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Crofton and Thomas, 1951  and Haeuonchus contortus (Rudolphi, 1SO3) 

The parasitic stages of the sheep trichostrongylids N. battus and H. contortus 

were studied under experimental conditions outside their normal host. 	The thesis 

is presented in three parts: 

The development of Nematodirus battus in rabbits. 

N. battus developed to maturity in rabbits dosed with infective larvae. There 

appeared to be no difference between rabbits and lambs as hosts in respect of the 

fastest rate of development achieved by worms, or of their relationship to the 

intestinal mucosa. Although adult worms recovered from rabbits were smaller than 

worms normally found in sheep, larvae reared from their eggs were fully infective 

for lambs. 

Pathogenic effects, sometimes resulting in death, were produced in rabbits following 

massive larval doses. 	Clinical symptoms, similar to those seen in lambs, were first 

observed during the prepatent period. The presence of milk in the diet rendered 

rabbits more resistant to the establishment of infections. 

The proportion of worms which became established in rabbits was dependent on the 

size of the infecting larval dose. Resistance was acquired during primary infest—

ation and was associated with a marked decline in egg output and expulsion of the worm 

burden. 	Rabbits which experienced patent infestation were more resistant to the 

establishment of worms on subsequent exposure to infection than inexperienced animals. 

Rabbits 5 months old were as susceptible to the establishment of worms as rabbits aged 

7-i-  weeks, but a greater proportion of worms developed to the fifth stage in the younger 

animals compared with those 11 weeks old or more. 

The nature of the host—parasite relationship of N. battus in the rabbit is similar 

to that in sheep. 	The system is a suitable experimental model of Nematodirus spp. 

infections in ruminants. 

The development of Haemonchus contortus in rabbits. 

Up to 42% of a larval dose of H. contortus, exsheathed in vitro under physiological 

conditions, developed to the mid—fourth stage in rabbits; whereas less than i% of 

sheathed larvae developed. 	Growth and development after exsheathment were similar in 

rabbits and lambs up to about the 6th-7th day of development. The worms growing most 

rapidly in rabbits moulted to fifth stage on the 9th day of infection, but the fifth—

stage worms were rejected before they could attain maturity. 

Use other side U,  ,iecessarr. 



III. 	The develooment of Haemonchus contortus to the fourth stage in vitro. 

&sheathed larvae developed to the fourth stage in vitro in salt solutions gassed 

with carbon dioxide. Development was dependent upon the concentration of carbon 

dioxide in solution - over 95% of larvae attained the fourth stage at carbon dioxide 
concentrations of 40 to 60%, but development was poorer outside these limits. 

Larvae developed to fourth stage in solutions of sodium chloride or potassium chloride 

gassed with carbon dioxide, but optimal development and survival of fourth—stage larvae 

was attained in a balanced salt solution (Ranks') gassed with carbon dioxide. 	Short 

periods of exposure to carbon dioxide were sufficient to initiate development to the 

fourth stage. The rate of development in vitro was a little slower than in vivo. 

The in vitro culture of H. contortus to the fourth stage provides a suitable 

experimental system for the study of the early parasitic stages and collection of 

metabolites with possible antigenic properties; it is also a useful starting point 

for the subsequent culture of fourth—stage larvae in complex media. 
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INTRODUCTION 
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NTRQWCTIc 

In order to study the relationship between gastrointestinal 

namatodea of domestic ruminants end their boats under controlled 

conditions, it is essential for certain types of investigation to 

rates the host wore free and infect it only with the nenatode or 

nematodes to be atwitad. The cost end difficulties of maintenance 

of these animals have limi4 their use for such wo* especially when 

large groups are required. Because of the economic and teobnioal 

edventagee,attsntion has therefore been given to comparable host-

parasite systems in laboratory animals. These animals are easier  

to maintain worm free and in suitable hosts small numbers of larvae 

can produce easily followed infections and pathogenic effect.; the 

necessity of examining large volunes of gastrointestinal contents is 

also eliminated* 

Considerable research baa been carried out on normal host-parasite 

systems of amsU laboratory animals infected with nematodes, agn-
9IM9632M k&AIAgWO in rats is probably the beet known example of 

this on account of the ease with which it may be maintained through all 

its stages in the laboratory, The rabbit has been utilised as a host 

for Triçhoir1u ooaxitup (Series, 1933a, 1933b), WOUdALMA.8  

Ziche1, 1932e4 1952b, 1953; 34119  293b) and 	 tiOU2 

(Worley, 1963; 1uaso1l, Baker and. Raises, 1966). Baker (1934) used 

1e0r&roUes *b1s in mice and reviewed the role of small animals 

and parasites in preliminary anthelaintia screening (1963). Such 

systems have been used as stimilants of ?riohoetrongylidoeia in domestic 

animals and have proved useful for life cycle, imnunological, pathogenic 

and anthelsintic studio,. 



It is known that under field conditions ruminant trichoatrongylids 

can be infective for small mii'ricles for example 1XIghoptoujplua sxei 

(Bull, 1953a)  and ,yiii (Roberts, 1935)  in rabbits; P. colubriforints 

in rabbits (Skidmore, 1932;  Roberts, 1935) and hares (Ortlepp, 1939). 

Several authors have used small mammals as substitute hosts for parasites 

of domestic ruminants to carry out detailed laboratory studiess these 

include To  paL in rabbits, guinea pigs and hamsters (Drudge, Iieland, 

Wyant and Slam, 19509  in rabbits (Leland and Drudge, 1957)  and in gerbils 

(Leland, 1963b); T, oolubrtfoie in guinea pigs (br1tch, Douvres and 

Isenutein, 1956); poi*ria js*otata in rabbits (Alicata, 1958; Beech, 

1965); 	 qoa and 22100,441 911MMInSM in rabbits 

(Wood and Hansen, 1960) • Not all of these systems have been fully invest—

igated yet; To  ggLVbdEq3MLg in guinea pigs has been used the most fre-

quently, particularly for inmeinological work (Gordon, Mulligan and fleineoke, 

1960; Waglexzd and Dineen, 1965;  Dinsen and Waglas4, 1966). 

Although these experimental models have been used with some success, 

they have their limitations. Por some types of investigation, study of 

the parasite in a living host places a restriction on the experimenter. 

Great attempts have been made to get at the parasite directly and, by 

culturing it nvitr, to dispnae with the host altogether. Zn vitz 

experimental models have the advantage that the environment of the par-

asite can be completely controlled and discrimination can be exorcised 

in reproducing the particular properties of the Ig vivo system to be 

studied. 

Thus many aspects of the biology of parasites can be satisfactorily 

studied only when they are grown in culture free from the complicating 

association of the host and other organisms. This is epaoia11y true 



Of physiological and biochemjoal. studies. The discovery that metaboltc 

products excreted or secreted by parasites are anttgonio, has lent a new 

tirgenoy to the development of ef'iciant methods for I&AIM cultivation, 

A major contribution to th*,Lq ZV.0 cultivation of iraaitic nea-

atodes of vertebrates was made by Weinstein and Jones (1956),who cultured 

mature edulta of R1trog1 bilists from eggs in complex media, 

listing did not occur and the eggs obtained were infertile. Leland 

(1963a) cultured 0002ertg 2LngAatgq  C 040 92Mra, Qs' 	tartal a 

and O .A ,qAWWJWS to the egg-laying stage and several othEL species to 

the fourth stage. Partial Aa vjro development of the parasitic stages 

Of several gastrointestinal nematodes of fazm animals has been reported 

including 22URN0210a rediatum (Douvres, 1962), oatronZ 

and 009O$aO8tmI gW=RJfiA&1W (Diamond and Douvres, 1962). 

A1thoub the achievement of culturing nematode parasites of verte-

brates through seVeral generations U vitro has not yet been realised, 

culture techniques can still be used for the investigation of many aspects 

of the boai.isparaafte relationship, Culture of peranitea in complex media 

complicates the task of extracting and concentrating functional antigens 

elaborated during development, Silverman, Poynter and Podger (1962) 

found that several species of parasitic nematodes could be cultured to 

the fourth stage in simple media. Antigens collected from such cultures 

were affective in stimulating resistanc, in laboratory animals to a variety 

of nematode infections. Information on the physiology of  the  process of 

infection of several species of trichoatrngylids has been gained by j VItro 

studies of the factors governing exsheathment of He bANOORIN.— Magmas 
(Ttogers,1960; Taylor and Whitlock, 1960), 	 and 

T.. coiubrtfoze (Rogers, 1960). Imrvas were ezaheathed in solutions of 

known physic chemical composition but without nutrients. 
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The basic line of research in this thesis has been an investigation 

into the value of using small mammals and in vitro culture techniques to 

study the parasitic stages of the sheep trichostrongylids iejnatodjrup battun 

and Uaemoncbus gntortias outside their normal host. The original aim was 

to study the parasitic larval stages of these species and 	vivo. 

It was hoped that it might be possible to obtain development of the parasitic 

stages of one or both of these parasites in a small laboratory animal. 

Initially, research was carried out on the ja vitro culture of Looniortus, 

but after it was found that infective larvae of Nbattus would develop to 

sexual maturity in rabbits it was decided to concentrate on this experi—

mental system, 

This thesis is presented in three parts: 

Part I. 	The development of Neiatodirua battus in rabbits. 

Part XI. 	The development of JM2BgLus eontorua in rabbits, 

Part XXI. The development of Ha•emon.chus contortus to the fourth 

stage in vitro. 



PART I 

THE DEV1LOT3ET OF RMATODMUS nru IN RAIPS. 

IN1!aoDucTIr 
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INODUcTON 

Nematodes of the genus Namatodirus are parasites of the small 

Intestine of !n ala. ?our species are known to produce disease in 

domestic ruminants: these are N. battus, N. i1ioo1lj and N, apathjger 

in sheep, and NS  helvetianus in cattle. Their life histories have been 

described and have been found to be very similar. The life cycle is 

direct, there is no intermediate host. The eggs are passed in the host's 

faeces on to pasture and under suitable conditions the larva develops in-

side the egg until it reaches the third stage. Differences in the rate 

of development to the infective stage, and in the conditions necessary 

for hatching, seem to be the main biological differences between the 

various species of Nematodirus. Hatching may take place readily or may 

require specific environmental stimuli, Infection takes place by the 

host ingesting herbage contaminated with infective larvae. On reaching 

the small intestine the larvae develop to the adult stage and the life 

cycle is completed, 

L.b.-batW was first described by Crofton and Thomas (19519 1954)from 

material collected from sheep in the north of England, and Morgan (quoted 

11  by Lapage in MODnigt  1962) noted the appearance of this species about the 

same time in south-east Scotland. The adult male of N,battus differs 

from other species of Nematodirus in minor characters only of the bums, 

sploulsø and size; but the adult female is more readily distinguished by 

the characteristic long, pointed tail. It has also been reported from 

cattle (Parfitt and Michel, 1958) and roe-deer (Dunn, 1965), 

The free-living phase of the life cycle of the various epeoles of 

lematodirus, and its relationship to the epidemiology of disease, has been 



well studied; but comparatively little experimental work has been carriE 

out on development of the parasitic stages, pathogenicity and resistance. 

This is particularly true of L battus probably because of its more 

recent discovery. 

GEOGRAPHICAL DISTRIBUTION 

Sc far as is known, N. battus is found only in the British Isles, 

although N. filiool]4a, N. aa'tbiger and N. belvetiamia have a world 

wide distribution. Within Great Britain a certain degree of zonation 

is evident in the geographical distribution of these species. 	.battus 

is found mainly in Scotland (Stamp, Dunn & Watt, 1955)9 northern England 

(Thomas, 1959a, 1959b) and northern Ireland (Baxter, 1957a, 1957b, 1958). 

In view of the marked preponderance of N. battus in north-east England, 

it is possible that conditions in this area are much more suitable for 

this species than for N. filloollis (Thomas, 1959b) which, although 

found commonly in all par o ieat Britain, tends to be dominant in 

southern England (Croftori, 1957; Gibson, 1963). 

L sna'thior is distributed widely, but is found in significant 

numbers only in southern and western areas. In south-west England, 

Crofton (1957) found small numbers of so spathiger and Thomas (1959a) 

reported that he collected this species from the Channel Islands where 

it was more common. N. helvetlanus was recorded from cattle in south-

west England by Morgan and. Soulsby (1956), and Nose reported it from 

cattle (1959) and sheep (1960) in south-east England where it is some-

times found in large numbers (Rose, 1966). 

PEEPARASITIC STAGES 

The eggs of N. battus when passed in the faeces normally contain 7 -1 
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cells. According to Thomas (1959a,) the morula stage is reached in 4 
days at 20 - 22°C and the first-stage larva is recognizable in 9 - 10 

days. At this temperature 90 - 95 per cent of the eggs completed 

development to the third stage after a minimum period of 28 - 30 days 

incubation. But at lower temperatures development proceeded more 

slowly, the third stage being reached after 50 days' incubation at 150C. 

Although Bou1engez (1915) appears to have been working with mixed 

cultures and confused the infective larva of N, apathiger with that of 

N. filicollis (Thomas, 1957) his description of the prepa.raeitjo devel-

opment of N. filippl:Lia agrees with that of Thomas (1959a). He found 

that the infective larva developed within the egg in 24 28 days at 

temperatures between 19 - 2700; five to six weeks were required at 

13 - 150C. According to Thomas (1959a) development to the third stage 

required 24 27 days at 210C, 20 days at 280C and 40 - 45 days at 15°C. 

EGG HATCHING AND ITS RELATION TO THE EPIDEMIOLOGY OF HEMATODIRIASIS. 

Whereas the eggs of Nobattus and N. filicollia appear to require 

certain specific environmental conditions before hatching will occur, 

N. spathjjer and N. helvetianus hatch readily at temperatures from 

20 - 28°C. 

The stimulus needed for the hatching of N. battus eggs is not fully 

understood. Thomas and Stevens (1960) advanced a hypothesis that the 
hatching of eggs of ii. battus was in response to a rise in temperature 

in spring following sensitization by exposure to low temperatures during 

the winter. Under field conditions they considered that eggs develop 

over the summer and by September the majority contain fully developed 

third-stage larvae. However, few eggs are capable of hatching until 

the cold sensitization process is complete, some time in November to 
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December. Subsequently, although some hatching occurs at temperatures 

as low as 50C a temnerature of 1000 18 necessary before a high percentage 

hatch occurs, 

Christie (1962) presented data which were inconsistent with the hypoth- 

esis of Thomas and Stevens. He found that hatching not only took place in 

response to a rise in temperature following an exposure to cold; but also 

that a high hatch of ripe eggs was obtained on exposure to constant tern-. 

pertures in the approximate range 8 - 1500, and very little hatching 

took place at temperatures outside this range. Nevertheless, be proposed 

an alternative hypothesis to explain the hatching mechanism which reconciled 

the two sets of results. He suggested that two prc3eeses are involveds 

a cold process with a low temperature optimum and a warm process with a 

higher temperature optimum which can proceed only when the cold process 

is completed. Eggs in the field dropped in spring will normally enter 

September containing fully developed third-stage larvae ready to proceed 

to the accumulation of cold experience. If the cold experience commences 

in September it is completed during February and the eggs batch by the 

beginning of March. When, in certain years, the cold experience does 

not commence until October, then the eggs do not complete their cold 

experience until later and in such years the hatch has an explosive char-

acter in late spring or early summer. 

Whatever the precise nature of the hatching mechanism may be, it is 

generally agreed by most workers who have carried out field studies that 

there is a massive increase of larval infection on pasture herbage during 

the spring (Baxter, 1958; Black, 1959; Gibson, 1958a, 1959a, 1963; Thomas, 

1959b; Thomas and Stevens 1956, 1960). This phenomenon is attributed to 

the mass hatching of over-wintered eggs; but the relatively poor survival 
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of larvae causes the spring peak to be of short duration, The precise 

time of the spring peak appears to vary slightly from place to place 

and from season to season, and this appears to be related to climatic 

conditiona. Eggs dropped on the pasture in spring do not contain fully 

developed third—stage larvae until 4 - 6 months later (Gibson, 1958a). 

Eggs in the early stages of development survive both the summer and 

winter, In spring further development takes place and third—stage 

larvae are present in the eggs during the course of the summer, but 

hatching may be delayed until the spring following the r900nnnencement 

of development (Gibson, 1958a), 

Gibson (1958a) in the south of England and Thomas (1959b) and 

Thomas and Stevens (1956, 1960) in the north observed hatching of 

NZ.-bAttus in the spring only. It has been generally accepted that 

eggs deposited on pastures by lambs of one year do not hatch until the 

spring of the following year, so that this species can have only one 

generation in the year. But Crofton (1957) stated that, on theoretical 

grounds, a second genertion of Nema'todirus app, could occur under certain 

conditions about September. Baxter (1958) in  Northern Ireland reported 

a second generation of tJ battus in September. Gibson (1963), in a 

series of field studies spanning several years, found that a massive  

increase in larval numbers on pasture occurred in the spring; he also 

recorded a smaller larval peak in the autumn of some years but not others. 

There is some difference of opinion regarding the hatching of 

N, filicoflis. Both Baxter (1958) and Thomas (1959b) stated that the 
appearance of larvae of &i1iOO1lia in spring coincided in time with 

the appearance of Lbpttus. Thomas and Stevens (1960), in Northumberland, 

came to the conclusion that L flijoolija followed the same seasonal pattern 
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as L, battuss most larvae hatched in the spring following a hatching 

stimulus which was closely associated with a rise in temperature after 

freezing or cold oondition. The stimulus appeared to be the same for 

both species but with different thresholds. Thomas (19591), and 

Spedding, Brown and Wilson (1958), found that a single larval peek 

occurred in the spring, at other times of the year larvae were present 

In very low numbers, Thomas (1959b) considered that N, filicoflis 

has usually one generation only per year. 

Baxter (1958) described the occurrence of two larval peaks on 

pasture in Northern Ireland a large spring peak and a smaller autumn 

peak. Gibson (1958a, 1959a, 1963) 9  working in the south of England, 

reported that hatching could occur within 8 weeks of eggs being depos—

ited on pasture. The numbers of larvae on herbage were relatively 

high throughout the year, although there was a tendency for increased 

numbers to be present in the spring, Gibson suggested that the clim-

atic differences between the north and south of England might be suffic— 

ient to encourage earlier hatching of 	filicollis in the south but 

delay hatching in the north until the spring, 

The results of Bnmsdon (1963a)in New Zealand indicate that the 

eggs of L fi1,to11 on pasture can develop to free infective larvae 

at alwast all times of the year. On pasture which carried lambs each 

season, peaks of larval poalations occurred in spring, sutauer, and 

autumu; while numbers of available larvae remained relatively high at 

most times of the year. The largest larval peaks were in late summer 

and autumn and it appeared that they resulted mainly from the hatching 

of eggs deposited in spring and summer. 

The longevity of free infective larvae on pasture is another factor 



which can influence the epidemiology of disease, Poole (1956) found 

that moist larvae of N. fllicolije could survive repeated freezing 

(-.6,500) and thawing (300c), After continuous freezing at .6.5°c 
for 22 weeks,22 of the larvae survived, This suggests that larvae 

which batch in autumn can survive the winter in temperate climates. 

Poole showed that larvae in water survived for up to 60 days at 3000, 

but they tolerated even higher temperatures when they were dry. His 

results suggest that desiccated larvae can survive for long periods 

during the suniner, The work of Thomas and Stevens (1956, 1960), 

Thomas (1959b), Baxter (1958)9 Black (1959), Spedding pA als (1958), 
indicates that infective larvae of N. battus and N, filioollje from 

the spring peak do not survive for long into summer in a temperate 

climate. 

Both ibttus and N. filj0211i8  can be involved in outbreaks of 

disease in Great Britain. Outbreaks of disease in lambs caused by 

are confined to spring (Kingsbury, 1953; Stanrp, Dunn and 

Watt, 1955; Thomas and Stevens, 1956; Baxter, L957a, 1958; Black, 1959; 

Thomas, 1959b), This can be related to the slow rate of development 

of larvae and their mass hatching in the spring when susceptible lambs 

are at pasture. For a high incidence of disease to Occur hatching 

must coincide with lambing as the infective larvae are short-lived. 

Outbreaks due to N, filicollis, associated with a mass hatching 

Of overwintered eggs, also tend to prevail in the spring (Stamp 

1955; Thomas and Stevens, 1956; Baxter, 1957a, 1958; Spedding 11 alos 

1958; Thomas, 1959b); but in south-.east England disease has been re—

ported as late as August (Gibson, 1963). Gibson considers that under 

favourable conditions a high level of infestation persists on pastures 



throughout the sear, but the incidence of disøase is limited by the 

increased resistance of elder lambs, Baxter (1958) found that lambs 

aged six months were capable of becoming infected when exposed to the 

autumn larval peak, although they were not clinically affected. 

According to Brunadon (1960, 1963a), the heavy incidence of L tilioollia 

and N. sR*.UjjM3 larvae on pasture in summer and autumn in New Zealand 

has no effect on lambs that have experienced a spring infestation. 

The evidence suggests that the occurrence of large infections of 

NematoU 	app, in young lambs only is a reflection of host resist— 

ance stimulated either by established infestation or by the repeated 

ingestion of larvae, 

lematodiriasis is recognised as a lamb to lamb disease (Stamp 

ot 	., 1955; Thomas and Sten, 1956; Spedding at j.LjoV 1958; Baxter, 

1958; Thomas,  1959b; Gibson, 1963) 9  each crop of lambs deriving the 

major part of its infestation from the infection laid down on the 

pasture by the lambs of ti pc-ious yr. In sheep of all ages the 

infections are of limited duration ani there is little or no survival 

of adult worms from one season to the next • Ewes play only a small 

part in the maintenance of infection (Thomas, 1959b); but they can 

perpetuate infection which can subsequently be built to a bigh level 

by lambs (Gibson, 1963). The period of maximum egg counts in ewes 

coincides with the period of high egg counts in lambs (Crofton, 1955, 

1957; Thomas, 1959b). 

?&R.&SITIC STAGES 

Although alight differences occur, parasitic development of 

N. battus (Thomas, 1959a)  is basically similar to that of N. helvetianup 

(Herlioh, 1954), N. spatiier (Kates and turner, 1955) and N. filicollis 
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(Thomas, 1959a). It is completed most rapidly in i, battue; the 

prepatent periods being 2 weeks for N. battus, 2 - 3 weeks for 

N. filico1l and N. SDathiger, and 3 weeks for N. helvetianue. 

Infection takes place upon ingestion of free third—stage larvae. 

Gibson (1958b) found that only very low infections resulted when eggs 

containing third—stage larvae were administered to sheep, whereas a 

high proportion of free larvae given to sheep developed into adults. 

Unhatched eggs are probably not picked up under field conditions 

(Thomas and Stevens, 1960) duo to the fact that they tend to be washed 

down into the base of the mat and top—oil, where they are not available 

to the grasing animal (Christie, 1963). 

According to Sommervill, (1957) exaheathinont of infective larva, 

of triohostrongylide is initiated in that region of the host's alimentary 

tract immediately anterior to that in which the adults are found. It 

is assumed that exsheathrnent of Nematodirus app. is initiated in the 

abomasum and Somerville showed that this was true of N. spathier. 

Christie and Charleston (1965) found that hydrochloric acid in concent—

rations sufficient to lower the pH to 2,0 - 3.0 was an effective stimulus 

to exaheathing of N. battus in vitro. 

After exaheathment little growth takes place during the third larval 

stage, but rapid growth is shown by fourth—stage larvae and fifth—stage 

worms, The larval stages of the infection are spent in the mucosa of 

the small intestine, but migration back to the lumen takes place when 

the fifth stage is reached. 

From the life cycle studies already cited it would appear that the 

distribution of Niematodirus spp. along the length of the small intestine 

is established in the early stages of the infection. The worms are 
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usually found in the upper part of the small intestine of sheep and 

cattle (Edgar 1933; 1oas and Gordon, 1936; Kauzal, 1937; Tetley, 1937; 

Sommerville, 1963). In mired infeotions the distributions of 

iema-bodirus appo overlap but the peak of maximum abundance of N filloolija 

uua1ly precedes that of N. spatiije. . (Tetley, 1937; Soorville 1963). 

Many authors who have studied various species of !atsxtirue have 

commented on the low rate of egg production characteristic of this genus. 

Mates (1947) baa published figures showing that the egg-laying capacity 

of the female worm is extremely poor in relation to other trichostrongylj 

Pm'ffoa1gsIs 

For a considerable time uncertainty existed concerning the patho-

genicity of Nematodirus spp, in sheep. This was due to the lack of ex-

perimental proof of pathogenicity, the diagnostic methods used, and the 

difficulty of distinguishing between the effects caused by !aatodjrua app. 

and concurrent infections of other species of parasites. Recent evidence 

obtained from studies of field outbreaks and experimental work Indicates 

that their pathogenicity can be severe. 

There are several early reports which suggest that infection with 

Nematodirus app, is a possible cause of parasitic disease ( in Australia 

- Edgar, 1933; Gordon, 1936; in Great Britain Taylor, 1934; Morgan and 

Corner, 1939; Robertson, 1940; in South Africa - Rksen, 1939; Meeser, 

1947; in U.S.A. - Curtice, 1922; Welch, 1930; Schwartz, Foster, Peterman, 

Wilbur and Mates, 1951). 

With the exception of Ryksen (1939), who stated that species of 

Nematodirus were usually the only nematodes found in sheep in the Great 

Karroo area of South Africa, the authors cited above usually found other 



species of helmiuths present in such numbers together with heavy nat—

ural infestations of Nematodiruz Opp., that it was difficult to form 

a definite opinion on the pathogenicity of worms of this genus. Clin—

ical symptoms observed included a parasitic enteritis, unthriftinees, 

emaciation and diarrhoea with death occurring in some oases. Egg 

counts were usually low. On the other hand, Xauzal (1933) observed 

that some apparently healthy lambs had heavy infestations of 

Nematodiri.w Opp. and he recovered 329000 worms from one animal. Ross 

and Gordon (1936) and Morinig (1542 ') considered that Nematodirus app. 

were not themselves very pathogenic but they contributed to losses 

caused by other species by lowering the resistance of sheep. 

A light infection of Nematodirus app. in a lamb with low egg 

counts was obtained experimentally by Andrews(1934), but he observed 

no clinical symptoms. Xauzel (1937) infected lambs with doses of up 

to 401,000 larvae of jMdodirus spp, but heavy infestations of a size 

met with in the field were not produced and no pathogenic effects were 

observed. Gordon (1950) noted that unpublished work of ICausal suggested 

that immature worms were capable of causing ii]. effects. 

More recently there have been reports of nematodiriasis in the 

U.S.A. caused by N. apeti 	(Seghetti, 1948; Maruardt, Fritts, Senger 

and Seghetti, 1959; Kates and Turner, 1949). Since 1950  severe out—

breaks due to N. battus and N. filicollis have been recorded in the 

British Isles and these reports have already been cited. 

Almost pure infestations of Lematodirus app, were recovered from 

the diseased animals in Britain. Clinical manifestations of the 

disease were seen only in young lambs under six months of age. A 

profuse diarrhoea was usually observed with dehydration, anorexia and 
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lose in weightj the wool became rough and the ayes sunken. Kingsbury 
(1953) and Thomas and Stevens (1956) reported that after the initiation 

of the outbreak the first affected lambs died within two days to two 

weeks. Baxter (1957a) found that the whole course of fatal disease 
occupied no more than three or four days, although sometimes it was 

preceded by a mild illness with signs of scour lasting for up to ten 

days • In most outbreaks deaths continued over a period of a few weeks, 

after which the survivors gradually improved and the majority recovered 

full health within about two months of the onset of disease. Some 
survivors, however, were stunted until the autumn. Thomas and Stevens 

(1956) and Baxter (1957a)reported that only a mild catarrhal enteritis 

of the alimentary tract was observed at po mortem examination, whereas 

ICingabury (1953) found acute inflammation of this organ. Thomas and 

Stevens (1956) demonstrated the presence of oloetridial toxins in the 

bowel of a number of their cases. 

Kates and Turner (1953a, 1955) and Seghetti and Senger (1958) re-
produced the disease experimentally by administering large doses of 

N,. eathier larvae to worm—free lambs. They concluded that the ill 

effects were primarily the result of the activities of the immature  

worms although they thought it likely that adult parasites also played 

a part in producing symptoms, gates and Turner (1953b) showed that 

heavy infections of & epathiçer in lambs although notusually fatal, 

were a contributory cause of death when substantial infections of 

johoetrontjr1u colubriformja were present. In a study of the com- 

bined pathogenic effects of &SMonobus 	ontortus and N 	82athier in 

lambs, gates and Turner (1960) reported that the clinical effects of 

- 

either infection were enhanced by the presence of the other, 



A clinical syndrome, siidlar to that in sheep, was produced in 

calves by the administration of large doses of NIL he etizn (Herlich 

and Porter, 1953). It was found that the parasites exerted their most 

detrimental effects during the prepatent period. Clinical nematod-

iriasis in housed calves associated with low egg counts was reported 

by Campbell, Diamond and Ltngacots (1960). 

HOST RESISTANCE 

Although older sheep can become infected with Namsioctjx-as app. 

the diseasa is restricted to lambs (Baxter, 1958 Seghetti and Senger, 

1958). After ingestion of large numbers of infective larva, the egg 

Count rises swiftly to a peak but soon declines (Iatea and Turner, 

1953*), although elit(riation of the adult worms may take longer (Thomas, 

3959b). The rapid decline of the infestation in lambs together with 

the low incidence in ewes Indicates the develoment of a strong resist- 

ance to re-infection (Thomas, 1959b) • As a result of this acquired 

iramanity, and possibly also age resistance, experienced lambs are 

normally resistant to further serious re-infestation (Baxter, 19574, 

1958; Thomas,  1959b; Brunedon, 1960). 

Totley (1935, 1949) considered that age resistance did not develop 

to Ier$odiruz app, and he attributed the seasonal rhythm solely to the 

development of a strong acquired resistance, Rxporlwats carried out 

on worm-free sheep by Gibson (19590) and Gibson and Everett (1963) 

suggested that animals over six months of age were resistant to the 

effects of infestation with L. kMkg and N. filicollis, In contrast 

to the findings of Gibacri (1959o), who reported that previous infection 

conveyed little or no additional resistance, Gibson and Everett (1963) 
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demonstrated that lambs which received an immunising dose of N. battus 

developed a strong resistance to superinfeotiori. 

Field experiments carried out by Brunadon indicated that sheep over 

six months old developed an age resistance to infestation by N. flhtcoflis 

and N. apathier (1960, 1962, and that infestations by these parasites 

experimentally terminated before patency stimulated resistance to further 

infection (1963b). Dineen, Donald, Wagland and Turner (1965) found that 

the level of worm counts attained on secondary infection with N. spathigar 

was much reduced compared with the counts following initial infections 

To primary infection, however, lambs six months old were no less sue—

aeptible than lambs three months old. 

INPCTI0NS IN NON—RUMINAITS 

There is no record of N battus occurring in rabbits although Bull 

(1953a) reported natural infections of N, spathiger in wild rabbits in 

New Zealand. Sommerville (1963) experimentally infected two out of 

six laboratory rabbits with N. apathiger. Hall (1916) considers that 

an early report by Seurat (1913) recording !tilichhis from CtGflOM. 

dpctyla &IPA is incorrect and that the species recovered was 

spathiger. An unsuccessful attempt by Zviagintsev (1934) to infect 

rabbits and guinea pigs with N. helvetianus is quoted by Herlich (1954). 

Several species of the genus Nernatodirus, apart from those infect—

ing ruminants, have been reported from small mammals these include 

N. leporia (Chandler, 1926), N.aspinoeus (SinUs, 1929),  N. triangularia 

(Boughton, 1932), j. neornexioanug and f,. arizonensis (Dikmans, 1937) in 

rabbits; !1eporis (Erickson, 1940) in hares; N. neotoma (Hall, 1916), 

N. 	osartcu (Shulz, 1926) and  !jortosus (Thoker, 1942)  in rodents. 



After a preliminary experiment (1) had shown that infective 

larvae of lfjbattw would develop to maturity in rabbits, a study of 

some basic aspects of the host.'-Parasite relationship was carried out 

by means of the following experiments. 

Experiment 2s To provide information on which to base the design of 

future experiment the growth rate, development and 

distribution of worms in the intestine were studied 

in relation to the time course of the infection, 

Twelve rabbits dosed with 18,000 larvae were killed 

aerially - one each at intervals of two days up to the 

16th day of infection and thereafter at intervals of 

four days. 

Experiment 3* Using single doses of larvae, a comparison was made of 

worm recoveries in four groups of rabbits 20 days after 

infection at dose levels of 100, 1000, 10000 and 50000 

larvae, 

Experiment 4* Four lambs were each infected with 40,000 larvae from a 

rabbit source to find out whether passage of L..battus 
through rabbits affected its infectivity for lambs. 

Experiment 5: This was a prelim1ny experiment to determine whether 

a dose of 3009000 larvae would produce pathogenic effects 

in rabbits. 

Erperimnj 6* A further study of the pathogenicity was made by dosing 

8 rabbits with 500,000 larvae each over a period of four 

days. 



Experiment 7: The effect of milk in the diet on infections in young 

rabbits was investigated by dosing two groups of weaned 

and unweaned rabbits with 500,000 larvae. 

Experiment 8: The efficiency of the anthelmintlo bepheniuin hydroxy-

napthoate against infections in rabbits was assessed, 

as it was intended to use this compound to terminate 

primary infections in experiments on inixrunity. 

Experiment 9: Patent infections of a group of rabbits were removed 

with the same bepheniuni compound and the resistance of 

these rabbits to subsequent challenge with 509000 larvae 

was compared with that of a group of previously uninfected 

controls. A comparison was made of the susceptibility of 

the control group, aged 11 weeks, with that of two groups 

Of rabbits aged 7 weeks and 5 months at the same close 

level.  
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AITD METIIODS 

Rabbits.. 

Difficulty was experienced at first in obtaining sufficient nuts-

bars of rabbits of the same age and breed at all times of the year. 

Rabbits used in Experiment 1 were Dutch-crossed; in Experiment 2 they 

were of the New Zealand White and Dutch varieties. A regular source 

of supply from a dealer in Sussex was then established, and all rabbits 

used in succeeding experiments were Dutch. The Dutch breed was chosen 

because of the practical advantages of its small size. 

Newly weaned animals were obtained when about six weeks old and 

were usually allowed at least three days to recover from the train 

Journey before being infected. Any rabbit which showed signs of having 

been affected by travel was not included in the experimental groups. 

They were infected when 6 - 8 weeks old, except where otherwise stated, 

when the majority weighed 600 - 1,000 grams. During the course of 

experiments they were weighed once or twice weekly. 

Rabbits were housed under worm-free conditions in cages measuring 

16" x 16" x 19". These cages had grilled bottoms through which the 

faeces dropped on to a removable tray. As sufficient suitable cages 

were not always available it was impossible to keep all rabbits singly 

and in large experiments they were grouped in pairs. The diet consisted 

of a complete ooimiercial pellet ration fed.ad libitum supplemented With 

a little steam sterilised hay. 

To ensure recognition in the event of accidental mixing a number 

was tattooed on the inner surface of the left ear of each rabbit. 
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Sheep. 

The system of sheep management used was that of Christie, Brambell 

and Charleston (1964a) The sheep were threequarter Blaekfaoe and were 

removed from their dams when 24 hours old and z'aared by band on cows 

milk under conditions of hygiene which prevented the acqj.tLs±tion of 

any infeotion with Stronrloid worms. At six weeks the lambs were 

weaned on to a diet of compounded, concentrates atm steam sterilised 

hay. They were housed in a closed shad with floor and pen  walls of 

concrete0  The pens were cleaned out daily and treated twice weekly 

with a strong caustic soda solution. The only access to the shed was 

through a caustic soda footbatli. 

P.tij 	battu. 

The !i. batts used in this work was a strain isolated at this 

laboratory in 1960  by Mi. M.0-Christie from sheep with naturally ac—

quired infectious. It was subsequently maintained in lambs. 

g culturø and :production of Infective larvae. 

Lambs were routinely infected with 209000 - 100,000 infective 

larvae of N, battue for egg production purposes. Young animals under 

four months of age were used as it was extremely difficult to establish 

fecund infections in older lambs. Even then, egg counts of over 100 

eggs per gram (e,p.g,) usually lasted for two to four weeks only and 

weekly average counts of over 1,000 e.p,go  were rare, 	aeoes— 

collecting bags, made of torylene curtain netting to facilitate urine 

drainage, were attached to the hindquarters of infected animals and 

removed every 24 hours. No symptoms of clinical nematodiriasis 

were seen in any of these lambs. 
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Several authors (Rerlich, 19541 Seghettt,19551 Thomas, 1959a) 

have reported that eWe of Lqmatodinuz spp. must be cultured in clean 

water. This is presumed to be due to the slow development of these 

eggs since the oxygen content of faeces-charcoal media becomes ex-

hausted before development has proceeded very far, and further diffus-

ion of oxygen is too slow to allow development to continue. However, 

Kates and Turner (1953a) cultured eggs of 1. siaj14g in faoces 

charcoal, 

Because of these strict culture requirements and the low concen-

tration of eggs per gram of faeces, it was essential for the process 

Of egg extraction from the faeces to be very efficient, The following 

technique was finally evolved. 

?aeoos were soaked overnight in tap water and then broken up in 

an electric mixer. The suspension was washed through sieves of 150 

and 300 meshes to the linear inch with water from a pressure spray. 

The material retained on the latter sieve was suspended in a saturated 

solution of sodium chloride, centrifuged in 250 ml. centrifuge bottles 

at 1,000 r.p.m. for 5 minutes, and the supernatant (containing the eggs) 

decanted on to a 300 mesh sieve. The residue was resuspended in sodium 

chloride and the process repeated twice until the majority of the eggs 

had been recovered. 

The cleaning process get rid of the heavier debris but not the 

"fluffy" dirt which floated off in the saturated salt along with the 

eggs. Clean eggs were recovered by sedimentation in water in a Petri 

dish. Under a low power binocular microscope it was possible to manip-

ulate the petr'i dish in such a way that the eggs tended to congregate at 

one end of the dish while the "fluffy" debris floating on top was sucked 

off with a pipette. 
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The ega were than left to stand in 2 formalin for 48 hours to 

reduce fungal contamination. After washing they were incubated at 

21°C in round-bottomed flasks of 700 mIs. oaj.iti h].f full of 

autoclaved tap water. A strewn of compressed air ws bubbled through 

the flasks to provide continuous aeration and to keep the eggs in con-

tinual suspension. Usually half to one million eggs were pit in each 

flask and inycostatin at a concentration of 50 units per ml. was added 

to inhibit fungal growth. It was found that a more uniform development 

of eggs took place with this method than when the eggs were cultured in 

a shallow layer of water in flat medicine bottles; this was presumsbly 

related to the more rapid diffusion of oxygen. 

At 21°C the more rapidly developing eggs reached the third stage 

in about 30 days;  but development was not always entirely synchronous 

and the eggs were incubated routinely for 6 8 weeks. By this time 

85 - 90% of the eggs had usually completed development to the third 

stage although figures of 98% were sometimes achieved. 

1gg production was confined to a few months of the year. This 

was because spring lambs only were available and infections with a 

sufficiently high fecundity could be established more successfully in 

young lambs than in older animals. At first eggs were stored for 

some months either in the faeces at 20C, or they were extracted from 

the faeces and kept in tap water at 8. °C until needed. when stored 

eggs. were incubated at 210C their development was often found to be 

erratic. On some occasions, more than 50% of the eggs would still be 

in the 8-cell stage even after 8 weeks incubation. But when incubation 

was continued a greater percentage would start developing till finally, 

after some months, 80 - 90% would have reached the third stage. Once 



d5VOp.t2t had been i ithi4ed ,it ape.red to advance to the third 

staje at the noiiia1 rat.. Delay in the initiation of devalepiuent 

appeared not to he related dirsotly to the length of tine the 

,nbryanated egp bad been stored at 1*, te*peraturee* in one in-
stance, for ezanpi., 80 of ege which had been atored at 2°C for 

* e*ee started develo$ne after 10 days tnoubation at 21°C. 
Thee. difficulties were resolved U4y storing the ee containing 

the tUllr  developed 	etnio larva, at 2°C. The nod, of procedure, 
theretors,wa, to extract the 	iansdiatelj from fre&i faeces, c*gt- 

ure thee at 210 and store at 2°C until rsaire4, 

P*or  xperinente 1 3 the eg were hatched 12owing the time 

ned temperature schedule of Olwieti, (1962), This author ebceed that 

After development to the t L1.'eta was oos1,te, 80 90% or eggs 

would hatch in 8 weeks on exposure to constant taaperatur.a aver th 

range 8 15°C, 

After culture at 21°0 for 7 weeks, during which tim 90% at the 

eggs developed to the thit stage, a batch of eggs was traneferred to 

a room at 8.5CC, The egge were kept in a shallow layer of tap water 

In flat medicine bottles lying on their aides. The peroentage at 

eggs that had batched after 4, 8 an 12 weeks at 8.eC was 1%, 35% 

This method proved to be iracjjca*0:16 for the recovery of large 

nabers of larvas of similar age for VWtitative  eaqOriments, due to 
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the length of time over which the hatching took place. 

An alternative technique was therefore used to hatch the eggs in 

all the remaining experiments. The infective larvae were released 

by meohanioal disruption of the on shell by squeezing the eggs between 

two flat pieces of pempex (* square x *" 'thick). Pressure was 

applied evenly with a piece of wood. This cracked open the eggs and 

the larvae released themselves by 'their own efforts, In theory, the 

double thickness of the egg shell should keep the perspox "slides" far 

enough apart to prevent damage to the larvae by pressure; but in praot-

ice a small proportion of the larvae were usually squashed. When too 

much force was exerted a larger proportion of the larvae were crushed, 

but if insufficient pressure was administered many eggs remained un-

cracked. With experience it was possible to judge the correct amount 

of egg suspension required between the "slides" to achieve the optimum 

hatch, 

The freed larvae were rinsed off the "slides" into a beaker of tap 

water. The suspension was then poured on to a filter of fine mesh 

(300 meshes per inch) stretched over the mouth of an inverted, out-off 

plastic bottle (4  oss size, wide mouth pattern), and held in place by 

an elastic band. The bottle was supported in the neck of a jam-jar 

and water was poured through the filter until the surface of water in 

the jar just covered the mesh, Most of the live larvae were washed 

through the filter by this process. ?lnally, the jar was left in a 

water bath at 30°C for 60 minutes to allow the rest of the larvae to 

work their way through the mesh and appear as a clean suspension in 

the jar below. The egg-shells and dead larvae remained on the filter. 

This 'technique was very laborious but an average of 75 - 80% of 
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the third-stage larvae in the eggs could eventually be recovered as 

hatched, viable larvae. Infective larvae were stored in Jars half 

full of tap water at 8.5°C until needed. In Experiments 2 and 3 

larvae were 1 - 28 days old at infection and were 5 - 9 days old in 

Experiments 4 - 9. Because of the separation technique used, and 

the short period of storage, over 95 of larvae were viable at in-

fection. 

PreDaration of larval suapensions. 

After siphoning off the superfluous water, the contents of 

several Jars were concentrated by repeated oontz'ifugation, at 1000 

r.p.m. for 3 - 4 mine., until the volume had been reduced suffio-

tently. The suspension was then made up to a suitable volume, 

usually 100 mis., in a graduated cylinder and left in the refrig-

erator for over an hour, Cooling reduced the motility of the larvae 

and oaused them to curl up individually into tiny balls; vigorous 

shaking then gave a suspension free of clumps of larvae. As a con-

tinual check was kept on the numbers of eggs throughout the culture 

and hatching procedure the approximate number of larvae present in 

the suspension was usually known • Three aliquots of 1 ml • of larval 

suspension were then withdrawn accurately with a pipette and each 

diluted with a known volume of cold water (400 to give a concentration 

of about 100 larvae per ml. 

The number of larvae present in each diluted aliquot was then 

estimated by the following method; 

After thorough mixing, a sample was withdrawn with a pipette and 

transferred to the cell of an eel-worm counting slide, the grid of 

which covers a volume of 1 ml. The number of larvae under the grid 
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were counted at a magnification of X 35, excluding from the count any 

larvae which were dead. Successive 1 ml, samples were counted until 

the overall average count deviated by less than 5 per cent from the 

previous overall average. In practice some 3  or  4  samples required 

to be counted. 

This procedure was repeated for each diluted aliquot of the orig—

inal suspension and the average counts compared. If the mean estimate 

of any two aliquots deviated by more than 5% from the mean estimate of 

all 3 aliquots, then additional 1 ml, aliquots were taken from the 

original suspension until the difference between the successive mean 

estimates had been reduced to less than 5%. 
This final figure was multiplied by the dilution ratio to give 

the raunber of larvae present in 1 ml, of the original suspension. The 

quantity of larvae needed for the particular experiment was then re—

moved and the density adjusted to the required level. 

Inetion of antmala 

In Experiment 1 the infective larval dose was introduced into the 

back of the throat of each rabbit with a blunted hypodermic needle 

fitted to a syringe. This method proved to be too time—consuming and 

there was always the uncertainty that some of the dose would be lost 

from the sides of the mouth. A much more efficient dosing regime was 

used in all, the other experimentss 

An assistant held the rabbit while a piece of plastic tubing, 2 nsa. 

in diameter, was introduced into the oesophagus. The required dose was 

drawn into a hypodermic syringe and the needle of the syringe attached 

to the free end of the tubing. Usually the larvae were given in a 2 mle 

aqueous suspension followed by a 1 mle trthsefl of water; but with heavy 
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concentrations of larvae it was sometimes necessary to dilute the 

dose to 4 mis. 

Lambs were dosed orally with a gelatin capeuls containing the 

infective larvae absorbed onto rolled pieces of filter paper, 

In all experiments the day of infection is designated day 0. 

F'aeoa]. wor'm-gg couwta, 

The total faecal outpu.t passed over a 24 hour period was oofleot-

ed from individually caged rabbits from the 14th day of infection on-

wards, ?aeoes were collected at the same time each day. When there 

was more than one rabbit per cage t'aecal outputs could not be recov-

ered individually but, where possible, taeoal samples were obtained 

and egg counts expressed as eggs per gram of faeces, 

A quantitative flotation method, modified from that of Stoll 

(1930) 9  was used to estimate the number of eggs when counts were less 

than 200 eggs per gram of faeeea. A sample of two grams of faeces 

from the whole faecal output was broken up in water and the mixture 

centrifuged in four 16 ml.. centrifuge tubes at 1000 r.p.m. for 2 - 3 
minutes. Saturated sodium chloride solution (specific gravity 1.20) 

was added to each tube and the sediment stirred up.. Each tube was 

completely filled to a level surface with salt solution,, covered with 

a 22 urne square coverelip, centrifuged at 1000 r.p.m. for 2 3 minutes 

and the eggs on the coverelip counted under the microscope. The sedi*. 

went was stirred up again, the  levels topped up With saturated salt and 

the operation repeated. A total of four coveralips in succession were 

examined routinely from each tube unless coversilpe without eggs were 

obtained before the fourth one. The total eggs obtained from all four 

coverelips was considered to be over 95'% of the eggs in the faecal sample 

as counts on a fifth coverelip were usually very low. 
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The total eggs counted on all the covrslips from all four tubes 

were added together. This figure represented the number of eggs in 

two grams of faeces ant the eggs per gram was obtained by dividing by 

two. This value multiplied by the number of grams of faeces collected 

over a 24 hour period gave the total number of eggs per day. 

For counts of over 200 eggs per gram a modification of the KoMaster 

method of Gordon and Whitlock (1939) was employed. It two grain sample 

was obtained as before and procedure was the same as the flotation  

method up to the point of the centrifugation of the faeces in water. 

After the supernatant had been poured off, the contents of all four 

tubes were pooled In a graduated measuring cylinder and the volume made 

up to 30 mIse with saturated sodium chloride. Samples were withdrawn 

to fill the counting chambers of McMaster slides. Since the grid of 

each chamber covers a volume of 0.15 mlo the number of eggs counted, 

multiplied by 100, represented the number of eggs per gram of the orig-

inal faecal sample. The usual practice was to count six chambers for 

each sample and take an average of the six counts. But with samples 

containing heavy concentrations of eggs sufficient chambers were counted 

so that the average count deviated less than 5% from the average of the 

previous counts. 

Coocidialocoyst counts. 

The technique uoed was based on that of Davies, Joyner and Kendall 

(193) and was similar to the worm-egg counting technique described 

Pascal samples of two grams were broken up in water and the volume 

made up to 60 nile. After thorough shaking, 30 mis, of the suspension 

were filtered through muslin into two graduated centrifuge tubes i.e., 
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15 mis. per 'tube, and the tubes were centrifuged at 1500 r.p.m. for 

2 minutes. The supernatant was poured off, the sediment stirred 

up and the tubes refilled to the 15 ml& ma* with saturated sodium 

chloride. Both chambers of a McMaster slide were filled by samples 

withdrawn from the tubes. The total oocyats in both chambers were 

counted under the microscope at a magnification of X lOC) and an 

average taken, The dilution of the original suspension was one 

gram of faeces to 30 ntis, water and the volume of a counting chamber 

is 0,15 mis. Therefore the mean 000yst count, multiplied by 200, 

represented the number of eggs per gram of the original faecal sem:ple. 

Killing of ar4mals aid Post mortem procedure. 

1xoep$ for Experiment 2, rabbits were killed by first stunning 

them and then quickly breaking their necks. 

After slaughter the abdomen was opened and the intestines were 

removed with the stomach by cutting the rectum, the mesentery at their 

root and then the ossophagus. The email intestine was 'tied off at 

the pylorio valve ad the sacculus ro'tundus and out free from the rest 

of the intestines. It was then slit open along its length and dig- 

ested in a 1% pepsin - 1% hydrochloric acid solution at 409C for 6 8 

hours. This resulted in almost complete digestion of the intestine 

with the release of any worms, particularly fourth.stage larvae, held 

in the mucosa, Pieces of muscular material not digested were exam-

ined under a dissecting miorosoope at a magnification of X 35; if 

any worms were still attached they were picked off with a dissecting 

needle. The worms were resistant to the action of the digesting 

solution and usually died in an extended condition which made class— 

ification and measurement easier. Sufficient fortnalin was added to 

the digested material to make the final concentration 5%. 
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'orm Counts.  

The intestinal material was made up to a known volume, usually 

between 250 * 5(X) nls., and agitated to form an even suspension. 

Successive aliquots were removed with a wide mouth graduated pipette 

(diameter 10 mm.) the contents of which were discharged into a mias-

tiring cylinder. The proportion of the total material which was re-

moved for searching varied with the type of experiment. 

The sample material was diluted and searched under a binocular 

dissecting microscope at a magnification of X 35. Rectangular 

perspex trays marked longitudinally with lines 6 mm. apart were used 

to hold the material. Searching was systematic and the guiding 

lines ensured orderly progression through the material, Provided 

the trays were filled, to a suitable depth the worms could easily be 

seen and picked out with a dissecting needle or in a pipette. Once 

all the worms were recovered, and this was ascertained by doing a 

second search of the material, they were stored in 5 formalin. 

At first the worms were separated from the other debris before 

they were counted and classifiedl, but it was found that it was 

quicker to do this as the worms were being picked out. Fourth-

stage larvae were classified at a magnification of X 50 and third-

stage larvae at a magnification of X 240. 

Classi ieaj~on of worms. 

The stage of development of worms was decided according to the 

following criteria: 

The tail of the third-stage exaheathed larva has only one notch, 

whereas the tail of the fourth-stage larva has two notches, Larvae 
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were classed as being in the third or fourth moults only if the 

double sheath was clearly visible doubtful cases were not in-. 

eluded.. Apart from the 10th, 12th and 14th days of infection in 

Experiment 2, the numbers of larvae recovered in the fourth moult 

were so few that these were grouped along with fourth-stage larvae. 

Late fourth-stage larvae were separated from young fifth-stage 

forms by the stage of formation of the bursa in the males and by the 

degree of development of the sphincters in the females. In young 

fifth-stage females the sphincters are fully formed but they are 

only developing in females undergoing the fourth moult • All worms 

which had completed the fourth moult were classed as fifth-stage, the 

terni]os being grouped as gravid or non-gravid according to whether 

eggs were present in the uterus or not, No distinction was made 

between ixssatuxe and mature males but the spiculse of worms which had 

attained a length of 8 to 9 uza. were usually solerotized. Since males 

appeared to develop slightly faster than females the maturity of the 

male population can be gauged by a comparison with the proportion of 

gravid worms in the adult female population,, 

and worn measurements, 

Measurements of the length and diameter of eggs were made directly 

with a micrometer eyepiece, fitted to a compound microscope, on samples 

mounted in water and floating freely under the coveralip to prevent 

distortion. The magnification used was X 400. The scale on the 

eyepiece was calibrated with a micrometer slide and the measurements 

converted to microns. 

Worms were mounted on slides in a mixture consisting of one part 
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formalin to one part glycerin and classified under the microscope 

at a magnification of X 100. Body length was measured by pro—

jecting the magnified image of the worm on to a sheet of paper 

and the length was recorded by drawing a line from end to end down 

the central axle of the image • The lines were measured with 

dividers and the length of each worm calculated. The magnifio—

ation used was X 30 35. 

To determine the degree of shrinkage caused by preservation in 

5% formalin the body lengths of 20 mature adults of each sex were 

measured twice before, and twice after, fixation in fox'ma3.in. The 

results are shown in Table 1. Males measured after fixation were 

0.2 1.85 mm. shorter than before fixation, with an average decrease 

in length of 1.00 mm. (standard error+ 0.09 mm.). On average, the 

females were 1.18 0.11 mu. shorter after fixation and shrinkage 

ranged from 0.25 2.05 mm, in individual worms. It would appear 

therefore, that preservation in 5% formalin results in a certain 

degree of shrinkagel but this is not excessive being, on average, 

less than 10% of the body length of the  worm. 

iiistoloiea1 technique. 

To obtain material for histological study portions of the small 

intestine were excised as soon as possible after slaughter and fixed 

in either io% formol saline or Bouin'a fluid for 24 hours. The 

tissue was dehydrated in alcohol, cleared in toluene or cedar oil 

and embedded in paraffin wax. Transverse sections about 8 - 10 

thick were out from the tissue, brought to water stained with 

haoniatoxy1jn and eosin and mounted in Canada balsam. 
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ab1e 3. 

Body lengths in nmia of male and female worm 
before and after fixation in 5% foz'inalin. 

Measurements of length 
in mi. before fixation. 

Measurements of length 
in mm. after fixation. 

Dift. 
worm between 
No. 1 2 Man 3. ?ean -Mgmv 

MALi8 
1 12.2 12.2 12.2 11.3 11.3 113 0.9 2 12.0 12.3 12.15 11.0 10.8 10.9 - 1.25 
3 9.6 9.9 9,75 8.9 9.1 9.0 - 0.75 4 9.6 9.4 9.5 8.8 8.4 8.6 - 0.9 
5 32.3 31.9 12.1 11.3 11.0 11.15 - 0.95 6 12.2. 12.4 12.25 11.1 11.1 1161 - 1.15 
7 9.8 10.1 9.95 8.9 9.2 9.05 - 0.95 8 10.8 10.5 10.65 10.4 100 10.2 - 0.45 9 11,9 11.8 11.85 10.4 10.6 10,5 1,35 10 11.4 11.3 11.35 10.5 10.6 10.55 - 0.8 U 10.5 10.8 10,65 9.0 9.3 9.15 1.5 12 10.6 10.5 10.55 9.0 9.2 9.1 - 1.45 13 9.6 9.3 9.45 8.6 8. 8.55 0.9 14 10.8 10.8 10.8 9.0 8.9 8.95 1.85 15 9.8 9.9 9.85 8.6 8,7 8.6 - 1.2 16 12.4 12.4 12.4 12.0 11.6 11.8 - 0.6 

17 11.1 11.0 11.05 30.0 9.9 945 1.1 
18 11.1 11.5 11.3 10.6 10.4 10.5 - 0.8 
19 10.2 10.0 10.1 9.7 10.1 9.9 0.2 20 10.3 10.5 10.4 9.4 9.7 9.55 - 0.85 

Mkkms 
3. 13,5 13.3 13.4 3.3.2 12.9 13.05 - 0.35 2 14.5 14.0 14.25 13.5 13.8 13.6 - 0.6 
3 15.3 15.1 15.2 14.0 14.0 14.0 - 1.2 
4 14,8 15.4 15.1 14.8 14.9 14,85 - 0.25 
5 16.8 17.1 16.95 15.1 15.5 15.3 - 1.65 6 15.4 1.8 15.6 13.5 13.6 13.55 - 2.05 
7 1.5.6 15.8 15.7 14.3 2.4.8 14.55 - 1.15 8 14.8 15.0 14.9 1.6 14.0 13. - 1.1 
9 14.3 14.8 14.55 13.3 13.9 13.6 0.95 10 13.3 12.8 13.05 12.4 12.4 12.4 - 0.65 11 15.3 15.2 15.25 14.0 14.3 14.15 - 1.1 12 15.8 15.9 15,8 13,9 14.0 13.95 - 1.9 1.3 15.5 15.8 15.65 14.3 14.5 14.4 - 1.25 

14 15.8 15.4 15,6 14.6 14.9 14.75 0.8 15 18.5 17.8 18.15 15.9 16.3 16.1 - 2.05 16 14.4 24.8 14.6 13.5 13.5 13.5 1.1. 17 16.7 16.4 16.55 15.4 24.9 15.15 - 1.4 18 13.9 13.5 13,7 12.8 12.5 12.65 1,05 19 15.8 16.5 16.15 14.3 14.7 14.5 - 1.65 20 14.9 14.6 14.75 13.6 13,2 13.4 - 1,35 
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The infection of rabbits with eneheathed and exaheathed infective larvae 

Nematodirus bat tue. 

xperimentai Plap 

The infective larvae used in this experiment had been stored at 

8.50C for three months, Half of the larval suspension was exeheathed 

In 0.1% sodium hpochlorite and the larvae washed six times in tap 

water with mild centrifugation* Two rabbits were dosed with ezeheathed 

larvae and two with eneheathed larvae each rabbit receiving 7,000 

larvae on two successive days. The age of the rabbits was eleven weeks. 

Eight days after infection one rabbit from each pair was killed. M 

aliquot of one—tenth of the intestinal material from each was searched 

for wor 	The remaining rabbits were killed 22 days after infection. 

The email intestine of each rabbit was stretched on a bench and divided 

Into half; an aliquot of one-fifth of the  intestinal material from each 

half was searched. Samples of worms from all four rabbits were measured. 

Fourth-stage larvae of N. battu were recovered from both rabbits 

killed eight days after infection, but a greater number was found in the 

rabbit dosed with the ensheathed larvae (Table 2). There appeared to 

be as many larvae in the posterior part of the intestine as in the 

anterior part. In view of the fact that N. battus in sheep is usually 

found in the anterior part of the small intestine, it was decided to 

divide the email intestines from rabbits killed 22 days after infection 

at the mid—point to determine the location of the worms. The greatest 

number of worms was found in the anterior half of the intestine of each 
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rabbit (Table 2). Gravid females were recovered from the rabbit which 

had been dosed with ensheathed larvae and the uteri of some of these 

females contained fully developed eggs with eight cells. But, al—

though mature adult males and immature fifth—stage females had devel—

oped in the rabbit infected with exsheathed larvae, no gravid females 

were recovered. 

The measurements of samples of worms recovered from the four 

rabbits are given in Table 3. Samples of 40 larvae from each of the 

two rabbits killed 8 days after infection were measured; 40 worms 

of each sex were measured from the rabbit dosed with ensheathed larvae 

which was killed after 22 days and 20 worms of each sex from the other 

rabbit killed on the earns day. Measurements of the length of N. battus 

recovered from sheep have been made by Crofton and Thomas (1954) and 

Thomas (1959a). Their results are summarized in Table 4. The lengths 

of the majority of worms on the eighth day of infection from the rabbit 

dosed with erishoathed larvae were within the range 3 - 4 mm., although 

some worms attained a size of 5.0 mm. By comparison, the length of the 

majority of larvae from sheep after 8 days infection ranged from 3 to 7 

mm. Some of the larvae in rabbits were probably only 7 days old as the 

larval dose was given over two days. The lengths of the adult males 

and gravid females from rabbits were smaller than those from sheep, 

as estimated by the overall population range, but many tell within, or 

Just outside, the range in size given for sheep. None attained the 

maximum sizes quoted by Crofton and Thomas (1954). A statistical oom. 

perison of worm measurements obtained in this study with those of worm 

lengths attained in sheep cannot be made, as the authors quoted in 

Table 4 do not give sufficient data. 
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Differential N. battus worm counts of four rabbits killed 8 and 22 days after infection. 

Rabbit number. 11 13 12 14 

Age of infection (days). 8 8 22 22 
Infective larvae administered. Sheathed Ixsheathe4 Sheathed Exaheathed 
Part of small intestine. Thole Whole Anterior 	Posterior Anterior 	Posterior 

5th-stage female, gravid. 

- I 	 -- 	-- 	 - 

	

70 	 10 0 	0 

5th-stage female, non-gravid. 125 	 30 25 	0 

5th-stage male. 185 	 30 30 	0 

4th-stage female. 1,260 200 40 	 5 75 	0 

4th-stage male. 970 130 30 	 0 55 	0 

Early 4th stages 0 0 0 	 0 0 	0 
Total Wortns 21230 330 450 	 75 185 	0 
Total 5th stage. 0 0 380 	 70 55 	0 

Total 4th stage. 21230 - 	330 70 	 5 130 	0 

% total worms/larval dose. 16 2 4 1 	 - 



Table 3 	 Experiment 1 

Measurements of body length (in nmi,,) of N. battus from four rabbits killed 
8 and 22 days after initial infection. 

Me of 
infection 
in days 

infective 
larvae 
administered 

Stage of 
develoment 
of worms 

Number 
of worms 
measured 

Mean length 
of worms 

in mm 

Standard 
error 
of mean 

Range in length 
of worms 
in ms. 

8 Enaheathed 4th-stage female 40 3.7 0.08 2.6 - 	5.0 
8 4th-stage male 40 3.5 0.08 2.5 - 	4.8 
8 Exsheathed 4th-stage female 40 3.1 0.06 2.2 - 	4.2 
8 4th-stage male 40 3.0 0.06 2.4 - 	3.9 

22 Ensheatbed 5th-stage female, gravid 12 14.1 0.39 12.1 - 	16.7 
22 5th-stage female, non-gravid 23 9.9 0.30 7.1 - 	12.3 
22 " 5th--stage male 35 10.6 0.31 5.9 - 	13.8 
22 " 4th-stage female 5 5.0 0.39 3.9 - 	6.0 
22 0  4th-stage male 5 4.1 0.23 3.4 - 	4.7 
22 Elsheathed 5th-stage female, non-gravid 5 11.2 0.49 10.2 - 	12.9 
22 5th-stage male 6 8.6 0.83 6.3 - 	10.9 
22 4th-stage female 15 4.0 0.10 3.6 - 	5.0 
22 ft  4th-stage male 14 3.8 0.16 3.1 - 	5.2 
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Measurements (in mm..) of body length of R. battus from sheep. 

Age of 
infection 
in days 

Stage of 
development 
of worms 	- 

Range in 
length (mm.) 
of majority 

Range in 
length 
(mm.) Reference 

5 4th—stage 2.4 - 3 1.4 	4 Thomas (1959a) 

8 4th—stage 3 - 7 - 'I 

12 5th—stage 8 - 12 6 	15 

- Adult males 10 - 16 Crofton & Thomas(1954) 

- Adult females 15 	24 ft 

4O— 
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This experiment showed conclusively that N,, balujiLs is capable of 

developing to the adult stage in rabbits., Although the worms were 

smaller than those from sheep the females were capable of laying eggs. 

As only four rabbits were used it could not be concluded that a higher 

percentage of larvae developed from sheathed larvae than from larvae 

exshoathed in sodium hypochlorite; but it was shown that larvae could 

xahaa$h in rabbits and that up to 16% of the larval dose could become 

established. The percentage of worms from the larval dose which became 

established was rather low, but it was thought that this may have been 

partly clue to the age of the infective lawae* 

10 

parasitic development of F. battus in rabbits in relation tothe 

of the infection. 

$menal Plan, 

As a basis for future experiments, and to compare the development 

of N, b.tjw, in rabbits with that in sheep, an experiment was designed 

to determine (a) when the moults occurred; (ii) the relationship of 

the moults to grawthl (iii) the distribution of worms along the  small 

intestine at different stages of the infection, 

Twelve rabbits aged 7 weeks were dosed with 189000 larvae owh. 

Rabbits were killed 2, 4, 6 0  8 9  10, 12, 149  16, 209 24,  28 and 32 days 

after dosing. 

As the distribution of the worms was to be studied it was important 

to ensure that no violent intestinal muscular activity took place at 

death. Accordingly, animals were killed with chloroform administered 
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GO so as to cause as little agitation as possible, and after removal the 

email intestine was stretched on a wet bench and divided into ten 

equal sections, Each section was tied off, alit open and digested 

individually. A sample of one fifth of the contents and digest from 

each section was searched for worms. Small portions of intestine, 

approximately 2. cm, long, were excised at the junction of different 

sections for subsequent histological examination. 

Worm recovered from the searched samples were counted and class-

ified according to stage of development and sex. Measurements were 

made on the lengths of a sample of over 200 worms from each rabbit 

taken from the most heavily parasitized sections of the intestine* 

Because of the small size of the larvae recovered from rabbits 

killed 2, 4  and 6 days after infection,extra precautions were taken to 

make sure that all of these larvae were recovered, Any lumps of 

intestinal material still remaining after digestion of the Intestines 

were broken up by pumping them in and out of a syringe fitted with a 

needle of about 1 em, diameter. The intestinal material was searched 

first at a magnification of X 35 and then re-searched at K 50. All 

larvae r64overed from the rabbits killed on the second and fourth days 

of infection were mounted on slides in a mixture consisting of one part 

foz'malin to one part glycerin and classified at a magnification of 

X 240. 

From the 14th day of infection,faecee were collected over 24 hour 

periods and salt flotation was used to determine whether worm-eggs were 

being passed. After the presence of eggs had been detected, faeces 

were collected over 48 hour periods and 3 gram samples were used to 

determine the number of eggs per gram, For samples with over 200 e.p.g. 
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successive McMaster slide chambers were counted until the average 

count deviated lees than 5% from the average of the previous counts. 

Results. 

Develont gC wor 1  

The differential worm counts at successive stages of the infec- 

tion are presented in Table 5. The percentages of warns recovered at 

slaughter in relation to the larvae administered ranged from 10 36% 

over the first 24 days of the infection,. From the decline in egg counts 

(?ig.l) it would seem that the lower percentage recoveries of worms on 

days 28 and 32 were probably due to excessive lose of worms at this 

stage of the infection. 

Of the third-stage larvae recovered on the second day of infection 

only a small proportion was In the third moult. By the fourth day of 

Infection the majority was in the third moult although a small number 

had developed to the fourth stage. Thirty unsheathed infective larvae 

were recovered on the second day of infection and 45 on the fourth day. 

These larvae have not been included In the worm totals shown in Table 5. 
Nearly all the larvae recovered on the sixth day were in the fourtI 

stage and were large enough to enablø the sexes to be dIettnuiehed. 

On the eighth day all the larvae were still in the fourth stage but 

rabbits killed 10, 12 and 14 days after infection had worms in fourth 

stage, fourth moult and fifth stage. On days 10, 12 and 14 the per-

centages of worms in the populations which were in the fifth stage were 

8%, I% and 54% respectively. The fact that the worm burdens of the 

latter two rabbits had a similar proportion of fifth-stage worms inaio-

ates that individual differences between rabbits may affect the rate of 

development to the fifth stage, The majority of fifth-stage worms 



recovered on days 10 and 12 was trnmatiire, but gravid females were 

present in the 14-day-old infection and the apioulea of many of the 

males were solerotized. Although a small proportion of males on the 

12th day had lightly solerotised spioules,moat were colourless, 

The greater pert of the worm burdens obtained from rabbits killed 

on the 16th and later days of the infection consisted of mature adults, 

although these populations also contained, a small proportion of in-

mature fifth-stage worms and fourth-stage larvae. From their size 

(Table 7) and degree of development those larvae appear to have been 

inhibited about mid-fourth stage. With the size of larval dose used 

therefore, the rate of development of the whole population is not 

uniform but the more rapidly growing worms reach sexual maturity in 

14 days. 

The percentage of females in the total worm burden, including 

fourth-stags larvae which were sufficiently advanced in development 

to be sexed, was approximately 56%. This incidence was remarkably 

constant in all the nematode populations except for day 28 where the 

figure was probably affected by the low number of worms recovered, 

eoauae large numbers of early fourth-stage larvae too small to be 

sexed were present, the estimate given for the day 6 worm burden may 

be biased. 

On days 10, 12 and 14 after infsction,ihe percentage of fifth- 

stage males which had developed in each male population was greater 

than the corresponding figure for fifth-stage females (Pablo 6), 

A statistical test (chi-square), an the actual numbers of worms re-

covered from the searched samples, showed that this difference was 

highly significant (P<O.00) for worm populations on days 12 and 14. 
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By day 160  however, nearly all the worms of both sexes had undergone 

the fourth moult. 

The infections of four out of five rabbits became patent on the 

15th day of infection and on the 18th day in the remaining rabbit. 

'om Fig. 1 it can be seen that the rabbit killed on day 32 was still 

passing eggs in the faeces and up until that time the total egg pro—

duction was approximately 30 times the larval dose, The peak of egg 

production appeared to be reached about the 26th day of infection in 

rabbits NO. 211 and 212. These eggs were cultured by the usual method 

and they developed at the same rate as eggs from sheep faeces. A 

sample of the eggs batched normally when placed under the conditions, 

described in Materials and Methods, for the hatching of eggs from 

sheep faeces. Six weeks after transfer from 2100 to 8,500,20% had 

batched and after a further six weeks 80 had hatched. 

An interesting point with regard to the parasitic development was 

the large size of the renette cells which were prominent in both larval 

stages and adults. Thomas (1959a) makes no mention of these in N, battus 

but they are outstanding morphological features inN, apathiger and 

have been described in detail by rates and Turner (1955). 

The rate of development of lkbattus in rabbits closely resembles 

that in sheep, Thomas (1959a) dosed four lambs with 50,000 larvae 

each and recovered fourth—stage larvae only. from animals killed 5 and 

8 days after infection, whereas by the 12th day most worms were in the 

fifth stage. The majority of worms, therefore, undergo the fourth 

moult between the 8th 12th days in lambs. By the 15th day of Infec-

tion,most of the population consisted of mature adults with a small 

proportion of immature fifth—stage worms and fourth—stage larvae. 
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Worm Growth. 

The samples of worms for measurement were taken from the most 

heavily parasitized sections of the intestine of each rabbit, al-

though there appeared to be no great difference in the lengths of 

worms in different parts of the organ. The measured worms were 

classified by stage of de'velopment, sex where possible and body 

length. The results are summarized in Table 7 and the mean length 

with standard error for each population given. The complete data 

are shown in Table 8 where the worms have been grouped in various 

size classes to simplify presentation. The mean lengths of the 

various worm populations are plotted graphically in Figure 2. 

The mean length (0.84 an.) of third-stage larvae recovered 

48 hours after infection was only a little greater than that of 

exaboathed infective larvae (0e82 mm,) from the dosage suspension. 

Larvae in the third moult from the four-day-old infection showed only 

a small increase in length over third-stage larvae recovered two days 

earlier and those from the dosage suspension. To complete the third 

moult little growth appears to be necessary; although some larvae in 

the third moult attained a length of 1.4 mm. the mean length (1.08 urn) 

was the same as that of the early fourth -stage larvae. Only a small 

number of early fourth-stage larvae were measured but from an exam-

ination of the size range (Table 7) none were any longer than those 

in the third moult. 

Steady increase in size occurred during the fourth stage. Female 

fourth-stage larvae were on average longer than males and the latter 

moulted over a smaller size range than the former. There seemed to 

be no lethargus or slowing down in growth during the fourth moult. 



If  - 

By the 10th day of infection a considerable proportion of worms was 

in the fourth moult or had developed to the fifth stage, and the fourth-

stage larvae were significantly longer than those 8 days old. Although 

there was an overlap in size range between worms in the fourth stage 

and fourth moult, and those in the fourth moult and fifth stage, there 

was virtually no overlap in size between fourth-stage larvae and fifth-

stage worms (Table 8),, 

fth-stage worms showed considerable growth between the 10th and 

20th days of infection. Significant differences were apparent between 

the mean lengths of some fifth-stage male and female worm populations 

recovered 20, 24 and 32 days after infection ('Pablo 7), although the 

actual differences in length were small. The standard error was used 

to estimate 95% confidence limits for the mean. The mean length of 

gravid females on the 20th day of infection was more than that of 

gravid females on the 32nd day although the maximum size attained by 

females in the latter population was greater. Witth-stage males on 

the 32nd day of infection were longer than those on the 20th day 

although the difference in mean length was 0.5 umi, only. From these 

results it seems there is little further increase in growth of fifth-

stage populations after the 20th day of infection. In infections 200  

24 and 32 days old there was little overlap in the size range between 

gravid and non-gravid females from the same population and the mean 

length of the latter was always shorter. The maturity of fifth-stage 

males could not be readily assessed but the size range of fifth-stage 

male populations was more compact than that of the females and only 

3% (day 20) and 1% (days 24, 32) were less than 8 smi. long. The size 

range of fourth-stage larvae lay completely outwith that of the fifth-

stage worms in populations 20, 24 and 32 days old. 



When a comparison is made of the lengths of worm at equivalent 

days after infection in rabbits and lambs (Table 4) most worms  from 

rabbits appear to be smaller than those from lambs. Although lengths 

of larvae from rabbits tend to fall within the range given for lambs 

they never reach the mRxIrnwn given for lambs. However, when the data 

on larvae in the fourth moult from rabbits killed 101, 12 and 14 days 

after infection are studied it is apparent that fourth-stage larvae 

from rabbits and lambs moult at approximately the same sise. This 

may be because the more advanced larvae in the populations from rabbits 

grow more quickly than the majority. Pourth.stage males moult over the 

range 4.4 5.8 mm. (mean 5.2 mm.) and females over the range 5.0 - 7.0 

mm. (mean 6.0 mm.). According to Thomas (1959a)  the fourth moult occurs 

at about 6.0 mm* in lambs - he did not give separate figures for males 

and females. Thus development to the fifth-stage takes place at approx-

imately the same stage of growth in both hosts, Although mature adult 

worms recovered from rabbits (days 20, 24 and 32)  are smaller than those 

from lambs the size ranges overlap to a certain degree, 

Rr';T  measttrements. 

Samples of 50 eggs from the faeces of each of 7 rabbits  (4 from 

cperiment 2 and 3 from later experiments) and a sample of 100 eggs from 

the pooled faeces of four lambs were measured. The data are presented 

in Table 9 together with measurements of 1L, battus eggs quoted In the 

literatures  There was little variation in the mean lengths of eggs 

taken from the faeces of different rabbits, but there were significant 

differences in mean diameter of eggs between some samples. The standard 

error was used to estimate confidence limits of the mean. The mean lengths 

of eggs measured in this study from rabbit and sheep faeces were the same, 
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but the mean diameter of eggs from sheep faeces was greater than the 

mean diameter of eggs in any ample from rabbit faeces. The  ranges 

in length and diameter of eggs from the two sources were similar. 

The moan length of eggs quoted by Thomas (1959a) falls below 

the range of moans found in this study, whereas the mean diameter 

Of his eggs is greater than the mean diameter of eggs in some. samples 

from rabbit faeces but not all. The ranges in length and diameter of 

eggs in rabbit faeces are similar to those quoted by the authors re-

ferred to in Table 9 with the exception of the  range in diameter given 

by Crofton and Thomas (1954), which does not agree with that of Thomas 

(1957, 1959a) either. 

atributin of Mn" 21oq the elgal.Intestie. 

Histograms of the number of worms in each section of the small 

intestine on the various days of infection are shown (Flg,3). The 

differential counts of worms recovered from each section of the small 

intestine at different stages of the infeotion are presented in Table 10. 

The mean and mode of the distribution of the various worm populations 

are given in Table 11. 

The whole of the small ±ntestire from sections 1 - 10 was paras-

itized throughout the course of the infection. In general, the bulk 

of the worms was found in the middle of the intestine with relatively 

fewer worms in the anterior and posterior parts. Jurth-stage 1arae 

and fifth-stage worms seem to parasitize the same part of the intestine. 

This suggests that the larvae select the sites for attachment and the 

fifth-stage worms grow and develop in the same place. 

The distribution of the third.-stage larvae appeared to be different 

from that of the later stages as they were distributed more evenly along 

the small intestine, A much greater proportion of larvae was found at 



48 hours in the anterior sections and there was no marked peak about 

the middle although sections 6 - 8 tended to be more heavily paras-

itised. The posterior half of the intestine in the 4-day-old in-

fection was much more densely populated than the anterior half, the 

mode being in section 9. During the third stage many of the larvae 

have probably not settled permanently and become firmly attached. 

Larvae in the anterior sections probably migrate down the intestine 

to the middle part but it is not clear whether larvae in the posterior 

sections move forward or whether they are lost altogether. 

On the 12th, 14th and 20th days of infection there was a signif-

icant difference between the means of the male and female worm distrib-

utions (Table 11). On each of these days the mean of the male popul-

ation was posterior to that of the female population. There was no 

significant difference between the distribution means of the sexes 

on the other days of infection. The population mode for each sex 

usually occurred in the same section but on the 10th and 16th days of 

infection the population mode of the males was posterior to that of 

the females. On both days the modes occurred in adjacent positions 

and the difference in the number of worms between the two sections 

was very small. 

There was little to suggest that worms developed more rapidly in 

any particular part of the intestine. Two dais after infection a small 

percentage of larvae in the third moult was found in each section of 

the intestine, On the fourth day of infection a greater proportion of 

third-stage larvae not yet in third moult was found in sections 6 9 

than in other sections, but most of the early fourth-stage larvae were 

recovered from sections 7 and 10. Fifth-stage worms developed in all 

sections of the intestine and there was no evidence that inhibited 
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fourth-.atage larvae were found in any particular part as they were 

distributed along the whole length of the intestine. 

To study the position of the worms in situ,portione of the small 

intestine, exoised as soon as possible after slaughter, we" out 

longitudinally and examined in warm saline in a petri dish with a 

dissecting microscope. In the 2-day to 8-day infections the laruae 

were buried mainly in the wall of the intestine and few were seen 

on the surface of the mucosa. On the 10th, 12th and. 14th days of 

infection the majority of worms was lying in the mucus layer on the 

surface of the mucosa. At later stages of the infection most worms 

were found free in the intestinal lumen with some lying on the mucosal 

surface. No pathological changes were seen macroscopically in any of 

the rabbits. 

Histological, eaniinatjon. 

Sections from the intestines of rabbits killed 2, 4 and 6 days 

after infection showed larvae coiled among the villi. Some larvae 

were lying between the villi causing distortion of the walls, others 

were coiled tightly round villi causing severe compression and. con-

striction* Generally, the epithelium of villi adjacent to larvae was 

intact in rabbits with infections two and four days  old, but loss of 

epithelium due to a larva was observed on one occasion. In the 6-day 

infection there were indentation marks in the epithelium of the villi 

where the ridged cuticle of the larvae had come in contact and erosion 

of the epithelium with penetration of the lemma propria by larvae was 

seen in some sections. Larvae in sections from the 8-day infection 

showed the deepest migration into the mucosa, and some had reached 

the base of the intestinal glands although none were seen to penetrate,. 



Table 5 	 J,eriaent 2 

Differential worm counts of rabbits killed at different stages of the infection 
(number of worms observed in sample X 5). 

Rabbit number.. 

Rabbit sex. 

.Age of infection (days), 

21 

11 

2 

22 

7 

4 

23 

M 

6 

24 
P 

8 

25 
M 

10 

26 

M 

12 

27 

P 

14 

28 

F 

16 

29 
P 

20 

210 

M 

24 

211 

P 

28 

212 

7 

32 

5th-stage female, gravid. 165 460 1795 1175 10 475 
5th-stage tamale, non-gravid. 110 1060 1135 515 330 80 20 55 
5th-stage male. 135 980 1165 775 1715 805 70 390 
4th-stage female in moult. 705 485 510 - - - 
4th-stage female. 1095 3610 885 740 815 55 180 55 45 60 
4th-stage wale in moult. - - 545 425 295 .. - - - 
4th-stage wale. 810 2740 545 300 460 30 120 65 15 90 
Early 4th-stage. 70 585 50 5 0 0 30 0 0 20 100 
3rd-stage in moult. 470 2225 40 15 0 0 0 0 0 0 0 0 
3rd-stage. 4135 325 0 0 0 0 0 0 0 0 0 0 

Total worms. 4605 2620 2530 6415 2930 3990 4545 1865  4140  2180 180 1170 
Total 5th-stage. - - - - 245 2040  2465 1750  3840 2060 100 920 
Total 4th-stage. - 70 2490  6400 2685 1950 2080 115 300 120 80 250 % females/total sexable worms. - - 58 57 58 57 58 56 56 60 47 55 % total worms/larvaldose. 26 15 14 36 16 22 25 10 23 12 1 7 



Table 6 	 Rxperiment 2 

The percentage of fifth-stage males and females in worm populations 
recovered 10, 12, 14 and 16 days after infection. 

ior 
!(day:) 

Actual rr'bers of worns recovered % 5th-stage 
females 

% 5th-stage 
males 
total 
males 

2 
Degrees 
of 

freedom 

Probability 
or no 

significant 
 difference 

5th-stage 
females 

5th-stage 
males 

4th-stage 
females 

4th-stage 
males total 

females 

10 22 27 318 218 7 II 3.3 1 P> 0.05 

12 212 196 245 145 46 58 9.2 1 P < 0.005 

14 260 233 265 151 50 61 11.2 1 P <0.005 

16 195 155 11 6 95 96 0.2 1 P> 0.05 

2 
X 	Oh-squared (Srxedecor, 1956). 
P 	Significance level achieved by data. 



Table 3 
	

Experiment 2 

Measurements (in ran.) of body length of N. battus from rabbits 
killed at different stages of the infection. 

Age of 	 No. of Mean 	Stand- 	Range in 
infect- 	 worms 	length ard 	length of 
ion in 	Stage of 	 meas- 	of worms error 	worms in 

0 3rd stage 100 0.82 0.006 0.70 - 	0.95 
2 3rd stage 188 0.84 0.003 0.70 - 	1.00 

3rd stage in moult 21 0.87 0.011 0.80 - 	0.95 
4 3rd stage 46 0.94 0.017  0.70  1.1 

3rd stage in moult 194 1.08 0.009 0.80 - 	1.4 
Early 4th stage 14 1.08 0.031 0.90 - 	2.2 

6 4th-stage female 123 2.7 0.03 1.7 - 	3.4 4th-stage male 107 2.5 0.03 1.7 - 	3.4 
Early 4th stage 23 1.9 0.02 1.1 - 	2.5 8 4th-stage female 114 3.8 0.06 2.3 - 	5.8 
4th-stage male 104 3.4 0.05 2,6 - 	4,9 10 5th-stage fema1e,non-avid 14 7.4 0.14 6.5 - 	8.5 
4th-stage female in moult 50 6.1 0.04 5.3 - 	6.7 4th-stags female 63 4.8 0.12 2.6 - 	6.1 
5th-stage male 16 6.4 0.15 5.3 - 	7.3 
4th-stage male in moult 51 5.2 0.04 4.7 - 	5.8 
4th-stage male 46 4.0 0.11 2.3 - 	5.5 12 5th-stage female,non-gravid 70 8.9 0.15 6.2 - 11.5 
4th-stage female in moult 20 5.9 0.12 5.0 - 	7.0 
4th-stage female 51 4.,7 0.13 2.9 - 	6.4 5th-stage male 71 7,5 0.10 5.6 - 	9.4 4th-stage male in moult 23 5.0 0.09 4.4 - 	5.5 4th-stage male 25 4.1 0.15 2.6 - 	5.5 14 5th-stage temale,gravid 17 13.2 0.20 11.9 - 14.8 
5th-stage female,non-gravid 71 10.6 0.19 6.2 - 13.9 4th-stage female in moult 16 5.8 0.12 5.0 - 	7.0 4th-stage female 26 4 ,4 0.19 2.9 - 	6.4 5th-stage male 69 8.7 0.15 5.3 - 21.2 4th-stage male in moult 10 5.0 0.12 4.4 - 	3.8 4th-stage male 38 4.2 0.12 2.9 - 	5.5 16 5th-stage female1gravid 61 12.5 0.11 11.0 - 14.5 5th-stage female,non-gravid 52 10.0 0.15 6.8 - 12.4 4th-stags female 104.]. 0.3]. 2.9 - 	6.1 5th-stage male 102 8,7 0.09 6.2 - 12.7 4th-stage male 10 3.5 0.25 2.3 - 	5.2 20 5th-stage female,gavid 98 14.5 0.12 11.3 - 18.1 5th-stage fewa1e,non-gravid 20 10.1 0,42 6.8 - 22.4 4th-stage female 10 3.6 0.43 3.2 - 	4.9 5th-stage male 121 10.0 0.3.2 6.5 - 13.6 4th-stage male 11 3.2 0.11 2.6 - 	4.3 24 5th-stage female,gravia 120 13.7 0.09 11.6 - 16.6 5th-stage feinale,non-gravid 20 9.8 0.36 6.8 - 12.1 4th-stage female 10 3.2 0.15 26 - 	4. 5th-stage male 103 10.0 0.07 7.1 - 11. 4th-stage male 10 3.2 0.21 2.3 - 	4.6 32 5th-stage female,gravi.d 132 14.0 0.15 11.0 - 19.9 5th-stage female-gravid 20 9.1 0.35 6.8 - 11,8 4th-stage female 5th-stage male IA 100 .1 

lu.5 0.07 0.14 2.6 
7.4 

- 
4th-stage male 12 3.0 0.12 2.0 - 	3.7 



Table 8 
	

Experiment ,2 

Frequency distribution or worm lengths in populations of N. batti.w from rabbits killed 
at different stages of the infection. 

- Size class i. 

g t O. 

- 
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I 
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I 
' . 

I 
'0 . ' 	r 0 j 0 0 0 0 0 r'4 rl v-I CJ C 03 - ( E tS\ Q 

o 3rd stage 1 79 27 2 109 

2 3rd stage 14 59 85 30 188 
3rd stage in moult 3 13 5 21 

4 3rd stage 3 5 7 24 7 4 
3rd stage in moult 3 22 48 115  6 194 
Early 4th stage 2 4 8 14 

6 Early 4th stage 2 3 8 5 5 23 
4th-stage female 1 10 21 47 37 7 123 
4th-stage male 1 15 45 37 7 2 107 

8 4th-stage female 1 1 17 20 24 17 15 11 4  1 2 1 14 
4th-stage male 8 30 31 U 8 8 6 2 104 

* Exsheathod infective larva 



Table 8 (Cont.) 
	

Experiment 2 

Size class mm. 

o • • S Co • ' • 0 • '0 • N • Co • qtt  • 0 • O • N • Co • '- 
0 • 0 

N • 
A 

a) • 
A 

• 
%j 

0 
e 

0 . 
çf 

N CO 

rfl ' 	0 	i 
O 

N c' ' - s- .o r- t— '. Co0) CO 
a 0 

r4  
r-4r -4r-4 r4 r-4ri ri H0 

I $ I I I I I 1* 1 1 1 I 
I 

ri 
I I I 

0'. 

1 
U'. 

I 
ri 

I I 
Co W 41 

D 
14> 

44 
( • 4 

U7% • ri 
4 

en Q'. • U'. • ri • • • • U' a S • S * 0-P 43 
r4 .pi w M ' 	0 N N r * ' U'. U'. '0 0) 0) • ON 0 ri 0 9-4 ri H ri r-4 N ri tfl ri r' ri 'ct ri 0 £4  

10 4th-stage female 2 7 6 8 18 15 7 63 
4th-stage female in moult 13 31 6 50 
5th-stags fernale,non-gravid 3 7 3 1. 14 
4th-stage male 2 U 12 10 10 1 46 
4th-stage male in moult 30 21 51 
5th-stage male 4 3 7 2 16 

12 4th-stage female 5 8 11 9 12 6 51. 
4th-stage female in moult 3 7 7 3 20 
5th-stage female,non-gravid 3. 6 5 7 12 14 12 9 3 1 70 4th-stage male 1 5 6  7 5 1 25 
4th-stage male in moult 2 7 4 13 5th-stage male 1 5  15 15 23 9 3 71 

14 4th-stage female 6 4 6  3 5 2 26 
4th-stags female in moult 1 9 4 2 16 
5th-stage fomale,non-gravid 2 1 2 2 2 3 8 13 12 8 10 5 2 1 71 5th-stage female, gravid 4 4 5 0  4  17 4th-stage male 7 8 U 9 3 35 4th-stage male in moult 2 5 3 10 ____ 5th-stage male 3 2 2 4 1015 10 14 8 1 69 



Table 8 (Cont.) 	 Experiment 2 

- Size class m. 

v'i u a 
10 o 

I 
Q ri MIqt Co. C fm '? \O CO 0 CM Ict %O o 

16 4th-stage female 1 6 2 1 10 5th-stage temale,non-gravid 2 6 25 17 2 52 5th—stage feuiale,gravid 8 28 23 2 61 4th-stage male 4 5 1. 
5th-stage male 1 18 52 27 3 1 

10 
102 

20 4th-stage female 9 1 10 5th-stage female non-gavid 3 2 4 9 2 20 5th-stage female,gravid 1 7 25 40 20 4 1. 98 4th-stage male 5 6 11 5th-stage male 1 2 26 55 25 5 7 121 

24 4th-stage female 6 4 10 5th-stage female, non-gravid 4 2 6 5 3 20 5th-stage female,gravid 18 43 51 7 1 120 4th-stage male 6 3 1 
5th,-stage male 1 8 65 27 2 

10 
103 

32 4th-stage female 7 4 11 5th-stage female,nor-gravjd. 6 3 6 4 1 20 5th-stage female,gravid 6 20 48 37 8 5 4 4 132 4th-stage male 8 4 ______ 5th-stage male I 	- 2 45 - 27 10 13 
12 

108 



'I'pble 9 	 periment 2 

Measurements (in microns) of N. battus eggs from rabbit and sheep sources. 

Nos. 

Maximum length in 	'- Maximum diameter in /u - 
Stan- Stan- 

eggs dard dard 

Source of eggs Expt.Wo. 
Rabbit 

No. 
meas- 
tired. Mean 

error 
of mean Range Mean 

error 
of mean Range Reference 

Rabbit faeces 2 29 50 168.3 1..25 149 - 188 70,0 0.38 64 - 76 Present study 
Rabbit faeces 2 210 50 168.4 1.08 153 	187 71.5 0.34 64 - 78 Present study 
Rabbit faeces 2 211 50 169.1 1.12 156 - 186 71,3 0.42 66- 82 Present study 
Rabbit faeces 2 212 50 168.6 1.38 150 - 193 71.9 0.52 67 	89 Present study 
Rabbit faeces 6 78 50 167.5 1,48 148 	195 70.2  0.41 64 - 76 Present study 
Rabbit faeces 6 717 50 171.0 1.61 150 	194 69.4 0.37 64 - 76 Present study 
Rabbit faeces 7 IOU 50 169.8 1.70 10-198 68.9 0.50  64 - 79 Present study 

Total 350 169.0 0,46 148 .. 198 70.5 0,10 64 	89 Present study 

Sheep faeces 100 169.4 0.82  10-197 74.2 0.34 64 -  82 Present study 

Sheep - - - 150 - 195 - - 80 - 95 Crofton & Thomas 
(1954) 

Pemale worms 
from sheep. - - - 160-189 - 67 - 77 Thomas (1957) 

Female worms 
from sheep. 100 164 - 152 	182 72 - 67 - 77 Thomas (1959a) 



Table 	 xez'iment 2 

Distribution of N. battus along the small intestine of rabbits killed at different stages of infection. 
(Small intestine divided into 10 equal sections numbered from the pyloric sphincter) 

Section Number 1 2 3 4 5 6 7 8 9 10 Total 
larvae 

Day 2 of infection 

4th stage 0 0 0 0 0 0 0 0 0 0 0 
3rd stage in moult 50 30 25 55 30 75 60 65 60 20 470 
3rd stage 320 360 310 350 375 655 515 590 385 275 415 
Total larvae 370 390 335 405 405 730 575 655 445 295 46)5 

Day 4 of infection 

4th stage 0 0 0 0 0 5 35 0 0 30 70 
3rd stage in moult 75 160 130 115 275 280 330 260 385 215 2225 
37-d staü 0 0 5 0 5 30 49 90 145 10 325 
Total larvae 75 160 135 115 280 315 405 350 530 255 220 

Day 6 of infection 

4th—stage female 15 50 80 165 145 210 145 175 75 35 1095 
4th—stage male 10 20 90 110 105 145 135 70 115 10 810 
Early 4th stage 30 25 50 15 110 110 45 70 95 35 585 
3rd stage in moult 0 0 0 0 0 15 15 5 0 5 40 
rd $taxm 0 0 0 0 0 0 0 0 0 0 0 

Total larvae 55 95 220 290 360 480 340 320 285 95 2530 



Table 10 (Cont.) 

____________________________________________________ 

Section ituber 1 
-: 	r 

2 
N 

3 4 5 6 
* - 

7 
- 

8 
- 
9 

-I- 

10 Tcrtax 
- •• • - 

PAZ1 2t t!t'eti9Jj 
-. 

4th-stage female 5 130 205 345 555 850 680 445 285 110 3610 
4tetaema1e 0 100 180 230 360 645 543 380 205 95 2740 

i1y4thstage 0 5 5 0 0 0 15 5 5 15 50 
3d sta;o In moult 0 0 0 0 0 0 0 0 10 5 15 

0 0 - 2 0 0 0 0. .0 p 
Total worm., 5 235 390  5T5 915 1495 10 U30 505 23 	- 6415 
I)a 10 21-14e2129 
5W-at 	tamale, noiravi4 C) 5 15 5 40 45 0 0 0 0 110 
50.etaje a*1. 0 0 10 20 70 25 5 5 0 0 135 4th-ete tamale in moult 5 35 125 90 200 135 65 20 25 5 705 
4tb.ct&s male In mu1t 0 20 60 65 160 135 35 30 15 5 545 4th-aetae female 0 5 105 70 230 223 105 55 35 55 885 
4tht1e 3 30 30 40 95 180 60 60 45 20 545 

10 00 345 20 95 745 td 120 85 2930 Total 	tage 0 5 25 25 130 70 5 5 0 0 245 T*tal 4th etae 10 75 320 265 685 675 265 285 220 85 2685 
DAY 12 of inecfl 
5t*eto female, non.ravi4 20 25 IX) 280 255  160 95 60 30 15 1060 
5th..ataa 	a1e 15 5 95 200 255 215 105 60 30 0 980 
4tbatae female in moult 0 35 25 50 100 145 70 45 30 5 485 
4tbmtas male in moult 0 10 10 30 60 95 85 70 30 35 425 
4thet;..fema1e 0 30 40 180 160 210 95 55 50 20 740 4themaIe 0 25 10 55 80 60 25 30 10 5 300 !4rly 4-A 	- 

0 0 0 0 0 0 0 0 0 0 0 ot:io $'1i 31'l9 9W 75 47 )2C WO U 	- 3990 Ttith stage 
Total 4th 	te 

25 
0 

30 
80 

225 480 510 375 200 320 60 35 2040 85 315 - 00 410275 200 120 65 1950 



,Table 10 (Cont.) 

Total 
Section Nurbor I 23 .4 5 6 7 8 9 10 worms 
Day 14 of itlo 
5th-stage female, gravid 5 5 10 55 55 30  5 0 0 0 165 
5th-stage female, non-gravid. 10 15 155 320 230 155 135 25 60 30 1135 
5th-stage male 5 20 100 305 215 160 3.20 75 95 70 1165 
4th-stage female in moult 0 5 35 135 90 90 125 3.0 10 10 510 
4th-stage male in moult 0 5 10 50 70 65 50 25 10 10 295 
4th-stage female 0 10 115 235 140 100 75 40 60 40 815 
4th-stage male 0 10 45 100 125 95 50 5 15 15 460 
ar1y 4th stap.e 0 0 0 0 0 0 0 0 0 0 0 

Total worms 20 70 470 1200 925 695 560 180 250 175 4545 
Total 5th stage 20 40 265 680 500 345 260 100 155 100 2465 
Total  4th stage 0 30 205 520 425 250 200 80 95 75 2080 
RM 16 of infection 
5th-stage female, gravid 0 5 10 150 70 90 70 40 25 0 460 
5th-stage female, non-gravid 0 0 10 80 105 170  80 15 50 5 525 
5th-stage male 0 10 10 165 105 180 200 45 35 25 775 
4th-stage female 5 0 0 25 10 5 10 0 0 0 55 
4th-stage male 0 0 0 5 5 10 0 5 0 5 30 
Elyatae 5. 0 15 5 5 0 0 0 0 0 30 

0ta1 worms 10 13 45 430  300 Z55 360 105 110 35 156 
Total 5th stags 0 15 30 395 280 440 350 100 110 30 1750  
Total 4th stage 10 0 15 35 20 15 10 5 0 5 125 

Day 20 of infection 

5th-stage female, gravid 5 5 75 470 225 420 200 165 170 60 1795 
5th-stage female, non-gravid 0 5 10 50 40 60 55 35 55 20 330 
5th-stage male 5 30 115 375 195 275 205 225 235 55 1715 
4th-stage female 5 5 0 25 45 35 15 30 10 10 180 
4th-stage male 55 5 10 15 5 20 30 15 10 120 

- ar1 	4th stage 0 0 0 0 0 0 0 0 0 0 0 - 
ota1 worms 

Total 5th stage 
Tctal 

20 
10 
10 

5C} 
40 

205 
200 

3O 
95 

520 
460  

795 
755 

495 
460 

45 
425 

4i5 
460 

155 
135 

4140 
3840 4th stage 10 5 35 60 40 35 60 25 20 300 



Table 10 (Cot.) 
	

Experiment 2 

Section Number 1 2 3 4 5 6 7 8 9 10 Total 
worms 

Day 24 of infection 
5th-stage female, gravid. 0 85 135 620  110  155 30 5 20 15 1175 
5th-stage female, non-gravid 0 0 0 15 15 30 1.0 5 5 0 80 
5th-stage male 0 95 60 380 105 90 55 10 10 0 805 
4th-stage female 5 15 20 5 5 5 0 0 0 0 55 
4th-stage male 10 15 20 15 0 0 5 0 0 0 65 
Lar1j4thstage 0 0 0 0 0 0 0 0 0 0 0 
Total worms 15 210 235 1035 235 280 100 20 35 15 2180 
Total 5th stage 0 180 195 1015 230 275 95 20  35 15 2060 
Tot al. 4th stage 15 30 40 20 5 5 5 0 0 0 120 

Day 28 of infection 

5th-stage female, gravid 0 0 5 0 0 5 0 0 0 0 10 
5th-stage female, non-gravM 0 0 5 10 5 0 0 0 0 0 20 
5th-stage male 0 5 10 10 15 15 0 5 5 5 70 
4th-stage female 0 0 15 0 15 5 0 0 10 0 45 
4th-stage male 0 0 10 5 0 0 0 0 0 0 15 
Eari4th stage 0 0 0 5 0 5 0 5 0 20 
Total worms 0 5 45 30 35 30 5 5 20 5 180 
Total 5th stage 0 5 20 20 20 20 0 5 5 5 100 
Total 4th stage 0 0 25 10 15 10 5 0 15 0 80 

Day 32 of infection 
5th-stage female, gravid 45 45 10 50 155 1.00 50 5 5 10 475 
5th-stage female, non-gravid 0 0 0 5 10 20 10 5 5 0 55 
5th-stage male 45 45 5 50 75 85 40 20 15 10 390 
4th-stage female 5 15 5 5 15 5 0 0 0 10 60 
4th-stage male 5 40 10 5 20 0 10 0 0 0 90 
Early 4th stage 15 5 15 10 10 10 5 15 0 15 100 
Total icrins 115 15O 45 125 285 220 115 4 25 45 1170 
Total 5th stags 90 90 15 105 240 205 100 30 25 20 920 
Total 4th stage 25 60 30 20 45 15 15 15 0 25 250 



Table 11 
	 xperitnent 

The mean and mode of the distribution of N, battuz populations expressed in terms of one-tenth 
sections of the small intestine. (Sections numbered from the pyloric sphincter). 

Age of infec- 
tion in days 	2 	4 	6 	8 	10 	12 	14 	16 	20 	24 	28 	32 

Mode All worms 6 9 	6 6 5 5 4 	6 	4 	4 3 5 
Mode Females 6 6 5 5 4 	6 	4 	4 3 5 
Mode Males .6 6 6 5 4 	7 	4 	4 3 5 
Mean All worms 4.94 6.68 	5.97 647 551 5.49 5.40 	5.80 	6.06 	4.34 5.14 4.82 

Mean Females 5.88 6.13 5.41. 5.27 5.25 	5.72 	5.62 	4.40 4.87 4.91 
Mean labs 5.92 6.20 5.67 5.63 5.59 	6.01 	6.12 	4.26 5.06 4,62 

0.18 0.66 1.73 2.65 2.69 	1.25 	3.65 	-0.93 0.26 .-0.96 

Probability + >0.05 )0.05 	>0.05 <0,01 <0.01 	>0.05 	<0,001 >0.05 >0.05 >0.05 

- Where = mean of male distribution. 
________________ x2 

 = mean of female distribution. 

/8 2 1 
2 variance of male distribution. 

1 
i 	n1  

+ 
n2 	(Bailey 	1959). , S2 	variance of female distribution. 

= numbers of males. 

= numbers of females. 

+ Probability that there is no significant difference between the means of the male and female 
worm distributions. 
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Experiment 2 

16 	20 	24 	28 	32 
Days after  infection 

The total number of eggs per day passed by 4 rabbits during the 
course of the infection. 	Rabbits were killed on the 20th, 24th, 
28th and 32nd days after infection. 



Figure 2 	 xerirnent 2 
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Days after infection 

mean body lengths in mm. of worm populations of 11 rabbits 
killed at different stages of the infection. 
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Ixoeriment 2 
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Histograms showing the number of worms in each section of 
the small intestine of rabbits killed at different stages 
of the infection. The sections of small intestine are 
numbered 1 - 10 from the pyloric sphincter on the left of 
each histogram. 
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Figures 4 & 5 	 ExDeriment 2 

Transverse sections of small intestine of a rabbit killed 
2 days after infection with N. battus shov:ing larvae coiled 
tightly round intestinal villi. 

Magnification X 240. 
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figures  6 & 7 	 Eroeriment 2 

Transverse sections of small intestine of a rabbit killed 
6 days after infection with N. battus. Larvae are coiled 
round intestinal villi causing severe constriction. The 
ridged cuticle of the larva can be seen. 

Maguification X 240. 
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Transverse sections of small intes 
Inc of a rabbit killed 8 days aft- el 
infection with N. battus. Larvae 
migrated to the base of the intest-
inal glands and some penetrated thE 
lamina prorria. The muscularis 
mucosae is on the lower side of 
each figure. 

Lagnification X 165. 



p 

- 70 - 

ir ai 

	 AvA. 
-. 

 
4 

*A 

Ilk Al 

• 	p 	 . 
\;J.E •. ' 

1. 
COX̀   

"C 41) 

Ohl 
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Fig. 12 
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2:ansverse sections of small 
intestine of a rabbit killed 8 
lays after infection with N.battus 
showing larval penetration of the 
LaLlina Drooria. 

.agnification X 240. 

L?igure 13 	Experiment  

T.S. Small intestine rabbit 
14 days after infection with 
J.%..  battus. Vorms in the lumen 
o1 the intestine. 

a2nification X 110. 

13 



the imisoularis muoosae Loss of epithelium and penetration of the 

lemma propria was observed. From the 10th day of infection onwards, 

however, most worms were found in the intestinal lumen or at the 

villar surfaoes o  No extensive damage to the intestinal mucosa was 

observed and this was presumably due to the relatively low infective 

larval dose used. Photomicrographs of transverse sections of rabbit 

small intestines infected with N. batLus are shown in Figures 4 13. 

Rabbit w2jghts1 

All rabbits gained in weight during the period of the experiment 

and them was no evidence that they were adversely affected by the 

worm infestations. 

Eperimental Plan 

The purpose of this experiment was to make a comparison between 

the recoveries of worms from groups of rabbits initially dosed with 

different numbers of infective larvae. 

Thirty—two rabbits aged 7 * 8 weeks were available for this ex—

periment of which 17 were females and 15 were males. These were 

selected for weight and sex and allocated to four groups each of 8 

animals, so that the group mean weights at the start of the experiment 

were closely comparable. There were four females and four males in 

three of the groups and five females and three males in the fourth. 

A random choice designated the larval dose to be administered to 

each group. The four groups, I to IV, received respectively 1009  

10009  10000 and 50000 infective larvae per animal. 



Due to the large numbers of rabbits used and the tact that they 

were caged in pairs, faecal collections from individual rabbits could 

not be made. As the rabbits did not defascate readily when removed 

from the cage and placed in a strange environment it was difficult 

to obtain even small faecal samples, In order to determine whether 

the infections were patent, however, faea1 samples were obtained 

from Group IV on the 19th  and 20th days of infection. 

The rabbits were killed 20 days after infection and a sample of 

the intestinal material from each rabbit was searched. In Group I 

all the material was searched; one-half was searched in Group II; 

one-fifth was searched i Group III; one-tenth was searched in Group 

IV. 

Results. 

Table 12 shows the total number of worms recovered from each rabbit 

expressed as a percentage of the larval dose. The total differential 

worm counts of each rabbit are presented in Table 13. The worm-egg 

counts of Group IV on days 19-20  of the infection are shown in Table 14. 

Infections were successfully established from a dose of only 100 

larvae in all S rabbits, 11 74% of the dose having developed in mdiv". 

idua]. animals. Considerable variation occurred in the numbers of worms 

recovered from animals within the earns group. ?our rabbits in Group IV 

had populations of less than 100 worms and these worm burdens were 

approximately the same size as those recovered from rabbits in Groups 

I and II. This suggests a tendency for populations of worms to be 

regulated to about the same level in the later stage of an infection 

irrespective of the size of the initial larval dose. 

A statjsticaj. analysis of the data using White's rank test, described 



by Snedecoi (1956), showed significant differences (P< 0.05) between 

some groups with respect to percentage of larval dose established in 

rabbits (Table 15). ( parametric test could not be used because of 

the nan..normal distribution of the worm populations within groups. 

It was found that a significantly greater percentage of the larval 

dose had become established in Groups I and XI than in Groups UI and 

XV, but Group I was not significantly different from Group XX nor was 

Group III from Group IV. The mean percentage of larval dose estab-

lished in Groups I and XX was over three times that of Groups III and 

IV. 

Most worm recovered from all groups were in the fifth stags of 

development. It was difficult to assess the effect of size of larval 

dose on the development of the parasite because of the small number 

of worms recovered from some samples, but fourth-stage larvae were - 

found even in the low dose groups. Inhibition of larval development, 

therefore, is not due solely to a heavy intake of larvae. 

No gravid females were recovered from rabbits No.429, 420, 412 

and 41 but it is apparent from the egg counts (Table 14) that the 

worm populations of these rabbits must have contained em-laying 

females at some time. Due to the sampling procedure, gravid females 

present at slaughter may have been missed, But since fairly substant-

ial egg counts were obtained from rabbits No.429 and 420 on the 19th 

and 20th days of infection, this suggests that some gravid females 

may have been lost at this time. 

In Group I the 'three male rabbits had much higher worm burdens 

than the five females. This may have been due to chance since the 

other three groups showed no host sex difference (Table 12). 

No pathogenic effects were observed in any of the rabbits, even 

In the highest dose group. All rabbits gained in weight and the weight 



Mean 

. 74 

Table 12 	 periment 3 

Relationship of the larval dose administered to. rabbtts, their 
ex and weight at infection to the proportion of worm recovered 

on the 20th day Of infection. 

Group T Group U Group III Group IV 
Dose 100 larvae Doe 1,000 1jrvae Dose 10.000 la.Me Does 50,000 larvae 

0 I . .0 

U H9 I!' H q g 
PU fl 10 .r4 U) 

40 

665 F U 950 F 10 

--------- 

995 M 2 820 9 <1 

870 7 16 935 M 11 1065 7 4 1195 F <1 

980 F 19 710 U 15 840 U 5 990 U <1 

3.210 F 20 745 7 32 700 U 6 640 U <1 

950 F 23 875 F 36 880 7 6 960 P 3 

725 U 56 985 7 43 925 U 14 940 F 4 

945 1  59 1010 1 58 9 6 0 7 24 900 I 22 

855 1 74 855 U 64 840 7 30 870 P 45 
900 35 885 34 900 11 915 9 
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Expez'inerit • 3 

Differential N. battue worm counts of 4  groups of rabbits 
20 days after infection with different numbers of larvae. 

Group I 	 Dose 100 larvae 

Rabbit Number 411 47 43416  415 4U 425 422 

5th-stage female,gravid 22 17 25 1 2 5 7 4 

5th--stage female,non-gravid 0 4 3 1 4 4 3 7 

5th-stage male 34 36 42 8 9 10 10 10 

4th-stage female 0 1 4 0 0 0 0 1- 

4th-etagemale 0 1 0 0 0 0 0 1 

Early 4th stage 0 0 0 1 1 0 0 0 

3rdstakre 	 - Q 0 0 0 Q 0 .0, 0. 

Total worms 56 59 74 11 16 19 20 23 

Total 5th stage 56 57 70 10 15 19 20 21 
Total 4th stage 0 2 4 1 1 0 0 2 

% 5th stage/total worms 100 97 95 91 94 100 100 91 

% Total wormsjiarvai dose i4. 11 16 20 23 

Group II Dose 19000 larvae 

Rabbit Number 419 48 410 42 -. -, 430 427 431 428 
- 

5th-stage female,gravid 32 20 24 152 32 112 160 198 

5th-stage female,non-gravid 12 44 190 112 20 22 22 12 

5th-stags male 70 56 264 318 44  188  174 220 

4th-stage female 0 24 46 38 0 0 0 0 

4th-stage male 0 8 52 22 0. 0 0 2 

Early 4th stage 0 0 0 0 0 0 0 0 

slum - 0 0 0 0 0 .0 0 
ON
-0 

Total worms 114 152 

- 

576 642 96 322 356 432 

Total 5th stage 114 120 478 582 96 322 356 430 

Total 4th stage 0 32 98 60 0 0 0 2 

% 5th stage/total worms 100 79 83 91 100 100 100 99 

% Total worms/larval dose 11 15 58 64 10 32 36 43 



Table 13 (Cont.) 	 Experiment 

Group III 	 Dose 10,000 larvae 

Rabbit Number 45 417 44 418 49 432 421 424 

5th—stage fena1e,gravid 0 60 295 595 105 130 390 1175 

5th—stage female,non—gravid 35 90 5 115 35 180 580 165 

5th—stage male 15 260 315 620 180 325 1150 1535 

4th--stage female 95 55 0 15 25 0 155 5 

4th—stage male 65 35 0 20 25 0 95 15 

Early 4th stage 0 0 0 0 5 0 0 0 

Total worms 210 500 615 1365 375 635 2370 2895 
Total 5th stage 50 410 615 1330 320 635 2120 2875 
Total 4th stage 160 90 0 35 55 0 250 20 

% 5th stage/total. worms 24 82 100 98 85 100 90 99 
% Total worms/larval dose 2 5 6 14 4 6 24 30 

Group IV Dose 50,000 larvae 

Rabbit Number 412 41 420 46 429 423 426 413 

5th—stage female,gravid 0 0 0 2180 0 200 200 4030 
5th—stage female,non.gravid 0 0 20 1800 0 270 660 6880 

5th—stage male 10 0 50 4990 0 960 590 10710 

4th—stage female 0 20 10 1530 0 60 420 780 

4th—stage male 0 10 0 420 20 50 180 280 

ta'4y 4th stage 0 0 0 30 0 10 40 0 

3rd otga 	- .Q.QQ.  0L 0 0.. 0 0 - 

Total worms 10 30 80 10950  20 1550 2090 22680 

Total 5th stage 10 0 70 8970 0 1430 1450 21620 
Total 4th stage 0 30 10 1980 20 120 640 1060 

% 5th stage/total worms 100 0 88 82 0 92 69 95 
% Total worms/larval dose <1 4 4 22 4 3 4 45 
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Experiment .3 

In counts (eggs per gram faeces) of rabbits in group IV 
on the 19th and 20th de's of infootion. 

Rabbit nunber 
Day of infection 

19 20 

412 31 e.p.g. 12 e.p.g. 

41 4 	" 0 	" 

420 320 	" 77 	.' 

46 220 	" 470 	" 

429 133 	" 54 	" 
423 210 	" 43 	" 
426 34 21 	" 

413 250 	" 670 	' 



perimen't 3 

!35U1t5 of statistical analysis comparing the percentage of 
larval dose established in 4 groups of rabbits infected at 

different dose levels. 

White's rank test. 

-. 

Groupe compared. T.  

. --- 

 Probability 

I and II 70.5 P> 0.05 

I and XII . 	47 P<O,05 

X and IV 45 P /1 0105 

II and XXI 44 P<0,05 

II and IV 45 P<0.05 

III and IV 52e5 P> 0,05 

* 	The smaller sum of ranks of the two groups being 
comparod. 

+ Pxobability , of the two groups of worm recoveries being 
drawn by chance from the same population. 

Group I 	 Dose 100 larvae, 

Group Ii 	 Bose 1,000 larvae, 

Group III 	- 	Dose 100000 larvae, 

Group TV 	- 	Dose 50,000 larvae. 



Table 16 	 pertznent 

Weight gains (in grams) of the four groups of rabbits 
over the period of infection. 

Group I Group II Group III Group IV 
Dose 100 larvae Dose 1,000 larvae Dose A0000 larvaeL0Q01arvpe 

Weight Weight ?eight Weight 
Rabbit gain Rabbit gain Rabbit gain Rabbit gain 
No. in me. No. in me. No in gins. 

43 385 42 565 44 290 41 395 
47 505 48 400 45 285 46 270 

411 430 410 495 49 545 412 510 
414 460 419 235 417 390 41.3 31.0 
415 525 427 430 418 310 420 415 
416 505 428 240 421 615 423 695 
422 395 430 345 424 440 426 495 
425 405 431 340 432 335 429 465 

Mean 450 380 400 445 

* 
Analyaie of varanoe of weight gains of 4ups. 

Source of 
variation 

Degrees of 
freedom 

Sum of 
squares 

Mean 
square  

F + Probability 

Total 31 3719068 

Between groups 3 27084 91128 0.74 > 0.05 

Within groups 28 343,684 122274 

* Analysis of variance described by Snedecor (1956). 

4J Variance ratio. 



periment 3 

+ 
Results of analysis of regression of percentage larval 

dose established on rabbit weight. 

Group Regression 
coefficient 

Degrees of 
freedom 

* t Probability 

I . 0.0239 6 0.473 P 	> 0.05 

IX 0.0463 6 0.614 P > 0.05 

XIX 0.0095 6 0.253 P 	> 0.05 

IV O.C120 6 0.293 P 	> 0.05 

* "Student t& •b. 

+ Snetlecor (1956) 



gains of all four groups were similar (Table 16). Analysis of variance 

showed no significant difference between the  four groups (P> 0.05). 

The regression of percentage worm establishment on rabbit weight 

was non—significant in all four groups (Table 17). 

Infectivity for lambs of third—stage larvae fr a rabbit source. 

Experimental Plan. 

In order to determine whether Ni. battus was infective for lambs 

after a single passage through the rabbit, eggs óxtraoted from rabbit 

faeces were cultured in the usual manner and four lambs aged 14 weeks 

were dosed with 40,000 larvae each. To verify the infectivity of the 

larvae, tour rabbits aged 7 weeks were dosed with 10,000 larvae each, 

Fescal samples of two grams for egg counting were taken from the 

rectum of individual lambs five times per week. After a fasoal sus—

pension had been prepared, the eggs in two chambers of a "aster 

slide were counted and weekly averages of the eggs per gram of faeoes 

were calculated. Worm eggs, from the faeces of infected rabbits 

were counted daily up to the 27th dsy of infection when the rabbits 

were killed. A sample of one—tenth of the intestinal material of 

each rabbit was searched 

Results.  

Figure 14 is a graph of the average weekly egg counts of the 

infected lambs. For comparison, the egg counts of lambs infected with 

battue for routine purposes are recorded in Table 18* The egg 



Table 18 

The average weekly worm—egg counts (eggs per gram of faeces) 
of lambs infected with NA  battus, 

Lamb age at 
infection Larval 

Age of infection in weeks 

Lamb No. in weeks dose 3 4 5 6 7 8 

6054 8 20,000 340 400 480 460 120 0 

6055 it 440 480 40 0 0 0 

6056 it # 160 120 120 140 0 0 

6057 tt 200 100 280 120 40 0 

6C96 10 100,000 2080 320 280 40 100 

6098 is 880 460 140 0 

7081 520 660 240 0 

7089 0  740 80 0 0 

7090 " 480 120 0 0 

2J75 9 40,000 380 280 220 160 0 

26 0  220 160 100 0 0 

2Pt77 60 60 20 0 0 

2I79 500 460 180 20 0 

210 860 140 20 20 0 



able 19 	 Maeriment 4 

The daily faeoal egg counts (total eggs per day) 
of four rabbits throughout the period of infection. 

Ae of iftion in dais 61 

Rabbit 

62 - 

Number 

63 	- 64 

14 0 0 0 0 

15 0 0 0 0 

16 0 0 0 0 

17 0 80 100 0 

18 0 590 900 0 

19 0 1890 880 0 

20 170 1900 1010 530 

21 80 1780 1440 730 

22 80 3300 2080 820 

23 350 1440 3780 1290 

24 300 1210 5050 1950 

25 230 1720 3260 2280 

26 50 1300 2640 2010 

27 70 740 410 2460 

Table 20 	 xperirnent 4 

Differential worm counts of four rabbits killed 
on the 27th day of infection 

-. 
Rabbit number 

Sex 
61 
F 

62 
F 

63 
F 

64 

5th-stage female, gravid 10 50 150 210 

5th—stage female, non—gravid 40 30 10 40 

5th--stage male 60 150 140 150 

4th—stage female 10 20 100 150 

4th—stage male 30 40 120 70 

Early 4th Stage 0 0 0 0 
r'dsta 0 0 0 0 

Total worms 150 290  520 620 
Total 5th stage 110 230 300 400 
Total 4th stage 40 - 60 220 220 
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ExDerirnerit 4 

Weeks after  infection 
- 

Mean weekly 'oriii-egg counts of 4 lambs throughout the course of the infction. 



counts of the infected rabbits are shown in Table 19 and the differ—

ential worm counts in Table 20. 

All the lambs became infected, the prepatetit period lasting 

14 - 15 days.. The peak average weekly egg count was reached 3 - 5 

weeks after infection and the duration of patency was 7 - 13 weeks, 

which was longer than in lambs routinely infected with similar doses 

of IT,--battus at this laboratory. No drop in infectivity occurred, 

therefore, after passage through rabbits. 

The egg counts of the rabbits were poorer and the prepatent 

periods longer than might have been expected with infections by larvae 

from a sheep source. But, even although the rabbits were killed 27 

days after infection, a considerable number of worm3 were still re—

covered and a substantial proportion of the worm populations were 

mature, Two successive passages of N. batts can be made through 

rabbits but it is difficult to assess, on the basis of this experiment 

only, whether there is a significant. drop in Infectivity on the second 

passage. 

Pre1iminarr observajiens of pathogenicity, 

E&Lerimentjg Plan 

In Experiment 3 a dose of 50,000 larvae seemed to have no adverse 

affects on the infected rabbits. It was therefore decided to give much 

higher doses of infective larvae to rabbits to determine whether clinical 

effects would be produced or whether the rabbits would be able to regulate 

the infection no matter how hear the dose, 



Two rabbits aged 71 weeks were each infected with 300,000 larvae, 

the doses being given in four lots on the same day, Eggs were counted 

daily. After slaughter one—tenth of the intestinal material of each 

rabbit was searched. 

Results. 

On the 7th day of infection both rabbits were scouring badly,but 

by the 9th day there was an improvement and thereafter the condition 

of the faeces fluctuated from day to day. Usually some of the faeces 

were liquid, some mushy and some firm. Over the first to weeks of 

infection the rabbits gained very little in weight (Table 21). During 

the third week there was a considerable loss of appetite, defaeoation 

was reduced and a lass in weight ensued, 

The first eggs appeared in the faeces of both rabbits on the 16th 

day of infection, long after symptoms had become apparent and egg pro-

duction rose to a peak about the 23rd-'24th day after infection (?ig35)' 

During the period of infection when egg counts were being taken,worxns 

were observed in the faeces of both rabbits. These worms were mainly 

dead adults, usually partially digested, but larval stages may also 

have been present since no special search of the faeces was made for 

them. 

By the beginning of the fourth week of infection the condition of 

one rabbit (NO-51)  was critical, but after this point both rabbits 

started to recover. Appetite returned, the faeces became firmly 

pelleted and weight increased. Large numbers of eggs continued to be 

passed over this latter stage of the infeotion,but when the rabbits 

were killed 33 and 38 days after infection only 20 (No.52) and 10 (No.51) 

worms were recovered, 



- 

Table 21 
	

Exeiznen 5 

The weakly weights (in gram) of two rabbits 
over the period of infection. 

Age 	 on in days. 

Rabbit No, 1 0 
	

7 	14 	21 	28 	35 
Jt. 

1015 1065 1065 870 1130 	1300 

1100 1090 1175 1105 1255 

51 

52 



140 

20 

Figure 15 
	 eri:nt 5 

lb 	20 	24 	28 	32 	36 

Days after infection 

, 

0 

The total nuribers of v;orm eFhs a;seI daily by 2 raifits on iuccesive days 
after infection. 
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Patbojnio effects of rassive doses of larvae. 

ixerimental Plan. 

The results of 4cpariment 5 showed that clinical symptoms could 

be produced in rabbits following a heavy larval dose, but the animals 

recovered* In this experiment the dose was increased and a larger 

number of animals was infected to determine whether the infection 

might be fatal for some animals* 

Two groups of 8 rabbits, aged 7 weeks, comparable for weights 

and sex were employed. The rabbits in one group were dosed with 

500,000 larvae saab, the dose being given over four des to reduce 

any possible effect caused by the larvae becoming entangled and being 

swept through the intestine without attaching.he rabbits in the 

other group acted as controls. eggs from the faeces of all infected 

rabbits were counted from the 14th  day of infection onwards. After 

death or slaughter a sample of one—twentieth of thi intestinal material 

of each rabbit was searched. A comparison was made of the weight gains 

of the two groups. 

It was thought possible that coccidial infection might affect the 

course of the experiment since it is extremely difficult to keep rabbits 

completely free from coocidiosis. A continual check was kept on the 

level of infection in both groups by taking 000yst counts two or three 

times per week. As clostridial toxins have sometimes been associated 

with heavy infestations of Neatodirus app. (Thomas and Stsvens,1956), 

a sample of the intestinal contents of the rabbit which died was tested 

for the presence of such toxins by Mr. D. Thompsonof the Microbiology 

epartment, Jioredwi Institute*-  



MM 

Table 22 Differential vOTL1 oounts. 
Table 23 Worm-egg counts. 

Table 24 ?aeoal oocyst counts. 

Table 25 Rabbit weights, 

Table 26 Analysis of variance of weight gains. 

One rabbit in the Infected Group died on the 14th day of infection, 

No signs of diarrhoea were seen in this animal but them was a decline 

in body weight during the second week of infection. Masses  of worms 

resembling "cotton wool" were recovered from the small intestine which 

contained no digests but was tilled with a yellow, wry mucus. 

Fifth-stage pm-adults made up the bulk of the worm population and 

most of the larvae were in the late fourth stage or fourth moult. 

There were probably suffioiont worms to have caused blockage of the 

gut. The gall bladder was grossly enlarged but contained no meta 

tiedpe. The faeoal cocoidial oocyst count was similar to that of 

other rabbits in the experiment, Yo olostridial toxins were found in 

a sample of the intestinal contents, 

Of the other animals in the Infected Group only one was severely 

affected (No.78),. After the 7th day of infection the faeces of this 

rabbit became soft and mushy with a tendency to become more fluid 

during the third week. It also suffered from diminishing appetite 

and loss in weighs • Between the 7th and. 21st days of infection the 

weight of this rabbit dropped from  1105 grams to 825 grams, a reduction 

of 280 grams. - Over the same period the average weight gain of the six 

remaining members of the group was 235 9M. and of the Controls was 

225 ens. The total worm-egg count of this rabbit was higher than that 

of any other animal in the group. Recovery seemed to take place during 

the fourth week, 



Tho infection had very lit-Us effect on the six other infected 

rabbits. It is possible that serial dosing over four days may stim- 

ulate the rabbit's resistance more effectively than a single dose. 

The faeces of some rabbits, particularly 2o.320, were soft and mushy 

for a few days but this was not persistent o  With the exception of 

No.817 egg counts were very low. The weight gains of these rabbits 

over the period of the experiment were similar to those of the 

Controls. The analysis of variance of the weight gains (Table 26) 

bewed no significant difference between the groups (r> 0.05), On 

the 25th day of infection all the rabbits were killed, including 

No.78 which appeared to be recovering. The worm counts showed that 

with the excoptiori of Now. 78 and 717 nearly all the worms had been 

effectively eliminated. Since it was noticed that No.78 had been 

passing large numbers of worms in the faeces daily, from the time 

egg counts were started, its initial worm burden must have been much 

higher than that recovered. In all animals the bulk of the woin 

Populations oonsisted of orth-staga larvae. 

Cocoidjal oocyst counts remained low throughout the dura-bjo.n of 

the experiment and at no time were they any higher in the Infected 

than the Control Group, The  main species appeared to be Bimeria 

which is considered by Davies, Joyner and Kendall (1963) 

to be relatively non-pathogenic. The presence of 1.8tigAg.0 was not 

detected in smears taken from the gall bladders of all rabbits in the 
experiment. 



Table 22 
	

Bzperiment 6 

Differential worm counts of rabbits in the Infected Group killed on the 25th day of infection. 

Rabbit number 718 715 78 717 720 74 76 722* 

sex I M I U F P P F 

5th-stage female, gravid 0 0 1220 2500 20 0 120 140 
5th-stage female, non-gravid 0 0 1140 3560 20 0 0 27400 
5th-stage male 0 0 4100 5720 20 0 140 35980 

4th-stage female 0 20 8240 13020 740 1040 2260 13500  
4th-stage male 40 40 6680 9780 480 760 1020 8820 

Early 4th stage 0 0 180 700 40 0 0 0 

3rd stage 0 0 0 0 0 0 0 0 

Total worms. 40 60 21560 35280 1320 1800 3540 85840 

Total 5th stage 0 0 6460 11780 60 0 260 63520  
Total 4th stage 40 60 15100 23500 1260 1800 3280 22320 
% 5th stage/total worms 	 0 	0 	30 	33 	5 	0 	7 	74 
% Total females/total worms 	 50 	55 	61 	58 	67 	- 	48 

11 Died on 14th day of infection. 
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eriment 6 

Daily faecal worm—egg oountz (hundrod of cgo or 24 hours) 
of rabbits over the period of infoction. 

Age of 
infection 
in days 

- Rabbit number. 

78 	74 	76 	717 	718 	715 720 

14 3 0 0 0 0 0 0 

15 25 0 0 0 0 0 0 

16 117 0 0 0 0 0 0 

17 298 0 0 8 0 0 0 

18 170 0 0 76 0 0 0 

19 225 0 0 154 0 0 0 

20 413 0 4 200 0 0 0 

21 198 0 17 270 15 0 0 

22 477 0 30 273 71 0 0 

23 222 1 22 504 20 0 0 

24 462 1 8 348 4 0 0 

25 232 1 

.J]n4[1 

6 

t!..t!J.flt..ffi 

281 

.Jt[tJUJT,; 

.2 

:trsm r.:--nn. 

0 

it-t[.4 n,lnrrnlr 

0 

w1. 	u 	-_ 



Table 24 
	

Erirner4 6 

Coocidial 000yst counts (hundreds of 000yBts per gram faeces) 
of rabbits in the Infected and Control Groups over the period 
of infection. 

Rabbit 
number. 5 7 

Age 
9 

of infection in 
12 	14 

days 
16 21 23 

Infected Grop 

74 430 226 68 64 526 542  811 42 
76 1225 942 706 1670  1608  890  626 124 

720 1754 3300 1160 1062 555 396 201 10 

722 258 267 93 55 76 - - 
78 66 21 4 49 32 118 93 88 

715 580 313 60 0 0 0 0 0 
717 220 223 152 160 110 33 21 15 
718 54 23 21 126 81 203 94 77 

Mean 573 664 283 398 374 312 264 51 

Control Group 

72 297 195 501 334 800 58 67 277 
73 815 3051 660 1683 996 60 525 155 

721 146 364 104 11 693 454 192 390 
725 498 540 227 305 329 154 239 48 

71 309 297 586 194 96 736 23 243 
711 321 288 528 429 2070 1658 522 24 
719 2904 1392 4760 3136 5400 3783 3834 1264 
724 95 342 152 3 25 0 0 0 

Mean 673 809 940 781 1301 863 675 300 



Table 25 
	

Experiment 6 

Weights (in grams) of rabbits in the Infected and. Control 
Groups over the period of infection. 

Rabbit Age of infection in days 
number 0 4 7 11 14 17 21 25 

bfeoted Group 

78 1000 1075 1105 1065 1040 945 825 865 
76 83.0 870 895 920 965 1040 1135  1185 

74 865 895 935 965 1045 1080 1185 1250 

720 950 2.005 1055 1060 3.120 1185 1285 1385 
715 990 1035 1010 1045 1085 1140 1230 1285 

717 1020 1115 1200 1205 1290 1370 1450 1480 
718 825 880 915 945 1030 1085 1140 1175 
722 650 700 690 640 510 - - - 

Mean 890 945 975 980 1010 1120 1180 1230 

Control Group 

711 940 1025 1110 1180 1200 3.285 1315 1385 
719 770 815 885 940 990 1020 1100 1185 

724 990 1015 1045 1070 1135 1190  1245 1320 
721 953 1045 1140 1195 1245 1310 1355 1415 
71 1020 1015 1065 1110 1150 1205 1270 1325 
72 765 805 880 920 980 1010 1075 1130 
73 835 930 985 1035 1095 1170 1215 1255 

725 910 990 1100 1195 1290 1335 1435 1470 

Mean 900 955 1025 1080 1135 1190 1250 1310 
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Pablo ?6 
	

ex'inet 

Comparison of the weight gains of rabbits in the Infected Group 
(without numbers 722 and 

7 8 ) 
 and Control Group over the period 

of infection. 

Summary of the results of the analysis of variance. 

Source of 
variation 

- - 

Degrees of 
freedom 

Sum of 
squares 

Mean 
square 

P Probability 

Total 

- 

13 

-_ 

65071 

Between groups 3. 20 438 2,438 0.46 P 	> 0.05 

Within groups 12 63033 5,278 



Effect of milk in the diet  of rabbits on worm infections. 

Ereriment Plan 

This experiment was carried out to determine whether weaned 

rabbits were more susceptible to large infective larval doses than 

unweaned rabbits. Four newly weaned rabbits 6 weeks old, and five 

unweaned rabbits 41j weeks old, were dosed with 500,000 larvae each. 

The larval dose was given in three parts on the same day. Both 

Infected Groups had corresponding Uninfected Control Groups. The 

design of this experiment had the advantage that it was, in part, 

a repeat of Experiment 6 except that 6-weeks-old weaned rabbits were 

used and all the larval dose was given on the same day. 

Worm eggs and oocoidial 000yats in faecal samples were counted, 

and at death or slaughter one-twentieth of the intestinal material 

of each rabbit was searched for worms. Tests for olosti'idial toxins 

were carried out on intestinal samples from rabbits No.102 and 104 

but Nos. 106 and 1033 died at time inconvenient for testing. Rabbits 

in the Weaned 0i'otzpe were caged separately and rabbits in the Unweaned 

Groups were kept in pairs after weaning,as there were insufficient 

cages to keep them individually. 

Table 27 	Differential worm counts, 

Table 28 	Worm-egg counts. 

Table 29 	Pascal 000yat counts. 

Table 30 	Rabbit weights 

Table 31 	Results of analysis of variance of 
weight gains. 



mi's. out of four rabbits in the Weaned Infected Group died. 

Rabbit No.102 was the most severely affected. As early as the 5th 

day of infection some of its faeces were mushy and fluid and this got 

steadily worse. Appetite and faeoal output decreased, loss of weight 

ensued and death occurred on day 12. Numbers 104 and 106 passed some 

diarrhoeic faeOes between days 7 10 and then for a few days the 

consistency of the faeces was normal. By the beginning of the third 

week both animals started to pass liquid faeces again. This grew 

steadily worse until fluid only was being passed particularly over the 

later stage of the infection when the volume of faeces was small due 

to decreased appetite. There was a rapid loss of condition, both 

rabbits losing over 400 grams in two weeks (days 14 28) when the 

average weight gain of the Controls over the same period was nearly 

300 grams. Death occurred during the fourth week. 

The small intestines of the three rabbits which died, contained 

little digesta and were filled with watery, yellow mums. The spleens 

were small and the gall bladders of Nos. 104 and 106 were grossly en-

larged, No olostridial toxins were found in NOB. 102 and 104.  Although 

the infections of these rabbits became patent on the 15th and 16th days, 

substantial numbers of eggs were not passed until the 18th and 19th 

days. The  fall in the egg count of NO-104  before death might have been 

due to loss of worms and, if so, this would account for the lower worm 

burden of this animal in oouai'ison With No.106. Most of the worms 

recovered from rabbits in the Weaned Group were in the larval fourth 

stage. Many of the larvae recovered from No.102 were in the fourth 

moult or late fourth stage. 

The rabbit in the Weaned Infeotød Group which survived (NO-105) 

experienced loss in appetite with accompanying decrease in weight over 



the first two weeks of the infection, but had diarrhoea only on days 

12 and 13.  By the third week of infection it appeared to recover ooa 

pletely and started to put on weights it was therefore killed on day 

22. 

Up until the 10th day of infection the weight gains of four of the 

rabbits in the Unweaned Infected Group compared favourably with those 

of the Controls, while the fifth animal (16.1016) gained 10 grams only. 

Since no rabbits in this group had shown any signs of diarrhoea,tbey 

were all weaned on day 10. By day 12 rabbit 116.1011 started passing 

some diarrhoeio faeces and this continued progressively. By the fourth 

week of infection it was in very poor condition and clinical symptoms 

resembled those of rabbits in the Weaned Croup which died. After death 

on day 33tbo condition of the small intestine was found to be similar 

to that of the animals already described, although the gall bladder was 

only slightly enlarged. The presence of milk in the diet appears to 

have protected No.1011 from the effects of parasitism over the first 10 

days of the infection. 

After weaning, the weight gains of the other, four rabbits in the 

Unweaned Infected Group were not as great as those of the Controls 

(Table 31), An analysis of variance showed that these differences were 

significant at the 5% level on the 14th anti 17th days of infection but 

were non.ssignifioant by day 21. The egg counts of these rabbits were 

not remarkably high and apart from reduced weight gains they appeared 

to be unaffected by the infection, although the faeces of NO-1017 were 

soft over a period of a few days. They were all killed on day 22. 

Only 11,000 worms were, recovered from No.1011 but it was obvious 

from the fall in the egg count, and from the fact that worms were seen 



Table 27, 	 L=erimant_7 

Differential N. battus worm counts of infected rabbits in the 
Weaned and Unweaned Groups 

Weaned Gro 
	 Unweaned Group 

Rabbit Number 
Rabbit Sax 
Day Die iJiued 

102 
U 

1)12 

104 
U 

1)24 

106 
F 

1)27 

105 
F 

122 . 

g1011 

U 
1)33 

1015 
F 

X22 

1019 
U 

K22 

1017 
M 

K22 

1016 
F 

E22 

5th-stage female, gravid 0 660 1220 900 260 440 380 380 2040 

5th-stage female, non-gravid 380 300 3360 2880 520 60 160 80 480 

5th-stage male 940 1040 5380 2700 1120 340 660 260 1740 

4th-stage female 20620 8820 18980  11720 5040 180 2500 140 620 

4th-stage male 19380 5320 13820 8640 4360 80 1540 120 600 

Early 4th stage 0 0 80 0 0 0 0 0 0 

3rd stage 0 0 0 0 00 0 0 0 

Total worms 41320 16140 42840 26840 1 11300  1100 5240 980 5480 

Total 5th stage 1320 2000 9960 6480 1900 840 1200 720 4260 

Total 4th stage 40000 14140 32880 20360 9400 260 4040 260 1220 

5th stage/total worms 3 12 23 24 ION 17 76 23 74 78 
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Table 28 
	

Experiment 

Daily faecal worm-egg oaunts of rabbits in the Weaned and 
Unweaned Groups over the period of infection. 

Age of 
infection 
in days 

Weaned Ch'ouD 

Eggs per day in hundreds. 

Ne.104 	90.105 	NO-106 

Unweaned GrOUD 

Eggs per gram of fasoes. 

NO-1011 NO-1017 	No-1019 	N0.1015 No.101 

14 0 0 0 23 0 0 9 2 

15 0 0 2 650 5 8 87 43 
16 4 0 26 1620 7.3 107 210 320 

17 21 3 14 4830 400 188 320 850 

18 113 22 35 4620 183 220 420 670 

19 897 16 183 5520 350 210 470 1170 

20 294 40 285 3580 300 270 550 1320 

21 1492 86 93 4980 470 330 480 700 

22 1140 106 119 5420 300 420 410 570 

23 364 K 264 4780 K K K K 

24 1) 221 1120 

25 193 580 

26 348 430 

27 1) 270 
28 430 

29 680 

30 1380 

31 870 

32 1070 

33 1800 



ab1e 29 	 zperLment 7 

Pascal coocidial 000yst counts of all rabbits. 

Weaned Groups 	Number of 000ysts in thousands passed over 
a 24 hour period. 

thweaned Groups 	Number of 000yate in hundreds per gram of 
faeces. 

Age of infection in days 
Rahjt No, 3 7 10 14 17 21 24 	28 	31 

epned Gro (nfeoto4 

102 575 29 14 1) 

104 970 12 16 479 0 29 D 
105 4904 2.99 243 3 0 130 IC 
106 2132 595 1403 29 0 0 16 	D 

Mean 2145 209 419 170 0 53 16 

Weae4 Group (Controls) 

101 32.59 322 961 204 11 344 193 
107 1466 0 815 86 5 33 258 
103 1516 53 235 147 0 181 72 
108 61 120 137 148 0 17 9 

Mean 1550 124 537 146 4 144 133 

Unwe&ned Group (Infected) 
lOU 0 89 9 25 2 2.7 1 	23 	7 
1017 573 2. 0 0 5 6 K 
1019 1524 21 2 777 4 171 IC 

102.5 891 12 23 6 297 U K 
1016 792 432 102 1 637 432 IC 

Mean 756 UI 27 162 189 127 

Unweaned Group (Controls) 
1013 119 385 0 U 0 23 
1014 376 97 ii 48 55 19 
1010 37 1 0 154 693 261 
1018 0 556 51 507 61 437 
1020 419 85 4560 32. 6 

Mean 190 22r, C)2A i';n 1c It l45 



Rabbit weights in grams over the period of infection. 

Age of 
__- 

infection in days 

Rabbit No. 1 3 7 10 14 17 21 24 28 	31 

Xeaned GEM  
102 810 925 870 850 
104 630 725 775 795 970 865 685 560 1) 
105 805 840 755 750  675 810 910 IC 

-__106 895 925 945 990 975 930 865 725 565* 

Moan 785 855 835 845 875  870 820 645 

* Weight on dV 27. 

Wene 0rou (Contr1e) 

107 715 750 855 920 1015 1095  1170 1240 1345 
103 915 940 1035 1120 1235 1265 1315 1370 1470 
108 805 845 930 995 1085 1125 3.230 1305 1385 
101 620670 765 860 905 985 1030 1115 1205 

Mean 765 800 895 975 1060 1120 1185 1260 150 

LnS2ged GrouD (Xneited) 
1011 290 365 480 530 485 460 385 400 445 	385 
1017 420 450 530 650 675 695 815 K 
1019 300 335 360 425 490 500 620 K 
1015 310 315 415 470 560 600 700 K 
1016 365 395 355375 500 570 695 K 

Mean 335 370 430 490 540 565 645 

Unwened GrouD (Controls) 
1013 290 355  400 460 545 590 655 
1014 335 395 505 565 665 720 820 
1010 250 320 445  520 645 705 810 
1018 355 405 415 520 655 700 770 
1020 35 395 445 515 615 645 705 

Mean 320 375  440 515 625 670 750 



Table -31 

Comparison of weight gains (grams) between 4 rabbits in the 
Unweaned Infected Group (without No.1011) and rabbits in the 
Unweaned Control Group on the 14th, 17th and 21st days of 
infection. Results of analysis of variance. 

1 

Age of 
infection 
in days 

Source of 
variation 

Degrees 
of 

freedom 
Sum of 
squares 

Mean 
square F, 

-- 

Probability 

14 Total 8 45,456 
Between groups 1 24561 21,561 6.32 P < 0.05 
Within groups 7 239895 3,414 

17 Total 8 53,289 
Between groups 1 27,134 27,134 7.26 P < 0.05 
Within groups 7 269155 3,736 

21 Total 8 499300 
Between groups 1. 129 251 12,251 2.32 P>0.05 
Within groups 7 379049 5,293 



in the faeces, that the initial worm burden met have been much 

greater,. The trpe of population recovered was similar to that of 

the Weaned Group i.e., the majority of the warns were in the fourth 

stage. The worm counts of the other rabbits in the Unweaned Group 

were very low and three out of four of these had a different type of 

population from No.1011 as the majority of worms was in the fifth 

stage. 

As in Experiment 60  cocoidial oocyst counts of the Infected and 

Control Groups were similar. The presence of L stied.ae was not de—

tected in smears prepared from the gall bladder contents of all rabbits 

infected with N. battus. Oocyst counts of the rabbits which died 

dropped to a very low level before death. There is thus no evidence 

to suggest that infection with cocoidia affected the results of the 

experiment. 

The conclusion of this experiment is that the Unweaned Group 

appeared to be more resistant to the establishment of worms and poss—

ibly to the consequences of parasitism. 

to 

erimenta1 Plan. 

It was intended to use an anthelmintic to terminate infections of 

N. batlus artifically in experiment 9. Gibson  (195%)  and Rwes and 

Soarnell (1959) showed that at a dosage rate of 250 mg. per kgo bepheniuxn 

bydrozrnapthoate was highly effective against N. battus infestations 



in sheen, This compound was tested against N. battun infections in 

rabbits since the efficiency of an anthelmintic against a species of 

helminth may not be the same in different host species. Pen rabbits, 

8,4 weeks old, were dosed with 100,000 larvae each. These were divided 

Into two equal groups on a weight and sex basis and on the 15th day of 

infection the rabbits of one group were given a single oral dose of 

bepheniuni hydxoxnapthoate at the rate of 250 mg, per kg. It was 

anticipated that due to the age of the rabbits and the dose level used, 

the worm populations on the 15th day would contain both adults and 

larvae. The rabbits in both groups were killed on the 19th day of 

infection and a sample of one.-tenth of the intestinal material from 

each rabbit  was searched for worms. 

The results were quite conclusive, No adults or larvae ware 

recovered from any rabbit in the dosed group, although it is possible 

that a few worms were missed, since one--tenth of the intestinal material 

only was counted. The digestion technique ensured that larvae in the 

nnoosa would be freed, On the other hand, substantial worm burdens 

were recovered from all rabbits in the Control Group, the counts ranging 

from 4200 10,000 (?able 32). The differential worm counts of the 

Control Group show that the worm populations were largely made up of 

fourth—stage larvae, although some fifth-atage worms were recovered. 

It is concluded that the bephenium compound used is highly effective 

against both fifth—stage worms and larval stages of N. battua in rabbits. 
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Table 3 
	

1-0 

Differential N. bat tue worm oowita of rabbits in the 
Control Group. 

Rabbit No, 85 89
Sex 

	- 813 827 816 
F F FM it 

5th—stage female, gravid 0 70 30 750 0 
5th—stage female, non-gravid 0 260 120 2080 0 
5th-stage male o 260 150 2880 0 
4th-stage female 470 4760 3340 810 930 
4th—stage male 390 3780 1680 690 30 
Early 4th stage 360 1050 230 50 170 
3rd stage 0 0 0 0 0 

Total worms 1220 
,.,.. 

10080 5550 7260 1490 
Total 5th stage o 490 300 5710 0 
Total- 4th stage 1220 9590 5250 1550 1490 
% 5th stage/total worms 0 5 5 79 0 



iRIMENT 2. 

tfoct g ,e of host and previous tnfeptjonexneri,anpe on the 
fate of obaUene infection. 

.We rifllental Plan - 

This experiment was designed to determines (i) whether previous 

experience of a patent infection would confer resistance to subsequent 

ohallonge; (ii) whether rabbits have an age resistance to infection. 

Sixteen rabbits, aged 0 weeks, were divided into two groups of 

comparable weights and sex. A random choice designated which was to 

be the Experienced Group. This group was dosed with 50,000 larvae 

and the daily egg counts of the infected rabbits were determined. 

On the 25th day of infection, rabbits in the Experienced Group were 

dosed orally with bephenjuin hdroxynaptboate, at a done rate of 250  mg, 

per kg. body weight, to remove any remaining adults and larva, and the 

Control Group was also dosed. After a period of 8 days had elapsed, 

to ensure the anthelmintio had been eliminated,, both groups were 

challenged with 50,000 larvae. The rabbits were 11 weeks old at 

challenge and on the same day two other groups of 8 rabbits, aged 7 
weeks and. .2 weeks, were also infected with 50,000 larvae. These two 

groups had been previously dosed with the bepheniuzn compound to make 

them comparable With the 11-weeka-old groups,. All rabbits were killed 

on the 19th day of infection and a sample of onetenth of the intestinal 

material of each was searched for worms. A summary of the experimental 

Plan is shown in Table 33. 



esultg. 

Table 34 Total worm burdens and percentage 5th-'stage 

worm in each population. 

Table 35 Differential worm counts. 

Table 36 Egg counts of Experienced Group following 

primary infection. 

Table 37 Sary of statistical analysis. 

Patent infections from the immunising dose developed in all rabbits 

in the Experienced Group. The egg count rose very quickly and the peek 

was reached by the 20th day of infection in every rabbit. A rapid de—

cline then occurred and by the 25th day very few eggs were being passed. 

The worm burdens of rabbits in the Experienced and Control Groups 

were compared by White's rank test. This showed that the probability 

of the two groups of worm counts being drawn by chance from the same 

population was less than 0.01. The mean worm burden of rabbits in the 

Control Group was almost five times that of the Iperienced Group. A 

parametric method could not be used to test differences between groups 

because of the non-normal distribution of worm populations within 

groups. Using White's test, no significant difference (P) 0.05) was 

detected between the two groups when the percentages of fifth—stage 

worms in the populations were compared. However, the total number of 

fifth—stage worms in the Control Group was over 239000 whereas the 

corresponding figure for the Experienced Group was 19040. The worm 

burdens of three animals in the Control Group contributed mainly to 

the large total, the other five rabbits in the group had small numbers 

of fifth—stage worms only. These facts illustrate the difficulty of 

finding a suitable method of analysing the results statistically. 
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A statistical analysis of the total worm counts by White's 

teat showed no significant difference between the three non-

experienced 

on

experienced groups. The percentages of fifth-stage worms in the 

populations of the three groups were compared by White's teat. 

Significant differences were found between the Old and Young Groups 

(P < 0.01) and the Control and Toting Groups (P 0.05); but there 

was no signifiont difference between the Old and Control Groups 

(> 0.05). A greater proportion  of worms, therefore, developed to 

the fifth stage to the worm populations of rabbits in the Young Group 

than in rabbits in the Control. or Old Groups. The Young Group also 

had a much greater number of gravid females than the other two groups. 

The mean weights of the three non-experienced groups at challenge 

were 865 grams (Young Group), 1350  grains (Control Group) and 2033 grams 

(Old Group). There was no overlap of the range in weights of rabbits 

in the three groups. Since there was no difference between the three 

groups with regard to numbers of worms eat ablihe4, the results con-

firmed the conclusion reached in Experiment 3 that there is no relat-

ionship between weight of the rabbits at infection and worm recovery. 

There was no host sex difference in any of the four groups with 

regard to the numbers of worms which became established. 



Pable 33 
	

Experiment 

Design of Erperimento 

Day at 
experiment 	 _ 	22 	33 

Age at 
1;o. of 	 Cl2allenge 
Rabbits Dose Dose Challenge 	 (weeks)  

Group I 8 509000 Bephenium 50,000 Killed 11 
erienoed larvae hydroxy- larvae 

napthoate 

Group II 8 none 50000 Killed U 
Control larvae 

Group III 8 None 509 000 Killed 
Young larvae 

Group IV 8 None 509000 Killed 22 
Old larvae 



Table 34 
	

Experiment 9. 

Total worn burdens and percentage fifth—stage worms in each population recovered frm rabbits 
killed 19 days after challenge. 

Group Experienced Control Young Old 
Age at challenge 11 weeks U weeks 7 	weeks 22 weeks 

NO. of No, of No,of 	- No.of 
worms. 	5th stage worms 	5th stage worms. 	5th stage worms 	5th stage 

9 1,520 	 5 5,110 	58 70 	0 

10 	0 20100 	0 5,410 	29 2,900 	14 

60. 	0 6030 	<1 6060 	35 69 420 	1 

90 	0 69500 	5 71,310 	6 7,260 	0 

840 	8 81,030 	< 1 9010 	20 11,700 	< 1 

39100 	27 159900 	41 17,790 	54 13,270 	30 

5,930 	<1 179160 	26 19,110 	50 169 060 	13 

6,090 	2 219670 	56 21,110 	45 19,180 	0 

Mean 	 2,020 	5 99910 	17 14410 	37 91610 	7 



ab1e 35 

Differential It  battua worm counts of four groups of rabbits 
killed 19 days  after challenge with 50,000 larvae. (e of 
rabbits at challenge in parentheses after group number). 

Group I Experienced Group (ii weeks). 

Rabbit Number 	 99 	919 	96 920 93 	921 916 915 
Sex 	 M M MM F? F P 

5th-stage female, gravid 0 0 0 0 0 0 0 0 

5th-stage feLnale,non-gravid 0 0 40 40 0 0 390 0 

5th-stage male 0 0 30 90 0 0 430 20 

4th-stage female 0 10 340 2930 30 60 1280 3210 

4th-stage male 0 0 350 1620 20 0 890 2300 

Early 4th stage 0 0 80 1410 10 30 110 400 

rd stage 0 0 0 0 0 0 0 0 

Total worms 0 10 840 6090 60 90 3100 5930 

Total 5th stage 0 0 70 130 0 0 820 20 

Total 4th stage 0 10 770  5960 60 90 2280 5910 
% 5th stage/total worms 0 0 8 2 0 0 27 <1 

% Worms/challenge dose 0 <1 2 12 <1 <1 6 12 

Group TX Control Group (11 weeks). 

Rabbit Number 
	 911 	910 	91 	97 913 

	
95 918 914 

5th-stage female, gravid 0 0 0 610 0 0 130 240 

5th-stage femaie,nan-gravid 0 170 0 2400 50 10 1660 6830 

5th-stage male 0 170 30 3530 30 0 2620 5140 

4th-stage female 1060 3130 4470 5170 710 3500 7440 5470 
4th-stage male 810 2540 3130 3900 620 2660 4740 3790 
Early 4th stags 230 490  400  290 110 260 570 200 

)rd stage 0 . 0 0 0 0 0 0 0 

Total worms 2100 6500 8030  15900 3.520 6430 17160 21670 
Total 5th stage 0 340 .30  6540 80 10 4410 12210 
Total 4th stage 2100 6160 8000 9360 1440  6420 12750  9460 

% 5th stage/total worms 0 5 <1 41 5 <1 26 56 



able 3. (Cont.) 
	

Eperiaent 

Group III Young Group (71 weeks). 

Rabbit Number 	 937 	936  934  930 929 931 926 	933 
Sex 	 U 	IL 	 U 	F 	' 
5th-stage female, gravid 30 20 1300 3240  990  270 10 3730 

5th-stage fema1e,non.'gravid 730 900 3420 2690 1000 1030 130 1900 

5th-stage male 810 970 4860 3660 990 940 260 3830 
4th-stage female 2340 4110 4660 6570  1080 2220 3980 5150 

4thu.atage male 1440 3200 3510 4880 1010 1900 2870 4230 

Early 4th stage 60 110 40 70 40 0 60 270 

3ntetage 	-- 0 0 0 0 Q 0 0 

Total worna 5410 9310 17790  21110 5110 6360 7310 19110 

Total 5th stage 1570 1890 9580 9590 2980 2240 400  9460 

Total 4th stage 3840 7420 8210 11520 2130 4120 6910 9 1 50 

% 5th stage/total worms 29 20 54 45 58  35 6 50 

% Worms/challenge dose 11 19 36 42 10 13 15 38 

Group IV Old Group ( 22 weeks). 

Rabbit Number 	 941 	946 943 944 942 941 939 	938 

5th-stage female,.. gravid 	. 0 0 370 0 0 0 20 0 
5th-stage fema1e,non-gravid 20 0 1740  440 0 200 0 0 

5th-stage male 70 0 1830 1580 0 200 20 0 

4th-stage female 3300 3690 5130 7680 20 1600 5430 10430 

4th-stage male 2550 3080 4050 4970 30 900 5060 770 

Early 4th stage 480 510 150 1390  20 0 1170 1180 

33:dstage . 	0 0 0 0 0 0 0 0 

Total worms 6420 7280 13270 16060 70 2900 11700 19180 

Total 5th stage 90 0 3940 2020 0 400 40 0 

Total 4th stage 6330 7280 9330 14040 70 2500 11660 19180 

% 5th stage/total worms 1 0 30 13 0 14 <1 0 

% Worms/challenge dose 13 15 27 32 <1 6 23 38 



Table 44, 
	 erimert 

Egg count following primary infection of rabbits in the 
Rperienced Group. Bgg counts expressed as total number 

of es in thouwis passed per day. 

Age of 
infection 
in days 93 93.5 916 

Rabbit 

921 

Number 

96 99 919 920 

14 2 <1 0 <1 0 1 0 0 

15 23 1 <3. 1 0 3 2 1 

16 143 30 3 19 <1 23 30 27 

17 186 40 8 70 1 65 69 60 

18 74 14 24 57 7 30 23 14 

19 42 18 32 56 26 4 6 1 

20 50 <1 53 79 40 1. 4 0 

21 49 0 23 18 12 0 3 0 

22 70 0 8 1 1 0 3 0 

23 48 0 1 0 1 0 7 0 

24 53 0 0 0 <3. 0 7 0 

25 11 0 0 0 <1 0 8 0 

26 0 0 0 0 0 0 1 0 



Table 	 per.msnt 

Results of statistical analysis employing White's test. 

Type of populations 
compared. 

Groups 
compared, T. Probability. 

Total worms I and IT 42 P <0,01 

% 5th—stage in population I and IT 54 P> 0.05 
Total worms. III and TV 64 P > 0.05 

Total worms. XX and TIT 64 P > 0.05 
Total worme. IX and IV 67 P > 0,05 

% 5th-stage in population XXX and TV 41 P < 0.01 

% 5th-stags in population XI and XU 49 P 	0.05 

% 5th-etae in population IX and. IV 58.5 P.> 0.05 

Group I 	: Experien<ed Group 

Group XI z Control Group 

Group XII : Young, Group 

Group IV : Old Group 
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Sax jMio of wozns and conu,arative development of the sexes. 

The percentage of total females amongst all worms whose sex could 

be recognised, including both fifth-stage and fourth-stage worms, for 

each experiment is shown in Table 38. The sex ratio was remarkably 

constant, with usually a slight excess of females, except for Experiment 

3 whore worm populations had a lower percentage of females. In Experi-

ment 30  a statistical analysts of possible difference in the sex ratio 

between the groups could not be carried out, because the number of 

worms recovered from some samples was too small for an accurate estimate 

of the sax ratio of individual worm populations. 

Tests were carried out to determine whether there was a difference 

between the proportion of the two sexes developing to the fifth stage. 

Not all worn populations were suitable for such a study because of the 

low number of worms or high proportion of early fourth-.stage larvae 

present in some samples. Populations were therefore selected where at 

least 50 worms of each sex had been counted in the sample and in which 

5% or less of the total fourth-stage larvae was in early fourth stage. 

It has been shown in Erperinent 2 that there is a difference in 

the rate of development of the sexes to the fifth stage. 	cm Experi- 

ments 7 and 8 two worm populations were obtained from rabbits which had 

died on the 12th and 14th days of infection, In both rabbits the per-

centage of males which had developed to the fifth stage in each male 

population was greater than the corresponding figure for fifth-stage 

females, A statistical teat (chi-square), on the numbers of worms 

recovered from the searched samples, showed that this difference was 

highly significant (P <o.00) for each rabbit (Table 29). 



_ 

.t11 other wc populations selected for this analysis were 

at least 19 days old, which is a sufficient time for development 

to the fifth stage* Each point plotted grapbioally in .ure 16 

represents the percentage of males in fifth stage of all males 

which could be sexed in a single worm population, compared with 

the corresponding figure for females in that population. The 

line ieprsenting equal development of both sexes to the fifth 

stage has been drawn. The number of points above the line was 

found to he significantly greater than the number of points below 

the line (P < 0.023) by the chi—aquare test (table 39). This 

means that a greater percentage of males in the aalø populations 

developed to the fifth stage than females in the female populations* 

An inspection of the data shows that the weight of the difference 

is contributed by the populations in which lees than 30% development 

has been completed, 



Table 38. 

Grouped data from all Experiments Sex Ratio of Worms. 

The figures given represent the sex ratio of the total 
worms recovered from a group of rabbits or from all the 

rabbits in an experiment 

ExpJe, 

V 	 - 	- - 	- 	 -----V 

Group 

-- 	- 

% Total females/ 
total males + females 

1 All animals 56 

2 All animals 56 

3 Group I 	Dose 100 larvae 42 

Group XI 	Dose 1,000 larvae 47 

Group XII 	Dose 10,000 larvae 48 

Group IV. 	Dose 50,000 larvae 51 

4 Rabbits 52 

6 Infected Group 56 

1 Infected Group 57 

8 Control Group 57 

9 Group I 	Experienced 59 

Group II 	Control 56 

Group III Young 57 

Group IV 	Old 56 



Table 39 

Grouped data from all Experiments. 

Comparison of ratio of 5th—stage males/5th--stage + 4th—stae males with 
ratio of 5th.-stage females/5th—stage + Oh—stage females. Results of 

statistical analysis. 

L 

xpt. 
No. 

-g 

Rabbit 
No. 

2 
.- 
Degrees of 
freedom Probability.  

Single worm 6 722 96.40 1 P <0.005 
population. 

7 102 12.35 1 P <0.005 

All worm populations 6.46 1 P < 0.025 
19 or more days old. 
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Figure 16 	 Grouped data from all experiments. 

0 	20 	40 	60 	80 
% Sth-stage /4th-stage 	+ 5th-staqe 

The proportion of male and female worms in fifth stage in 
individual worm populations at least 19 days old. gach 
point on the graph represents a single worm ponulation. 
The line representing equal development of both sexes to 

:'i±th st 	h.  
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DISCUSSION 

Host Specificity. 

Each parasitic species is able to complete its development in one or 

more hosts, although it may parasitize some hosts more successfully than 

others. In other hosts, however, the parasite may undergo only partial 

development or fail entirely to become established. The host range of 

a parasite depends upon the following: suitable conditions for access, 

ability of the parasite to establish itself and satisfactory conditions 

for growth and reproduction. 

Under field conditions, ecological and behavioural factors initially 

determine the host range of parasites. The ecological habitats of the 

parasite and host must overlap and opportunities for contact must occur. 

Environmental conditions must be suitable for the development and survival 

of the free-living stages of the parasite and the appropriate intermediate 

hosts must be present for parasites with indirect life cycles. Thus, a 

parasite living in a foreign host may never reach one normally because of 

an ecological barrier. The existence of natural insusceptibility, there-

fore, can be established only after experirnentel attmpts at infestation. 

Once a parasite has gained access to a host, it must be able to estab-

lish itself successfully in it. The mechanisms preventing the establishment 

of a parasite in a host have been grouped and named in various ways. Road 

(1958) regarded "susceptibility" as being a physiological state of the host 

in which the parasite is supplied with all its life needs and "insusoept-

ibility" aa'the state in which those life needs are not satisfied, neither 

state involving a host response to the inrite. "Resistance" is due to 

the presence, on or in a host, of physiological factors which are unfavour-

able to the parasite. In "naturally resistant" hosts these unfavourable 



- l22a - 

factors are independent of its previous contact with parasites; whereas 

"acquired resistance" is the outcome of a host's previous contact with 

parasites or related materials. 

Infection may depend upon the normal conditions of host anatomy and 

physiology encountered by the parasite upon its first contact with the 

host • The preseflce of natural barriers such as a thick skin or hairy coat 

may thwart infection and toxic substances may kill the parasite. Many,  

helmiriths gain entry to the host by being passively swallowed; others, 

however, successfully invade the skin or mucous membranes of their hosts. 

Some have mechanical devices to aid them, others are introduced by their 

vectors, but many depend largely on glandular secretions. These may contain 

enzymes that aid the parasite's progress by liquefying glyooproteins of 

basement membranes and intercellular cements. Levert (1958)  has suggested 

that host specificity may be due in part to differences in the structure 

of the acellular glycoprotein acting as a barrier to the penetration of a 

strange parasite. Once inside a host, the initiation of parasitic develop—

merit may depend on stimuli provided by the host. Substances such as gastric 

juices may have a direct effect on infectious agents by attaching egg shells 

or cysts; but stimuli may also have an indirect action by inducing eggs or 

sheathed larvae of nematodes to produce, thtnselves, the substances which 

bring about hatching and exsheathment (Rogers, 1960). Those developmental 

stimuli are normal components of host physiology and may influence specif—

icity as development will only proceed in those hosts which provide the 

correct stimulus. 

The parasite must find within its new habitat all the necessary factors 

for such processes as respiration, assimilation, growth and reproduction. 

The various physiological factors which are known to affect the growth and 

development of parasites, and thus determine their host range, are numerous. 
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These include the biochemical suitability of its tissues for the parasite's 

existence, host diet, availability of suitable nutrition for the parasite, 

the temperature and size of the host, Influence of the host's hormones, and 

environmental stresses affecting the host which may result In physiological 

changes. Physiological factors In the host which are necessary for the 

development of some parasitic species may be inimical to others. Por ex-

ample, the high concentration of urea found in some elasmobranch fish plays 

a role in maintaining ionic balance in certain of their parasitic tapeworms 

(Read, Douglas and Simmons, 1959). However, urea is highly toxic to several 

species of tapeworms from birds, mammals and fish and is probably an effect-

ive barrier to infection of elasmobranohs by many tapeworms. 

It is evident that an animal is naturally resistant to some parasites 

because of its normal physiological and anatomical characteristics. It 

follows that no active response on the part of the animal is required. How-

ever, animals are provided with special defence mechanisms to protect them 

against Invasion by foreign organisms. If an unusual parasite succeeds in 

gaining entry into the body of an animal, a host reaction may be elicited 

directed against the parasite. The period of time which elapses between 

invasion by a foreign parasite and the activation of the host's defence 

mechanism, depends on the ability of the host to recognize the presence of 

the parasite. The ability of an animal to recognize foreign material and 

to distinguish between "self" and "not self" is a fundamental phenomenon 

for which there is yet no satisfactory explanation. In a well adapted 

host-parasite relationship the host regards the parasite as "self", whereas 

in other lees well-adjusted systems the parasite is recognized as being 

"not self" and is rejected. In the course of time a parasite may become 

better adapted to a host so that It eventually bomes to be accepted. The 

nature of the resistance response to parasites is the subject of much research 
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and may involve formation of protective antibodies and cellular reactions. 

This is complicated by the fact that the mechanisms involved may vary with 

different host-parasite systems. 

Two other factors may be mentioned which can affect host speoifioitys 

those are the presence of other parasites and the age of the host. The 

development of age resistance may be due to morphological or physiological 

changes in the host or to an increased ability to develop the acquired 

resistance response. 

The various factors which influence host-parasite specificity have 

been outlined above; but what constitutes a host and how can the suit-

ability of a host for a particular parasite be assessed? In the field, 

the host range of a parasite is assessed in terms of the species of hosts 

found infected. But the potential host range of a parasite can be deter-

mined only by experimental infection. Some hosts will be more suited to 

the parasite than others. This is manifested in some or all of the follow-

ing phenomenas low susceptibility to incidence and intensity of infection; 

longer prepatent period; smaller size of the parasite; shorter life span of 

the parasite; low fecundity of parasite; low survival rates of eggs and 

larvae of parasite. 

Every parasite has optimum conditions of existence, under which it 

lives and develops better than under any others. Many parasites, however, 

are also able to exist under conditions differing to some extent from the 

optimum and show variations in their ability to develop in a range of hosts. 

For example, Scott (1929 abc) isolated two strains of Anoylostoma caninuin, 

specific to the dog and oat respectively. Each strain was highly infective 

to its own host and only slightly so to the alternative host. However, both 

strains of the parasite grew larger and more quickly in dogs and also pro-

duced more eggs (McCoy, 1931). The infectivity of the cat strain for the 
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dog could be increased by successive passages, whereas the infectivity 

of the dog strain for the oat could not (Scott, 1930;  Foster and Cart, 

1937). The oat strain is now recognized as a separate species A. tubaeforme. 

Another example is Ninpostrony1us bx'aailiensis, which is exclusively 

a parasite of the rat in nature. It has been demonstrated experimentally, 

however, that N. brasiliengis can attain sexual maturity in white mice 

(Porter, 1934, 1935a) cotton rats and hamsters (Lindquist, 1950; Haley, 

1958) and rabbits (Thorson, 1953).  In each of these species, however, 

development is considerably less than in laboratory rats, since fewer larvae 

were able to complete the somatic migration. Na adult worms were found in 

deer mice (Porter, 1935b) or guinea pigs (Lindquist, 1950)9 although in-

fective larvae migrated from the skin to the lungs in both hosts. Haley 

(1966) showed that the infectivity of a rat strain of N. brasiliensia for 

hamsters could be increased from 3A reaching maturity to 45, after 30 

serial passages in the hamster. Furthermore, the infectivity of the ham-

ster strain for rats remained unchanged. The hamster strain developed at 

a consistently high level in hamsters of various ages in sharp contrast 

to the rat strain which showed a pronounced decrease in development in 

hamsters that had attained sexual maturity. 

Little is known about the factors responsible for inhibiting the 

development of parasites in abnormal hosts. This could be due to the lack 

of a developmental stimulus provided by the normal host, or to natural or 

acquired resistance. Lindquist (1950)  noted the striking resemblance be-

tween the cellular reaction to N. brailiensis larvae in the tissues of 

initially infected abnormal hosts, and that described by Taliaferro and 

Sarles (1939)  for larvae of that opecies in the tissues of hyperirmnunized 

laboratory rats. Lindquist re:rded as improbable the hypothesis that in 

abnormal hosts specific antibodies might be formed rapidly enough, in 
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initial infections, to take part in the cellular reaction. He considered 

as more likely the idea that the mechanism of resistance in initially In-

fected abnormal hosts is not associated with specific antibodies, but 

rather that the development and progress of larvae in an unfavourable 

abnormal host environment may be slowed down, thus allowing the host cells 

to isolate and encapsulate many of then in a foreign body reaction. This 

work is supported by the findings of Lichtenberg, Sadun and Bruce (1962)9 

who observed a similarity between the cellular reaction in abnormal hosts 

and immunized laboratory animals to Schistosoia. mansoni infections. These 

observations suggest that $ cellular reaction leading to encapsulation and 

death is one of the mechanisms whereby abnormal hosts prevent the develop-

ment of helminth larvae that penetrate their skin. By implication there-

fore, parasites in their normal host either do not trigger this response, 

or else have some method of nullifying or avoiding it. 

Restriction of host range of helminthe whose larvae migrate through 

the body of the vertebrate host may be due primarily to the failure of 

larvae to complete somatic migration rather than to incompatibility between 

the adult worm and host. For example, the larvae of 	ida ggi 

are unable to migrate through the body of an abnormal host, the laboratory 

rat. But after the early larval stages have been passed in the normal 

host, the cotton rat, the worms transplanted into the abnormal host can 

develop to maturity and produce miorofilarias (Olson, 1959). 

Chandler (1955)  suggested that in normal hosts a series of influences 

or stimuli guide the majority of migrating larvae properly towards their 

normal locations in the body of the hoot. In abnormal or strange hosts 

these guiding influences are either absent or misleading; hence a consid-

erable number of migrating larvae do not reach their normal location, but 

migrate into strange areas of the body. Such aberrant behaviour is well 

exemplified in the cutaneous and visc1r'll larva miran caused in man by 
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nematodes of animal origin. Pop example, larvae of Ano.ylostoma oaninw 

and 4,, braziliense, normally parasitic in dogs and dogs and oats respect-

ively, will migrate extensively in the skin of man leaving an intense 

inflamiiatory reaction in their wake. 

In the course of time, a mutual adjustment or tolerance must develop 

between a host and parasite which permits the two to live together with-

out very serious damage to either. It is evident that a parasite which 

destroys its host will also destroy itself. When a parasite is introd-

uced into a new species of host, the delicate adjustment may be missing 

and either the parasite may fail to survive or the host may be severely 

injured or destroyed, It is the opinion of some parasitologists (Hegnor, 

1926; Chandler, 1955)9 that a high degree of pathogenicity of a parasite 

is often evidence of a relatively recent and unperfected host-parasite 

relationship. The value of this statement, however, is open to question. 

Species with a high pathogenicity may also have a controlling mechanism 

which limits the number of parasites. Ball (1943) has made a survey of 

instances where the degree of pathogenicity would be a poor guide for 

determining the evolutionary time relationship between host and paras-

ite. For example, 21phZ.11obothrium latum which has a pathogenic effect 

only in its main boat, man. Other examples are Leisbmana app. and 

Schistogoma. app, which are highly pathogenic in mane  yet there is evid-

ence that these parasites have not been recently acquired. In the course 

of evolution, a mutual adaptation between host and parasite has probably 

occurred in many instances, resulting in relative harmlessness of the 

relation. But this may not be universally true and Ball has emphasised 
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that the length of the relationship cannot be determined merely by the 

degree of pathogenicity. 

It is clear from the foregoing discussion, that the factors which 

govern host-parasite relationships and which determine host specificity 

are extremely complex. A possible way of studying host specificity is 

by analysing the factors which govern development in unusual hosts, 

particularly laboratory animals. Development in these animals may be 

extremely limited or abnormal, but such relationships are useful as 

they may aid understanding of factors which affect development in 

normal hosts. 

However, development of parasites of domestic or wild animals in 

laboratory hosts may be essentially similar to development in their 

main hosts. Such host-parasite systems are potentially very useful 

for research. But before laboratory models can be used for detailed 

experimental analysis of a host-parasite relationship, it is first 

essential to establish how closely the model resembles the original, 

so that future experiments may be designed accordingly. In 4he present 

study, it was shown that larvae of N. battus would develop to maturity 

in the laboratory rabbit. This is the first record of N.. battus from 

a non-ruminant. In the following discussion, the development of 

N. battus in the rabbit and its normal hosts  txie sheep, will be com-

pared closely with special regard to the following phenomena: incid- 

ence and intensity of infection; rate of development; parasite size; 

migration and site of infection; longevity of parasite; fecundity; 

viability of parasite eggs and larvae; pathogenicity; development of 

host resistance. 
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gg culture. 

The main practical problem of the research programs was obtain-

ing a regular supply of sufficient quantities of lematodirue battus 

eggs due to the relatively low fecundity of the female worm. In-

creasing the infective larval dose given to lambs did not result in 

a proportionately greater increase in worm-egg production. It was 

decided to maintain the parasite in sheep since worm-egg production 

was even lower in rabbits, In addition, continual passage in rabbits 

might have resulted in significant changes in the strain of N, battus. 

In order to make the best use of the eggs which were obtained, 

it was essential for the technique of egg extraction from the faeces 

and culture to be very efficient • The method which was finally devel-

oped was very laborious but gave reliable results. If certain steps 

in the process were deleted efficiency was impaired. The low rate of 

egg production is partially compensated for by the special type of 

development within the egg which reduces the mortality of the pre-

parasitic stages. Because of the very slow development of the eggs, 

it is necessary to culture them in clean water with an adequate supply 

of oxygen. They must also be kept free from fungi as fungal contam-

ination in the cultures results in death of the eggs. Another advantage 

of the method is that clean suspensions of infective larvae can be 

recovered. There is an obvious danger in dosing animals with dilute 

emulsions of faeces in studies of the pathogenesis of helininthe. 

Because faeces with a high concentration of eggs could be obtained 

in the spring only, when young lambs were available for infection, it 

was necessary to store eggs for use at other times of the year. When 
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eggs eggs were stored in the 8-cell stage at low temperatures there was 

often a delay in the initiation of development when they were sub-

sequently cultured at 210C. Theae eggs were not dead and eventually 

developed to the third larval stage if incubation was continued. 

Thomas and Stevens (1956) also noted that a large percentage of 

N. batius eggs which had been stored at 50C for several months, 

failed to develop when incubated at 21°C • They attribute this to a 

loss in viability but do not state for how long the eggs were incub-

ated, It is known that the hatching of N. battus depends on exact 

time and temperature requirements and it would appear that if the 

optimum temperature conditions are not provided at the right time 

a delay will occur in the initiation of development of the pro-

parasitic stages. This means that under field conditions only a 

proportion of eggs ovorwintering in the 8-cell stage will start 

development in the spring; the remainder will not start developing 

until later in the aunmier. This delay in development has no consequence 

with regard to the epidemiology of the disease but is important in 

experimental work where it is essential not to waste eggs. 7cr pract-

ical purposes it was decided that the best solution was to store the 

eggs containing the fully developed third-stage larvae at 20C. This 

is similar to what happens under field conditions as most eggs ovei 

winter in this siege. 

Inf'gctjon. 

Althou1i artificial hatching by mechanical means can be carried 

out with relative ease, there sn.zst always be some doubt as to whether 

such larvae are strictly comparable from a physiological and behavioural 

point of view with larvae that have hatched spontaneously. Comparison 
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of infection levels in Bxverlmnts 2 and 31  where rabbits were in-

fected with spontaneously hatched 1rvae, with those of later ex-

periments, where artificially hatched larvae were used, suggests 

that there is little differenoe between the two methods. The larvae 

used for infection appeared to be in good condition, apart from those 

in Experiment 1, and the method of harvesting and the short period of 

storage at low temperatures should have ensured that they were not 

exhausted. 

Christie and Charleston (1965) found that a high hydrogen ton 

concentration was an effective stimulus for exuheatbznent of Neatodinis 

batt, but carbon dioxide had little or no effect. The pointed out 

that such a stimulus would be fbund in the abonasum of sheep and their 

results are consistent with those of Somerville (1957) who showed that 

ematodirus gg.LthiM and 5 abnoraI4s. did not exaheath in a dialysis 

bag placed in the rumen, but that abomasal fluid did stimulate oxaheath-

merit. Successful ezsheatbmerit is essential for the initial establish-

ment of the parasite in the host and it is possible that this physio-

logical "barriex'" is the main factor in limiting the size of the early 

parasitic larval population. In the rabbit many of the infective 

larvae may have been swept through the stomach before they had time to 

axeheath, particularly as the dose was conveyed in a fluid suspension. 

Rabbits infected with larvae exeheathed in sodium hypoohiorite in 

periment I did not have greater worm infestations than rabbits In-

footed with sheathed larvae, but exaheathing in sodium hypochiorite 

may have damaged the larvae. The infection of rabbits by sheathed 

larvae of N. battue shows that the phyeicoaohernioa1 environment of the 

stomach of the rabbit is capable of inducing a certain degree of 
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exsheatbnent, although conditions may be less favourable than those 

in sheep. 

If the percentage of worms recovered at slaughter in relation to 

the larvae administered is taken as an index of susceptibility, the 

rabbit would appear to be a relatively good host for N. hIllet Pen 

to thirty-.six per cent of the larval dose was recovered from rabbits 

over the first 20 days of Experiment 2 with an average "take" of 21%. 

Higher percentage recoveries ranging from 10 74% of the larval dose 

were obtained from rabbits in Experiment 3 at the lower dose levels 

of 100 and 1,000 larvae. The mean percentage of the larval dose 

recovered on the 20th day of infection was 35% at a dose level of 

100 larvae; this was almost four times the corresponding figure for 

a dose level of 509000 larvae (9%). In Experiments 6 and 7, where 

massive larval doses were given, the average percentage recoveries 

were much lower than in other experiments, although there were indic-

ations from some of the rabb1t which died at an early stage of the 

infection that the percentage of the larval dose which becomes estab-

lished initially may be quite high* 

It is difficult to make an unqualified comparison with worm re-

coveries of . battua from sheep,because there are few reports in the 

literature of pure infections where measured, single doses have been 

used. There are also certain variables which complicate the issues 

the size of the host; the unequal duration of the Infections in the 

various individuals brought about by deaths and different slaughter 

dates; the eisa of the larval doses used and the viability of the 

infective larvae; the comparative ages of the host groups; the in—

creased worm recovery obtained with the digestion procedure as compared 

with a washing technique. 



The percentage of worms established in rabbits over the earlier 

part of the infection from low larval doses is fairly similar to that 

quoted for N. b1ttal in lambs by some authors. Thomas (1959a)  re-

ported a mean infectivity rate of 20 in lambs over the first 15 days 

of infection following a larval dose of 509000. Worm recoveries by 

Gibson (1964)  were: 11, 39 aM 62 per cent of the larval dose from 

three lambs IclUed 25 days after infection with 500000 larva,, Roes 

(1963a) recovered worm infestations ranging from 1 -. 24% of the larval 

dose from ten lambs 10 - 21 days after infection with 4,000 559000 

larvae, The duration of the infection is longer in lambs than in 

rabbits, After the 25th day of infection small worm populations only 

were found in rabbits, but Gibson and Bverett (1963) recovered an 

appreciable worn population, representing 19% of the larvae administered, 

from a lamb killed two months after infection, 

avinn$ W  growth of worme. 

The rate of development of the larval stages may depend upon 

specific environmental conditions during the prepatent period. Var-

iations in the length of this interval can be used as one of the means 

for determining the degree of compatibility of parasite and host, 

The minimum period of development of the paramitio stages of 

N. battws. to maturity in rabbits and lambs is similar, the life cycle 

being completed in about two weeks in each host. A comparison of the 

results of Experiment 2 with Thomas's (1939a) data for lambs shows 

that the larval moults of the worms growing most rapidly in rabbits 

occur at approximately the same time after infection as in lambs. Zn 

some rabbits the prepatent period was longer than 14 - 15 days. The 

reasons for this are not clear but the age of the host probably affected 



the rate of development • Infections appeared to mature more qutckly 

in rabbits which were four or six weeks o]4 than in odder rabbits. 

Another factor which may influence development is the size of the 

worm infestation. The prepatent periods of other ruminant trioho-

strongylids in small laboratory animals have also been found to be 

not unlike those in the original host. Beech (1965) reported that 

the prepateni period of CooDerta wna$ata in rabbits was similar to 

the prepaterrt period of infections with this parasite in calves. 

Rerlich, iouvros and Ienstsin (196), worng with TrlghoMtm1rILE 

ubrifomiis, found that woz'ma recovered from guinea pigs were only 

slightly more advanced in their devolopmsrit than were worms recovered 

from calves at comparable periods after infection, 

Development of populations of N, bjttus in rabbits (Experiment 2) 

appears to be less uniform thanThomas's (19a)  results indicate for 

lambs. This could be a host difference. Alternatively, it may be due 

to the large doze of larvae used relative to the size of the host. A 

smaller dose would possibly have resulted in a more uniform rate. 

Similarly, the development of J, emAthj&r (Kates and Turner, 1955) 

and Cooperip outigei (Sommerville, 1960) in lambs, following a single 

dose of larvae, has been found to be not entirely uniformt 

Kates and Turner (1955)  suggested that the difference in the pro-

patent periods of N. helvetianus in calves and 1L sjathjger in lambs 

might be due to intrinsic differences in the species or to the influence 

of the different hosts involved, Thomas (1959a) concluded that the 

small difference which occurred in the length of the prepateni period 

between N,..batte and N. filioo1lis was due to intrinsic species diff-

erences as they developed at different rates in the same host, The 
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similarity between the duration of the prepatent period of N btti 

in rabbits and lambs shows that the rate of development of N, batti 

is intrinsic to the epsaisa. This suggests that the differences in 

the length of the prepatent period of the various species of Ienaoc1irus 

are not due to the influence of their respective hosts. 

The growth of nematodes is a discontinuous process in that they 

undergo four moults during development. The larvae are able to grow 

between moults and, in some species, they stop growing (lethargus) Just 

before, during and just after a moult although differentiation and ,.'e—

organization of tissue may continue. 

Some of the N. 1tis larvae in the third moult recovered from 

rabbits were only 0.0 rnm long, whiob suggests that larvae are able to 

start the third eudysia with little or no increase in length, But 

other larvae in the third moult, and early fourth stages  had increased 

in size and some attained a length of 1.4 M,  Unlike growth in the 

fourth and fifth stages, growth in the third stage is variable and 

little appears to be necessary as a preliminary to the third eodysie. 

The inability of third—stage larvae of N. hattus to grow much appears 

U be oounon to the other species of lematodinia judging from the small 

size of third--stage and early fourth.stage larvae (Herlich, 1954; 

Kates and Turner, 1955;  Thomas, 1959a). A similar lag phase in 

growth of the third stage occurs in b2moLohus eontorts (Ve9lia,1915), 

Cooiria ourticei (Soiervii1e, 1960) and Rjpj2ostrpnaIM brasi1iene1 

(Twohy, 1956).  Twohy suggests that this lag in the initiation of 

growth is due to the transition from a free—living exietertos to a 

parasitic way of life, 

Unlike the third moult there appears to be no letbargus during the 
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fourth moult and growth is continuous. Although insufficient details 

are given, from the data available it would seem that there is no 

distinct retardation in growth during the fourth moult of the other 

species of 1eztodirus (Thomas, 1959al Kates and Turner, 1955). 

carcta gail, in the chicken, continues to grow without any sign 

of a lethargus (Ackert, 1931); but in C, curtiosi the growth of the 

parasitic stages is essentially a succession of growth, ec&yeie and 

growth and there is a distinct plateau in the growth curve at the time 

of the fourth eadysis (Sonerville, 1960). 

The body lengths of L.1xAjtug from rabbit infections were shorter 

than those obtained by Thomas (1959a)  and. Crofton and Thomas (1954) 

from sheep infections, but did not fall completely outside the range 

in lengths given by these authors. Unfortunately, it was not possible 

to make comparable measurements of N.. .baflus from sheep at Morodun, so 

it is difficult to assess whether some of the differences in else may 

have been due to differences in the strain of N. bg1kig or in tecthiciue. 

Thomas (1959a)  measured temporary mounts in water, whereas in this study 

it has been shown that the method of preservation caused a small degree 

of shrihlmge,, But in view of the fact that the digestive tract of the 

rabbit Is different from that of the ruminant, it is probable that the 

normal growth pattern of the worme was influenced by various factors 

associated with the unusual habitat • The mean body lengths of 

hcu1zt1ua axet in gerbils (Leland, 1963b) and Qo ei unotata 

In rabbits (Beach, 1965) have also been found to be smaller tbn in 

their ruminant hosts. 

Fourth—stage larvae Inhibited in development, were usually found 

in most of the worm populations examined and such larvae are commonly 



found in infections of eatodirus spp. in sheep (Gibson, 1959c; 

Gibson and fterettl 1963;  Brunadon, 1962a; Donald, Dineen, Turner, & 

Wagland, 1964).  P'emales devoid of eggs were also found in many worm 

populations and their body length was shorter than that of gravid 

females. This indicates a probable interference with growth and dev—

elopment. Inhibition of development has been trecjent1y observed in 

other nematode infction among them Pr 	tronpylus retortaefo1xts 

in rabbits (ichel, 1952b); Dityooaulus fliarla in sheep (Taylor and 

Michel, 1952); D. viviaius in cattle (Michel,  1955); sterta 

c1rcwc1nct in sheep (Soervi11e, 1954a); 	ora curtiesi in 

sheep (sommervine, 1960); Re2monSbaR contortus in sheep (Dineen, 

Donald, ag1and and Offner, 1965); H. place in cattle (Toberts, 1957). 

Somerville (1960) suggested that worms which were close to an 

eodysis were more likely to be adversely affected by unfavourable 

features of the environment than at other times. This may be true for 

some species, but most larvae of N,. battus recovered from rabbits were 

arrested in the mid—fourth stage of development, although some were in 

early fourth stage. Third—stage larvae of N. bt$us were found in the 

early stages of the infection only, indicating that they either devel—

oped to the fourth stage or were eliminated from the host • Most fourth— 

stage larvae of N,. spathiger recovered from lambs by Donald , 	.(1964) 

and Dineen Donald, Wagland and Turner (1965)  were not in early fourth—

stage, but it is not stated whether they were in mid.-fourth stage or 

late fourth stage. These authors also recovered large numbers of 

tamales devoid of eggs from many worm populations which had been given 

sufficient time to develop to maturity. Other species have been re—

ported arrested at different stages of their development which probably 
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depend to $ certain extent on the conditions of the experiments 

Triohoatronlua 	ojnis in late third stage in rabbits 

(Miohel, 1952b);  Haenghus plaoei (3x'emner, 1956)  and Ostertagia 

ciroumcinota (Sommerville,, 1954a) in early fourth stage in sheep; 

Cocoerjg curtipei in late fourth stage in sheep (Soxnmerville, 1960); 

Djctyoculus viviparus in early fifth stage in cattle (Michels 3955). 

The phenomenon of inhibited development is discussed in greater detail 

under the section on host resistance. 

Egg REoduction. 

A considerable number of biological variables can affect the con-

centration of eggs in the faeces. When the egg counts are expressed 

as the total number of eggs passed each days  the variation from day to 

day becomes relatively very much issa than when they are expressed as 

eggs per gram. This avoids any variation introduced by the amount of 

faeces being passed, as it was seen that in rabbits which were severely 

affected by the infestation the fascal output was markedly reduced 

which tended to concentrate the eggs per gram of faeces. 

In order to relate an output to the nature of the adult worm pop-

ulation a knowledge of the rate of passage from the small intestine to 

the anus is desirable. In rabbits another factor complicates the 

Issues re-ingestion of faecal pellets is known to be a normal physic-

logical function of both laboratory and wild rabbits (Thompson and 

Worden, 1956),  Two types of faeoal pellets are normally produced in 

the lower digestive tract of rabbits. Small soft pellets are usually 

ingested, the rabbit picking them from the anus as ther are released, 

the more abundant bard pellets are not normally ingested. Because 

Beech (1965)  kept his rabbits constantly hungry, the coprophagic habit 



'became less selective but more intensified and the rabbits ate not 

only the soft but also the hard faecal pellets. The rabbits in the 

present study were well fed and although ooprophagy occurred habit-

ually there was no evidence to suggest that the experimental procedures 

resulted in intensified re-ingestion. Soft pellets, which had not 

been redngested, were frequently recovered in the faecal out:puia, 

Worley (1963) noted that about one-fourth of the stomach contents of 

caged Dutch rabbits consisted of re-ingested faeces. The stomachs 

of rabbits slaughtered in this study usually contained about this 

amount, or lose, of soft pellets. Some disintegration of pellets in 

the stomach may have taken place before slaughter since laboratory 

rabbits usually re-ingest the soft pellets at night and slaughter took 

place during the day. 

Fasoal collections were generally made around midday and Watson 

(1954) has stated that soft pellets may be found in the stomach up to 

nine hours after they have been re-ingested by the rabbit. This means 

that as coprophagy occurs at night, worm eggs originally contained in 

soft pellets would probably not have been finally eliminated (and 

collected) until the day after they passed through the anus for the 

first time. Madsen (1939),  quoted by Watson (1954)9  showed that fig 

seeds fed to a rabbit had reached the rectum four hours later, but did 

not reach the stomach again until 12 hours after being taken. If it 

Is assumed that about one-fourth of the worm eggs were re-ingested, 

and were collected on the day of infection after which they were origin-

ally passed, this means that one-fourth of the egg production shown for 

each day represents eggs which were passed on the previous day, If the 

adjustment is made for each days  the net effect on the results as 
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presented is relatively small. Eggs of N. battus are known to be 

very resistant and Experiment 4 shoved that eggs passed in rabbit 

faeces were as viable as those passed in sheep faeces; so it is 

unlikely that additional passages throui the digestive tract had 

any detrimental effects on the eggs. 

The determination of the number of worm eW passed in the faeces 

gives only an indirect measure of the number of worms harboured by the 

boat. Because of the large numbers of fourth-stage larvae and im-

mature fifth-stage worms present, the worm-egg counts of 1* bMttLe  

infections in rabbits give an indication of the maturity of the pop-

ulation only. inferences about the worm population, drawn from the 

egg output, have value only when expressed in qualitative terms. A 

population can be said to have started laying eggs, reached its peak 

of egg production, and to have stopped laying eggs on particular days. 

Eggs were detected in the faeces of some rabbits 14 days after 

infection and the patent period sometimes lasted until the 30th - 35th 

day of infection. Usually, the graph of egg production showed a 

fairly rapid rise to a peak followed by a sharp fall. The peak of 

egg production varied from the 17th 26th day of infection in indiv-

idual rabbits. The decline in egg count appeared to be associated 

with a loss of gravid females. Small numbers only of gravid females 

were recovered from rabbits whose worm-egg count had dropped to a 

low figure. Adult worms were frequently observed in the faeces of 

rabbits while the egg count was still rising or had just passed its 

peak. It is possible, however, that preceding elimination from the 

hosts  there may also have been a reduction of ovulation in worms which 

were once fertile. Baxter (1957a) and Thomas (1959b) are of the opinion 
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that inhibition of egg production in Haiaatodirus epp. in sheep pre,--

codes eUmir*ation of the adult worms. Tetley (1949) cwe to a 

similar conclusion from a study of the numbers of worms and worm 

eggs passed in the faeces of a lamb throughout the period of its 

infection 4th 	tedii spp. 

Increasing the larval dose resulted in an increase, but not a 

proportional increase, in egg production, The highest egg output 

in relation to infective larval dose administered occurred in peri-

ment 2. Thirty times the larval dose of 18,000 was recovered as 

eggs from one rabbit, Donald 21 A, (1964) found that  the group 

fecundity of lambs dosed with 130,000 larvae was less than that of 

a group of lambs dosed with 509000 larvae. Gibson (19594) and toss 

(1963a)hae reported that there is no close correlation between the 

feoa1 parasitic egg count and the number of adults of Nomatodirus spp. 

foun4 post ortsm, In 1periment 99  where rabbits were dosed with 

50,000 larvae, the rise in egg output was rapid and the tall equally 

rapid. By contrast, in Experiment 2 the rise was slower and the 

patent period lasted for a longer period of time. In Experiments 

5 . 7, where large larval doses were gien, the duration of the patent 

period was fairly long and the level of egg produotion was high through-

out • In these experiments, elimination of fifth-stage worms was ob-

served to take place at a time when the egg count was still rising. 

The continual rise in egg count may have been due to the maturation 

of Umnature fifth.-stage worms or to an increase in fecundity of the 

existing gravid females. 

There may be a causal connexion between the smaller body length 

of gravid females in rabbits, compared to sheep, and the low fecundity 



of the woru. However, Michel (1963) found no correlation between 

the length of female Ostertagia gctezai in calves and the number 

of eggs they produced and suggested that the two phenomena were 

separate. Leland (1963b) showed that infection of the Mongolian 

gerbil with WchostE2NUQ1ua 	resulted in undrsize adults which 

possessed a reproductive capacity equal to the same isolate of the 

wore recovered from some of the more usual (natural) hosts, i.e., 

the horse, calf, and lath. A different conclusion was reached by 

Dudsinaki and Mftytowyos (1963), who reported that there was a pos-

itiva correlation between the length of female TAghostZ2pjUlus  

retoriaefprmts and the number of eggs in the uteri. It has been 

shown in this study that the shorter length of gr'avid females of 

JA  httag had no effect on the length of eggs although the egg dia-

meter 

te

meter was slightly smaller than that of eggs from sheep faeces. 

Beech (1965) has reported that although adult 	imnotata re- 

covered from rabbits were smaller than those from calves, the gross 

characteristics of the eggs collected from infections in the respect-

ive hosts did not differ significantly. 

Djs$ribution of worms in the intestine, 

In this study the smell intestine was divided into proportional 

parts Oct the total length, the only points of reference being the two 

ends of the organ. This avoided the difficulties of determining the 

exact limitations of the duodenum, jejenurn and ileum* Most authors 

cited below divided the small intestine into imiltiples of linear teat, 

counted the number of worms occurring in each section, and presented 

their results in terms of absolute distance from the pyloric sphincter. 

Since they did not allow for differences in the total length of the 



small intestine, it is difficult to determine precisely the relative 

positions of the worms. 

Each of the various species of helminih parasite of the alimentary 

tract tends to be restricted to a particular location, It has been 

shown that in the small intestine of sheep, cattle and rabbits each 

belminth species tends to be located about the region of greatest 

abundance as a normal frequency distribution, and that there Is * 

regular order in the succession of species along the intestine although 

the individual distributions may overlap (Tetley, 1937; Soimnerviule, 

1963). 

Nematodiru2 app. appear to be found mainly in the anterior part 

of the small intestine of sheep and cattle (Tetley, 1937; lier].ich, 

1954; Kates and Turner, 1955; Thomas,  1959a, 1959b; Son*nervilie, 

1963). The results with rabbits in Experiment 2 showed that the 

whole of the small intestine was suitable for establishment by 

I. battua for both larvae and adults, although the majority of worms 

was positioned about the middle. The distribution of worms may be 

influenced, to a certain degree, by the number of worms present in 

relation to the length of the intestine. In Experiment I, worms 

were found mainly in the anterior half of the intestine on the 22nd 

day of infection. This suggests that the worms show a predilection 

for the anterior part of the intestine when the worm population is 

small, or that worms are lost more rapidly from the posterior part 

of the intestine at this stage of the infection. A low infection 

of Nematodtrta op. in a wild rabbit was reported by Sommerville (1963) 

to be confined to the anterior half of the small intestine. Alternat-

ively, the distribution of the worms may be modified by the age of the 



host, since rabbits in Experiment X were four weeks older than those 

in Ixp.riment 2. The factors which govern the distribution of worms 

along the intestine are not mown, but the difference in distribution 

of Nematodth&a spp. in sheep and rabbits may be due pertly to the 

difference in length and diameter of their respective intestines in 

relation to the number of worms present • The majority of worms in 

sheep is found in the 20 feet of intestine immediately posterior to 

the pyloric sphincter and most of the critical evidence for this is 

based on relatively small worm infestations (Tetley, 1937 Thomas 

1959a, 1959b). There are reports that in lambs which were clinic-

ally affected with nematodiriasis under field conditions worms were 

found distributed throughout the email intestine (flngebury, 19531 

Thomas and Stevens, 1956). On the other hand, Kates and Turner 

(1955) found that even heavy infestations of 1. ¶ath&g.r were 

localised in the jejenum* 

In most of the infections in Experiment 2 the dispersion of 

worse along the intestine tended to have the form of a normal fre-

quency distribution. This agrees witH Sommerville's (1963) finding 

that parasites in "unusual" hosts have normal distributions, although 

Thtl•y (1937) suggests that •iatio distributions are characteristic 

of this type  of relationship. In fact, Sommerville reasons that the 

similarity in the succession of the various genera and species along 

the intestines of rabbits, sheep and cattle suggests that the factors 

which govern localisation are similar in all three animals. 

The distribution of male and female worm populations along the 

intestine was basically the same, although there was a significant 

difference between the distribution means of the sexes in three 



Infections* On each occasion the distribution mean of the males 

was posterior to that of the females. Brambell (1965)  found  that 

the distributions of male and female Niostnl brasilienBis 

worms along the small intestine of rats were significantly different. 

Bull (1953b) reported differences in the distribution of male and 

female worms of Trichostrongylus retortasformie in rabbits, but 

observed that these differences were not constant in all rabbits. 

Tetley (1937) was dealing with several species of nematodes, and, 

for convenience of identification, he considered only the males and 

assumed that the distribution of females was similar. Tetley's 

technique is not invalidated atnos for many practical purposes 

differences in the distribution of the sexes may be ignored, but 

such assumptions should not be undertaken lightly. 

In the present study, fourth-stage larvae of N. battus were 

found to have a similar distribution to that of the adult worms. 

Brenibell (1965)  reported that fourth-stage larvae of L. brasilienais 

settled chiefly in those parts of the small intestine of rats which 

were later most heavily parasitised by adult worms. These facts are 

not at variance with Petley's (1937) ]qpothesis that  the site of 

infection of adult helminth species in the small intestine is a 

function of the incoming larvae, although the mechanism by which 

this happens is still unknown. Sommerville (1963) reported that 

the linear distribution of N. spathiger in sheep was not affacted by 

the rate of ezsheathment of the infective larvae. This conclusion 

is supported by the distribution of the third-.stage larvae on the 

second and fourth days of infection in Experiment 2 of the present 

study, which suggests that many larva, did not finally settle until 

after this stage. 
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It is clear from a study of the histology that the larval 

stages were in intimate contact with the raucosa, whereas the fifth-

stage worms were in the lumen of the intestine. This is similar 

to the situation in sheep, where the larvae of N. katt&s migrate to 

the depths of the intestinal glands with a subsequent return to the 

mucosal surface the adults being found in the intestinal lumen 

(Thomas, 1959a).  This migration appears to be an integral part of 

the life cycle of species of this genus and has been described in 

. h,1vetius (HezUch, 1954), L sthize (Rates and Thrnsr9195) 

and X. Ziligollis (Thomas, 1959a). 

Pathogenicity. 

Extremely heavy doses of infective larvae were required to pro.-

duos pathogenic effects in rabbits. Even then several rabbits, 

especially in Experiment 69  showed no clinical symptoms. This may 

have been b,aues the larval dose was spread over a period of four 

days, although it is not known whether resistance could be effected 

in this times rates and Turner (1953a) showed that when 5009000 

larvae of N.pathjer were administered to lambs in nine doses spread 

over a period of four wec8, the pathogenic effects were less severe 

than when similar numbers of larvae were given over a period of a few 

days. The weaned rabbits in Experiment 7 were more susceptible to 

the effects of parasitism than those in experiment 6 and this may 

have been due to the fact they were 10 days younger at infection or 

because they received all of the larval dose on the same day. 

In general, the clinical symptoms of anorexiat  diarrhoea, and 

weight gain retardation or weight loss observed in rabbits have been 

reported by various authors to be associated with natural or experimental 
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infections of Nematodirus app* in ruminants. The effect produced 

by the parasites in the intestines of rabbits and ruminants is 

essentially that of * catarThal enteritis. Those rabbits which 

were most affected first showed signs of diarrhoea about one week 

after infection. From Experiment 20  it can be deduced that at this 

time the parasitic larvae would be in the mid-fourth stage of develop-

ment-and in intimate contact with the muooaa. Ill effects were ob-

viously produced by Immature wormso  but it is uncertain whether adult 

parasites are also capable of producing e)'mptoms. The faeces of one 

rabbit (To.102) in Vxperiment 7 were diarrhoeio as early as the fifth 

day of infection and it died on the 12th day. F%rty thousand fourth-

stage larvae were recovered, but the number of fifth-stage worms was 

small (12 320) and none of the females were gravid. It was shown in 

Experiment 2, that the more rapidly developing larvae in the worm 

population did not moult to fifth stage until about the 10th day of 

infection at the earliest. The time of death of rabbit 102, and the 

number of larvae recovered, strongly suggest that the pathogenic effects 

were caused by fourth-stage larvaea Immature fifth-stage worms may 

have been partly responsible for the effects over the later stage of 

the infections  but mature worms could not have been involved. Path- 
 
- 

ogenic effects were observed in some rabbits while worm eggs were 

being passed in the faeces, but the clinical symptoms could have been 

due to the large number of immature worms present in the majority of 

large worm burtiena* flowever, in MCPeriment 51 the rabbits recovered 

by the beginning of the fourth week of infection, but for more than a 

week after that a considerable number of eggs continued to be passed 

In the faeces indicating the presence of a sizable adult worm population. 



Kates arr. Turner (1953a) studied the effect of N# spatMr 

infections in lambs and observed that diarrhoea usually appeared 

during the second week of infection before the parasite popu1tion 

reached tzaturity, and generally ceased shortly before or after the 

aeoal egg count was at its peek. In later work (1955) they reported 

that larvae, and to some extent adults, caused direct mechanical dam-

age to, and distortion of the Jejunal epithelium and viii. Further-

wore, heavy experimental infections in lambs caused, directly or 

indirectly, d onerative changes in the jojunal unioea, such as erosion 

and necrosis of the epithelium and viii and some hperaeiuia, part-

icularly during the prepaten't period. Similarly, the rats of 

Horlioh and Porter (1953) and Campbell, Dianond and !ingscote (1960) 

show that the most detrimental effects of N helvotj2as. infections 

in cet1e arc produced during the propatnt period. These effects 

are probably caused by immature f thst age worms in intimate contact 

with the intestinal wall (llerlich, 1954). 

Thomas (1959a) observed no symptoms of disease in experimental 

infections of lambs with N. battue and U, fiiieollts, probably because 

the larval doses were small. The iximwa d&aa to the intestine by 

LL bairL1a occurred about 12 days after infection, when there was most 

evidence of penetration by larvae into the intestinal wall. There 

was flattening and complete erosion of the epithelium in contact with 

the larvae, which often penetrated into, but not below, the lamina 

propria.. 

In Experiment 2 of the present study, coiling of larvae around 

viUi caused severe compression and constriction, erosion of the 

muoosal epithelium and penetration of the lamina propria was also 

observed. The rabbits in this experiment showed no pathogenic 



eiptote presumably beoau&e of the email nurber of worms present. 

The ridged cuticle of the larvae may be partly responsible for 8.ama8e 

to the intestinal mucosa. In some histological sections indentations 

could be seen in the villar epithelium where the ridged cuticle of the 

larvae ba come in contact. Lee (1965) has oborved thcb the longit—

udinal ridges of the cuticle of N bpL3,pilienais appear to abrade the 

microvilli of the intestinal cells of the host. He suggests that 

this my be a pressure effect or the effect of spiral locømotory move— 

ments of the worm. A critical histological exdnat ion of the zmaU 

intestine of rabbits which died, could not be carried out, because 

intestinal tisaues must be fixed immediately after death and a period 

of time uaially elapsed between death and Dost Mi.-tem.  But in view 

of the similarity of the development of the various species of 

*oUrus and of the clinical picture in heavy Infections, it may 

be concluded that the pathogenic effects in rabbits were due to damage 

of the intestinal mncosa caused mainly by the imrrature parasites. 

As far as can be ascertained, the effects of the worm infestation 

alone were responsible for the death of the rabbits which received 

massive douse of larvae. Thomas and Stevens (1956) consider that 

heavy Infestations ofieatodirus appo in sheep might provide conditions 

in the intestine conducive to the formation of 2.1oslEldlum  

toxins. Clostridlal toxins were not found in the intestines of rabbits 

which died and faecal cocoidial ooewt counts were no greater In these 

animals than in other rabbits either infected or not infected with 

N. 'bat tue 

Rabbit No. 722 in Bxperiineixt 6 was exceptional in that it had no 

diarrhoea at all; this was surprising considering that it was extremely 

susceptible to infection. Death in this rabbit may have been due, in 
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part at least, to gut blockage caused by the masses of worms recovered. 

Rabbit No.1011 in Experiment 7 did not show any trace of diarrhoea 

until the 12th day of infection, after it had been weaned. In this 

rabbit the presence of milk in the diet may have prevented the onset 

of pathogenic effects over the preweaning period. 

Infected rabbits which were not clinically affected gained in 

weight over the period of the infection. The results of Experiment 

3 showed that weight gains of rabbits were independent of the size 

of larval doses  when the dos, was 50,000 larvae or less. The in-

crease in weight of rabbits with non-clinical  infestations in Experi—

ment 6, following a dose of 5009000 larvae, was similar to that of 

uninfected rabbits. But the weight gains of young, infected, tin,* 

weaned rabbits in Experiment 7, following a larval dose of similar 

size, were lees than those of the uninieoted controls for a short 

period of theinfection* The rabbits in Experiment 7 were very 

young at infection, 	weeks only, and this may explain why they were 

more susceptible to the effects of infestation than rabbits in Experi—

ment 6 which were 7fr weeks old at infection* it is surprising that 

rabbits with non—clinical  infestations did not lose weight and this 

may be related to the fact that these animals, unlike the clinically 

affected rabbits, did not suffer from loss of appetite. Rabbits 

which had been clinically affected and 'then recovered increased in 

weight very rapidly. Brunadon (1961) showed that lambs in which 

infestation by Nernatodirus app. was suppressed completely by fort—

nightly drenching with bephenium embonate made a significantly greater 

weight gain response compared with non—clinically infected control 

animals. Kates and Turner (1953a) found, with experimentally induced 



144 - 

infections of N, spathiger in lambs, that when the acute phase of 

the disease was over the residual parasites continued to inhibit, 

to some extent, the growth of lambs. Baxter has reported (1958) 

that some lambs in the field remain stunted until the autumn after 

suffering from nmaatodiriaeia in the spring. 

It is difficult to relate directly the occurrence of clinical 

symptoms in rabbits to the size of the worm populations recovered 

at death or slaughter. Heavy worm populations were found in animals 

which died, but since large numbers of worms were observed being 

eliminated from some of these rabbits the initial populations were 

probably uuwh greater. On the other band, large worm burdens were 

also found in rabbits which had not been adversely affected by the 

infeotton. Possibly some aspect of nematode development or of worm 

activity, not simply their physical presence, is responsible for the 

acute pathogenic effects; but it would appear that some rabbits are 

completely resistant to the effects of parasitism. It is difficult 

to evaluate the evidence presented by some authors of the number of 

worms recovered from lambs which have died from the disease or been 

clinically affected, since it is uncertain whether they recovered 

all the larval stages. A washing technique would probably leave many 

larvae In the mucosa. However#  there are reports in the literature 

of heavy infections in lambs which have survived the infestation, 

For example, Gibson (1959a) recovered 909000 worms of Iernato4ro, app., 

mostly L. battus, from a lamb which survived, yet two lambs of similar 

age which died had populations of 14000 and 19,500 worms. 

In general, the worm populations recovered from those rabbits 

which received massive infective doses were very similar in structure 



being made up mainly of fourth.-stage larvae. But some rabbits were 

different. Despite the fact that the infective dose was spread over 

a period of tour days, most worms recovered on the 14th day of in-

fection from rabbit No.722 in Experiment 6 were fifth-stage pro-,adults 

with many fourth-'aoult and late fourth-stage larvae. This indicates 

that this rabbit must have been extremely susceptible, since almost 

uniform development of the population had taken place. Small worm 

burdens were recovered from the tour infected unweaned rabbits in 

Experiment 7 and three of these worm populations consisted mainly of 

fifth-stage worms. Because of the relatively low egg counts and the 

absence of clinical symptoms, it is possible that the major worm loss 

took place before or during the larval fourth stage allowing the re-

latively fewer worms to develop to the fifth-'stage, 

Rabbits which were clinically affected and subsequently recovered 

did so during the fourth week of infection. Kates and Turner (1953a) 

also reported that most of their infected lambs recovered from the 

acute phase of the infection by the end of the fourth week. This 

recovery is probably due to elimination of the parasites as large 

numbers of fifth-stage worms were seen in the faeces of some of these 

rabbits and there was usually a corresponding drop in on count, but 

it is not known whether fourth-stage larvae were also lost at this 

time. 

The presence of milk in the diet renders rabbits loss susceptible 

to the establishment of heavy worm burdens. This effect was presum-

ably exerted over the first ten days of infection when third-stage 

and tourtb..stage larvae only were present, although it is possible 

that its influence could have been carried over for a period after 

weaning. 
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The explanation may be partly or wholly due to the hi* nutritive 

quality of rabbit's milk which contains 12% protein (Spector, 1956), 

or the effect of enzymes and other types of protein available in the 

milk. Rohrbaoher, Porter and Herlich (1958) showed that unweaned 

rabbits were mar, resistant to =0halUsawme golubr%foz'mje and 

Tit 9jej  than weaned rabbits, whereas in a similar experiment with 

calves no difference in the numbers of worms recovered was found 

between the weaned and unweaned groups. In addition, milk can 

physically alter the environment of the digestive tract. The pres-

ence of milk in the ration tended to neutralize the acidity of the 

abomasa of calves (Rohrb*cher jJ., 1958). If a similar effect 

Is produced in rabbits, the resultant increase in pH of the stomach 

might adversely affect exeheathaent, since the stimulus for exeboath-

merit in St, battug depends on a low pH (Christie and Charleston, 1965)e 

e-infet ion of lambt 

The re-infotion of iwabe after passage through rabbits, together 

with the fact that there Is a significant increase in worm eggs passed 

by rabbits compared with the initial larval dose, has possible implio-

ations for field conditions. No drop in infectivity for sheep was 

observed after passage through rabbits. Two successive passages of 

N:o battue can be made through rabbits, but it is not known whether 

the parasite could be maintained in rabbits indefinitely. There are 

no reports in the literature of surveys of nematode parasites of rabbits 

being carried out In an area where JU bettus is common in sheep, so that 

it is possible that natural infections of rabbits have gone unnoticed. 

N. battus was not recognized until 1951 (Crofton and Thomas) despite 

the fact that it in an important pathogen of sheep. It is not known 



whether rabbits become infected in the wild state but at the moment of 

writing rabbit populations in Britain are 'too low to have any importance 

as reservoirs of infection* 

Sax of woçme. 

Prom the data collected from all the experiments, within certain 

criteria, it was shown that in worm populations which were 19,  or more, 

days old the percentage of fifth-stage melee in total male populations 

was greater than the percentage of fifth—stage females in total female 

populations. The weight of this difference was contributed by the 

populations in which 10.. than 50% development had been completed. The 

fourth—stage larvae in the populations were considered to be inhibited 

in development, since 19 days is sufficient time for development to the 

fifth stage. It cannot be decided whether a discriminating elimination 

of either sex occurred as suitable data are not available, but the results 

of Experiment 2 suggest that the sex ratio of all worms in the population 

remains constant 'throughout the course of the infection. From an analysis 

of the structure of worm populations which were 10 - 14 days old, when 

warms are moulting to the fifth stage, it was shown that males develop 

from the fourth stage to the fifth stage more rapidly than females. It 

is suggested that the sex difference in the proportion of fifth—stage 

worms present in populations 19, or more, days old is due to the effects 

of inhibition of development superimposed upon an innate difference in 

rate of development of the sexes, 

Donald, Dineen, Turner and Wegland (1964) observed that in 

12  Sgalkipr infections, which had been given time to mature in sheep, 

a significantly greater proportion of females was present amongst the 

fourth—stage larvae than amongst the fifth—stage worms. They were unable 

to deduce whether this difference was due to a difference in rate of 
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development of the sexes, a greater susceptibility of the female worm 

to the control mechanism of the host, or a discriminatory effect of the 

control mechanism upon sex. The similarity between the development of 

Ng 	tu and N,, gathjer might suggest that the male worm of the latter 

species also develops at a fester rete than the female, and this could 

explain the sex difer.no, observed by Donald eial (1964). 

Iomt Rstsjace, 

The insusceptibility and natural resistance of a host to a parasite 

depend upon the normal conditions of boat anatomy and physiology and are 

Independent of its previous contact with parasites, Acquired resistance, 

however, is a manifestation of previous experience with a parasite or 

related materials. It is desirable to know whether acquired resistance 

plays a part in the control of parasitic development and lose of parasites 

from a host, or whether this is due entirely to other factors. Once the 

development of acquired resistance has been established, it is then essential 

to study the precise conditions under which it occurs, so that these con-

ditions may be reproduced to order. When such basic data have been 

discovered, the most favourable lines of research which will lead to an 

elucidation of the mechanisms which govern acquired resistance can then 

be investigated. 

In the following section, the role which acquired resistance playa 

in the loss of worms from primary infections of 1k hattus in rabbits, the 

development of resistance to re-infestation and the inhibition of develop-

ing worm populations is diøoueed in relation to similar phenomena in 

Neatojtrus MR infestations in sheep and other host-nematode relationships. 

The results of Experiment 3 showed that the percentage recovery of 

worms on the 20th day of infection was greater when rabbits were infected 
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with with low doses of larvae. Certain possible explanations of this phenomena 

can be eliminated. The x'eu1te show that lose of worms is not due simply 

to the expiry of a fixed life—span, but that the period of time worms 

survive depends in part on the else of the larval dose. Nor is it likely 

that the more rapid lose of worms from the large dose groups is due to 

overcrowding, in the sense of an effect which follows invariably from the 

presence of large numbers a! worms. The fact that very large worm burdens 

were recovered from two rabbits in Group hi, and from rabbits in other 

experiments, demonstrates that the rabbit small intestine is quite capable 

of supporting large number, of worms for a certain period of time. 

The results of Experiment 9 shoved that previous experience of infection 

gave protection against subsequent challenge. This demonstrates that the 

size of the worm population is not controlled colely by an interaction 

between parasites independent of the host, but depends to some deree on 

resistance acquired by the host during infestation. It is concluded tht 

In primary infections of N. bttw, tho. expulsion of worms at the end of 

the third week or during the fourth week of infection is due to resistance 

acquired over the earlier part of the infection. The explanation of the 

events observed in Experiment 3 is probably that a large larval dose 

stimulates the resistance mechanism into action at an earlier point in the 

infection than a small dose. This implies that the onset of the acquired 

immune response depends to a certain extent on the size of the initial 

Infestation* 

Information i available on the effect of size of larval dose on the 

rate of lose of other triohostronjlid infections. By serial killing of 

rats infected with Nignoetronfflug bazilienpig, Haley & Par?ar (1961) 

found that the loss of worms from small initial adult populations was 

gradual, whereas when large or intermediate initial worm burdens were 
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present, there was an abrupt loss in much less time. Infections of 

Trichstron.pylus colubriformis appeared to be thrown off more vigorously 

by guinea pigs given large larval doses than in those which received 

email doses of the parasite (Sturrook, 1963). Similarly, Russell, 

Baker & Raises (1966) reported that egg production and the percentage of 

inoculum recovered at autopsy were inversely proportional to the number 

of Obelisooides 2uaLeuli larvae administered to rabbits. 

Doses greater than 509000 larvae were administered to rabbits in 

some experiments to determine whether rabbits would be able to regulate 

the infection no matter how heavy the dose, or whether clinical effects  

would be produced. It is suggested that the clinically affected rabbits 

which died had their resistance mechanism overwhelmed by the suddenness 

and degree of the infection. In clinically affected rabbits which recov- 

ered, the induced resistance response probably resulted in a sufficient 

loss of parasites to reduce the effects of the infestation before death 

could ensue, although elimination of worms was partial only. Total 

expulsion of the worm burden was completed at a later stage of the infection. 

In other members of the groups, which received a larval dose of similar 

size but had small worm burdens only at slaughter, it is considered that 

a sufficient degree of resistance was invoked to cause removal of most of 

the worms. Some rabbits which failed to show clinical signs had very 

large worm burdens at slaughter. It is uncertain whether these animals 

had a natural resistance to the effects of parasitism or whether resist-

ance acquired over the early part of the infection gave protection against 

the effects of the worms, but was insufficient to cast them out. Several 

rabbits in Experiment 6 were not seriously affected by the infestation and 

it is possible that serial dosing over four days may stimulate the rabbit's 

resistance to the establishment of vorme and the effects of parasitism more 



effectively than a single dose, as already discussed. It is unlikely 

that the small worm burdens of so.e rabbits in this experiment were 

due to accidents of chance, since a dosing regime spread over four 

days reduces the risk of larvae becoming tangled up in one mass and 

being swept through the stomach before having time to .xshesth. 

Sc.. of the rabbits with small worm burdens at slaughter may have 

had a natural resistance to the establishment of worms, as distinct from 

a greater ability to develop an acquired resistance. It is difficult 

to decide which of these two kinds of resistance was responsible for the 

non-establishment of worms, sines most rabbits wars killed on the 19th 

day of infection or later, It in desirable to determine when the 

rabbits with small worm burdens on the 19th.. 20th day of infection lost 

the major part of their infestations. In ether words, how such experience 

Of infection is necessary to provoke the resistance response of the host 

and which stags of the parasite is most Immunogenic. 

Some information on this point is available from natural infections 

of emetgUs Mggt in sheep. Brunadon (1963b) has shown that imeature 

stages of Namstodirue stn. are capable of stimulating resistance and it i 

considered probable that fourth-stage larvae, and immature fifth-stage 

worms of i.battua, could invoke sufficient resistance to 0aus$ loan of 

most of the worms. Evidence from the present work suggests that the 

larval fourth stage is particularly susceptible to the host's resistance 

response. A large proportion of worms recovered from rabbit, which 

received excessively large doses of larva, were inhibited in the fourth 

stage of development and it was shown in Experiment 9 that the major 

effect of age resistance was inhibition of larvae in the fourth stage. 

This question could be further elucidated by the serial killing of rabbits 

which had received large larval doses. 
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It has been argued that the 1øe of worms in primary infestations 

of N. bsttus in rabbits is due to the resistance response of the host. 

It might be expected, therefore, that infected rabbits would so-quire a 

resistance which would render them more resistant to re-infection than 

Inexperienced animal.. The results of Experiment 9 confirmed that prev-

ious experience of a patent infestation conferred protection against re-

infection manifested by a significant reduction in the number of worms 

which became established. Michel (1963)  has shown that inhibition of 

development in the larval fourth stage of 2yjMtWj getertai infections 

In calves depends partly on the presence of adult worms. It seem, unlikely 

that the failure of worms to become established in the present study was 

due to an existing population of adult or larval worms. Bephenium 

hydroxynspthoste has been shown to be highly effective against both adult 

and larval stages of Nematodirue tDtj in lambs (Rawea and Soarnell, 1959; 

Gibson, 1959b). The results of Experiment 8 showed this compound to be 

100% efficient against both adult and larval forms of N. battuq in rabbits. 

It is probable that, even without the administration of the arrthelmintio, 

the rabbits would have been harbouring very few worms by day 33 of the 

infection, when they were ahallenged. The difference between the groups 

could not have been caused by persistence of the anthelmintic, since 

Experienced and Control Groups were treated with equal quantities of the 

drug. It is considered that resistance acquired by rabbits in the 

Experienced Group from the primary infestation was responsible for the 

protection effect. 

There is little experimental evidence available of the development 

of acquired resistance to N. battus in sheep. In the field, infections 

are seen in lambs in the spring only due to exposure to massive challenge 



on herbage from larvae which have hatched from overwintsred eggs. After 

lose of theee initial infections, lambs are not exposed to re-infection 

In the north of England as the level of infection on pasture is negligible 

throughout the rest of the year. By the following spring, the.e lambs 

are resistant to infection but this could be due to the development of 

age resistance a. Opposed to acquired resistance. 

In Northern Ireland, however, lambs may be further exposed to a 

second larval peak in autumn, although this is such smaller than the 

spring peak. Baxter (1958) found that lambs aged 51 to 6 months were 

capable of becoming infected with!. battu* and N. ftlioL11i when exposed 

to the autumn larval peak, although they were not clinically affected. 

Susceptible lambs included those which had been clinically affected five 

months earlier. This indicates that lambs previously infected with 

N. bsqu and L.! filtcollij may not have a firm immunity to re-infection 

when some four months elapse between the two encounters with large numbers 

of infective larvae and when their original infection is lost or, at least, 

nonpstent • However, the presence of iiwature stages or non-reproductive 

adults in these lambs cannot be excluded. Of a group of five lambs, four 

had not passed eggs for six weeks, but ons,  was passing eggs in early 

September two days after initial exposure to the autumn larval peak. It 

is difficult to decide whether these lambs had acquired any resistance 

from their spring infections, since their autumn infections were not com-

pared with a previously uninfooted sontrol group. Their egg counts were 

lower in autumn than in spring, but then the number of larvae they were 

exposed to in autumn was also smaller. A further difficulty in inter-

pretation is that the results pertain to mixed infection, of Ni. battu 

and N. ffli.00lUe. Specific information on N. -battgg alone is lacking. 
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Ievez'theless, the results do show that lambs can be re-infected with 

liematodtrue ago even although they have had previous experience of 

Infestation* 

The only authors who have carried out an experiment on resistance 

with sonospecif to infections of N. battus in sheep are Gibson and Everett 

(1963). They infected 8 lambs with 49 daily doses of 49000 larvae. One 

week after larval dosing was terminated, four lambs were slaughtered and 

wore burdens representing approximately 10 of larvae administered were 

recovered. On the came day, the remaining four lambs, together with two 

previously uninfected lambs, were challenged with 3009000 larva.. At 

slaughter, the more burdens recovered from the four previously experienced 

animals represented less than 1 of the dose administered, whereas the 

corresponding figures for the controls were 19 and 40. It is clear 

from the data that the four previously infected animals still retained 

worms from their initial series of infections at time of challenge. Thus, 

the presence of these worms may have inhibited the establishment of the 

challenge doe,. 

In a previous coreaunicetion, Gibson (1959o) reported that two lambs 

infected with a larval suspension consisting mainly of 	were not 

resistant to superinfactian 58 and 98 weeks later, respectively. This 

may have been due to * waning in resistance during the relatively long 

period between first infection and challenge. This indicates that 

resistance conferred by a previous infestation is not absolute and lambs 

are still susceptible to infection. 

It in still necessary to establish conclusively whether previous 

experience of infestation with N. battue confers resistance to re-infection, 

and, if so, the degree of this resistance. In particular, whether resist-

ance can be maintained in the absence of infection and the period of time 

over which it will last. 
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rhare is, however, conclusive evidence that other species of 

ifeatodtris are capable of developing resistance to re-infection. 

Bruneden (1963b) showed that specific resistance in lambs to the 

establishment of j spathigar ad jo fjj&g9jIU could be etiasgated by 

the immature stages of these parasites. Lambs were exposed to continual 

Infection over spring and m.r on pasture in New Zealand and patent In-

festation was suppressed by regular drenching with an anthelwiintto. Ex.'. 

posure to a high level of infection in the autumn revealed that a high 

degree of resistance had developed in theee animals compared with inexper-

ienced controls. The main feature of this experiment was that large 

numbers of sheep were used per group, which meant that statistically 

significant results could be obtained. 

There is no doubt that a major factor affecting the development of 

N. -b-Attue in rabbits is the age of the host. The results of Experiment 9 

showed that there was a marked difference in the kind of worm population 

established from primary infection in rabbits 7 9  11 and 22 weeks old, 

although there was no difference between the three age groups with regard 

to the total number of worms which became established in individual rabbits. 

Worm populations of rabbits in the youngest group were more advanced in 

development than those of the older groups, a significantly greater pro-

portion of worms having developed to the fifth stage. This is presum-

ably due to a more rapid response of the resistance mechanism in older 

rabbits. 

Several possible explanations for the development of age resistance 

to parasites have been presented. One of these considers that the greater 

susceptibility of young animals to many parasites is a reflection of their 

poorer capacity to develop an acquired resistance response to infection. 
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In such young animals, a parasite will be able to establish itself and 

develop to maturity, whereas the resistance mechanism of older animals 

of the same species may be able to respond more quickly to inhibit the 

development of the infection and eliminate it. 

Another general theory regards age resistance as being an extension 

of natural resistance. Thi7, may develop with definite physiological 

and morpholoicn1 C nei in the host such as the presence of a thick 

skin acting an a mechanical barrier to penetration in an older host. 

An example is the resistance which develops to koirid 	aUi in older 

chickens associated with the increase in the numbers of goblet cells of 

the duodenal epithelium. (Ackert, V.dgar and Prick, 1939;  Ackert, 1942). 

Ackert's axprimente have shown that the mucus secreted by the goblet 

cells inhib.ts the 6,vowth of the parasite. 

According to the above view, age resistance would be least ezpeoted 

in natural host-parasite relationships. In fact, Sandground (1929)  has 

proposed that age resistance develops only in the hosts to which the psi'-

malts is not perfectly adapted. That, is, age resistance develops only 

in the unnatural, subsidiary or newly acquired hosts of a parasite, not 

in its main hosts. It is only the young individuals of such host species 

that still lack the biochemical and physiological properties character-

istic of the adults. The parasite, therefore, which is not specific to 

those species can find suitable conditions for its development only In 

young individuals. As the host's growth progreises, its internal environ-

ment becomes less suitable for the parasite, due to the increase in bio-

chemical specificity. 

There are many examples, however, of age resistance developing not 

only in abnormal hosts to insufficiently adapted parasites, but also in 
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quits normal hosts e.g. 	gall11 in the chicken (Aekert, Edgar and ?rek, 

1939); lictypoauluw Maria in sheep (Kaumal, 1934). On the other hand, 

Herlich (1958) found no evidence of age resistance to 1tohoetrongylua 

olubriformis in the guinea pig, an unusual host. Although Send ground' a 

hypothesis throws some light on the phenomenon of age resistance, it dose 

not have  universal application as a general theory. It is probable that 

ago resistance develops in the main host species in the same way as it 

does in the unusual host, appearing the more definitely the lower the 

degree of adaptation developed between host and parasite in the course 

of evolution. It is reasonable to suppose, hever, that the unfavourable 

features in the host that give rise to age resistance may often be similar 

to those which make an organism unsuitable as a host at any period during 

its life. 

It has been seen that an age resistance develops to 1, battug in 

rabbits. Is there evidence of age resistance to Nematodirus 5T)D. in 

sheep and, if so, in it manifested in a similar manner to that in rabbits? 

Gibson (1959*) found that large numbers of worms became established in six 

sheep 28 - 29 weeks old after being infected with a mixed larval suspension 

consisting of 88% N. bttg and 12% J. fiUollie, Two out of six of these 

sheep had higher worm burdens than an 8 weeks old lamb infected with a 

similar dose at the same time. Moreover, it is possible that the older 

sheep may have harboured even more worms shortly after challenge, since 

they were not killed until several weeks after the young lamb had died 

from the infestation. The older sheep, on the other hand, were quite 

resistant to the effects of the infestation. Although larvae were able 

to establish themselves in elder sheep, their development was inhibited 

and very few worms reached maturity compared with those of the 8 weeks 

old lamb where the vast majority was mature, A better estimate of the 
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effects of age resistance could have been made, if a greater number of 

young lambs between the ages of 8 weeks and 3 months had been used. 

Further evidence of inhibition of development comes from Gibson and Everett 

(1963) who infected two lambs  at 13 weeks of age with 300,000 larvae of 

, battus. Nineteen per cent and 4$ of the larval dose became established 

In the two lambs respectively, but a large proportion of the worm burden 

of each lamb was inhibited in development. The available evidence shows, 

therefore, that sheep up to 89 weeks of age are still susceptible to infect-

ion with A& batttt. But worm development is inhibited in older sheep and 

this may be manifested as early as three months of age. 

Further information is available on the development of age resistance 

by sheep to other species of LMtodJMgt  Dineen, Donald, Nagland and 

Turner (1965) showed that lamb. at 6 months of age were no lees susceptible 

to infection with AL glathIgn than lambs 3 months old. The numbers of 

animals in the groups  were rather small, tour at 6 months and 6 at three 

months, but the numbers of worms which beosme established in lambs of both 

ages were similar. In addition, the vast majority of worms in all animals 

was mature. There is thus no evidence of an increased inhibition of devel.. 

aping worms in the older lambs. On the ether band, Seghetti and Senger 

(1958) found that lambs older than three months showed resistance to the 

effeote of infection with large doses of 1Lep*thiRert  Deaths occurred in 

some animals under three months old but older animals developed only a 

transient diarrhoea after exposure. Interpretation of this work is diff-

icult, since several small groups of animals were employed which received 

different treatments, But the results indicate that resistance to the 

effects of infestation develops at the age of about 3 months. 

Brunedon (1962*) has demonstrated that sheep aged 18 months were more 

resistant to infection with Ig tpathi$e and N, ftUoollte than lambs aged 
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6 6 months. This age restetanoe was specific in that it was partial only 

against )k eiathger but simout complete againt 1 #  filicoUiss  Large 

groups of animals were used in this experiment and statigtioally signif- 

icant results were achieved. The older animals showed an increase in 

length of the prepatent period, resistance to the establishment of patent 

infestation and reduced egg production. Considerable numbers of larval 

stages were found in both groups of sheep, but since these animals had 

been grazing infected pasture up until slaughter it is impossible to say 

whether the larvae were inhibited in development or whether they had been 

recently ingested. The results of a further study by this author (Brunedon, 

1962b) indicated that poor nutrition lowered the age resistance of sheep 

to the establishment of infestation by EMIggAVe Wg ,  Eighteen-months-old 

h..p, maintained on a low-plans diet, carried six times as many worms of 

No4irus apgo, as sheep of a similar age maintained on a high-plane diet. 

Sir-months-old lambs carried only slightly more worse than the olür sheep 

on the low-plane diet. 

Analysis of the data on age resistance developed by sheep to Ss  aetbier, 

suggests that lambs 6 months old are fully susceptible to infestation but 

a partial age resistance to infestation develops between the ages of 6 

months and 18 months, However, housed lambs elder than 3 months show a 

marked resistance to the effects of infestation, although lambs 6 8 

months old may become clinically affected under field conditions (eghetti 

and Senger, 1958). Many factors might be responsible for this observed 

difference between housed lambs and field lambs, but Brunsdo& e work 

(1962b) indicates that pour nutrition may lower the age resistance of 

lambs to N. etbter. 

The results of Gibson (1959o) and Gibson and verett (1963) showed 

that larvae of E battus inhibited in development were found in large 



numbers in sheep. This phenomenon was found most often in older animals 

but was seen even in young lamb.. Inhibition of l'rvml development has 

also been oberved in 	athjger infections in sheep and is more striking 

under certain experimental oomdtttona (Donald ..t 1 964). Thu., the 

Inhibition in larval development of & Intlo observed in the rabbit to 

not confined to the laboratory host, but is also found in the normal host, 

the ebsep. It is concluded that this phenomenon observed in rabbits Is 

not an expression of abnormal behaviour, but is merely exaggerated in the 

laboratory host. 

In addition to fourth stags larvae, immature fifth-stage females 

devoid of eggs were also seen in MAY more Populations. It is not known 

whether these worms had been temporarily retarded in fourth stage and sub-

sequently developed, or whether their growth rate had been consistently 

slower than those worms which had attained maturity. Inhibition of the 

larval stages of nematodes has been observed in many species and the condit-

ions which give rise to the phenomenon are little understood. It has been 

observed in both primary Infections and upon ?e-infeet ion. 

In previously uninfeoted animals, inhibition has been recorded after 

the administration of a single and usually large dose of infective larvae. 

Inhibition may thus be associated with the absolute  numbers  of developing 

parasites present. Per example, Dunesore (1960) found that following a doe. 

Of 1009000 larvae of 0stet*gis 99.  in sheep, up to 75% of worms were less 

than 2mm. in length 14 days later. Whereas 98% of worms were 6 11mm. in 

cis* after a dose of 1000 larvae. Donald ot al. (1964) found that a greater 

proportion of parasite populations of N. siathier in lambs were retarded 

in the fourth stags of development following a single dose of 130,000 In-

fective larvae in contrast to that following a single dose of 50,000 larvae. 



ROtardstion of development was greatest in lambs dosed with 500000 larvae 

administered over a period of 25 days. 

The cause of this phenomenon may be a "crowding effect" in which 

there is competition for an essential physiological factor, or the acowaul-. 

atton of harmful metabolic by-products of worms may retard their growth. 

Alternatively, inhibition may be associated either with substances produced 

by developing larvae inhibiting the growth of lees developed larvae, or 

with a host reaction stimulated by the more developed larvae. 

There is evidence that adult worms, either directly or indirectly, 

Influence larval inhibition, Michel (1963) showed that inhibition of devel-

opeent of 2MLIMgLa,ostertagi in the larval fourth stage depended partly 

on the presence of adult worms. A lose of adult worms led to their replace-

ment by the further development of fourth-stage larva.. Similarly, the 

studies of Gibson (1953) on 1'rjch2nma *pp. In the horse and those of 

Roberts and leith (1959) on aeiaonoj 	lac.J in cattle, indicated that 

differential removal of adult worms by moans of an anthelisintia resulted 

In the subsequent dsvelopment of arrested forms to sexual maturity. 

The presence of adults may affect the development of larval stages 

directly by an interaction between worms, or may act indirectly by stim-

ulating the resistance of the host. Ogilvie (1965) has shown that in 

aj1jensjs infections in rate, resistance stimulated by 

adult worms alone sate not only on adult stages but also inhibits the 

development to maturity of larvae in * challenge infection. Resistance  to 

this species, however, did not depend on the persistence of adult worms in 

the intestin, 

The presence of adult worms is not the only factor involved in the 

inhibition of development. In the present study, several worm populations 

were recovered which contained fourth-stage larvae only. The established 
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worm burdens of rabbits given very large larval doses (Experiments 6 and 

7) tended to have a high,--r proportion of inhibited fourth-stage larvae 

than rabbits of a similar age in other experiments given lower larval 

doses. Rabbits in Experiment 6, however, received their infecting dose 

over a period of tour days and this may have influenced the development of 

the parasite. But fourth-stage larvae were recovered from some rabbits in 

Experiment 3 given doses of 100 or I ,000 larvae only, which might indicate 

that inhibition is not just a consequence of an unfavourable environment 

caused by the invasion of massive numbers of infective larvae. The explan-

ation may be that a small proportion of larvae are incapable of development 

even under optinial conditions, or that local reactions in the gut may occur 

which prevent the development of individual larvae. 

Dineen (1963) has proposed a theory to explain control of the parasite 

population by the host. Be suggests that a minimum level of antigenic in-

formation, produced by the developing parasite population, is necessary for 

immunological recognition of the parasite burden by the host and for mobil-

ization of the immune response. Larger doses of infective larvae may pro-

duce correspondingly greater contributions of antigenic information while 

in the larval stages of development and consequently a smaller proportion 

of the worm burden will reach the adult stage of development before control 

becomes effective. 

There is other evidence from the literature that inhibited development 

is due to the resistance response of the host. Inhibition in association 

with acquired resistance has been reported for several species. For example, 

Rose (1963b) has reported that greater numbers of arrested larval forms of 

13. placel are recovered from calves with previous infection experience. 

Similarly, in infections with. Dictyooaulu ivbax'us (Miohel, 1955) and of 
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riohostron1us r,tortaafqrda (Miohel, 1952b), it was shown that inhib'.. 

itton of development oouurrea to a much greater degroc in animal s that 

had previous experience of infection even when no adult worms remained. 

The work of Dunamore (1961 ) also suggests that an imune mechanism is 

involved in the continued inhibition of larval trichetronR id forms. 

This author obtained significantly increased maturation of infective 

larva, of Qstertsia epp,  in sheep after either cortisone injections Or 

whole body irradiation. However, not all the inhibited larvae in those 

populations resumed development after the treatments. 

Dunemore' a work demonstrated that inhibition of development can be 

reversed if the inhibiting mechanism is removed. Evidence has also been 

cited by other authors shoving that inhibited worms will resume develop 

mont if the conditions are suitable. For example, Scott (1928) working 

Vitt 4iclontoem canir4um and Roberto (157) with L 1acei discovered 

that normal development of inhibited worms would proceed if they were 

transferred to susceptible beets. The resumption of development in 

spring by larval stages of nematodes which have overwinter'ed in sheep 

probably plays a significant part in the "spring rise" phenomenon ob-

served in sheep (Field, Arambell and Campbell, 1960). The mechanism 

which causes resumption or development in spring is imbiown. Crof ton 

(1958) demonstrated an association between parturition and the rise in 

worm-egg counts; but non-parturient sheep also showed an incresas in 

worm-egg counts, although this was reduced in extent compared with lamb-

ing ewes. It is posnible that the resumption of worm development may be 

due to a lowering of the ewe's resistance during preganc, or the worms 

may be Influenced by hormonal changes In the host at this time. 

The evidence cited above eueete that inhibited larvae of 	battuj 
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would be capable of renewing development under suitable conditions. 

Various ezpsriaontu could be designed to test tfli, such as transfer 

of larvae to susceptible hosts; administration of drugs to lower the 

host's resistance; investigation of the effects of parturition* study 

of the factors which release inhibition may well throw light an the 

mechanisms which cause it. 

Con4siona and Aoutlt 
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The results have shown that the nature of the hoot-parasite relation-

ship of N. battus in a nruminsnt host, the rabbit, is dwilar to that in 

its main boat, the sheep. Rabbits were very susceptible to infection and 

all the rabbits used in the study beosme infected. The proportion of worms 

recovered in relation to the dosage rate resembled that in sheep, when 

doses were not too large, At high dosage rates, resistance develops rapidly 

leading to expulsion of the worms. 

The minimum period of development of the parasitic stages of J, battus 

to maturity in rabbits and lambs was similar, the life cycle being completed 

in about two weeks in each host* Although the rate of growth was similar, 

the mean body lengths of worms recovered from rabbits were somewhat smaller 

than those from sheep. However, there was considerable overlap in the size 

ranges of worms and the sines of worm eggs from both beets were the same. 

Egg production was poorer in rabbits and the lit, span of the parasite was 

shorter, particularly following high larval doses. Nevertheless, experi-

mental infection demonstrated that larvae from a rabbit source were fully 

viable and capable of infecting lambs. Thus cross-infection under field 

conditions is possible. 

The distribution of worms in the rabbit small intestine indicated 

that the whole of this organ was suitable for parasitiastion by larval 



- 160e - 

and adult worms of N., battus. Larval migration into the intestinal 

macoas and the degree of penetration resembled that of L battug and 

other species of (emat9dirue in sheep. Diarrhoea was first observed at 

the time of this migration indicating that larval stages were capable of 

causing pathogenic effects and death, as in sheep. However, the large 

numbers of larvae required to elicit these effects demonstrates that the 

rabbit has a considerable tolerance to this parasite or at least to its 

harmful effects. 

On the other hand, rabbits develop an acquired resistance to a primary 

infestation of this prasite more rapidly than sheep. experience of a 

primary infestation gives partial but significant protection to re-infection. 

Unequivocal proof of resistance to re-infection by .. battu in sheep is 

lacking, but evidence from other species of XeW,_jodij:ua1  shows that sheep 

are capable of acquiring specific resistance from a previous infestation 

to re-infection. Yet another manifestation of resistance was seen in 

rabbits. Older rabbits were as susceptible to infection as young rabbits 

when assessed on the numbers of worms recovered, but a form of age resist-

ance was demonstrated which resulted in a greater proportion of worms being 

Inhibited in the fourth larval stage than in young rabbits. This inhibition 

of larval development is not peculiar to the rabbit host as it is also found 

in sheep, particularly in older animals. 

It is concluded that the infection of the rabbit ith N. battus does 

not give rise to an abnormal heat-parasite relationship. The parasite is 

not quite as successful in the rabbit as in sheep but the rabbit can cert-

ainly be regarded as an alterntive host. In fact, it may fulfil this role 

in the field. 

The main object of this study was to determine the suitability of this 

host-parasite system for experimental research. Results can be related to 
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Nomatodirusl epp& infections in sheep, since it has been found that host-

parasite relationships are similar. However, interpretation will have to 

be cautious and significant findings will still have to be tested in sheep. 

The advantage will be that much of the basic ground work can be done in a 

laboratory host. 

A possible line of research could be an investigation of the circum-

stances which lead to the development of host resistance* When these con-

ditions are defined, the mechanisms causing resistance could then be analysed. 

Such a study requires precise information on whether immunity follows recovery 

from a normal course of infection, which stages in the development of the 

parasite are immunogenic, and which otaes are affected by the host's immune 

response. 

It has already been demonstrated in this study that protection to re-

infection is conferred by a normal primary infestation. Protection, however, 

was only partial not total. Better protection might be achieved by increasing 

the size of t}e immunizing dose, or lengthening the period over tvhioh the 

primary infestation Is acquired by administering serial daily doses of larvae. 

The latter procedure might load to a greater inhibition of larval development. 

Variation of the time between termination of primary infestation and challenge, 

would determine bow long acquired resistance lasts. 

It is known that a primary infestation of larval and adult stages will 

produce resistance, but it is not known which stages of the parasite stim-

ulate resistance. To determine whether adults invoke resistance would require 

transfer of these stages to worm-free hosts followed by challenge infections 

after a suitable period. Adults may be immunogenic, but Brunadon' a work 

(1963b) has clearly shown that the immature stages of N. apathimer and 

N. filigollis are capable of stimulating resistance. This has not yet been 

demonstrated with N. battus, although it could easily be carried out. 



- 160g - 

Infections could be chemically abbreviated at any point with bepheniuin 

hydrozynaptboate, since this drug is completely effective against the 

larval stages. 

The body of information arising from attempts at active immunization 

against helmintha indicates that living, actively metabolising parasites 

are more effective at stimulating resistance than purified worm extracts. 

Injection of vaccines prepared from dead worm material have generally 

proved disappointing. Vaccination with metabolic products, the secretions 

and excretions of worms, appears to be more promising, but such techniques 

depend upon culture of worms This has not yet been achieved with 

t.matodirue app., but when it is accomplished the rabbit would be an excell-

ent host for testing culture extracts and products for their immunogenic 

potential. 

At present, the only practical demonstration of immunological control 

of a nematode disease is based on the X-irradiated larval vaccine developed 

by Jarrett and his coworkers (1958) for parasitic bronchitis in cattle. If 

resistance to 1j kR_t_t4.s is stimulated by the development stages, effective 

immunization might be obtained by the use of irradiated larvae. The use 

of irradiated larvae depends on the selection of a dose of radiation which 

will, prevent the normal development of the parasite without impairing its 

immunogenic activity. Numerous technical difficulties in the process of 

irradiating larvae must be solved and the potency of vaccines must be 

tested experimentally In vivo. It is here that a laboratory host is most 

useful, as such experiments involve large numbers of animals and the high 

Cost of raising worm-free domestic animals is prohibitive. 

It is important to establish which stages of the parasite are affected 

by the host's resistance response. It is known that fourth-stags larvae 

may be inhibited in their development, especially in older rabbits. But 
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It is not yet known whether these stages are particularly susceptible to the 

host's resistance mechanism in challenge infections. It is therefore desir-

able to determine when worms are lost from ohallene infections and to 

relate this to possible changes in the host such as cellular reactions in 

the gut. Observed changes mast be interpreted with cautions  however, since 

they may be secondary reactions only and may be unrelated to resistance 

mechanisms. When the conditions leading to worm inhibition and rejection 

have been elucidated, and the time of rejection established, then the poss-

ible mechanisms controlling these phenomena can be anaLysed. 

There are several advantages in studying a parasite of a domestic 

ruminant in a laboratory boat of which one may be mentioned. In the present 

study, considerable variation in response to infection, reflected by worm 

counts and degree of worm development, was observed within treatment groups 

between individuals which had received the same number of infective larvae. 

Such variation in reaction of animals within groups is typical of trioho-

stronlid infections in sheep. Because of this variation, large numbers 

of animals per group must be used so that statistically significant results 

on be obtained. The validity of many,  past observations on resistance to 

helminth infections is doubtful, because of the very small numbers of 

animals involved. This fault is partly the consequence of the considerable 

expense involved in rearing the large domestic animals worm free • Laborat-

ory animals, on the other band, are much cheaper to breed and maintain with 

the advantage that large numbers can be employed in experimentse ifowever, 

there is another possible way of reducing the variation in response to 

infection within groups of animals. A more uniform response to infection 

could be obtained by breeding for susceptibility in a laboratory colony. 

This would get rid of the more resistant animals. This goal could be 

achieved relatively quickly with a laboratory host which produces several 

litters per year. 



THE DEVELOIIENT OF }LAMONCHUS CONTORJ5 U RA3BXTS. 
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IMRODUCPIi 

i1aeoricbus contortus occurs in the ahomasum of sheep, goats, 

cattle and numerous other ruminants in many parts of the world. 

There are few reports of natural infections of lo  contortue in non-

ruminants. Aimøida (1935), in his review, quotes reports of 

H, oontortus being found in men, the polar bear and four species 

of Cte]1us. Belding (1952) also cites man as a possible has of 

Rg  00flt02?tUSe Zz'stt (1960) recovered 18 adult H. contortus from 

a natural infection in a chinchilla. 

Attempts to transmit H. contortq3 experimentally to laboratory 

animals have met with little success. Wood and Hansen (1960) dosed 

75 rabbits with infective larvae of this species but recovered no 

worms at slaughter. Of two rabbits each given 1009000 artificially 

xsheathed larvae, one killed 16 days later had 13 fifth-stage worms; 

while the other killed 21 days after infection had two adult worms. 

Leland (1961) dosed 7 gerbils with infective larvae of H. 21ae1,9  a 

closely related species, but the infections did not become pateirt. 

U. gonioritus has a direct life cycle. The eggs are passed in 

the faeces and the first-stage larva develops within the egg. After 

hatching, the larva develops as a free-living organism and undergoes 

two moults before reaching the third infective stage. The third-

stage larva is completely enclosed in a protective sheath formed by 

the unoast cuticle of the second-stage larva. 

Infection takes place by the host swallowing the infective larva. 

Ezehaathment, the process in which the second moult is completed, 

appears to take place before the larva reaches the abomasum. Teglia 

(1915) considered that larvae, introduced into sheep by means of water, 



completed the second ecdjnia in the abosseum and observed few larvae 

in the rumen 24 - 36 hours after ingestion, although many were present 

in the abomasur4. He also reported that larvae on solid food fed to 

lambs started exsbeatbmen't in the xnoutI. SouerviUa (1954b, 1957) 

found that H. contortus larvae exahoathed in rumen fluid in vitro and 

in an enclosed cellophane sac inserted into the russo of a fistulate 

sheep. This latter experiment was important because it demonstrated 

that t  granted the inability of proteins to diffuse through cellophane, 

the digestive enzmoe secreted by the rumen could not have been directly 

responsible for exeheathsent. H. contortus larvae also exeheathed to 

a certain degree in abomasal fluid in vitro but were not observed to 

xaheath in vivo in the abomaeum. Sorsnervillo suggests that exsheath-. 

sent of larvae is normally initiated in the region of the alimentary 

tract immediately anterior to that in which the adults are found. 

Thus 9. contortus, normally found in the abomasum, commences to esheatb 

in the rumen. 

The physiological conditions required for inducing exsheatbment 

of H. cent ortus larvae in vitro have been the subject of considerable 

investigation. Experiments have been carried out at temperatures 

similar to those found in sheep. Rogers (1960) found that the activity 

of the stimulus increased with increasing concentrations of undissociated 

carbonic acid plus dissolved gaseous carbon dioxide. Taylor and Whitlock 

(1960) showed. that 0.2K buffered solutions of propionic, butyric, iso— 

butyz'ic, valeric, isovalerlo and 	sethylbutyrie acids above PH.) were 

effective in causing exsheathmeni in the absence of added carbon dioxide. 

Though Taylor and Whitlock referred to a similarity between carbonic 

acid and these acids they also considered the possibility that their 

actions were different. 
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Reducing agents have been shown to increase the activity of 

the .xahsathtng stimulus when carbon dioxide is present (Rogers, 1960). 

Sodium dithionite seemed to be the most effective reducing agent but 

appeared to be influenced by the pHs The effect on exeheathment of 

the concentration of salt in the medium has been studied by Taylor 

and Whitlock (1960). Sksheathment occurred freely at sodium chloride 

concentrations of 04% to 0.8% in the presence of carbon dioxide in 

the gas phase; but below a concentration of 0.1% activity fell. The 

action of salt was not simply an osmotic effect since omiotiea1ly 

equivalent solutions of glucose and lactose were ineffective. The 

hydrogen ion concentration has an effect on exmheatbment and Rogers 

(1960) found that the exsheatbmeai of H. pgntorte was increased as 

the j,E was raised from 6 to 8. 

The most important component of the environment needed for re—

starting the development of sheathed infective larvae appears to be 

und.iseociated carbonic acid or dissolved gaseous carbon dioxide or 

both. It seems that hydrogen ions nd reducing agents act largely 

by enhancing or inhibiting the effect of carbon dioxide (Rogers, 1962). 

Rogers (1960) has suggested that the stimuli which initiate exeheath'. 

ment in An in the rumen are probably similar to those which have 

been demonstrated in vita. The physiological conditions in the rumen 

are such that this might be expected (Annison and Lewis, 1959). 

The exeheatbing stimulus causes the infective larva to secrete 

an "exaheathing fluid" which attacks a relatively thin part of the 

cuticle in a strictly circumscribed area near the anterior end of the 

larva (Rogers and Sosiaerville, 1960). After the area has become 

weakened, movements of the larva cause the anterior and of the sheath 
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to become detached and the larva escapes from the sheath. Changes 

in the sheath which take place during exsheatbment have been described 

by Rogers and Somerville (1960). Rogers  (1960) thawed that although 

the whale process of exah.athment took place in about three hours at 

370c, the action of the extrinsic stimulus was complete in about 30 

minutes. It seems that the stimulus acting for quite short periods, 

leads to the secretion of a sufficient quantity of ezshesthing fluid 

to produce disruption of the sheath in two to three hours. Bxperi-

ments of this type have illustrated the "triggering" nature of the 

*ti.ilua. 

Parasitic development of H. contortus occurs in the aboinasum. 

Ransom ani Poster (1920) claimed to have found larvae of . aontortu 

in the lung of a guinea pig 48 hours after it had been fed with in-

fective larvae and they suggested that there might be a visceral 

migration in sheep. Stoll (1943) was unable to confirm their obesz'-

Yation in a series of experiments utilising rats, guinea pigs, rabbits 

and sheep, and presented adequate evidence to show that 'the larvae did 

not migrate except into the glands of the stomach xm.ieoea. He found 

that in a 12 hour infection in sheep the exaheathed larvae were still 

predominantly on the surface of the mucosa of the abomasum. Twenty—

seven hours after infection the larvae were observed in the gastric 

pits and some had penetrated into the glands. By 40 hours the majority 

of larvae was again on the surface of the mucoas and these had now 

moulted to the fourth stage. Stall observed that during this migration 

there was no evidence of the larvae feeding on blood and concluded that 

the object of this period of life seemed to be the formation of a mouth 

apparatus adapted to piercing the mucosa of the stomach and thus enable 

the larva to start its parasitic life as a blood sucker. 
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A considerable proportion of third-.stage larvae can develop to 

the fourth stage in 40 48 hours providing conditions are favourable 

end most larvae are in fourth stage 72 hours after infection (Veglia, 

1915; Stoll, 194.3; Silvernan and Patterson, 1960; Smerville, 

l66) • Veglia (1915)  observed that third-stage larvae lodged between 

the epithelial processes of the czcosa, but stated that no penetration 

of the maoosa occurred, He assumed that larvae started to feed when-s. 

ever exsheathment was cowpleted, but worm measurements showed that 

the larvae did not increase in length during the third stage. Sommerville 

(1963) found that the migration of larvae into and out of the inucosa 

occurred chiefly in the faudic region, Twenty-six hours after infect- 

ion the larvae were still in the macasa, but by 29 hours some larvae 

were migrating back to the surface in one sheep but not in two others. 

The parasitic stages of development have been described in detail 

by ieglia (1915). He found that growth was rapid during the fourth 

stage and by the fourth to sixth day of infection the sexes could be 

differentiated. The fourth eod,ats occurred 9 - U days after infect- 

ion and female larvae tended to moult a day or two later than males, 

Just after the fourth eodysis the females measured 6.5 - 7.9 ma* and 

the males 5 5.5 mm. Ay the 15th day of trifeotton the adults were 

mature and some of the females had commenced to lay eggs. 

The results of Silverman and Patterson (1960) are at variance with 

those of Yeglia. They reported that the second parasitic aedysis, to 

the fifth stage, took place on the fifth day of infection when the 

larvae were 1 - 14 mmM,  in length. Sexual differentiation was apparent 

in the fifth stage and "the young adult reached 2 - 5 mm#  in length by 

the 7th to 9th day," Eggs were first produced between the 12th to 

15th dais. 



In the present study, preliminary ezpeiinents ware first carried 

out to determine whether rabbits could be infected with ezebeathed 

larvae of H, con$o ,tus, Rabbits were killed five and seven days 

after infection to recover fourth-stage larvae. Onoe it had been 

established that larvae would develop in rabbitap the possibility of 

development to the adult stage, following large and small larval 

doses, was investigated., An experiment was carried out to establish 

the most efficient method of ezaheathing larvae for rabbit infections* 





.thoda pertaining to the following procedures are the same,  as 

Those already described in Part I of this th.stss the maintenance 

of rabbits and .heap the preparation and counting of larval 1cees 

the administration of larval doses to wt L1s; the counting and 

asamaring of earns. All the rabbits used for experiments in this 

section were -_: Dutch. 

The strain of L. ooi4ortiie employed in this weak was obtained 

from the Cooper Technical Bureaus  Beridianetead, in 1937 and mainUined 

in wora.free lambs at this laboratory. 

: &Ufalft has a high rate of on production and a short gnar-

ation tins, so that it is relatively easy to maintain wader laboratory 

conditions. Larvae of H,% ggLAgna will develop in fasoal pellets 

at a suitable temperature provided that the pellets are kept moist. 

The larvae teed to concentrate on the external asoul coat of the pellet. 

The method used to oulture the free-'living stagas was that of Christie 

and Patterson (1963). 

After being steeped in tap water for one minute, pellets sei's 

Placed on corrugated waxed paper tray's in pie dishes and the dishes 

were kept in sealed po3.ytkene bags. At a temperature of 21.5°C the 

optias period of development from on to third-stage larvae is lb days. 

The faeces were placed in a Jan jar, covered with water, and left to 

stand ina water bath at 30°C for 1Omtnutes. Tho water was then 

rOamved and the faeces treated in the son way' for another 20 minutes. 



Both volume of waters  containing the infective larvae were poured 

through a filter of nylon tulle (100 meshes to the linear inch) supported 

on a kitchen strainer. This removed the gross contamination while the 

larvae passed through the ny1o. The filtrate was poured through a 

filter of domestic paper tissue stretched over the mouth of an inverted, 

cut-off plastic bottle. Cold water was then poured through the filter 

to remove the fine debris and colloidal material, leaving the larvae on 

the filter. The filter was left in a jar of water standing in a water 

bath at 30°C for  60 minutes to allow the larvae to work their way through 

the tissue and appear in the jar below. The larvae wore stored in jam 

jars half full of water at 8.500. 

The larvae obtained by this method were clean and in good condition. 

The age of the larvae used in these experiments was 1 3 weeks. 

The infective larvae were washed twice in tap water with mild 

centrifugation. A 'asxlimim of 250,000 larvae was put in a sac, made 

from dialysis tubing, of about 14 mis. capacity. The sac was suspended 

in a 320 mle flask filled with half-strength Ringer's solution and fitted 

with a tight stopper. The solutions In the sac and in the flask were 

gassed to saturation with carbon dioxide. Sufficient 0.9 sodium 

bicarbonate was added to the Ringer's solution to maintain the pH at 

6.5. The larvae were incubated for three hours at 4000 and then washed 

three times in i Ringer's solution. The doge suspension was made up in 

* Ringer's solution and the rabbits dosed by the method alead.y described.. 
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Post-.ortein procedure. 

After slaughterp the stomach was removed, slit open, and the 

contents eetied into a jam jar of water. In experiments whore the 

WORM were to be measured, 0.9% sodium ohlorid• was used instead of 

water. The stomach was washed in warm 0.9% sodium chloride and 

most of the worms were usually recovered in this fraction. The 

worm were left to relax and dle overnight at 8.5°C, which normally 

ensured that they died in an extended condition. The stomach was 

incubated in 1% pepsin - i% hydrochloric acid solution for two hours 

at 400C in order to digest the muous and free worms in the macosa. 

N. ooutoua was far less resistant to the action of the digesting 

solution than N. bat ~Juo, and care had to be taken to keep the Incub-

ation period as short as possible. Sufficient forivalin was added 

to the material to make the concentration 5%. 

Gic412n of wo., 

Third-stage larvae were readily distinguished from those of the 

fourth stage by the structure of the mouth parts. In third.'metage 

larvae the mouth cavity is cylindrical, but fourth-stage larvae have 

a provisional buccal capsule. Larvae were classified as being in 

the fourth moult only if the double sheath was clearly visible. 

Late fourth-stage females were differentiated from immature fifth-

stage females by the structure of the mouth parts. Worms were 

mounted in a fox lir-lycerin mixture, which helped to clarity their 

structure,and examined under the microscope at 1 100. In fourth-

stags larvae the thickening on the walls of the buccal capsule is 

quite conspicuous but is not present in fifth-stage worms. The 

mouth cavity of immature fitth'etage worms is similar to that of 

mature adults and contains a buccal lancet. 





RBSUI!28 

Develont of H contortuw to the larval fourth atainbba. 

Preliminary trials were carried out on two separate occasions in 

which rabbits were infected with exeheatbed larvae. 

'ho rabbits, aged 8 weeks ,were each dosed with 509000 larvae 

of which 91% were exaheathed. Both rabbits were killed 5 days after 

infection and one.4entb of the stomach material was searched for larvae. 

1erge numbers of fourth-stage larvae were found in the stomachs of 

both rabbits and most larvae were closely associated With the maoosa. 

The number of larvae recovered from each rabbit represented 24% and 

36% of the larval dose respectively (Table 1). This result showed 

that experimental infections could be successfully established by the 

method used. Some third-stage larvae were recovered, but since they 

represented a small proportion only of the total larvae they have not 

been included in the wore counts. Some of the fourth-stage larvae 

were large enough for their sex to be recognised, but most were too 

small for reliable sexing. Measurements were made of a sale of 200 

larvae from rabbit No.1!3. The mean length was 1.95±  0.04 iw, and the 

range in length was 0.8 - 3.7 Mm- 

One rabbit, aged 9 weeks was dosed with 50,000 larvae of which 

92% were exsheathe&, It was killed 7 days after infection and a sample 

Of one'tanth of the stomach material was searched. 

At slaughter the fundic area of the stomach was pink in colour and 

blood-streaked mucus was observed. A total number of 7,980 fourth, 

stage larvae were recovered which represented 16% of the larval dose. 



Table 1  

Worm counts of rabbits killed 5 and 7 days after an infection dose of 50,000 H.contortus larvae. 

% total Mean Range in 
Age of worms length of Standard length of 

Rabbit 	 infection 	No, of larval worms in 	error of worm in 
No. 	Sex 	(day) 	worms. dose ma, 	mean. nun. 

Part (a) 1223 	N 5 11,790 36 	1.95 	0.04 	0.8 	4.3 

Part (a) P224 	F 5 11,860 24 

Part (b) P325 	F 7 79980 16 	 - 	- 



The sexes of quite a large proportion of the worms could be differentiated 

and BOGS 1x'yae were bigger in siaø and mare advanced in development 

then those recovered in part (a) of this experiment. 

!'''1 

fifth atage in rabbits. 

Experimental plan. 

Experiment 1 established that U. 2gatoZIM11  would develop to the 

fourth stage in rabbits. The purpose of this experiment was to deter-

mine whether H. contortus would develop to the adult stags in this host. 

Pour rabbits, aged 7 weeks, were each dosed with 50,000 larvae of 

which 97 were exaheathed. Rabbits were killed 79  14, 21 and 25 clays 

after infection. A sample of one-tenth of the stomach material of 

rabbit Noj432 was searched for worms and all the undamaged worms in this 

sample were measured. Samples of one.-fifth of the stomach material of 

rabbits 7428, P435 and  7427 were searched in order to reduce the ohence 

of missing adult worms. All worms in these samples were measured which 

were 25 - mm- or more in body length. The bases of the dishes in 

which the material was searched were marked with lines spaced at 3 mm. 

intervals and the method of treating the larvae usually resulted in thorn 

dying in an extended position. It was therefore possible to judge whether 

the larvae were more or less than 3 mm. in length. Only worms with a 

body length of over 3 meto from rabbits 74289  7435 and 7427 have been 

listed in Table 3, 

Results 

Table 2 	 Differential worm counts. 

Table 3 	 Worm measurements. 



AU the rabbits gained in weight over the period of the experiment. 

The fundic area of the stomach of all rabbits was pink and inflamed at 

slaughter and the mucus was streaked with blood tn rabbits killed 7 and 

14 days after infection. 

The type of worm population recovered from the rabbit killed on day 

7 appeared to be similar to that of the rabbit killed on day 7 in Experi-

ment 1. The majority of larvae was under 3 meo in body length although 

some females attained a length of 5.2 mm. 

A total number of 7500 worms was recovered from the rabbit killed 

14 days after infection and this represented 15% of the larval dose. 

Some worms had developed to the fifth stage in this rabbit, but they 

formed 3.5% only of the total worm popuLtion. An inspection of the 

worm measurements in Table 3 suggests that males moulted from fourth 

stage to fifth stage at a size of 5.0 5.2 mm* and females at a size 

of 5.6 5.8 mm. IL length of 8 to 9 mm, was attained by some worms but 

the vast majority was under 3 mmo in length. A vulval flap developed 

in some fifth-stage females but not in others. 

One inture fifth-stage worm only was recovered from the aliquot 

sample taken from the rabbit killed on the 21st day of infection. The 

bulk of this worm population consisted of fourth-stage larvae which were 

under 3 me. in length. Siniularly, nearly all the larvae recovered from 

the rabbit killed on day 25 of the experiment were less than 3 mm. long. 

The faeces of these two rabbits ware examined daily, by the method of 

ealt flotation, for the presence of egge from the 15th day of infection 

onwards, but no eggs were observed. 

This experiment showed that H. contortue would develop to the fifth 

stage in rabbits but they did not achieve sexual maturity,, 	urthetage 

larvae, inhibited in development, were retained for as long as 25 days 

after infection but they were very nmAll in 
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Table 2 

Differential worm counts of rabbits killed 7, 14, 21 and 25 days 
after infection With a dose of 50,000 H,00ntortua larvae. 

Rabbit number P432 P428 P435 P427 
Rabbit sex 
Age of infection (days) 

M 
7 

F 
14 

M 
21 

F 
25 

5th-stage female,non-.gravid 0 

---- 

85 5 0 

5th-stage male 0 180 0 0 

4th-stage female 1,210 815 55 5 

4th-stage male 960 505 20 0 

Early 4th stage 7,120 3015 3,450 19 770 

Total worms 9,290 7,500 39530 19715 

Total 5th stags 0 265 5 0 

Total 4th stage 99290 7,235 39525 1,775 

% total worm/larval dose 19 15 7 4 



Experiment 2 

Frequency distribution of worm lengths in populations of H.octortu 
and 25 days after infection. (Larvae lees than 3 m. in lerti from 

old were not measured). 

from rabbits killed 7, 14, 21 
populations 14, 21 and 25 days 
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14 4th-stage female 38 40 39 16 1 
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25 4th-stage larvae 3. 



Dey]pment of U. conto 	 low doses of larvae, 

erizntal Plan 

it was thought that the elimination of worms in Experiment 2 was 

possibly the result of the resistance response of the host being in-

voked by the massive challenge of larvae, but that small infective 

doses might not stteilite the resistance mechanism at such an early 

stage of the infection. 

Twelve rabbits, seven weeks old, were divided into three groups 

of tour. Several rabbits appeared to be in poor condition. The 

rabbits in each group were dosed with 100, 1000 and 5000 larvae 

respectively. The percentage of exaheathed larvae in the larval 

dose was 91%. It was originally intended to kill these rabbits 

during the third and fourth weeks of infection but this intention was 

altered by the course of events. 

Results 

Table 4 	Differential worm counts. 

Table 5 	Worm measurements 

Three rabbits, all in the group dosed with 3.000 larvae, died or 

were killed in extrerd's on the 5th, 7th and. 9th days of infection. 

These rabbits lost weight after dosing but showed no signs of diarrhoea. 

The stomachs of these rabbits were empty of digests and the mmm was 

streaked with blood. All had infections With H. contortus but the 

numbers were so small (Table 4) in comparison with the earlier experi-

ments that it is unlikely they were the main cause of death, although 

they may have been a contributing factor. 



Samples of worms from each rabbit were measured and the body 

lengths of worms are shown in Table 5. It is apparent that develop-

meat of the worm population was more uniform at this larval dose than 

at a larval dose of 509000. Although the mean length (2.11 ± 0.03 me) 

of 5-day-old larvae was only slightly greater than that (1.95 ± 0.04 me) 

of larva, in fteriment 1, the mean length of the 7-day-old larvae was 

much greater' than that of larvae of the same age in Experiment 3 The 

mean length of males was 3.3 ± 0.07 me. and of females was 4.0 ± 0.0 	me., 
+ whereas in Ezper&ment 3 the mean length of 7..da.y-old larvae was 2. 

0.03 me. Many worms recovered from the 9dey-o1d  inction were in 

the fourth moult and a few were in the fifth stage. Was in fourth 

moult ranged in length from 3.8 - 5.8 me. and females in furth moult 

ranged from 4.7... 7.0 ut, 

On the 16th day of infection one rabbit from the group dosed with 

100 larvae was killed and the stomach examined. No warms were found 

and so on the 17th day of infection two more rabbits were killed. As 

a superficial examination revealed no worms, all the remaining rabbits 

were killed. No worms were recovered from the stomachs of most rabbits, 

although a few early fourth-stage larvae were found in two rabbits, 

The stomachs of some rabbits were pink and inflamed indicating that 

worms had probably been present • It would appear9  therefore, that 

Us infestation is eliminated from the host by the 16th or 17th day 

even following infection with a small larval dose, 



Derimeflt 3 

Differential worm counts of rabbits which died 59  7 and 
9 days after infection with a doe. of 10000 lame, 

Rabbit rnixnbez' 1516 P54 Y512 
Rabbit sex 
Age of infection (days) 

M 
5 

M 
7 

P 
9 

5th-stage female, non-gravid 0 0 4 

5th-stage male 0 0 2 

4th-stage female in moult 0 0 20 

4th-stage male in moult 0 0 32 

4th-stage female 0 56 76 

4th-stage male 0 52 44 

Early 4th stage 196 0 0 

Total worms 196 108 178 

Total 5th stage 0 0 6 

Total 4th stage 196 108 172 

% total worms/larval dose 20 U 18 



Table 5 	 periinent 3 

Noquenoy dttr&bution of worm lengths in populationa of L oontoi'ttr from rabbits which 
died 5, 7 and 9 days after infection with a dose of 1,000 larvae.. 

Size class sm., 	 f 

0 • 

;ll 

ChUN • r1 
a 

; fl

• t a • Q • tfl 
a 

ri  • t a a S 

I 

5 EarI7 4th stage 10 37 3 50 2.1 0.03 

7 4th-stage female 2 4  16 3 25 4.0 0.08 
4th-stage male 1 7 15 2 25 3.3 0.07 

9 4th-stage female 2 7 14 13 11 5 3 
4th-stage female in moult 2 5 6 1 1. 73 4.9 0.11 
5th-stage female 1 1 1 

4t,h.stag. male 4 9 10  7 2 1. 
4th-stage male in moult 7 8  9 1 60 4.4 0.09 
5th-stage male 2 



perimental plan. 

The earlier experiments had shown that infective larvae exaheathed 

in half-strength Ringer's solution gassed with carbon dioxide were in-

teotive for rabbits. It is also known that larvae sisheathed in sodium 

hypochiorite will develop to the fourth stage in vitc (Past III of this 

thesis). This experiment was carried out to determine whether the 

method of exsheathmen't affects the subsequent establishment of the 

larvae in rabbits. Controls were dosed with ensheathed larvae. 

Eighteen rabbits, 7* weeks of age, were divided into three compar.. 

able groups of six, Each rabbit was dosed with 20,000 larvae treated 

in the following manner, 

Group Z: 	Larvae erSheathed in -strength Ringer's solution 
gassed with carbon dioxide. 

Group U: 	Larvae eraheathed in 0.3% sodium hypoohlorfte and 
washed 6 times in ..strength Ringer's solution. 

Group III: Sheathed infective larvae. 

The rabbits were killed on the seventh day of infection and one-

tenth of the stomach material of each rabbit was searched for larvae. 

Larvae exsheathød by each method were incubated at 4010 in Ranks' 

balanced salt solution gassed with 50% carbon dioxide at p! 6.0. The 

method of culturing the larvae in vitrc is described in detail in 

Part III of this thesis. Over 90% of the larvae exaheathed by each 

method developed to the fourth stage after 72 hours incubation. 

Blood-streaked zazous was found in the stomachs of all rabbits in 

Group I, but in No-Z3 only of Group 11 and in none of Group XXX. 

.LCU 



The differential worm counts of the rabbits are shown in Table 6. 

All the rabbits in Group I had higher worm counts than the highest 

worn count in Group U, and the nan percentage of fourth-stage larvae 

which became established in Group 1 (24%) was 10 times that of Group II 

(2.4%). The difference between Groups 11 and UI was less striking 

but a comparison of the worm counts of GrouU mid UI by White's 

rank test showed significant differences with regard to total vorm  

counts (P < 0.01) and numbers of fourth-stage larvae established (P< 0,05). 

Group IX had the greater numbers of larvae in each comparison. Most of 

the fourth-stage  larvae recovered from all groups were large enough for 

the sexes to be recognised, iixabeatbe4 third-stage larvae were recov-

ered from all the rabbits in Groups I and U, but none were found in 

Group Ill. 

The results of this experiment have therefore shown that larvae 

xsheatbed phpiologicallys  in -.strength Ringer's solution gassed with 

carbon dioxide, are more infective for rabbits than those exebeathed 

artificl1y in sodium hypoohiorite. The method of exsheatbmeut, however, 

had no offset on the ability of the larvae to develop to the feurth stage 

n vitro, Rabbits were also infected with normal ensheathed larvae 

but the percentage of the larval close which became established was 1% 

or less, 



Table 6 	 Derimerrt 4 

Worm counts of three groups of rabbits killed 7 days after infection 
with larvae of B.  contogba exaheathect by different methods. 

Group I. Larvae exeheathed in half-.etrength Ringer's solution gassed 
with carbon dioxide. 

Rabbit number 
Rabbit sex 

4th-stage female 
4th-stage male 
Bax'ly 4th stage 
3rd stage (exsbeathect) 

769 7610 7617 7611 7614 7624 Mean 
M M B F F F 

850 1140 3940 1420 2770 2730 
690 1120 3030 1350  2410 2990 
130 160 1490 320 1210 1180 
130 50 470  210 320 290 

Total larvae 1800 2470 8930 3300 6710 7190 5070 
Total 4th stage 1670 2420 8460 3090 6390 6900 4820 
% total larvae/larval dos. 9 12 45 17 34 36 25 
% 4th stage/larval dos. 8 12 42 16 32 35 24 

Group II 	Larvae exabeathed in sodium bypoohlorite. 

Rabbit number 	 167 1623 163 166 7621 162 Mean 
Rabbit sex 	 B 	I I 	F 	P 	7 

4th.eiage female 130 240 550 20 20 150 
Oh-stage male 3.00 170 470 10 3.0 150 
Early 4th stage 40 80 280 90 3.60 200 
3rd stage (exeheathed) 30 10 200 50 40 60 

rotal larvae 300 500 1500 170 230 560 540 
rotal 4th stage 270 490 1300  120  190  500 480 

total larvae/larval dose 2 3 8 1 1 3 3 
4th stage/larval dose 1 3 7 1 1 3 2 



- 

hg biA (Cont.) j.j&_rim2at  4 

Group IlL. 	1ebeathed lax'vae, 

- 

Rabbit number 168 
- 

1615 
- 	-- 

1628 
-- 

1625 1613 1630 mean 
Rabbit sex M 11 M F F F 

4th-Stage forUaO 20 30 110 20 50 120 
4th-etae male 20 0 70 10 10 80 
Ear1r 4th stage 0 10 0 0 0 0 
3rd stage (exaheathed) 0 0 0 0 0 0 

Total 1n'vae 40 

- 

40 180 
- 

30 60 200 90 
Total 4th stage 40 40 180 30 60 200 90 
% total laDvas/larvul does <1 <1 1 <1 <1 1 1 
% 4th stae/larval does <1 <1 1 <1 <1 1 1 



DISCUS$ION 



DISCUSSION 

The infective larva of triohoatrongyild nematodes acts as a 

"bridge" between two different environments - the free-living phase 

and the parasitic phase. Than the infective stage is formed the 

mechanism controlling moulting no longer operates as in the free-

living stage of the life cycle. The new environment, in the host, 

provides a atici.Uua which leads to renewed development, this time as 

a parasitic stage. The conditions necessary for the resumption of 

development of the infective stage, so that the host becomes infected, 

may also be important in determining the specificity of the host-

parasite relationship. 

For 1emonch Gtor$us, the stimaltw required for the exaheath- 

aen't of larvae which precedes the resumption of development is tbout 

to depend upon the concentration of undiseociated carbonic acid plus 

dissolved gaseous carbon dioxide, the oxidation reduction potential, 

the hydrogen ion concentration and the temperature. The evidence in 

support of this view has been reviewed in the Xntroduction. The high 

concentrations of carbonic acid necessary for the exaheatbment of 

. centortus are found in relatively few situations other than the rumen 

of ruminants and this may, to some degree, account for the narrow host 

range of this species. 

The experiments in the present study showed that H. contortus would 

develop in rabbits when the physiological 'barrier" of exshsathent was 

circumvented by eerimental intervention. Up to 42% of the larval 

dose was capable of development to the fourth stage after oxsbeathmeut 

In tt;Po# However, rabbits were also infected with ensheathed larvae 

but the percentage of the infective dose which became established was 



or less. It is possible thrt somi of these larvae may have ex—

sheathed in culture before dosing, as exsheathed larvae were occas—

ionally seen in old cultures. But the larvae used in ]xpez'imeni 4 

were only 8 days old and no enaheatbed larvae were seen when larvae 

were counted under the microscope prepamtor3r to dosing. It seems 

probable that a small number of larvae are capable of exsheathing 

under the conditions found in the stomach of the rabbit. This may 

explain the occasional reports in the literature of U, contozus being 

found in non—ruminants (see Introduction), On the other hand, Wood 

and Hansen (1960) did not recover worms from 75 rabbits dosed with 

sheathed larvae of I. contortus, although they did recover a few worms 

after dosing with exebeathed larvae. 

Larvae Of ,us contorius need about three times the concentration of 

undiasociated carbonic acid required by &Ighosp1usaxei for ex 

sheathment, although the pH range is the same (Rogers, 1960). Rogers 

(1962) suggests that this may explain why T. aze1 has a wider host range 

than H, coniortus (Rogers, 1960),  since the conditions suitable for the 

exsheathment of T. aei could be found in other organs besides the rumen. 

Infective larvae of It çibriformia exebeath in the abomsswn and, iritro, 

the outstanding requirement for exsheathment is a low pH, approximately 

pH3 (Rogers, 1960). Thus, the specificity of the initial requirements 

for infection with this species might occur in many mammals and the adult 

worms, living in the small intestine, are found in many species. Christie 

and Charleston (1965) showed that the effective stimulus to exaheathing 

of 1. bgituz was a low pH of 2 to 3 and that the concentration of carbon 

dioxide was of little importance. Such conditions are found not only in 

the abomasa of ruminants but also in the stomachs of other mammals • In 



Part I of this thesis it was shown that the requirements necessary 

for exsheathment did not limit the host range of 1 #  battus to ruminants 

but that it would develop successfully in rabbits. 

Prom the numbers or fourth-stage larvae rocovered from rabbits 

even days after infection in Experiment 49  it would appear that a 

greater percentage of larvae develop in rabbits after ezsheathmsnt 

under carbon dioxide than after exsheathment in sodium hrpoohlorite. 

An in vitzg test, using larvae from the same suspension, showed that 

the method of exaheathxaent had no effect on the ability of larvae to 

undergo the third moult and reach the fourth stage. This is supported 

by results from similar experiments carried out 	described in 

Part III of this thesis. No growth occurs during the third parasitic 

stage In A.10 (Yegus, 1915)  and it is not known if the larvae feed 

during this period; Somervilla (1966) did not observe ingestion of 

nutrients by third-stage larvae in viln. Most of the fourth-stage 

larvae recovered from rabbits seven days after infection had ur4ergorie 

considerable growth and differentiation. Thus, it, seams that exeheath-

ment in sodium hypochiorite has no effect on development to the fourth 

stage but it does affect the survival and development of fourtbmtage 

larvae in vivo. Sodium bypochiorite is often used to exaheath and 

sterilise the infective stages of nematode larvae before cultivation 

in ooizlex media (Weinstein and Jones, 1956; Leland, 1963a). But 

this procedure may interfere with the physiology of the larvae and 

affect their ability to feed and develop. 

After the initial process of infection has taken place, the 

relationship between the parasite and the host becomes increasingly 

complex. Not only must essential nutrients be available but the 

parasite must also be able to withstand unfavourable features of the 



environment. Failure of a parasite to develop in an abnormal host may 

be due to lack of the correct developmental stimulus normally supplied 

by the susceptible host. The natural resistance of an organism to a 

parasite may be due to simple chemical or physical factors but it may 

also depend on more complex features of the organism's physiology and 

anatomy. Thus, tissue reactions may prevent growth or conditions may 

not be suitable for the normal migration of the parasite. 

Stoll (1943) observed that the third-stage larvae of R.contprtus 

normally migrated into the glands of the abomasal aicosa of the sheep 

and returned to the surface as fourth-Otago larvae. Whether this 

migration is essential for the formation of the fourth stage is un-

known. The third-stage larvae may require a special stimulus to 

initiate development to the fourth stage and this will be discussed 

in greater detail in Part XXX of this thesis. No experiments were 

carried out with rabbits to determine whether the third-stage larvae 

migrated into the glands of the stomach u*zcoaa but whether this 

migration occurred or not, a large proportion of larvae were able to 

develop to the fourth stage. The digestion technique used after 

slaughter ensured that early fourth-stage larvae closely associated 

with the mucosa were recovered. 

Development of H. ggMgMg in rabbits was more uniform following 

a dose of 1,000 larvae than one of 50,000 larvae. Five dayo after 

infection with a larval dose of 10000 the mean body length of the larvae 

was 2.11 0.03 mm. and the range in length was 1.7 2.8 mm. By the 

7th day of infection the mean length of the males was 3.28 10.07 mm. 

(range 2.5 - 4.0 mm.) and of the females was 3.96 ± 0.08 mm. (range 

3.0 - 4.6 1am). A comparison can be made with the development of the 



same strain of T1,_  oontortus In sheep Prom the results of Christie 'n 

his co-workers at the !oredun tntitute. Christie and bsmbell (1967) 

found that the mean body lengths of 7-day-old populations of L oontortus 

at primary infection in 8 lambs were 3.4, 3.81  3.99  4.0 (3)9  4.1 and 

4.3 =6 respectively, They did not classify the worms by sex6 In 

the present study, the mean body length of the total 7-day-old pop- 

ulation was 3.62 t 0.07 ., which Is within the range given by the 

above authors, Ve1ia (1915) reported that four days after infection 

in &259p the majority of !Io contortue larvae exceeded 1 mm6  in body 

length and some had reached 1,5 mm. 51x days after infection males 

were 2.7 - 3 mme long and females were 3.7 - 4 z. By the 7th day of 

infection males were 3.5 4.1 mm, long and females were 4.5 - 5 mmo 

A fe"v worms had developed to the fifth stages by the ninth day of 

infection in rabbits and many wore in the fourth eodyia, The mean 

body length of the total male population was 4.36 0,09 mm. and of 

the female  P07,11ation was 4.91 0,11 mm,, Fifth-stage males were 

5 - 5.5 mm, in length and those in the fourth moult were 3,8 - 5.8 mmo 

in length. ?if-bh-etage females were 5,9 - 7.6 mm long and those in 

fourth moult were 4.7.. 7,0  mm, long. On the 14th day of infection 

in Experiment 2 fifth-stage males were 5.0 mm, or more in length and 

fifth.-stage females were 56 mm, or more. This indicates that after 

the fourth moult males are at least 5 mm*  and females 5,6 mm, in length, 

C1itia (1967) found that the peroentage of a dose of 10,000 

larvae whic'th was recovered from 7 sheep  9  days after primary infect- 

ion ranged from 2 - 47%. 	The proportion in fifth stage ranged 

from 12 81%. The mean body length of the worm populations was 

6.0 	7.6 mm. By comparison, the mean length of worm populations 



from "inmmnised" sheep which had previous experience of infection was 

1.8 4.1 nm. The length of fi.ttbs.stage females ranged from 4.1 

9.5 nma,  in the primary infections, but most were 6 8 i* in length. 

The range in length of fifth-stags males was 4.3 = 8.6 nal., but the 

majority was 5 7 mm. long. 

Veglia (1915) reported that the fourth moult of E, contorts 

occurred between the 9th to 11th day of infection, On the 9th day 

some worms were in the fifth stage and by the 1th day all had reached 

the fifth stagee Zust after the fourth ecdysis the males were 5 • 5.5 
ma. in length and the females were 6.5 7.9 ma. in length. The re-

sults of Christie and Veglia are in agreement and comparing the data 

obtained in the present study with their results suggests that fofluw-

ing a dose of 10000 larvae the development of U. q2ritorimg in rabbits 

is similar to that in sheep up to about the 6th or 7th thq of infection. 

After this period the overall growth of the worm population is loss 

rapid in rabbits than in sheep, but the more rapidly developing worms 

reach the fifth stage by the 9th day of infection and moult over a 

range in size which is not outwith that in sheep. 

The results of Silverman and Patterson (1960)  are at variance 

with those of Veglia and Christie. They reported that the second 

parasitic eodysis, to the fifth stage, occurred on the fifth day of 

infection when the larva, had reached 1 1.5 inn, in length. Sexual 

differentiation was apparent in the fifth stage and thelyoung adult" 

reached 2 - 5 maa by the 7th to 9th day of infection. They did not 

give further details of the aiss or morphology of the worms nor did they 

relate their findings to those in the literature. It is difficult to 

assess their results but their report of the second parasitic moult 



- 

occurring at I - 1.5 n. is completely different from those of the 

other two author's. The results of the present study have therefore 

been compared with those of authors who have presented sufficient 

details for an adequate comparison. 

Some fifth-stage worms attained a length of 8 - 9 n. by the 14th 

day of infection in rabbits domed with 50 9000 larvae. These worms 

were immature, however, and no gravid females were obtained. Yeglia 

(1915) found that by the 12th day of infection in sheep the males were 

7 - 8 mmo long  and the females ware 9 - 10 iso. long. In the present 

Study,, growth was 1ea uniform following a larval dose of 509000 and 

although some worms in the population developed to late fourth stage 

and early fifth stage most larvae were inhibited in early fourth stage 

and were less than 3 nm* in size. Nearly all worms were lost by the 

16th - 17th day of infection following a dose of 1,000 1arvae but 

after a dose of 509000 larvae many early fourth-etage larvae were re-

covered on the 21st and 25th days of infeotton, although the fifth-

stage worms and late fourth-stage larvae were lost, 

Retardation of 1. oonto21u in the early fourth stage of develop-

sent seven days after infection in 'inmiunised sheep was reported by 

Christie and Brambell (1967). From a comparison with the earlier 

results of Christie, Branhell and Charleston (1964b), where sheep were 

slaughtered 26 days after infection, they suggested that the retardation 

was of a temporary nature of a few days only and that the inhibited 

worm would be capable of development to sexual matur'ity. The mean 

length of the worm populations from the 8 "immunised" sheep ranged from 

0.8 - 1.6 rmii., whereas in the present study the mean length of 7-day--old 

larvae from rabbits dosed with 500000 larvae was 2.5 isa. In other words, 



the larvae were inhibited at an earlier stage of development in the 

immunised lambs than in rabbits. 

Retardation of development of H. contgrtue of long duration, even 

100 days after infection, was observed by Dineen, Donald, Wagland and 

Offner (1965) in sheep dosed sequentially. They estimated that larvae 

given after the 9th or 10th day failed to develop beyond the fourth 

stage. 

No  oontortu in rabbits did not develop beyond the early fifth 

stage. Christie, Brambell and Charleston (1964o)  have suggested that 

a resistance response in sheep to developing larvae of H. ogniortus 

occurs in late fourth stage about the 8th to 9th day of development. 

In sheep, dosed daily with infective larvae, resistant animals which 

did not develop an anaemia had fewer adult worms at slaughter after 

26 days' dosing and proportionately fewer immature worms of sizes 

corresponding to 9 13 days growth than sheep which developed anaemia. 

The resistant animals had worms of sizes corresponding to 0 8 days 

growth. Brambell, Charleston and PotbiU (1964) infected six 9-month.'. 

old sheep with 100,000 larvae of Be oontoz'tus. The animals showed age 

resistance in that the infection became patent in only one of the six 

infected sheep. The age resistance of the insusceptible sheep first 

became apparent nine days after dosing. Christie, Brambell and 

Charleston (1964a) suggest that the same mechanism underlies the two 

phenomena of age resistance and acquired resistance and that this 

mechanism may be the establishment of some barrier to developing larvae. 

The situation is analogous in H. contotns infections in rabbits 

but the mechanism may be differents The lose of fifth-stage worrns 

may not be due to acquired resistance but to the absence of an essential 

nutrient necessary for development, Bat the fact that fourth-stage 



larvae are also lost at this time suggests that resistance acquired 

by the host in the early stages of the infection is partly responsible. 

The infections in rabbits were capable of causing pathogenic 

effects. Blood was observed in the stomachs of some infected rabbits 

as early as seven days after infection when fourth-stage larvae only 

were present. Veglia (1915) and Stoll (1943) found that fourth-stage 

larvae and Immature adults of K. contortue could cause hasmorrbaga into 

the abomas&m of Infected sheep. Aboioaaal bleeding in ebsep between 

6 to 10 days after infection has been reported by Andrews (1942) and 

Brambell, Charleston and Tothill (1964), The bleeding was presumably 

caused by the fourth-stage larva.. 
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ThE M=F&MT OP HAWC}iUS CONTORTUS TO TM,  MMM 
ST-WIC IN VITRO. 

D1TRODUCTI1 



INTRODUCTION 

Stall (1940) showed that exaheathed thir tag. larvae of 

Wemonohus contortus would develop to the fourth stags in various 

dilutions of balanced salt solutions such as Ringer and Tyrods but 

that sodium chloride alone was insufficient. In sealed tubes some 

larvae reached the fourth stage after four dayu inoubatiou 10% were 

in the fourth stage by the end of the first week and 60 70% after 

3 weeks. Although larvae developed in salt solutions in the absence 

of nutrients the addition of aqueous extracts of liver accelerated 

the process and up to 50% of larvae were capable of attaining the 

fourth stage in four days.  The beat results were obtained under 

conditions of restricted oxygen and With large rather than small 

numbers of larvae. 

Somerville (1964, 1966) suggested that carbon dioxide, either as 

the dissolved gas or as carbonic acid or both, provided a stimulus 

which induced development to the fourth stage. Optiiwal results were 

obtained when third-*stage larvae were exposed to a gas phase which 

contained 40% carbon dioxide. More than 90% of the larvae were 

capable of reaching the fourth stage after incubation for 72 hours at 

40°C in a salt solution under 40% carbon dioxide. A balanced salt 

solution was necessary for development and no larvae attained the 

fourth stage in sodium chloride or sodium bicarbonate alone, irrespect- 

ive of the proportion of carbon dioxide in the gas phase. The add- 

ition of a liver extract or an enzymatic h$x'olyaate of casein did 

not enhance development. 

Glaser and Stoll (1938) cultured the parasitic stages of B. contortus 

in a complex medium which contained various organ extracts. The pH 



of the medium was 30 and the gas phase was air. Larvae developed 

to the fourth stage over a period of 3 weeks at 39.500 and commonly 

reached a size of 1 - 2 mm., although some more than 3 mm. long were 

found. 

Silverman (1959) reported the culture of H. contortus to the 

adult state in complex media. The worms were ztunted and no fertile 

eggs were observed. But, as already discussed in Part XX of this 

thesis, during studies on the development of the parasitic larval 

stages in sheep (Silverman and Patterson, 1960) it was stated that the 

fourth moult occurred on the fifth day of infection when the larvae 

had reached a length of 1 - 1.5 mm-,  and that sexual differentiation 

was apparent in the fifth stage when the "young adult" was 2 	mm. 

in length. If Silverman's morphological criteria are based on obser-

vations made during the study in sheep, then it is possible that little 

growth of fourth-stage larvae occurred in his media. He also reported 

(1962) that over 60% of exsheatbed third-stage larvae developed to the 

fourth stage in a medium which consisted. of Earle's solution containing 

the products of hydrolysis of liver and casein. 

Hansen, Silverman and Buecher (1966) reported partial development 

of L. oonto'tus to the late fourth stage in a chemically defined medium 

supplemented with a small amount of a protein fraction. They state 

that 50% of larvae were in late fourth stage at the end of 3 days' 

incubation at 38°c. Before culture in this medium larvae were incub-. 

ated after exeheathment for two days in Earle's saline gassed with 

carbon dioxide. No details of the body length of the cultured larvae 

are given. 

H. contortus develops from the third stage to fourth stage in vivo 

without increasing in size (Veglia, 1915). It is not known whether 



third-stage larvae feed during this period or if they are entirely 

dependent on reserves accumulated during their free—living phase. 

When work on the in vitro development of , contortus was started in 

19639  it was reasoned that it might be possible to culture third-stage 

larvae to the fourth stage in salt solutions, in the absence of nutrients, 

NO" sucoeasfully than Stoll (1940) had achieved. The objects of the 

research were to provide a system for the study in vitro of the early 

parasitic stages and collection of metabolites with possible antigenic 

properties; and to obtain fourth—stage larvae in good physiological 

condition for subsequent culture in complex mediao 

bperiments were first carried out to determine whether larvae 

would develop to the fourth stage in solutions which induced exoheath-

merit • The early work showed that larvae would develop to the fourth 

stage in solutions of sodium chloride, potassium chloride and Ranks' 

balanced salt solution (BSS) when these were gassed with carbon dioxide. 

Survival of fourth-stage larvae was poor in sodium chloride alone, higher 

in mixtures of sodium chloride and potassium chloride9  and best in Ranks' 

BSS. A greater percentage developed to fourth stage when the period 

of exposure to carbon dioxide was increased but larvae from some cult—

ures developed even without exposure to carbon dioxide. Development 

to the fourth stage was inhibited when the concentration of larvae in 

the culture solution was increased, but this effect could be partly 

reduced by dialysis. 

Preliminary experiments were completed before the publication of 

Souuevville's papers in 1964 and 1966. The work carried out in the 

present study with H. contortua in vitro and in rabbits did not agree 

entirely with Soxanervilla's results. It was decided, therefore, to 

repeat some of the in vttro experiments to determine whether the 
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discrepancies were due to different physiological strains of H.qpnortu9 

in Scotland and Australia or whether they could be explained bydiff—

erences in technique. Further experiments were performed in greater 

detail to examine the effect on development to the fourth stage of 

several factores namely, the concentration of carbon dioxide, the 

type of culture solution, the h$rogen ion concentration, the age of 

infective larvae, he method of exeheathment and the concentration of 

larvae in the culture solution. A study was also made of the rate 

of development to the fourth stage and the effect of the duration of 

exposure to carbon dioxide. 
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MATZtA1S and. MOHMODSO  

Infective 3.are 

Larvae of H, cntortus were cultured to the infective stage by 

the method described in Part XI of this thesis and were stored at 

8.5°0. The age of the infective larvae in most experiments was 

usually 3. .. 4 weeks but in some experiments older larvae were used. 

In Experiments 1 11 the age of the larvae was 10 - 21 days except 

where otherwise specified. 

Exsheathnt 

Infective larvae were washed three times in tap water with 434 

centrif'uation, In some experiments larvae were exheatbed under the 

culture conditions of the experiment as described in the section on 

Results. In other experiments, larvae were ezeheathed in half-strength 

Ringers solution gassed with 100% carbon dioxide at pH 6.5 and incub-

ated for three hours at 400 by the method described in detail in Part 

IX of this thesis. Sodium hypooblorite at a concentration of 045% 

in 0.6% sodium chloride was used for exsbeathnint in certain experiments. 

The larvae were left standing in the solution at room temperature and a 

frequent check was made under the microscope to determine the numbers 

of larvae vhioli had oxaheathed. It usually took approximately 15 

minutes for the larvae to lose their sheathe axvd they were then washed 

six time in 0.6 sod,um chloride or the solution they were to be cult—

ured in. 

Cullures.  

After washing, a suspension of larvae of the desired concentration 

in the culture solution was prepared, Accurate larval counts wore 

carried out by the method described in Part I of this thesis. The 
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concentration of larvae per ml, of solution was less than 100 and 

in Experiments 1 U was 20 per ml, except where otherwise specified. 

1rvae were cultured either in bottles with ground-glass stoppers 

of volume approximately 70 mis; or in screw-cap, narrow-necked vials 

of volume 28.29 mis; or screw-cap usia of volume 7.8 mis. The volumes 

of the bottles and the larger vials were determined accurately. The 

larger vials were used in most experiments, including all Experiments 

I - 11. 

Salt solutions were used to culture the larvae and these are 

described in the section on Results • Ranks' BSS was prepared as 

described by Paul (1961) except that the glucose and sodium bicarbonate 

were omitted. 

In some experiments, the culture media were gassed directly with 

carbon dioxide from a cylinder. In others, carbon dioxide was gener-

ated chemically in sits by the reaction of sodium bicarbonate and hydro-

chloric acid. The respective amounts of hydrochloric acid and sodium 

bicarbonate required to produce various concentrations of carbon dioxide 

in saline solutions were calculated before experiments using larvae were 

started, The calculations were based on the figures given by Dixon 

(1951) for the solubility of carbon dioxide in Ringer's solution, He 

gives the Bunsen absorption coefficient of carbon dioxide in Ringer's 

solution as 0.54. at 38°C, 0.55  in water at 380C aM 0.53 in water at 

40°C. By extrapolation, the Bunsen absorption coefficient of carbon 

dioxide in Ringer's solution at 4000 was taken as 0,52. The appropriate 

amounts of 0.9% sodium bicarbonate and dilute hydrochloric acid required 

to produce the desired hydrogen ion concentration in Experiments 1. - U 

were determined by use of a pH meter. 



In preparing the cultures, some of the salt solution, an aliquot 

of the larval suspension and the sodium bicarbonate were first pipetted 

Into the vial, Additional salt solution was added until a small space 

only was left at the top. The pppropriate volume of h1roohloric acid 

was pipetted into the vial and the cap screwed on quickly. With exper-

ience the space to be left at the top of the vial could be Judged accur-

ately, so that on addition of the acid no excess solution overflowed 

nor were air bubbles left on closure. If an air bubble was introduced, 

the vial was discarded and a fresh culture prepared. Duplicates or 

triplioates of each culture medium were made up. 

The cultures were prepared with solutions at the incubation tern-

perature. Cultures were incubated at 39 - 400C in the preliminary work, 

but Maoriments 1 - 11 were carried out in a constant temperature room 

at 40 0.50C  (unavailable for the earlier work). 

Larvae were incubated in dialysis sacs in some experiments. One 

end of a piece of "Viskin' tubing was tied with thread and the ocmpom-

ants of the culture medium were pipetted into the sac so formed. The 

top was tied and the whole sac imnersed in a round bottomed flask of 

volume 320 or 350 mIs. fitted with a tight stopper and filled with 

culture solution. 

Larval o2uIt:5 

At the end of the incubation period, samples of larvae were counted 

in an esiworm slide marked with a grid. Samples of at least 100 larvae 

were counted from each vial and examination was carried out at a magnif-

ication of 1100. Only those larvae which had actually freed themselves 

from their second-stage sheaths were classed as being *xaheathed • buz'th-

stage larvae were readily distinguished by the structure of the mouth 



parts as described in Part U of this thesis. Results represent 

the moan values of two or three vials, The results have been em-

pressed 

 

as the percentage of exaheathed third—stage larvae which 

attained the fourth stage. 
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Preliminary experiments shoved that larvae would develop to the 

fourth stage in the presence of carbon dioxide. Carbon dioxide was 

generated chemically by adding h3droohloric sold to 0.6% sodium bi—

carbonate to produce a calculated concentration of Carbon dioxide of 

40 60%. The calculated concentration of sodium chloride in the 

system formed by the reaction of sodium bicarbonate and hydrochloric 

acid 'eas 0,07%. The PH of the solutions was 7 8. Larvae were 

xsheathed and left to develop to the fourth stage in the same culture 

medium, Larvae were incubated for 90 - 96 hours at a temperature of 

39 40°C. Under these conditions, 20 - 40% of larvae developed to 

the fourth stage. 

Using the same experimental stem various amounts of sodium 

chlorides  apart from that formed by the reaction of sodium bicarbonate 

and hydrochloric acid, were added to 0.6% sodium bicarbonate in the 

containers. The concentrations of sodium chloride quoted in the 

tables represent the total concentration of this salt in the solutions. 

It was found that development to the fourth stage was greater in sol—

utions with sodium chloride concentrations of 0.32 - 0.82% than 0.07% 

(Table i). Development was poor at a concentration of i.o% sodium 

chloride. Survival of the fourthstage larvae in all cultures was 

low, generally less than 3.0%,  and those larvae in solutions with bii 

concentrations of sodium chloride tended to be shrunken in appearance. 
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Table 1 

Effect of the concentration of sodium chloride in the culture 
solution on development to the larval fourth stage. Each 
figure represents the percentage of exabeathed larvae in the 

culture which developed to the fourth stage. 

Conan. of 
NaClin, 
solution. 

% exaheathed larvae in 4th stage 
--- 

Culture 
A B 	C D E F 

0.07% 39 19 	43 27 43. 33 

0.32% 70 31 	66 58 74 76 

0.57% 62 54 	77 67 76 81 

0.82% 27 38 	52 56 70 66 

1,07% 14 16 	22 36 15 22 



With Ua same type of experimental s7stem as already described, 

various amounts of potassium chloride were added to the culture sol— 

utions 	Some cultures had mixtures of potassium chloride and sodium 

chloride and controls had sodium chloride alone, Larvae were examined 

after 90 - 96 hours incubation. 

The results of these experiments showed that greater numbers of 

larvae developed to the fourth stage in cultures containing mixtures 

of potassium chloride and sodium chloride, than in cultures with sodium 

chloride alone (Table 2). The concentration of potassium chloride or 

of the salt mixture, over the range used, did not appear to have a 

great effect on the results. Over 70* of the larvae generally devel—

oped to the fourth stage and in many cultures 90% or more reached the 

fourth stage, 

The most striking improvement resulting from the addition of 

potassium chloride to the culture solutions was the increased survival 

of the fourth-stage larvae, in cultures with potassium chloride at 

least 80* of the fourth-stage larvae were generally alive and in some 

cultures all were alive. The percentage of fourth-stage larvae alive 

was usually less than 10% in cultures which contained sodium chloride 

alone. 



Table 2 

The effect of the concentration of potassium chloride and sodium 
chloride in the culture solution on development to the fourth stage. 

Concentration of 
% oxaheathed larvae in 4th stage 

Ssta c-1t)t _t- 

Culture 
KC1 

-r 	-"-'-'-- 
NaCl A B C D E F 

o 

-------r-a 

0.07% 31 

S_-___--. -_ 

26 

- 	- 	_--. 

17 37 42 12 
0.25% 0.07% 37 64 94 96 80 94 
0.50% 0.07% 67 76 95 97 81 95 

0.07% 91 79 94 89 90 99 
1.00% 0.07% 68 93. 97 99 88 96 

0 0.32% 58 63 70 68 77 35 
0 0.57% 32 46 89 86 64 68 
0 0.82% 19 38 68 42 39 68 
o 1.07% 1 20 16 1 9 18 

0.25% 0.32% 92 90 91 90 98 79 
0.50% 0.32% 77 92 96 84 82 93 
0.25% 0.7% 84 94 95 96 68 95 
0.50% 0.57% 83 89 94 88 74 81 
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In the experiments already described, larvae were exeheathed 

and cultured to the fourth stage in the same solution. This method 

had its limitations and in certain experiments larvae were exeheathed 

in one solution and then transferred to another. At first it was 

thought desirable to ezaheath the larvae under conditions which would 

simulate those encountered in sheep; but it was found that larvae 

which were exeheatbod artificially in sodium hypochiorite would also 

develop to the fourth stage. The advantages of this method ores 

(j) all larvae are exsheathod simultaneously,, there is no time lag, 

which makes the design of experiments simpler; (ii) larvae are ater-

ilisod by the process, which is essential if thoy are subsequently to 

be cultured in nutrient media. 

It was found that larvae cultured to the fourth stage in Hanks' 

BOB, without the sodium bicarbonate and glucose, were generally in 

much better condition than larvae cultured by the other methods already 

described, A simple method of obtaining fourth-stage larvae in vitro 

was therefore evolved in which Hanks" BSS was gassed with carbon dioxide 

either using dry ice or compressed gas from a cylinder. This method 

offered advantages in simplicity of operation, since it was hoped to 

culture larvae to the fourth stage on a large scale. 

The effect of method of exsheatbment on develglWnt tg the Lou rt ataj. 

Larvae wore exheathed either by immersion in 0.0% sodium bypo.. 

chlorite for 15 minutes approximately or by incubation for 3 hours at 

39 400C in a soluttor of 0.6% sodium chloride gtesed with 3.00% carbon 

dioxide and buffered to pH 6.0 with sodium bicarbonate, Exaheatbment 



Table 3 

The effect of method of exeheatbment on development to the 
fourth stage. 

I 	 % exeheathed % 4th—stage 
Method of 	larvae in 	larvae 

L_.0tuT.e 	ezsheathaent 	4th stage 	alive 

a 	Sodium hypoohlorite 88 98 

a 	CO2 84 100 

b 	Sodium hypochloitte 98 99 

b 	CO2 98 97 

o 	Sodium bypochlorite 92 97 

0 	 002 95 98 



by the latter method was gen3rallr about 90% after 3 hours incubation. 

The larvae were washed 6 time in 0.6% sodium chloride after exaheath-

ment and incubated for 90 - 96 hours in Ranks' BSS gassed with carbon 

dioxide, 

The findings of this type of experiment showed that the method of 

exsbaatbmeni had no effect on the percentage of larvae developing to 

the fourth stage or on the survival of fourth-stage larvae (Table 3). 

p 

Larvae were washed 6 times in 0.6% sodium chloride after eiheath-

sent in sodium hypoohiorite and incubated for 90 - 96 hours in salt 

solutions of various strengths gassed directly with carbon dioxide. 

The pH of the solutions was 4.0 4.4 as no sodium bicarbonate was 

present to act as butter. When mixtures of potassium chloride and 

sodium chloride were used equal quantities of each salt solution were 

mixed together, 

The results are shown in Tables 4,  54, 5B, 6A and 6B 	Larvae 

developed to the fourth stage in salt solutions of either sodium 

chloride or potassium chloride alone, with a greater proportion devel-

oping in solutions of the latter salt. A ooncontraton of 0.2% only 

of either salt was sufficient for some development to the fourth stage, 

but optimum results were obtained at concentrations of 0.6 1.0%. 

Survival of fourth-stage larvae in these solutions was poor, although  

It was usually slightly better in potassium chloride than in sodium 

chloride. 

A greater proportion of larvae developed to the fourth stage in 

mixtures of potassium chloride and sodium chloride than solutions of 

equivalent concentrations of either of these salts in one experiment 



Table 4- 

Development of larvae to the fourth stage and the s!trvival of fourth—
stage larvae, in solutions of sodium chloride, potassium chloride 

and Ranks' DS8II  

% larval 
Salt solution 	development 

NaCl % in 4th stage 

rfacl % 4th stage alive 

C1 % In 4th stage 

C1 4th stage alive 

46-strength flanks % in 4th stage 

strength Hank 4th stage alive 

Ranks % in 4th  stage 

Hanks % 4th stage alive 

0.2% 
Stenth of salt solution 

0.6 0.45% 0.6% 0.8% 0.9% i,o% 

39 76 - 78 	81 87 

0 2 4 	0— 0 

67 82 - 87 	89 	- 89 

4 2 - 9 	15 	- 4 

- - 70 . 	- 	- - 
- - 46 - 	- 	- 

93 

- 
-. 

- - - 98 - 
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The development of larvae to the fourth stage in solutions of 
sodium chloride, potassium chloride, mixtures of sodium chloride 
and potassium chloride, and. flanks' 38S1 

the survival of fourth.-stage larvae in these solutions. 

(A) Each figure represents the percentage of larvae in 4th stage. 

Concentration 
r1of KCI  (%) 0 

- 
0.2 

Concentration 
04 	0.6 

of NaCi 
0,8 

(%) 
1.0 	1,4 	108 

0 12 22 	62 59 46 
0.2 39 54 89 	85 89 81 	87 	84 

0.4 55 92 89 	95 95 92 
0.6 65 85 96 	88 93 89 
0.8 62 94 93 	96 87 96 
110 56 90 95 	91 93 93 
1.4 93 
1.8 88 

Ranks' SS 97% 

(B) Each figure represents the percentage of live 4th.-stage larvae. 

Concentration 
of KC1 (%) 0 0.2 

Concentration 
0.4 	06 

of NaC1(%) 
0.8 - 3.,0 	1.4 	1.8 

0 0 4 	5 3 0 

0.2 0 0 4 	40 62 76 	83 	88 
0.4 3 2 32 	61 80 91 
0.6 6 9 59 	85 82 87 
0.8 11 28 73 	86 81 92 
110 8 45 83 	88 94 89 
3.4 84 
1.8 86 



Con(entrti On 
of K01 (%) 

1 
0 	0.2 

0 0 
0.2 3 
0.4 
0.6 21 12 
0.8 31 
1.0 14 53 
1.4 87 
1.8 84 

Table 6 Repeat of experiment recorded in Table 5- 

The development of larvae to the fourth stage in solutions of 
sodium chloride, potassium chloride, mixbres of sodium chloride 
and potassium chloride, and Banks' ISS; 
the survival of fourth—stage larvae in these solutions. 

(A) Za4h figure represents the percentage of larvae in 4th stage. 

-n--i 

Concontmt ion 
Of 1(01 (%) 0 0.2 

Coneentratioi 
0.4 	0.6 

yrirr 

of NaCi 
0.8 

- 

(%) 
1.0 	1,4 	1.8 

0 23 7 	46 48 18 

0.2 77 71 83 	89 	85 

0.4 91 57 	87 91 93 
0.6 90 74 93 	93 92 95 
0.8 92 95 	95 93 88 

1.0 89 83 91 	93 90 91 

1.4 94 
1.8 86 

}Ianl& BS 97% 

(B) Each figure represents the percentage of live 4th—stage larvae. 

Conoontration of NaCl (%) 
0t,-4  0..6 00 40 	1.4 	1,8 

2 10 8 5 
12 72 	89 	95 

20 63 84 93 

39 80 86 83 
69 98 89 85 
Cl 90 88 97 

flanks' BSS 96% 
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(Table 51). But in another experiment (Table 6A), there was little 

difference in results obtained in salt mixtures or solutions of pot-

assium chloride of equivalent concentrations, although development 

in solutions of sodium chloride was poorer. Over 85% of larvae 

developed to the fourth stage when the combined strength of the sal. 

ution was 0.3% or over in one experiment (Table 5A) I but in the other 

experiment (Table 61) a combined strength of 0.5% was required for 

similar development. The ratio of salts in the solution did not seem 

to be important. 

The viability of fourth-stage larvae was greater in solutions 

whi*h contained mixtures of potassium chloride and sodium chloride 

than in solutions of either of these salts alone. Survival was over 

80% in solutions with a combined strength of 0.7% or more. Although 

development to the fourth stage and survival of Ourth-at age larvae 

was extremely good in mixtures of potassium chloride and sodium chlor-

ide, the most consistent results were obtained when larvae were cult-

ured in Hanks* 355. 

Infective larvae were exeheathed in 0.6% sodium bicarbonate sat-

urated with 50 70% carbon dioxide and were left in the solution for 

varjing periods of time. They were then washed three times in Ranks'  

388 and transferred either to a solution of Ranks' 355 at p11 6.3 or 

to Hanks' 388 acidified with hydrochloric acid to a pH of 2.5.  They 

were incubated at the same temperature for a further period of time 

so that the total period of incubation of each culture was 96 hours. 

The age of the infective larvae used was 2j weeks. 



The results showed that 43%  (pH 6.3) and 61% (pH 2.5) of larvae 

developed to the fourth stags after exposure to a concentration Of 

50 70% carbon dioxide for 12 hours (Table 7). If exposure to the 

same concentration of carbon dioxide was continued for 24 hours, over 

80 of larvae developed to fourth stage, A greater proportion of 

larvae developed to the fourth stage at pH 2.5 than pH 6.3 after 

equivalent periods of exposure to carbon dioxide, Survival of fourth—

stage larvae at pH 2,5 was usually less than 10%,  whereas at pH 6.3 

it was 96 100%. 

Ezpoeure to carbon dioxide was not always necessary for develop—

merit to the fourth stage. In one larval culture, where the infective 

larvae had been stored for 8 weeks at 8.500, 53% of the larvae developed 

to the fourth stage in Banks' 30 after exeheatbment in sodium hypo-

chlorite; the period of incubation was 96 hours, After six days 

Incubation 87% bad reached the fourth stage • Viability of the fourth—

stage larvae was 96% after 96 hours incubation and 43%  after 6 days. 

Larvae from the same culture developed more quickly,  when incubated in 

Banks' BSS gassed with carbon dioxide over 90% reaching this fourth 

stage in 96 hours. Zn two other cultures 30 40% of larvae developed 

to the fourth stage in Ranks* BSS after exeheathinent for 3 hours in 

0.6% sodium bicarbonate at a concentration of 100% carbon dioxide • The 

age of the infective larvae used in these cultures was 3 4 weeks and 

the total period of incubation was 96 hours. Over 90% of larvae from 

the same cultures developed to the fourth stage when incubated in flanks' 

BSS gassed with carbon dioxide. 



The effect of variation in tine of exposure to carbon dioxide 
on development to the fourth stage. After exposure to carbon 
dioxide the larva, were incubated inBanks' BSS at PH 6.3 or 
2.5. The total period of incubation was 96 hours. 

Each figure represents the percentage of exaheathed larvae 
in the culture which developed to the fourth stage, 

PH of solution 
larvae 

transferred to 

No, hours 

3 	6 

exposure 

12 

to CO2 

16 24 

6.3 1 	8 43 68 84 

2.5 8 	15 61 85 83 



The concentration of larvae in the culture solution had a pro 

nounoed effect on development to the fourth stage. The results of 

three experiments illustrating this are shown in Table 8. In one 

experiment, various numbers of infective larvae were incubated for 

96 hours in a solution of 0.5% sodium bicarbonate and 0.32% sodium 

chloride saturated with 40 - 60% carbon dioxide. Larvae exeheathed 

in sodium hypochlorite were incubated for a similar period in flanks' 

BBS gassed with carbon dioxide in the other two experiments. Optimum 

developmint was obtained at concentrations up to 200 larvae per ml., 

but an inhibition of development was apparent at a concentration of 

400 larvae per ml.; development at concentrations higher than this 

was much poorer. Viability of the fourth-stage larvae in Ranks' BBS 

was generally 95.. i00% at all concentrations of larvae but was lose 

than 10% in 0.5 sodium bicarbonate* 

The inhibition of development was assumed to be due to larval 

excretion or secretion products and it was thought that it might be 

possible to remove these by dialysis. Accordingly, various conoen.. 

trations of larvae, exaheathed in sodium hypochiorite, were incubated 

in dialysis sacs of 12 mis. capacity in flasks with a volume of 350 mis. 

The sacs and flasks were filled with flanks' BBS which was gassed with 

carbon dioxide. The Ranks' BBS was changed and re-gassed every 24 

hours in some experiments. Incubation was continued for 24 hours. 

The results are shown in !fable 9. Dialysis reduced the inhib-

ition of development apparent at high larval concentrations. Devel-

opment, at concentrations of 2,000 larvae per ml in dialysis sacs was 

similar to development at concentrations of 200 larvae per ml. A 



Table 8 

Effect of concentration of larvae in the culture solution on 
development to the fourth stage.. 

Each figure represents the percentage of exaheatheci larvae 
in the culture solution which developed to the fourth stage. 

Bxsheathment 
Culture 
solution. 

Concentration of larvae per ml. 

400800 1200_—_1600 

CO2 O.% NaHCO3 51 54 	35 22 7 	0 
0.32% NaC1 

Sodium 
hypochiorite flanks 97 98 	73 41 1 	0 

Sodium 
bypochiorite 1anka 96 93 	67 33 3 	0 

Effect of dialysis of toxic products in the culture solution 
on development to the fourth stage. Larvae were exsheathed 
in sodium hypochiorite and incubated in Hanks' BSS. In some 
eiperiments the medium surrounding the dialysis sacs was 
changed every 24 hours. 

Each figure represents the percentage of larvae which developed 
to the fourth stage. 

Concentrat.ion of larvae per ml. 
Dialysis _saoe, Glass vials. Medium 

200200040008000200 - 2000 Culture changedthly 

A No 98 92 31 0 94 0 

B Yes - 95 79 24 - - 
B No 95 91 43 0 96 0 

0 Yes 96 94 62 11 98 0 



large proportion of larvae developed to the fourth stage even at 

concentrations of 49000 per ml. particularly if the surrounding sol-

ution was changed daily; but at a concentration of 89000 per ml. 

development was severely inhibited in the dialysis sacs. Viability 

of the fourth.-stage larvae was 95 100% at concentrations of 20000 

4000 per ml,, but was poorer at 8,000 Per ml, 

The following experiments were carried out after the publication 

of Soimnarville's papers (19649  1966) on the development of He ontortue 

to the fourth stage. 

Infective larvae were exaheathed in sodium h3pochlorfte then in-

cubated in Ranks' B8S; Sufficient sodium bicarbonate was added to 

maintain the pif at 6.0. The numbers. of larvae which attained the 

fourth stage after 72 and 96 hours incubation are shown in ig.1. 

The greatest proportion of larvae which developed to the fourth stage 

after 72 hours incubation was 91%9  when the culture solution was 40% 

saturated with carbon dioxide. No larvae reached the fourth stage 

after 72 hours in solutions without carbon dioxide and 2% only in 

fourth stage were obtained from solutions completely saturated with 

the gas. A further 24 hours incubation did not result in many more 

larvae developing to the fourth stage particularly at the lower carbon 

dioxide concentrations*  although 47% developed at a concentration of 

100% carbon dioxide. The survival of the fourth-stage larvae after 

72 and 96 hours incubation was 99 - 100% and most were in excellent 

condition. 
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Iigure 1 
	 Experiment 1 

5 	20 	40 
C0a Concentration (%) 

The development of third—stage larvae to the fourth 
stage at different concentrations of carbon dioxide 
in Hacks' BSS. 	The solid, line on the graph reresents 
development after 72 hours incubation and the broken 
line represents development after 96 hours incubation. 
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Figure 2 

Fourth—stage larva of H. contortus cultured in vitro 
from the third stage. The provisional buccal capsule 
can be clearly seen. 

Magnification X 1100. 
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Larvae were ezeheathed in sodium hypoohiorite or were incubated 

for 3 hours in half—strength Ringer's solution gassed with 100% carbon 

dioxide; at the end of this period over 90% had exaheathed. After 

exsheathment, larvae were incubated in Ranks' BSS saturated with 

various concentrations of carbon dioxide at pH 6.0 and were incubated 

for 72 hours. 

The method of exeheathment appeared to have little effect on the 

proportion of larvae which developed to the fourth stage at the Optimum  

concentrations of carbon dioxide (Table 10). But there was a suggestion 

that exeheathmeut by carbon dioxide was better than by sodium hypo—

chlorite at certain levels of carbon dioxide concentration. Viability 

of the fourth—stage larvae was 99 100% in all the solutions examined. 

The development of larvae in solutions at pH values of 2.09  4.0 

and 7.0 was tested separately against controls at pH 6.0. Solutions 

of pH values 2.09  2.5 and 6.0 were compared in Experiment 6. The 

infective larvae were exeheathed in sodium hypoohiorite in Experiments 

39  4 and 59  but in Experiment 6 they were exaheathed in halt—strength 

Ringer's solution gassed with carbon dioxide. A different larval 

culture ws used for each experiment. The results are shown in 

Table 11. 
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'La1e 10 

The effect of method of exaheathLnent and the concentration of 
carbon dioxide In the culture solution on development to the 
larval fourth stage. Each fiuzre represents the percentage 
of larvae in the culture which attained the fourth stage. 

Method of exsheathment % concentration of CO2 in solution. 

0 	5 	10 	20 	40 	50 60 	80 	100 

*—Ringerts gassed 2 	15 	41 	78 92 	97 95 	87 	28 
with CO2 

Sodium hypoch1ote 

--a--- 

0 	17 	30 	67 92 	91 

- -- 

96 	65 	2 

- 



Development at pH 6.0 was similar in all experiments. Optimal 

development occurred at carbon dioxide concentrations of 40 60 

and over 90% of larvae attained the fourth stage after 72 hours incub-

ation in these solutions. Survival of fourth-stage larvae at pH 6.0 

was 99 - 100% in all solutions. 

At pit 7.0 the results showed the same trend as at pH 6,09  although 

at, some carbon dioxide concentrations development at pH 6.0 was a little 

better than at pH 7.0. This was probably due to the excess of sodium 

bicarbonate added to the solutions to keep the pit at  7.0, with the 

corresponding reduction in the amount of Ranks' BSS added • This effect 

was particularly noticeable at a carbon dioxide concentration of 80%, 

where at pH 7.0 hardly any Banks' BSS was present ,the solution being 

almost entirely sodium bicarbonate. No marked difference was observed 

between culture solutions at pH 4.0 and those at pH 6.0 with respect 

to either the proportion of larvae developing to the fourth stags or 

the survival of fourth-stage larvae. 

The numbers of larvae developing to the fourth stage were greater 

at pH 2.0 thu at pH 6.0 at carbon dioxide concentrations of less than 

20% in Experiment 5. At concentrations of carbon dioxide of 4$ and 

more the reveres was truej greater development to fourth stage was 

attained in solutions With pH 6.0. The viability of fourth-stage 

larvae and remaining third-stage larvae at pH 2.0 was very low. There 

was no difference in the proportion of larvae developing to the fourth 

stage between solutions at pH 2.0 and those at pH 2.5 in Experiment 6. 

Viability of fourth-stage larvae was slightly bettor at pH 2.5.  It 

requires nearly twice as much hydrochloric said to lower the pit from 

2.5 to 2.0 as it does to lower it from 4.0 to 2.5 	A pH of 2.0 was 



Table 11 
	 erimnta 3, 4. 5. 6. 

The effect of the hydrogen ion concentration and the concentration 
of carbon dioxide in the culture solution on development to the 

larval fourth stage. 

Expt. 
No* pH 

% of larvaD 
developed. 

ooncentration of CO2 
culture solution. 

in the 

0 	5 	10 	20 	40 	50 	60 	80 100 

3 6 %inL4 0 14 47 71 97 97 98 93 3 

6 % 14 alive 100 100 100 100 100 100 100 100 

7 %inL4 0 13 32 60 89 95 86  29 0 

7 % 14 alive - 100 100 100 100 100 100 100 we 

4 6 in 1.4 0 21 59 79 96 96 95 75 2 

6 % 4 alive 100 100 100 99 99 100 100 100 

4 %inZ.4 0 30 58 78 93 91 88  64 0 

4 % 14 alive 97 300 97 99 99 100 98 

5 6 %in14 0 14 33 65 94 94 96 88 15 

6 % 14 alive 100 100 100 100 100 100 100 100 

2 in 14 15 35 50 62 63 60 59 53 0 

2 %14 alive 10 32 2 1 1 0 0 2 

6 6 %iri4 2 15 44 7795 94 94 88 16  

6 14 alive 100 300 100 100 100 100 100 100 100 

2.5 %in14 2 35 71 90 94 97 96 81 16 

2.5 %L4alive 0 34 9 8 3 5  2 17 78 
2.0 % in 1.4 4 42 70 93 94 95 95 85 10 

2.0 1.4 alive 70 8 10 0 0 0 0 4 35 

Infective larvae were exebeathed in sodium ]aypoohlortte in Experiments 
3, 4 and 5; but in Experiment 6 they were ear-sheathed in half-strength 
Ringer's solution gassed with carbon dioxide. 
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more effective in stimilating larvae to develop to the fourth stage 

than a pU of 6.0 at carbon dioxide concentrations of 20% or less, 

but unlike Ixperiment 5 no difference was observed in development 

between the two pH levels at higher carbon dioxide concentrations. 

Most third-stage larvae were olive in solutions of pH 2,0 and 2.5, 
whereas most were dead in Experiment 5. The different method of 

exsheathment may have been the cause of the slightly improved results 

in Experiment 6. 

Varying the pH did not alter the basic shape of the curve showing 

the relationship between the concentration of carbon dioxide and devel-

opment to the fourth stage, since optimal development was obtained at 

carbon dioxide concentrations of 40 60% at all pH levels. 

After exsheatbnent in sodium hypochiorite, larvae were incubated 

in vials containing four types of salt solution with different concen-

trations of carbon dioxidej namely, 0.9% potassium chloride, 0.9% 

sodium chloride, a mixture of equal parts of sodium chloride and 

potassium chloride, and Ranks' BSS #  The pH of the solutions was 6.0. 

Vials were incubated for 72 hours and their replicates for 96 hours. 

Replicates were not set up for each time period due to the large number 

of vials involved. 

The proportions of larvae which reached the fourth stage in the 

various solutions after 72 hours incubation are shown in Table 22. 

Ranks' B58 was a little more effective in stinsilating development to 
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The effect of the type of culture salt solution, and the concentration 
of carbon dioxide in the culture solution, on development to the larval 

fourth stage. 

No. of %oonoentration of 002 in solutions 
hours % or 
at Culture larvae 

4000. solution, developed. 0 5 10 20 40 50 60 80 100 

72 NaCi in 1.4 0 10 11 28 13 14 3 0 0 
NaCi % 1.4 alive 55 6 3 9 1]. 0 - 
EC1 % in 1.4 0 17 33 53 81  79 73 70 18 
ICO1 % 1*4 alive 87 100 98 93 97 99 93 89 

NaCl + K01 % in 1.4 0 18 32 65 77  87 76 71 4 
NaCI + Xci % 1.4 alive 100 97 95 98  94 90 93 100 

Huft % in 1*4 3 16  37 65 84 95 93. 89 8 
Hanks 1*4 alive 100 100 100 100 100 99 100 

--..-. 

100 100 

96 NaCl 

.-. 

% in 1.4 0 13 24 35 24 16 12 0 0 

NaCl % 1.4 alive - 16 5  0 8 0 16 - 
Xci %inL4 6 33 50 73 87 91 89 82 59 
Xci % 1.4 alive 3.00 84 85 94  90 89 85 68 65 

NaCI + Xci % in 1*4 4 32 55 75 92 94  90 82 40 
NaCl + KC-1 % 1.4 alive 100 88 94 89 88 91 86 57 73 

Hanks % in 1.4 4 28  57 72 94 100 100 97 74 
Hanks $L4alive  100  99 99  99 99 99 99 98 99 



the fourth stage than a mixture of sodium chloride and potassium 

chloride, but there was little difference between the latter type 

of solution and potassium chloride solution. Sodium chloride alone 

was mioli poorer than the other solutions at inducing development. 

Viability of fourth"otage larvae was 'best in Ranks* BW and was 

slightly poorer in solutions of potassium chloride and the salt 

mixture. it was very low in solutions of sodium chloride alone, 

Incubation for a further 24 hours resulted in a general in-

oreas• in the numbers of larvae which reached the fourth stage,, but 

this increase was relatively small, The basic pattern of the re-

suits was the some as that obtained after 72 hours incubation. 

Hank' BSS is therefore the beet solutionp from the range of 

solutions tried, for inducing devolopment to the fourth stage and 

maintaining the viability of fourth-stage larvae. 

The rate of develø9ent of third-"stao larve to the fourth 
sta1O. 

Infective larvae ware exsheatbed either in sodium hypoohiorite 

or in half-strength Ringer's solution gassed with carbon dioxide* 

bsheathmsnt by the latter method was 96% after 3 hours incubation. 

The exaheathed larvae were incubated in Ranks' B88 with a concentration 

of 50% carbon dioxide at pH 6,0 for 40, 489  609  72 and 84 hours. 

Some larvae developed to fourth stage after 40 to 48 hours in-

cubation (Table 13), but development at 48 hours appeared to be slightly 

more rapid following exsheathment by carbon dioxide than by sodium 



The rate of development of third—stage larvae of H. contortus to 
the larval fourth stage, Each figure represents the percentage 
of larvae in the ou].ture which attained the fourth stage. 

Method of exsheatbmerit 	No. of hours at 40°C. 
of larvae. 

	

40 	48 	60 	72 	84 

Under CO2 	 3 	54 	93 	99 	100 

Sodium hjpoah1orite 1 	1 	30 	95 	97 	100 
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hypoohlorite. Nearly all larvae had reached the fourth stage after 

72 hours incubation. The method of eeatxierLt, therefore, does 

not seem to have a very marked effect on the rate of development to 

the fourth stage. 

Larvae were exaheathed in sodium hypoohiorite and incubated in 

Hanks' BSS with a concentration of 50% carbon dioxide at a pH of 6.0 

for various periods of time. They were then transferred either to 

Ranks' BSS at a pH of 6.3 or to Ranks' BSS acidified to pH 2.5 with 

hydrochloric acid, At transfer, larvae were centrifuged down and 

washed 6 times in Hank' BSS at pH 6.3 before being transferred to 

the next solution. The procedure was carried Out in a constant 

temperature room at 4000. The total time of incubation in both 

solutions was either 72 or 96 hours. 

The results are ahom in ?able 14# Exposure to a concentration 

of 50% carbon dioxide for even 4 hours resulted in 31% (pH 6.3) and 

61% (pH 2.5)  reaching the fourth stage when the total incubation period 

was 72 hours. It exposure to carbon dioxide was continued for 1 = 24 

hours, 88 - 98% of larvae developed to fourth stage, After exposure 

to carbon dioxide for 0 - 8 bours,sttbaequerrt incubation at pH 2.5 

resulted in greater numbers of larvae raaohinij the fourth stage com-

pared with incubation at pH 6.3. A zmaoh lower proportion of fourth- 

stage larvae survived at pH 2.5 than at pH 6.3 	Little difference 

was observed, at both pH levels, in the percentage of larvae which 

developed to fourth stage after 72 or 96 hours total incubation time. 
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Ezperimerrt 

The  effect of variation of time of exposure to a concentration of 50% carbon dioxide in 
Banks' BSS on the development of third-stage larvae to the fourth stage. After exposure 
to carbon dioxide the larvae were incubated in flanks' BSS at p11 6.0 or 2.5. The total 

time of incubation was 72 hours or 96 hours. 

PH of scm. No. of hours exposed to 002 
Total hours larvae % of larvae 
at 0C. transferred to. developed. 0 4 8 16 24 36 48 72 

72 6.0 %in1-4 0 31 71 88 95 97 97 98 

72 6.0 % 14 alive 100 100 100 100 100 100 100 

72 2.5 % in 14 10 61 83 94 97 95 96 97 

72 2.5 %L4alive 10 8 5 2 2 1 0 0 

96 6.0 - % in 14 4 46 77 96 98 95 98 100 

96 6.0 % 14 alive 100 99 98 99 98  97 98  99 

96 2.5 % in 14 19 68 89 95 96 96 95 97 

96 2.5 %L4alive 10 3 0 0 0 0 0 0 
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It would seem that a miniazm period of 16 -. 24 hours exposure 

to 50% carbon dioxide is necessary to tn4ue, the mai majority of 

larvae to develop to the fourth stage, bitt even tow hours exposure 

is sufficient to stimulate some larvae to develop. 

ERNT 10 

Varying numbers of larvae exaheathed in sodium bypochiorite, 

were incubated in flanks' BSZ with a concentration of 50% carbon dioxide 

at pH 6.0 for 72 hours, Some larvae were cultured in screw-capped 

vials, others in dialysis sacs of 24 mis. oeacity placed in round-

bottomed flasks of volume 320 mis. The flanks were filled with Hanks' 

BSS which was changed and re..gaaied with 54 carbon dioxide every 24 

hours. The flasks were placed on a shaking device which agitated 

the solution in the flask every 2 minutes. 

Iaarvae at a concentration of 100 per ml, showed excellent develop-

merit to the fourth stage in the vials,, but an Inhibition in development 

was apparent at a concentration of 250 larvae per ul. (Table 15). No 

larvae developed to the fourth stage at a concentration of lt000 per 

ml. Viability of fourth-stage larvae was 95 - I00% at all larval 

concentrations. Nearly all third-stage larvae at a concentration of 

19000 per ml. were dead, although most were alive at a concentration 

Of 500 per ml. 

Larvae in the dialysis sacs showed better development at high 

concentrations of larvae than those in vials. Over 90% developed to 

the fourth stage at a concentration of 1,000 per wLbut 41% only 
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The effect of the concentration of larvae, and dialysis of 
toxic products in the culture solution, on development to 
the fourth stage. Each figure represents the percentage 

of larvae which developed to the fourth stage, 

Concentration of larvae per ml. 
10 100 250 500 1000 2500 5000 

Glass vials 	93 	98 	61 	5 	0 

Dialysis sacs 	 - 	96 	- 	92 	4 	0 



developed at a concentration of 2,500 per ml. Survival of the fourth 

stage was 95 i00% at an concentrations and the majority of tird-

stage larvae was alive even at a concentration of 5,000 per nil. 

U 

It was known that larvae from some cultures were capable of devel- 

oping to the fourth stage in flanks' BS8 in the absence of carbon dioxide. 

It was suspected that the age of the infective larvae might affect their 

development in vttro 	Infective larvae from two cultures, 10 and 12 

weeks old respectively  were incubated in flanks' B88 and flanks' BSS 

saturated with o% carbon dioxide for periods of 72 hours, 96 hours 

and 6 days. I6rvae from a culture 2 weeks old received similar treat- 

ments 

twenty-six per cent and 34% of larvae from cultures 12 and 10 weeks 

old respectively developed to the fourth stage after 96 hours incubation 

compared with 4%  of the 2-seeks-old culture (?able 1 ) 
	After 6 days 

incubation, 46 51% of the older cultures had developed end 12% of 

the 2-weeks-old culture. Development in Banks' BSS saturated with 

50% carbon dioxide was rapid in all cultures, over 90% developing to 

the fourth stage in 72 hours. The results suggest that infective 

larvae which have been stored for long periods at 8.5°C may develop 

more readily to the fourth stage in the absence of carbon dioxide than 

more recently harvested larvae • The physico-ohemical conditions of 

storage cannot be accurately defined, since faecal material was present 

in the cultures of infective larvae. 
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The effect of the age of infective larvae on their development 
to the fourth stage. 

Age of 
infective % larval 

Pecto4 incubated 

larvae Culture solution development 72 hrs. 96 hrs. 	6 d.a. 

12 weeks Banks %inL4 11 26 51 

Banks %4alive 100 80 28 

Hanks +50%CO2 %jnL4 98 - 
Hanks + o% CO2 % 14 alive 100 - 

10 "eke Ranks %inl4 8 34 46 

Ranks %L4alive 100 84 35 

Hank + 50% C0 % in .14 93 

Beaks + 50% CO2 % 1,4 alive 99 

2weeks Banks %inL4 1 4 12 

Banks %L4alive 100 100 66 

Jlanks+50%002 %th.14 97 - -, 

Banks + 50 CO2 % 14 alive 100 
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DISCUSSION 

It is known that a special stimulus is required to induce the 

exeheathxaent of infective larvae of I. contort148 and this topic has 

already been discussed in Part XI of this thesis. An important 

component of the ezsheathing stimulus is the concentration of un-

dissociated carbonic acid plus dissolved carbon dioxide and Somerville 

(19641  1966) suggests that this factor also induces development to the 

fourth stage. The results of this study have confirmed that carbon 

dioxide, in the presence of a salt solution* is an important factor 

in the initiation of development to the fourth stage in vitro. 

The greatest proportion of larvae developed to the fourth stage 

at concentrations of 40 - 60% carbon dioxide, but even at a concen-

tration of 5% carbon dioxide up to 40% of larvae were capable of 

reaching the fourth stags in solutions at VR 2.0 after 72 hours incub-

ation. Somerville (1966) found that development was optimal at a 

concentration of 40% carbon dioxide with up to 90% reaching the fourth 

stage in 72 hours and up to 40% developing at a concentration of 5% 

carbon dioxide. 

Lees than 5% of exaheathed larvae incubated in flanks' 385 in the 

absence of carbon dioxide developed to the fourth stags when the age 

of the infective larvae was 1 - 3 weeks. But up to 50% of larvae 

which were 8 - 12 weeks old were capable of development to the fourth 

stag. in 4 days in solutions which had not been gassed. These results 

with older cultures tended to be very variable and development always 

proceeded at a greater rate in solutions gassed with carbon dioxide. 

Somerville (1966) found that when larvae were tncubated in a salt 

solution without carbon dioxide lees than 5% developed to the fourth 



stage. He stored his infective larvae for one week at 500 before 

culture • Stoll (1940) exeheatbed larvae in sodium hypochiorits and 

stored them in dilute Tyrode's solution at 50C. He reported that 

the age of the larvae before chemical sterilization, or their age in 

the refrigerator afterwards, did not influence their ability to undergo 

the third moult; but he gives few details of the actual ages of the 

larvae. It is possible that the method of culturing the tree-living 

larvae to the infective stage, the method of storing them and their 

physiological age may affect their subsequent development in vivo or 

in vitrq. The physico-chemical conditions of storage of infective 

larval cultures containing faecal material cannot be accurately defined. 

In additions  there may be physiological differences in strains of 

H. Sgatoduj in different parts of the world. 

Somerville (1964) reported that third-stage larvae did not de-

velop to the fourth stage in solutions of 0.85% sodium chloride or 

sodium bicarbonate irrespective of the proportion of carbon dioxide 

in the gas phase; but that development occurred in a salt solution 

containing NaCi, XC19  CaC12 and IgSC4. 7H20  buffered with NaRC03. In 

the present study, a considerable proportion of larvae was ound to 

be capable of development to the fourth stage in four days in solutions 

of sodium chloride or potassium chloride gassed with carbon dioxide, 

although survival of the fourth-stage larvae was poor. Greater devel-

opment occurred at salt concentrations of 0.6 - 100% but even at 0.2% 

some larvae attained the fourth stage. It would appear that most 

third-stage larvae can survive for a few days in solutions of potassium 

chloride or sodium chloride at 400C, but that fourth-stage larvae can 

survive a matter of hours only in these solutions. In mixtures of 



sodium chloride and potassium chloride survival of fourth-stage 

larvae was considerably better when the combined concentration was 

0.7 or more and viability was almost as good as in Ranks" B88. 

The hydrogen ion concentration of the solution appeared to have 

little effect on development to the fourth stage. Development was 

similar in Ranks' BSS at pU levels of 6,0 or 4.0. Development at 

p 60 was only slightly batter than at pH 7.0 at low concentrations 

of carbon dioxide, but much fewer larvae reached the fourth stage at 

pH 7.0 than pH 6,0 at the higher levels of carbon dioxide concentration, 

This was probably due to the excessive amounts of sodium bicarbonate 

added to these solutions with a corresponding reduction in the amount 

of Ranks' I333 in order to keep the osmotic pressure constant, Somer-

ville (1966) found that over the pH range 6 - 7.5 there was a reduction 

in the numbers of fourth stage larvae recovered from cultures as the 

pH increased. Similar effects were produced at concentrations of 5% 

and 20% carbon dioxide, so be concluded that the effect was not duo 

to the excessive amounts of sodium bicarbonate added at the higher 

PH values. 

The proportion of larvae attaining the fourth stags at pH levels 

of 2.0 and 2.5 was greater than at a pH of 6.0 at concentrations of 

carbon dioxide of 20% or less, but the survival, of fourth-stage larvae 

at these low pH levels was extremely poor. These results differ from 

those of Somerville (1964)9 who reported that fewer larvae reached the 

fourth stage in vitro, at pH 2.0 than at pH 5.0. It is difficult to 

relate the findings in the present study to the conditions experienced 

by the parasite in its natural environment in AV09  since a low pH 

produced by h$rochlorioz acid is similar to conditions existing in the 



abomsawn of the sheep. The pH of the abomasal oonterits of the 

sheep is reported to be 1,05 36 (Spector, 1956). One sight have 

expected not only increased development at a low pH but also increased 

viability. 

The concentration of larvae in the culture solution had a Pro—

nounced effect on development to the fourth etaga, Optimal development 

was obtained at concentrations of 10 200 larvae per ml,, but an in—

hibitory effect was apparent at higher concentrations. On the other 

hand, Sommerville (1966) found that concentrations of 3,000 larvae per 

mlo or ieee had no effect on development, but that fever larvae reached 

the fourth stage at a concentration of 10,000 per ml, However, an 

exact coarison cannot be made since Somerville cultured his larvae 

in roller tubes, whereas the larvae in the present study were incubated 

in static vials, The inhibition in development was probably due to 

an accumulation of toxic products excreted or secreted by larvae. It 

was shown that the toxic effects could be reduced by dialysis. 

The rate of larval development to the fourth stage in vttro was 

a little slower than in sheep. At a concentration of 50% carbon 

dioxide few larvae were in fourth stage after 40 hours incubation; 50% 

had developed after 48 hours and by 60 hours over 90% were in fourth 

stage, Sonznewille (1966) killed sheep at short intervals after 

infection with H. contortuz larvae. The percentages of larvae in 

the fourth stage in the worm populations of individual animals were 

2%at36 hours , 37%and69%at4l hours , 26%at48bouxs and 84%at,  

72 hours. Veglia (1915) found 70% of larvae in the fourth stage 48 

hours after infection and Stoll (1943) reported that larvae on the 

surface of the abomasal uioosa 40 hours after infection were in the 

fourth stage. 
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There is evidence from in vitro studies that apart from carbon 

dioxide other factors may be important in influencing development to 

the fourth stage. Stoll (1940) showed that the addition of a liver 

extract to balanced salt solutions increased development • Silverman 

(1962) reported develcoment to the fourth stage in Earle's salt sol-

ution containing hydrrolysates of liver and casein; the gas phase was 

not specified. Somerville (1964)  failed to obtain development to 

the fourth stage with either a liver extract or an enznaatio qdro-

lyaate of oaaein dissolved in a solution of salts, The active compan-

enta in these more complex media are not known, but it would appear 

that carbon dioxide is not the only stimulus capable of inducing devel- 

opment to the fourth stage. 

It has been shown that carbon dioxide is important in stimulating 

the development of H. oontcxrtua to the fourth stage in vitro, but the 

1e it plays in the host is unknown. Soimnnerville (1964, 1966) 

suggests that the concentration of carbon dioxide in the rumen might 

be the stimulus which initiates development to the fourth stage in viva. 

But he found difficulty in reconciling his in vitro results with Stoll's 

(1943) observation that many larvae pass quickly through the rumen and 

are found in the abcmasum within 12 hours of infection. 8orervi11e 0e 

(1966) experiments in vitro showed that after exposure to 40% carbon 

dioxide for 8 hours, with subsequent incubation under air, less than 

5% of larvae attained the fourth stagel 16 hours exposure to the same 

level of carbon dioxide resulted in 10 20% reaching the fourth stage 

and after 30 hours exposure 44% subsequently developed to the fourth 

stage after incubation under air. Results obtained in the present 

study under similar conditions to Soumervilie's experiments showed 

that only short periods of exposure to a concentration of 50% carbon 



dioxide were necessary to initiate development to the fourth stage, 

when larvae were subsequently incubated in Hanks BSS at pE 6,0 in 

the absence of carbon dioxide. Four hours exposure to 50% carbon 

dioxide was sufficient to stimulate 31% to develop to fourth stags; 

8 hours exposure to oaron dioxide induced 71% to develop and 16 how's 

exposure induced 88% to develop# When, after exposure to carbon 

dioxide, larvae were subsequently incubated in }larik& BSS acidified 

to pH 2.5,  development was slightly greater than at pH 6.0* It would 

seem, therefore, that if a similar mechanism operates in vivo, retent-

ion in the rumen for periods of 12 hours or less would be sufficient 

time to allow the stimulus to act and "trigger" development to the 

fourth stage. 

There is evidence that a short stay in the rumen is not a necessary 

prerequisite for development to the fourth stags. The experiments in 

rabbits showed that up to 40% of exaheathed third-stage larvae of 

as  oontortus were capable of development in the stomach. Larvae 

were exeheathed by incubation for 3 hours in half-.strength Ringer's 

solution saturated with carbon dioxide. They were thus exposed to 

carbon dioxide, but In vitro less than 5% of larvae exabeathed under 

similar conditions developed to the fourth stage when incubated in 

Hanks' BSS at pH 6.0 or 2.0. A2 already discussed in Part II of this 

thesis, the percentage of larvae which attainsi the fourth stage in 

rabbits was less than that in sheep. But even in sheep not all larvae 

develop to the fourth stage. Christie and BrsmbeU (1967) recovered 

a mean proportion of .w% of the larval dose 7 days after infection of 

8 sheep. The wean proportion of fourth-stage larvae recovered from 

rabbits was 24% seven dais after infection in Experiment 4 of Part II 
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of this thesis. These figures are minimal however, since the worms 

recovered in these experiments were fourth—stage larvae which had 

survived for several days in the host • The actual proportion of 

larvae which attained the early fourth stage may have been much higher. 

The concentration of carbon dioxide in the crypts of the gastric 

glands in the abomasum is not known but seems unlikely to be as high 

as that of the rwrn (Somerville,, 1966). But even low concentrat—

ions of carbon dioxide would be sufficient to induce a considerable 

proportion of larvae to develop* Experiments in the present study 

showed that 10 — 30% of larvae were capable of development to the 

fourth etae in 72 hours at a concentration of % carbon dioxide and 

pH 6.0 or 4.0, and at a concentration of 10% carbon dioxide 30 - 60% 

developed. Even greater proportions of larvae developed at pH 2.0 

or 2,.5 but survival was poor, 

It is known that carbon dioxide form an important part of the 

stimulus required to initiate oxEtheatlanent of H. oozitertus. Carbon 

dioxide also induces third—stage larvae to develop to the fourth stage 

in salt solutions in vitr. But the processes involved in exshaathment 

may not necessarily be the same as those which initiate moulting at 

other stages of the life cycle. In the ensheathed larva, the second 

moult has already taken place and exsheathment merely brings about 

release of the larva from its sheath. In the easheathed, larva, the 

carbon dioxide stimulus seems to act as a signal which initiates devel—

opment of the third stage; but this stimulus can then be vzithdrawn and 

the larva will still undergo the third moult and reach the fourth stage. 

It is not known whether the stimulus is directly responsible for the 

onset of the third moult. Moulting of the parasite may be controlled 
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by an internal mechanism once development of the third stage has been 

initiated. Thus, a particular  external stimulus may be required for 

exsheathment but may not be needed to activate the third moult. 

To postulate that exheathed larvae require a ruminal stimulus to 

initiate development would be quite consistent with the facts observed 

n vit; but it would also be quite consistent with the experimental 

evidenee obtained from rabbits to postulate that a ruminal stimulus is 

not required and that development of third—stage larvae to the fourth 

stage could occur in the abomasum alone, It is quite probable that 

the environments of both organs are capable of stimulating development 

in the sheep • Thus, larvae swept cut  of the rumen before receiving 

an adequate stimulus would still have a good chance of developing in 

the abomaena. 

The role which carbon dioxide pl$13 in vivo is a subject for 

speculation, but there is no doubt that the gassing of balanced salt 

solutions with carbon dioxide is an efficient method of culturing 

larvae to the fourth stage. It is suitable for the largecale pro—

duction of fourth—stage larvae for immunological puposes and is useful 

for obtaining fourth—stage larvae in good physiological condition before 

transfer to more complex media for subsequent cultivations 
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The main line of research in this thesis was an investigation 

of the possible uses of employing the rabbit and in vitro culture 

techniques to study the parasitic stages of the sheep trichoatrongylids 

X.atcdirqe bat tue and Haemonous, contortus outside their normal host. 

The thesis is presented in three partes 

Part I 	The development of Nematodirus battus in rabbitg. 

After a preliminary experiment had demonstrated that the laboratory 

rabbit could be used as an experimental boat for N. battus, a BttidY of 

several aspects of the host-parasite relationship was carried out. 

The age of the rabbits used in these experiments was 6 - 8 weeks except 

where otherwise specified, Results were compared with published 

Information on the development of N. bat.tus in sheep. 

1. 	An experiment was carried out to determine the growth rate 

of th parasite, morphogenasis of larvae and distribution of 

worms in the intestine in relation to the time course of the 

infection, Twelve rabbits ware dosed with 18,000 larvae each. 

Bight were killed at two-day intervals up to the sixteenth day 

of infection and the remaining four were killed at four-day 

intervals thereafter. 

Over the first 20 days of the experiment the percentage of 

worms recovered at slaughter in relation to the number of larvae 

administered was 10 - 36% (mean 21%). 

The miniaun period of development of the parasitic stages of 

Ng  battus to maturity in rabbits and lambs was similar, the life 

cycle being completed in about two weeks in each host, The larval 



moults of the worms growing most rapidly in rabbits occurred 

at approximately the same time after infection as in lambs. 

On the fourth day of infection, 3% of the worm population had 

developed from third stage to fourth stage and by the 10th day 

of infection 8$ of warms were in the fifth stage. Gravid 

females were first recovered on the 14th day of infection. The 

mean body lengths of worms recovered from rabbits were smaller  

than those from sheep, although worm eggs were similar in size 

to those from sheep. Little growth by third-stage larvae was 

necessary for completion of the third moult and there appeared 

to be no slowing down in growth during the fourth moult. We 

worms developed from fourth stage to fifth stage more rapidly 

than females. The, rabbit killed 32 days after infection was 

still passing eggs and the total number of eggs recovered from 

its faeces was 30 times the larval dose. The results of this 

and other experiments showed that the peak of egg production 

varied from the 17th - 26th day of infection in individual. 

rabbits. 

The distribution of worms indicated that the whole of the 

small intestine of the rabbit was suitable for parasttizatton by 

N, battus for both larvae and adults, although the majority of 

the worms showed a predilection for the middle part. Fourth -
stage larvae had a similar distribution to that of fifth-stage 

worms. In most of the infections the worms tended to be dis-

tributed along the intestine in the form of a normal frequency 

distribution. 

There was a migration of larvae into the intestinal glands 

during development and penetration of the lamina propria was 
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observed. ?ifth—stage worms were found in the lumen of the 

intestine*  The larval migration was similar to that of 

N. bath4, and other species of Nernatodiz's, in sheep. 

Thirty—two rabbits were divided into four groups of eight. 

The four groups of rabbits, I to IV, received respectively 100, 

110009  109000 and 50,000 	larvae per animal. On the 

twentieth day of infection the percentage recoveries of worms 

from groups I and II were significantly greater than those from 

groups ill and IV. 

Each of four lambs was infected with 40,000 larvae of 

I. battus cultured from eggs extracted from rabbit faeces. Patent 

infections were established in all four animals showing that no 

drop in infectivity had occurred after a single passage through 

rabMts.. 

Pathogenic effects, sometimes resulting in death, were 

produced in several young rabbits following infection with doses 

of 500,000 larvae, but some rabbits showed no clinical symptoms* 

Those rabbits which were most, affected first showed signs of 

diarrhoea during the prepatent period when larval and inature 

stages only were present. The clinical symptoms manifested 

were diarrhoea, inappetance and weight loss. If death did not 

ensue, recovery usually took place during the fourth week of 

infection. 

Comparison of two groups of weaned (aged 6 weeks) and un—

weaned (aged 4j weeks) rabbits indicated that the presence of 

milk in the diet rendered animals more resistant to the estab—

lishmmtt of N. bpttus infections. 



0 Z44 i 

A amsfl controlled experiment indicated that bephenium 

hyclroxynapthoate was 100 per cent efficient against both adult 

and larval stages of jg batius in rabbits. Two groups of five 

rabbits were infected with N. battus and one group was dosed with 

the bephenium compound, the dose being 250 m.g. per X.g# body 

weight. No worms were recovered from the dosed group but adult 

and larval stages were recovered from all rabbits in the control 

group. 

Experience of a patent infestation of N. battus gave signif-

icant protection to a group of 8 rabbits against establishment of 

worms from subsequent infection with this parasite ,compared with 

inexperienced controls. Fifty thousand larvae were given as 

the immunising dose and allowed 25 days to mature. Removal 

of this initial population was achieved by dosage with bephenium 

h$roxynaptboate and animals were challenged eight days later 

with 50,000 larvae each. 

The susceptibility of three groups of rabbits aged 7 weeks, 

11 weeks aM 5 months to infection by a larval dose of 50,000 

Is  battus was found to be similar with regard to total worms 

recovered. But a form of age resistance was demonstrated in 

the older anlmtds,which resulted in a greater proportion of worms 

developing to the fifth stage in the worm populations of the 

Ti-weeks-old group than in the other two groups. 

	

90 	There was no relationship between weight of rabbits at 

infection and worm recovery. 

	

10. 	Male rabbits were found to harbour a greater number of worms 

than females following an infection dose of 100 larvae in one 

experiment. In all other experiments, no boat sex difference 

was observed with regard to the number of worms which became 
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U. 	The re-infection of lambs after passage tluiougj.l rabbits 

together with the fact that there is a significant increase in 

eggs passed by rabbits cowpared with the initial larval dose, 

has possible implications wdar field. conditions. 

12.. 	The economic and technical advantages of being able to 

study a parasite of a domestic ruminant in a laboratory host 

are obvious. The findings in this thesis show that the nature 

of the host-parasite relationship of N. batltus in the rabbit is 

similar to that in sheep. The system deitcribed is a suitable 

experimental model of Nematodiras spp. infections in rwdnants. 

Part U 	The deyeopen% 	001MOL 	in rabbits. 

It is known that the main conditions for exaheatbment of 

H contortue in viAro are a high concentration of undisociated 

carbonic acid plus dissolved gaseous carbon dioxide at hydrogen 

Ion concentrations near neutrality. It is thought that the 

initial repzirements for the process of infection limit the boat 

range of this species to ruminants. 

1 • 	The experiments in this study showed that with experimental 

intervention U, contortus would develop in the stomach of rabbits. 

After exsheathment in yjtZg up to 42 per cent of the larval dose 

was capable of development to the fourth stage; whereas lees than 

one per cent of sheathed larvae developed, The method of si-

sheathment affected the subsequent development in rabbits. A 

greater percentage of larvae developed after being exeheatbed in 

half-strength Ringer's solution gassed with 100 carbon dioxide 

at pH 6.5 than after exsheathment in sodium hypoohiorite, Rabbits 

in this experiment were killed seven days after infection when the 



fourth stage larvae had undergone considerable powtb and 

development, 

Measurements of fourth stage larvae indicated that when 

low larval doses were given the rate of growth end development 

W to the 6th - 7th day of infection was similar to that in 

sheep. The fourth moult occurred on approximately the ninth 

day of infection. Pitth"etage worms were recovered from some 

rabbits but wez'ms were rejected before they could mature. 

Development of the worm population was not uniform in rabbits 

infected with large doses of 509000 larvael some worms developed 

to the fifth stage but the majority remained in fourth stage. 

The fifth-stage worms and late fourth-stage larvae were lost 

arter the fourteenth day of infection but large numbers of inhib-

ited fourth-stage larvae were recovered as late as 25 days after 

infection. 

40 	 mrth-stags larvae caused bleeding into the abomasum. 

5. 	Although the life cycle of H. gontortus is not completed 

in rabbits, this experimental host-parasite relationship is 

suitable for the study of the larval stages of the worm and 

mechanisms of resistance in the host. 

?art III The  dy4lourner1t of 	icontorttw to the fourth 
ataa  in vitro. 

This study was concerned with the culture in vitro of 

H. oontortus to the fourth stage in simple salt solutions gassed 

with carbon dioxide in the absence of nutrients. Carbon dioxide 

was generated chemically in situ by adding varying quantities of 

hydrochloric acid to sodium bicarbonate in a closed system, or 

else was bubbled through the solution in excess from a cylinder. 



The balanced Salt solution employed was Ranks' BSS minus the 

glucose end sodium bicarbonate. 

1. 	The rate of development to the fourth stage was dependent 

on the concentration of carbon dioxide in the salt solution. 

Over 95 per cent of exeheatbed Jaxvae developed to the fourth 

stage after 72 hours incubation at 4000 in Nanl& B$S gassed 

with 40% to 60% carbon dioxide; development was not as great 

in solutions gassed with 20% or 100% o,zbon dioxide. Xn salt 

solutions which were not gassed With carbon dioxide less than 

5% of the larvae developed to the fowth stage when the age of 

the infective larvae was 1 3 weeks; but up to 50% of larvae 

8 - 12 weeks old were capable of development to the fourth stage 

in 4 days in solutions which had not been gassed. Theae results 

with older cultures tended to be very variable and development 

always proceeded at a greater rate in solutions gassed with 

oarbou dioxide. 

2* 	Usheathod larvae also developed to the fourth stage in 

solutions of potassium chloride or sodium chloride gassed with 

carbon dioxide, with a greater proportion developing in X01 than 

in NaCl; but these solutions gave poorer results than Ranks' 

BSS. The proportion of fourth-stage larvae surviving in these 

solutions was generally small. A greater percentage of larvae 

developed to the fourth stage, and viability of the fourth stage 

larvae was significantly increased, in mixtures of IM and 341 

compared with solutions of either of these salts alone. The 

most consistent results however, were obtained using Ranks' BSS; 

even after 96 hours incubation at 40°C over 9% of the fourth—

stage larvae were usually still alive. 



3. 	Oontinual exposure to carbon dioxide for 72 hours was not 

necry for development to the fourth stage. Short periods 

of exposure to carbon dioxide followed by incubation without 

carbon dioxide were sufficient to initiate development. After 

zsheathment in sodium hypochlorite, larvae were incubated, in 

Harke' BSS with s concentration of 50% carbon dioxide followed 

by incubation in Ranks' BSS (pR 6). Zie total period of incub—

ation was 72 hours. Mien larvae were ,xposed to 54 aarbon 

dioxide for four hours 31% attained the fourth stage; whereas 

exposure to 50% carbon dioxide for 16 ho:.rs resulted in 88% 

developing to fourth stage. A greater percentage of larvae 

developed in Hanks* BSS acidified to pH 2.5 than at pR 6 follow—

ing exposure to carbon dioxide, 

The rate of development in Ata is a little slower than 

n viva. A tow larvae developed to fourth stage after 40 hours 

incubation in Ranks' BSS gassed with 50% carbon dioxide; after 

48 hours 54% had developed and. by 60 hours over 90% had developed. 

Similar ruwbers of larvae attained the fourth stage after 

being exsheathed in half-'strength Ringer's solution gassed with 

100% carbon dioxide or after exsheathnment in sodium hypoohlorite. 

The method of exsheathmsnt appeared to have no affect on the 

viability of the fourth-.stage larvae in vitro. 

The hydrogen ion concentration of the solution had little 

etet on development to the fourth stage. Nomnally experiments 

were carried out at a pH of 6.0 acd at pH 4.0 results proved to 

be sisailar. No marked difference was observed in development 

between solutions at pH 7.0 and pH 6.0 at the lower concentrations 

of carbon dioxide, where the amounts of sodium bicarbonate added 



to maintain theH at 7,0 ver not excessive, The percentage 

of larvae attaining the fourth stage was slightly greater at 

p! 2.0 than pH 6.0 at carbon dioxide concentrations of 20% or 

less, but the viability of fourth stage larvae at pH 2.0 was 

extremely poor, 

The concentration of larvae in the culture solution had a 

pronounced effect on deyslopinerit to the fourth stage. Optimal 

results were obtained at concentration of 10 200 larvae per 

ml., but an inhibitory effect was apparent at higher concen—

trations. The inhibition of c1eveloprent was thought to be due 

to toile products and it was found possible to remove these by 

dialysis. ?ioh higher concentrations of larvae could be used 

when larvae were incubated in dialysis sacs suspended in a large 

volume of solution. 

It has been shown that carbon dioxide is important in inducing 

the development of H. contortus to the fourth stage in 	but 

the role which it plays in the hozt is uncertain. It might be 

postulated that exeheathed larvae require a ruminal stimulus to 

initiate development to the fourth stage, but evidence from the 

experiments with rabbits suggests that development of third—stage 

larvae to the fourth stage could occur in the abomasum alone. 

It is quite probable the environments of both organs are capable 

of stimulating development in the sheep. 

The in vi= culture of U. contoLtu3 to the fourth stage 

provides a suitable experimental system for the study of the 

early parasitic stages and collection of metabolites with possible 

antigenic properties; it is also a useful starting point for the 

subsequent culture of fourth stage larvae in complex media, 
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