological" mechanism proposed by Stewart, i .e .  

th a t worm expulsion is  a manifestation of an anaphylactic 

reaction in the abomasal mucosa triggered by allergens 

released during the tliird  ecdysis of larvae freshly acquired



i ? c
by already infected animals* This explanation is  favoured 

by a number of observations, the most compelling being:

(a) tha t tlie reaction may be produced experimentally in 

animals maintained indoors when infective H. contortus 

larvae (or larvae of other abomasal trichostrongyles, e.g . 

O stertagia circumcincta and Trichostronqylus axei) are 

superimposed on an ex isting  adult p opu la tion"^ î and

(b) th a t expulsion is  in it ia te d  within 7-10 days of re infection , 

is  preceded by a trans ien t elevation in blood histamine, and 

accompanied by raised antibody levels and increased p e r is ta ls is  

and oedema of the a b o m a s u m " ^ T h e s e  findings, especially

when considered against the background of Gordon's epidemiological 

observations have led to widespread acceptance of the 

"immunological" theory/- of self-cure and by analogy, tiie 

vievgpoint tha t i t  is  the intake of infective larvae made 

available on pasture by tlie favourable clim atic conditions 

prevailing a fte r  rain which in i t ia te s  the phenomenon in 

grazing animals.

Wliile there is  no doubt th a t self-cure may be reproduced 

by larval challenge, th is  in i t s e l f  does not preclude the 

involvement of other factors under f ie ld  conditions, and in 

th is  context a number of authors have suggested tha t i t  is  

not the intake of infective larvae which in i t ia te s  the 

reaction, but ra ther the consumption of freshly growing grass 

or an "anthelmintic factor" therein . Until recently , support 

for this"non-immunological"hypothesis was in d irec t, being 

based on observations which although not en tire ly  inconsistent
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wttli the immunological theory, tended to detract from i t s

m erits, e .g . the simultaneous occurrence of self-cure in

adult sheep and lambs, and the fa ilu re  of the reaction to

2,9
confer resistance to subsequent infection , Direct

evidence for the occurrence of self-cure under conditions

precluding re-exposure to infective larvae has been

obtained only within the la s t  few years v/ith the demonstration

by Allonby and Urquhart^^ th a t infected sheep folded over

paddocks free of Haemonchus larvae expelled th e ir  worm

burdens a t the same time as sim ilar animals grazing adjacent

but contaminated pasture. Since worm expulsion followed

periods of ra in fa ll and coincided with a marked growth of

grass these authors concluded th a t clim atic and pastoral

changes per were su ffic ien t stim uli for the reaction;

a t  present, however, i t  is  not known whether the

aetio logical factor acts d irec tly  on the worms or

ind irec tly  by a lte ring  th e ir  environment in the abomasum.

In an e a r lie r  p a rt of th is  thesis , evidence was presented

which indicated th a t the resistance of sheep to natural and

experimental infection with H. contortus was re la ted  to

haemoglobin t^-pe, sheep of Hb type A being more re s is tan t

than sim ilar animals belonging to the HbB genotype^^

Early attempts to explain th is  phenomenon referred  to the

greater "natural resistance" of the A type animals both to

worm establishment and to the effects of such establishment,

but the f i r s t  suggestion of the possible involvement of

12
self-cure was made by Jilek  and Bradley following

/ -



investigations of the relationship  betv/een haemoglobin type

and resistance to H. contortus under f ie ld  conditions in

Bermuda. These authors noted rapid and periodic reductions

in faecal egg counts during an 18-month study involving

Florida Native and Rambouillet ewes and postulated th a t

the lower counts recorded in the former was a reflection

of a greater frequency of HbA types among th is  breed.

The idea tha t the advantages exhibited by HbA type animals

was related  to self-cure was la te r  followed up by Allonby 

15
and Urquhart , who in the course of studies in Kenya, 

demonstrated that Merino sheep of th is  genotype self-cured 

more frequently and more effectively  than the ir HbB 

counterparts,

From the above account i t  is  clear tha t while a great 

deal is  now known about the conditions necessary for the 

induction of self-cure the re la tiv e  contribution of 

infective larvae and growing grass in i t s  aetiology remains 

in su ffic ien t doubt to warrant further investigation under 

carefully controlled conditions. Equally apparent is  tha t 

the association between self-cure and the phenomenon of 

breed and haemoglobin type resistance to Haemonchus her, yet 

to be verified  experimentally and i t s  significance compared 

under the conditions of re-exposure to infective larvae and 

parasite-free  grazing.

The investigations described in th is section represent 

an attempt to unravel some of the complexities of self-cure 

and confirm i t s  genetic basis. Two experiments were

178
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performed, each involving animals reared p arasite-free  

and of known age, breed and haemoglobin type. The f i r s t  

was an attempt to induce self-cure  indoors by experimental 

reinfection , and by radioisotopic methods to monitor i t s  

e ffec t upon worm ac tiv ity ; in the second, exposure of 

infected animals to freshly growing grass uncontaminated 

by Haemonchus larvae was employed to  in i t ia te  worm 

expulsion; the design of both experiments was such as 

to allow comparison of the response observed on the basis 

of breed and haemoglobin type.



MATERIALS AND METÏIODS

E x p e r im e n t a l  a n im a is  an d  d e s i g n

Two experiments were conducted involving a to ta l of 

45 worm-free wethers reared and haemoglobin typed by tlie 

methods described e a r lie r . The f i r s t ,  which represented 

an attempt to reproduce self-cure indoors by experimental 

reinfection u tilise d  20 Scottish Blackface and Finn Dorset 

sheep which were approximately 8 months old. Eight animals 

of each breed (4 HbA and 4 HbB) were individually infected 

with 500 H. contortus larvae/kg bodyweight and challenged 

28 days la te r  with an inoculum containing 20,000 larvae; 

the remaining 4 sheep, comprising 2 HbAB Blackface and 

2 Finn Dorsets (1 HbA and 1 HbB) received only the second 

inoculum and a l l  animals were necropsied and th e ir worm 

burdens determined 23 days following administration of tills 

preparation. Blood analyses were performed twice weekly, 

faecal egg counts determined daily , and red c e ll and albumin 

turnover monitored continuously following injections of 

^^Cr-labelled erythrocytes and radioiodinated albumin on 

the 15th day of the experiment; the sheep were confined 

throughout in metabolism cages, fed hay and water ad l i u , 

and dosed orally  each day with 10 ml 0.75% KI.

The object of the second experiment was to ascertain 

whether freshly growing grass, uncontaminated with Haemonchus 

larvae could e l i c i t  se lf-cure . For th is  purpose, 25 parasite- 

free we tilers were used, consisting of 9 Scottish Blackface 

(2 HbA and 7 HbAB), 9 Finn Dorsets (4 HbA and 5 .HbB) and



7 Suffolks (a ll HbB); apart from the Suffolks which were 

2 years old, a l l  the sheep were aged 8-10 months. With 

the exception of two Suffolks which were to act as "tracers" 

each sheep was infected with 7,000 H. contortus larvae; 

a l l  animals were maintained indoors on a d ie t of hay and 

water during the following 5 weeks, a t which point the 

"tracers" together with 19 of tlie infected sheep were 

introduced into  the f i r s t  of 6 fenced paddocks containing 

freshly growing and p arasite -free  pasture; the remaining 

4 infected sheep ( i .e . 2 HbAB Blackface, 1 HbB Dorset and 1 HbB 

Suffolk) were kept indoors. The sheep a t grass were moved 

to a fresh paddock every 5 days, thus obviating the risk  

of reinfection. Blood samples for analyses and faeces for 

egg countJLng were collected every 3-4 days throughout and 

worm burdens determined a t  necropsy 32 days a f te r  introduction 

to grass ( i .e . 67 days a f te r  in fec tio n ).

Experimental paddocks

One hectare of permanent grass ley (situated in the 

Warren Park of Garscube E state, Bearsden, Glasgow) which 

had not been grazed during tlie previous year, was dressed 

with nitrogenous f e r t i l i s e r  around mi. d-Apr i l  1974 and 

divided by wire fencing in to  6 equal p lo ts; sheep were 

introduced on to the f i r s t  of these paddocks on the 4th 

June by which time fresh grass was readily availab le .

Blood analyses

Tlie following blood and serum analyses were performed 

by the methods outlined e a r l ie r :-  PCV, Hb, KBC, MCV, MCHC, 

to ta l  serum protein , albumin, globulin and iron.
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Parasitological techniques

The methods used for culturing of larvae and 

determination of faecal egg counts and worm burdens were 

described e a rlie r .

Radioisotopic procedures

Labelled red ce lls  and albumin (containing respectively

51 125
about 700 jiCi Or and 300 ).LCi 'I )  were prepared and

injected  by the methods outlined e a rlie r . Blood, plasma,

urine and faeces were collected a t regular 24-hour in tervals

thereafte r, and samples of each prepared for radioassay as

previously described. Radioactivity measurements were made

using an automatic gamma-scintillation spectrometer,

corrections for decay and separation of isotopic mixtures

being based on the a c tiv itie s  of standard solutions prepared

from the labelled m aterials.

Red ce ll and albumin turnover calculations

4 Q n
‘..J W

Red ce ll survival was assessed and gastro in testinal red

ce ll and iron losses monitored by analysis of blood and 

51
faeces for Cr. The catabolic rate of albumin was assessed

125
from tlie shape of the exponential part of the plasma ' I 

ac tiv ity  curve and also by calculating the fractional 

catabolic ra te  (F(CA). A fu ll  account of tlie procedures 

adopted for measuring these parameters was given e a rlie r .



RESULTS 

EXPERIMENT 1

Scottish Blackface and Finn Dorset wethers of knovm 

haemoglobin type were each infected with 500 H. contortus 

larvae/kg bodyweight and along with worm-free controls 

challenged 4 weeks la te r  with 20,000 larvae. The course 

of each infection was monitored by haematological, biochemical 

and radioisotopic methods ; faecal worm egg counts were 

measured continuously and worm burdens determined a t necropsy 

23 days a f te r  administration of the second dose of larvae.

To fa c i l i ta te  the presentation of re su lts , responses to  the 

f i r s t  and second infections are described separately on 

the basis of the average changes recorded, but some individual 

data are included to i l lu s t r a te  features of p a rticu la r  in te re s t; 

the remainder are given in Appendix 3.

Primary infections

Haematological and biochemical observati ons

The information given in Figure 1 i l lu s tra te s  tlie 

haematological changes which accompanied the f i r s t  in fection . 

Values for each parameter were in i t ia l ly  very sim ilar in a l l  

animals but the anaemia which developed progressively from 

about the 7th day the reafte r was c learly  more severe in Dorset 

than in Blackface sheep of comparable haemoglobin type and 

within each breed in animals with HbB. This is  p a rticu la rly  

well demonstrated by the PCV values which f e l l  by 60% and 40% 

respectJ.vely in the HbB and HbA Dorsets (p <0,05) and by 48% 

and 23% in the comparable Blackfaces (p <0,001) over the 28 

days following infection;' differences between groups of the

CO
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Figure 1: Haematological Values Following Infection with
500 H. contortus Larvae/kg Bodyweight.
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same haemoglobin type were also s ta t is t ic a l ly  sig n ifican t 

in favour of the Blackface sheep a t  the time of challenge 

(p <0.05).

During the early stages of infection the trends 

observed with regard to red c e ll counts and haemoglobin 

concentrations closely paralle led  those described for 

PCV, but from about the 18th day onward macrocytosis and 

hypochromia became progressively more apparent, p articu la rly  

in the Dorset sheep and in animals, with HbB.

Serum iron concentrations were well maintained a t 

around 130-170 jj,g% in a l l  animals during the f i r s t  week 

of in fection , but the reafte r deteriorated  progressively 

to values ranging from 90-125 pg%. Although no sig n ifican t 

breed or haemoglobin type differences were recorded, the 

fac t tliat HbB and HbA Dorsets suffered reductions in the 

order of 43% and 36% and th e ir  respective Blackface 

counterparts 19% and 14%, suggests a clear breed and 

possible haemoglobin type in terac tion .

The serum protein  changes recorded during the study 

(Figure 2) show tha t a l l  animals experienced progressive 

reductions in to ta l  protein and albumin concentrations from 

about the f i r s t  week a f te r  infection closely in line with 

those described for PCV, i . e .  HbB Dorsets became the most, 

and HbA Blackfaces the le a s t hypoproteinaemic and hypo- 

albuminaemic. However, the only s ta t is t ic a l ly  s ig n ifican t 

differences recorded before challenge were the higher albumin 

levels of Blackface over Dorset sheep belonging to the same 

haemoglobin type (p <0.05-0.001). Serum globulins changed

/ -
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Figure 2 : Serum Protein Concentrations Following Infection
with 500 H. contortus Larvae/kg Bodyweight.
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l i t t l e  with the re su lt tha t albumin :globulin ra tio s  

declined in p a ra lle l witli the development of hypo- 

albuminaemia,

Changes in the haematological and biochemical values 

of the worm-free controls were minimal; apart from slig h t 

reductions in PCV̂  red c e ll  counts and haemoglobin which in a l l  

likelihood were caused by blood sampling, these indices 

remained within the normal range for sheep.

Production of l l b C

Before infection haemoglobin C was present in small 

amounts (1-3%) in the blood of both ITbA groups, but formed 

a progressively increasing proportion ^f the to ta l 

haemoglobin during the subsequent 3-4 weeks. At the time 

of reinfection  tlie average HbC percentage in Blackface sheep 

was 11% compared with 26% in the Dorsets, Representing to ta l 

concentrations of 0.8 g and 1.5 g% respectively; both 

differences were highly s ig n ifican t in favour of the Dorset 

sheep (p <0.01). These changes were accompanied by 

correspondijig reductions in both the proportion and concentration 

of HbA and in common with previous experiments the extent of 

A-C switching was closely re la ted  to the severity of tlie 

anaemia.

Parasito logical data

The daily faecal worm egg outputs of the sheep 

are given in Tables 16 and 17 of the Appendix. Eggs 

f i r s t  appeared in the faeces of two Dorsets (1 HbB 

and 1 HbA) 17 days a f te r  infection and in a l l  arJ.mals of 

th is  breed by day 19. By th is  time a l l  the HbB but only 

one of tlie HbA Blackfaces were p ositive , the remainder of the

h



la t te r  f i r s t  passing eggs on day 20, Following tlie onset 

of oviposition the egg output of each sheep increased 

stead ily  reaching a maximum ju s t before re in fection . At 

th is  stage the average egg outputs of the HbB and HbA sheep 

of each breed were sim ilar, but s ign ifican tly  higher in 

Dorsets (mean 40 million/day) tlian in Blackfaces (mean 

18 million/day) of comparable haemoglobin type (p <0.02- 

0.001) ; throughout the study the faeces of tlie worm-free 

controls remained negative.

Bed ce ll and albumin turnover

The resu lts  of .the red c e ll  and albumin turnover 

measurements made between tlie 3rd and 4th weeks a f te r  

larva l adm inistration are summarised in Table 1. Four 

points merit eirphasis with regard to these figures.

F irs tly , taking the values for the worm-free sheep as 

the baseline for each index, i t  is  c lear th a t a l l  infected 

sheep experienced considerable losses of blood and i t s  

constituent red ce lls  and albumin into  the gut and th a t 

th is  haemorrhage was accompanied by dramatic reductions 

in the c ircu la ting  h a lf- liv e s  of botli constituents and 

also by an increased catabolic ra te  for albumin. Secondly, 

despite considerable individual variation  the extent, of 

these changes was both breed and haemoglobin type re la ted , 

with Dorsets generally suffering more severe disturbances 

than Blackfaces of the same haemoglobin type, and within 

bo til bj^eeds, sheep with HbB being more adversely affected 

than those with HbA. Although small group sizes and

iSS
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variation precluded significance with respect to intra-breed 

hciemoglobin type differences, inter-breed differences in most 

parameters were highly sig n ifican t in favour of the Blackfaces, 

Animals of th is  breed, HbA and HbB types a like , lo s t 

s ig n ifican tly  less blood and red ce lls  than the corresponding 

Dorsets (p <0.02 and p <0.05 respectively) and as a re su lt 

th e ir  red ce ll and albumin h a lf-liv es  were higher (p <0.02 

and p <0.05; and p <0.001 and p <0.05 respectively) and 

ra tes of albumin catal>olism lower (p <0.01 and p <0.05 

respective ly ). F inally , although the degree of anaemia and 

hypoalbuminaemia exhibited by emy individual were to some 

extent determined by the severity  of bleeding and ra te  of 

albumin catabolism the correlation  was a t best extremely 

tenuous, presumably because the animals were synthesising 

red ce lls  and albumin a t ra tes fa r in excess of normal.

Even in the absence of d irec t measurements, the importance 

of increased synthesis of these constituents can be readily 

appreciated when tlie minor changes in PCV and serum albumin 

levels are viewed against the greatly  accelerated ra tes of 

loss or degradation in the gut. Considering the magnitude 

of these disturbances i t  is  remarkable th a t so many sh"„p, 

and p articu la rly  the Dorsets were able to prevent the 

development of much more severe anaemia and hypoalbuminaemia 

than actually  recorded.

Secondary in fec ti ons

I t  is  well established from f ie ld  and experimental work 

in Australis^^ tha t the response of infected sheep to a

/ -
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second dose of H. contortus larvae is  far from uniform, 

but usually fa l ls  in to  four basic categories, i .e .

(a) loss of the ex isting  worm population with l i t t l e  or no 

establishment of the new infection -■ "self-cure and 

p ro tection"; (b) loss of the existing infection with

subsequent establishment of the new population - "c lassica l 

se lf-cu re" ; (c) maintenance of the existing infection  but

no establishment of subsequent infections and (d) temporary 

suppression of egg production followed by hyperinfection.

For convenience tlie responses exhibited by the sheep used 

in th is  experiment are c la ss ified  according to  these patterns.

Self-cure and protection

Tliis reaction, which is  i l lu s tra te d  in Figure 3 and 

Table 2 was observed in two of the HbB and one of the HbA 

Blackfaces (Nos. 43, 45 and 51) and also in one HbA Dorset 

(No. 58). In these animals administration of the second 

dose of larvae was followed by a sharp decline in egg output 

closely paralle led  by an equally s trik in g  reduction in 

abomasal haemorrhage. In a l l  cases the most dramatic changes 

in both indices occurred between about the 4th and 10th days 

a f te r  challenge during which time average daily egg ouL^uts 

f e l l  from 21 to 3 million and erythrocyte losses from 20 to

5.6 ml/day. Further features of the reaction included a

gradual decline in  HbC and elevation in HbA, a reduction in 

the fractional catabolic ra te  of albumin, progressive

improvements in PCV and serum albumin and iron levels, and

perhaps s ig n ifican tly , tlie persistence of s lig h t macrocytosis.



F i g u r e  3 :  E f f e c t  o f  R e i n f e c t i o n  o n  P C V , F a e c a l  E g g  O u t p u t
a n d  G a s t r o i n t e s t i n a l  H a e m o r r h a g e  o f  a  S h e e p  
P r e v i o u s l y  I n f e c t e d  w i t h  5 0 0  H . c o n t o r t u s  L a r v a e /  
k g  B o d y w e i g h t .
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These findings are a l l  consistent With elimination of the 

majority of tlie ex isting  worms and challenge larvae and 

th is  was confirmed a t necropsy by the presence of only 

163 ± 94 {range 0-350) H. contortus.

C lassical self-cure

In three HbA (Nos, 86, 95 and 97) and one HbB (No. 85) 

Blackface sheep, the challenge larvae induced temporary 

reductions in egg output (from 21 to 4 m illion/day), abomasal 

haemorrhage (from 21 to 10 ml/day) and rates of albumin 

degradation (from 14.8 to 8.5%/day), indicative of expulsion 

of the majority of the established worm burdens (Figure 4 

and Table 3) . As before tlie se events occurred more or 

less simultaneously and generally between the 4th and 10th 

days a f te r  the new larva l intake, but unlike tlie group 

described above, the red c e ll  losses and acceleration of 

albumin catabolism suffered by these sheep increased 

progressively from about day 13, reaching levels by necropsy 

which on average were sim ilar to those recorded a t  the time 

of challenge; egg output however remained depressed 

throughout tlie en tire  reinfection  period. Haematological 

and biochemical changes generally re flec ted  the severity  

of abomasal bleeding. The tran s ien t decline in blood loss 

following challenge was accompanied by equally short-lived  

improvements in PCV and serum albumin levels (from 22 to 

25% and from 2.4 to 2.7 g% respectively) and with the 

subsequent resumption of haemorrhage both indices e ith e r 

remained s ta t ic  or deteriorated  progressively. , These 

changes were accompanied by further elevations in HbC levels

13 ̂
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Figure 4 : E ffect of Reinfection on PCV, Faecal Egg Output
and G astrointestinal Haemorrhage of a Sheep 
Previously Infected v/itii 500 H. con to rtu s Larvae/ 
kg B o e i g h t .
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and corresponding reductions in HbA. hiacrocytosis persisted  

throughout, was more pronounced than in the self-cure and 

protection group, and was associated with reduced serum iron 

levels. At necropsy each of thesé animals was harbouring 

between 2,300 and 5,500 worms (mean 4200).

No loss of the existing  or establishment of the new infection

Tv/o HbB type sheep f e l l  into th is  category, i . e .  one Dorset 

(No. 61) and one Blackface (No. 90). Apart from some slig h t 

reductions in red c e ll  loss, egg output and albumin degradation 

between the 4th and 10th days a f te r  reinfection which resulted  

in temporary and minor improvements in PCV, serum aJhumin and 

iron concentrations, parasite  ac tiv ity  remained v irtu a lly  

unaltered by the second dose of larvae (Figure 5 ), suggesting 

l i t t l e  or no a lte ra tio n  in worm burden. However, as a re su lt 

of the continuous blood loss PCV, serum albumin and iron levels 

declined during the la t te r  stages of the investigation and 

macrocytosis became progressively more dominant (Table 4). At 

necropsy 6,150 and 2,750 adult worms were recovered.

Temporary suppression of egg production followed by hyperinfection 

This was tlie response exhibited ty  the vast majority of the 

Dorset sheep, (see Figure 6 and Table 5) being observed in three 

HbA (Nos. 57, 59 and 62) and three HbB types (Nos. 3, 40 and 54). 

During the week preceding challenge the faecal egg output, red 

ce ll "clearance" and frac tional catabolic ra te  of albumin 

averaged 33 m illion, 49 ml and 23%/day respectively. For a 

period of 5-15 days a f te r  challenge these figures e ithe r remained 

s ta t ic  or declined marginally, but subsequently'again rose to

i  51



13 R

Figure 5 : E ffect of Reinfection on PCV, Faecal Egg Output
and G astro intestinal Haemorrhage of a Sheep 
Previously Infected with SCO H.' contortus Larvae/ 
k g  Bodyweight.
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TABLE 4.

No Loss of Existing or Establishment of the New Infection

Indices of Infection a t C h a l le n g e a n d  Necropsy

Sheep
No. 61 90 .

"

(1) (2) (1) (2)

PCV(%) 13 10 18 14

MCV (/l3) 45 47 36 43

MCHC (%) 27 30 36 32

Serum iron (pg%) 105 58 110 97

Red ce ll clearance (ml) 36 35 21 19

F(CA) (%) 28 24 16 19

Serum albumin (g%) 1.6 1.2 2.3 2.0

Faecal egg output (xlO^) 34 14 14 2



Figure 6 : E ffect of Reinfection on PCV, Faecal Egg Output
and G astro intestinal Haemorrhage of a Sheep 
Previously Infected with 500 H. contortus Larvae/ 
kg Bodyweight.
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levels which with the notable exception of egg output were 

higher than those recorded p rio r to  challenge, i . e .  30 

m illion, 52 ml and 38%/day respectively. I t  should perhaps 

be stressed  a t th is  point, tha t because of the development 

of much more severe anaemia during the la t te r  stages of the 

experiment, the loss of 52 ml of red ce lls  represents a 

degree of haemorrhage considerably in  excess of th a t recorded 

before re infection . Further features of th is  reaction 

included the development of severe hypoalbuminaemia, hypo- • 

ferraemia, macrocytosis, and in some instances, hypochromia. 

Haemoglobin C appeared in dramatically increased amounts, 

and by the termination of the experiment formed 55%-95% of 

the to ta l  haemoglobin.

Three animals (two HbB, Nos. 40 and 54) ; and one HbA,

No. 62) had to  be necropsied before the termination of t ie  

experiment; as the condition of these sheep deteriorated  

there was a marked f a l l  in faecal egg output and some reduction 

in the severity  of haemorrhage, consistent with elimination 

of a proportion of the ex isting  worm populations. In these 

sheep worm recovery (8,750-18,900) may therefore be an 

underestimate of establishment although the remaining animals 

in the group had comparable burdens, i .e .  12,650-13,850.

Response of the worm-free sheep to  infection with 20,000
H.contortus larvae

The sa lien t features of the effects of 20,000 larvae on 

the worm-free controls are i l lu s tra te d  in  Figure 7 ; further 

d e ta ils  are given in the Appendix.

/ '
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Figure 7: PCV, G astro intestinal Haemorrhage and Egg Outpui

of Challenge Controls Infected with 20,000 
H .  contortus La rvae.
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Infection of these animals resulted  in a progressive 

anaemia from about day 11, characterised terminally by 

macrocytosis and hypochromia. Hypoproteinaemia, hypo- 

albuminaemia and depressed serum iron levels were additional 

features and as in previous experiments the majority of 

these disturbances were more pronounced in the Dorsets 

and p articu la rly  in the one KbB animal available. Excessive 

haemorrhage into the gut commenced in a l l  sheep between 

the 8th and 10th days increasing rapidly in severity  over 

the following 12 days to reach a peak around necropsy.

At th is  stage Dorsets were losing more red ce lls  than 

Blackfaces and HbAB types of each breed more than th e ir  

HbA counterparts.

Eggs f i r s t  appeared in small numbers on the 17th or 

18th day a f te r  infection  and in progressively Increasing 

numbers during the remainder of the investigation . At 

necropsy egg output was higher in Dorset than in Blackface 

sheep of the same haemoglobin type and within each breed 

in animals with HbAB. The number of worms recovered (mean 

6313 ± 1420) reflec ted  the pathophysiological and egg 

output data, being higher in Dorsets and in sheep with HbAB,

In ter-re la tionsh ips between blood loss, egg output and 
V7orm load

Measurement of worm establishment from each dose of 

larvae was precluded by the necessity to superimpose the 

challenge on the primary infections and hence any conclusions 

regarding the above relationsh ips during the course of the 

la t te r  can only be based on a speculative assessment of worm 

burden. Since, egg production per unit of blood consumed

/ -
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compared favourably with tliat recorded in previous 

experiments, i . e .  about 100,000/ml between the 3rd and 

4th weeks (Table 6), i t  can reasonably be assumed th a t 

before challenge the metabolic a c tiv itie s  of the individual 

worms were also comparable and th a t each removed about

0.06 ml blood/day. On th is  basis i t  may be ten ta tively  

concluded th a t about 10% and 16% respectively of the 

larvae given to the HbA and HbB Blackfaces became 

established ( i .e . 1,600 and 2,600 worms) compared with 

about 5,000 and 5,600 worms (23% and 30%) in the comparable 

Dorsets; these figures y ield  an average daily egg output 

of 10,000-15,000 per female which agaii is  sim ilar to 

previous estimates from primary in fections.

The same indices calculated during reinfection (Table 

7) and based on worm recovery a t necropsy suggest a serious 

impairment in the haematophagic and reproductive a c tiv itie s  

of the worms present in sheep.which exhibited se lf-cu re ,

1 .e. tlie majority of the Blackfaces. In these animals, 

blood loss per worm and egg output per female averaged only

0.02 ml/day and 1,600 eggs/day respectively compared with 

about 0.05 ml/day and 7,000 eggs/day in the challenge 

controls, while the number of eggs produced per rnl blood 

(44,000/day) was also considerably lower than tha t recorded 

for the controls (70,000/day). Even allowing for the fac t 

th a t the control figures are somewhat lower than expected, 

being based on the measurements made around the 3rd week

i t  is  c lear tha t se lf-cu re , in addition to causing expulsion 

of adult worms and developing larvae, causes considerable 

functional embarrassment to the surviving parasites.
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0)

0) r-J

B^O
O r-1

t)i a fd
O n

w o o
tn  rH rH 
di 0 X 
a)

cIP

&
g
8
g

fî
O

I  8
P4

r-4
nj 0)
B 8
d  Q

o .
0) 0

S ^

n cN ld

CÛ CTiI—I r-4 r~l
CPi H

es

ro co CM 'U' 
"<]< o o' I 1—I I—1 O rH

cx> ̂  co 
o in n o
f i rH rH 1—l

r  r~l

OJ H
eû r-( LO lO

LO O I>

"3' VO O CO 
n C" (N vr
t—I tH i-H

o en
es r4 
tH

C3̂ Oi -3' ro
H  cx) co es
r-4 iH

en
S

n 03 ■S' en 
00 es rH co

I—I «H
'3' O 
G  r-{

01 es O es co eo (S r4 iH

en s* eo r-ien es un 00 en m m s en en eû C' s* co en m cor-ten es es O es en eo en m es co m r- r- en en es 1—100 enr4 1—1rH rH rS iH rH m r~l es m es S ’ es S ’ es

iH vi) en r-' m co en en

O)

I
s
a co

fo in Lo o "3̂ co en

a
g

I
r-l
ta

S ww
w

co 01 es 
en ICI LO 00

I
4-y

I *rd H 0) * w

fo O S’ I-:
S' en eD

«
S
<y
1

en Cl
rHtH

en 01 eo es M en eût^coes en en eo M es oi O S ‘ enot^cn s co
01 in
01 f~i

eo enS’ CD
en

O en es o S* co o co r H r - es 1—1 rH eo S ’ co es en eo Ol Ol es CNJ O
u o O en S ’ rH es rH S ’ en r-H en rH es en rH en en c>̂ en b- t ' 1—1 en co
iH rH rH rH M rH rH r - i 1—1 en rH en en es en i~i es en en

t " 1—1S ' 0 0 CO S ' CO un es en en O en S ’ q en en un C " 'sO en r H S ’ un
q es en es 01 es 01 r- t '- C" en es en es rH co en S ’ es un eo t '  OrH iH r H 1—1 rH rH .H en rH es es es m es on es en

O m q O en r - en O O r~ S ’ f" O O en O Q m O f - - O Q rH
en en q un en O en en G eo O CD O un CD eo en o en en r-| O O COf'' es 1—1S ’ vjo S ’ un f" en 1—! eo en S un un es Ol 01 «H un S ’ en eo en
rH (S es rH rH es es en es eo CNls eo s r- en r- S* un

O O O q un S ’ O O O O co en O O O o co eo O o O O m S ’
e.0 es co q eo en es co t ' eo un un Ol O eo eo es rH O eo un eo enen un eo rH eo eo O eo es O r - un o un co co en O CO 00 s CO en co
q 00 un eo eo q un t" 00 eo Ol O rH en 1—1 rH rH m O un t - r-i
1—1 rH rH rH r-l rH r—1 rH rH iH es ts es es es es rH rH

g *
g «
% w



2:) 8
There is  also some evidence to suggest tha t a 

sim ilar but less effective control was exerted by tlie 

Dorset sheep which became hyperinfected, blood loss 

per woi.*m being reduced to 0,04 ml and egg output per 

female to 5,000 eggs/day compared with 0,05 ml and 

8,000 eggs/day in idie challenge controls; these 

figures are probably an underestimate since some 

animals became moribund p rio r to necropsy and in a l l  

likelihood lo s t a proportion of th e ir  established 

worm populations.
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EXPERIMENT 2

Scottish Blackface, Finn Dorset and Suffolk sheep 

of established haemoglobin type were individually infected 

with 7,000 H. contortus larvae and with the exception of 

four animals which were kept indoors, introduced 5 weeks 

la te r  along with two "tracer" sheep into  paddocks containing 

freshly growing p arasite -free  grass. The course of infection 

in each animal was monitored by PCV and faecal egg counts 

and worm burdens were determined a t necropsy about 9 weeks 

a f te r  infection .

PCV values were somewhat variable before infection  but 

tliis was neither re la ted  to the breed nor haemoglobin type 

of the animals concerned (Table 8). About 10 days a f te r  

la rva l adm inistration these indices f e l l  progressively, 

reaching th e ir  lowest values around the 6tii \;eek. At th is  

stage Blackface and Dorset sheep with BbA were less anaemic 

than tlie ir coun.terpart:s with the HbB gene (p <0.05-0.01) , 

and also inciden ta lly  than the HbB Suffolks (p <0,05).

During the la t te r  3 weeks of the study, PCV's of a l l  the 

grazing sheep showed marked and re la tiv e ly  equal improvements, 

but th is  feature was not observed in the group kept indoors 

with the re su lt th a t by necropsy these animals were more 

anaemic than any of the groups a t grass.

Egg counts rose stead ily  from the 19tîi day a f te r  

in fection , reached a peak around the 5th week, and thereafte r 

declined in  a l l  groups, altliough less noticeably in the HbB 

Dorsets and Suffolks, and tlie sheep kept Indoors (Tables 9 and 10) .

/ -



TABIjE 8.
Packed Cell Volumes (%) 210

Sheep Weeks a f te r  infection
No. O I 2 3 4 5 6 7 8 __9__

Blackface 78 39 35 34 28 24 21 21 26 30 30
HbA 86 33 34 30 24 20 21 24 26 29 30

Mean
S,E.

36.0
3.3

34.5
0.5

32.0
2.0

26 .0 
2 .0

22.0
2.0

21.0 22,5
0.5

26.0 29.5
0.5

30.0

61 34 26 31 22 17 18 17 17 22 22
Blackface 67 34 32 32 22 14 14 16 15 20 21
mAB 81 33 32 31 26 19 18 18 20 26 30

967 32 30 28 21 18 19 20 21 23 24

Mean 33.3 30.0 30.5 22.8 17.0 17.3 17.8 18.3 22.8 24.3
SoE. 0.5 1.4 0.9 1.1 1.1 1.1 0.9 1.4 1.3 2.0

433 35 32 33 31 28 25 24 24 25 27
Dorset 440 36 34 34 28 21 20 20 19 22 23
HbA 446 38 37 37 29 25 23 23 22 22, 21

508 39 39 36 31 27 26 24 24 28 29

Mean 37.0 35.5 35.0 29 .8 25.3 23.5 22.8 22.3 24.3 25.0
S.E. 0.9 1.6 0.9 0.8 1.6 1.3 1.0 1.2 1.4 1.8

430 33 30 26 22 20 22 18 IB 20 20
Dorset 435 35 33 31 25 19 20 20 17 21 23
HIdB 441 34 33 30 24 19 20 16 20 22 24

444 35 33 33 27 16 18 18 20 22 24

Mean 34.3 32.3 30.0 24.5 18.5 20.0 18.0 18.8 21.3 22.8
S.E. 0.5 0.8 1.5 1.0 0.9 0.8 0.8 0.8 0.5 1.0

39 34 32 31 27 25 20 21 23 27 28
Suffolk 48 31 31 31 27 22 20 IB 21 23 25
HbB 57 29 28 25 22. 17 16 13 16 18 19

74 31 31 30 2 1 21 20 19 21 24 23

Mean 31.3 30.5 29.3 25,8 21.3 19.0 17.8 20.3 23,0 23.8
S.E. 1.0 0.9 1.4 1.3 1.7 1.0 1.7 1.5 1.9 1.9

Suffolk
HbB

55 34 33 33 28 23 21 23 20 20 17

Blackface
HbAB

62 36 33 30 25 20 18 20 14 12 11

Blackface
HbAB

84 33 31 31 23 16 16 16 14 14 14

Dorset HbB 503 33 33 32 27 24 21 23 22 25 27

Mean 34.0 32.5 31.5 25.8 20.8 19.0 20.5 17.5 17.8 17.3
S.E. 0.7 0.5 0.7 1.1 1.8 1.2 1.7 2.1 3.0 3.5

Suffolk HbB 35 36 33 35 37 37 35 36 34 38
Suffolk HbB 38 37 37 38 36 35 35 36 36 35

Mean 36.5 36.5 35.0 36.5 36.5 36.0 35 .0 36.0 35.0 36.5
S.E. 1.5 0.5 2.0 1.5 0.5 1.0 - 1.0 1.5



TABLE 9 .

Faecal Egg Counts (xlO ') of Sheep a t Grass.
2

Days a fte r Blackface E h A Mean Blackface HbAB Mean
infection 78 86 ±S.E. 61 67 81 967 ±S.E .

19 — 0.2 O.l+O.l 0.9 0.8 1.9 0.1 0.9+0.4
22 0.4 0.4 0.4+0.0 10.7 2.7 6.5 2.8 5.7+1.9
26 1,5 1.5 1.5+0.0 12.3 5.3 8.5 7.6 8.4+1.5
29 2.7 2.2 2.5±0.3 6.4 5.6 7.5 7.3 6.7±0.4
33 5.5 6.5 6.0+0.5 9.0 10.2 9.2 8.6 9.3+0.3
36 4.2 6.2 5.2+1.0 25.6 10.9 11.4 6.4 13.614.2
40 3.5 5.2 4.4±0.9 18.1 11.2 8.9 4.9 10.812.6
43 2,6 2.4 2.5±0.1 14.3 9.3 3.2 1.8 7.212.9
47 2.5 3.2 2.910.4 19 .5 6.2 1.2 3.2 7.514.1
50 4.5 1.9 3.211.3 14.5 8.8 1.3 3.7 7.112.9
54 1.9 1.4 1.710.3 15.0 8,1 1.3 2.0 6.613.1
61 0.2 0.5 0.410.2 15.6 11.5 1.2 2.9 7.813.4
63 0.1 0.8 0.510.4 11.3 12.5 1.2 1.1 6,513.1

Days a f te r Dorset HbA Mean Dorset HbB Mean
infection 433 440 446 508 IS.E . 430 435 441 444 IS.E.

19 0.5 4.3 2 .0 1.1 2.010.8 2.9 1.2 1.3 3.2 2.210.5
22 1.5 6.2 6.2 2.1 4.0+1.3 11.3 6.1 6.5 6.5 7.6=1.2
26 0.9 5.0 12.5 2.1 5.112.6 11.2 9.5 10.8 12.4 11.0+0.6
29 1.1 14.2 16.8 3.3 8.913.9 14.1 9.5 14.4 20.6 14.7+2.3
33 1,2 10.8 17.9 4.8 8.713.7 33.9 14.0 19.9 18.1 21.514.3
36 2.5 16.1 17.4 3.4 9.914,0 11.3 14.5 24.3 21.2 17,813.0
40 1.2 20.9 10.6 5.7 9.614.2 18.4 10,8 7.2 16.4 13.212,6
43 0,7 18.6 6.6 4.0 7.513.9 17,2 7.4 3.2 8.7 9.112.9
47 1.4 10.3 5.5 4.6 5.511.8 22.6 7.6 6.3 6.7 10.813.9
50 1.3 8.2 11.0 2.9 5.912.3 14.1 6.0 4.6 8.1 8.212.1
54 1.0 5.4 10.0 3.3 4.911.9 15.3 6,9 4.7 6.7 8.412,4
61 0.7 3.3 9.8 2.0 4.012.0 18.8 5.2 4.2 6,3 8.613.4
63 0.7 3.2 7.3 4.1 3.811.3 16.8 5.8 5.6 6.0 8.612.8

Days a f te r Suffolk HbB Mean
infection 39 48 57 74 IS.E.

19 2.2 2.6 3.1 2.9 2.710.2
22 9.1 4.9 7.4 4.4 6.511.1
26 9.3 5.4 8.0 5.5 7.111.0
29 8.8 7.1 10.9 6.9 8.410.9
33 15.1 9.1 8.7 5.9 9.711.9
36 16.6 15,8 12.1 4.9 12.4+2.7
40 7.7 6.4 11.8 7.3 8.311.2
43 9.0 4.8 12.9 8.2 8.711,7
47 6.2 9.6 14.5 NS 10.112.4
50 14.8 9.3 10.5 5.8 10.111.9

■ 54 21.0 12.3 8.3 8.9 12.612.9
61 16 ,6 10.5 9.7 3.4 10.1+2.7
63 11.5 8.2 8.8 7.7 9.110.8
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TABLE 1 0 .
3

Faecal Egg Counts (xlO ) of Sheep Maintained Indoors

Days a f te r Suffolk HbB Blackface HbAB Dorset HbB Mean
infection 55 62 84 530 ±S .E.

19 0.8 0.1 1.5 1.9 1.1+0.4
22 4.0 1.2 9.7 2.4 4.311.9
26 4.0 3.9 10.9 5.0 6.011.7
29 4,6 2.8 14.8 5.0 6.812.7
33 6.0 4.2 16.4 8.5 8.812.7
36 7.5 5.8 11.2 15.3 10.012.1
40 5.0 4,5 14.4 5.8 7.412.3
43 5.5 10.1 10.6 4.7 7.711.5
47 6.7 4.4 11.9 4.9 7.011.7
50 4.8 8.3 12.9 1.4 6.912.5
54 2.4 9.0 15.2 11.1 9.4+2.7
61 3.4 8.0 11.8 2.9 6.512.1
63 3.9 8.1 12.2 3.3 6.912.1



Bl)B Dorsets had the highest and HbA Blackfaces the lowest 

counts throughout with other groups intermediate. I t  is  

also worth mentioning th a t by necropsy the average egg 

count of HbA Blackfaces had fa llen  from a peak of 6,000 

e .p .g . to 500 e .p .g ,, HbA Dorsets from 10,000 e .p .g . to 

3,800 e .p .g ., while a l l  other groups, including the HbB 

Dorsets were s t i l l  passing 7,000-9,000 e .p .g .

Worm burdens a t necropsy reflec ted  the terminal egg 

counts (Table 11) . Less tlian 1,000 worms were recovered 

from the HbA and HbAB Blackface and HbB Dorset groups 

compared with in the region of 2,500 parasites from the 

HbB Dorsets and Suffolks and the group kept indoors. 

Differences between HbA and HbAB Blackfaces were not 

s ig n ifican t but on average tlie la t te r  had four times 

as many worms; HbA Dorsets however had sign ifican tly  

lower burdens tlian th e ir  counterparts with HbB (p <0.05) 

and the HbAB Blackfaces a t  grass fewer worms than those 

kept indoors. Both "tracer" sheep maintained th e ir  

worm-free status during the grazing period.

(1 i  5»



TABLE 1 1 . V 3

Worm Recovery 9 Weeks a fte r  Infection with 7,000 H. contor tus larvae.

Group

Blackface tIbA 
(at grass)

Mean
S.E.

Sheep
No.

78
86

^  onns 
Recovered

150
300

225
75

Recovery

2 . 1
4.3

3.2
1.1

Blackface HbAB 
(at grass)

Mean
S.E.

61
67
81

967

1550
700
450
800

875
237

22 . 1
10.0
6.4

11.4

12.5
3.4

Dorset HbA 
(at grass)

Mean
S.E,

433
440
446
508

350
900

1250
850

838
185

5.0
12.9
17.9 
12.1
12.0
2,7

Dorset E b B  

(at grass)

I'fean
S.E.

430
435
441
441

1800
800

3600
2400

2150
585

25.7
11.4
51.4 
34.3

30.7
8.3

Suffolk HbB 
(at grass)

Mean
S.E.

39
48
57
74

2700
3150
2000
1750

2400
321

38.6
45.0
28.6
25.0

34.3
4.6

Blackface HbAB 
Blackface HbAB 
Suffolk HbB 
Dorset HbB 
(a ll indoors)

Mean
S.E.

62
84
55

530

3050
1100
2400
2750

2325
439

43.6
15.7
34.3
39.3

33.3
6 . 1

Suffolk HbB 
("tracers")

Mean
S.E.

30
47

1\T
N

N
N



DISCUSSION

The experiments reported in th is  section were 

designed with two principal objects in mind, namely to 

examine the possible association between the h o st's  

haemoglobin type and breed and 1he occurrence of s e lf 

cure, and to attempt an assessment of the re la tive  

contributions made to the induction of self-cure by 

larvae and freshly-growing grass. The resu lts  obtained 

can only be described as conflic ting , but taking each 

of the experiments in turn the following conclusions 

seem in order.

The f i r s t  point to be made is  thac self-cure can 

be induced by reinfecting  sheep carrying an existing 

population of adult worms, thus confirming Stewart's^ 

o rig inal obseirvations. Secondly, the nature and timing 

of the underlying changes in worm ac tiv ity  (reinfection  

was followed a f te r  4-6 days by a sudden and dramatic f a l l  

in faecal egg output and aboraasal haemorrhage), are 

consistent with the hypothesis th a t the phenomenon, a t 

lea s t when produced in th is  way, is  caused by an immediate- 

type hypersensitiv ity  re \^ tion  in ihe abomasum triggered 

by antigenic m aterials released by the newly acquired 

larvae during the 3rd ecdysis^'^^. Thirdly, and as noted 

by previous authors, the reaction is  net necessarily  

accompanied by complete worm expulsion neither is  i t  

synonymous with resistance to rcinfecL ion^ '^ '^^ '^^ '^^; 

indeed in  only 25% of the sheep which exhibited self-cure
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was worm expulsion complete and in only 50% was the 

reaction followed by protection against renewed la rva l 

intaJce. Furthermore, judging by th e ir  terminal worm 

burdens, and assuming tha t these originated from the 

second dose of larvae , i t  is  debatable whether sheep 

susceptible to reinfection  were any less susceptible 

tlian the challenge controls. By the same token i t  would 

be unwise to assume on the basis of worm recovery th a t 

tlie immunological s ta tu s  of the two groups was the same; 

as the measurements of egg output and blood loss clearly  

demonstrate, the b io tic  and haematophagic a c tiv it ie s  of 

the parasites in  the reinfected sheep were severely 

depressed and hence although both groups were sim ilarly  

infected (the average worm burden of the reinfected sheep 

was 4,200 compared with 4,350 in the challenge contro ls), 

the former experienced by far the less severe functional 

disturbances - a point well exemplified by the PCV values 

during th is  period. Hence in some respects tlie response 

to re in fection , a t  le a s t in the case of individual Scottish 

Blackface sheep, was the same irrespective of whether the 

primary infection  was terminated with anthelmintic.

Tlie f in a l point to  emerge from the f i r s t  experiment 

was th a t the occurrence of se lf-cu re  was in no way rela ted  

to the h o s t 's  haemoglobin type, but was highly correlated 

witli breed, being observed in  7 of the 8 Blackface sheep 

(4 HbA and 3 HbB) and in only one of the Dorsets (HbA) 

which as a group were uniformly susceptible to hyperinfection

/"
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(6 out of 0 animals were affected in  th is  manner) . This

finding is  in sharp contrast to tlie recent report by

15
Allonby and Urqnhart th a t under natural conditions HbA

Merinos self-cure more frequently and effectively  than

th e ir  HbB counterparts, but i t  would be u n rea lis tic  to

suggest tliat th is  d isparity  is  anything other than a

reflec tion  of differences in experimental conditions or

the breeds of sheep used. However, i t  is  also worth

sta ting  tiiat although the Dorsets showed no apparent

resistance to reinfection  as judged by worm establishment,

they were nonetheless able to exert some control over the

p a ras ite s ' blood-sucking and reproductive a c tiv it ie s ,

though somewhat less effectively  than the Blackfaces.

In attempting to explain the contrasting a b ili t ie s

of tlie Blackface and Dorset breeds to exhibit se lf-cu re ,

i t  should be recalled  that the la t te r  were much more

susceptible to  the primary infection  and a t  challenge were

more anaemic and experiencing considerably greater haemorrhage

tlian the Blackfaces (320 ml/day compared witli 120 ml/day) .

In the author's opinion i t  would be surprising i f  losses of

th is  magnitude did not adversely a ffec t the immune response

since quite apart from the accompanying metabolic s tra in ,

these represent s ig n ifican t depletion of circu lating  antibody

which could be important in aiding worm expulsion. I t  is

also possible tha t being subjected to a much higher level

of antigenic stimulation during th is  infection, the Dorset

sheep had reached a stage of desensitisation  or immunological 

16,18
exhaustion

217
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The resu lts  of tlie second experiment are more d if f ic u lt

to in te rp re t but appear to indicate tha t self-cure can occur

in the absence of reinfection  in  sheep grazing on rapidly

growing pasture. However, unlike the phenomenon induced by

reinfection which was characterised by a precipitous f a l l

in egg count over a period of 6-8 days, the reaction a t

grass was notable for the fac t th a t i t  occurred only gradually

over about 4 weeks following tlie change of d ie t. Tlius, while

in general tl^ese findings confirm the orig inal and more

extensive studies reported by Allonby and Urquhart^^, they

do nonetheless d iffe r  inasmuch as these authors observed

an e ffec t sim ilar to  th a t described here following reinfection .

A further feature which emerged from th is experiment was th a t

although the occurrence of self-cure, was again more closely

dependent upon the breed than the haemoglobin type of the

animals concerned, i t s  effectiveness as judged by faecal

egg counts and worm burdens was greater in HbA than in HĥAB

and HbB type sheep? th is  la t te r  finding confirms the recent

1 5
report by Allonby and Urquhart ' th a t HbA Merinos self-cure 

b e tte r  than HbB sheep.

The mechanism underlying self-cure a t grass is  u"'.nov;n 

but on tlie basis of the present experiment appears unlikely 

to be the same as tha t in itia te d  by reinfection; what appears 

more like ly  is  th a t wornn expulsion is  caused eithe.r as a

2
re su lt of an "anthelmintic factor" as proposed by Gordon 

or physiological disturbances in the abomasum induced by 

tlie sudden change of d ie t. A lternatively, i t  is  possible,
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as Allonby and Urquhart have suggested, tha t self-cure 

a t  grass and upon reinfection  are essen tia lly  siioilar in 

aetiology, the former being caused by seme as yet undefined 

factor in new pasture capable of producing an anaphylactoid 

s ta te  in the abomasum. The fac t th a t self-cure as observed 

in the present experiment was less dramatic than tha t 

recorded under Kenyan conditions may therefore simply 

re f le c t differences in  pasture composition, but clearly  

further work is  needed before a proper assessment can be 

made of the re la tiv e  contributions of grass, larvae and 

the h o st's  genetic constitu tion  to the induction and 

expression of the reaction.



SUÎ4MARY

In th is  section a detailed  examination was made of 

the relationship  between host genetic factors and the 

occurrence and effectiveness of self-cure of H. contortus

infections in sheep exposed to reinfection or to rapidly 

growing p arasite -free  grass.

The resu lts  obtained demonstrated th a t self-cure 

occurred under both conditions, suggesting th a t the 

reaction could be both immunological and non-immunological 

in  o rig in , the former in a l l  likelihood being a manifestation 

of a hypersensitiv ity  reaction in the abomasum and the 

l a t te r  due to the presence of an anthelmintic or 

anaphylactoid-type factor in the grass.

Whether induced by larvae or grass the phenomenon was 

more closely associated with the breed than with the 

haemoglobin type of the animals concerned, being observed 

in the majority of the Scottish Blackface sheep of each 

haemoglobin type but in only a minority of the Finn Dorsets 

and Suffolks; even i f  unable to expel th e ir  ex isting  worm 

populations most sheep were able to impair the reproductive 

and haematophagic a c tiv it ie s  of parasites derived from 

subsequent infections.
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SECTION 4

STUDIES ON Ostertagia circumcincta INFECTIONS 

IN SCOTTISH BLACKFACE SHEEP OF DIFIFRENT 

HAEMOGLOBIN TYPE.
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INTRODUCTION

Evidence was presented in previous sections of th is  

thesis th a t the su scep tib ility  of sheep to Haeiuonchus 

contortus was a t le a s t p a r tia lly  determined by the animal's 

genetic constitu tion  and in p a rticu la r by i t s  haemoglobin 

type, animals of lïb type A being more re s is ta n t to infection 

as judged by a variety  of c lin ic a l, pathophysiological and 

parasito log ical parameters than sim ilar sheep witli HbB.

No obvious explanation could be given for th is  in terac tion , 

but the p o ss ib ility  was raised th a t the lower oxygen a ff in ity  

of HbB provided a more su itable environment for the 

establishment of th is  p a rticu la r parasite  which requires 

substantial amounts of red ce lls  for survival.

To te s t  the v a lid ity  of th is  hypothesis the studies 

described for Haemonchus require to  be extended to a parasite  

which as far cis is  known neither sucks blood nor causes 

sig n ifican t anaemia, and for a number of reasons i t  seemed 

most appropriate to use O stertagia circumcincta for th is  

purpose. In the f i r s t  place, while there arc certain ly  a 

number of major differences between the two species with 

regard to th e ir  development and ensuing stru c tu ra l damage 

within the host^ ^ , both reside in  tlie aljdmasxim and hence 

are a t  le a s t comparable from the standpoint of predilection 

s i te .  Secondly, of a l l  the gastro in testin a l nematodes,

O. circumcincta is  the one most commonly associated with 

outbreaks of ovine p a ra s itic  g astro en te ritis  in temperate

5-17
regions and is  therefore of considerable economic importance

/ “



Thirdly, like Haemonchus there is  some evidence of

genetic resistance to Ostertagia in grazing sheep. Stewart 

1 8
e t a l . noted tha t Romney Marsh sheep were more re s is ta n t 

than Southdowns, Shropshires and Hampshires as judged by

19faecal egg counts, and th is  was la te r  confirmed by Ackert 

who also demonstrated, agaj.n on the basis of egg counts, 

tha t Qieviots were more re s is ta n t than any of these lowland 

breeds. Subsequent work by Scrivner in the United Statcs^^ 

provided more convincing evidence of an interaction  between 

breed and Ostertagia infections under natural conditions, 

noting lower faecal egg counts and worm burdens in sheep of 

the Targhee and Panama breeds than in Suffolks, Hampshires 

arid Rairbouillets,. and demonstrating transmission of 

resistance between a Targhee ram and h is progeny. Quite 

apart from the lim itations imposed by reliance on f ie ld  

observations and egg counts, (these have already been discussed 

elsewhere), in none of these experiments was haemoglobin typing 

performed, and hence i t  has yet to be established whether the 

variations a ttribu ted  to breed were in fact more a reflection  

of differences in the haemoglobin type of the animals concerned. 

This certain ly  remains a p o ss ib ility  since in each case 

considerable variation was encountered in the response of 

individuals within the breeds investigated.

F inally , and in common with Haemonchus , the functional 

dj.sturbances caused by larval and adult stages of Ostertagia 

may be readily detected and quantified by c lin ic a l and 

radioisotopic methods and therefore accurately related  to

/ -



parasite  development and burden. The life-cyc le  and

pathogenesis of ovine o ste rtag iasis  have been described

1,2,14,23-30, ^  ̂ _
by a number of workers but most information

on these aspects-has come from the detailed work of Armour

Ù. 31,32
and his colleagues ‘ and Holmes and his co-workers ‘ ,

in  Scottish Blackface sheep. Using doses of 100,000 larvae.

Armour investigated the s tru c tu ra l and biochemical

consequences of infection in p arasite -free  sheep and th e ir

relationship  to the k inetics of la rva l and worm establishment.

These studies revealed (a) tha t a proportion (up to 25%) of

an established infection fa i ls  to develop beyond the 4tli

larval stage, remaining dormant or inhibited  witliin the

g astric  glands, (b) tlia.t large nuitibers of worms are lo s t

following emergence of immature adults, i . e .  from about the

16th day a f te r  in fection , and (c) th a t as in tlie case of

bovine o s t e r t a g i a s i s ^ ^ , plasma pepsinogen levels provide

a useful index of the extent of infection and abomasal

damage associated with the h isto trophic phase of the parasite ;

these levels were shown to r ise  from the onset of in fection ,

readiing a peak around day 16 and thereafter declining in

association with worm expulsion and regression of gastric

lesions. Tne studies of Holmes and co-workers were concerned

more with the disturbances in host function, and in  p a rticu la r

with the changes in plasma protein  and nitrogen metabolism

accompanying O stertagia in fections. Using heavier infections

(300,000 and 900,000 larvae) and radioiodinated albumin and 

51
■ Cr-labelled plasma protein  to monitor albumin turnover and
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gastro in testin a l plasma leak, these authors re la ted  the 

development of hypoalbuminaemia to a marked increase in 

the catabolic rate  of albumin and loss of plasma in to  the 

gut;' such changes were most noticeable between tlie 1st 

and 3rd weeks a f te r  infection, accompanied by reduced 

nitrogen balances and s ig n ifican t elevations in plasma 

pepsinogen and blood urea levels, and in more heavily 

infected animals, diarrhoea and inappetence. I t  is  also

28
worth s ta ting  th a t contrary to  reports from South Africa '

35
and Poland in none of these studies was anaemia recorded. 

IVhile there is  no obvious explanation for th is  discrepancy, 

i t  should be stressed  th a t the South African work was 

conducted on massively infected and obviously very young 

Merinos (each was infected witli 270,000 larvae, and although 

of unspecified age, weighed only 14 kg) which possnbly 

suffered acute g astric  haemorrhage as a re su lt of larval 

development. The Polish workers used a group of 3-month 

old sheep belonging to the Polish long-v/ool breed? these 

sheep were heavily infected (400,000 larvae) and the 

haematological changes compared with sim ilar animals infected 

with only 50,000 larvae; both groups developed re la ti^^ ly  

ird.ld anaemia which for some unknovm reason was of sim ilar 

degree in a l l  animals (PCV's dropped from about 30% to 24%). 

Clearly i t  is  d if f ic u lt  to construct a reasonable hypothesis 

with regard to the anaemia which on occasions attends th is  

p arasite , but i t  seems clear th a t a t  le a s t in the case of 

the Scottish Blackface breed which has been more extensively



>9 9

studied than any other, Oste rtag ia  circumcincta is  not 

haematophagic and therefore a suitable parasite  for , 

investigating-fu rther the possible influence of haemoglobin 

type in resistance to g astro in testin a l helminths.

The approach adopted in the experiment reported here 

was essen tia lly  the same as th a t described in e a r lie r  

sections, the basic aim being to ascertain  whether resistance, 

e ith e r to the establishment or to tlie effects of th is  

p arasite , or both, was re la ted  to the haemoglobin type of 

the animal concerned; because of the considerable background 

information available on -the response of Scottish Blackface 

sheep, the studies were re s tr ic te d  to th is  breed.



I4ATEHIALS AlTD METHODS

E x p e r im e n t a l  a n im a ls  an d  d e s i gii

Nine Scottish Blackface wethers, 6-7 months old, which

had been reared and maintained p arasite-free  from b ir th  were

divided in to  tv/o groups on the basis of haemoglobin type

125
(5 EbA and 4 HbB). Each sheep was injected with ' I-albumin 

51
and Cr Cl^ and seven days la te r  infected with 100,000

O. circumcincta larvae . During the experiment the sheep

were f i t te d  with faecal bags and maintained in standard

metabolism cages. The animals were fed h  3b> of commercial

sheep p e lle ts  each day, and hay and water were given ad l i b .

125
To ensure rapid excretion of I from degraded pro tein , 

the thyroid was blocked by daily dosing with 15 ml 0.75%

KI o ra lly , s ta rtin g  5 days p rio r to  the in jection  of the 

isotopes and continuing throughout the experimental period.

All animals were necropsied 16 days a f te r  infection 

and th e ir  worm burdens determined as described e a r l ie r .

Blood analyses

Blood samples were collected for both haematological 

and biochemical estim ations. The values recorded were 

packed ce ll volume and to ta l  serum pro tein , albumin and 

globulin; these estimations were conducted using techniques 

iden tica l to those described e a r lie r .

Plasma pepsinogen levels were detemuLned by a me the d 

essen tia lly  sim ilar to th a t of Edwards, Jepson and Wood̂  ̂

in which plasma was incubated a t a pH of 2.0 with bovine 

serum albumin substrate (Amour's Fraction , Armour



Ac! nf
Pharmaceutical Co.L td ., Eastbourne, England) for 24 hours 

a t  37^C, The liberated  tyrosine, non-precipitable with 

trich lo race tic  acid was estimated spectrophotometrically 

with Folin-Ciocalteau reagent (British Drug Houses, Poole, 

England). The enzyme ac tiv ity  was expressed in m illi-U nits 

(mU) i .e .  |i mois tyrosine liberated  per l i t r e  of plasma 

per minute x 1000.

Labelling procedures 

125
1“labelled albumin

Labelled albumin was prepared by trace-labelling  a

buffered solution containing 600 mg ovine albumin with 

125
10 mCi Na I . 2 g bovine albumin was added as "carrier"

and the preparation dialysed for 2 days against 40 l i t r e s

of sa line . A solution containing approximately 350 |.iCi 

125
I was in jected  in to  each sheep.

^^Cr-labelled protein'

5]
Protein labelling  with Cr was f i r s t  described by 

37
Gray and S terling ' who tagged bovine albumin i^  v itro

with ^^chromic chloride. Waldmann^  ̂ la te r  introduced 

51
Cr-labclled albumin to demonstrate leakage of albumin

into  the gut on the basis th a t chromium is  not absorbed

on oral adm inistration but appears quan titatively  in  the 

39
faeces . The same author also suggested tha t such 

preparations might be useful for metabolic studies but ttiis 

was subsequently invalidated, f i r s t ly  by i t s  more rapid 

elimination from tlie circu la tion  tlian ^^‘̂ I-albumin^^, and 

secondly by the la b il i ty  of the chromium-protein bonding.



i .e .  when in jected  intravenously much of the tag is  eluted

from albumin and becomes attached p rincipally  to the gammâ

g l o b u l i n s i n d e e d  the studies of Van Tcngeren and

co-workers^^'^^ indicated tha t the plasma disappearance of 

51
Cr-albumin was probably more a reflection  of tran sfe rrin

tlian of albumin degradation and d iffered l i t t l e  from th a t 

51
of Cr Cl^ i t s e l f .  Hence while i t  is c lear th a t albumin 

51
labelled  with Cr is  in i t s e l f  of l i t t l e  value for precise

k inetic  measurements, i t  remains a useful too l for estimating

gastroenteric protein leak, and when used in conjunction 

125
with l-albumin provides a basis for correlating a lte ra tion s

in albumin metabolism with plasma loss in to  the gut.

Since there is  no advantage in labelling  albumin v itro

(in fac t tlie technique apart from causing considerable

protein dénaturation is  tedious and necessitates removal of

unbound iso tope), the simplest and preferred method consists

of in jec ting  ^^Cr Cl^ d irec tly  in to  the circulation^^. This

51
resu lts  in the attachment of Cr to  a number of the plasma 

proteins and hence faecal clearances based on th is  isotope 

cannot be regarded as absolute but rather as indices of 

plasma loss in to  the gut.

51
In the present experiments chromic chloride was obtained 

as a s te r i le  solution from the Radiochemical Centre, Amersham, 

England, and the plasma proteins were labelled vivo by 

in jecting  approximately 600 pCi ^^Cr in to  each sheep.

|4« û \J
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I n j e c t i o n  a n d  s a m p l i n g  p r o c e d u r e s  

125
I - a l b u m i n  a n d  C r  C l^  s o l u t i o n s  w e r e  i n j e c t e d  t o g e t h e r

from separate syringes v ia ci 2-way tap and jugular catlieter.

The f i r s t  blood sample was taken 15 minutes la te r ,  a further

six  samples a t regular in tervals over üie following 3 days,

and subsequent san-ples daily . 1.0 ml plasma was obtained

for rad ioactiv ity  determinations. The to ta l urine and

faeces excreted during each 24-hour period were collected 

51 125
and the Cr and I a c tiv it ie s  of representative aliquots 

determined as described previously.

C a l c u l a t i o n s  a n d  e x p r e s s i o n  o f  r e s u l t ^

The catabolic rate  of albumin was measured in terms of

both the plasma h a lf - l i f e  i t h )  of labelled  albumin and the

fraction  of the intravascular pool catabolised each day -

51
F(CA) (see Section 1). Faecal clearances of ' Cr, calculated 

by dividing the to ta l  daily faecal ac tiv ity  by the ac tiv ity  

per ml plasma were used as indices of g astro in testin a l plasma 

.leak.
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RESULTS

Scottish Blackface sheep witîi HbA and BbB were 

individually infected witti 1CX),000 third-stage Ostertag ia  

circumcincta larvae and the course of infection monitored 

and compared by haematological, biochemical and radio

isotopic methodsj worm establishment was measured 16 

days a f te r  infection ; resu lts  for individual animals 

are given in Appendix 4.

C linical observations

C linical signs of p a ra s itic  g a s tr i t is  were not 

observed in any of the sheep, and throughout the experiment 

a l l  animals continued to ea t normally and pass pelle ted  

faeces.

Haematological and biochemi cal observations

Haematological indices remained steady throughout tiie 

study as did to ta l  serum protein  and globulin concentrations 

Albumin levels however f e l l  s lig h tly  in a l l  animals - from

3.4 to 2.8 g% in the HbA group, and from 3.2 to 2.4 g% in 

th e ir  HbB counterparts, while plasma pepsinogen values 

increased approximately fourfold, i . e .  from about 1,500 

to 6,500 mU (p <0.01) and from about 1,250 to 5,500 mU 

(p <0.02) respectively (Figure 1). The only consistently  

s ign ifican t group difference recorded was tha t of PCV which 

was higher in the HbA animals (p <0.05-0.01) throughout the 

study.
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Albumin catabolism

Average F (CA) values chajiged l i t t l e  during the course 

of infection and no sig n ifican t differences were apparent 

between the groups (Figure 1). Nevertheless, a degree of 

hypercatabolism was noted during the f i r s t  week, p a rticu la rly  

in  the HbB group, and whereas th is  was subsequently 

maintained in these animals, catabolic ra tes of the HbA 

group declined progressively reaching levels sim ilar to 

and in  some cases somewhat lower them those recorded p rio r 

to infection; comparison of preinfection and necropsy 

figures revealed a s ig n ifican t increase only in the HbB 

group (p <0,05). A lterations in fractional ra tes  of 

catabolism were reflec ted  in sim ilar changes in t*%, average 

figures for tlie HbB group being 409 ± 37 hours compared with 

515 ±  34 hours in HbA animals - a difference which ju s t 

fa iled  to reach the level of significance by the " t" - te s t .

Plasma loss in to  the gut

The trends exhibited with regard to faecal plasma 

clearance were sim ilar to those described for albumin 

catabolism, with a l l  animals showing an early  rise  during 

the f i r s t  4-5 days of infection  followed in the case of 

the HbA group by a gradual return  to p re-in fection  values, 

and in the HbB group by a fu rther and more or less progressive 

increase up to the time of necropsy. None of these changes 

or group differences was s ta t i s t ic a l ly  s ig n ifican t.

Parasito logical findings

The numbers of O. circumcincta present in both groups 

of sheep a t  post-mortem are shown in Table 1. In th is  table

/ -



TABLE 1 .

Worm Counts a t Necropsy* of Scottish Blackface Sheep Given 

a Single Dose of 100,000 Ostertagia circumcincta Larvae.

Sheep
No.

Hb
Type Total

Adult
Stages

Developing
Stages

Inhibited  early 4th 
Stages

Lumen Mucosa Lumen Mucosa Lumen Mucosa

33 A 16,800 13,800 _ 3,000
34 A 18,650 6,800 2,350 8,750 750
35 A 22,300 13,300 50 500 6,400 2 ,050
37 A 20,750 13,550 - 1,250 5,950 -
40 A 13,250 7,500 ~ 550 5,000 200

Mean 18,350 10,990 10 930 5,820 600
S.E. 1,579 1,574 10 407 937 389

31 B 19 ,950 14,500 300 150 4,700 300
36 B 21,950 18,150 50 450 3,050 2 50
38 B 22,400 19,500 50 - 150 2 ,700
39 B 25,900 25,300 — 600 “ —

Mean 22,550 19,363 lOO 306 — 1,975 813
S.E. 1,237 2,243 68 137 1,148 633

P N.S. <0.02 N.S. N.S. <0.05 N.S.

* All sheep necropsied 16 days a f te r  infection.
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apart from the to ta l worm burdens tlie parasites present 

were c la ss ified  into  3 stages: a) mature adults; b)

developing stages, i . e .  la te  4th, 4th moult and 5th stage; 

and c) inhibited  larva l stages.

The mean to ta l number of worms present in the HbB 

group was greater than in the HbA sheep, but there was 

no s ig n ifican t difference between these values. However, 

the mean number of adult Ostertagia in the HbA sheep was 

s ign ifican tly  less (p <0,02), while the mean number of 

inhibited  4th stage larvae was s ign ifican tly  greater 

(p <0.05) them in the HbB sheep.



DISCUSSICN

The absence of s ig n ifican t c lin ica l changes i n ' the 

majority of animals confirms the o rig inal and more detailed  

work of Armour and h is colleagues^ who demonstrated tha t a 

dose of 100,000 O. c i rcumcin eta larvae was below the 

threshold necessary to  produce overt signs of o s te rtag iasis  

in Scottish Blackface sheep. Nevertheless a l l  animals did 

experience some degree of functional impairment, manifest 

by reduced serum albumin and elevated globulin concentrations, 

increased plasma pepsinogen levels, and accelerated rates 

of albumin degradation and gastroenteric protein leak. These 

changes, which have been well documented by a number of 

workers (see Introduction) were, with the exception of the 

pepsinogen values which increased a t a simi.lar ra te  in both 

groups, marginally more severe in  the sheep with I-IbA. I t  

would be u n rea lis tic  however to suppose on the strength of 

these findings th a t the effec ts  of th is  parasite  are 

Influenced by haemoglobin type.

On ttie other hand, the resu lts  of th is  study suggest 

tliat haemoglobin type, or more like ly  factors re la ted  thereto , 

does have a profound influence on the p a ra s ite s ' development. 

This is  c learly  shown in Table 1 by the much higher proportion 

of inh ib ited  4th stage larvae and lower proportion of adult 

worms recovered from the HbA as compared with the lîbB type 

sheep. Since there was no difference between the two groups 

in to ta l woinr establishment, the suggestion from these findings 

is  th a t the presence of HbA is  in some way associated with 

retardation of development.



The mechanism of inh ibition  of parasite  larvae is

highly controversial, and although long ascribed to the

25,45-49
development of host immunity during the grazing season ,

in the case of O. oste r t agi has recently been shown by

50-52
Armour and his colleagues to be prim arily a function

of the larvae themselves, and more specifica lly  of the

environmental conditions under which they are maintained.

52
Nevertheless as Armour and Bruce have pointed out, the 

phenomenon is  probably m ultifac to ria l in aetiology depending 

upon the in teraction  between host, parasite  and environment. 

This being the case i t  is  not unreasonable tha t one such 

factor is  the h o s t 's  genetic constitution and th a t the

genetic link with inh ibition  may be immunological. Nor
1

is  i t  surprising th a t the same genetic pool imparts

resistance to two closely re la ted  p arasites; th is  point

has already been c learly  established by the work of 

22
Scrivner who showed -tliat sheep selected for resistance

to Ostertagia sp. were also re s is ta n t to H. contortus, and

also by e a r lie r  studies on the inheritance of resistance to

53
b ac te ria l infections

I t  could of course be argued th a t the differences 

recorded between HbA and HbB sheep were merely a reflection  

of the p a rticu la r time a t which they were necropsied and 

th a t the inh ibited  larvae would in  any case have resumed 

th e ir  development and along with the adults been subsequently 

expelled. This is  a valid  critic ism  since primary infections 

of O. circumcincta are notoriously lab ile  in Scottish Blackface

238
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sheep^. However, as idie resu lts  stand there would appear 

to be some ju s tif ica tio n  for suggesting th a t the p aras ite s ' 

b io tic  po ten tia l might be reduced, and in heavier infections 

i t s  pathogenic e ffec ts  lessened in HbA as compared v/itli HbB 

animals. Clearly, further and more detailed work is  required 

to elucidate these points and estab lish  th e ir relationsh ip , 

i f  any, to the well-recognised phenomenon of breed resistance 

to th is  parasite , but on the basis of the evidence available 

i t  would appear th a t the association between haemoglobin type 

and resistance to helminthic parasites is  not confined to 

those known for th e ir  blood-sucking a c t iv i t ie s .
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SUMMARY

The experiment reported in th is  section was designed 

to compare the responses of HbA and HbB Scottish Blackface 

sheep to infection  with O. circumcincta, a parasite  

considered to be non-haematophagic. In terms of disease, 

no clear-cu t differences were observed between the groups, 

but the d iffe re n tia l worm counts performed 16 days a f te r  

infection revealed smaller numbers of adults and more 

inh ib ited  larvae in HbA than in HbB sheeo.
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SECTION 5

INTER-RELATIONSHIP BETWEEN PIAEMOGLOBIN TYPE, 

BREED AND THE IMMUNE RESPŒSE OF SHEEP TO 

NON-PARASITIC ANTIGENS,



INTRODUCTION

The lite ra tu re  on the relationship  between haemoglobin

type in sheep and resistance to p a ra s itic  infections is

reviewed in the General Introduction of th is  tliesis.

Considering the amount of work which has been carried

out, i t  is  strange th a t so l i t t l e  attention has been

directed towards elucidation of the genetic control of

immune responses in the animals involved. Observed

differences in the pathophysiology have been re la ted

more to variation in undefined mechanism of "resistance"

rather than to variation in specific  immunological events

in the host-parasite  relationships concerned.

I t  has been recognised for some time th a t immune

1 2
responses are under d irec t genetic control ' . This 

situa tion  provides a basis for explaining some of the 

variations in su scep tib ility  to parasites and has been

3
implicated by Wassom, Dewitt and Grundmann in th e ir

analysis of the incidence of Hymenolepis c i t e l l i  in wild

4
Peroroyscus maniculatus and by Wakelin who presented 

evidence th a t differences in the su scep tib ility  of mice 

to Trichuris muris are re la ted  to genetically determined 

differences in the a b ili ty  to bring about immune expulsion 

of the parasite .

In previous chapters of th is  thesis , evidence was 

presented th a t differences in the su scep tib ility  of sheep 

to the nematode H. contortus are linked with the animal's

2&Ü
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haemoglobin type. The pathophysiological and 

parasito log ical observations made during the coursé of 

primary infections are completely in line with the 

respective parasite  burdens. In other words, tliese 

differences are broadly speaking immunological in 

o rig in . This ra ises the question: are HbA type

animals generally speaJcing 'good responders', i . e .  

do tliey give a b e tte r  immune response than HbB types 

to a wide range of antigenic stim uli?

The present chapter deals with some preliminary 

studies on Scottish Blackface and Finn Dorset sheep 

of d iffe ren t haemoglobin type to  investigate the 

antibody response to a number of non-parasitic antigens.

2:!G



E x p e r im e n t a l  a n im a is  an d  d e s ig n

Three experiments were conducted involving a to ta l of

33 worm-free wethers reared and maintained as described

e a r lie r . All of the sheep were haemoglobin typed a t the

beginning of the experiment.

In the f i r s t  experiment, 8 Scottish Blackface

(4 HbA and 4 HbB) and 8 Finn Dorset sheep (4 HbA and

4 HbB) which were approximately 6-7 months old were each

125
injected intravenously witli 200 mg of I-labe lled  horse

gammaglobulin and sim ilarly  rein jected  22 days la te r  with

400 mg of the same labelled  pro tein . At the time of the

131f i r s t  in jection  each sheep also received 200 mg ' I sheep 

albumin to  ac t as a control non-foreign p3asma pro tein , 

and throughout tlie study 10 ml of 0,75% KI was administered 

o ra lly . Radioactivity analyses were performed on plasma 

samples collected two.ce daily for the f i r s t  32 days of tlie 

experiment and the reafte r daily for the remainder of the 

experimental period. I t  was hoped th a t the ch arac te ris tics  

of the elimination of th is  antigen from the circu lation  

might be used as an index of the immune response of thr* 

experimental sheep.

The object of the second and th ird  experiments was 

to study the antibody response of 9 HbA and 8 HbB Blackface 

sheep to both rabbit red blood ce lls  and human serum albumin 

(HSA). These responses were measured in the f i r s t  case by 

the haemagglutinaticn reaction and in the second by tlie



Farr te s t ,  which gives a measure of antigen-binding 

capacity. Each sheep was in jected  intravenously with 

5 ml rabb it red ce lls  (a 10% suspension in saline) and 

subcutaneously with 1 ml of 5% human serum albumin 

(50 mg/ml) daily for 10 days and serum samples for 

antibody assay taken 1, 2, 3 and 4 weeks a f te r  the 

fin a l in jec tion .

EXPERIMENT 1.

125
Elimination of I horse gammaglobulin from the 
c ircu lation  of Blackface and Finn Dorset sheep

When a heterologous plasma protein is  in jec ted  into

the circu la tion  of an animal, i t s  disappearance from the

plasma follows a ch a rac te ris tic  pattern  (see Figure 3,

Section 1).

Over the f i r s t  few days there is  a fa ir ly  steep f a l l .

This corresponds to  -the loss of the protein from in travascular

to extravascular compartments, i . e .  a period of equilib ration .

A slower decline takes place over a period of several days.

This represents the re su lt of normal catabolism. The th ird

phase, where there is  a sharp drop in plasma concentration

corresponds to "iiirmane catabolism". The onset of th is  phase

depends on the presence of c ircu la ting  antibody and, therefore,

the time of onset w ill depend on the antigen, the amount

in jected  and the immune competence of the rec ip ien t animal.

The patterns of antigen elimination and the antibody

response described above have been established in rabbits

5-11
and other laboratory animals , but to the author's knowledge 

no simi.lar measurements have been made on sheep.
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In the present preliminary study tlie mean "h a lf-life"  

of tlie in jected  antigen was determined from the slope of 

tlie disappearance curve from day 4 onwards. I t  was 

considered that any s ig n ifican t degree of immune catabolism 

occurring during th is  time would show up as a shortening of 

the mean h a lf - l i f e .

Materi als and methods

The antigen used in the present experiment was a 

commercial preparation of horse gamma-globulin (Cohn Fr.

I I  Pentex Incorp. , USA) . The metliods of labelling , 

in jec tio n , sampling and counting we re essen tia lly  as 

described in tlie e a r l ie r  sections of tn is  th esis .

Results

The resu lts  of th is  experiment are summarised in

Table 1; individual values are given in Appendix 5.

I t  must be said th a t no very clear p ic ture emerges from

these figures. This is  perhaps due to the large sca tte r

within groups, for which, a t present, no explanation can

be offered. Technical fau lts  in in jec tion , sampling and

counting can be ruled out since the control, measurements 

131
made with I sheep albumin covering tlie period of the 

primary in jec tion  of antigen gave consistent re su lts  in 

a l l  groups.

Although not s ig n ifican t by the "t" te s t  the A type 

animals of both breeds appear to  show a shortening of 

the h a lf - l i f e  of the in jected  gamma globulin a t the 

second in jec tion . No such e ffec t is  seen in the B type

/ -
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TABLE I .

125
î'fean Half-Lives (t^) of ' ï-Labelied Horse Gamma Globulin 
in Blackface and FimDorset Sheep of D ifferent Hb Type.

2  j O

No. of 
animals

H alf-life  { t h )

Primaiy in jection  Secondary in jec tion  
(hr) (hr)

Blackface HbA 4 285±29 171166

Blackface HbB 4 198±42 229173 
N.S, N.S.

Dorset HbA 4 291187 153159

Dorset HbB 4 180184 168171 
N.S. N.S.



animais. This might be considered as evidence of a 

b e tte r immune response by the A types.

In re trospect i t  might have been b e tte r to follow 

the elimination of a very small amount of antigen in 

the reinfection  study.

EXPERimNT 2

6 D l

Antibody response to rabb it red ce lls  of HbA and 
HliB Scottish Bl ackface sheep

The animals involved and the immunisation procedures

have already been described. The d e ta ils  of the serological

examinations are given below:

Materials

1. Phosphate buffer pH 7.2 (PBS)

35.0 g sodium chloride

7,4 g Disodium hydrogen orthophosphate (anhydrous)

2 » 15 g Dihydrogen orthophosphate

Diluted to 5 l i t r e s  with d is t i l le d  water and stored 

a t  4°C.

2. Rabbit red c e lls .

Test procedure

The rabb it red ce lls  were washed 3 times in PBS and 

d ilu ted  to 2% witli the same solution. 0.2 ml t e s t  serum 

were d ilu ted  with 0.8 ml PBS in a te s t  tube and incubated 

for 30 minutes a t  56^C- Normal sheep serum was sim ilarly  

prepared for use as a standard. 0.5 ml PBS were added to 

each well of an agglutination p la te ; 0.5 ml of each te s t  

serum was added to  the f i r s t  w ell, mixed, and 0.5 ml 

removed and added to the next well.
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Each sample was d ilu ted in th is  way 10 times to give 

a range of d ilu tions of 1:5 to 1:2560, 0,5 ml rabbit red

ce lls  were then added to  each well with gentle mixing and 

tlie p la te  le f t  for one hour in an incubator a t 37^C,

Tlie p la tes were stored a t 4^C and read the next morning.

The end point of t i t ra t io n  was determined by observing 

tlie se ttlin g  pattern  of the red ce lls  rather than th e ir  

actual agglutination or clumping. In tliose d ilu tions 

where an excess of antibody is  present, the ce lls  s e ttle  

to form a mat covering the whole of tlie bottom of the w ell. 

I f  no antibody is  present the ce lls  slide down to form a 

neat round button in tlie centre. Since a doubling d ilu tion  

of the antibody was used, a series of patterns intermediate 

between an even cairpet and a button were present in the 

region of tlie end point. The highest d ilu tion  ju s t  p rio r 

to the "button" pattern  was taken as the actual end point.

Results

The mean haemagglutinaticn t i t r e s  for the tv;o groups 

of sheep are shown in Table 2, while individual re su lts  are 

shown in the Appendix.

I t  is  evident from these resu lts  tha t in both groups 

the t i t r e  of agglutinating antibodies was highest a t day 7,

i .e .  17 days a f te r  the s ta r t  of the immunising schedule. 

This is  perhaps not surprising, as such antibodies are 

likely  to appear early in a course of immunisation. 

Application of the t - t e s t  to the resu lts  revealed no 

sig n ifican t difference betv^een the resu lts  of the two

2  5  2
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TABLE 2 ,

Haemagglutinin T itres in Sera of Blackface Sheep of D ifferent 
Haemoglobin Types* Immunised with Raj:>bit r .b .c 's .

Sheep Days a fte r  la S t  Injection
No. 7 14 21 28

Hb type A 9 947+175 437+87 295+143 200+42

Hb type B 8 800+105 380+80 2901130 138+33

P N.S. N.S. N.S. N.S.



groups over tlie experimental period. I t  should be 

mentioned, however, th a t the resu lts  a t day 7 were 

d isto rted  by the presence of two very poor responders 

in the A type group (33, 34) . In fac t 6 of tlie 9 animals 

in th is  group had t i t r e s  of 1:1280, whereas 6 of tlie 8 

HbB animals had t i t r e s  of 1:640.

EXPERIMENT 3

2\ntibody response to  human serum albumi.n of HbA and HbB 
Scottish Blackface sheep as measured by antigen-binding 
capacity (Farr test]

Tlie estimation of antigen binding capacity of serum 

1?
was devised by Farr This method, which measures the 

to ta l antibody (of a l l  immunoglobulin classes) raised  

against an antigen can be used with albuminous antigens 

e.g . HSA or BSA which do not p rec ip ita te  with 50% saturated 

ammonium sulphate (SAS) . Tlie se antigens can stimulate 

excellent antibody responses in  common laboratory animals, 

and the former is  a veiy  ̂ good stim ulant for antibody response 

in sheep.

The princip le of th is  method is  as follows:

I f  an animal is  given in jections of HEA i t  produces antibodies

consisting of many immunoglobulin classes. I f  d ilu tions of

serum from the immunised animal are mixed with HSA which is  

131
labelled with I ,  the immunoglobulin molecules become 

attached to the molecules of the antigen. Some of them 

may form a p rec ip ita te , but others w ill remain in suspension. 

However, a l l  immunoglobulins whether antibody to HSA or not 

can be precip ita ted  out of solution by the addition of

4 D 4!':



aiTnnonium sulphate. When th is  is  done, those imnmnoglobulins 

which have combined with HSA are p recip ita ted  taJcing down 

the attached HSA with them. Any HSA which has not combined 

remains in solution. The antigen-antibody complex which 

p rec ip ita tes is  readily  measured in a gamma-ray ^counting 

chanber, thus giving a d irec t indication of the to ta l  antigen 

binding capacity of a l l  immunoglobulin produced by the 

immunisation schedule.

Materials

2  J o )

1. Borate buffer, pH 8.3-8.5 

12.368 g Boric acid 

19.072 g Sodium tetraborate

8.768 g Sodium chloride 

Made up to 2 l i t r e s . Storq^ in polythene b o t t le  in 

re frig e ra to r.

2. Saturated ammonium sulphate. Stored in re frig e ra to r.

3. 20% Trichloroacetic acid (TCA).

4. Normal serum (1:10). One p a rt normal serum to nine 

parts borate buffer.

5. Normal serum (1:100). One p a rt normal serum to 

ninety-nine parts borate buffer.

131
6. Human serum albumin (HSA) trace-labelled  with I .

This was prepared from commercial HSA (Cohn Fraction V,

Pentex Incorporation, USA), by the method of Hunter and 

13
Greenwood . The p rincip le  of th is  procedure depends on

the addition of an oxidis.ing substance ( ch lo r amine-T) which

releases free iodine from the thiosulphate-free iodide.

The iodine then combines with tyrosine groupings on the

protein molecule and the labelled  protein can then be



2 1 C
separated from any residual I by passing through a 

Sephadex g25 column (Pharmacia Fine Chemicals, Uppsala,

Sv;eden) .

Apart from albumin and thiosulphate-free radioiodide 

the following reagents are required;

0.1 M phosphate buffer, pH 7.5

1 mg/ml Chloramine-T in phosphate buffer

2.4 mg/ml Sodium metabisulphite in phosphate buffer

10 mg/ml Potassium iodide in phosphate buffer.

The albiraiin, dissolved in 0.5 ml PBS together with 

0,25 ml chloramine-T were added to the isotope v ia l, and 

the contents allowed to  in te rac t for 1-3 minutes, 0.1 ml 

of the metabisulphite solution was then added to convert 

any free iodine to iodide and 0.2 ml potassium iodide to 

ac t as a c a rrie r .

Tile labelled  EGA was then separated on a G25 (coarse)

Sephadex column previously equilibrated  in 10% buffered 

saline. Fractions were collected in 2 ml amounts in 

4 X h "  tubes.

After the rad ioactiv ity  of each fraction was measured 

and tlie values p lo tted  against the tube number, a few of 

the most active samples of tlie HSA were bulked, and th^ 

to ta l protein and nitrogen content estimated by the method 

of Warburg and Christian^^. The labelled antigen d ilu ted 

with 1:100 normal serum yielded a value of 0.36 mg N/ml.

Test procedure

A series of d ilu tions of the te s t  sera ranging from 

1:5 to 1:80 were iiîade using 1:10 normal serum as d iluent.



0,5 ml of each d ilu tion  was then pipetted into  tubes and 

to four other tubes containing 0.5 ml of 1:10 normal serum,

0,5 ml of the d ilu ted antigen were added. Two further 

tubes to which 0.5 ml of d ilu ted antigen were added acted 

as controls. All tubes were mixed and incubated overnight 

a t 4^C,

The following day 1 ml of saturated ammonium sulphate 

was added except to two tubes containing 1:10 normal 

serumÎ to each of these 20% TCA was added. After the 

addition of the S A S , the tul)es were immediately mixed and 

incubated a t 4̂ C for 30 minutes. The samples were then 

centrifuged at 4^0 for 30 minutes, the supernatant discarded 

and the p rec ip ita te  washed with 50% SAS and centrifuged only 

once. After the fin a l washing, a l l  of the tubes were 

assayed for rad ioactiv ity  in a gamma detector.

The background ac tiv ity  was subtracted from a l l  coimts 

and the available ac tiv ity  (A) estimated from antigen added 

control (Ag-add) - the normal serum control p recip ita te  

tubes (Ns P p t), while the bound ac tiv ity  (B) was measured 

from the experimental p rec ip ita te  tubes (Ex Ppt) - Ns Ppt, 

(Figure 1).

The % of bound ac tiv ity  (P) = ^  x 100.

P was p lo tted  against the reciprocal of the an tisera  

dilu tion  on semi-log paper, and from tne p lo t the reciprocal 

d ilu tion  of antiserum which could have p recip ita ted  exactly 

33% of tlie antigen was determined. This d ilu tion  was 

designated as the Antigen-Binding Capacity (ABC-33) end point.
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Since 0.5 ml of tlie antiserum d ilu tion  designated as

the ABC-33 end point would have specifica lly  p recip ita ted  

131
33% of the ' I-HSA N used for th is  te s t /  tlie ABC-33 value 

was calculated as follows:

131
(ABC-33 end point) x 2 x 0.33 x (AgN) - I HSA N bound/ml 

undiluted serum a t the antigen concentration employed.

Results

The mean resu lts  of th is  te s t  are shown in Table 3/ 

while the individual data are given in the Appendix. 

Although both of the haemoglobin types developed antibody 

responses to HSA the resu lts  show an apparently b e tte r  

immune response in the HbA animals a t a l l  the sampling 

times. The difference was sign ifican t by tlie t - t e s t  a t  

14 and 21 days a f te r  completion of the course of in jections 

(p <0.05).
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TABLE 3 .

Antigen Binding Capacity (33% end-point) of Sera of 
Blackface Sheep of D ifferent Haemoglobin Types a f te r  
a Course of Injections of Human Serum Albumin.

Sheep Days a fte r  la s t  Injection
No. 7 14 21 28

Hb type A 9 1.810.4 3.9+1.2 1.4+0.3 2.110.6

Hb type B 8 1.0+0.5 1.0+0.4 0.410.2 0.810.3

P N.S. <0.05 <0.05 N.S.
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DISCUSSION

The parasito log ical and. pathophysiological resu lts  

presented in e a r lie r  sections of th is  thesis indicated 

th a t the superior resistance of IJbA type animals to

H. contortus was largely  a ttribu tab le  to iimnunological 

mechanisms.

The object of the work described in the present 

chapter was to investigate the relationship  between Hb 

type and response to non-parasitic antigens in Blackface 

and Finn Dorset sheep. No s ig n ifican t differences between 

tlie breeds or between the d iffe ren t Hb types within each 

breed could be demonstrated by a study of the elimination 

of labelled horse gamma-globulin. However/ no previous 

studies on the application of th is  method to  the measurement 

of immune response of sheep appear to have been carried out, 

and some basic work on th is  problem is  necessary.

Among the nine HbA Blackface sheep tested for 

haemagglutinin response to rabbit red ce lls  when t i t r e s  

were maximal, two were poor responders, six  good responders 

and one intermediate in i t s  response. Of the eight HbB 

animals, two were good responders and six were intermediate. 

The experiment on the same animals with human serum albumin 

provided clearer evidence of a b e tte r  antibody response by 

the A type animals.

On the basis of these findings, a sign ifican tly  b e tte r  

response to HSA. and suggestive evidence of b e tte r  response

A* v/



to  rabbit red ce lls  on tlie p art of HbA type sheep, i t  is  

tempting to postulate tha t some of the genes responsible 

for haemoglobin type may also influence certain  aspects 

of the immune response. I t  must be recognised tha t the 

genetic control of tlie immune response is  extremely complex 

and w ill operate a t several d ifferen t levels. Furthermore., 

the te s ts  used in the present study are for circu la ting  

antibodies and therefore re la te  to macrophage and 

B-lymphocyte a c tiv ity .

The a b ili ty  of the host to produce antibody to any 

antigen is  some indication of the immune competence 

of the host and i t s  a b ili ty  to mount an immunological 

reaction. This might suggest th a t HbA sheep which have 

been shown to be b e tte r  responders to various antigens 

may also be b e tte r  responders to p a ra s itic  challenge.

Such a s ta te  of a ffa irs  could explain the differences 

in pathophysiological and parasito logical findings observed 

in animals of d iffe ren t Hb types. At the moment, however, 

th is  must be regarded as speculation. Apart from the 

present experiments, very l i t t l e  appears to have been done 

on the possible relationsh ip  between re la tive  resistance 

to parasites and immune competence in the face of other 

forms of antigenic stim ulation.

15
Very recently Perrudet-Badoux, Binaghi and Biozzi 

compared the resistance to T richinella infection of two 

stra in s of mice recognised to be 'good' and 'poor' in 

terms of antibody response. They could find no difference
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in parasite  burdens between tlie groups. The authors 

themselves point out th a t th e ir system is  not ideal 

for such a study in tha t antibodies appear ten days 

a f te r  infection when larvae are already established 

in the muscle. They also emphasise a general point 

which is  of great relevance to a l l  such studies 

including the preliminary one reported in th is  th e s is ,

i .e .  tha t antibody responses give an indication of 

macrophage and B-lymphocyte ac tiv ity  only, and do 

not re f le c t  c e ll mediated responses.

Clearly a good deal of work remains to be done 

before any generalisation can be made about tlie 

p o ssib ility  th a t genetically  determined resistance 

to any parasite  is  linked to general immune competence



2S
SUmiARY

In th is  section the resu lts  of some preliminary studies 

on tlie genetic control of antibody responses to non-parasitic 

antigens are described.

No difference was observed between HbA and HbB type sheep, 

or between Scottish Blackfaces and Finn Dorsets in respect of 

immune elimination of horse gamma globulin, but on the basis 

of a sign ifican tly  b e tte r  response to human serum albumin, 

and suggestive evidence of a b e tte r  response to reibbit red 

ce lls  in HbA than in HbB Scottish Blackface sheep, i t  seemed 

reasonable to conclude th a t the advantages exhibited by the 

la t te r  in re la tion  to p a ra s itic  infections were associated 

with a superior immunological competence.
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GENERAL SUMMARY

That some breeds of sheep and individuals within these 

breeds thrive b e tte r than others in paras!te-in tested  

lo ca litie s  has probably been recognised by stockmen for 

centuries, but i t  is  only within the past 50 years, and

largely as a resu lt of f ie ld  surveys that the existence of

genetically-determined differences in host resistance to 

p arasitic  infections has become widely recognised. As yet 

remarkably l i t t l e  is  known about the genotypes responsible

for resistance or suscep tib ility  and even less of the

mechanisms involved. Within the past decade several reports 

have suggested tha t resistance to some parasites is  

associated with the animal's haemoglobin type, sheep with 

HbA being more resis tan t as judged by faecal egg counts 

and venous haematocrits than those with HbB. Since the 

frequency of these haemoglobin types varies in d ifferen t 

breeds i t  has been ta c itly  assumed that inter-breed variations 

in resistance are related  to differences in the re la tive  

haemoglobin type gene frequencies, but none of these studies 

has indicated whether such resistance is  expressed primarily 

as a resistance to  parasite establishment or resistance to 

the p arasites ' specific pathogenic effects.

In view of i t s  poten tial p ractical significance i t  was 

considered worthwhile to examine the concept of breed and 

haemoglobin type resistance to p arasitic  infections and the ir 

possible relationship to the immunological status of the 

host under carefully controlled experimental conditions.

266
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The work represented in th is  thesis is  essentially  a 

study of the role of genetic factors in resistance to 

two important gastro in testinal helminth parasites of 

sheep, i .e .  Haemonchus contortus and Ostertagia circumcincta.

The f i r s t  section deals with the in ter-relationsh ip  

between haemoglobin type and breed and the response of 

sheep to primary infections with H. contortus. For th is 

purpose worm-free Scottish Blackface and Finn Dorset sheep 

with d ifferen t haemoglobin types were each infected with 

350 H. contortus larvae/kg bodyweight and th e ir responses 

monitored and compared by a combination of c l in ic a l , 

radioisotopic and parasitological techniques. The resu lts 

obtained showed that sheep with HbA developed less severe 

c lin ica l and pathophysiological disturbances, passed fewer 

eggs and harboured fewer worms a t necropsy than animals with 

HbB and th a t Scottish Blackface sheep exhibited sim ilar 

advantages over Finn Dorsets with the same haemoglobin type. 

Since variations in the severity of the disease as judged by 

pathophysiological effects correlated closely with worm 

numbers i t  was concluded (a) tha t genetic resistance operates 

a t the level of parasite establishment which in turn is  

controlled by the immune response e lic ited , (b) that although 

HbA is  a useful genetic marker for resistance, the degree of 

protection with which i t  is  associated is very much influenced 

by other, and as yet undefined "breed" characteristics, and 

(c) on the basis of a second experiment demonstrating that 

sheep of each haemoglobin type were equally susceptible to

/ -
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the establishment and pathogenic effects of H. contortus ^ 6 8

when heavily infected (1400 larvae/kg), i t  would appear 

that the magnitude of the larval intake is  an additional 

factor involved.

The second and th ird  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 la t te r  with the 

well-known "self-cure" phenomenon. The resu lts of the 

th ird  section demonstrated tha t individuals and breeds with 

high resistance to primary infections, i .e .  animals with 

HbA and belonging to the Scottish Blackface breed are also 

more re s is tan t to reinfection than for example HbB and 

Finn Dorset sheep. In terms of worm establishment th is  

resistance was no greater than tha t acquired during primary 

infections possibly due to the interruption of antigenic 

stimulation caused by anthelmintic treatment, but a l l  

reinfected animals were nonetheless able to seriously impair 

the p arasites ' b io tic  and pathogenic po ten tia l.

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

infected sheep to reinfection or rapidly growing parasite-free  

grass showed tha t the reaction could occur under both conditions.

This suggests tha t the phenomenon may be botli immunological and 

non-immunological, the former in a l l  likelihood being a 

manifestation of a hypersensitivity  reaction in the abomasal 

mucosa, the la t te r  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 with the breed than with the haemoglobin type 

of the animals concerned, being observed in the majority 

of the Scottish Blackface sheep of each haemoglobin type 

but in only a minority of the Finn Dorsets and Suffolks; 

even i f  unable to expel th e ir  existing worm populations 

most sheep were able to impair the reproductive and 

haematophagic a c tiv itie s  of parasites derived from 

subsequent infections.

The experiment reported in the fourth section was 

designed to ascertain whether the response of sheep to 

non-haematophagic parasites is  also related to th e ir 

haemoglobin type. For th is  purpose HbA and HbB Scottish 

Blackface sheep were ind iv idual^infected  with 100,000 

Ostertagia circumcincta larvae; resistance to the subsequent 

disease was compared by biochemical and radioisotopic methods 

and resistance to  worm establishment by measurement of worm 

counts 16 days a fte r 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 HbA than in HbB sheep was suggestive of a b e tte r 

immune response on the part of the former.

The fina l section examines the genetic control of 

antibody production to non-parasitic antigens. No difference 

was observed between HbA and HbB type sheep, or between 

Scottish Blackfaces and Finn Dorsets in respect of immune 

elimination of horse gamma globulin, but on the basis of a 

significan tly  b e tte r response to human serum albumin, and



Al n
ù i

suggestive evidence of a b e tte r response to rabbit red 

cells in HbA than in HbB Scottish Blackface sheep, i t  

seemed reasonable to conclude tha t the advantages 

exhibited by the former in relation  to p arasitic  infections 

were associated with a superior immunological competence.
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APPENDIX 1

(A) The Influence of Haemoglobin Type and Breed 

on the Response of Sheep to  Infection with 

350 H. contortus Larvae/kg Bodyweight.
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TABIiE 7 .

3
Mean corpuscular volumes (j.i ) following infection with 

350 H. contortus lar\'ae /kg.

Sheep
No. 0 4

Days a fte r  
7 11 14

infection 
18 21 25 28 32

473 32.0 34.9 33.7 <80.8 29.6 34.7 34.1 36.4 44.4 45.0
Dorset 485 33.2 34.0 40.1 37.5 36.3 30.9 33.5 43.0 40.0 39.4
HbAB 514 36.0 34. 3 35.3 36.1 35.0 26.2 34.1 41.5 50.0 45.5

520 34.4 31.4 36.8 31.3 29.6 40.6 35.1 43.5 48.5 42.9

Mean 33-9 33.7 36.5 33.9 32.6 33.1 34.2 41.1 45.8 43.2
S.E. 0.9 0.8 1.4 1.7 1.8 3.0 0.3 2.2 2 .2 1.4

480 29.8 34.6 34.8 31.2 34.4 42 .0 34.4 46.0 46.7 49.1
Dorset 489 34.6 36.1 33.3 28.9 34.4 34.5 35.8 38.5 46.9 47.8
HbB 501 36.9 35.0 33.7 38.9 36.7 34.3 45 .1 42.9 39.4 42.2

541 33.1 25.8 30.2 29.5 29.2 29.6 41.4 51.0 51.6 56.6

Mean 33.6 32.9 33.0 32,1 33.7 35.1 39.2 44,6 46.2 48.9
S.E. 1.5 2.4 1.0 2.3 1.6 3.8 1.3 1.8 0 .6 1.7

34 35.0 35.5 35.5 36-1 40.2 38.3 35.8 48.2 40.2
Blackface 51 32.1 34.9 35.2 38.7 39.0 42.5. 37.5 34.5 39.2 39 .5
HbA 60 32.0 32.0 34.2 37.5 42.6 37.1 39.7 42.9 39.6 40,7

71 32.1 32.0 33.9 33.5 36.8 37.6 42.4 42.0 40. 3 41.1

Mean 32 .8 33.6 34.7 36.5 39.7 38.9 38.9 39.8 41.8 40.4-
S.E. 0.7 0.9 0.4 1.7 1.2 1.2 1.4 2.7 2.1 0. 3

48 35.6 32.4 31.3 28.7 28.0 32 .3 36.5 43.4 44.4 45.0
Blackface 54 33.0 33.3 35.8 34.9 32.1 33.7 36.8 46.1 36.6 36.9
HbAB 79 35.5 33.5 36.2 32.4 34.8 44.8 37.4

93 32.9 33.4 38.5 36.3 36.9 34.6 35.0 38.6 40.6 49.1

Mean 34.3 33.2 35.5 33.1 33.0 36.4 36.4 42.7 40.5 43.7
S.E. 0.8 0.3 1.5 1.7 1.9 2.9 0.5 2.2 2.3 3.6

Blackface 53 37.0 32,4 33.0 31.9 29.1 30.8 32,8 38,6 44.4 51.0
HbB 85 29.1 34.1 31.4 30.4 35.5 35.9 31.6 37.8 45.5 47.5

Mean 33.0 33.3 32.2 31.1 32.3 33.4 32 .2 38.2 45.0 49.3
S.E. 4.0 0.9 0.8 0.8 3.2 2.6 0.6 0.4 0.6 1.8



TABLE 8 . 8

Mean corpuscular haemoglobin concentrations (%) following 

infection with 350 H. contortus larvae/kg.

Sheep
No. 0 4

Days a f te r  infection 
7 11 14 18 21 25 28 32

473 34.6 32.8 33.7 34.8 32.9 34.5 34.4 26.3 24.0 24.4
Dorset 485 40.3 33.4 34.1 36.1 34.4 35.2 34.4 41.3 30.0 32.3
HbAB 514 33.4 35.0 35.5 34.8 34.8 45 .6 35.8 29 .4 33.5 29.3

520 34.3 35.5 36.5 40.0 35.2 27.8 35.8 31.1 28.8 30.0

Mean 35-7 34.2 35.0 36.3 34.3 35 .8 35.1 32.0 29.1 29.0
S.E. 1.6 0.6 0.6 1.3 0.5 3.7 0.4 3.2 2.0 1.7

480 35.9 34.4 33.5 36,7 37.7 30.5 35. 3 33.3 27.5 26.7
Dorset 489 35.0 30.7 33.9 40.4 34.8 41.1 38.8 34.0 31.3 31.5
HbB 501 37.6 34.7 37.7 36.8 33.8 38.2 34 .0 40.7 32.7 32.3

541 40. 4 44.1 37.0 39.6 39.6 40.5 33.2 30.5 29.4 25,0

Mean 37.2 36.0 36.8 38.4 36.5 37.6 35.3 34.6 30.2 28.8
S.E. 1.2 2.9 1.0 1.0 r.3 2.4 1.2 2.2 1.1 1.8

34 32.4 32.8 33.1 32.7 28.5 29.8 32 .4 31.8 29.5 30.5
Blackface 51 33.4 32. 3 32.9 33.2 30.2 30.8 30.5 29.6 32.4 30.0
HbA 60 34.5 31.0 32.1 34.0 30.3 32.4 30.8 32.2 32.4 29.6

71 32.7 29.3 29 .3 33.2 28.8 35 .0 35.3 37.8 30.0 30.8

Mean 33.3 31.4 31.9 33.3 29.5 32.0 32.3 32.9 31.1 30.2
S.E. 0.5 0.8 0.9 0.3 0.5 1.1 1.1 1.7 0.8 0.3

48 33.6 34.1 39 .0 35.2 32.5 33.9 32.4 31.2 31.1 28.7
Blackface 54 35.7 34.3 37.0 35 .4 32.8 36.7 35.2 35.0 34.7 28.9

HbAB 79 33.9 34.6 34.0 34.6 31.5 25.5 32.1
93 33.9 33.9 34.2 31.9 32.6 35.6 33.5 37.1 35.6 30.6

Mean 34.3 34.2 36.0 34.3 32.4 32.9 33.3 34.4 33.8 29.4
S.E. 0.5 0 .1 1.2 0.8 0.3 2.5 0.7 1.7 1.4 0.6

Blackface 53 36.2 36.1 35.9 36.8 37.0 30.6 37.5 36.9 31.1 25.0
HbB 85 35.5 37.4 36.7 34.6 35.4 37.2 37.1 32.0 28.2 27.3

Mean 35.9 36.8 36.3 35.7 36.2 33.9 37.3 34.5 29.7 26.1
S.E. 0.4 0.7 0.4 1.1 0.8 3.3 0.2 2.5 1.5 1.2



TABLE 9 .

Serum iron concentrations (pg%) following infection 

with 350 H, contortus larvae/kg.

9

Sheep
No. 0

Days
7

afte r
14

infection 
21 28 32

34 125 122 138 114 112 110

Blackface HbA 51 . 144 140 110 82 106 100
60 156 171 163 161 165 160
71 125 121 113 96 110 80

Mean 138 139 131 113 125 113
S.E. 8 12 12 17 18 17

48 139 133 119 68 76 70

Blackface HbAB
54 131 131 144 126 125 120
79 159 140 113 114 * *
93 131 140 110 110 114 112

Mean 140 136 122 105 105 101
S.E. 7 2 8 13 15 16

Blackface HbB
53 127 133 123 115 121 118
85 130 105 98 102 70 65

Mean 128 119 111 109 96 92
S.E. 2 14 13 7 26 26

473 163 152 123 119 108 100

Dorset HbAB 485 177 160 173 68 71 69
514 128 133 12 3 76 105 76
520 165 157 135 117 127 116

Mean 158 151 139 95 103 90
S.E. 11 6 12 13 12 11

480 169 164 104 82 75 50

Dorset HbB
489 167 183 154 141 12'̂ 102
501 150 164 117 134 100 90
541 160 145 92 132 133 12 3

Mean 162 164 117 122 108 91
S.E. 4 8 13 14 13 15

* Died day 23
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.TABLE 1 0 .

Total serum proteins (g%) following infection with 

350 H. contortus larvae/kg.

Sheep
No. 0

Days a fte r infection 
7 14 21 28 32

34 6.50 6.75 6.60 5,70 5.50 5.30

Blackface HbA
51 6.20 6.19 5.65 5.45 5.15 4.80
60 6.40 6.70 6.45 6,30 5.30 5.30
71 6 .60 6.35 6.55 5.40 5.40 5.40

Mean 6.44 6.50 6.31 5.71 5.34 5.20
S.E. 0.09 0.14 0.22 0.21 0.07 0.14

48 6.69 6 .05 5.25 4.96 5.10 4.88

Blackface HbAB
54 5.80 5.94 5.50 5.28 4.91 4.80
79 6.71 6.31 5.55 5.15 * *

93 6.30 5.88 5.15 5.50 5.11 4.70

Mean 6,38 6.05 5.36 5,22 5.04 4.79
S.E. 0.21 0.10 0.10 0.11 0,07 0.05

Blackface BbB 53 5.90 6.28 5.90 4.90 5.15 4.88
85 6.18 6.15 6.20 5.75 4.75 4.60

Mean 6.04 6.22 6.05 5.33 4.95 4.74
S.E. 0.14 0.07 0.15 0.43 0.20 0.01

473 6.00 5.55 5.50 4.66 4.65 4.70

Dorset HbAB 485 6.20 5.45 5.49 4,65 4.70 4.70
514 6.31 6.20 5.55 4.30 4.20 4 .00
520 6.11 5.85 5.66 4.95 4.50 4.20

Mean 6.16 5.76 5.55 4.64 4.51 4.40
S.E. 0.07 0,17 0.04 0.13 0.11 0.18

480 5.80 6.05 5.62 5.25 4.30 3.80

Dorset HbB
489 5.54 5.60 4.65 4,56 4.25 4.30
501 6.30 6.25 6.00 5.00 4.45 4.00
541 5.71 5.90 5.76 4.90 4.40 4.20

Mean 5,84 5.95 5.52 4.93 4.35 4.08
S.E. 0.16 0.14 0.30 0.14 0.05 0.11

* D ie d  d a y  2 3



TABLE 1 1 .

Serum albumin (g%) following infection with 350 

H. contortus larvae/kg.

Sheep Days post- infection
No. 0 , 7 14 21 28 32

473 3.20 3.25 2.96 2.90 2.75 2.20

Dorset HbAB
485 3. 30 3.30 3.05 2.88 2.35 1.80
514 3.00 2.92 2.55 2.60 2.32 1.90
520 3.70 3.39 3.11 2.79 2.40 1.90

Mean 3.30 3.22 2.92 2.79 2.46 1.95
S.E. 0.15 0.10 0.13 0.07 0.17 0.09

480 3.30 3.45 3.20 2.74 2.30 1.50

Dorset FïbB
489 3.00 3.29 3.00 2.60 1.91 1.82
501 3.80 3 .45 3. 39 3.21 2.50 2.00
541 3. 30 2.95 3.05 2 .98 2.65 2.10

Mean 3.35 3.24 3.16 2.88 2.34 1.86
S.E. 0.17 0.12 0.09 0.13 0.16 0.13

34 3.62 3.42 2.85 2.73 3.01 2.70

Blackface HbA
51
60

3.50
3.80

3.51
3.62

3.45
3.55

3.05
3.45

3.15
2.86

3.00
3.00

71 3.45 3.35 2.75 3.01 3.00 2.70

Mean 3.58 3.48 3.15 3.06 3.01 2.85'
S.E. 0.05 0.06 0.20 0.15 0.11 0.09

48 3.60 3.70 3.00 2.75 2.45 2.30

Blackface HbAB
54
79

2.90
3.48

2.90
3.42

2.72
3.25

2.80
2.99

2.50 
•• *

2.41
*

93 2.80 2.45 2.50 2.40 2.05 1.70

Mean 3.25 3.12 2.37 2.74 2.33 2.14
S.E. 0.15 0.28 0.16 0.12 0.14 0.22

Blackface HbB
53
85

3.69
2.90

3.55
2.90

3.25
2.70

2.75
2.67

2.^5
2.20

2.20
1.80

Mean 3.30 3.23 2.98 2.71 2.48 2 .00
S.E, 0.35 0.33 0.28 0.04 0.08 0.20

* D ie d  d a y  2 3



TABLE 1 2 .

Serum globulins (g%) following infection with 350 H. contortus 
larvae/kg.

O
A/

Sheep Days a fte r infection
No. O 7 14 21 28 32

34 2 .88 3.33 3.75 2 .97 2.49 2 .60

Blackface HbA
51
60

2,70
2.60

2 .68 
3.08

2.20
2.90

2.40
2.85

2 .OO 
2.44

1.80
2.30

71 3.15 3.00 2 .75 2.38 2 .40 2.70

Mean 2.83 3.02 2 .90 2 .65 2.33 2.35
S.E. 0.12 0.13 0.32 0.15 0. 11 0.20

48 3.09 2.35 2.25 2 .21 2 .65 2.58

Blackface HbAB
54
79

2.90
3.23

3.04
2.89

2.78
2.30

2.48
2.16

2 .41 
*

2.39
*

93 3.50 3.43 2.65 3.10 3.06 3.00

Mean 3.18 2 .93 2.50 2.49 2.71 2.66
S.E. 0.13 0.22 0.13 0.22 0.19 0.18

Blackface HbB
53
85

2.21
3.28

2.73
3.25

2.65
3.50

2.15
3.08

2.40
2.55

2.68 
2 .80

Mean 2.75 2.99 3.08 2.62 2,48 2.74
S.E. 0.54 0.26 0.43 0.47 0.08 0,06

473 2.80 2.30 2.54 1.76 1.90 2 .50

Dorset HbAB 485
514

2.90
3.31

2.51
3.20

2.44
3.00

1.^7 
1. VO

2.35
1.88

2.90
2.10

520 2.41 2.46 2.55 2.16 2.10 2.30

Mean 2.89 2.62 2 .63 1.85 2.05 2.45
S.E. 0.19 0.20 0.12 0.11 0.11 0.17

480 2 .50 2,60 2 .42 2.51 2.00 2.30

Dorset HbB
489 2 .54 2.31 2.65 1.96 2.34 2.48
501 2.50 2.80 2.61 1.79 1.95 2 .OO
541 2.41 2.95 2.71 1.92 1.75 2.10

Mean 2.49 2 .67 2.60 2.05 2.01 2.22
S.E. 0-03 0.14 0.06 0.16 0.12 0.11

* Died on day 2 3



TABLE 1 3 .

Percentage of Haemoglobin C in  the blood following infection 
with 350 H. contortus larvae/kg.

Sheep
No.

Weeks , 
O 1

a fte r infection 
2 3 4

34 2 3 4 9 13

Blackface HbA 51 3 2 3 10 15
60 2 1 3 8 10
71 4 3 5 12 18

Mean 2.8 ■ 2,3 3.8 9.8 14.0
S.E. 0.5 0.5 0.5 0.9 1.7

48 3 11

Blackface HbAB
54 - - 4 6
79 “ *■ — 15 i t

93 - - 2 13

Mean - - - 6.0 10.0
S.E. — — — 3.0 2.1

473 5 8

Dorset HbAB
485 1 — 2 7 12
514 — — — 4 7
520 2 — 1 4 8

Mean 0.8 - 0.8 5.0 8.8
S.E. 0.5 0.5 0.7 1.1

* Died

Dorset and Blackface HbB negative throughout.
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Bodyweights and blood

TABLE 16. 

volumes of Scottish Blackface sheep.

1

Sheep
No.

Wt.
(kg)

Before 
RCV 

(ml) (ml/kg)

infection
VP

(ml) (ml/kg)
BV

(ml) (ml/kg)

34 25.9 489 18.9 1038 40.1 1527 59.0
Haemoglobin 51 25.0 478 19.1 968 38-7 1446 57.8

A 60 27.7 495 17.9 1052 38.0 1547 55.9
71 23.6 448 19.0 910 38.6 1058 57.6

Mean 25.6 478 18.7 992 38.9 1470 57.6
S.E. 0.9 lo 0.3 33 0,4 43 0.6

48 26.8 438 16.3 931 34.7 1369 51.0
Haemoglobin 54 21.4 362 16.9 770 36 .0 1132 52.9

AB 79 21.5 330 15.4 771 35.9 1101 51.3
93 19.6 329 16.8 708 36.1 1037 52.9

Mean
S.E.

22.3 
1.6

365 16.4 795
48

35.6
0.3

1160
72

52.0

Haemoglobin 53 22.7 338 14.9 827 36.4 1165 51.3
B 85 21.0 365 17,4 812 38.7 1177 56.1

Mean 21.9 352 16.2 820 37.6 1172 53.8
S.E. 0.9 14 1.3 8 1.2 

28 days a fte r infection

6 2.4

34 21.4 345 16.1 1035 48.4 1380 64.5
Haemoglobi n 51 24.5 296 12.1 871 35.6 1167 47.7

A 60 28.2 287 10.2 1018 36.1 1305 46.3
71 25.0 194 7.8 885 35.4 1079 43.2

Mean 24.8 281 11.6 952 38.9 1233 50.5
S.E. 1.4 32 1.8 43 3.2 68 4.8

48 26.7 198 7.4 902 33.8 1100^ 41.2
Haemoglobin 54 22 .5 200 8.9 800 35.6 1000 " 44.5

AB 79 * * * * * * *
93 18.2 127 7.0 665 36.5 792 43.5

Mean 22.4 175 7.8 789 35.3 964 43.1
S.E. 1.6 24 0.6 69 0.8 91 0. 8

Haemoglobin 53 22.3 161 7.2 765 34.3 926 41.8
B 85 21.8 182 8.3 887 40.7 1069 49.0

Mean 22.1 172 7.8 826 37.5 998 45.4
S.E. 0.3 11 0.6 61 3.2 72 3.6

* D ie d  d a y  23



TABLE 1 7 .

Bodyweights and blood volumes of Finn Dorset Sheep.

17

Sheep
No.

Wt.
(kg)

Before
RCV 

(ml) (ml/kg)

1 infection 
VP

(ml) (ml/kg)
BV

(ml) (ml/kg)

473 25.5 492 19.2 1204 47.2 1696 66.4
Haemoglobin 485 27.3 554 20.3 984 36.0 1538 56.3

AB 514 23.6 478 20.2 1011 42.8 1489 62.8
520 26.4 498 18.9 1106 41.9 1604 60.8

Mean 25.7 506 19.7 1076 42.0 1582 61.6
S.E. 0.8 16.7 0.3 50 2.3 45 2.1

480 25-9 521 20.1 1037 40.0 1558 60.1
Haemoglobin 489 25.5 496 19,5 1104 43.3 1600 62.8

B 501 29.1 488 16.8 1241 42.6 1729 59.4
541 21.8 349 16.0 1011 46.3 1460 62.3

Mean 25.6 464 18.1 1098 43.1 1587 61.2
S.E. 1.5 39 0.1 52 1.3 56 0.8

28 days a fte r  infection

473 25.0 247 9.9 988 39.5 12 35 49.4
Haemoglobin 485 25.0 168 6.7 1029 41.2 1197 47.9

AB 514 22,7 203 8.9 875 38.5 1078 47.4
520 26.4 179 6.8 997 37.8 1176 44.6

Mean 24.8 199 8.1 972 39.3 1172 47.3
S.E. 0.7 18 0.8 34 0.7 34 1.0

480 27.7 163 5.9 987 35.6 1150 41.5
Hemoglobin 489 25.2 157 6.2 962 38.1 1119 44.3

B 501 30.5 161 5.3 1165 38.2 1326 43.5
541 22.7 182 8.0 858 37.8 1040 45.8

Mean 26.5 166 6.4 993 37-4 1159 43.8
S.E. 1.7 6 0.6 64 0.6 60 ,0.9



1.8
TABLE 1 8 .

Influence of H. contortus on red ce ll survival. Apparent 

^^Cr red c e ll h a lf - l i f e  (hrs) a t  various stages of infection,

Sheep I n i t ia l  7 days 21-28 days
No. of infection a f te r  infection

34 396 230

Blackface HbA
51
60

463
367

165
228

71 372 173

Mean 400 199
S.E. 22 17

48 352 132

Blackface HbAB
54
79

388
377

120
*

93 404 144

Mean 380 132
S.E. 11 7

Blackface HbB
53
85

348
324

168
75

Mean 336 122
S.E. 12 47

473 324 144

Dorset HbAB
485
514

360
380

96
120

520 380 124

Mean 361 121
S.E. 13 10

480 330 65

Dorset HbB
489
501

333
372

132
96

540 360 ICO

Mean 349 98
S.E. 10 14

*  D ie d  d a y  2 3
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TABLE 2 4 ,

Albumin pools before infection with H. contortus

Sheep CA EA TA EA
No. g g/kg g g/kg g g/kg CA

34 37.6 1.45 57.5 2.22 95.1 3.67 1.53
Blackface 51 33.9 1.36 52 .3 2.09 86.2 3.45 1.54
HbA 60 39.9 1.44 48.5 1.75 87.4 3.19 1.22

71 31.3 1.32 43.8 1.86 75.1 3.18 1.41

Mean ,35.7 1.39 50.5 1.98 86.0 3.37 1.43
S.E. 1.9 0.03 2.9 0.11 4.1 0.11 0.07

48 33.5 1.25 47.7 1.78 81.2 3 .03 1.42
Blackface 54 21.6 1.01 43.9 2 .05 65.5 3.06 2 .03
HbAB 79 26.9 1.25 49.9 2.32 76.8 3.57 1.86

93 19.8 1.01 28.0 1.43 47.8 2.44 1.42

Mean 25.5 1.13 42.4 1.90 67.9 3.03 1.68
S.E. 3.1 0.07 5.0 0.19 7.5 0.23 0.16

Blackface 53 30.4 1. 34 46.1 2,03 76.5 3.37 1.52
HbB 85 23.5 1.12 41.8 1.99 65.3 3.11 1.78

Mean 27.0 1.23 44.0 2.01 71.0 3.24 1.65
S.E. 3.5 0.11 2.2 0.02 5.6 0.13 0.13

473 38.5 1.51 53.3 2 .09 91.8 3.60 1.39
Dorset 485 32.5 1.19 54.6 2.00 87.1 3.19 1.68
HbAB 514 34.1 1.29 58.1 2.20 92.2 3.49 1.47

520 36.6 1.55 53.8 2.28 90.4 3.83 1.71

Mean 35.4 1.39 55.0 2.14 90.4 3.53 1.56
S.E. 1.3 0.09 1,1 0.06 1.2 0.13 0.08

480 34.2 1.32 46.1 1.78 80.3 3.10 1.78
Dorset 489 33.2 1.30 39.8 1.56 73.0 2.86 1.20
HbB 501 47.1 1.62 51.2 1.76 98.3 3.38 1.09

541 33.4 1.53 58.0 2.66 91.4 4.19 1.74

Mean 37.0 , 1.44 48.8 1.94 85.8 3.38 1.45
S.E. 3.4 0.08 3.9 0.25 5.6 0.29 0.18



TABLE 2 5 .

Albumin pools 28 days a f te r  infection with H. contortus

Sheep
No.

CA
g g/kg

EA 
g g/kg

TA
g g/kg

EA
CA

34 31.1 1.45 43.9 2 .05 75.0 3.50 1.41
51 27.4 1.12 43.9 1.79 71.3 2,91 1.60

Black face 60 29.1 1.03 38.9 1.38 68.0 2 .41 1.34
HbA

71 26.6 1.06 51.5 2.06 78.1 3.12 1.94

Mean 28.6 1.17 44.6 1.82 73,1 2.99 1,57
S.E. 1.0 0.10 2.6 0.16 2.2 0.23 0.13

48 22.1 0.83 35.1 1.31 57.2 2.14 1.58
Blackface 54 ■ 20.0 0.89 29.5 1.31 49.5 2.20 1.47
HbAB 79 * * * * ■k •k *

93 13.6 0.75 18.8 1.03 32.1 1.78 1.37

Mean 18.6 0.82 27.8 1.22 46.3 2.04 1.47
S.E. 2.6 0.04 4.8 0.09 7.4 0.13 0.06

Blackface 53 21.0 0.94 27.4 1.23 48,4 2.17 1.31
HbB 85 19.5 0.89 19.0 0.87 38,5 1.76 0.98

Mean 20. 3 0.92 23.2 1.05 43.5 1.97 1.14
S.E. 0.8 0.03 4.2 0 .18 5 .0 0.21 0.17

473 27.2 1.09 40.5 1.62 67.7 2.71 1,49
Dorset 485 24.2 0.97 34.5 1.38 58.7 2.35 1.42
HbAB 514 20.3 0.89 28.6 1.26 48.9 2.15 1.42

520 23.9 0.91 34.0 1.29 57.9 2.20 1.42

Mean 23.9 0.97 34.4 1.39 58.3 2 .36 1.43
S.E. 1.4 0.05 2.4 0.08 3-8 0.13 0.01

480 22.7 0.82 28.S 1.04 51,5 1.86 1.27
Dorset 489 18.4 0.73 27.7 1.10 46.1 1.83 1.51
HbB 501 29.1 0.95 29.3 0.96 58.4 1.91 1.01

541 22.7 1.00 29.5 1.30 52.2 2 ,30 1.30

Mean 23.2 0.88 28.8 1. in 52.0 1.98 1.27
S.E. 2.2 0.06 0.4 0.07 2.5 0.11 0 .10

Died on day 23
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TABLE 2 8 ,

Albumin catabolism during f i r s t  week of infection .

Sheep
No.

Serum
albumin

(g%)
Apparent 
t '2 (hrs)

F (CA) 
/day

Absolute amount 
catabolised 

(g/day)

Faecal I 
clearance 
(ml/day)

34 3.62 576 0.071 0.103 15.3
Blackface 51 3.50 444 0.058 0.079 15.9
HbA 60 3.80 408 0 .068 0.098 17.4

71 3.45 648 0.075 0.099 16.2

Mean 3.59 519 0.068 0.095 16.2
S.E. 0.08 56 0.004 0.005 0.4

48 3.60 552 0.063 0.079 19.1
Blackface 54 2.90 492 0.065 0.066 11.1
EbAB 79 3.48 456 0.066 0.083 15.2

93 2.80 400 0.061 0.062 12 .5

Mean 3.19 475 0.064 0.073 14.5
S.E. 0.20 32 0.001 0.005 1.8

Blackface 53 3.69 532 0.071 0.095 16.1
HbB 85 2.90 492 0.051 0.057 16.3

Mean 3.30 512 0.061 0.076 16.2
S.E. 0.40 20 0.010 0.019 0.10

473 3.20 600 0.065 0.098 18.8
Dorset. 485 3.30 488 0.079 0,094 16.8
HbAB 514 3.00 605 0.071 0.092 20.9

520 3.70 549 0.065 0.101 15.3

Mean 3.30 561 0.070 0.096 18.0
S.E. 0.15 27 0.003 0.002 1.2

480 3.30 400 0.071 0.094 19.9
Dorset 489 3.00 492 0.057 0.074 14.2
HbB 501 3.80 624 0,065 0.106 19.0

541 3.30 588 0.066 0.101 14.2

Mean 3.35 526 0.065 0.094 16.8
S.E. 0.17 50 0.003 0.007 1.5



TABLE 2 9 . î-iJ f j

Albumin catabolism 21-28 days a f te r  infection

Sheep
No.

125
Absolute amount Faecal I 

albumin Apparent F(CA) catabolised clearance 
(g%) t h  (hrs) /day (g/day) (ml/day)

34 3.01 389 0.110 0.160 25.2
Blackface 51 3.15 312 0.111 0.124 31.3
HbA 60 2.86 324 0.115 0.118 32.2

71 3.00 336 0.117 0.124 33.1

Mean 3.01 340 0.113 0.132 30.5
S.E. 0.06 17 0.002 0.010 1.8

48 2.45 264 0.163 0.135 53.6
Blackface 54 2.50 300 0.116 0.103 39.7
HbAB 79 * * * * *

93 2.05 342 0.121 0.091 26.8

Mean 2.33 302 O.IS*̂ 0.110 40.0
S.E. 0.14 23 0.015 0.013 7.7

Blackface 53 ’ 2.75 295 0.113 0.106 32.2
HbB 85 2.20 226 0.186 0.166 50.4

Mean 2,48 261 0.150 0.136 41.3
S.E. 0.28 35 0.040 0.030 9.1

473 2.75 336 0,172 0.187 31.5
Dorset 485 2.35 218 0.182 0.177 61.6
HbAB 514 2.32 262 0.219 0.195 56.4

520 2.40 246 0.209 0.190 59.9

Mean 2.46 266 0.196 0.187 52.4
S.E. 0.10 25 0.011 0.004 7.0

480 2.30 216 0.2 39 0.196 74.3
Dorset 439 1.91 248 0.216 0.158 41.5
HbB 501 2.50 184 0.255 0.242 77.3

541 2.65 167 0.233 0.233 88.3

Mean 2.34 203 0.236 0.207 70.4
S.E. 0.16 18 0.008 0.019 10.1

*  Died on day 23



APPENDIX 1

(B) The Influence of Haemoglobin Type on the 

Response of Scottish  Blackface Sheep 

to  Infection  with 1400 H. contortus Larvae/ 

kg Bodyweight.
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TABLE 35. o  r-
ô b

Serum iron concentration (]J.g%) .

Sheep
No.

Days before1 infection Da
O

ys a f te r  infection
28 21 14 7 7 14 21 24

977 198 161 131 139 121 91 133 59 67
988 123 140 167 108 146 126 139 57 67

Blackface HbA 990 174 151 150 161 149 142 130 56 55
966 161 150 172 174 139 158 104 76 52
987 147 152 185 139 136 126 83 53 *■

Mean 161 151 161 144 138 129 118 60 60
S.E. 14 4 lO 12 5 12 24 5 4

978 137 122 157 136 143 120 152 97 79
979 187 165 187 171 185 160 130 50 79

Blackface HbAE 973 130 142 187 147 144 135 143 78 82
984 135 174 185 196 147 147 142 31 52
970 138 156 169 142 156 156 110 61 52

Mean 145 152 177 158 155 144 135 63 69
S.E. 12 10 7 12 9 8 16 12 7

6 137 167 167' 157 126 153 148 74 49
1 188 199 196 172 159 128 159 35 45

Blackface HbB 2 146 158 141 137 142 150 122 56 79
8 149 188 188 151 158 147 12 8 57 64
3 202 165 177 187 165 156 141 33 37

Mean 164 175 174 161 150 147 140 51 55
S.E. 15 8 lo 10 8 5 15 8 8

* Died on day 23
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TABLE 3 9 .

Percentage of HbC in the blood following infection with 
1400 H. contortus larvae/kg.

Sheep
No. 0

Days
7

a f te r  infection 
14 21 24

977 2 2 4 9 18
988 O 1 2 16 34

Blackface HbA 990 1 3 3 12 23
966 2 0 2 18 28
987 3 2 4 22 *

Mean 1.6 1.6 3.0 15.4 25.8
S.E. 0.5 0.5 0.5 2.3 3.4

978 _ — 1 4
979 — — 5 27

Blackface HbAB 973 - “ 2 3 12
984 - - 12 23
970 - - 4 9

Mean 0 0 0.6 4.8 15.0
S.E. 0 O 0.4 2.0 4.3

* Died



i
S
8
“
g

I
q
K

XJ'

8
•H

g
•H
4-1
ü

.3
u

m
q
tO
g
g
g
0

A

V)
0

g.
tü
8 
I—1
A

t
S

43

-H
%

t ,

>
m

0
43
U
tg
g
JH

1
q
w

I
xf
p

tp
Aî
r*4
S

tn
rX

43 tn  
&

tn
A!

p  0 en 00 O'
rH p  r-H P  p 0
B P  P rH P P

tn

I

43 tn 
S Ai

P 0 p en P P p p
P xf 0 ^ en P rH en x f
P p p x j ' P x f p

en 1—1 p p X j' P x f rH
p p p p p P rH 0
en p p p p P P
r-H r-H 1—1 1—1 1—1 r-H I—i

P 0 0 1—1 x f rH P i-H
P p p p P P 00
Xj' x j ' p x f x f X f x f

f" 0 00 en p CO P m
CO (—1 en p p p 0 0
p xf p p p P x f
rH 1—1 rH r-H r-H 1—1 rH

q q P X f P p en P
p p x f P P d p P

P

X f 0 p p q
P d d p p
P p p p p

r-

I
8
W

8
H
m

p  r-
t—I 1—I

00 xf

p  p  r" xf p  
H Ol p  P  p
P i—I P  i—l I—I

P  P  CO P  CO

O CI 01 H en 
p  p  p  p  p

p p q p p xj' P p p
p (O p d p CO P p CO
p p p p p p p p

p p p 00 en p P 0 x f
en en p en p rH P rH
0 p xl' 00 en 0 rH P p
p rH p rH rH P rH rH

p P p p p P P P p
en P x f p p en rH en ,H
p P x j' x f p p p XJ'

en rH p x f ro p P p p
p P x f p p p 00 iH 0
x f rH p p p p P p
1—1rH 1—1 rH 1—1 rH I—1 rH

0 P x f P p P P P en
CO CD rH 00 p cô d P p

1—1 P rH 1—1 1—i iH

p ' P 0 Xf rH p en 00 P
p P en P P x f p en en
p P p p P p x f x f

x f P en x f P p p p 1—1

p 1—1 p r-i P Xji rH d en
p P p P P P p p

p P p CO 0 0 p
p P 00 ro en p p
en 01 en en en en en

p  r-

rH I—I

en r~
p  p

I—I 
p

O' p  p  
rH p  x f  
I—I I—I rH

rH P

en xf 1—{ iH

p 1—1 p P
p p P

p P p xf
p xf 00 xf
p 0 0 p
rH t—i iH

P rH p P
P C'J rH 0
X f P P

00 P Xf 0
p P P CO
xf P xf
rH iH 1—!

P en P P
P d xf P

en p rH x j '
ro p P P
1—1 rH rH

p x j ' P P

0 0 P en
p P p

p p P p
ro p P p
p P p

p CO P p
0 CO X f p
0 0 0 0 0

rH p

0 0 xf xf p
d rH 0 0 p
xf p xf

xf rH iH 0 0
P P ro CO
P p p
rH rH I—1

en 0 CO 0

p rH p 0
1—1 r-1 p

rH en P 0 0
p p P p
'P P p

ro p X f en
0 0 p rH
p p p

W
tô

O' O' 00

ü
0

g
8
r-f
CQ

rH x f  p

I—I I—I I—{

r—I rH rH I—1

I—I r—l I—I

O  O  rH

rH I—l I—1

X?' ro 
Xf d
p

p  p  
rH i" ' 
P

O Xf

CO
x j'

q i>
rH P  
P

P  P  
O P

X}' r-H

I—î rH 
P

en P

O' rH 
LTl

P  rH 00 xJ' 
00 
I—!

P  CO en CD en O
O O' en rH
xf p  p

p r o p  en p
p  p  r-H en P
p  p  p  p
I—î I—l rH I—I

O O' 
eo d

p  O' 
CO rH 
p

p  p
p  O
p

w
d

r-H p  p  p  œ

CQ
S
0

<4H

rg
CQ

g M 
d



41

I
g
g
u

tu

8xf

' i

ta

g 
. 0

S3< fi

a A

g |
0Oq
m
g
il
m

g

2o
ü

m

o

I

g
i
ü

tüooiH
A

8
I

q
0
’•P
U

vS
a

•H

u0
gq
w
1

Ûj00
ü

o o O p 00 P p O p O O e n O O O C " P o P
■¥

p a i O 00 p O 1—1 Q 00 rH e n p CO p x j ' p p en CO P
p p o p p 00 r - O rH P r-- r-- p en p p x f r - p P

x f p p rH p r H p rH p rH p p p rH 1—1 p

q o o q q p p C' o rH iH P 00 CO o q P p x j ' O
o p 1—1d p p 1—1 r—1 e n CO e n P P p 00 p p rH p C '- en
p X f p o p CO CO p r - p O P p p p p P rH P p

x f P p p «H p i H p rH x f P p x f p r-i P P

p O q o P p P 00 q q x f P iH x f O q P q 00 ■Vf

CO p r4 p ■q' en CO P p p C' P r - en H f" C-- d rH p e n
M x f O l p o p p O p o en P O rH p Cl e n p C'- p t ' -

x j ' P p r - r4 x f «H <H p P p P P x f 1—! p p

q O o q p 00 x f en p I" - P O en r- O O O x f x f 00
P C " r-1 p r - e n p x f rH c ô p eo d 0 0 c ô 0 0 C'- d P en p
r-1 o C" en rH p p f " P p p p p O x j ' 0 1 o i CO 'Vf C'- r-

p p p P iH p iH p p p p p p CM p

CO o q q 1—! o x j ' O ' p x f x f q CO rH p O 00 1—1 x j ' p

x f p H rH o P p P P CO H CO p p r- C '- r - p P 00 p
1—i x l ' x f ■qt p U1 o CO P CO x f p p p p C '- p p r- O p

p P p p H p rH rH p p p p rH P

p O O o .X f p p r " O p p p 00 p o O p 00 P p
P o r - t x f p en p rH 1—1 0 1 c~- p r - p p CO p p o P en1—1 P X f r - p CO p P en tH xf x f r- p iH O x f p x j ' p

iH rH p iH 1—1 iH p rH rH rH

O rH x f C " (H e n en 00 P 00 rH O CO p Q O P P C '-O
rH O l P O CO en p r - p p r-- 00 S '- O en p P P CO d p

x f P a i x f p p p x f x f P x f O l P P p P r-1

O P p P en p O' O' p . p o X j' P iH o CO P p H O
CO

Cl en p P x f p O x f CO c~- p O P x f p p rH en x f CO
p P CO P x l ' x j ' H P P p p P p 1—1 P p P

CO P p I > p q f ' - CO x f p p 00 en P 00 en P rH P p
P

x i ' P p P 00 p O p x f p x f x f p O en p x f P P r H

O l P p CO a i rH p p <—1 p iH O p P O en P P 00 rH
X f

—1 rH p P x f P o rH p rH P x f p O r- p P P P r H

O
1 P 1— p x f P P

CO
p

1
P O p O P d

p r - O ' 00 O O p 00 en x f 1—1 p P 00
d p C ' CO 00 en C' C' C' C' 00
;s CTI 0 1 en en en en en en en en

0
IW‘
Uq
rH
ffl

w
w

i
gq
uq
r4m

(9 H
^ oô

m
œ
S
vS
AiOq
rHm

H
CO

mp

I
g
ta0
û



42

en
A:

I
g
gu

ÎQ

0

td
-w
u

&
0
w
0

fi

8
r Hpq

w

2o
ü
Ul
mo

t
w
0

I
q
0

r4
ü

rH
iH

8

ta
s

i H
qu
8
k

0 0 0 1 x f x j ' p p x f r - p C' O C-- p P P p rH 0 0 1—1
p 4:
p r - P r - p o r - rH r - O e n e n e n p P P p 1—1 0 0 p

x f P p .H P iH p p r- l rH rH P P p P p

rH O P p P O p P rH CO P p p p P O o rH x f CO
O
P O iH r - O P O l r - P Xf x f 0 0 r- p p r -- 0 0 r - C - p pp P p P 1—1 p iH p P P p p p p p P p

o 0 0 O p f '- q rH x f CO CO P p r-- e n rH e n x f P e n p
CO
rH H O l x f 1—1 0 0 r - 0 0 r - CO o O p p p 1—1 p p P p 0 0

P P P P iH x f rH P p x f p p x f p p x f x f

P r - P r - O p O r - O C'- P p p 0 0 p p p rH e n p
P
rH P O P x f P p p o o p P rH CO x j' iH p 0 0 P 1—i e n

x f Xj' P x f P x f p p rH x f P p p p rH P x f

r - P x f p P p p 0 0 x j' CO C-- C-- C'- x f x f p P P p q
X f
H O 01 rH p rH p r - H [ • - O 0 0 e n r - p H p P t - - p o

x f P r - p P x f P P 1—1 P p p p x f rH P p rH

Co rH P O O l iH r - r - r - e n P P x f p e n p o P e n e n
■H p
4 J 1—1 Xf O l Xf CO P 1—1 p p CO x f O p p xf C'- p P P 0 0 e n
U P p p p P p rH rH iH p 1—1 P P rH P p0

4 h
Cl

•H
X f 0 0 p CO P p p e n e n 0 1 P p r - p <H x f C' P O pu o

0 r—1 rH p p rH 0 0 p p p d rH P p 0 1 p P r- e n P p p
•p rH 1—1 p rH iH 1—i rH rH iH P r - j rH

q
m
N - P O l O l r - X:' p U l x f q q P P e n rH CO 1—i x l' rH e n pq CO
P r - x j ' p rH en r-S p 0 0 p P C-- p rH P p CO P p p

rH î—1 iH

P x f P x f p p p e n x f p 1—1 P rH H P r - p rH x f x f
p

H rH rH !—1 p iH O O rH o rH iH rH O P O H rH rH o

P Xf 0 1 O l x j' CO p x f r- p P O P rH e n C-- C-- P O p
xl*

O O O o rH O O o O o O 1—1 O O rH O o d •H O

O
1 r - rH r- rH r - iH

00
p

!
O O O d O d

Ch0 P r- r- 0 0 O O p 0 0 e n x f 1—1 P p CO
0 0 P r-- 0 0 CO O l f" C' C' C-- 0 0
A S 0 1 01 O l O l O l O l e n en e n en
Ul

1 i §
0 0

•
0o ü toq q q

A A A
ü •q U g o cq q W q q Fù q q po

1—! 0 rH eu H 0m S Ul m % to m d

p
p

I
g

ta
0

■H
P



g
fi
u
fi
•S

I
0

A

W
. &

P ta
CO 
p
m

g 
fi 
■S
fi

I

1S

g

EH

& CO CO x f rH x f P  0 0 x f P P P CO iH  P P P P 0 1 p O q
n û

p O l rH X f P P  O O O d 1—1 P M  O 0 0 x f x f O l p q ' p

S
iH 1—1 H iH H rH 1—1 iH iH I—1 1—1 CN rH rH rH

I q 
•H

I a
M
H Æ 
P

CO

S-
I

CO p p p 0 - p p p r - p p rH p 0 0
p p p x f p p q p p p p X)' p O p f"
d d d d d d d d d d d d d d d d

p  rH  0 1  
X)' P  P

H
(X> r 4 00 c - P x f rH  P 0 0 O r - r - P P O CO P

i
0

O '
kO 
—1 3

x f
iH

P
iH

[ - -
rH

P  rH  
rH

P
iH

P
rH

p
iH

CO
iH

P
rH

X f
rH

r—ï 0 0
r-1

X f 
1—1 P

. p r- r- CO o o p CO en xf rH p  p  p  000 p r- CO 00 Ol c— r- r - t-- CO
l a O l c . O l C51 O l 0 1 Ol O l en en

C
s

8
lu
■g
fi
m

i
0
q
IH
'8q
I—I
m

g “
%  CO

I
g
fi
gq
S

p  CO
x f  o

o o o o o

o e n x j ' p e n f " e n o p r - p p p r - p P p p p p
p p x f r - p p q p p r - p p p q x f 1—1 CO p p r - rH

d d d d d d d d d d d d d d d rH d d d d d

r- q o p p P CO P rH P CO 00 P o P r- CO r - x f CO p
r -*—j

r 4
<N

o
p

1—1 
1—1

p
iH

r- 
1—i

(H P
r - j

P  
1—1

P
rH

CO
rH

p
rH

P
iH

iH r-.p r- p
tH

r--
H

xf
rH

p 1—1
p

x f  p  
VD rH

q w 
0 •
% CO



44

xj*
xf

I

{/)

2
g

§

I
I
•H

g
A
ü
«H
q

•H

u

s
q

1
g
g
0

A
V)
1—I
8
Ai

a
c

g

8
(W
•S
u
i
q
w

I
xf
p

en

tn

<1 < 
Ml u

tn
A

g
en

en

S

en

en

p P rH r-- en P rH CO tH P r- 00 en P P X f P P p tH
r- O'. en en CO O en 00 P r- p 00 O 00 CO P P O cn 1—î
d d d d d d d d rH d d d d d d d rH rH d d

p CO p x f p 00 00 00 rH r- o r- r- en en p P eo x f rH

p 00 t-- x f en rH r-- p P p d p p r- x f en P 1—1 en X f
p p p p p p p P p p CM p p r H Xl' p p

00 p iH p rH O p rH p M xf p p rH Xj* p P en CO X}' 00o n - CO en en en o i H p P p p p rH p en en CO CO œ O
p rH iH 1—1 iH rH d r - i iH rH 1—1 1—1 1—1 d iH r - i ■H r - i r - i 1—1 d

CO P 00 en p p p CO r- 1—! p iH p en O p O p p p pCO P CO 00 p 00 rH en x f P p iH r- r—l P p p O 1—l O tH

p P P p x f p d p p P p x f p d P xf x f x f x j ' xf d

p 1—1 O p en O p p o r- p 00 p rH en en P xf p 00 en
p P P r - i p p en p 1—1 en d en xf P p p 01 p p tH p
p O x f x f p p p O O rH p rH I—[ p p p p P
tH rH iH r~j rH 1—1 1—1 1—! I—1 rH rH tH rH H 1—1 1—1 rH

en CNI r- o r- en rH  OH 1—1 P r- x l ' p  en p O x f P tH p P
A p O p p i > P  rH P rH P O ' P p  O rH CO 00 P r- eo rH

en p p p p p P  O P P P p p p  O P P P P p P O

P p O p  x f 1—1 en p
rH p p r- p r- p côen en S 00 r- p p

p  p
r—t ro 
r-

CO p O p O p r-
O en p r-- •p p
0- 00 en 00 00 00

p CO CO p p p P f" rH en p r- O p 00 P P en X f p p
p 1—1 p p x f p O x f p p p p x f o P x f X)' p x f x f o
rH .1—1 rH 1—1 rH H O rH 1—1 1—1 1—1 1—1 1—1 O iH tH rH 1—1 1—1 rH O

00 rH P O en en P rH rH iH p p p O l «H P P rH p P P

en r- O 00 p p p P 00 1—1 CM en p 1—! P P C " P p P Op p P x f p x f X f P x j ' X f x f xf x f x f X f X f x f X f

p f " r- 00 O o P 00 en x f 1—! P p P 00
p t '  CO CO en r- t '  t - ' C' 00
en en en en en en en en en en

s
gqm
gq
r H
PQ

w
CO

a
00q«H

1
iH
ffl

M
CO

0

!
rH
CQ

q  H



45
tn

8

qH

I
g

§
m

i

g
'H
-p
u

q
•ri
U

fi
q
M

0

I

xl' p O xj' 00 p o f" p O p f - p xl’ r o rH p p op p O * p p xf S P Xj' o O p 00 p r-- p en Xf t'- p CO
p p p p p p o P xf rH p p p O p p I—1 p p q

p p p p cn p p Ol en O p p en O ro p en tH p p
o iH p p p xf p p o O P p p p f—1 p O p 01 p CO
p P xl' p xf p p o p p q p p p o xf rH I—1 p p q

P p p p p en p 1—1 r- p 00 xf o 1—1 1—1 P 1—1 p p p
œ O p p r- p p p f" xl' 00 r o p r- r-- t'- Xf xj' r-- p r o
1—1 P x j ' p p p p q rH p o xf p p q Xj' P rH xl' p q

P xf rH p 1—1 p iH Xj' p 00 en p P 1—i p P O p p o
p iH 1—1 r- p p p H P o p t'- p p I ' ' en O CO xj' p xl'
H P p p p p p q t—1 P o p Xf p q O P q p r-H q

r- p en CO xf p p f'- rH xf p p I '- o !> xf r o p P pxf p p r- p o p rH r- P xf en o p xf t'- r o p o O p1—1 tH rH rH 1—1 CM r 4 O q tH iH q p 1—1 o 1—1 O o 1—1 iH o
*

P CO p xf O O P p P r o 1—1 en P en 00 rH 00 P t ' - oP CO CO p P p p 1—1 en P xf p p p Q p P p O rH p
iH o q H 1—1 1—1 I—1 O O 1—1 iH 1—i H rH q tH rH o iH r - \ o

’

p 00 p M en t '  p 01 O 1—1 p P t " p P P I'' O Xf en
O 00 00 1—i Ol en en Q r- r o p en P O rH rH O I'- 00 en O
i - j o o tH O q o O O O fH q rH rH O 1—1 rH q q q q

*

xf p P CO ro xf t~- rH p O p Xf O 1- O P xj' 1—1 p t--
CO 00 in en r o r o O CO O p rH O en r-4 p P r- 1—î en rHo o q O O o q O H o rH iH O q r-4 q q H q q

p r- r- O p o p O P en r-H P H r 4 en p ro P p p
P p p p CO ro t'- Q p ro p CO t'- P fH xf xf p P p oq O q O O q q o o q O q q o q o o O q o

p p 1—I p O p t'- rH p r- P o p ro p rH en 1—1 pxf xf r- 00 CO Ol t ' - c P p p r o r-- p Q t ' - CO X f P p OO q O o o o o O o O O O o o o o O O o o
' ’ * ’ *

O o o o o o o1 r- rH p rH p rHCO O o o O o Op
1 '

P r- r- CO o o p CO en xf 1—1 p p r o
d P t'' CO 00 en C' t' t '  t' r o
s en ai en en en en en en en en

I

I
•gq
iH
m

i
Q)üq
«4H

I
H
ÇQ

q K 
^  oi

m
ü

UH
'oqtH
m

g  gs; U}

m
p

I
g
tO
Q)
•fH
Q



4 6

p
Xj'

I

tn

i
w

2
g

§

tn

8
S

5
'H

43
U

IH
g•H

6

1
S
fi
g
fi
ffl

w

2o
ü
w
lu
O

I

w
0
u
g
N
rü
O

H
P
P

rH
0
U

I

p

00

p

xf

0
1

00
P
I

0  .
0 O

o P CO p P-K
p P o iH x f
r-
cH

P en x f en

q 04 P p en p
p CO P p p p
r-
r H

P P x f
tH

r- O
r H

o X f P 00 p X f

p r- fH P 00 P
p
rH

p r- r 41—l p en

00 q p r- p p
X i' r- r - l r- p r-
CD p P en p p

00 q P C ' p 01
CO x f cô en p pp x f P p p x f

x f r 4 P r- en H
p CO P p iH P
x f p CM p p P

P CO rH CO x f IT)

P d l O p p eô
P P P x f p p

P P O p CO O
P P d p p p
P rH p p tH p

r- 00 p •t—1 x f r-
p p 1—1r- d Ol
tH tH p p iH r H

CO P p r- P p
p
iH

P 00 
1—! é cô r-

rH

o p  p  £^ ' f "  P  rH

P

P O
p  x f

p r- r- 00 o
p  f ' -  0 0  0 0  0 1
e n  O l  e n  a i  01

0u
fi
g
td
rt

s '(d H
% w

CO 00 en p  p  xf iH p  en pp

p  rH  p  o  r - l  
X f  r -  P  X f x f

I—1 t—e

en 00 xf rH p  
p  p  p  en xf

I—1

r- p  CO r- rH 
iH en rH p  XJ'

p  p  O en p
rH  p  p  ■" p

r- p  p  p  r-
x f  O l  p  ■xj' p
rH  p  rH  p  p

P  P Xf C eo
p  p  CO p  rH
rH  P  r - i  P

P  P  
CO p

p  xf 01 p  p  r- r-
p  00 00 p

p  p  en o  xf P O
p  G  p  p

p G r~l p xJ' p 00
p  p  
r - p

r - p  xf rH a i r - r -
xf r- 
p

CD p  p  r- o  O en
O p  p  en p  r-l p
rH  x f  iH  x f  p  p

x f  x f  
p

p  p  
rH

C' O 0 0 p iH P

e n e n CO p P P
T---1 tH iH tH

O l P e n tH O r -

p P p P P rH
iH tH 1—1 rH

P  O

3

S

S

"ë
3
m

g H
I  cô

q P O P p O

C ' P P d en P
P en x f x f p rH

P C' tH C' p G

rH en x f en p iH
0 0 0 0 x f x f p rH

p p P x f en O

p p x f C " x f p
0 0 H

iH
x f p C-- iH

P 0 0 tH p C'- P

tH P P p o P
0 0 P

tH
P p 0 0 P

en 0 0 ' P 0 0 o xl'

p P r - r-- p CO
P P p p x f

O x f r - x f p en
0 0 Ol 0 0 x f r - x f
x f P p p p

en P q en p p

en P d CO eo xj'
p P p tH p

en 0 0 en r - p P

C" r - en C-- p P
p tH p tH p

i H P p 0 0 r - en
cô
tH

tH  1—1p  
!—1en p

t H
H

x f p P C'- P

r- P ■H P x f
p iH tH tH

O p 00 en xf tH (N P  00
r- C' r- r- 00
cn en en en en

S
0
%
iw
ü
0
iH
m

p  o
p  p

g •

p
p

I
g

t
0
p



APPENDIX 2

The Influence of Haemoglobin Type and Breed 

on the Response of Sheep to Primary and 

Secondary Infections with H. contortus,
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TABLE 1 0 .

Faecal egg counts (xlO^) of Scottish Blackface sheep

Days a f te r  
infection

Blackface 
56 57

HbA
91

Mean
±S.E.

Blackface 
80 82

HbAB
92

Mean 
±S.E .

14 _ _ _

15 - - — - “ -
16 - - - - - 0.1 0.03+0.03
17 - - - - — -
18 1.5 1.3 2.2 1.710.3 1.7 0.1 1.3 1.0±0.5
19 3.0 5.4 2.7 3.710,9 5.0 1.4 3.3 3 .2±1.0
20 4.7 4.6 5.4 4.910.3 9.2 1.3 6.8 5.8±2 .3
21 6.0 7.4 6.8 6.710.4 18.2 2.7 9.3 lO.1+4.5
22 7.1 8.1 12.5 9.211.7 18.2 3.1 9 .6 10.3±4.4
23 5.7 8.1 8.6 7.510.9 16.1 2.8 13.3 10.7+4.0
24 5.8 6.6 12.2 8.212.0 14.2 3.3 8.1 8.5±3.2
25 5.0 7.2 13.2 8.512.5 14.5 3.7 9.5 9.2+3.1
26 4.5 8.0 13.2 8.612.5 15 .9 4.2 11.1 10.4±3,4
27 6.7 9.1 17.3 11.013.2 18.6 4.1 17.3 13.3±4.6
28 7.4 10.2 18.6 12.113.4 17.3 4.9 11.3 11.2±3.6
29 11.1 12 .4 19 .O 14.212.5 23.1 6.9 17.7 15.9±4.8
30 12.5 13.6 18.4 14.811 8 18.5 7.4 20.5 15.5±4.1
31 11.8 9.6 13.9 11.811.2 26.5 8.4 11.9 15.6+5.5
32 6,5 11.3 21.8 13.214,5 28.7 12.1 12.2 17.7±5.5
33 14.2 14,5 26.5 18.414.1 32.5 17.9 27.4 25.9±4.3
34 22.8 16.4 19.1 19.411.9 32.6 17.7 29.3 26.514.5
35 29.9 14.8 18.1 20.914.6 33.5 15,5 26.4 25.115.2

Days afte r
treatment

1 12.2 20.5 11.7 14.812.9 26.1 11.9 28.7 22 .215.2
2
3

0.5 0.3 0.310.2

7
14 :

18 - — - - - -

Days a f te r
reinfection

14 - - — - —
15 - “ - - -
16 - — - - —
17 - - - — —
IB - - - — —
19 - - - - -
20 - - - - -
21 — — - - -
22 - - “ - —
23 - - - - — -
24 0.6 “ 0.210.2 0.2 0.1 - 0.1+0.05
25 0.9 0.6 0.3 0.610.2 0.5 0.3 - 0.310.15
26 2.0 1.1 0.3 1.110.5 2 .2 0.8 0.3 1.110.6
27 3.5 3.1 1.4 2.710.6 3.7 2.7 1.2 2.510.7
28 6.5 5.7 3.0 5.111.1 8.7 4.1 3.4 5.411.7
29 7.5 6.1 3.7 5.811.1 11.5 6,7 3.3 7.212.4



TABLE 1 1 .

Faecal egg counts (xlO^) of Finn Dorset sheep. 5'

Days af te r  
infection

Dorset HbAB 
482 521 5 38

Mean 
S.E .

Dorset HbB 
477 547 549

Mean
S.E.

14 0.1 0.0310.03
15 0.1 0.0310.03 0.1 - - 0.0310.03
16 - - 0.1 0.0310.03 - 0.1 0.1 0.0710.03
17 - - — - 10.3 - 3.41 3.4
18 1.0 3.2 5.1 3.11 1.2 1.2 11.2 6 .9 6.41 2.9
19 2.9 5.1 17.4 8.51 4.5 2.3 23.1 13.4 12.91 6.0
20 4.9 12.3 18.5 11.91 3.9 5.2 24.2 16.4 15.31 5.5
21 6.9 10.6 26.6 14.71 6.1 5.4 32.2 33.2 23.61 9.1
22 8.3 9.0 24.7 14.01 5.4 7.9 19.7 21.8 16.51 4.3
23 8.3 14-5 28.3 17.01 5.9 4.7 37.0 27.8 23.21 9.6
24 10.6 20.8 29.2 20.21 5.4 17.0 26.3 27.2 23.51 3.3
25 11.5 21.2 29.0 20.61 5.1 9.0 24.5 28.2 20.61 5.9
26 12.6 21.7 28.5 20.91 4.6 10.8 12.7 29.2 17.61 5.8
27 9.1 24.9 38.6 24.21 8.5 30.5 44.1 23.5 32.71 6.1
28 12.7 43.7 48.0 34.8111.1 13.6 59.6 43.1 38.8113.5
29 11.2 31.8 51.1 31.4111.5 21.8 44.6 33.2 33.21 6.6
30 11.6 39.6 57.5 36.2113-4 18.8 57.6 49.3 41.9111.8
31 10.6 30.7 52,9 31.4112.2 20.6 46.8 62.8 43.4112.3
32 11.3 ■ 22.4 27.5 20,41 4.8 20.0 57.4 35.1 37.5110.9
33 14.9 30.2 47.0 30.71 9.3 15.8 59.2 41.4 38.8112.6
34 21.7 34.4 55 .2 37.11 9.8 21.0 50.8 31.6 34.51 8.7
35

Days a f te r  
treatment

23.2 27.2 47.4 32.61 7.5 19.6 36.1 29.7 28.51 4.8

1 16.1 19.4 32.6 23,41 4.6 17.4 34.3 25.4 24.71 5.8
2
3
7

14
18

Days a f te r  
reinfection

0.2 o,.i 0.7 1.3 0.4 1.4 1.01 0.3

14 - - - - 0.1 0.1 0.0710.03
15 - - - - 0.1 - 0.0310.03
16 - - - - 0.1 - 0.0310.03
17 - - - - 0.1 .. - 0.0310.03
18 - - - - 0.2 - 0.0710.07
19 - - - 1.3 - 0.41 0.4
20 — - - 0.1 2.0 - 0.71 0.7
21 - 0.1 0.2 0.110.06 - 3.5 0 .1 '1.21 1.2
22 0.2 0.1 0.7 0.31 0.2 0.1 4.9 0.2 1.71 1.6
23 0.2 * 2.2 1.21 1.0 1.0 4.5 1.5 2.31 1.1
24 0.3 2.7 1.51 1.2 3.4 5.5 3.3 4.11 0.7
25 0.5 3.9 2.21 1.7 5.6 7.1 6.7 6.51 0.5
26 1.1 5.4 3.31 2.2 7.2 5.9 11.8 8.31 1.8
27 2.2 6.4 4.31 2.1 9 .9 7.1 12.0 9.71 1.4
28 3.5 10.4 7.01 3.5 10.5 9.7 13.6 11.31 1.2
29 2.0 13.1 7.61 5.6 12.3 9.3 15.2 12.31 1.7

* D ie d  on  d a y  *23



TABLE 1 2 .
58

Packed ce ll volumes (%) of challenge controls

Days a f te r  Bla.ckface HbA Mean Blackface HbAB Mean
infection 68 73 95 ±S.E. 69 72 ±S.E.

0 32 31 30 31.0±0.6 31 29 30.0+1.0
4 30 32 31 31.010.6 32 29 30.511.5
■7 30 31 30 30.310.3 32 30 31.011,0

11 27 27 25 26.310.7 29 28 28.510.5
14 25 23 21 23.011.2 24 22 23.011.0
18 20 18 17 18.310.9 20 18 19.011.0
21 17 16 15 16.010.6 21 16 18.512.5
25 17 17 16 16.710.3 18 14 16.012.0
28 18 15 16 16.310.9 16 15 15.510.5
32 18 17 17 17.310.3 16 16 16.010,0

Faecal egg counts (xlO^) of challenge controls;.

14 —» — _ -w •H
15 - - - -
16 0.8 0.1 0.4 0.410.2 0.6 0.9 0.810.2
17 1.2 1.8 1.1 1.410.2 2.4 1.3 1.910.6
18 3.4 5.3 1.8 3.511.0 8.3 4.8 6.611.8
19 4.2 6.2 4.2 4.910.7 12.4 5.1 8.913.7
20 3.8 8.4 9.4 7.211.7 12.8 9.3 11.111.S
21 7.6 9,8 5.3 7.611.3 17.6 12.4 15 .012.6
22 9.8 12.7 12.6 11.711.0 19,4 9.4 14.415.0
23 12,2 13.2 14.8 13.410.8 21.3 15 .6 18.512.9
24 14.6 12.7 15.8 14.410.9 24,6 16.3 20.514.2
25 18.5 14.8 21.4 18.211.9 18.7 19.7 19.210.5
26 14.8 19.9 23.8 19.512.6 25.3 24.8 25.110.3
27 15.6 21.8 21.7 19.712.1 27.6 22.6 25.112.5
28 19.4 22.3 27.6 23.112.4 31.4 27.6 29.511.9
29 19.8 25.6 24.3 23.211.8 28.6 22.3 25.513.2
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TABLE 1 7 .

Ferrokinetic indices before infection.

63
Sheep
No.

Plasma ^^Fe 
(min)

Plasma Iron Turnover Rate 
mg/day mg/kg/day mg/kg/lOO ml blood

56 185 8.9 0.42 0.67
Blackface HbA 57 157 8.6 0.36 0.62

91 165 9.3 0.40 0.61

Mean 169 8.9 0.39 0.63
S.E. 8 0.2 0.02 0.02

80 153 8.3 0.29 0.58
Blackface HbAB 82 110 8.2 0.37 0.58

92 162 7.0 0.33 0.51

Mean 142 7.8 0.33 0.56
S.E. 16 0.4 0.02 0.02

482 243 6.4 0.29 0.42
Dorset HbAB 521 235 8.2 0.30 0.54

538 165 9.2 0.29 0.61

Mean 214 7.9 0.29 0.52
S.E. 25 0.8 0.00 0.06

477 126 13.5 0.47 0.99
Dorset HbB 547 244 7.5 0,30 0.50

549 180 12.6 0.45 0.84

Mean 183 11,2 0,41 0.78
S.E. 34 1.9 0.05 0.15
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TABLE 1 8 .

F e , r r o k i n e t i c  i n d i c e s  2 8  d a y s  a f t e r  i n f e c t i o n ,

Sheep
No.

Plasma ^^Fe 
t h  (min)

Plasma Iron ' 
mg/day mg/kg/day

Turnover Rate
mg/kg/lOO ml blood

56 65 15.4 0.71 1.23
Blackface HbA 57 55 23.5 0.98 1.83

91 50 23.7 0.99 1.84

Mean 57 20.9 0.89 1.63
S.E. 4 2.7 0.09 0.20

80 47 17.7 0.91 1.40
Blackface HbAB 82 43 19.0 0.86 1.51

92 30 24.7 1.24 2.07

Mean 40 20.5 1.00 1.66
S.E. 5 2.2 0.12 0.21

482 28 31.2 1.33 2.56
Dorset HbAB 521 20 45.7 1.63 3.66

538 25 32.4 1.01 2-42

Mean 24 36.4 1.32 2.88
S.E. 2 4.7 0.18 0.39

477 IB 44.2 1.47 3.71
Dorset HbB 547 20 36.9 1.21 2.42

549 22 41.3 1.60 4.01

Mean 20 40.8 1.43 3.38
S.E. 1 2.1 0.12 0.49
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TABLE 1 9 .

F e r r o k i n e t i c  i n d i c e s  b e f o r e  r e i n f e c t i o n .

Sheep
No.

Plasma ^^Fe 
t^ (min)

Plasma Iron Turnover Rate 
mg/day mg/kg/day mg/kg/lOO ml blood

56 93 9.8 0.47 0.78
Blackface HbA 57 120 8.1 0.36 0.60

91 90 11.2 0.40 0.81

Mean 101 9.7 0.41 0.73
S.E. 10 0.9 0.03 0.07

80 lOO 11.2 0,59 0.87
Blackface HbAB 82 103 10.0 0.48 0.77

92 115 7.0 0.35 0.5^

Mean 106 9.4 0.47 0.73
S.E. 5 1.2 0.07 0.10

482 114 7.1 0.31 0.56
Dorset HbAB 521 109 10.4 0.40 0.83

538 112 9.4 0.31 0.75

Mean 112 9.0 0.34 0.71
S.E. 2 1.0 0.03 0.08

477 . 73 13.4 0.48 1.04
Dorset HbB 547 90. 14.0 0.56 1.13

549 86 11.9 0.44 0.95

Mean 83 13.1 0.49 1.04
S.E. 5 0.6 0.04 0.05
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TABLE 2 0 .

F e r r o k i n e t i c  i n d i c e s  2 8  d a y s  a f t e r  r e i n f e c t i o n .

Sheep
No.

Plasma ^^Fe 
t^ (min)

Plasma Iron 
mg/day mg/kg/day

Turnover Rate
mg/kg/100 ml blood

56 45 16.6 0.89 1.42
Blackface HbA 57 39 24.2 1.00 1.96

91 23 38.3 1.60 2.99

Mean 36 26.4 1.16 2.12
S.E. 7 6.4 0.22 0.46

80 28 24.7 1.24 2.02
Blackface HbAB 82 28 30.5 1.39 2.53

92 22 36.8 1.94 3.20

Mean 26 30.7 1.52 2.58
S.E. 2 3.5 0.21 0.34

482 30 18.7 0.85 1.61
Dorset HbAB 521 * •ft * ■ft

538 25 38.0 1.23 3.11

Mean 28 28.4 1.04 2.36
S.E. 3 9.7 0.19 0.75

477 16 43.3 1.49 3.67
Dorset HbB 547 . 23 33.6 1.24 3.00

549 25 35.4 1.18 3.04

Mean 21 37.4 1.30 3.24
S.E. 3 3.0 0.09 0.22

* Died on day 23



TABLE 2 1 , 67

A lb u m in  p o o l s  b e f o r e  i n f e c t i o n .

Sheep
No.

CA

g g / k g
EA

g g / k g
TA

g g / k g
EA
CA

56 3 2 . 8 1 . 5 6 5 3 . 6 2 . 5 5 8 6 . 4 4 . 1 1 1 . 6 3
Blackface HbA 57 3 1 . 0 1 . 2 9 4 3 . 7 1 . 8 2 7 4 . 7 3 . 1 1 1 . 4 1

9 1 3 0 . 5 1 . 3 2 4 5 . 3 1 . 9 7 75 . 8 3 . 2 9 1 . 4 9

Mean 3 1 . 4 1 . 3 9 4 7 . 5 2 . 1 1 7 9 . 0 3 . 5 0 1 . 5 1
S.E. 0 . 7 0 . 0 9 3 . 1 0 . 2 2 3 . 7 0 . 3 1 0 . 0 6

8 0 2 2 . 9 1 . 1 5 4 5 . 8 2 . 3 0 6 8 . 7 3 . 4 5 2 . 0 0
Blackface HbAB 82 3 0 . 1 1 . 3 7 5 4 . 6 2 . 4 8 8 4 . 7 3 . 8 5 1 . 8 1

92 2 3 . 7 1 . 1 3 4 0 . 3 1 . 9 2 6 4 . 0 3 . 0 5 1 . 7 0

Mean 2 5 . 6 1 . 2 2 4 6 . 9 2 . 2 3 7 2 , 5 3 . 4 5 1 . 8 4
S.E. 2 . 3 0 . 0 8 4 . 2 0 . 1 7 6 . 3 0 . 2 3 0 . 0 9

482 3 3 . 9 1 . 5 4 5 j . 6 2 . 43 8 9 . 5 3 . 9 7 1 . 5 8
Dorset HbAB 521 3 9 . 8 1 . 4 8 6 2 . 1 2 . 3 0 1 0 1 . 9 3 . 7 8 1 . 5 5

538 4 4 . 6 1 . 3 9 6 1 . 4 1 . 9 2 1 0 6 . 0 3 . 3 1 1 . 3 8

Me ail 3 9 . 4 1 . 4 7 5 9 . 0 2 . 2 2 9 9 . 1 3 . 6 9 1 . 5 0
S.E. 3 . 1 0 . 0 4 2 . 7 0 . 1 5 5 . 0 0 . 2 0 0 , 0 6

477 3 5 . 4 1 . 2 2 5 4 . 5 1 . 8 8 8 9 . 9 3 . 1 0 1 . 5 4
Dorset HbB 547 3 5 . 6 1 . 4 3 5 0 . 8 2 . 0 3 8 6 . 4 3 . 4 6 1 . 4 2

549 4 8 . 5 1 . 7 3 6 0 . 8 2 . 1 7 1 0 9 . 3 3 . 9 0 1 . 2 5

Mean 3 9 . 8 ■1.46 5 5 . 4 2 , 0 3 9 5 . 2 3 . 4 9 • 1.40
S.E. 4 . 3 0 . 1 5 2 . 9 0 . 0 8 7 . 1 0 . 2 3 0 . 0 8



TABLE 2 2 .

A lb u m in  p o o l s  2 8  d a y s  a f t e r  i n f e c t i o n .

68

Sheep
No.

CA
g g/kg

EA
g g/kg

TA
g g/kg

EA
CA

56 29.7 1.38 42.5 1.97 72.2 3.35 1.43
Blackface HbA 57 26.2 1.09 31.7 1.32 57.9 2.41 1.21

91 21.6 0.90 27.2 1.13 48.8 2 .03 1.26

Mean 25.8 1.12 33.8 1.47 59,6 2 ,60 1.30
S.E. 2.4 0.14 4.5 0.25 6.8 0.39 0.07

80 19.1 0.98 28.7 1.47 47.8 2 .45 1.50
Blackface HbAB 82 20.7 0.94 32.1 1.46 52.8 2 .40 1.55

92 19.2 0.96 25.3 1.27 44.5 2.23 1.32

Mean 19.7 0.96 28.7 1.40 48.3 2.36 1.46
S.E. 0.5 0.01 2.0 0.07 2.4 0.07 0.07

482 25.9 1.10 32.9 1.40 58.8 2 .50 1.27
Dorset HbAB 521 23.5 0.84 28.2 1.01 51-7 1.85 1.20

538 28.2 0.88 33.0 1.03 61.2 1.91 1.17

Mean 25.9 0.94 31.4 1.15 57.2 2 .09 1.21
S.E. 1.4 0.08 1.6 0.13 2.9 0,21 0.03

477 24.0 0.80 25.4 0.85 49.4 1.65 1.06
Dorset HbB 547 20.8 0.77 20.0 0.74 40.8 1.51 0.96

549 29.9 1.05 30.5 1.07 60.4 2.12 1.02

Mean 24.9 0,87 25.3 0.89 50.2 1.76 1.01
S.E. 2.7 0.09 3,0 0.10 5.7 0.18 0.03



TABLE 2 3 .

A lb u m in  p o o l s  b e f o r e  r e i n f e c t i o n .

Sheep
No.

CA

g g/kg
EA

g g/kg
TA

g g/kg
EA
CA

56 23.2 1.11 47.9 2 .28 71.1 3.39 2.05
Blackface HbA 57 27.4 1.19 35.0 1.52 62.4 2.71 1.28

91 25.1 1.09 31.1 1.35 56.2 2.44 1.24

Mean 25.2 1.13 38.0 1.72 63.2 2.85 1.52
S.E. 1.2 0.03 5.1 0.29 4.3 0.28 0.26

80 19.4 1.02 35.0 1.84 54.4 2.86 1.80
Blackface HbAB 82 24.6 1.17 37.8 1.80 62 .4 2.97 1.54

92 22.5 1.13 27.0 1.35 49.5 2.48 1.19

Mean 22.2 1.11 33.3 1.66 55.4 2 .77 1.51
S.E. 1.5 0.05 3.2 0.16 3.8 0.15 0.18

482 21.7 0.99 41.4 1. 88 63.1 2.97 1.90
Dorset HbAB 521 31.4 1.21 47.3 1.82 78.7 3.03 1.50

538 32.6 1.09 42.3 1.41 74.9 2.50 1.29

Mean 28.6 1.10 43.7 1.70 72.2 2.83 1.56
S.E. 3.5 0.06 1.8 0.15 4.7 0-17 0.18

477 30.9 1.11 38.6 1.38 69.5 2 .49 1.24
Dorset HbB 547 24.0 0.96 40.5 1.62 64.5 2.58 1.69

549 33.1 1,23 41.0 1.52 74.1 2.75 1.24

Mean 29.3 1.10 40.0 1.51 69 .4 2.61 1.39
S.E. 2.7 0.08 0.7 0.07 2.8 0.08 0.15
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TABLE 2 4 .

Albumin pools 28 days a fte r reinfection.

Sheep
No.

CA
g g/kg

EA
g g/kg

TA
g g/kg

EA
CA

56 22.6 1.19 35.7 1.88 58.3 3.07 1.58
Blackface HbA 57 24.7 1.03 27.6 1.15 52.3 2.18 1.12

91 25.1 1.05 29 .0 1.21 54.1 2 .26 1.15

Mean 24.1 1.09 30.8 1.41 54.9 2.50 1.28
S.E. 0.8 0.05 2 .5 0.23 1.8 0.28 0.15

80 19.2 0.96 28.6 1.43 47.8 2.39 1.49
Blackface Hb AB 82 19.3 0.88 26 .6 1.21 45.9 2 .09 1.38

92 21.6 1.13 18.8 0.99 40.4 2.12 0.88

Mean 20.0 0.99 24.7 1.21 44.7 2.20 1.25
S.E. 0.8 0.07 3.0 0.13 2.2 0.10 0.19

482 19 .8 0.90 34.3 1.56 54.1 2.46 1.73
Dorset HbAB 521 * * * * * * *

538 27.2 0.88 29.8 0.96 57.0 1.84 1.09

Mean 23.5 0.89 32.1 1,26 55 .6 2.15 1.41
S.E. 3.7 0.01 2.3 0.30 1.5 0.31 0.32

477 22.6 0.78 28.4 0.98 51.0 1.76 1.26
Dorset HbB 547 28.6 1.06 33.2 1.23 61.8 2 .29 1.16

549 30.2 1.00 32.7 1.09 62.9 2.09 1.09

Mean 27.1 0.95 31.4 1.10 58.6 2.05 1.17
S.E. 2.3 0.09 1.5 0.07 3.8 0.16 0.05

* Died on dav 23
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APPENDIX 3

Studies on the Self-Cure of H. contortus 

Infections : Influence of Breed and

■ Haemoglobin Type.
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S e ru m  i r o n  (|ag%) .

TABLE 11
83

Sheep Days a f te r  infection Days a f te r  refinfection
No. 0 7 14 21 28 7 14 21

51 136 126 116 118 105 loo 119 120
Blackface lîbA 86 165 163 160 169 165 188 116 114

95 120 107 124 129 118 93 89
97 150 135 120 118 129 111 121 138

Mean 143 133 130 134 ‘ 129 123 119 115
S.E. 10 12 10 12 13 22 2 10

43 169 159 135 106 91 120 109 132
Blackface HbB 45 130 120 130 98 100 116 128 134

85 109 133 137 142 139 130 109 73
90 130 122 131 114 n o 120 108 97

Mean 135 134 133 115 110 122 114 109
S.E. 13 9 2 10 10 3 5 15

57 162 156 148 160 132 120 121 118
Dorset HbA 58 176 167 143 120 102 89 118 124

59 178 176 143 120 110 lOO 89 79
62 173 165 139 106 88 109 84 26

Mean 172 166 143 127 108 105 103 87
S.E. 4 4 2 12 9 7 10 23

3 158 157 128 96 70 98 65 23
Dorset HbB 40 191 184 133 51 91 88 81 59

54 150 130 119 98 88 53 49 ■k

61 122 141 130 109 105 100 100 58

Mean 155 153 127 89 89 85 74 47
S.E. 14 12 3 13 7 11 11 12

* D ie d



TABLE 12. 

Total serum proteins (g%) •

84

Sheep
No.

Days a f te r  infection Days a fte r  reinfection
0 7 14 21 28 7 14 21

51 6.8 7.2 6.4 5.3 5.8 6.2 5.7 5.7
Blackface HbA 86 6.8 6.8 6.3 6.5 5.1 5.3 5.0 5.3

95 6.9 6.3 6.1 5.7 5.3 4.3 4.1 4.0
97 7.0 6.4 6.3 5.5 6.4 6.4 6 .0 6.1

Mean 6.9 6.7 6.3 5.8 ’ 5.7 5.6 5.2 5.3
S.E. 0.1 0.2 0.1 0.3 0.3 0.5 0.4 0.5

43 7.2 6,8 6.1 5.3 5.4 5.4 6.6 5.7
Blackface HbB 45 . 7.2 7.1 6.1 6.1 4.8 5.0 5,5 5.3

85 7.2 6.5 6.1 6.2 5.8 6.6 5.7 5.0
90 7.2 6,5 6.0 6.0 4.9 4.8 5.0 5.2

Mean 7.2 6.7 6.1 5.9 5 .2 5.5 5.7 5.3
S.E. 0.0 0.1 0.0 0.2 0.2 0.4 0.3 0.1

57 6.5 6.4 5.8 5.2 4.0 4.5 4.0 3.7
Dorset HbA 58 7.6 7.5 6,9 6.7 6.4 7.2 6.0 6.5

59 7.2 6.4 6.0 4.9 4.7 4.4 3.9 3.5
62 7.1 6.5 6.4 5.3 4.3 4.5 3.5 3.5

Mean •7.1 6.7 6.3 5.5 4.9 5.2 4.4 4.3
S.E. 0.2 0.3 0.2 0.4 0.5 0.7 0.6 0.7

3 6.8 6.6 5.8 4.3 4.0 3.9 3.6 3.4
Dorset HbB 40 6.6 6.5 6.4 6.3 5.9 5.9 5.3 4.8

54 7.4 7.0 6.3 6.1 4.4 3.5 2.9 *

61 6.9 6-4 5.4 4.9 5 ,0 4.8 4-6 4.5

Mean 6.9 6.6 6 .0 5.5 4.8 4.5 4.1 4.2
S.E. 0.2 0 .1 0.2 0.4 0.4 0.5 0.5 0.4

* Died



Tv^BIÆ 13
85

S e ru m  a lb u m in  ( g % ) .

Sheep
No.

Days a f te r  ;infection Days a f te r  reinfection
O 7 14 21 28 7 14 21

51 3.7 4.0 3.0 2.8 2 .5 2.3 3.0 2.9
Blackface HbA 86 3.8 3.3 2 .9 2.8 2.5 2 .5 2.3 2.3

95 4.0 3.8 3,6 2.6 2.2 2.1 3.0 2.0
97 3.9 3.8 3.3 3.0 2.8 2.5 2.8 2.6

Mean 3.9 3.7 3.2 2.8 2.5 2 .4 2.8 2.5
S.E. 0.1 0.2 0.2 0.1 0.1 0.1 0.2 0.2

43 3.8 3.4 2 .9 2 .2 2 .6 2.9 2.8 2.8
Blackface HbB 45 3.9 3.6 2.9 2.5 2.3 2.3 2.7 2.7

85 3.8 3.5 2.6 2.3 2.1 2.6 2 .9 2.3
90 3.4 3.3 2.9 3.2 2.3 2.0 2.3 2 .0

Mean 3.7 3.5 2.8 2.6 2.3 2.5 2.7 2 .5
S.E. 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.2

57 3.6 3.1 2.7 2.1 1.6 1.3 1.5 1.2
Dorset HbA 58 3.4 3.4 2.7 2.5 2.5 2.8 3.0 3.4

59 3.5 3.2 2.5 2 .0 1.8 1.7 1.2 1.4
62 3.5 2,9 2.6 2.0 1.7 1.7 1.4 1.2

Mean 3.5 3.2 2.6 2.2 1.9 1.9 1.8 1.8
S.E. 0.1 0.1 0.5 0.1 0.3 O. 3 0.4 0.5

3 4.0 3.6 2.5 1.9 1.3 1.1 0.9 0.4
Dorset HbB 40 3.3 2.8 2.4 1.8 1.4 1.5 1.9 1.0

54 3.2 2.8 2.4 1.8 1.4 1.2 0.5 *
61 3.2 2.6 2 .O 2.0 1.6 1.4 1.8 1.2

Mean 3.4 3.0 2.3 1.9 1,4 1.3 1.3 0.9
S.E. 0.2 0.2 0.1 0.5 0.1 0.1 0.3 0.2

D ie d



TABLE 14 ,

S e ru m  g l o b u l i n s  ( g % ) .

Sheep Days a f te r  infection Days a f te r  reinfection
No. O 7 14 21 28 7 14 21

51 3.1 3,2 3.4 2,5 3.3 3.9 2.7 2.8
Blackface HbA 86 3.0 3,5 3.4 3.7 2.6 2.8 2.7 3.0

95 2.9 2.5 2 .5 3.1 3.1 2.2 1.1 1.0
97 2.5 2.6 3.0 2.5 - 3.6 3.9 3.2 3.5

Mean 2.9 3.0 3.1 3.0 3.2 3.2 2.4 2.6
S.E, 0.1 0.2 0.2 O, 3 0.2 0.4 0.5 0.5

43 3.4 3.4 3.2 3.1 2.8 2.5 3.8 3-2
Blackface HbB 45 3.3 3.5 3.2 3.6 2.5 2.7 2.8 2 .6

85 3.4 3.0 3.5 3.8 3.7 4.0 2.8 2.7
90 3.8 3.2 3.1 2.8 2 .6 2.8 2,7 3.2

Mean 3.5 3.3 3.3 3.3 2.9 3.0 3.0 2.9
S.E. 0,1 0.1 0.1 0.2 0.3 0.3 0.3 0.2

57 2.9 3.3 3.1 3.1 2.4 3.2 2.5 2.5
Dorset HbA 58 4.2 4.1 4.2 4,2 3.9 4.4 3.0 3.1

59 3.7 3.2 3.5 2.9 2.9 2.7 2.7 2.1
62 3.6 3.6 3.8 3.3 2.6 2.8 2,1 2.3

Mean 3.6 3.6 3.7 3.4 3.0 3.3 2.6 2.5
S.E. 0.3 0.2 0.2 O. 3 0.3 0.4 0.2 0.2

3 2.8 3.0 3.3 2.9 2.7 2,8 2,5 3,0
Dorset HbB 40 3.3 4.1 4.0 4.5 4.5 4.4 3.4 3.8

54 4.2 4.2 3.9 4.3 3.0 2.3 2-4 *

61 3.7 3.8 3.4 2.9 3.4 3.4 2.8 3-3

Mean 3.5 3.8 3-7 3.8 3.4 3.2 2.8 3-4
S.E. 0.3 0.3 0.2 0.4 0.4 0.5 0.2 0.2

* D ie d
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, TABIE 1 5 .

Percentage of HbC in the blood following infection and 
reinfection-

Sheep
No.

Week
0

,s a f te r  : 
1 2

infect
3

ion
4

Weeks
1

after
2

' reinfection 
3

51 2 2 2 5 8 11 4 4

Blackface HbA
86 3 4 6 7 12 23 25 14
95 2 2 2 lo 15 15 9 13
97 3 3 2 4 9 28 27 27

Mean 2,5 2.8 3.0 6.5 11.0 19.3 16.3 14.5
S.E. 0.3 0.5 1.0 1.3 1.6 3.9 5.7 4.7

57 3 2 7 15 29 38 29 55

Dorset HbA
58 1 4 3 12 19 19 15 12
59 2 3 3 18 33 69 78 95
62 2 4 7 14 23 36 64 —

Mean 2.0 3.3 5.0 14.8 26.0 40.5 46.5 54.0
S.E. 0,5 0.5 1.2 1.3 3.] 10.4 14.7 24.0



TABIE 16

,6
Faecal egg output (xlO ) of Scottish Blackface sheep. 88

Days
a f te r  Blackface HbA Mean Blackface HbB Mean

ifection 51 86 95 ' 97 ±S.E. 43 ' 45 ' "85 90 ±S.E.

16 N N N N N N N N N N
17 N N N N N N 0.1 N N 0.03+0.03
18 0.1 N N N 0.03+0.03 N 0.6 1.3 N 0.5+6.3
19 1.1 N N N 0.310.3 0.1 5.5 2.3 0.1 2.0±1.3
20 6.7 0.6 1.4 0.1 2.211.5 0.2 8.3 7.1 1.0 4.2+2.1
21 12.0 1.2 3.3 0.1 4.212.7 0.8 15.9 12.1 2.2 7.813.7
22 13.6 3.4 5.3 1.1 5.912.7 3.2 14.2 13.9 4.0 8,813.0
23 14.6 5.5 12.8 1.5 8.613.1 10.6 14.2 15.6 8.1 12.1+1.7
24 9.4 5.4 10.6 2.6 7.011.8 7.6 9.8 17.3 12.3 11.812.1
26 13.6 12.6 23.9 8.8 14.713.2 16.2 15.8 12.8 18.6 15.911.2
27 22.9 25.4 26.4 6.3 20.314.7 18.2 17.5 14.3 17.2 16.010.9
28 ■ 25.7 18.4 24.4 7.8 19.114.1 20.6 16.2 12 .7 19.4 17.211.8

Days
afte r
reinfection

1 23.1 27.6 18.7 9.9 19.8+3.8 26.8 13.8 15.6 15-9 18.0+3.0
2 23.3 26.8 17.4 7.2 18.7+4.3 23.7 14.1 14.3 14.1 16.6+2,4
3 32.2 38.1 30.9 8.3 27.4±6.6 20.7 14.9 12.1 16 .9 16.2+1.8
4 28.6 27.3 31.5 10.9 24.6+4.6 13.8 14.8 14.6 10.7 13.5+1.0
5 21.4 16.4 16.3 9.0 15.8±2.6 13.3 14.7 12.3 11.3 12.9+0.7
6 26.0 9.2 11.3 6.6 13.3±4.3 11.2 11.1 8.7 11.5 10.6+0.7
8 14.8 14.6 2.0 2.1 8.4+3.7 O.f: 8.6 8.1 2.8 5.0±2.0
9 8.3 2.1 2.9 1.4 3.7±1.6 N 2.6 5.2 2.1 2.5+1.1

10 3.0 1.2 9.0 0.6 3.5+1.9 N • 0.8 5.4 1.6 2.0+1.2
11 2.1 2.9 6.0 0,6 2,9+1.1 N 0.6 5.7 6.7 3.3±1
12 0.8 3.4 2.0 0.5 ■ 1.7+0.7 N 0.6 5.3 5.8 2.9+1.5
13 0.6 3.8 2.2 0.7 1.8+0.8 N 0.6 3.8 ■ 7,4 3.0+1.7
14 N 3.7 2.1 1.7 1.9+0.8 N 1.9 2 .6 13.4 4.513.0
15 N 4.4 1.7 1.8 2.0+0.9 N 1.3 3.1 12.6 5.814.0
16 N 6.7 5.0 2,3 3.5+1.5 N 2.9 7.3 10.7 5.212.4
17 N 6.4 7,6 0,7 3.7+1.9 N 1.2 4.2 6.5 3.011.5
18 N 11.6 11.8 1.0 6.1+3.2 W 1.2 5.9 9.5 4.212.2
19 N 13.0 3.7 2.0 4.7±2.9 N 1.4 8.6 9.6 4.912.5
20 N 1.0 5.4 3.0 2.411.2 N 1.5 4.4 9.2 3.812.0
21 N 3.2 3,0 1.3 1.910.8 N N 4.9 3.5 2.111.3
22 N 2.2 2.5 1,9 1.710.6 N N 6.4 3.4 2.511.5
23 N 4.8 2,4 1.9 2.311.0 N N 3.8 2.2 1.5 0.9



TABLE 17 ,

Faecal egg output (xlO ) of Finn Dorset sheep.
39

Dorset HbA Mean Dorset HbB Mean
faction 57 58 59 62 ±S.E. 3 40 54 61 IS.E.

16 N N N N N 0.1 N N N 01.0310.03
17 N N N 0.1 0.0310.03 0.1 N N N 0t. 0310.03
18 0.1 N N 0.6 0.210.1 0.5 N N N 0.110.1
19 1-5 0.1 0.5 3.6 1.410.8 17,5 0,1 0,1 0.7 4,614.3
20 9.3 2.4 5.8 11.8 7.312.1 29.7 5.3 6.5 2.9 11.116.2
21 18.1 9.4 7.9 25.8 15.314,2 49.8 6 .0 12 .7 10.8 19.8110.1
22 23.1 18.2 19.3 27.4 22.012.1 34.0 9.2 20.5 10.7 18.615.7
23 40.0 16.5 24.6 30.7 28.015.0 61.2 14.8 22.2 22.2 30.110.5
24 16.2 18.3 23.3 29.5 21.813.0 62,3 21.1 25.7 21.9 32.819.9
26 33.8 18.1 19.4 18.6 22.513.8 77.3 29.0 38.7 20.1 41.3112.6
27 - 38.3 28.0 64.4 48.8 44.917.8, 45.4 28.0 33.5 24.9 33.014.5
28 44.9 28.6 60.9 55.5 47.517.1 59.7 27.2 41.5 33.9 40.617.0

Days
afte r
reinfection

1 45.7 24.7 59.1 65.1 48.7+9.0 61.5 35.3 57.7 38.5 48.3+6.6
2 47.7 23.6 41.6 58.1 42,8+7.2 57.1 22.6 35.2 48.0 40.7+7.5
3 44.3 24.4 43.5 65.3 44.4±8.4 41,3 38.7 56 ,0 33.9 42,5+4.8
4 44.1 26.5 39.4 32,9 35.7+3.8 43.5 25 .9 49.8 27.3 36.6+5.9
5 43.9 21.5 49.5 62.0 44.2+8.5 60.4 19.5 45.8 22 .5 37.1+9.8
6 46.2 12.9 58.0 67.0 46.0±11.8 51.5 27.6 23.0 25.0 31.8+6.6
8 55.5 11.9 53.1 59.0 44.9±11.1 51.1 30.1 35.4 18.6 33.8+6.8
9 25,8 11.2 53.2 62.8 38.3+12.0 46.8 20.5 57.8 19.1 36,1+9.7

10 17.1 11,0 50,0 70.6 37.2+14.1 42.7 20.6 38.5 26.5 34.6+6.6
11 14.8 7.0 53.7 68.6 36.0+15.0 46.8 21.1 45.5 19.8 33.3+7.4
12 25.7 3.0 51.2 57.5 34.3+12.5 49,7 30.7 51.4 24.7 39.1+6.7
13 18.9 1.3 52.8 63.3 34.0+14.5 46.1 33,7 40.3 30.2 37.6+3.5
14 28.4 1.0 55.1 53.3 34.5±12.7 33.4 37,9 41.0 28.3 35.2+2.8
15 46.3 1.2 59.3 53.1 40.0+13.0 38.4 40.9 30,5 27.6 34.413.2
16 27.3 0.6 56 .O 61.2 36.3+14.0 30.7 41.8 30.2 23.3 31.513.8
17 22.0 0.7 65.0 62.4 37.5115.7 37.8 48.9 37.8 14.2 34.717.3
18 25.4 N 46.5 39.6 27.9110.3 32.7 45.1 31-3 3C.4 36.4+3.1
19 35.5 1.8 44.8 48.3 32.6+10.6 35.3 32.5 28.4 39.3 33.912.3
20 47.0 0,8 42.0 30.2 30.0110.4 30.8 27.8 * 20.2 26.213.2
21 33.6 0.5 54.5 * 29.5115.7 32.3 27.3 * 19.9 26.713.6
22 37.3 0.2 42.9 * 26.8113.4 * 25.4 * 11.5 18.517.0
23 26.7 0.1 46.7 * 24.5+13.5 * 16.8 * 14.0 15.411.4

* Died
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TABLE 2 6 .

H a em a to lo g i c a l  i n d i c e s  o f  c h a l l e n g e  c o n t r o l s .

S8

Packed c e ll  volumes (%)

Sheep Days before infection Days a fte r infection
No. 0 7 14 21 28 7 14 21 23

Blackface
HbA
HbAB

1
65

30 30 30 30 29 24 22 18 19

Mean 30.5 30.5 31.0 31.5 28.5 25.0 22.0 17.0 17.0
S.E. 0.5 0.5 1.0 1.5 0.5 1.0 - 1.0 2.0

Dorset
HbA 52 30 30 30 30 27 25 22 19 13
HbB 56 29 29 28 30 28 25 20 13 lo

Mean 29.5 29.5 29.0 30.0 27,5 25.0 21.0 16.0 11.5
S.E. 0.5 0.5 1.0 — 0,5 — 1.0 3,0 1.5

Haemoglobin concentrations (g%)

Blackface
HbA 1 9.7 9.7 9.7 8.8 8.9 8.2 8.0 6.2 6.2
HbAB 65 12.0 12.0 12.0 10.5 10.5 9.5 8.5 4.1 4.1

Mean 10.9 10.9 10.9 9.7 9.7 8.9 8.3 5.2 5.2
S.E. 1.2 1.2 1.2 0.9 0.6 0.7 0.3 1.1 1.1

Dorset
HbA 52 9.9 9.9 9.9 8.3 8.8 8.4 6.7 3.9 3.1
HbB 56 10.1 10.0 10.0 •9.7 9.3 8.6 7.6 5.1 4.7

Mean 10.0 10.0 10.0 9.3 9.1 8.5 7.2 4.5 3.9
S.E. - 0.1 0.1 0.1 0.5 0.3 0.1 0.5 0.6 0.8

Red ce ll counts (xlO^/cu.nnn)

Blackface
HbA 1 9.1 9.0 8.6 7.9 7.8 7.2 6.9 4.7 4.3
HbAB 65 9.8 10.2 10.2 10.0 8.6 835 7.8 3.7 3.3

Mean 9.5 9.6 9.4 9.0 8.2 7.9 7.4 4.2 3.8
S.E. 0.4 0.6 0.8 1.0 0.4 0.7 0.5 0.5 0.5

Dorset
HbA 52 9.0 9.5 8.7 8,5 7.8 7.2 5.8 2.7 2.3
HbB 56 8,9 8.9 9.0 10.5 7.8 7.2 ■ 6.1 4.0 3.7

Mean 9.4 9.2 8.9 9.5 7.8 7.2 6.0 3.4 3.0
S.E. 0.5 0.3 0.2 1.0 0,2 0.7 0,7
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TABLE 2 7 .

Red c e l l  i n d i c e s  o f  c h a l l e n g e  c o n t r o l s .

Mean corpuscular volumes (}.i )

Sheep Days before infection Days a fte r  infection
No, 0 7 14 21 28 7 14 21 23

Blackface
HbA 1 32.9 33.3 34.9 37.9 36.8 33.4 31.9 38.5 44,6
HbAB 65 32.0 30.3 31.4 29.4 33.3 30.6 28.4 42.0 45.2

Mean 32.5 31.8 33.2 33.7 35.1 32.0 30.2 40.3 44.9
S.E. 0.5 1.5 1.8 4.3 1.8 1.4 1.8 1.8 1.3

Dorset
HbA 52 30.6 31.6 34.5 35.1 31.5 34.9 34.5 45 .1 44.2
HbAB 56 32.4 32.5 31.1 28.5 35.9 34.6 36.3 34.9 34,8

Mean 31.5 32.1 32.8 31.8 33.7 34.8 35.4 40,0 39.5
S.E. 0.9 0.5 1.7 3.3 2.2 0.2 0.9 5.1 4.7

Mean corpuscular haemoglobin iconcentrations: (%)

Blackface
HbA
HbAB

1
65

32 .0 
38.0

32.3
38.7

32.4
37.3

29.2
31.9

30.8
44.3

34.2
36,5

36.5
38.6

34.3
25.5

32.3
27.3

Mean 35.0 35.5 34.9 30.6 37.6 35.4 37.6 29.9 29.8
S.E. 3.0 3.2 2.5 1.4 6.8 1.2 1.1 4.4 2.5

Dorset
HbA 52 40.0 40.0 33.1 28.9 36.8 33.5 33.7 32.5 30.8
HbAB 56 35.0 34.8 35.9 32.5 34.6 34.3 34,6 36.4 35.9

Mean - 37.5 37.4 34.5 30.7 35.7 33.9 34.2 34.5 33.4
S.E. 2.5 2.6 1.4 1.7 1.1 0.4 0.5 2 .0 2.6



TABLE 2 8 .

Serum p r o t e in  and ir o n  c o n c e n t r a t io n s  o f  c h a l l e n g e  c o n t r o l s .

100

Total proteins (g%)

Sheep
No,

Days before infection 
O 7 14 21 28

Days
7

a f te r
14

re in fec
21

Blackface
HbA 1 6.2 6.4 5.8 6.1 6.2 6.0 6.1 5.6
HbAB 65 5.8 5.4 5.9 6.6 6.5 6.3 5.7 3.9

Mean 6.0 5.9 5.9 6.4 6.4 6.2 5.9 4.8
S.E. 0.2 0.5 0.1 0.3 0,2 0.2 0.2 0.9

Dorset
HbA 52 6.2 6.6 6.2 5.9 6.1 6 .O 6.0 4.8
HbAB 56 6.7 6.6 6.0 5.7 5.9 5.9 5.7 5.5

Mean 6.5 6.6 6.1 5.8 6.0 6.0 5.9 5.2
S.E. 0.3 — 0.1 0.1 0.1 0.1 0.2 0.4

Albumin (g%)

Blackface
HbA
HbAB

1
65

3.4
3.7

3.6
3.4

3.3
3.6

3.3
3.5

3.5
3.3

3.5
3.2

3.8
2.7

3.5
1.7

Mean 3.6 3.5 3.5 3.4 3.4 3.4 3.3 2.6
S.E. 0.2 0,2 0,2 0.1 0.1 0.2 0.6 0.9

Dorset
HbA 52 3.6 3.3 3.2 3,4 3.0 3.0 3.0 2.4
HbAB 56 3.8 3,5 3.6 3.3 3.2 2.9 3.1 2.8

Mean 3.7 3.4 3.4 3.4 3.1 3.0 3.1 2.6
S.E. 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.2

Globulins (g%)

Blackface
HbA
HbAB

1
65

2.8
2.1

2.8
2.0

2.5
2.3

2.8
3.1

2.7
3.2

2.5
3.1

2.3
3.0

2.1
2.2

Mean 2.5 2.4 2.4 3.0 3.0 2.8 2.7 2.3
S.E. 0.4 0.4 0.1 0.2 0.3 0.3 0.4 0.1

Dorset
HbA 52 3.4 3.3 3.0 2.5 3.4 3.0, , 3.0 2.4
HbAB 56 2.9 3.1 2.4 2.4 2.7 3.0 2.6 2.7

Mean 3.2 3.2 2.7 2.5 3.1 3.0 2.8 2.6
S.E. 0.3 0.1

Iron

0.3

(M-g%)

0.1 0.4 0.2 0.2

Blackface
HbA 1 154 168 141 187 149 131 123 120
HbAB 65 163 147 131 138 128 132 121 87

Mean 159 158 136 163 139 132 122 104
S.E. 4 11 5 25 11 0.5 1 17

Dorset
HbA
HbAB

52
56

137
186

122
207

118
170

116
202

163
163

116
165

149
151

108
110

Mean 162 165 144 159 163 141 150 109
S.E. 25 43 26 43 25 1 1



TABLE 2 9 .
131

Faecal Egg Output (xlO ) of Challenge Controls.

Days
a fte r
infection

Scottish Blackface
HbA

1
HbAB
65

Mean 
±S.E .

Finn Dorset 
HbA HbAB Mean
52 56 ±S.E.

16 N N N N N N
17 N 0.2 O.l+O.l 0.1 N 0.1+0.1
18 N 0.6 0.3±0.3 3.0 4.2 3.6+0.6
19 2.6 3.2 2.9+0.3 7.5 15.6 11.6+4.1
20 7.8 7.9 7.9+0.1 5.9 29.6 17.8+11.9
21 14.4 15.8 15.1+0.7 15.7 30.2 23.0+7.2
22 10.0 17.0 13.5+3.5 24.6 47.8 36.2±11.6
23 17.5 19.8 18.7±1.2 29.2 54.5 41.9+12.7



Faecal Red Cell '

TABLE

'Clearance

30.

s" (ml/day) of Challenge Controls.

Days
before
infection

Scottish 
HbA 
1 '

Blackface
HbAB

65
Mean 
+S „E .

Finn
HbA
52

Dorset
HbAB

56
Mean
IS.E.

22 0,7 0.8 0.810.1 0.9 0.8 0.910.1
20 0.6 0.9 0.810.2 1.1 0.7 0.910.2
18 0.3 1.2 0.810.5 1.5 0.8 1,210.4
16 0.4 1.7 1.110.7 0.7 0.6 0.710.1
14 0.4 1.3 0.910.5 1.4 0.8 1.110.3
12 0.8 1.2 1.010,2 1.1 0.5 0.810.3
10 0.6 0.9 0.810.2 0.8 0.9 0.910.1
8 0.5 0.6 0.610.1 0.8 0.8 0.810.0
6 0.4 0.7 0.610.2 0.6 0,9 0.810.2
4' 0.5 0.9 0.710.2 0.9 1.0 1.010.1
2 0.5 1.0 0.810.3 0.8 0.9 0.910.1
O 0.4 0.6 0.510.1 0.9 0.7 0.910.1

Days a f te r  
infection

2 0.5 0.9 0.710.2 0.8 1.0 0.910.1
4 0.5 1.2 0.910.4 0.9 0.9 0.910,0
6 0.5 0.7 0.610.1 0.5 1.0 0.810.2
8 0.6 1.3 1.010.4 1.2 1.9 1.610.4

10 1.2 0.8 1.010.2 2.0 5.1 3.611.6
12 12.2 17.5 14.912.7 19.2 23.7 21.512.3
14 12.3 20,0 16.213.9 29 .3 40.5 34.915.6
16 27.0 27.8 27.410.4 43.7 55.0 49.415.6
18 35.4 37.2 36.310.9 43-5 56.2 49 .916.4
20 33.0 47.3 40.217.2 44.5 63.4 54.019 .5
22 37.2 56.1 46.719.5 48.5 62.7 55.617.1

.  y, ■/ f j



APPENDIX 4
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TABLE 1 .

P a ck ed  c e l l  voluiTies (%) a f t e r  i n f e c t i o n  w ith

1 0 0 ,0 0 0  O. c ir c u m c in c ta  l a r v a e .

Sheep
No.

Hb
Type

Days a f te r  
O 7

infection 
14 16

33 A 36.0 35.0 35.0 32.5
34 A 36.0 38.0 35.0 34.5
35 A 35.0 32.0 32 .0 30.0
37 A 33.0 36.0 37.0 34.5
40 A 35.0 34.0 33.0 32.5

Mean 35.0 35.0 34.4 32.8
S.E. 0.5 1.0 0.9 0.8

31 B 27.0 27.0 29.0 27.0
36 B • 28.0 28.0 28.0 27.5
38 B 30.0 32.0 34.0 30.0
39 B 32.0 30.0 29.0 29.5

Mean 29.3 29.3 30.0 28.5
S.E. 1.1 1.1 • 1.4 0.7

P - <0.01 <0.01 <0.05 <0.01
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TABLE 2,

Total serum protein (g %) a f te r  infection 

100,000 0, circumcincta larvae.

with

Sheep Hb Days a f te r infection
No. Type O 7 10 14

33 A 6.6 7.0 6.7 6.6
34 A 6.9 7.2 6.7 6.1
35 A 7.0 7.4 6.9 6.7
37 A 6.9 8.0 7.1 7.3
40 A 7.2 7,2 7.0 7.1

Mean 6.9 7,4 6.9 6.8
S.E. 0.1 0.2 0.1 0.2

31 B 8.0 6.5 6.9 6.4
36 B 6 ,0 6.2 6.1 5.8
38 B 7.5 8.3 9.1 8.8
39 B 6.6 6.6 6.7 7.0

Mean 7.0 6.9 . 7.2 7.0
S.E. 0.5 0.5 0.7 0.6

P N.S. N.S. N.S. N.S



TABLE 3 .

Serum a lb u m in  (g  %) a f t e r  i n f e c t i o n  w ith  1 0 0 ,0 0 0

C. c ir c u m c in c ta  l a r v a e .

Sheep Hb Days a fte r infection
No. Type 0 7 10 14

33 A 3.5 3.6 3.8 2.8
34 . A 3.7 3.5 2.6 3.2
35̂ A 3.3 3.1 3.3 2.5
37 A 3.3 2.9 3.2 2.8
40 A 2.9 2 .6 2.5 2.6

Mean 3.4 3.1 3.1 2.8
S.E. 0.1 0.2 0.2 0 .1

31 B 3.2 3.3 2.8 2.3
36 B 2.7 2.5 2.5 2.0
38 B 3.3 2.9 2.4 2.2
39 B 3.6 3.8 3.2 3.0

Mean 3.2 3.1 2.7 2,4
S.E. 0.2 0.3 0.2 0.2

P N.S. N.S. N.S N.S.
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TABLE 4 .

S er im  g l o b u l i n s  (g%) a f t e r  i n f e c t i o n  w ith  1CX),000

O. c ir c u m c in c ta  ] ,a r v a e .

Sheep Hb Days a fte r infection
No. Type 0 7 10 14

33 A 3.1 3.4 2.9 3.8
34 A 3.2 3.7 4.1 2.9
35 A 3.7 4.3 3.6 4.2
37 A 3.6 5.1 3.9 4.5
40 A 4.3 4.6 4.5 4.5

Mean 3.6 4.2 3.8 4.0
S.E. 0.2 0.3 0.3 0.3

31 B 4.8 3.2 4.1 4.1
36 B . 3.3 3.7 3.6 3.8
38 B 4.2 5.4 6.7 6.6
39 B 3.0 2.8 3.5 4.0

Mean 3.8 3.8 4.5 4.6
S.E. 0.4 0.4 0.8 0.7

P N.S. N.S. N.S. N.S.



137
TABLE 5 .

A lbum in : G lo b u lin  r a t i o s  a f t e r  i n f e c t i o n  w ith

1 0 0 ,0 0 0  Q. c ir c u m c in c t a  l a r v a e .

Sheep Hb Days a fte r infection
No. Type 0 7 10 14

33 A 1.1 1.1 1.3 0.7
34 A 1.2 0.9 0.6 1.1
35' A 0.9 0.7 0.9 0.6
37 A 0.9 0.6 0.8 0.6
40 A 0.7 0.6 0.6 0.6

Mean 1.0 0. 8 0.8 0.7
S.E. 0.1 0.1 0.1 0.1

31 B 0.7 1.0 0.7 0.6
36 B 0.8 0.7 0.7 0.5
38 B 0.8 0.5 0.4 0.4
39 B 1.2 1.4 0.9 0.8

Mean 0.9 0.9 0.7 0.6
S.E. 0.1 0.2 0.1 0.1

P . N.S. N.S. N.S. N.S.



TABLE 6 .

P lasm a p e p s in o g e n  l e v e l s  (mU T y r o s in e )  a f t e r  i n f e c t i o n  w ith

1 0 0 ,0 0 0  O. c ir c u m c in c ta  l a r v a e .

138

Sheep
No.

Hb
Type 0

Days
4

a fte r
7

infection 
10 14 16

33 A 2000 3100 4000 6500- 8000 ' 8900
34 A 1300 1200 2100 2500 3700 4500
35 A 1300 2700 2400 3400 4500 5000
37 ■ A 1700 2400 2500 2000 5000 7200
40 A 1500 1400 1600 3300 6100 7200

Mean 1560 2160 2520 3540 5460 6560
S.E. 130 370 400 780 750 800

31 B 1900 2 300 2500 5100 6000 7700
36 B 900 1100 900 1200 2550 6350
38 B 380 380 400 1200 2400 2500
39 B 1800 2 300 2400 3000 3200 5000

Mean 1245 1520 1550 2620 3540 5400
S.E. 360 470 5 30 930 840 IlOO

P N.S. N.S. N.S. N.S. N.S. N.S.
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TABLE 7 .

125
Apparent h a lf - l i f e  (t^) of I-labe lled  albumin 

a f te r  infection  with 100,COO O, circumcincta larvae

Sheep Hb t h

No. Type (hr)

33 A 439
34 A 545
35 A 531
37 A 441
40 A 619

Mean 515
S.E. 34

31 B 445
36 B 403
38 B 309
39 B 482

Mean 409
S.E. 37

P N.S,
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APPENDIX 5

Influence of Haemoglobin Type and Breed on 

tlie Immune Response of Sheep to Non-Parasitic 

Antigens.
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TABLE 1 .

125
The h a lf-liv es  { t h )  of I-labe lled  horse gamma globulin 
in Blackface Finn Dorset sheep of d ifferen t Eb type.

H alf-life  (t^)
Sheep Primary' Injection Secondary in jection
No. (hr) (hr)

51 354 44

Blackface HbA
86
95

226
309

73
311

97 351 254

Mean 285 171
S.E. 29 66

' 43 167 174

Blackface HbB
45
85

267
92

48
330

90 264 362

Mean 198 229
S.E. 42 73

52 490 82

Dorset HbA
57
58

229
362

56
320

59 83 152

Mean 291 153
S.E. 87 59

40 84 55

Dorset HJaB
54
56

432
94

233
338

61 111 46

Mean 180 168
S.E. 84 71
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TABLE 2 .

Haemagglutinin t i t r e s  in sera of Blackface sheep of 
d iffe ren t haemoglobin types immunised with rabbit r .b .c 's

Sheep Days a f te r  la s t  injection
No. 7 14 21 28

33 160 80 20 20
34 40 10 20 20
35 1280 640 640 320
37 1280 320 160 160

Blackface HbA 40 1280 640 640 320
51 1280 640 * 320
86 640 640 * 160
95 1280 320 * 160
97 1280 640 * 320

Mean 947 437 296 200
S.E. 175 87 143 42

31 640 160 40 20
' 32 640 160 160 160

36 1280 640 640 320

Blackface HbB
39 640 640 320 40
43 640 640 * 80
45 640 320 * 160
85 1280 320 * 160
90 640 160 * 160

Mean 800 380 290 138
S.E. 105 80 130 33

P N.S. N.S. N.S. N.S.

* Missing values



TABLE 3 IJ
A n tig e n  b in d in g  c a p a c i t y  (33% e n d -p o in t )  o f  s e r a  o f  B la c k fa c e
sh e e p  o f  d i f f e r e n t  h a em o g lo b in  t y p e s  a f t e r  a c o u r s e  o f
i n j e c t i o n s  o f  human serum  a lb u m in .

Sheep Days a f te r  la s t  In je c tion
No. 7 14-' 21 28

33 0.4 2.0 1.2 1.1
34 1.0 2.0 1.6 0.8
35 2.5 2.4 2.2 2.0
37 0.6 0.7 0.6 0.5

Blackface HbA 40 1.3 1.7 1,5 1.2
51 4.5 9,1 * 5.2
86 2.6 9.5 * 3.8
95 1.4 1.3 * 0.7
97 1.6 6.1 * 3.3

I4ean 1.8 3.9 1.4 2.1
S.E. 0.4 1.2 0.3 0.6

31 0.1 0.1 0.2 0.1
32 0.1 0.2 0.4 0.8
36 0.1 0.1 0.1 0.1

Blackface HbB
39 1.1 1.4 1.0 0.8
43 4.3 3.8 * 2.9
45 1.0 1.0 A 0.4
85 0.4 0.9 A 0,7
90 0.8 0.6 * 0.3

Mean 1.0 1.0 0.4 0.8
S.E. 0.5 0.4 0.2 0.3

P N.S. <0.05 <0.05 N.S


