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SUMMARY

The pathogenesis of Clostridium welchii type D epsilon

toxin intoxication has been investigated in mice and sheep

with special reference to neuropathology.

High concentrations of epsilon toxin in the gut of

sheep cause enterotoxaemia/pulpy kidney disease and may

also cause a focal symmetrical encephalomalacia (FSE).

Brains from sheep dead from pulpy kidney disease were

examined histologically. No brain was devoid of lesions

although the severity varied considerably; one third had

sufficient foci of malacia to justify a diagnosis of FSE.

Similar lesions were produced experimentally by

injecting lambs with epsilon toxin and it was shown that

there was initially a breakdown of the blood brain barrier.

In mice it was found that this breakdown of the blood

brain barrier could be prevented by the prior administration

of formalinised epsilon prototoxin. It was concluded that

epsilon toxin causes its effect by binding to specific

receptor sites and that the prototoxin competes for these

sites.

With isotope-labelled prototoxin it was shown that

receptor sites for the toxin existed in the brain, kidneys,

heart, liver and spleen of mice. Immunoperoxidase

studies showed that these were situated on the luminal

surfaces of vascular endothelial cells and certain renal

tubules. Similar results were obtained in lambs.

The effect of epsilon toxin on the lympho-reticular
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system was investigated. It was found that toxin killed

guinea pig liquid paraffin induced peritoneal macrophages

and it was also shown that the receptor sites for epsilon

toxin were probably situated on the surface of the cells.

It was found that epsilon toxin increased the per¬

meability of blood vessels in guinea pig skin as do several

other bacterial toxins which are known to stimulate cyclic

adenosine 3',5'-monophosphate (cAMP) production. Also

plasma cAMP concentrations in mice treated with epsilon

toxin rose significantly.

It was concluded that Clostridium welchii type D

epsilon toxin causes widespread damage, after its absorption

from the gut lumen, by binding to specific receptor sites

on the surface of certain cells where it stimulates adenyl

cyclase to produce increased amounts of cAMP.



CHAPTER 1

INTRODUCTION AND REVIEW OF THE LITERATURE

The toxins of Clostridium welchii type D, the principal

of which is the epsilon toxin, cause enterotoxaemic diseases

in sheep, goats and cattle. When sheep are affected the

condition is often referred to as 'pulpy kidney disease'.
*

In 1956 Hartley described a focal symmetrical encephalo-

malacia (FSE) in sheep which he attributed to C.welchii

type D intoxication.

General properties of the Clostridia

The genus Clostridium is a member of the family

Bacillaceae in the order Eubacteriales (Wilson and Miles,

1975).

In general, Clostridia are anaerobic or microaerophilic

Gram-positive rods, 3 to 8jxm long and 0*4 to wide
(fig. 1.1). They produce endospores that are usually wider

than the vegetative organism, although C.welchii does so

only in a medium free from fermentable carbohydrate and

even then inconsistently.

The principal habitat of Clostridia is the soil but

some, such as C.welchii are common inhabitants of the intes¬

tinal tract of man and animals. C.welchii is the only

non-motile member of the genus and it, together with

C.butyricum are the only two possessing capsules.

The ability of the Clostridia to form powerful exotoxins

is of special biological interest. Each toxin is specific
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for a given clostridial species and has a specific antigenic

structure. There are five distinct types of C.welchii

each producing various amounts and permutations of twelve

toxins and all being associated with disease in animals or

man (Table 1, Brooks, Sterne and Warrack, 1957). Type D

C.welchii produces 2 major lethal exotoxins; the alpha

toxin, which is a lecithinase (phospholipase C), in small

amounts and the epsilon toxin in relatively large amounts.
*

C.welchii is synonymous with C.perfringens. In this

thesis the term C.welchii is favoured - in keeping with

the views of Wilson and Miles (1975) and Cruickshank,

Duguid, Marmion and Swain (1973).

History of C.welchii type D and its association with disease

in animals.

Early writers on the husbandry and diseases of sheep

recognised a disease syndrome called braxy which also went

by the name of 'cling' and 'breckshuach' (Youatt, 1856) and

'bradsot' (Hutyra, Marek and Manninger, 1949).

Writing in 1807 the Ettrick Shepherd, James Hogg,

described four 'species' of braxy of which the third, dry

braxy, appears to resemble the enterotoxaemia that is now

known to be caused by C.welchii type D.

In 1866, Whitworth, reporting an outbreak of braxy in

a group of hoggs being fed on a high plane of nutrition

recorded post mortem findings which now appear very similar

to those seen in cases of C.welchii type D intoxication:

"
. . . kidneys disintegrated . . . ecchymoses in serous
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membranes; . . . pericardial sac full of serous fluid, yet

entire absence of inflammation". His treatment, in common

with that of Youatt and Hogg, was to move the sheep on to

poor pasture, which was usually effective in preventing

further cases.

Although there is a strong similarity between braxy,

as described by the above writers, and the now recognised

clostridial diseases, positive association of disease with
*

clostridial infection was not suggested until the last

quarter of the last century. The first naturally occurring

anaerobic infection to be identified as such was 'blackleg'

of cattle by Arloing, Cornevin and Thomas in 1879 (cited

by MacLennan, 1962) when they isolated Bacterium chauvoei

(Clostridium chauvoei) from an affected animal. It was

not until 1892 that Welch and Nuttal first described

Bacterium welchii when they recovered it from a human cadaver.

This organism, now designated Clostridium welchii type A,

is the principal human pathogen of the species, being

responsible for both gangrene and for a form of food

poisoning (Cruickshank, Duguid, Marmion and Swain, 1973).

C.welchii was not shown to be the cause of any particular

disease of animals until 1926 when, as a result of several

years work with Gaiger on lamb dysentery, a disease affect¬

ing newly born lambs in the north of England and the

Scottish border, Dalling published evidence that this cond¬

ition was caused by an organism 'of the B .welchii type'

(Dalling, 1926). He showed that the organism, which became

known as the lamb dysentery (LD) bacillus, produced a toxin
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that differed from the classical toxin of B welchii and

was much more potent. He found that whilst LD antitoxin

would neutralise LD toxin and B.welchii toxin, B.welchii

antitoxin was ineffective against LD toxin; this suggested

that the two organisms while being distinct, were related

to each other antigenically (Dalling, 1928). In 1930,

McEwan described another B.welchii-like organism which he

named Bacillus paludis and which he had found to be the
*

cause of 'struck', an enterotoxaemic disease of ewes in

the Romney Marsh district of Kent.

In 1931 Wilsdon, after an exhaustive study of many

B.welchii-like organisms from various sources, suggested

that the classical B.welchii be called B.welchii type A,

that the 'LD bacillus' be called type B, and that B.paludis

be called type C. He also described the characters and

toxic properties of an organism that he had recovered

from dead lambs and he called this B.welchii type D.

In the following year, Bennetts (1932), published the

results of his studies on outbreaks of 'infectious entero-

toxaemia' affecting flocks of sheep in Western Australia.

This disease had become an increasing problem since about

1915 when it was known as 'Beverly disease' and later as

'braxy-like disease'. He isolated an organism which he

named Bacillus ovitoxicus and he showed that it was distinct

both from the classic B.welchii and the 'LD bacillus'.

Wilsdon (1933) subsequently showed that B.ovitoxicus was

synonymous with the type D B.welchii that he had described

and which had now become known as Clostridium welchii type D.
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By 1933 therefore C.welchii type D was firmly established

as a cause of enterotoxaemia/pulpy kidney disease in sheep.

Properties of C.welchii type D epsilon toxin.

Bennetts (1932) stated that mice died within a few

minutes of the intravenous administration of C.welchii

type D toxin and even with 1 minimal lethal dose (MLD) of

toxin death usually occurred within 24 hours. Wilsdon

(1933) on the other hand found that death was usually

slow, with dose rates as high as 100 MLD taking at least

30 minutes to kill. The probable reason for this apparent

discrepancy became clear when Bosworth and Glover (1935)

showed that C.welchii type D toxin existed initially in a

form of low activity which could be further activated.

They demonstrated that the addition of normal intestinal

filtrate (NIF) to cultures of C.welchii type D could enhance

toxicity 30 to 40-fold. NIF was shown to be a heat labile

substance present in the intestines of all animals tested

and it was found that small concentrations of trypsin

mimicked its activity while pepsin, diastase, papein,

amylase and bile had no effect. Bosworth and Glover

discussed the possibility that the toxin might exist as a

non-lethal prototoxin but argued that it was more likely

that the trypsin enhanced the activity of an already toxic

molecule.

The current view, that type D cultures produce a proto¬

toxin or non-toxic precursor protein that can be converted

by limited proteolysis to the lethal epsilon toxin, was put



- 1.6 -

forward by Turner and Rodwell (1943 a and b) after they

studied the kinetics of activation with respect to enzyme

concentration, temperature, pH and the influence of

inhibitors such as normal serum, egg white anti-trypsin

and heparin. More recent work has shown that epsilon

prototoxin has a molecular weight of about 33,000 (Habeeb,

1975) and that conversion to active toxin occurs when a

side chain is cleaved from the .prototoxin (Habeeb, Lee and

Atassi, 1973). The molecular weight remains largely

unaltered as the cleaved peptide appears to undergo apprec¬

iable binding with the rest of the molecule, including a

conformation which very closely resembles that of epsilon

prototoxin and explaining the 'complete immunologic identity'

described by Habeeb (1969).

Bullen, Scarisbrick and Maddock (1953) showed that

epsilon toxin is not readily absorbed from the intestines;

these workers demonstrated that sheep could tolerate, at

least for short periods, toxin concentrations in the ileum,

as high as 2,000 mouse intravenous MLD per gram of gut

contents. Bullen and Batty (1956) found that normal mice

were resistant to a large oral dose of toxin but that if

it was divided and given as a series of smaller doses the

animals died with typical symptoms of epsilon toxin

poisoning. To ensure 100 per cent mortality they found

it necessary to give a total of 82,500 I/V over a

5 hour period. Similar results were obtained with sheep

(Bullen and Scarisbrick, 1957).

The effect of epsilon toxin on permeability of the
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intestine has been studied by using the absorption of a

marker antitoxin as an index of permeability (Bullen and

Batty, 1956, 1957). These workers showed in studies with

mice that constant amounts of an orally administered marker,

staphylococcus antitoxin, were absorbed from the intestines

of normal mice. When lethal doses of epsilon toxin were

given orally along with the marker there was a significant

increase in the permeability of the intestine to staphy-
*

lococcus antitoxin after 1-5 hours, rising as much as

148-fold by 3*5 hours in one case. However, where the

early increase in permeability could be neutralised with

epsilon antitoxin the increase in permeability after 1*5

hours was largely due to a heat-stable factor that could

not be neutralised in this way. Experiments with sheep,

using diphtheria antitoxin as a marker, showed that intest¬

inal permeability increased 2 to 10-fold in cases of

experimental enterotoxaemia.

Epsilon toxin also affects the metabolism of glucose.

Gordon, Stewart, Holman and Taylor (1940) recorded a marked

hyperglycaemia and glycosuria in animals dying of natural

enterotoxaemia and showed that sheep inoculated with lethal

doses of epsilon toxin also developed a marked hyper¬

glycaemia. Bullen and Scarisbrick (1957) showed a correl¬

ation between rise in blood glucose and the appearance of

clinical symptoms, and Gardner (1973c) suggested that the

hyperglycaemia seen in cases of intoxication might be due

to mobilisation of hepatic glycogen. This suggestion was

based on the observation that there was no appreciable rise
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in blood glucose in animals which had had their glycogen

stores depleted by starvation.

Further research into the biological properties of

C.welchii type D epsilon toxin by Worthington, Mulders

and Van Rensburg (1973) demonstrated that administration

of the 1formalinised toxoid' of epsilon toxin could

prevent the deaths of mice challenged 3 hours later with

lethal doses of toxin. This finding is similar in prin¬

cipal to that of Fulthorpe (1956) who showed that the

capacity of dried horse brain to fix tetanus toxin was

slightly reduced if the tissue was first saturated with

tetanus toxoid. One interpretation of these findings is

that the inactivated toxoid is still able to bind to hypo¬

thetical receptor sites and hence block the absorption of

active toxin. Worthington, Mulders and Van Rensburg also

showed that mouse brain homogenate absorbed significant

amounts of epsilon toxin whereas other organ homogenates

absorbed relatively little toxin.

North, Pawlyszn and Doery (1961) showed that the

lethality of a given amount of toxin for mice was reduced

by the addition of black snake venom (phosphatidase A)

sodium oleate or ganglioside, but they considered the block¬

ing to be non specific.

Stuart (1971) has shown that epsilon toxin can be

lethal for primary lamb kidney cell cultures within 24 hours,

with concentrations of 20 or more mouse lethal doses per

ml of tissue culture fluid. He also demonstrated that

primary lamb kidney cultures more than 10 days
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old, secondary lamb kidney cultures and Hela cell cultures

were not affected by toxin at concentrations up to 2,000

MLD per ml. The relevance of the observations of

North et al and Stuart will be discussed in a later part

of the thesis.

Source of infection.

C.welchii type D was first isolated from dead lambs

and sheep (Wilsdon, 1931; Bennetts, 1932; Gill, 1932;

Montgomerie and Rowlands, 1934). Bennetts also found the

organism in the abomasum of two healthy sheep. Taylor and

Gordon (1940) examined a large number of strains of

C.welchii isolated from the intestinal contents of man

and various animals; of 1,147 strains 10 were of type D

(1 from a sheep, 2 from a bovine and 7 from a rabbit),

3 were of type B and 1,134 of type A. Gordon (1934)

demonstrated C.welchii type D in the intestinal contents

of a few acute cases of grass sickness in horses. Bullen

(1952) examined the alimentary contents of 100 normal sheep

sent to a slaughterhouse over a period of a year and found

that 46 contained type D C.welchii. Smith (1957) states

that 90 per cent of a non-immunised flock of sheep may

possess epsilon-antitoxin in their sera and this in itself

suggests that large numbers of normal sheep come into

frequent contact with C.welchii that produce epsilon toxin.

The organism can also exist in the soil. Bennetts

(1932) found type D C.welchii in the soil where disease

occurred but not where the disease was absent and Taylor
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and Gordon (1940) found that of 196 strains of C.welchii

isolated from 43 soil samples, 7 were of type D whilst

the remainder were of type A. C.welchii type D is there¬

fore widespread in the intestinal contents of the sheep

population and in the soil where these animals feed.

Experimental reproduction of the disease.

Early workers readily reproduced clinical diseases

in sheep and mice by parenteral administration of gut

filtrates from fatal cases of enterotoxaemia (Gill, 1931;

Bennetts, 1932; Oxer, 1932; Montgomerie and Rowlands, 1933;

Glenny, Barr, Jones, Dalling and Ross, 1933). Parenterally

administered culture filtrates of C.welchii type D also

proved fatal to sheep and mice, the animals dying with

clinical signs and lesions similar to the natural disease

(Wilsdon, 1931; Bennetts, 1932; Oxer, 1932; Gill, 1932;

Montgomerie and Rowlands, 1934). However reproduction

of the disease by oral dosing of cultures or culture

filtrates of the organism proved much more difficult.

After several failures, Bennetts (1932) managed to reproduce

the disease in a small number of sheep by oral dosing of

live cultures in milk together with opium and belladona to

reduce peristalsis. Oxer (1932) and Gill (1933) failed

to reproduce these results. Roberts (1938) successfully

reproduced the disease by feeding young lambs with cultures

combined with large quantities of milk powder and casein.

Harshfield, Cross and Hoerlein (1942) reproduced the

disease in 3 out of 8 lambs given cultures of C.welchii
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type D combined with a large feed of grain or milk.

Therefore at the beginning of the 1950's it was recog¬

nised that enterotoxaemia/pulpy kidney disease was a result

of intoxication by the products of C.welchii type D and

that the disease could be mimicked by parenteral adminis¬

tration of either filtrates of the gut contents from affected

animals or filtrates of laboratory cultures of the organism,

but that oral administration of cultures or gut filtrates

was an unreliable way of reproducing disease. It was at

this time that Bullen and his co-workers started to study

this apparent anomaly. They first followed the fate of

washed suspensions of C.welchii type D introduced into the

rumen (Bullen, Scarisbrick, Maddock, 1953). By measuring

the rate of flow of intestinal contents with 192 Iridium-

alumina particles and sampling ruminal, duodenal and ileal

contents via fistulae they found that at least 90 per cent

of the bacterial inoculum was destroyed in the rumen. Only

a small percentage of organisms reached the duodenum but

those that reached the ileum multiplied rapidly for a short

time. Although considerable amounts of epsilon toxin were

produced during this period of rapid multiplication it was

insufficient to kill the sheep. Further attempts to

reproduce the disease by continuous dosing directly into the

duodenum produced nothing more than transient diarrhoea and

anorexia. However these workers showed that if adequate

substrate for bacterial growth was provided in the small

intestine, there was rapid multiplication of bacteria accom¬

panied by the production of high concentrations of epsilon-

toxin which killed the sheep. The increased levels of
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substrate were achieved by the simple technique of taking

animals accustomed to a diet of hay and feeding them wheat,

lucerne or oats. This meant that the rumen flora were

unable, initially, to digest the high-starch diet; as a

result, partially digested food reached the small intestine

where it supplied adequate substrate for the saccharolytic

C.welchii type D organisms to multiply rapidly and produce

toxin. This finding fitted in well with the observation
*

that enterotoxaemia or enterotoxaemia-like disease often

arose in animals recently having been changed from a low to

a high plane of nutrition (Hogg, 1807; Youatt, 1856;

Whitworth, 1866; Bennetts, 1932; Gill, 1936).

The importance of the substrate in the small intestine

was confirmed by Jansen (1960) when he found that typical

enterotoxaemia could be produced in normal sheep by inject¬

ing cultures of C.welchii type D into the duodenum with a

minimum of 20 ml of a 40 per cent solution of dextrin.

The natural disease can therefore be precipitated by the

presence of undigested carbohydrate in the small intestines

as a result of suddenly changing the animal from a low to

a high plane of nutrition.

Clinical signs of C■welchii type D intoxication.

C.welchii type D intoxication in sheep is usually

manifested by a sudden onset of symptoms followed rapidly

by death. Both the natural and experimentally reproduced

disease can be broadly divided into 3 forms; one character¬

ised by coma and quiet death; one by convulsions; and a less
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common form of longer duration.

In the first, the animal develops a staggering gait,

that progresses to recumbency, when it remains quiet, unless

disturbed. Salivation, champing of the jaws and hyper-

aesthesia are common, quickly followed by blindness and

coma. Death usually occurs three to four hours after the

appearance of symptoms.

In the second type of syndrome the animal shows convul¬

sions; it lies on its side displaying galloping movements,

involuntary twitching of muscles, nystagmus, grinding of

teeth, excessive salivation and pronounced opisthotonos.

Death usually occurs within four hours (Montgomerie and

Rowlands, 1931; Bennetts, 1932; Hartley, 1956; Barlow, 1958;

Griner, 1961; Gardner, 1973b).

In the third form, which more often affects lambs,

symptoms can last as long as 48 hours with signs of dullness,

incoordination, aimless walking about, blindness, circling

and pressing the head against solid objects; occasional

animals develop diarrhoea. This slower form of the disease

has been recorded by workers reporting cases of natural and

experimental focal symmetrical encephalomalacia (Hartley,

1956; Barlow, 1958; Griner, 1961). Clinical signs in

mice according to Griner (1961) are variable but most showed

hyperaesthesia, chorea, opisthotonos torticollis, inco¬

ordination, circling movements, convulsions and rolling.

Macroscopic lesions at necropsy.

According to Bennetts (1932), post-mortem examination

of sheep that have just died of C.welchii type D
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enterotoxaemia usually shows evidence of recent scouring;

the subcutaneous blood vessels might be slightly injected

and the mesentery is often markedly injected. The peri¬

toneal fluid is normal in amount and colour, the rumen,

reticulum and omasum appear normal, but the abomasum often

has a slightly injected serosal surface. The intestines

may show patchy congestion, the liver appears swollen and

friable and the gall bladder is full of bile. The kidneys

are congested, especially in the boundary zone, and post

mortem degeneration can affect them quite early causing

them to become 'pulpy'. The spleen occasionally has pete-

chiae on the visceral surface. The lungs are often

congested and the heart consistently shows petechiation

both of the epicardium and the endocardium. There is

always excess straw-coloured pericardial fluid.

Gill (1933) reported similar findings to those of

Bennetts and in addition he recorded the occurrence of macro¬

scopic brain lesions which were seen consistently in acute

cases of the disease. The changes occurred in the thalamus

and adjacent tissues and consisted of diffuse haemorrhages

which were usually bilateral although more marked on one

side than the other. The occurrence of macroscopic brain

lesions associated with the disease was not recorded again

until 1956 when Hartley described a focal symmetrical

encephalomalacia in lambs which he considered to have died

of C.welchii type D intoxication. He found symmetrical

foci of haemorrhagic and/or gelatinous softenings in the

corpus striatum, thalamus, midbrain and cerebellar peduncles.
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Histopathological and ultrastructural changes.

In sheep, the main pathological feature in the abomasum

and intestines, apart from congestion and haemorrhage of

the mucous membranes, is the presence of large numbers of

Gram-positive organisms, resembling C.welchii, confined

to the surface of the membranes (Bennetts, 1932). The

same author found hyperaemia in the boundary zone and medulla

of the kidneys and cloudy swelling of the epithelial cells

of the tubules. The lungs were mildly congested with some

alveolar oedema and the heart showed cloudy swelling of the

myocardium together with capillary haemorrhages. The liver

showed acute toxic changes with granular and cloudy hepato-

cytes, capillary congestion and fatty change. Gardner

(1973c) reported that hepatocytes from experimentally intoxi¬

cated lambs appeared to be vacuolated and to have lost

their intracytoplasmic glycogen granules.

When present, the histopathological changes in the

brain are fairly characteristic. Capillary haemorrhages

are widespread and non-inflammatory malacic foci are seen

in the corpus striatum, thalamus, midbrain and cerebellar

peduncles. In acute cases of the disease the malacia

appears as 'washed-out' foci in the neuropil often surrounded

by an eosinophilic zone, while in cases of longer standing,

affected foci can undergo severe softening with infiltration

by macrophages and proliferation of adjacent blood vessel

walls (Hartley, 1956; Barlow, 1958; Griner, 1961).

Ultrastructural examination of the brains of lambs

experimentally intoxicated with C.welchii type D epsilon
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toxin has been carried out by Gardner (1973b). He

recorded widespread and severe vascular endothelial damage

with affected cells becoming attenuated and electron dense

with a resultant loss of intracellular detail. The

astrocytic endfeet around the vessels appeared swollen.

Gardner found similar endothelial damage in blood vessels

in the lung, heart, intestines, thyroid, adrenal, pituitary

and pancreas.

In experimentally intoxicated mice histopathological

changes have been described by Griner (1961), Gardner (1973b),

and Morgan and Kelly (1974). Griner found that lesions

produced were always symmetrical and consistently occurred

in the basal ganglia, thalamus, corpus callosum, medial

and lateral geniculate bodies, reticular substance, brachium

pontis, vestibular nuclei and tracts and the granular layer

of the cerebellum. The lesions varied according to the

duration and severity of intoxication, but in general the

earliest changes seen were perivascular and intercellular

oedema with the development of malacic foci, in the

above sites, in later cases. At the ultrastructural level

Gardner (1973b) found vacuolation of the granular layer of

the cerebellum and vascular endothelial damage in mice

similar to that seen by him in intoxicated lambs. Morgan

and Kelly (1974) also made an ultrastructural study of the

brains of intoxicated mice. Their findings were different

from those of Gardner in that the earliest morphological

changes seen were periaxonal and intramyelinic oedema in

the white matter of the cerebellar corpus medullare and
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swelling of axon terminals and dendrites in the white

matter adjacent to the lateral ventricles. These lesions

progressed to severe malacia with extracellular oedema in

white matter, occlusion of many capillaries by platelet-

plugs, and petechial haemorrhages. They concluded that

the primary lesion responsible for these changes may be

within the vascular endothelium of the brain.

Epsilon toxin and the blood brain barrier.

Once C.welchii type D toxin has been absorbed into

the body in sufficient quantity it causes the clinical and

morphological changes already described in which trans¬

udation appears to be a common underlying phenomenon.

The manner in which these changes take place has been

examined by several workers. Griner (1961) in reproducing

the disease experimentally in lambs noticed a perivascular

and intercellular oedema. The origin of this oedema fluid

was examined by Griner and Carlson (1961) who administered

radioactive iodinated human serum albumin (HSA) intravenously

and showed that the brains from intoxicated lambs were

considerably more radioactive than those from control lambs

after the removal of circulating blood by perfusion with

buffered saline. These workers estimated that under their

experimental conditions the control lambs contained an

average of 0-14 ml of transudate as compared with an

average of 8»57 ml transudate in intoxicated lambs. They

concluded that C.welchii type D intoxication altered the

permeability of the 'blood brain barrier' and suggested
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that other organs might also be affected. Gardner (1973b,

1974) showed that intravenously administered horseradish

peroxidase (HRP) leaked out of brain blood vessels of

experimentally intoxicated mice and into the extracellular

spaces. Worthington and Mulders (1975) also examined the

effect of toxin on the blood brain barrier of mice. They

125
used I-labelled HSA as a vascular tracer and showed that

there was a significant increase in the amount of isotope
*

present in the brains of intoxicated mice in the remarkably

short time of 2 minutes after the administration of toxin

(2 per cent of total inoculated against 0»5 per cent in

controls) and that by 2 hours it had increased by a

further 0*5 per cent. These authors, unlike Griner, did

not remove the blood from the brain blood vessels by

perfusion and instead assumed the blood volumes of the

brains of intoxicated mice to be the same as those of

control mice. They thus laid themselves open to the

criticism that in the early stages of intoxication the main

effect that they were measuring could have been an increase

in blood volume rather than extravasation of plasma.

This could account for the very rapid rise in brain radio¬

activity. This interpretation of their results is

supported by the work of Nicholson (1935) who showed that

C,welchii type D altered the respiratory and heart rates

of rabbits and that after an initial rise the blood pressure

fell sharply as the animal died. This fall in blood

pressure was probably due, in part at least, to dilation

of the peripheral circulation with a resultant pooling of
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blood in the capillary beds, including those of the brain,

resulting in an increased brain blood volume.

The disadvantage of the isotope work carried out by

Griner and Carlson (1961) and Worthington and Mulders (1975)

is that no morphological evidence for vascular leakage was

presented. Gardner (1973b, 1974) produced visual evidence

of toxin induced extravasation of HRP in mice but he made

no attempt to show how or when it might have passed through

the blood brain barrier.

Morgan, Kelly and Buxton (1975, see also Appendix 1)

also examined the vascular leakage produced in the brains

of mice by C.welchii type D toxin with HRP as a tracer of

vascular integrity. They showed that leakage can occur

in mice dosed with as little as 0*5 MLD and that 1 MLD

will produce extensive vascular leakage within 100 minutes.

Leakage occurred as early as 20 minutes after the admini¬

stration of 1 MLD and HRP diffused through the brain

within 30 minutes of its administration to intoxicated mice.

A considerable amount of work has already been done

on C.welchii type D and the role it plays in the diseases

of domestic animals. It is well established that the

absorption from the gut lumen of C.welchii type D toxin

by sheep produces pulpy kidney disease and it has already

been shown that there is an association between the

occurrence of this condition and FSE. Whereas experimental

work has shown that C.welchii type D toxin can fairly

readily produce neuropathological changes in experimental

lambs, probably by affecting the blood brain barrier, the
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frequency of central nervous system lesions in field

cases of pulpy kidney disease is unknown. Similarly

whilst it is known what kind of pathological change is

caused by C.welchii type D toxin, its site and mode of

action is not known. The investigation of these consider¬

ations together with the possible influence of the epsilon

toxin on the lympho-reticular system was the purpose of

the work recorded in this thesis.
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CHAPTER 2

MATERIALS AND GENERAL METHODS

EXPERIMENTAL ANIMALS.

All animals used were clinically normal at the start

of each experiment.

Mice were, at all times, 3 to 5 weeks old, Porton/ADR

males bred and maintained under specific pathogen free

(SPF) conditions until the age of three weeks.

Guinea pigs were Dunkin-Hartley males weighing between

400 and 750g.

Rabbits used were New Zealand whites, either male or

female, aged between 9 months and 18 months.

Lambs used are defined, with respect to breed, age,

sex, weight and pathogen status in Table 2.1.

Category 1 lambs (pathogen status unknown) lh, li

and 2f were suckled naturally and removed from their

dams only at the start of the experiment.

Category 1 lambs, la-g were removed from their dams

at birth and reared in a warm (ambient temperature 20°C)

dry loose box with positive pressure ventilation with

filtered air.

The category 4 lambs (SPF) and gnotobiotic lambs were

obtained by hysterectomy by Mr. B. Mitchell. The former

were maintained at an ambient temperature of 20°C and a

relative humidity of 40 per cent under SPF conditions,
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and the latter were maintained at the same temperature

in positive pressure plastic isolators (fig. 2.1).

All artificially reared lambs were fed on a diet of

sterile "Carnation Milk" (Carnation Foods Co Ltd) diluted

with an equal quantity of sterile water.

SOURCE AND PREPARATION OF C.WELCHII TYPE D EPSILON TOXIN

The toxin used was from 2 sources. A small quantity

was prepared from cultures of C.welchii type D in the

Department of Bacteriology, Edinburgh University Medical

School with the help of Mr. R. Brown and was used for

preliminary trials with mice (Batch 1). The bulk of the

work was carried out with toxin prepared from 2g of freeze

dried epsilon prototoxin donated by Dr. R.O. Thomson,

Wellcome Research Laboratories, Beckenham (Batch 2).

Batch 1 A strain of C.welchii type D, known to produce

satisfactory amounts of toxin (donated by Professor

J.G. Collee), was grown in liquid anaerobic culture.

The medium was prepared by dissolving proteose peptone

(3 per cent) and K^HPO^ (0-5 per cent) in distilled water.
The medium was adjusted to pH 7-3 with IN NaOH and glucose

was added to a concentration of 1 per cent. It was then

autoclaved at 1-Ot-K^jDe-r cm1 for 15 min,, placed in two
500 ml jars, seeded with 2*5 ml of an early log phase

culture (5h) of the organism and incubated anaerobically

at 37°C in an atmosphere of 10 per cent CO2 for 22h.
At the end of incubation the pH, which had fallen to 4*7,

was restored to pH 7-3 with IN NaOH. The cultures were
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centrifuged at 2,400g for 40 min, at room temperature and

the supernate was removed and filtered, first through

membranes of 0-45^xm pore size and then through membranes
of 0-2^.m pore size. The sterile filtrate was frozen
and stored at -20°C for 7 days.

After thawing, ammonium sulphate (350g per litre)

was added. The mixture was left to stand overnight at

4°C before centrifugation (12^000 rpm at 4°C for 30 min.),

the precipitate was resuspended in 18 ml of 1 per cent

peptone water, pH 7-6 and was then reduced to a volume of

9 ml in a collodion bag (3M, 13200 Sartorius Membranfilter,

Gottingen) against 1 per cent peptone water, pH 7-6 and
2

with a negative pressure of 1»62 kg per cm for 2»5h.

The solution was then freeze-dried (dry weight 500 mg)

and stored desiccated at -80°C.

Batch 2 C.welchii type D epsilon prototoxin (Batch No

DD 2611C) donated by Dr. R.O. Thomson, was prepared by

growing C.welchii type D for 6h in a medium, pH 7-5,

containing a tryptic digest of casein in addition to yeast,

glucose, cysteine and B vitamins. The pH was corrected

after 2h incubation at 37°C and the culture filtered under

vacuum through kieselguhr after a total of 6h incubation.

The filtrate was stored at 4°C overnight, precipitated

with 40 per cent ammonium sulphate, dialysed, and freeze

dried.

Stock solutions of batch 1 and 2 were prepared as

follows. Batch 1 prototoxin was dissolved in 1 per cent

peptone water pH 7»6 at 10 mg per ml. Batch 2 prototoxin
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was dissolved in 1 per cent peptone water pH 7«6 at concen¬

trations of 100 and lOOO^g per ml, in 0-85 per cent saline
at lOO^ixg per ml and in 0-85 per cent saline containing
0»1 per cent gelatin at lOO^g per ml. All the solutions
were treated with trypsin (0-25 per cent w/v) for 45 min.

in a 37°C waterbath. When it was considered necessary

to inhibit the trypsin after incubation, soybean trypsin

inhibitor (Sigma Chemical Co), was added (1 mg for every

1 mg of trypsin to be inhibited). These stock solutions

were divided into aliquots of 1 to 2 ml and stored at -80°C.
When required for use, each aliquot was thawed and diluted

to the required concentration in the same diluent.

Control solutions were prepared in an identical

manner except that the prototoxin was omitted.

PROPERTIES OF PREPARATIONS OF C.WELCHII TYPE D EPSILON TOXIN

(i) Toxicity in mice

All mouse injections were via the tail vein. In

calculating an LD5Q for a particular preparation, each dose
level was administered to a group of 4 mice.

Batch 1 toxin (10 mg per ml) had an LD^q of 2'0jj^g
whilst batch 2 toxin had an of 0*35yj^g when dissolved
in saline and 0»2jj^g when in saline-gelatin. Two lots of
batch 2 toxin were prepared in 1 per cent peptone water at

a concentration of lOO^Ag per ml during the period of study.
The first had an LDj-q of 0-08yj^ and the second an of
0*2^g whilst the lOOOy^g per ml preparation had an LD5Q
of 0-25 kg. Only batch 2 toxin was used in the experimental



- 2.5 -

work in chapters 4 to 11 inclusive.

(ii) Neutralisation of toxin by specific antiserum.

To each 0-7 ml of a solution containing a minimum

of 12 mouse LD^ per ml, 0-1 ml of C.welchii type D
DU

diagnostic antiserum (Wellcome Reagents Ltd) was added.

The resultant solution was incubated for 30 min. at room

temperature and then 0-3 ml was injected intravenously

into each of at least 4 mice. None of the mice died

indicating that the lethal factor present could be neutral¬

ised by C.welchii type D antiserum.

(iii) Test for the presence of C.welchii type D alpha

toxin (lecithinase or phospholipase c).

Both batch 1 and batch 2 were tested for alpha toxin

(lecithinase activity) by the method of Cruickshank (1969).

A solution containing 10 parts by volume of a digest

broth, 9 parts isotonic saline and one part egg yolk
c-x>re

medium (containing lecithin) was prepared and 2 mljput in
each of 10 tubes. The solutions to be tested were then

added to the tubes in the following manner:- two tubes

were retained as uninoculated controls, two received

0'2 ml each of the supernat<* from a meat lump broth

culture of C.welchii type A (a known producer of alpha toxin),

two received 0-2 ml each of the supernate from a 24h

culture of Bacteroides necrophorus grown in 1 per cent ROM

(Oxoid), two received 0-2 ml each of batch 1 epsilon toxin

(10 mg per ml) and the remaining two received 0«2 ml each
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of batch 2 epsilon toxin (lOOOy^g per ml). One tube from
each pair received, in addition, 0*1 ml of C.welchii

type D diagnostic antiserum (Wellcome Reagents Ltd).

The tubes were incubated at 4°C for 40h. The tube with

C.welchii type A containing no antiserum and both of the

tubes containing Bacteroides necrophorus showed pronounced

turbidity while the remainder were completely clear. The

presence of turbidity is taken to indicate the presence

of lecithinase in the test solution. The epsilon toxin

preparations therefore contained no demonstrable lecithinase

activity with this test system.

(iv) Effect of dose on mouse survival time.

Eight groups of 4 mice (average body weight 34g) were

each injected intravenously with 3, 10, 30, 100, 300,

1000, 3000 and 10,000jAg of batch 1 toxin (containing
trypsin inhibitor) and the time to death for each mouse was

measured (fig. 2.2).

Previous workers have shown that mice treated with

lethal doses of toxin die with acute brainswelling (Gardner,

1974; Morgan, Kelly and Buxton, 1975, Appendix 1). In

the present study mice injected with 10 mg of toxin appeared

normal for as long as 2 min.. They then developed violent

fits and died in just under 3 min.. It can be seen in

fig. 2.2 that with mice which received more than 150 times

the there is a linear relationship between the50

reciprocal of the survival time and the logarithm of the

dose of toxin. Turner and Rodwell (1943a) also demonstrated
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a linear relationship between survival time and dose of

toxin (above 8 LD^^) which they expressed in the form of
a mathematical equation. Despite the occurrence of fits

it is unlikely that brain oedema had time to develop but

rather that the toxin interfered with some vital biochemical

process.

FURTHER PURIFICATION OF WELLCOME PROTOTOXIN BY DEAE

CELLULOSE CHROMATOGRAPHY.

This part of the work was carried out with the aid

of Mr. A. McL. Dawson and Mr. J. Redman at Moredun Research

Institute.

A l*5g amount of prototoxin was divided into two

portions (lg and 0*5g) each being treated in the same manner

and after the method of Habeeb (1969).

The prototoxin was dissolved in 6 ml of 0*005M phosphate

buffer, pH 7-3, and dialysed overnight at 4°C against 2 1

of the same buffer. The solution was then applied to a

column of DEAE cellulose (No DE52), 1-5 cm in diameter and

packed to a height of 24 cm, and eluted with 0#005M phosphate

buffer pH 7-3 at a rate of 25 ml per h. Each 5*5 ml

aliquot collected was analysed for protein by reading the

absorbance at 280^\m before being tested for toxicity in
mice (fig. 2.3).

(i) Measure of toxicity.

Five 1 was removed from each tube and diluted

100-fold with 1 per cent peptone water, pH 7*6, before the
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remainder of the samples were frozen and stored at -20°C.
The resulting dilutions were trypsinised (0-25 per cent

w/v at 37°C for 45 min.) then further diluted to give, in
-3 -4

addition, concentrations of 10 and 10 of the original.

One tenth of a ml of each dilution of each sample was

then administered intravenously to each of a pair of mice.

The number killed was recorded 24 h later (fig. 2.3).

(ii) Measure of purity by immunoelectrophoresis.

A number of slides (76 x 25mm) were each covered with

2*5 ml of molten 1 per cent agar in veronal HC1 buffer,

pH 8-2, and a well 8 y. 1 in volume was made in the centre
of each slide, in the solidified agar. Samples from the

most potent fractions collected and a sample of prototoxin

not put through the column were then placed in the wells

so that they were filled but did not overflow. A filter

paper wick, dipping into a trough of veronal HC1 buffer

was attached to each end of each slide and a current of

3 milliamps and 150 volts connected, via the wicks, to the

slides for 1*75 h. Longitudinal, parallel, precut troughs

on either side of the central well were removed from the

agar and 0-1 ml of rabbit anti-epsilon toxin layered into

the troughs (see below). The slides were incubated at

room temperature overnight in a humidity chamber before

viewing with indirect light for lines of precipitation.

They were then dried,' stained for 5 min. in 1 per cent
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Ponceau S in 5 per cent acetic acid and rinsed for 10 min.

in 5 per cent acetic acid to remove background staining.

The results (fig. 2.4) show that the treated prototoxin

produced a single sharp crescent of precipitation with

the antiserum while the untreated prototoxin produced a

longer line indicating the presence of antigens of differing

electrophoretic mobility.

%

PREPARATION OF C.WELCHII TYPE D EPSILON TOXIN ANTISERUM.

The rabbit anti-epsilon toxin was prepared by injecting

each of 3 rabbits (SE 70/75, SE 71/75 and SE 72/75) with

antigen according to the schedule shown in table 2.2.

Except in the last injection the antigen was prepared by

dissolving batch 2 epsilon prototoxin in 1 per cent peptone

water, pH 7-6. In all but the last 2 injections the

antigen was suspended in Freund's Complete Adjuvant.

This was achieved by homogenising equal volumes of proto¬

toxin in peptone water and Freund's Complete Adjuvant for

2 min. A volume of 2 per cent Tween 80, equal to that of

the prepared homogenate, was then added and homogenised

for a further 10 min..

The rabbits were bled from the ear vein 7 and 8 days

after the final injection, the blood was allowed to clot

and the serum was removed and stored at -20°C. The sera

were tested for their ability to neutralise toxin as follows.

To each 0-3 ml of various dilutions of serum (made in 0*85

per cent saline) to be tested, 0-25 ml of batch 2 epsilon

toxin (2 ug per ml) in 1 per cent peptone water, pH 7-6
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(LD(-n, 0*08 u.g) was added before incubation at room temp-OU J

erature for 30 min.. Mice were then injected intravenously

with 0-55 ml quantities. The serum from rabbits SE 70/75

and SE 72/75 protected mice at dilutions of at least

1 in 1000 while that from rabbit SE 71/75 did not. The

serum from SE 70/75 and SE 72/75 was used at all times.

FIXATION AND PROCESSING OF ANIMAL TISSUES.

(i) Fixation and processing of brains from natural

cases of pulpy kidney disease.

The brains from naturally occurring cases of pulpy

kidney disease were fixed by immersion in 10 per cent formol

saline for a minimum of 4 weeks when coronal slices through

the head of the caudate nucleus, infundibulum, hippocampus,

superior colliculus, middle cerebellar peduncle, mid-pons

and medulla at the level of the area postrema were cut

(fig. 2.5 and 2.6). A sagittal block adjacent to the mid¬

line was also cut from the posterior half of the cerebellum.

The blocks were then post-fixed in Du Bosq's fixative for

24 h and processed through graded alcohols, toluene and

soft and hard wax. Sections 6yAm thick were cut and
stained with haematoxylin and eosin (HE) for light microscopy.

(ii) Perfusion of experimental lambs with fixative.

The tissues from experimental lambs used in the morph¬

ological studies (chapter 4) and the horseradish peroxidase

(HRP) vascular tracer studies (chapter 5) were fixed by

whole body perfusion. Each lamb was anaesthetised with
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intravenous pentobarbitone sodium (approx. 25 mg per kg),

placed on its back and the thoracic wall reflected. The

right auricle was incised and a 2mm-diameter cannula inserted

in the apex of the left ventricle. Three litres of

perfusate (3 per cent glutaraldehyde in 0*1M Sorensen's

phosphate buffer, pH 7*4) was run into the left ventricle

via the cannula from a reservoir 60 cm above the heart.

The tissues from the experimeptal lambs used in the

immunoperoxidase studies (chapter 8) were fixed by whole

body perfusion with 10 per cent buffered formol saline,

pH 7*0. On this occasion 2 changes in the technique were

employed to obtain a better perfusion. Firstly before

anaesthesia each lamb was injected intravenously with

0*1 per cent heparin (1 ml per kg body weight) to prevent

blood clotting and allow better penetration of small

capillaries by perfusate. Secondly the perfusate was run

in via a cannula inserted in the caudal vena cava and blood

and perfusate was allowed to escape from an incision just

behind the point of injection. This modification was

introduced because the perfusion of two lambs in previous

experiments had been patchy, due to a patent ductus

arteriosus which resulted in some of the perfusate entering

the left ventricle and immediately escaping out of the

right auricle without passing through any other organs.

These alterations to the technique ensured that all sub¬

sequent lambs were well perfused even though at least one

had a patent ductus arteriosus.
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(iii) Perfusion of experimental mice with fixative

or saline.

The brains of the mice used to study the antagonism

of toxin by formalinized epsilon prototoxin (chapter 6)

were perfused with 4 per cent glutaraldehyde in 0*1M

phosphate buffer, pH 7-4. The mice used to examine the
125

affinity of I-labelled epsilon prototoxin for certain

tissues (chapter 7) were perfused with 0*85 per cent saline

containing 5 units of heparin per ml to remove as much
125

circulating Iodine as possible and the mice used in the

immunoperoxidase studies (chapter 8) were perfused with

10 per cent buffered formol saline, pH 7-0.

Each mouse was anaesthetised with pentobarbitone

sodium (2 mg intraperitoneal), the chest was opened rapidly,

the right auricle incised and 20 ml of perfusate were

injected under gentle manual pressure, into the left

ventricle, through a needle in the apex of the heart.

(iv) Further processing of tissues for histopathological

examination by light microscopy (chapter 4).

After perfusion the brains were removed and coronal

slices taken from the same sites as those chosen for sampl¬

ing in the neuropathological study of natural pulpy kidney

disease above. These blocks were rinsed with and left to

fix in 10 per cent formol saline for 4 weeks before being

processed to paraffin wax. Sections, 6^p-m thick were cut
and stained HE and selected sections were also stained

with periodic acid-Schiff (PAS), ninhydrin-Schiff and Martius

scarlet blue (MSB) methods.
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(v) Further processing of tissues for ultrastructural

examination (chapter 4).
3

Selected blocks, 1mm , were taken from the cerebral

cortex, corpus striatum, thalamus, midbrain, cerebellar

white-matter and cerebellar cortex. These were then placed

in fresh perfusate (3 per cent glutaraldehyde in phosphate

buffer) for 4 days, rinsed in phosphate buffer, post-fixed

in 1 per cent osmium tetroxide, dehydrated through graded
«

alcohols followed by 2 epoxy-propane steps and embedded

in Araldite. One^xm-thick sections were stained with
Giemsa at 60°C and ultra thin sections were cut from

selected areas, stained with lead citrate and uranyl acetate

and examined and photographed in a Siemens Elmiskop 51

electron microscope. t

(vi) Further processing of tissues to demonstrate HRP

by light microscopy (chapters 5 and 6).

Following removal of each perfused lamb's brain from
2

the skull, blocks (1cm x 3mm) were cut from the corpus

striatum, thalamus, frontal and occipital cerebellar cortex,

tegmentum of the midbrain, corpus medullare of the cerebellum,

cerebellar vermis, pons and medulla. Together with the

choroid plexus of the lateral ventricles this material was

immersed in fresh perfusate (3 per cent glutaraldehyde in

phosphate buffer) for 2 h.

The mice brains were similarly removed following

perfusion and from each a coronal slice, 2mm-thick was cut

from the mid cerebum. These blocks were also immersed in

fresh perfusate for 2h.
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The blocks were then rinsed briefly in distilled water

and frozen sections 40^m-thick, were cut. The sections
were rinsed in 2 changes of distilled water, developed for

10 min. at room temperature in a freshly prepared, filtered,

saturated solution of 3-3' diaminobenzidine in 0-05M

tris-HCl buffer, pH 7*6 containing 0*01 per cent hydrogen

peroxide (100 vols). The sections were then rinsed in

2 changes of distilled water, floated on to glass slides,

air-dried, dehydrated through graded alcohols and mounted

in synthetic resin and examined by light microscopy.

(vii) Further processing of tissues to demonstrate HRP

by electron microscopy (chapter 5).

Following perfusion material was taken from the same

sites in the same animals as described for the light micro-
2

scope HRP studies (see above). Blocks 1mm x 0*lmm, were

cut with a Mcllwain Tissue Chopper, rinsed twice for 10 min.

in Krebs Ringer phosphate buffer, developed in fresh

saturated 3-3' diaminobenzidine in 0-05M tris-HCl buffer,

pH 7*6, containing 0-01 per cent hydrogen peroxide (100 vols)

for 10 min, rinsed twice in Krebs Ringer phosphate buffer,

fixed for 2 h in 3 per cent glutaraldehyde in phosphate

buffer, 0-1M, pH 7*4, rinsed in phosphate buffer overnight

and processed through to Araldite as already described.

Sections l^m-thick were examined by light microscopy and
ultra thin sections were stained with lead citrate and

uranyl acetate and examined by electron microscopy.
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(viii) Further processing of tissues for immunoperoxidase

studies by light microscopy (chapter 8).

Mice: After perfusion blocks of brain (one coronal

slice at a level of the thalamus and another through the

cerebellum and pons), heart, lungs, liver, spleen, kidneys,

intestines and a portion of skeletal muscle taken from the

left hind leg were immersed in fresh 10 per cent buffered

formol saline for a further 7 days when they were dehydrated

through graded alcohols, cleared in toluene and embedded in

paraffin wax.

Lambs: The areas of brain selected, following perfus¬

ion, were the same as those in the preceding HRP vascular

tracer study in lambs. In addition blocks of heart,

skeletal muscle (semitendinosus), liver and lungs were also

taken. The blocks were immersed in fresh perfusate for

7 days before being dehydrated, cleared and embedded in

paraffin wax.

(ix) Reagents required for immunoperoxidase reaction.

Antiserum to epsilon toxin was raised in rabbits as

already described.

Antiserum to normal rabbit IgG was raised in a sheep

and donated by Dr. J.E. Phillips, R(D)SVS, Summerhall,

Edinburgh.

Normal rabbit serum was collected from a young,

healthy uninoculated rabbit.

Normal rabbit IgG was separated from the above normal

serum by Mr. A. McL. Dawson using DEAE cellulose
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chromatography. The concentration of protein per ml of

eluate was calculated to be 0*95 mg per ml by measuring

its absorption of light of wavelength 280^v.m. This
fraction was reduced in volume to give a final concen¬

tration of 5 mg per ml by dialysis against phosphate buffer

(O-IM, pH 6-8, containing 0-02 per cent azide) under
2

1-06 kg per cm negative pressure for several hours.

The normal rabbit IgG was conjugated with HRP after

the method of Avrameas (1969). Twelve mg of HRP (Sigma

Type VI) was dissolved in 1 ml of 0«1M phosphate buffer,

pH 6-8, containing 5 mg of rabbit IgG. While the solution

was gently stirred, 0-05 ml of a 1 per cent aqueous

solution of glutaraldehyde was added dropwise. The

reaction mixture was allowed to stand for 2 h at room

temperature and then dialysed against 2 changes of 5 1

of 0*3M phosphate buffered saline (PBS) pH 7-4 at 4°C

overnight. The precipitate formed was removed by centri-

fugation at 25,OOOg for 30 min,at 4°C. This stock solution

was diluted 1 in 20 with 0-01M PBS, pH 7-5, containing

2 per cent dried egg albumen by weight, divided into aliquots,

frozen and stored at -20°C.

The sera were all diluted in 0-01M PBS, pH 7-5 contain¬

ing 2 per cent egg albumen by weight and the sections were

rinsed for 15 min after stages 1, 2, 3, 4 and 5 (below) in

the same solution. The rinse after stage 5 was followed

by another 10 min, rise in 0-05M tris-HCl buffer pH 7-6.
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(x) Immunoperoxidase staining reaction.

An indirect immunoperoxidase method (fig. 2.7) adapted

from Burns (1975) and Petrusz, DiMeo, Ordronneau, Weaver and

Keefer (1975) was used.

Sections, 6yAm-thick, were cut, dewaxed in xylol and
brought to alcohol and treated in the following manner

1. Endogenous peroxidase activity blocked with

fresh 0*5 per cent solution of hydrogen

peroxide in methanol 30 min.

2 Non specific background staining reduced with

PBS plus 2 per cent egg albumen 15 min.

3 Sections treated with dilutions of rabbit

antisera 30 min.

4 Sections treated with sheep anti-rabbit

IgG diluted 1 in 20 30 min.

5 Sections treated with normal rabbit IgG

conjugated with HRP and diluted 1 in 20 .. 30 min.

6 End product stained with a standard solution

of 3-3' diaminobenzidine and 0-01 per cent

hydrogen peroxide in 0*05M tris-HCl buffer,

pH 7-6 5 min.

7 Sections counterstained with a weak haematoxylin,

dehydrated, cleared in xylol and mounted in DPX.

Duplicates of each section to be processed were cut.

The first was treated with rabbit anti-epsilon toxin

(diluted 1 in 4 to 1 in 16) at stage 3 while the other was

treated with normal rabbit serum at the same dilution.

Other controls consisted of omitting stage 3 and 4 and stage

3 alone. Selected sections, which were known to give a



- 2.18 -

positive reaction, were treated with rabbit anti-epsilon

toxin which had already been incubated with purified

epsilon prototoxin for 1-5 h at 4°C.

(xi) Further processing of tissues for immunoperoxidase

studies by electron microscopy.

Sections of mouse kidney, 20 j.an-thick, from experimental
and control animals, were cut and mounted on the roughened

top surface of upright Araldite cylinders (1 cm high and

1 cm diameter). They were then dewaxed for exactly 5 min-

in xylene followed by 2 min.in absolute alcohol before

being treated in the same manner as the glass mounted

sections. After the 3'~3 diaminobenzidine stage they were

rinsed well in water and left to stand overnight in 0-1M

phosphate buffer, pH 7*4. They were then treated with

1 per cent osmium tetroxide in phosphate buffer for 1 h,

rinsed well in several changes of the same buffer and

dehydrated through graded alcohols. Then two washes of

exactly 5 min, each in epoxy-propane were followed by

immersion in liquid Araldite for 24 h. Fresh Araldite was

then layered on to a depth of 0-5 mm before polymerisation

at 60°C for 72 h. The length of time that the Araldite

cylinders were exposed to xylene and epoxy-propane proved

critical as longer exposure destroyed the Araldite and

shorter exposure was insufficient for the treatment of the

tissues. One y^m-thick Araldite sections were cut and
stained with a weak solution of Giemsa stain. Ultrathin

sections were cut and mounted on collodion coated grids
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and stained with lead acetate before viewing and photo¬

graphing in a Siemens Elmiskop 1 electron microscope.

12 5
LABELLING OF EPSILON PROTOTOXIN WITH IODINE.

12 5
Direct substitution of I into the prototoxin

molecule using the conventional chloramine-T iodination

procedure was tried initially but was found to abolish the

immunoreactivity of the antigen. To overcome this difficulty

it was decided to use the modified procedure of Bolton and

Hunter (1973) in which n-succinimidyl 3-(4-hydroxyphenyl)
12 5

propionate is iodinated with I using chloramine-T.

The iodinated ester is then separated from the other react-

ants and subsequently coupled to the protein under mild

conditions. This technique, which avoids exposure of the

protein to chloramine-T, has been shown to reduce loss of

immunoreactivity during labelling with other proteins

(Bolton and Hunter, 1973). The procedure adopted was

carried out by Dr. B.S.W. Smith and Mr. H. Wright of the

Radioisotopes Department, Moredun Research Institute as

follows:-

(i) Iodination of n-succinimidyl 3~(4-hydroxyphenyl)

propionate.

The ester was prepared as described by Rudinger and

Ruegg (1973). Crystalline n-succinimidyl 3-(4-hydroxyphenyl)
125

propionate (0-25yAg) was treated with lmCi Na I and
50yug of chloramine-T, as oxidising agent, in lO^pl of
0-25M phosphate buffer pH 7*5 at room temperature. The
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reaction was immediately terminated by the addition of

120 ^xg of sodium metabisulphite in 10 ykX of 0-05M phosphate
buffer pH 7*5. Two hundred jxg KI in 10 jj^l of buffer
was added followed by 5 ^a.1 of dimethyl-formamide. The
latter facilitated extraction of the iodinated ester twice

into 0-25 ml portions of redistilled benzene which was

removed by evaporation. Because of the instability of

the hydroxysuccinimide ester under the conditions of the

iodination reaction, the procedure up to the first extra¬

ction by benzene was carried out in under 20 seconds.

Eighty per cent of the radioactivity was found to be

attached to the ester.

(ii) Coupling of iodinated ester to epsilon prototoxin.

Wellcome epsilon prototoxin was further purified by

gel filtration on DEAE cellulose as already described.

Five jj.g u>ere dissolved in 10 1 of 0-1M borate buffer,
pH 8-5, and added to the dried iodinated ester and the

reaction mixture agitated for 30 min. at 0°C. Glycine

(0-5 ml of 0*2M glycine in the same buffer) was added and

allowed to react with excess ester for 5 min.at 0°C to

prevent any subsequent coupling with carrier proteins.
12 5

The I-labelled epsilon prototoxin was separated

from other products by gel filtration on sephadex-G25

prepared in 0-05M phosphate buffer, pH 7*5, and equili-

briated with a total of 5 ml of gelatin (0-25 per cent w/v)

phosphate buffer pH 7*5 and then with phosphate buffer

alone.
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An estimated 7 per cent of iodinated ester was attached

to the prototoxin and 93 per cent was recovered in the non¬

protein fraction (fig. 2.8). The iodinated prototoxin
12 5

contained 56yuCi of I and 5 j+g prototoxin and was made
up to 20 ml with 0*05M phosphate buffer, pH 7-5, and

divided into 1 ml aliquots and frozen and stored at -20°C.

(iii) Estimation of immunoreactivity of labelled prototoxin.

A tube precipitation test was used to give an indication

of the amount of labelled prototoxin still able to combine

with specific antitoxin following the above procedure.

A simple precipitation test using antitoxin and

labelled antigen gave negative results. It was considered

that the very low concentrations of antigen and antibody

used might result in any formed complexes remaining soluble.

To test this possibility the rabbit antitoxin was diluted

in PBS containing 2 per cent normal rabbit serum (NRS) and

after allowing sufficient time for labelled prototoxin and

antitoxin to combine sheep anti-rabbit IgG was added to

precipitate the normal rabbit serum present in the diluents

and to help bring down any prototoxin - antitoxin complexes

that might have formed.
12 5

Twenty-one tubes, each received 2001 of I-labelled

prototoxin, diluted 1 in 20 with PBS, and 200^\1 of rabbit
antitoxin diluted in PBS containing 2 per cent NRS as

indicated in table 2.3. The tubes were agitated for 2 min.,

incubated at 4°C for 20 h, when 200^..1 of sheep anti-rabbit
IgG, diluted in PBS, was added to each tube, which were
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then incubated at 37°C for 2 h, and centrifuged at

12,000 rpm at 4°C for 30 min.to bring down any formed

complexes.

After centrifugation 300 of the supernate was

removed and placed in similar tubes. The radioactivity

present in the precipitate and the supernatant was measured.

The results recorded in table 2.3 indicated that at least

34 per cent of the label was attached to "recognisable"

antigen.

METHODS FOR ASSAY OF CYCLIC ADENOSINE 3', 5'-MONOPHOSPHATE

(cAMP) .

(i) Description of cAMP assay.

The assay used was a commercially available competitive

protein binding assay (Radiochemical centre, Amersham,

Bucks). The assay depends upon the introduction of a

known amount of a stable preparation of cAMP labelled with

a constant amount of tritium into a system containing

binding protein (bovine muscle kinase) that is capable of

combining specifically with it. When a sample containing

an unknown amount of unlabelled cAMP is added to the system

the tritiated cAMP is displaced from the protein binding

sites by the unlabelled cAMP in the . The extent

of this displacement depends upon the ratio of tritiated

cAMP and unlabelled cAMP present in the reaction tube and

therefore the amount of radioactivity bound in the labelled

complex decreases as the amount of unlabelled cAMP is

increased. The unbound free nucleotide is removed by
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charcoal adsorption and centrifugation and the resultant

radioactivity in the supernate is inversely proportional

to the amount of cAMP in the unknown.

(ii) Standard assay procedure.

Reagents. These consisted of Tris/EDTA buffer (0-05M

solution at pH 7-5 containing 4 mM EDTA), binding protein

(bovine muscle kinase), tritiated cAMP (180 pmol containing
%

approximately 5yj.Ci radioactivity) , standard cAMP (16 pmol
per 50y^l sample), charcoal adsorbent and liquid scintil¬
lation cocktail consisting of 1 litre toluene, 500 ml

Triton X-100, 5g of 2, 5-diphenyloxazole (PPO) and 0*3g of

p-bis (2-(5-phenyloxazolyl)-benzene) (POPOP).

Method. To each assay tube the components of the reaction

mixture were added in the following order: 50yul of each
unknown (or calibration standard, pairs of tubes each

containing either 0, 1, 2, 4, 8 or 16 pmol standard cAMP)

50 jj.1 of triated cAMP and lOOy^l of binding protein.
After vortex mixing the contents, the tubes were incubated

for 2-2*5 h in an ice bath. One hundred yul of charcoal
suspension were added to each tube which was then vortex

mixed for 5 seconds. After centrifugation at 1,600g for

15 min.at 4°C, 200y^l samples of supernates were removed.
Liquid scintillation cocktail (1*6 ml) was added to each

sample and shaken vigorously. A "blank" reading was

determined by measuring the radioactivity in 200yal of
supernate from a tube containing 50of tritiated

cAMP, 1501 of assay buffer and lOOy^.1 of charcoal suspension.
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The amount of activity present as tritium in each sample

was estimated in an automatic scintillation counter

(Nuclear Enterprises, 8310, Edinburgh) set to count for

either a maximum of 300 seconds or 10,000 disintegrations

per sample. The absolute activity as disintegrations per

second (DPS) was calculated using an External Standard¬

isation correction for variation in counting efficiency

by means of an appropriate computer programme.

The DPS bound in the absence of unlabelled cAMP

(ie the zero-dose binding) was designated CQ and the DPS
bound in the presence of unlabelled cAMP (calibration

standard or unknown) was designated C . The ratio C /C
x o x

was calculated for each standard level of cAMP. A

straight line calibration curve was obtained by plotting

CQ/Cx against pmoles of standard cAMP and the slope of the
curve calculated. The amount of cAMP in the unknown was

then calculated mathematically by using the C /C values.O X
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CHAPTER 3

NEUROPATHOLOGICAL CHANGES IN FIELD CASES

OF PULPY KIDNEY DISEASE

The postulated association of FSE with C.welchii type D

toxin has been noted in chapter 1. What is not clear is

whether there is a direct causal relationship between toxin

and encephalomalacia.

To further examine the relationship between toxin and

neuropathological changes it was decided to examine brains

from naturally occurring cases of pulpy kidney disease.

Material was sent in by Dr. K. Linklater and Dr. D. Dyson

(St. Boswells Veterinary Investigation Centre) who carried

out the autopsies and made the initial diagnoses. The

criteria they used were that the disease should be of sudden

onset and short duration, with clinical signs of ataxia

and recumbency followed either by coma or convulsions and

death. At autopsy, animals had haemorrhages in the heart,

excess pericardial fluid, swollen friable livers, soft

kidneys and little else abnormal other than mildly congested

intestines. In a number of cases the diagnosis was backed up

by the positive identification of C.welchii type D toxin in

gut contents by means of mouse inoculation tests.

The material submitted consisted of 24 brains in 10 per

cent formol saline each accompanied by a fresh sample of

ileal contents which was immediately frozen and stored at

-20°C until required.
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All the ileal contents were tested for the presence

of C.welchii type D toxins by means of a mouse protection

test as follows. Each sample was filtered and trypsin

added to give a concentration of 1 per cent w/v before

incubation at 37°C for 45 min.. Each was then divided into

2 equal volumes; one received (per 0*5 ml) 0-1 ml of Wellcome

C.welchii type D diagnostic antiserum; the other received

(per 0-5 ml) 0-1 ml of normal rabbit serum. They were

then incubated for 90 min. at 4°C. This relatively long

cold incubation was employed to reduce the natural degra¬

dation of toxin that occurs at higher temperatures and

therefore to preserve as much lethal toxin as possible.

After incubation, 0*3 ml of each preparation was

injected intravenously into each of 2 mice. None of the

24 pairs of mice treated with filtrate plus antiserum died,

whereas 18 pairs of mice which received filtrate plus normal

rabbit serum died within 18 h. The remaining 5 pairs

survived for 3 days when the experiment was terminated.

Five of the positive filtrates were of sufficient size to

allow the test to be repeated as before except that this

time rabbit anti-epsilon toxin was used in place of Wellcome

diagnostic antiserum. The preparation of the antitoxin

was described in Chapter 2. All 5 filtrates were neutral¬

ised and this suggests that epsilon toxin was the cause of

death in these 5 sheep.

Only the brains from the 18 positive cases were included

in this study. They were taken from sheep aged between

1 day and 8 months and all of them showed neuropathological
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changes. Four of them had macroscopic foci of discolour¬

ation in the region of the thalamus and internal capsule

and 1 of these brains also displayed severe coning of the

cerebellum.

Histological examination revealed 3 basic changes;

perivascular oedema, vascular haemorrhages and focal malacia.

"Lakes" of proteinaceous material surrounding blood vessels

(fig. 3.1)were widespread in 16 of the 18 brains but were

found most commonly in the meninges (13 brains affected) .

In about half of the cases tKc^u»vire present in the cerebral
cortex, corpus striatum, thalamus, midbrain, cerebellar

white matter cores and cerebellar peduncles with a lower

incidence in the cerebellar cortex, pons and medulla.

The haemorrhages usually appeared as discrete foci

of red blood cells lying in the neuropil (fig. 3.2).

Occasionally, large numbers of extravasated erythrocytes

were found around some of the larger vessels where they

were packed between the vessel wall and the surrounding

neuropil which appeared compressed. Haemorrhages were

widespread and present in 17 of the 18 brains examined.

The cerebral cortex and corpus striatum were affected in

50 per cent of cases while other areas were less commonly

involved.

Malacia was always focal and sharply demarcated from

apparently normal surrounding tissue (fig. 3.3 and 3.4)

sometimes by a margin of increased eosinophilia. In

these foci the neuropil was vacuolated, the glial nuclei

were pyknotic and many of the neurones appeared degenerate
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with shrunken dark nuclei and eosinophilic cytoplasm

containing little discernible nissl substance. They were

often surrounded by a number of small vacuoles. In more

severe cases haemorrhages were often present within the

lesion (fig. 3.5) while inflammatory cells were very

uncommon. Malacia occurred most commonly in the corpus

striatum, thalamus, midbrain and cerebellar white matter

cores, being present in a third of the brains examined,
%

but was seen less commonly in the cerebral cortex, cere¬

bellar peduncles, cerebellar cortex, pons and medulla.

Six of the brains showed a distribution of malacia suffic¬

iently similar to that described by Hartley (1956) to

justify a diagnosis of FSE, a further 6 had an insufficient

amount of malacia to be sure of a diagnosis while in the

remaining 6 no malacia was detected.

No brain was devoid of lesions but the degree of

change varied considerably from only a few capillary haemor¬

rhages in the peduncles and white matter cores of the

cerebellum in one to another showing extensive perivascular

haemorrhages and oedema together with malacic foci through¬

out the brainstem.

In addition, 2 animals out of the 18 also showed

oedema of the choroid plexus, another had malacia in the

white matter of an occipital pole and 2 more showed peri¬

vascular oedema in the hippocampus.
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This study demonstrates a strong relationship between

the presence of C.welchii type D toxin in the gut lumen

and the presence of 'FSE-associated' neuropathological

changes.

When Hartley first described FSE he only demonstrated

C.welchii type D toxin in 4 out of 37 lambs which showed

the lesions. Since that time the syndrome has been

reported by a number of workers (Barlow, 1958; Griner, 1961;

Gardner, 1973b) but evidence of the involvement of the

toxins of C.welchii type D in field cases has not been

presented and in the 2 cases reported by Barlow C.welchii

type B was incriminated. In the present study the toxins

of C.welchii type D were present in every case and in at

least 5 of them epsilon toxin was shown to be the lethal

factor present. These findings lend support to the hypo¬

thesis that FSE is caused by C.welchii type D toxin and

furthermore they suggest that epsilon toxin alone might be

responsible. If this latter point is true it could explain

the occurrence of FSE in 2 lambs associated with an outbreak

of lamb dysentery (Barlow, 1958), as the causal organism

of this disease, C.welchii type B, can produce considerable

amounts of epsilon toxin.

This study has demonstrated that "FSE-associated" brain

lesions commonly occur in field cases of pulpy kidney

disease. The most predominant changes observed were peri¬

vascular oedema and vascular haemorrhages. This suggests

that C.welchii type D toxin damages blood vessels, but

whether this is a direct effect is not clear at this stage.
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CHAPTER 4

NEUROPATHOLOGICAL CHANGES IN EXPERIMENTAL LAMBS

GIVEN C.WELCHII TYPE D EPSILON TOXIN.

The previous study demonstrated a strong connection

between C.welchii type D toxin and the occurrence of "FSE-

associated" brain lesions. In 5 cases the epsilon toxin

of C.welchii type D was shown to be the lethal factor present.

The following experiment was designed in an attempt to

reproduce these lesions by the intravenous administration

of C.welchii type D epsilon toxin to colostrum deprived

lambs. Tissues for examination were fixed by whole body

perfusion in order that any changes might be examined both

by light and electron microscopy.

Seven lambs (la - g) were injected with a single dose

of toxin dissolved in isotonic saline via the jugular vein,

at the rate of 8 jj^g per kg body weight. Within 1*5 to 8 h
they became listless and developed symptoms of neurological

disturbance. These included hyperaesthia, ataxia, progress¬

ing to recumbency, opisthotonos, intermittent convulsions

with or without nystagmus and stertorous respiration between

convulsions. On becoming recumbent each lamb was anaes¬

thetised and perfused (chapter 2).

Pathological findings: all 7 intoxicated lambs, killed

at the times shown in table 4.1, were found to have an excess

of pale yellow fluid in the peritoneal and pericardial sacs,

with turgid, friable livers. The brains of 5 lambs

(table 4.1) showed macroscopic evidence of swelling including
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flattening of cerebro-cortical gyri, tentorial herniation

of the occipital poles of the cerebrum and cerebellar

coning, and these changes became progressively more severe

with time after toxin administration.

Light microscopic examination revealed a range of

changes including spaces around blood vessels, malacic foci,

extravasation of plasma proteins and haemorrhages, the

distribution of which are summarised in table 4.1. Peri¬

vascular spaces occurred throughout the brain in all the

intoxicated lambs, appearing as translucent areas around

many blood vessels (fig. 4.1). Malacic foci were observed

in the lambs killed after 2*75 h. They were characterised

by microcavitation and pallor of the ground substance and

degeneration of the majority of parenchymal elements. The

foci were sharply demarcated from adjacent normal tissue

often by a zone of increased eosinophilia and in addition

they were often unperfused by fixative in spite of good

perfusion of vessels in the adjacent tissue (fig. 4.3).

Evidence of vascular leakage included perivascular

'lakes' of PAS-positive material (fig. 4.4), which was

considered to be precipitated plasma protein as it was also

ninhydrin-Schiff positive, diastase resistant and in electron-

micrographs resembled material in poorly perfused vessels.

With the MSB stain the perivascular oedema appeared blue

in earlier cases (fig. 4.5) indicating the presence of plasma

proteins. In later cases it stained red showing that

deposits of fibrin were present (fig. 4.6 and table 4.1).

Small circumscribed haemorrhages were also observed in
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lambs le, If and lg and to a lesser extent in lamb lb.

Oedema of the choroid plexus occurred in lambs lc, le, If

and lg (fig. 4.7).

Ultrastructural examination of affected vessels showed

that the perivascular oedema was attributable to swollen

astrocyte end-feet which in turn surrounded 'dark' endo¬

thelial cells. The latter showed increased electron

density, irregularities of the luminal surface, nuclear

pyknosis and loss of cytoplasmic detail (fig. 4.8). In

the first 2 lambs killed, in which perivascular spaces were

the principal change observed, dark endothelial cells only

occurred in vessels surrounded by such spaces, whilst

adjacent vessels were apparently unaffected in both respects.

A consistent change found in these lambs was swelling

of Fananas glia (fig. 4.9) in the cerebellar Purkinje layer,

with a variable degree of Purkinje cell damage including

coagulative necrosis and shrinkage (fig. 4.10).

Control lambs.

The 2 control lambs were clinically normal and showed

none of the above changes, having normal brain morphology

(fig. 4.2 and 4.11).

The intravenous administration of C.welchii type D

epsilon toxin produced clinical signs suggestive of central

nervous damage, and neuropathological changes in all of

the lambs treated.
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The clinical signs displayed by the lambs resembled

descriptions of symptoms seen in naturally occurring cases

of pulpy kidney disease (Montgomerie and Rowlands, 1931;

Bennetts, 1932) but compared particularly well with the

hyperacute and acute forms described by Gill (1933) where

intermittent convulsions, hyperaesthesia and head retraction

were common. The clinical signs associated with pulpy

kidney disease suggest the presence of brain damage but

until Hartley described FSE in 1956 the only CNS lesion

which had been associated with the disease was bilateral

diffuse haemorrhage into the substance of the thalamus

which was visible both macroscopically and microscopically

(Gill, 1933). On its own this would be unlikely to

account for all the symptoms described.

The clinical signs seen both in rapidly fatal cases of

pulpy kidney disease and in the present experiment suggest

the presence of brain oedema (Palmer, 1965). Macroscopic

brainswelling was observed in one of the natural cases of

pulpy kidney disease examined in the previous chapter and

in 5 out of 7 of the lambs in this experiment where flattened

cerebro-cortical gyri, tentorial herniation of the occipital

poles of the cerebrum and coning of the cerebellum occurred.

All 7 experimental lambs showed microscopic evidence of

brain oedema. In addition the occurrence of nystagmus,

which affected some of the lambs, is usually associated

with oedema or degenerative lesions in the cerebellum and

cerebellar peduncles, especially in the areas of the

vestibular nuclei and tracts (Griner, 1961).
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Microscopically the neuropathological changes observed

in this study were very similar to the changes found in

the brains of lambs dying from pulpy kidney disease

(chapter 3). These findings are also very similar to

descriptions of naturally occurring FSE (Hartley, 1956;

Barlow, 1958) although in the present study the malacic

foci were less advanced, with negligible infiltration by

macrophages and less severe spftening. This might be

because the experimental intoxication and the naturally

occurring cases of pulpy kidney disease examined were of

shorter duration than the field cases examined by Hartley.

In the present studies the clinical and neuropatho¬

logical findings in both the natural and experimental

disease indicate that the intoxication produces brain

oedema as a result of vascular damage.

The electron microscopic investigation of the experi¬

mental vascular lesions revealed that the early damage

consisted of 'dark' vascular endothelial cells and swollen

perivascular end feet. In later cases the perivascular

oedema,clearly visible by light microscopy, was more

proteinaceous and closely resembled the oedema seen in the

natural disease (chapter 3). In the last 3 lambs to be

killed capillary haemorrhages were also present.

Griner (1961) has also described the changes seen by

light microscopy, in lambs experimentally intoxicated with

C.welchii type D toxin. His findings resembled the above

results and descriptions of field cases of FSE although no

capillary haemorrhages were observed.
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Gardner (1973b) treated lambs of unknown antibody

status with undefined amounts of C.welchii type D toxin and

described ultrastructural changes similar to those seen

in the present study but found no neuropathological lesions

visible by light microscopy.

From the results of this study it appears likely that

Hartley (1956), Barlow (1958), Griner (1961) and Gardner

(1973b) were all studying a common disease that was caused

by the presence of the epsilon toxin of C.welchii in the

bloodstream. Differences between the lesions described

could be attributed to the amount of blood borne toxin

present which would in turn influence the duration of the

disease and therefore the development of lesions. It

is also clear from this study that brain lesions are a

normal part of pulpy kidney disease.
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CHAPTER 5

STUDIES INTO THE EFFECT OF C.WELCHII TYPE D

EPSILON TOXIN ON THE BLOOD BRAIN BARRIER OF

EXPERIMENTAL LAMBS.

It has been shown that epsilon toxin causes brain

oedema. Griner and Carlson (1961) injected radioactive

iodinated human serum albumin into intoxicated lambs via

the jugular vein, estimated what they considered to be the

extravasated plasma in the encephalon and deduced that toxin

alters, in some way, the permeability of the blood brain

barrier (BBB).

Studies in mice have shown that brain lesions induced

by epsilon toxin are preceded by vascular leakage (Morgan,

Kelly and Buxton, 1975; Appendix 1) with extravasation of

the vascular tracer HRP being visible in tissue sections

from clinically normal mice which had received lethal or

sublethal doses of toxin.

To study further, the apparent breakdown of the blood brain

barrier produced in lambs by epsilon toxin, the following

experiment was designed. HRP was used as a tracer in

preference to labelled albumen not only because it is of

smaller molecular weight (40,000) but also because it allows

direct morphological study of tissues both by light and

electron microscopy.

Four lambs (2a-d) were injected with a single dose of

toxin dissolved in peptone water (LD^q, 0*08 ug) via the
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jugular vein, at the rate of 15^Ag per kg bodyweight.
Two other lambs (2e and f) received a similar volume of

1 per cent peptone water, pH 7-6, containing 0-25 per cent

trypsin in place of toxin. Thirty-five min. later each

lamb received an intravenous injection of HRP (Sigma

Type II) dissolved in isotonic saline (50 mg per ml) and

administered at the rate of 150 mg per kg bodyweight.

After a further 15 min. each l^.mb received intravenous

heparin (0*1 per cent w/v in isotonic saline) at the rate

of 1 ml per kg bodyweight, followed by pentobarbitone

sodium anaesthesia and perfusion with fixative (chapter 2).

Intoxicated lambs

Clinical findings: these lambs showed a more consistent

and rapid response to toxin administration than was observed

in the first experiment. The lambs rapidly became ataxic

and were recumbent within 45 min. of intoxication.

Pathological findings: the only macroscopic change

observed was very severe exudation of fluid into the peri¬

cardium.

Light microscopy revealed swelling of perivascular

astrocyte end-feet throughout the brain but there was no

evidence of extravasated serum proteins, vascular haemorr¬

hages or of malacia.

Leakage of HRP, as seen in frozen sections, occurred
«

from large and small blood vessels in all areas of brain

examined. Its presence was denoted by a brown coloured
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deposit in the vessel walls (fig. 5.1) and less commonly

also in the surrounding neuropil (table 5.1), in which case

neuronal uptake of HRP often occurred particularly in the

Purkinje cell layer of the cerebellum (fig. 5.2). In

certain large blood vessels cut obliquely the leakage was

seen to be focal (fig. 5.3).

Leakage of HRP in araldite sections resembled that in

frozen sections and was always associated with swollen

astrocyte end-feet.

By electron microscopy affected vessels either showed

'dark' endothelial cells alone or 'dark' endothelial cells,

leakage of HRP and swelling of astrocyte end-feet (fig. 5.4

and 5.5). The reaction product always lay between the

endothelial cells and the astrocyte foot processes and was

sometimes seen to penetrate the clefts between the endo¬

thelial cells (fig. 5.5). A small number of pinocytic

vesicles containing HRP reaction product were observed in

the cytoplasm of vascular endothelial cells. They were

small and present in the contraluminal side of the cell

and closely related to intercellular deposits of HRP

(fig. 5.4 and 5.5).

Control Lambs

No abnormal morphological changes were observed in any

of the tissues examined. Extravasation of HRP was observed

only in the area postrema and in the interstitium of the

choroid plexus. Elsewhere any tracer observed remained in

the vascular lumen (fig. 5.6).
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The results of this experiment show that epsilon toxin

can damage the brain vasculature so that HRP is able to

escape into the surrounding tissue. HRP is normally

prevented from escaping from the lumen of blood vessels

in the brains of mice by the so called blood brain barrier.

Endothelial cells in cerebral capillaries, unlike those in

other organs such as muscle, are joined by tight junctions

which prevent intercellular passage of HRP and presumably

other proteins (Reese and Karnovsky, 1967). Certain

regions such as the choroid plexus, median eminence and

area postrema are considered to lie outside the BBB.

The capillaries in these restricted areas are characterised

by a fenestrated endothelium that is permeable to dyes and

proteins which are able to enter a large collagen containing

perivascular space.

Further evidence for the location of the BBB at a level

of the vascular endothelial cells came from the demonstration

that the barrier can also operate in reverse direction. HRP

whichis instilled within the lateral ventricles of mice

penetrates the ependyma and passes along intercellular

spaces. When it accumulates around cerebral vessels it

lies between the astrocytic processes constituting the

perivascular glial sheath of the vessel. At many points

no junctions join these processes so that an open channel

exists from the interstitial spaces of the neuropil to

the basement lamina of the vessel and HRP can become local¬

ised within these channels. The tracer is able to penetrate

the basement membrane but not the endothelial layer because
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of the continuous belts of tight junctions (Brightman,

Klatzo, Olsson and Reese, 1970).

In the present investigation HRP was retained within

the lumen of the blood vessels in the brains of the control

lambs except in the choroid plexus and area postrema where

it was seen to be located outside the vessels. The

median eminence was not examined for HRP leakage. The

BBB would therefore appear to exist in sheep and to be

located, as in mice, at a level of the endothelial cells.

The use of HRP allowed the breakdown of vascular

integrity in the brains of experimental lambs to be detected

only 50 minutes after the administration of toxin at which

time no other blood proteins appeared to have leaked out.

The reaction product lay in the intercellular spaces and

could be seen to penetrate inter-endothelial cell clefts

(fig. 5.5). In the larger vessels the reaction product

formed focal deposits (fig. 5.3).

Theoretically there are several ways in which the enzyme

could have penetrated the BBB. The most likely include

direct passage of HRP through severely disrupted endothelial

cells, active transport of HRP across cells and leakage

of HRP between cells.

Gardner (1973b) found discontinuities in the endothelial

lining of some vessels together with adherence of thrombo¬

cytes but this finding was not confirmed in the present

study. However the possibility that blood vessels become

disrupted later on in the disease cannot be ruled out as

perivascular haemorrhages are one of the features of

natural FSE.



Vesicular transport of HRP from the lumen to the

intercellular spaces is another possibility. Reese and

Karnovsky (1967) noted that normal animals injected intra¬

venously with HRP showed some enzyme containing vesicles

in the cytoplasm of endothelial cells of cerebral cortical

vessels. In the present study a small number of pino-

cytic vesicles containing HRP reaction product were present

but were positioned exclusively along the contraluminal

side of endothelial cells (fig. 5.4 and 5.5). It is

considered that pino- and exocytosis is unlikely to have

been the main route of leakage because not only is pino-

cytosis generally thought to be a slow process (Brightman,

Klatzo, Olsson and Reese, 1970) but also because the ves¬

icles seen appeared too few in number to account for the

amount of extravascular reaction product present in the

intercellular spaces. In addition a degenerating cell

is unlikely to show accelerated vesicular transport. A

possible explanation for the presence of contraluminal

HRP-filled vesicles might be that enzyme leaks into

the intercellular spaces via another route and this results

in deposits which are at a higher concentration and more

static than they are in the blood stream. The intimate

contact between enzyme and endothelial cells which results

could then lead to limited pinocytosis.

While pinocytosis clearly occurs the most attractive

possibility is that in the early acute intoxication the

HRP leaks out from the vascular lumen between the degene¬

rating endothelial cells as a result of the tight junctions



becoming patent. However direct continuity between the

intercellular HRP deposits and the vascular lumen was not

demonstrated.

An interesting feature of the above experiment was

selective staining of nerve cells by HRP (fig. 5.2).

This occurred when there was extensive leakage into the

perivascular neuropil. A similar finding was reported by

Morgan, Kelly and Buxton (1975, Appendix 1). They found

that diffuse deposits of extravascular enzyme developed in

mice intoxicated with C.welchii type D toxin and subsequently

injected intravenously with HRP. Within the areas of

enzyme deposition neurones were either densely stained with

enzyme or appeared as clear spaces in a diffusely staining

neuropil. Both types of reaction occurred within the same

brain and sometimes in closely adjacent areas of well

perfused tissue. The neuronal uptake of HRP was most

consistent in the Purkinje cell layer of the cerebellum.

This uptake of HRP by neurones in mice and lambs is

not a unique finding. It also occurs in the brains of

normal rabbits following instillation of the enzyme into

the subarachnoid space (Turner and Harris, 1974). These

workers concluded that the tracer leaked through broken

cell membranes that became damaged before fixation or

during inadequate fixation. In the present study and that

of Morgan, Kelly and Buxton (1975) neuronal uptake of HRP

occurred in well perfused tissue and in the latter case

was often adjacent to areas of negatively stained neurones.

It therefore seems unlikely that it was due to poor fixation.
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In support of this neurones staining darkly,compared with

the surrounding ground substance,suggest a selective active

process rather than passive diffusion through broken cell

membranes. This would have to take place prior to fixation.

The cause of neuronal staining by HRP reaction product

is not known. However it is not unique to C.welchii

type D intoxication and it is clear that further work is

required to determine the significance of this phenomenon.
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CHAPTER 6

A STUDY OF THE ANTAGONISM OF EPSILON TOXIN IN

MICE BY FORMALINISEP EPSILON PROTOTOXIN

It has been shown that brain lesions may be induced

in mice by the intravenous administration of C.welchii

type D toxin (Griner, 1961; Gardner, 1973b, 1974; Morgan

and Kelly, 1974) and that these lesions are preceded by an

increase in vascular permeability (Morgan, Kelly and Buxton,

1975; Appendix 1). Mice may be protected from the effect

of lethal doses of this toxin by the prior administration

of "formalinised toxoid" of epsilon toxin (Worthington,

Mulders and Van Rensburgh, 1973).

In the following experiments the hypothesis that toxin

binds to specific receptor sites in the body is tested.

If this supposition is correct it should be possible to

block the receptor sites by the prior administration of a

similar but non-toxic substance. It is known that epsilon

toxin, prototoxin and their respective toxoids are anti-

genically identical (Habeeb, 1969) and therefore the least

toxic and least contaminated of these substances would be

suitable for the testing of the hypothesis. The toxoid

of epsilon toxin was ruled out because it would contain

trypsin; and prototoxin was also ruled out as preparations

of it invariably contain active toxin as a result of natural

degradation (Habeeb, 1969). The toxoid of epsilon proto¬

toxin was therefore chosen as it is immunologically iden¬

tical to epsilon toxin, it is non-toxic and it contains

no trypsin.
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Rather than rely on mouse lethality as an indication

of toxic activity it was decided to use a method for

demonstrating extravasation of HRP into brain substance

at a standard time after administration of toxin as this

procedure has the advantage of greater specificity and

precision.

Formalinised prototoxin (FSP) was prepared from the

same batch of prototoxin as that used to prepare the toxin

used in this study. Prototoxin was dissolved in isotonic

saline at a concentration of lmg per ml and formalin

(40 per cent formaldehyde) was added to give a final

concentration of 0*3 per cent formalin; the mixture was

then incubated for 7 days at 37°C. The resultant prep¬

aration apparently remained stable for at least 12 weeks

when stored at 4°C.

The toxin used in the first 2 experiments was dissolved

in isotonic saline but was found to lose toxicity rapidly

if kept, even for a short time, prior to injection.

Consequently 1 per cent peptone water was substituted for

saline. This produced a toxin preparation with an LD^q
of 0-08jxg which retained its activity for 30h when
kept at 4°C. The latter preparation was used in experi¬

ments 3 and 4.

The investigation was conducted as 4 separate experi¬

ments, details of which are shown in tables 6.1 - 6.3.
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Distribution of HRP leakage in unintoxicated and

intoxicated mice.

Mice recorded as having no leakage of HRP often showed

mild deposits of reaction product in the hypothalamic

region and in the interstitium of the choroid plexus while

in all other areas it was confined to the vascular lumen.

In mice recorded as having positive leakage of HRP

the reaction product was either focal, around blood vessels

of the cerebral cortex and/or brainstem, or diffuse through¬

out the cerebral cortex and brainstem but sparing the

hippocampus.

Effect of injecting FSP prior to the injection of

toxin (Expt 1).

A group of 5 mice received lOO^g of FSP 10 min, prior
to the inoculation of 0-5^Lg of toxin whilst another group
of 5 mice received 0-5yag of toxin alone.

Mice receiving FSP prior to the injection of toxin

showed no leakage of HRP (fig. 6.1) whereas those receiving

toxin alone showed severe leakage in the form of heavy

diffuse deposits of HRP (fig. 6.2).

Duration of protection produced by FSP (Expt 2).

Groups of 3 mice received lOOjjtg FSP at 3, 10, 30, 100
and 750 min. prior to the administration of 0-5yAg toxin,
with unprotected and unintoxicated controls (table 6.1).

The protection demonstrated in experiment 1 was present

from 3 min.until fully 100 min. after the injection of FSP
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with some residual protection present after 750 min.

Effect on protection of varying the ratio of FSP to

toxin (Expt 3).

Groups of 5 mice received FSP 10 min. prior to toxin,

at the levels shown in table 6.2, and were examined together

with unprotected and unintoxicated control mice for HRP

leakage.

The effect of varying the ratio of FSP to toxin was

as follows:- lOO^ug of FSP protected mice against 0-3^xg
of toxin, only slightly against 0*9juLg and failed to protect
mice against 2-7jj^g. When the above figures were increased
by a factor of 3 the same pattern was obtained. 300jAg
of FSP protected mice against 0'9u.g of toxin, only slightly

against 2-7yug and failed to protect mice against 8-l^.g.

Comparison of effect of trypsin on FSP and prototoxin (Expt 4)

Groups of 3 mice received either 300jj^g of trypsinised
FSP, 0*l^Lg of trypsinised prototoxin, 0*3 per cent formol
saline or trypsinised 1 per cent peptone water 40 min.

prior to the inoculation of HRP (table 6.3).

Leakage produced by 0-lyj.g of trypsinised prototoxin
(toxin) was greater than the leakage produced by 300juLg
of trypsinised FSP.

Experiments 1 to 4 confirm the findings of Morgan,

Kelly and Buxton (1975, Appendix 1) that in normal mice
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leakage of HRP only occurs in the hypothalamic area and

the interstitium of the choroid plexus but that in mice

intoxicated with C.welchii type D epsilon toxin, extra¬

vasation of HRP is widespread.

The brain lesions occurring in mice as a result of

administration of epsilon toxin are focal and tend to

occur in specific sites (Griner, 1961; Morgan and Kelly,

1974) but the vascular leakage, which precedes the develop¬

ment of morphological changes, observed in this study

occurred diffusely throughout the cerebral cortex and

brainstem and affected both large and small vessels.

This suggests that most blood vessels, with the possible

exception of some of those in the hippocampus are suscep¬

tible to toxin and thus there may be regions of brain

showing differential susceptibility to the necrotising

effect of epsilon toxin.

Gardner (1974) states that "epsilon toxin acts directly

and almost specifically on the vascular endothelium" on the

basis of ultrastructural examinations of intoxicated mice

and lambs which revealed the presence of "dark" vascular

endothelial cells (Gardner, 1973b). There is clearly no

justification for making this statement with such limited

evidence. What can be said however, is that the toxin

acts very rapidly and in very small amounts to produce a

vascular defect in the brains of lambs and mice and this

could suggest that its effect is expressed via specific

receptor sites, perhaps on the vascular endothelium.

In the present study it was shown that the epsilon
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toxin-induced leakage of HRP could be prevented by pre-

treatment with non-toxic doses of FSP, although the protect¬

ion afforded was relatively short lived. Whilst FSP is

antigenically similar to epsilon toxin (Habeeb, 1969) it

appears to be relatively non toxic (Expt 2-4) and therefore

a tenable working hypothesis is that inhibition is produced

because FSP is sufficiently similar to epsilon toxin to

enable it to bind to the proposed toxin receptor sites,

thus preventing the toxin from exerting its effect. The

finding, in experiment 3, that the inhibition produced is

dependent upon the ratio of FSP to toxin rather than on

the level of FSP alone suggests that FSP is probably

competing with toxin for the same receptor sites.



CHAPTER 7

THE AFFINITY OF 125I-LABELLED EPSILON PROTOTOXIN

FOR MOUSE TISSUES IN VIVO

In an attempt to study further the sites of action of

epsilon toxin it was decided to examine, in vivo, the affin¬

ity of isotope-labelled prototoxin for mouse tissues over a

given period of time. Prototoxin was used in preference

to toxin so that the organs being studied would not be

affected by the action of the toxin during the period of

study. In chapter 6 it was shown that the toxoid of proto¬

toxin could compete with toxin and it is assumed in this

study that the same applies to untreated prototoxin.

Twenty-four mice were divided into 6 groups of 4 and

weighed. Each mouse was given, via the tail vein, 0-25 ml
12 5

of I-labelled prototoxin (preparation described in

chapter 2) per 25g bodyweight (treatment a). Groups 1 to 6

were then anaesthetised with intraperitoneal pentobarbitone

sodium and perfused via the left ventricle with normal

saline, containing 5 units of heparin per ml, 4, 10, 30, 100,

300 and 1000 min. post injection respectively. The brain,

heart, liver, both kidneys and spleen were then removed

from each mouse, blotted dry, weighed and the amount of

label in each tissue determined. In order to discover

whether neutralised toxin would still bind to the receptor

sites a further 24 mice were treated in the same manner

12 5
except that each 0*25 ml of I-labelled prototoxin was
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incubated with O-lml of epsilon antitoxin (preparation

described in chapter 2) for 30 min. at room temperature

before injection (treatment b). The average weight of

each organ was as follows:- brain, 0-5g; heart, 0-16g;

liver, l*81g; two kidneys, 0*46g; spleen, 0-lg.

The counts per second for each organ from both treat¬

ments (kidneys taken as one) were corrected for background

counts and converted to the percentage of injected labelled

prototoxin recovered. The means of these percentages for

each organ of each group of mice were then plotted against

time (fig. 7.1 - 7.5). The standard error for each group

of results is also shown where it exceeds the size of the

symbol marking each point.

Mr. M. McLauchlan of the department of biochemistry,

Moredun Research Institute, carried out a covariant analysis

of the data. It was found incidentally that the weight of

each mouse and of each individual organ did not significantly

affect the ratio of injected and recovered isotope.

The statistical analysis measured the significance

of two effects. First it showed the degree of significance

of the difference between treatments 'a' and 'b' (INJ).

Secondly it gave a measure of the interaction (INT) between

the two treatments; that is, the degree of significance of

the influence of time on the size of the difference between

treatments 'a' and 'b', a significant interaction usually

being apparent as an obvious difference in shape of the

curves created by treatments 'a' and 'b'.

In the case of the brain (fig. 7.1) the mice subjected
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to treatment 'a' showed the greatest amount of label 30 min.

post injection (just over 0*7 per cent) followed by a steady

decline to near zero, while those receiving treatment 'b'

showed almost no uptake of label at any time.

Analysis showed that the difference in the order of

magnitude of the 2 groups was highly significant

(INJ = P < 0-001). In addition there was a highly signifi¬

cant interaction (INT = P < 0-001) indicating that the

response of the mice to the 2 treatments also differed

significantly with time.

The kidney, like the brain, gave an INJ and INT value

of P <0-001 (fig. 7.2). The difference between the two

organs was that the maximum amount of label taken up by

the kidney after treatment 'a', which occurred 30 min.

after injection, reached almost 16 per cent and that of

treatment 'b' about 8 per cent, before falling off to

near zero by 1000 min..

The results for liver (fig. 7.3) showed that with

treatment 'a' the uptake of isotope reached a peak of about

60 per cent just 4 min. after injection and then fell away

to near zero by the end of the experiment. With treatment

'b' a similar level was reached, but not until 10 min.after

injection, after which it fell steadily although, unlike

any other organ examined, it stayed at a significantly

higher level than treatment 'a' during this period

(P = 0-05). There was also a significant interaction

(P = Co-05) between the 2 curves.

With the spleen (fig. 7.4) the isotope in treatment 'a'
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reached a peak of 1*2 per cent after 10 min., fell a little

by 30 min. and then dropped sharply. With treatment ' b'

a peak of 1-0 per cent was reached by 4 min. followed by

an immediate decline. Analysis showed that the levels

of the 2 treatments differed significantly (P = <0*05)

while the interaction between the 2 curves was even more

significant (P = <0*01).

In the case of the heart (fig. 7.5) low levels were

reached with treatment 'a' staying at 0*2 per cent from

10 to 30 min. post injection and treatment 'b* reached a

peak of 0-18 per cent 4 min. after injection. Analysis

revealed that there was a significant difference in the

levels of the 2 treatments (P = < 0*05) although there

was no significant interaction between these results.

From the purification procedures used in the preparation

of labelled prototoxin (chapter 2) it is known that a

12 5
homogeneous compound composed of I bound to purified

epsilon prototoxin was prepared. However a proportion of

the prototoxin was apparently damaged by the process of

labelling as about two thirds of it was unable to combine

with specific antiserum. It is therefore assumed that

the mice which received treatment 'a' were injected with
125 125

two substances, I-prototoxin and I coupled with damaged

prototoxin. The mice which received treatment 'b', by
125

the same token, were injected with I-prototoxin-antibody
12 5

complexes, excess antibody and I coupled with damaged
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prototoxin.

It is also likely that if damaged prototoxin could

not combine with specific antiserum then it would probably

be unable to combine with specific receptor sites in the

body.

The most probable reason for any reduction of uptake

of labelled-prototoxin in treatment 'b', assuming that it

was not because the antigen-antibody complexes were too

large to reach receptor sites situated away from the surface

of the vascular endothelium, was that the antibody masked

that part of the prototoxin molecule which is able to bind

to the tissue receptor sites.

Of all the organs examined the results for the brain

were most clear-cut. The uptake with treatment 'a' was

not large but it was reduced to virtually nil with treat¬

ment 'b'. Treatment 'b' also produced a marked reduction

in radioactivity in the kidney, compared with treatment 'a'

although both levels were considerably higher than those

in the brain.

While the liver bound up to 60 per cent of the injected

radioactivity with both treatments it is known that little

more than one third of the injection was able to combine

with specific antiserum and therefore a great deal of this

uptake was probably non specific. The uptake per gram of

tissue was however similar to that of the kidney.

Binding of labelled prototoxin by spleen and heart

was also reduced with treatment 'b' although less clearly

than in the case of brain and kidney.
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The clearest differences between treatments were shown

by brain and kidney,, the 2 organs most obviously affected in

C.welchii type D enterotoxaemia in sheep, namely pulpy

kidney disease and focal symmetrical encephalomalacia.

However the relatively small uptake by brain is in

sharp contrast with the findings of Worthington et al.

(1973) who found that epsilon toxin was markedly absorbed

by homogenates of mouse brain, only slightly by homogenates

of mouse kidney and not at all by homogenates of mouse

liver, spleen, lung and skeletal muscle.

A possible reason for this discrepancy might lie in

the fact that as discussed in chapter 1 C.welchii type D

toxin can be deactivated by incubating it with a crude

preparation of ganglioside from ox brain (North et al., 1961).

Ganglioside is the generic term for glycosphingolipid

containing sialic acid. Brain tissue contains the largest

concentration of gangliosides in the body but they also

occur outside the CNS in other organs (Svennerholm, 1972).

It is therefore possible that epsilon toxin is absorbed by

the gangliosides present in brain homogenates but which

are not normally available in such large amounts in vivo.

This would indicate that the method employed in the present

study is more comparable with the in vivo intoxication of

mice and lambs. If this is so it shows that the brain is

only capable of binding a small proportion of any circula¬

ting toxin but because of its special vulnerability to

oedema this is sufficient to produce a drastic effect.
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CHAPTER 8

THE USE OF AN IMMUNOPEROXIDASE TECHNIQUE

TO DEMONSTRATE FORMALINISEP EPSILON

PROTOTOXIN IN MICE AND LAMBS

Attempts to demonstrate epsilon toxin binding sites

in mouse tissues by conjugation of prototoxin directly with

HRP, proved unsuccessful as did attempts with immuno¬

fluorescence and immunoperoxidase techniques.

It was considered that the amount of antigen bound in

the tissues might have been too small to allow visual¬

isation by direct methods. As the results in chapter 6

had suggested that toxin and formalinised prototoxin are

able to compete for the same receptor sites it was decided

to use the latter in place of toxin in order to increase

the amount of antigen that could be injected.

Formalinised epsilon prototoxin was prepared by dissol¬

ving Wellcome prototoxin in 1 per cent peptone water, pH 7-6,

at a concentration of 10 mg per ml and incubating the

solution with 0*3 per cent formalin for 7 days at 37°C.
Material to be injected into control mice was prepared by

treating 1 per cent peptone water, pH 7-6, with 0-3 per cent

formalin at 37°C for 7 days.

Two experimental mice each received intravenously 1 ml

of formalinised prototoxin and 2 control mice each received

1 ml of formalinised peptone water. One hour after injec¬

tion the mice were anaesthetised, perfused and selected

blocks processed as already described (chapter 2).



- 8.2 -

\

The sections taken from the mice injected with formal-

inised prototoxin and treated with rabbit antitoxin appeared

as follows

In the brain there were clearly defined, dark brown

deposits of reaction product on the luminal surface of the

vascular endothelium of many of the blood vessels in the

cerebral cortex, cerebellar white matter cores, cerebellar

peduncles, pons and cerebral and cerebellar meninges

(fig. 8.1).

In the kidney there were dense deposits of reaction

product on the luminal surface of many of the lining cells

of the loop of Henle and the distal convoluted tubules

while only small amounts were present on the luminal surface

of the capillaries (fig. 8.2). No reaction product was

associated with the glomeruli, proximal convoluted tubules

or collecting ducts. Examination of the kidney by electron

microscopy confirmed the light microscopic findings (fig. 8.3)

and in addition showed that the reaction product, when

present, was very closely associated with the luminal surface

of the cytoplasmic membranes of the above cells (fig. 8.4

and 8.5).

The sections of 1iver, revealed deposits of reaction

product associated with the luminal surface of the sinus¬

oids, many of the centrilobular veins, a few of the larger

veins and several of the bile ducts.

The lungs showed only sparse deposits of reaction product

on the luminal surface of some of the larger veins and only

light deposits were found on the luminal surface of the

capillaries of the heart.
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Examination of the small and large intestines, smooth

muscle (intestinal) and skeletal muscle revealed no such

deposits.

The positive findings described above were absent

from duplicate sections treated with normal rabbit serum

in place of rabbit antitoxin. Sections, from the control

mice given formalinised peptone water were treated either

with rabbit antitoxin or normal rabbit serum but no specific
»

deposits of reaction product were found (fig. 8.6). The

rabbit antitoxin which was incubated with purified epsilon

prototoxin before being layered onto sections of kidney

taken from one of the mice which had received formalinised

prototoxin, produced greatly diminished deposits of

reaction product.

The above work was repeated in lambs with modifications

as follows;-

The prototoxin was further purified by filtration

through a column of DEAE cellulose (chapter 2) and the

resultant antigen was suspended in saline rather than in

the potentially antigenic peptone water. Formalinised

prototoxin was prepared by treating the purified prototoxin

with 0-3 per cent formalin at 37°C for 7 days. In view

of the possibility of greater degradation of the protein

antigen over the period of formalinisation in the absence

of the "protective" peptone water it was decided to kill

the lambs 30 min. after injection rather than at lh.

This was an attempt to maximise the amount of demonstrable

antigen in the kidney on the basis of the results of work
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with isotope-labelled prototoxin in mice (chapter 7).

Lambs 3a received antigen intravenously which repre¬

sented a potential of 220,000 mouse lethal doses prior to

its treatment with formalin. Similarly lambs 3b, c and d

received antigen equivalent to 275,000, 825,000 and 1,200,000

mouse lethal doses respectively. Lambs 3e and f were given

nothing. At 25 min. after injection, lambs 3a-d were given

heparin intravenously; they were anaesthetised and perfusion

was started 5 min. thereafter. The control lambs were

treated in the same way.

A sample of prototoxin before and after formalinisation

was subjected to immunoelectrophoresis in order to monitor

any detectable changes in its antigenicity. This was

carried out in the manner described in chapter 2 and the

results are shown in figures 8.7 and 8.8. The line of

precipitation between the prototoxin and antiserum is a

sharply defined single arc, whilst that of the formalinised

prototoxin and antiserum contains, as well as the above arc,

an additional line of precipitation extending below the

central well. This would suggest that the antigen altered

during the period of formalinisation.

The results of the immunoperoxidase studies on the

lamb tissues yielded fewer and weaker deposits of reaction

product than were seen in the mice. Lambs 3c and d showed

the best results whereas lambs 3a and b showed very few

positive deposits. Lambs 3e and f were negative at all

times.

In the brain, specific deposits when present lay on
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the luminal surface of the vascular endothelium, while in

the kidney they were associated with the luminal surface

of the lining cells of the loop of Henle' and distal

convoluted tubules (fig. 8.9) but were not seen on the

capillary endothelium. Reaction product was also seen

on the surface of the endothelial lining of the hepatic

sinusoids.

No specific deposits were found in the adrenal and

thyroid glands, the pancreas, thymus, lymph nodes, skin,

oesophagus, rumen reticulum, omasum, abomasum, small and

large intestines, bladder, heart or skeletal muscle.

The results of this chapter indicate that following

its intravenous administration to mice formalinised epsilon

prototoxin binds, within one hour to liver cells and to

the luminal surface of the vascular endothelium and certain

renal tubules. However in interpreting these findings it

is important to be able to assess the specificity of these

deposits. The experimental mice were given peptone water

containing the toxoid of epsilon prototoxin which had not

been purified by DEAE cellulose chromatography. It is

possible that this preparation contained some components

derived from the original culture medium which might in

turn be antigenic. This same preparation was used to

hyperimmunise rabbits for the production of antiserum to

epsilon toxin. It is therefore possible that the mice
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were given 3 potential sources of antigen, epsilon proto-

toxin, peptone water and antigen derived from the original

culture medium.

However the deposits of horseradish peroxidase reaction

product seen in the tissues almost certainly do not

represent the presence of peptone water as no deposits of

reaction product were found in control mice injected with

formalinised peptone water. It is therefore likely that
*

the deposits of reaction product indicated the presence

of prototoxin-toxoid and/or other antigens derived from the

original culture medium. The latter interpretation is

however unlikely as pretreatment of the rabbit antitoxin

with purified epsilon prototoxin greatly reduced the amount

of the deposits of the reaction product.

The results of the Immunoelectrophoresis support this.

Purified epsilon prototoxin produced a single clear arc

of precipitation with rabbit antitoxin (fig. 2.4 and 8.8)

whereas untreated epsilon prototoxin produced a longer line.

This latter line is very similar to that seen after the

Immunoelectrophoresis of the toxoid of purified epsilon

prototoxin (fig. 8.7). As the antigens present in the

prototoxin-toxoid were all derived from purified prototoxin

the similarity observed could be interpreted as meaning

that the antigens demonstrated as being present in the

unpurified preparation of prototoxin were likewise all

derived from "pure" prototoxin. This suggestion is supp¬

orted by the findings of Habeeb (1969) where he demonstrated

that epsilon prototoxin could exist in several forms that
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differed in their electrophoretic mobility but were

immunochemically indistinguishable.

It is therefore considered that the deposits of brown

reaction product seen in the mice are specific and indicate

the binding sites of epsilon prototoxin-toxoid and by

inference the binding sites of epsilon toxin.

This interpretation is further supported by the results

of the lamb experiment. In this case pure prototoxin

suspended in normal saline was formalinised thus omitting

both the peptone water and any contaminants derived from the

original culture medium. It was found that this purified

preparation also bound to the brain vasculature, renal

tubules and hepatic cells but that the deposits observed

were not as striking as in the mouse experiment. This is

probably because not only was less antigen injected per

gram body weight of experimental animal but also because

the prototoxin-toxoid was suspended in saline and could as

a result have undergone more degradation during formalin-

isation than if it were suspended in peptone water.

The demonstration of specific antigens by electron

microscopy is a compromise between good fixation and the

retention of the immunoreactivity of the antigen. The

final quality of the tissue preservation depends therefore

upon how the particular antigen being studied stands up

to the rigours of fixation. A factor which complicates

this compromise is the difficulty which the antisera used

to demonstrate the antigen have in penetrating the tissues.

In one of the earliest publications on immuno-
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electronmicroscopy Zacks and Sheff (1968) applied specific

antiserum conjugated with HRP to cryostat sections of very

mildly fixed striated muscle which were then post fixed

in glutaraldehyde. They then developed the HRP to

demonstrate by electron microscopy the site of binding of

tetanus toxin. This method has the advantage of only

requiring one antibody to penetrate the tissue but has

the disadvantages of all direct methods; namely that the

conjugate has to be specially prepared for the particular

antigen being studied and the method is often less sensitive

than indirect methods.

Laliberte, Sapin, Druet and Bariety (1975) used an

indirect method on 40^tm tissue sections and found that
staining with antibody and subsequent development of HRP

required almost 4 days due to the poor penetration of the

tissues by the antisera. Webb and Dorling (1972) treated

glass-mounted cryostat sections by the indirect method and

found that incubation times could be carried out quite

rapidly but the ultrastructural detail was poor.

Kawarai and Nakane (1970) avoided the problem of poor

penetration of tissues by antisera. They mounted ultrathin

methacrylate embedded sections on coated grids, removed

the methacrylate and stained the tissue on the grid.

This method also allows the use of serial sections and the

demonstration of one antigen on one section and other anti¬

gens on succeeding sections. The method does not, however,

allow initial experimentation and selection of material to
%

be made by light microscopy and is therefore not always
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ideal in initial studies.

The method developed for the ultrastructural demon¬

stration of specific antigen in this thesis does not

appear to have been published before. It involves the

application of a routine immunoperoxidase technique to a

dewaxed paraffin section mounted on the end of an upright

cylinder of araldite. The stained tissue is then embedded

in fresh araldite while still attached to the cylinder.

Like all the above methods it has advantages and disadvan¬

tages. Its main disadvantage in common with the other

methods mentioned is the relatively poor intracellular

detail at high magnification. However in the present

studies this was not critical as the antigen was found to

bind to the cell surface. The chief advantages of the

method are that prior selection of interesting areas is

readily achieved, tissues are easily stored in paraffin

blocks, uniform serial sections can be rapidly prepared

and the optimal serum dilutions necessary for the demon¬

stration of antigen can be found. In addition it is

possible to control the specificity of any staining reaction

to a considerable extent before progressing to ultra-

structural studies. The method also allows the use of

indirect staining methods as each layer of serum need only

be applied for a relatively short time. As indirect

methods are more sensitive than direct methods they can

be particularly useful for the demonstration of antigen by

electron microscopy as the fixation and processing required

can considerably reduce the immuno reactivity of some antigens.
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In this case epsilon prototoxin-toxoid retained suf¬

ficient antigenicity to allow its demonstration in the

tissues both by light and electron microscopy. If one

accepts that these deposits represent the binding sites

of epsilon toxin then the way in which it causes its

effect once it has become bound to the cell membrane remains

to be explained. This question will be investigated in

chapters 10 and 11.
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CHAPTER 9

EPSILON TOXIN AND THE LYMPHO~RETICULAR SYSTEM.

A. THE EFFECT OF EPSILON TOXIN ON THE ABILITY OF THE

MOUSE LIVER TO PHAGOCYTOSE INTRAVENOUSLY ADMINISTERED

COLLOIDAL CARBON.

Some bacterial products, including some endotoxins,

can affect the performance of the lympho-reticular system

(Stuart, 1970). As the present work showed that epsilon

toxin binds to the endothelial cells of the vasculature,

including the hepatic sinusoids, it was decided to investi¬

gate the possibility that epsilon toxin might influence the

lympho-reticular system in some way. In normal animals,

90 per cent of injected colloids are taken up by the liver

and spleen (Giusti and Corsi, 1967), so as an initial step

the effect of toxin on the ability of the mouse liver to

phagocytose colloidal carbon was investigated. Seventeen

mice were weighed. Ten were challenged intravenously with

0-2 ml of 1 per cent peptone water at pH 7-6 containing

0*15y.vg of toxin (LD50 of 0-2yA.g) whilst the remaining 7
received 0-2 ml of peptone water without toxin.

After one hour, 7 of the mice given toxin and the 7

control mice each received colloidal carbon (7-6 mg per

100 g bodyweight) intravenously. The colloidal carbon

used was composed of 10 per cent soot, 9*5 per cent gelatin

and 1-3 per cent phenol as a preservative (Pelikan Werke,

Guenther Wagner, Hanover, Germany).

Four hours after administration of the colloidal carbon,
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all 17 mice were killed by decapitation. The livers were

removed, weighed and hydrolysed in 8 ml per g of boiling

30 per cent sodium hydroxide. The samples were then

diluted to 100 ml per g with water and 5 drops of hydrogen

peroxide (100 vols) added to reduce variable pigmentation.

The relative concentration of carbon between the groups

was obtained by placing the samples in a spectrophotometer

and measuring the absorption of light at 574j*.m. Figures
were 'corrected' by substracting the mean of the values

obtained for the 3 that received no carbon.

The mean and standard error of the values obtained

for light absorption with the group of mice receiving toxin

was 489 - 31 and with the group receiving peptone water was

493 - 48. There was therefore no apparent difference in

the ability of the mice to phagocytose the injected carbon

in this particular test system.

B. THE IN VITRO EFFECT OF TOXIN ON MACROPHAGES AND

LYMPHOCYTES.

As a further probe into the possibility that epsilon

toxin might influence the lympho-reticular system, the effect

of the toxin on suspensions of macrophages and lymphocytes

was measured. In the first instance, guinea pig peritoneal

macrophages were used.

Macrophages were collected from the peritoneal cavity

of five 500 g guinea pigs 7 to 10 days after the intra¬

peritoneal injection of 15 ml of sterile liquid paraffin.

Each guinea pig was anaesthetised with ether, exsanguinated
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by severing the vessels of the neck, layed on its back and

the skin covering the abdomen was reflected. With aseptic

precautions a small midline incision just caudal to the

xiphoid cartilage was made in. the abdominal wall and 50 ml

of cold Hanks' balanced salt solution (BSS) containing

heparin, 10 units per ml, cu«v-e pipetted into the cavity.

The incision was closed with artery forceps and the abdomen

was gently massaged for a few minutes. The forceps were
cocts

then removed and the fluidy'withdrawn into sterile universal
containers which were centrifuged gently. The plugs of

precipitate, which consisted almost entirely of macrophages,

were resuspended in Hanks' BSS and centrifuged a further

three times. On the last occasion sufficient medium was

added to give a final concentration of approximately

20 x 10 cells per ml.

The toxin was dissolved in 1 per cent peptone water

and had an LD^q of 0-2 jxg. Trypsin inhibitor was added
after trypsinisation.

Aliquots of guinea pig peritoneal cells (0-4 ml) were

mixed with toxin (0*1 ml) to give final concentrations of

0-001, 0-01, 0-1, 1-0 and 10-Ojj^g of toxin per ml. A
further set of aliquots u)a.s set up as controls. These

were composed of guinea pig peritoneal cells (0-4 ml) and

0*1 ml of peptone water containing trypsin and trypsin

inhibitor at the same concentrations as were in the aliquots

of cells treated with 10^^g of toxin. The cell suspensions
were incubated for 30 min. at 37°C and then 2 drops from

each sample were mixed gently with 8 drops of 0-1 per cent
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Trypan blue in PBS and left to stand at room temperature

for exactly 5 min.. The cells in each sample were resus-

pended evenly by gentle swirling and a small quantity was

transferred with a capillary tube to a counting chamber.

A total of approximately 400 cells were then counted by

two people, each covering a different area of the chamber.

Blue stained cells were recorded as dead and unstained

cells as live. All counts were corrected as follows to

allow for the presence of dead cells not killed by toxin,

so that figures from different guinea pigs could be

compared:-

Cells treated with 10j^g per ml toxin
516 cells counted; 386 dead (74-8 per cent)

Cells treated with peptone water

366 cells counted; 10 dead (2-7 per cent)

Percentage of cells killed by toxin = 74«8 - 2-7
= 72-1

Percentage of live cells killed by toxin = 72-1 100
x

100 - 2-7 1

= 74-1

The effect of the different concentrations of toxin on

the macrophages is shown in figure 9.1. Toxin had little

measurable effect until a concentration of about 0*2j^g
per ml was exceeded when the graph rose exponentially to

80 per cent mortality with 10j^g per ml of toxin.
Apart from altering the staining of the cells, the

toxin also affected their morphology. The unstained cells

had very retractile cytoplasm and a slightly irregular
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plasma membrane, whereas the blue staining cells were

generally much larger, less retractile and had a smoother

outer edge which often appeared to be blistered.

In view of the great susceptibility of liquid paraffin-

induced guinea pig peritoneal macrophages to toxin it was

decided to test the effect of toxin on cell preparations

from other sources.

Liquid paraffin-induced peritoneal macrophages were

obtained from mice and rabbits as they were from guinea

pigs. Alveolar macrophages were flushed from the lungs

of guinea pigs and rabbits with Hanks' BSS. Guinea pig

lymphocytes were obtained from the buffy coat of centrifuged

blood samples and sheep lymphocytes were collected directly

from a thoracic duct cannula. Mouse Lan Schultz ascites

tumour cells were collected from the ascitic fluid of mice

which had been injected with the tumour cells 14 days

earlier. All the above preparations were treated in the

same manner as the guinea pig peritoneal macrophages and

the results are recorded in table 9.1. Toxin at concen¬

trations as high as 20^g per ml had no effect on any of
the preparations except the rabbit peritoneal macrophages.

In comparison with the guinea pig peritoneal cells, those

of the rabbit were not so susceptible . Higher concen¬

trations of toxin and prolonged periods of incubation were

necessary to produce a mortality of over 40 per cent.
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C. THE EFFECT OF TOXIN ON THE MORPHOLOGY OF GUINEA PIG

LIQUID PARAFFIN"INDUCED PERITONEAL MACROPHAGES BY

ELECTRON MICROSCOPY.

It has been shown that toxin readily kills liquid

paraffin-induced guinea pig peritoneal macrophages. By

light microscopy it was apparent that the dead cells were

larger than the live cells and it was therefore decided to

investigate further the effect of toxin on their morphology,

by electron microscopy.

Peritoneal macrophages were collected as already

described, washed three times in Hanks' BSS, on the last

occasion being resuspended in two 4 ml aliquots. To one

tube, 1 ml of toxin was added to give a final concentration

of 20 ^-.g per ml; 1 ml of control peptone water was added
to the other. The toxin and control peptone preparations

were the same as those used in the previous section. Both

tubes were incubated at 37°C for 30 min. before 0*4 ml was

removed from each tube to calculate the percentage of dead

cells. The remainder of the suspension in the tubes was

centrifuged, the supernate discarded and 3 per cent

glutaraldehyde in 0-1M phosphate buffer pH 7*1 was carefully

layered on to the plugs and left for 10 min.. The plugs
3

were removed, diced up into blocks of approximately 1mm

and left overnight at 4°C in fresh 3 per cent glutaraldehyde.

They were then dehydrated in graded alcohols and embedded

in Araldite via an epoxypropane step. Sections were cut

and stained, viewed and photographed as already described

(chapter 2) .
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Almost 100 per cent of the toxin-treated cells were

killed whereas less than 2 per cent of the control macro¬

phages were dead.

The control cell in figure 9.2 has a normal morphology;

the nucleus is irregular, contains dense areas of chromatin

and is surrounded by a tri-laminar membrane comprised of

two roughly parallel outer electron-dense layers with a

central, less dense zone. The cytoplasm contains rough

endoplasmic reticulum, mitochondria, ribosomes and two

clear vacuoles and is bounded by an outer plasma membrane

which appears as a single dense line thrown up into numerous

folds or pseudopods.

Figures 9.3, 9.4 and 9.5 respectively are of toxin-

treated cells which appear to show degenerative changes of

increasing severity. The cell in figure 9.3 has a rounded

nucleus, the chromatin is ill-defined and less dense and

a section of the nuclear membrane is disrupted. The

cytoplasm is more dense and amorphous than in the control

cell, contains a few clear vacuoles and membranous profiles

and is bounded by an outer plasma membrane which is formed

into a few grossly reduced pseudopods with a "bleb-like"

structure.

In figure 9.4 the macrophage is enlarged. The nucleus

is spherical, shrunken and dense and the nuclear membrane

contains a large blister caused by the accumulation of

material in the central zone of its trilaminar structure.

The nuclear membrane has ruptured and nuclear contents are

apparently being lost to the cytoplasm which is distended,
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almost structureless, contains only a few spherical bodies

and is itself surrounded by an incomplete plasma membrane

with almost no processes. These changes appear even more

advanced in figure 9.5, with severe disruption of the

nucleus and of some of the spherical bodies in the cytoplasm.

D. THE USE OF AN IMMUNOPEROXIDASE TECHNIQUE TO DEMONSTRATE

FORMALINISEP EPSILON PROTOTOXIN BOUND TO MACROPHAGES.

It has been shown that epsilon toxin readily kills

liquid-paraffin induced peritoneal macrophages. The aim

of the following work was to demonstrate the site at which

toxin binds to the macrophage.

It was decided to use formalinised epsilon prototoxin

in place of toxin, for the reasons given in chapter 8.

Formalinised epsilon prototoxin was prepared by suspending

untreated epsilon prototoxin in 1 per cent peptone water

(10 mg per ml) and treating it with formalin at 37°C for

7 days. Formalinised peptone water was prepared in the same

way except that the prototoxin was omitted.

Liquid paraffin-induced peritoneal macrophages were

collected from 4 guinea pigs in the manner already described,

washed 3 times in Hanks' BSS, pooled and suspended in a

final volume of 4-5 ml of Hanks' BSS. At this stage there

7
were estimated to be 4 x 10 cells per ml, 99 per cent of

which were shown to be viable by the Trypan blue method

already described.

The suspension of cells was then divided into 2 equal

volumes. To one, formalinised epsilon prototoxin was added
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to give a final concentration of 6.66 mg per ml; the other

received the same volume of formalinised peptone water.

Both preparations were incubated for 30 min. at 37°C.
After this period, it was found that 95 per cent of the

cells treated with prototoxin-toxoid and 96-7 per cent of

the control cells were viable.

After incubation the macrophages were rinsed twice in

isotonic saline and resuspended in the same. Glutaral-

dehyde in PBS was then added to both tubes to give a final

concentration of 1 per cent, the cells were immediately

centrifuged for 10 min. and the supernate discarded.

After 2 further rinses in isotonic saline the cells were

centrifuged and the plugs of cells removed and fixed in

absolute alcohol overnight before being processed through

to paraffin wax.

Sections 6 y^m-thick were cut and treated by the immuno-
peroxidase method described in chapter 8. Duplicate

sections from both plugs were treated initially either with

rabbit antiserum to epsilon toxin or with normal rabbit

serum.

In addition, sections 12j^m-thick were cut and mounted
on Araldite cylinders, treated by the immunoperoxidase

method as above and then embedded in Araldite (chapter 2).

Araldite sections 1^m-thick were mounted on glass slides
and stained with Giemsa.

Examination of sections by light microscopy revealed

that most of the cells exposed to formalinised epsilon

prototoxin and subsequently treated with rabbit antiserum
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to epsilon toxin showed a clearly defined line of brown

HRP reaction product around their outer edge (fig. 9.6).

Neither duplicate sections treated with normal rabbit serum

nor sections of the cells exposed to formalinised peptone

water showed such deposits (fig. 9.7). The only other

deposits of reaction product observed occurred infrequently

but in all preparations. These deposits were adherent

to the inner surface of large clear intracytoplasmic

vacuoles but as they were present in all preparations they

were assumed to be non-specific.

The carbon clearance test for in vivo phagocytosis is

the most widely used experimental method for the investi¬

gation of lympho-reticular function (Stuart, 1970).

However, epsilon toxin had no effect on phagocytosis with

this system of measurement.

In contrast, epsilon toxin had a dramatic lethal effect

on liquid paraffin-induced guinea pig peritoneal macrophages

in vitro. It was found that at concentrations greater

than 0-2 y^g per ml, a logarithmic increase in toxin produced
a linear increase in cell death. However the toxin had

no effect on guinea pig alveolar macrophages or lymphocytes,

mouse peritoneal macrophages, mouse Lan Schultz ascites

tumour cells, sheep lymphocytes or rabbit alveolar macro¬

phages. Epsilon toxin did kill rabbit peritoneal macro¬

phages but only when exposed to the cells at high concen¬

trations for extended periods of incubation.
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These findings are consistent with the hypothesis

that epsilon toxin binds to specific receptor sites. In

this instance the above findings could be interpreted as

meaning that receptor sites for epsilon toxin exist in or

on liquid paraffin-induced guinea pig (and perhaps to a

lesser extent rabbit) peritoneal macrophages and that they

do not exist or are masked on the other cells tested. An

alternative interpretation within the same hypothesis is

that toxin is able to bind to all the cells tested but only

able to "switch on" the effector system in the guinea pig

and rabbit peritoneal macrophages. A parallel situation

is seen when white blood cells bind insulin specifically

although there is no apparent physiological response

(Blundell and Wood, 1976).

The great difference in susceptibility of cells from

different sources for epsilon toxin which was encountered

in this chapter is not unique. Stuart (1971) tested the

effect of epsilon toxin on various tissue cultures and

found that it killed primary lamb kidney cultures up to

6 days of age but had no effect on primary lamb kidney

cultures over 10 days of age, secondary lamb kidney cells,

primary monkey kidney cells, primary pig kidney cells,

HeLa cells, 'L' cells and embryonic mouse tissue culture

cells.

Guinea pig peritoneal cells exposed to epsilon toxin

showed structural changes. Both by light and electron

microscopy, swellings were seen on the plasma and nuclear

membranes. At the ultrastructural level these were
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apparently due to an increase in volume of the central

layer of the trilaminar membrane (fig. 9.4). Similar

changes have been seen with the light microscope in guinea

pig peritoneal mononuclear cells suspended in guinea pig

serum and exposed to C.welchii beta toxin (Allan, 1963).

In this case the cytopathic effect was shown to be due to

an antigen-antibody reaction, probably on the cell surface,

which was not dependent on the presence of complement.

In the present study the cells were rinsed several times

after removal from the peritoneal cavity before being

suspended in serum-free medium. It is therefore unlikely

that cell death was caused by an antigen-antibody reaction

on the cell surface. In support of this, epsilon toxin

killed proportionately more cells as its concentration was

increased whilst C.welchii beta toxin did not.

Another enterotoxin which can effect macrophages is

Vibrio cholerae toxin. It has been shown that when incub¬

ated with murine lymphoblastoid cells or murine plasma-

cytoid cells it can cause mitochondrial swelling whereas

it apparently does not effect rabbit pulmonary alveolar

macrophages or human peripheral blood monocytes (Douglas,

Zuckerman and Ooka, 1976). These workers showed that the

toxin raised intra-cellular cyclic adenosine 3', 5'-mono-

phosphate levels in murine lymphoblastoid and plasmacytoid

cells and in rabbit pulmonary alveolar macrophages.

In conclusion it can be said that C.welchii type D

epsilon toxin can readily kill guinea pig liquid paraffin-

induced peritoneal macrophages in vitro and that this is
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apparently a direct toxic effect. In addition it was

shown that formalinised epsilon prototoxin binds to the

outer surface of these cells and, as in chapter 8, this

is interpreted as indicating the location of the binding

sites for epsilon toxin. The significance of these

findings lies in the possibility that sheep receiving

sublethal doses of epsilon toxin under field conditions might

be made more susceptible to secondary infection. It is

considered that this possibility is worthy of further

investigation.
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CHAPTER 10

FURTHER STUDY OF THE BIOCHEMICAL

EFFECTS OF EPSILON TOXIN

A THE PERMEABILITY OF GUINEA PIG SKIN TO EVANS BLUE

AFTER THE INTRADERMAL INJECTION OF TOXIN.

The most obvious biochemical effect encountered in

cases of C.welchii type D intoxication of sheep is a dramatic

increase in blood glucose levels which commences before

the onset of clinical signs (Gordon, Stewart, Holman and

Taylor, 1940; Bullen and Scarisbrick, 1957; Gardner,

1973 a and c). Gardner suggested that it was caused by

mobilisation of liver glycogen stores rather than by inter¬

ference with utilisation of glucose.

It is known that glucagon and adrenaline raise blood

glucose levels by binding to specific receptor sites on

the hepatocyte wall and stimulating membrane-associated

adenyl cyclase to produce increased amounts of intracellular

cyclic adenosine 3', 5' - monophosphate (cAMP). This in

turn initiates a series of enzyme reactions that ultimately

convert liver glycogen to glucose (fig. 10.1) (Conn and

Stumpf, 1972). It has already been shown that epsilon

antigen (prototoxin-toxoid) can bind directly with cells

in the liver (chapter 8). If the hypothesis that epsilon

toxin raises blood glucose levels by binding to specific

receptor sites on the hepatocyte surface where it stimulates
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adenyl cyclase is valid the toxin would probably stimulate

cAMP production at other sites in the body.

In the natural disease, epsilon toxin affects several

organs in the body but its primary effect is upon the

intestines where, it increases the permeability of the gut

wall, enhances its own uptake, and produces a mucoid

diarrhoea. This last symptom is usually forestalled by

the death of the animal and this explains why the toxin

is more commonly regarded as a lethal toxin rather than as

an enterotoxin, as distinct from the enterotoxin of

C.welchii type A.

Some of the known enterotoxic exotoxins have been

classified by Keusch and Donta (1975), into two groups,

cytotoxic (Shigella dysenteriae type 1 and C.welchii type A),

and cytotonic (Vibrio cholerae and Escherichia Coli). The

cytotonic enterotoxins have no effect on HeLa cell mono¬

layers but do stimulate adenyl cyclase in Y~1 adrenal cell

monolayers to produce more cAMP which in turn increases

steroidogenesis. On the other hand the cytotoxic entero¬

toxins cause HeLa cell monolayers to become detached from

glass but do not stimulate increased steroidogenesis by

Y-l adrenal cells. In addition, with in vitro preparations

of guinea pig ileal mucosal cells, V cholerae enterotoxin,

E coli heat-labile enterotoxin and Staphylococcus aureus

delta-toxin can stimulate increased production of cAMP

(King and van Heyningen, 1973; Gill, Evans and Evans, 1976;

O'Brien and Kapral, 1976). These toxins also increase

vascular permeability in guinea pig and rabbit skin after
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intradermal injection (Craig, 1965; Rappaport, Sagin,

Pierzchala, Bonde, Rubin and Tint, 1976; O'Brien and

Kapral, 1976), as do filtrates of cultures of Salmonella

typhimurium (Sandefur and Peterson, 1976), a reaction which

is thought to be a cAMP-mediated response (O'Brien and

Kapral, 1976).

It is known that epsilon toxin, in common with the

cytotonic enterotoxins, produces diarrhoea but has no

effect on HeLa cells (Stuart, 1971). It is not known

whether the effects of the toxin are mediated through an

adenyl cyclase-cAMP system.

As an initial investigation into whether the toxin

exerts its effect through an adenyl cyclase - cAMP system

it was decided to examine the effect of toxin on the vasc¬

ular permeability of guinea pig skin as it is known already

that it causes increased vascular permeability in the brains

of lambs and mice.

The flanks and ventral surfaces of 7 guinea pigs were

clipped 48 h before the start of the experiment to allow

any mast cell damage caused by the clipping to recover.

Fourteen standard sites were located over this area and

3 of the guinea pigs were then given, intraperitoneally,

4 ml of mepyramine maleate (0*5 mg per ml of normal saline)

to suppress any histamine activity while the remaining

four received nothing. Thirty minutes later, each animal

received 2 ml of 0-5 per cent Evans blue in normal saline

via the recurrent tarsal vein.

Stock solutions of epsilon toxin (lOCK^g per ml) sn
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0-85 per cent saline containing 0-1 per cent gelatin and

trypsin inhibitor were prepared, together with identical

solutions minus the toxin, termed 'diluent*. These two

stock solutions were further diluted in saline-gelatin to

give toxin concentrations of 5, 10, 20, 50 and 100^.g per
ml and corresponding dilutions of 'diluent'.

Four concentrations of histamine (0-0, 0-5, 50 and

500^)xg per ml) in 0*85 per cent saline containing 0-1 per
cent gelatin were also prepared for injection to assess

the efficacy of the mepyramine treatment.

A volume of 0-lml of each of these 14 preparations

was injected in a random sequence intradermally into 14

standard sites. For each guinea pig the sequence differed

and was obtained from the random figure tables of Cochran

and Cox (1957).

Forty-five minutes after injection each guinea pig

was stunned with a blow on the head and exsanguinated. The

skin of the trunk was reflected because the vascular leakage

at the site of injection, which was apparent as a blue

circle or ell ipse,was most easily seen on the inner surface

of the skin. The lengths and breadths of these lesions

were measured 'blind' and their areas calculated (if not

circular the lesions were considered to be true ellipses).

The response of the 3 mepyramine-treated guinea pigs

to histamine was minimal in comparison with that of the 4

untreated animals (fig. 10.2). This indicates that the

antihistamine action of the mepyramine was fully effective.

The response of the 2 groups to the injection of graded
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doses of diluent and of graded doses of diluent plus toxin

are recorded in fig. 10.3. While the extent of leakage

in the mepyramine-treated guinea pigs was marginally

less than that of the untreated animals to both diluent

and diluent plus toxin, the results indicate that in both

groups diluent alone caused a low-grade fairly constant

response while diluent plus toxin caused increasing leakage

with increasing toxin concentrations. A(2 x 5) factorial

analysis showed no significant difference between the

untreated and mepyramine treated guinea pigs' response to

epsilon toxin. Epsilon toxin therefore produces increased

vascular permeability in guinea pig skin which is not

mediated through histamine release.

As already mentioned several bacterial enterotoxins

are able to increase cutaneous vascular permeability.

In one of the earliest reports Craig (1965) found that a

heat-labile factor in sterile filtrates of both cholera

stools and young V.cholerae cultures produced leakage of

Evans blue in rabbit and guinea pig skin. He was able

to neutralise this response with convalescent cholera sera.

Later on Smith and Sack (1973) showed an immunological cross

reactivity between cholera toxin and heat labile E.col i

enterotoxin and Rappaport et al. (1976) demonstrated that

this E.coli toxin could produce an increase in cutaneous

vascular permeability which would be neutralised by

antitoxin to cholera toxin.
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Antitoxin to V.cholerae toxin has also been shown to

neutralise the effect of purified culture filtrates of

another member of the Enterobacteriaceae, Salmonella

typhimurium, on Chinese hamster ovary cells (Sandefur and

Peterson, 1976). These workers also showed that

S.typhimurium culture filtrates produced increased vascular

permeability in rabbit skin.

The way in which V.cholerae toxin produces vascular

permeability would therefore appear to be similar to the

way in which E.coli and S.typhimirium toxins produce leakage.

In the case of V.cholerae toxin the mechanism does not

appear to involve the release of mast cell amines because

pretreatment of experimental animals with the antihistamine,

benadryl hydrochloride, does not alter the amount of leakage

produced by the toxin (O'Brien and Kapral, 1976). The

same workers showed that another bacterial toxin,

Staphylococcus aureus delta toxin, was also able to produce

increased cutaneous vascular permeability which was not

associated with the release of mast cell amines. This

type of reaction is not restricted to bacterial toxins.

Lewis, Wells and Eyre (1972) demonstrated that prosto-

glandins E^ and E£ produced increased vascular permeability
in calf skin and that it was unaffected by prior medication

of the animals with the antihistamine, mepyramine maleate.

This increase in vascular permeability is assumed to

be a cAMP mediated response (O'Brien and Kapral, 1976).

In support of this it has been shown that adenylate cyclase

can be directly stimulated by V.cholerae toxin (Sharp and
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Hynie, 1971; King and van Heyningen, 1973; O'Brien and

Kapral, 1976) E.coli heat-labile enterotoxin (Gill, Evans

and Evans, 1976), S.aureus delta toxin (O'Brien and Kapral,

1976) and prostoglandin E^, (Sharp and Hynie, 1971).
In the light of this evidence the fact that C.welchii

type D epsilon toxin also increases cutaneous vascular

permeability, by a mechanism which does not involve the

release of mast cell amines, encourages the idea that it

also causes its effect by stimulating adenyl cyclase to

produce increased amounts of cAMP.
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CHAPTER 11

FURTHER STUDY OF THE BIOCHEMICAL

EFFECTS OF EPSILON TOXIN

B THE EFFECT OF TOXIN ON LEVELS OF cAMP AND GLUCOSE.

In the following experiments further evidence for the

hypothesis that epsilon toxin directly activates cell

membrane adenyl cyclase was sought by examining the effect

of toxin on the production of cAMP by guinea pig tissues

in vitro and by mice in vivo. The method of measuring

cAMP levels is given in chapter 2.

Amount of cAMP In guinea pig ileum.

The guinea pig tissue examined in vitro consisted of

sections of ileum treated in a similar manner to the method

of O'Brien and Kapral (1976). Animals were anaesthetised

with ether, a midline incision was made and the distal

25 cm of ileum was clamped off although the blood supply

was left intact. The lumen of the isolated section of

gut was then rinsed with sterile Krebs Ringer solution

containing 20mM glucose before being removed completely

and cut into 1*5 cm segments which were opened longitud¬

inally along the mesenteric border. Two pieces (3cm),

randomly selected, were placed in sterile glass universals

containing 4-5 ml of the Krebs Ringer solution. Various

doses of either epsilon toxin in 0*85 per cent saline

containing 0-1 per cent gelatin and trypsin inhibitor or
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diluent alone (total volume 0-5 ml) were added as shown in

table 11.1. The vials were rocked gently at 37°C for 2 h

in a stream of 95 per cent 0^ and 5 per cent CO^.
After incubation the contents of each vial was homo¬

genised with a teflon pestle in a cooled glass Potter-

Elvehjem homogeniser, before centrifuging at 4°C for 20 min.

at lOOOg. The supernate was transferred to a clean tube

and immersed in boiling water for exactly 3 min. to

coagulate protein which was then removed by centrifuging

at 4°C for 15 min. at lOOOg. The supernate was withdrawn,

divided into 0*5 ml aliquots and stored frozen at ~20°C
until required for assay when it was treated as shown in

table 11.1.

The results of the cAMP assay of these extracts were

too inconsistent to make any interpretation possible. The

figures obtained from the assay of 1 in 3 and 1 in 6 dilu¬

tions vary from 0 pmol of cAMP up to 50 pmol with no

discernible trend. With the single samples assayed at

a dilution of 1 in 6 and containing, in addition, 2 pmol

of standard cAMP, the amount of cAMP per cm of ileum ranged

between 188 and 659 pmol. These latter levels of cAMP

are nearer the range detected by O'Brien and Kapral (1976)

in guinea pig ileum preparations.

The probable cause of the failure of this experiment

to give a consistent result could lie in the inadequate

preparation of samples for assay. This conclusion is

based upon the fact that the addition of internal standards

of 2 pmol cAMP to the guinea pig ileal homogenates produced
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a final estimate of cAMP so much greater than identical

samples assayed without internal standards. Weller,

Rodnight and Carrera (1972) demonstrated that the assay

of extracts of whole brain could give erroneous results.

They showed that the extracts contained a non-diffusible

factor which enhanced the binding of cAMP by the binding

protein thus producing a false low estimate of cAMP.

They also showed that the error introduced by this factor

could be eliminated by incorporation of unlabelled standards

in the unknowns.

In the present study it might be that the erroneous

results were produced by a similar mechanism. This

interpretation is supported by the fact that the tissue

homogenates were deproteinised by the simple and relatively

crude procedure of heating the tubes in boiling water for

3 min. to coagulate protein before removal by centrifugation.

It would appear that this treatment was inadequate for

the removal of an interfering substance such as that descr¬

ibed by Weller et al. These workers found that it could

not be removed by dialysis or cellulose ester filters

(pore size 0*45y^m) although it could be separated off by
filtration through Dowex 50 resin.

The finding that the addition of an internal standard

in the present study produced much larger estimates of

cAMP is consistent with the above interpretation as one

would expect that an increased concentration of nucleotide

would diminish proportionately the influence of any

interfering factors.
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The remedy put forward by Weller et al. was to analyse

3 equal samples of the unknown in triplicate, making a

total of 9 separate measurements. They incorporated

standards (2 and 4 pmol) of unlabelled cAMP in the reaction

mixture for 2 of the triplicate samples. An alternative

method which they cited consisted of filtering each

unknown through Dowex 50 resin.

Concentration of cAMP in mouse urine.

For the examination of the effect of toxin on cAMP

levels in vivo the first substance chosen for examination

was urine as the normal levels are quite high and allow

direct assay to be carried out after adequate dilution

without the need for internal standards.

In a preliminary experiment 3 mice were each injected

intravenously with 0-25j.^g of toxin (LD^ of 0*2jAg) in
0-25 ml of peptone water, 3 more mice received 0-25 ml of

peptone water alone by the same route, and a further 3 mice

were given nothing. Four hours after injection the mice

appeared mildly affected by the toxin. They were anaes¬

thetised with intraperitoneal barbiturate and the bladder

of each'animal was exposed. The urine was withdrawn and

placed in small chilled plastic containers. Two dilutions

of each sample were prepared (1 in 100 and 1 in 1000) by

adding 0-05M tris buffer, pH 7*7, containing 4mM EDTA.

One sample of each dilution was assayed for cAMP. The

1 in 100 dilution proved too concentrated for the range

of the assay and therefore only the mean of the single
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results for the 1 in 1000 dilution could be calculated.

The intoxicated mice contained an average of 4144 pmol

cAMP per ml or urine, the peptone treated mice contained

3778 and the untreated mice 3358.

As the intoxicated mice had higher cAMP concentrations

than the controls the experiment was repeated in the same

manner as above with 3 groups of 8 mice and samples of urine,

diluted 1 in 1000, were assayed in duplicate.

On this occasion the dose of toxin used produced

clinically very sick mice at the time of anaesthesia.

The amount of urine present in the bladder varied consider¬

ably. Duplicate samples from the 8 intoxicated mice gave

a mean and standard error value of 985 - 409 pmol cAMP

per ml of urine. The group of mice treated with peptone

water gave a value of 1209 - 303 and the untreated mice

a value of 867 - 288. The range of values of cAMP present

made the urine an unreliable substance for analysis in this

particular system. The reasons for this variability may

be related to the different amounts of urine present in

the bladders which in turn might be affected by this relat¬

ively high dose of toxin having a direct toxic effect on

the kidneys and the muscle of the bladder wall.

Concentration of cAMP in mouse plasma.

The cAMP levels in mouse urine varied greatly. In

an attempt to reduce variation of cAMP levels within groups

it was decided to examine mouse plasma by the fairly simple

direct method described by Tovey, Oldham and Whelan (1974).
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Each mouse in a group of 9 (1 — 9) was injected intra¬

venously with 0• 22rcg of toxin (LD_Q of 0-2j^g) in 1 per
cent peptone water (a lower dose of toxin was employed

than previously, to allow an extended 'incubation' period

before anaesthesia). Another group of 9 mice (10-18) was

treated with an equal volume of diluent alone by the same

route. After 5 h each mouse was anaesthetised with ether

and exactly 500^.1 of blood withdrawn from an incision in
the axilla and added to 5jj^l of a 0*5M solution of EDTA,
pH 7»5, contained in a chilled plastic container. The

EDTA was used both to prevent clotting and to act as a

phosphodiesterase inhibitor as that enzyme exists in the

blood in sufficient quantity to degrade substantial amounts

of cAMP within a relatively short time. The blood was

then centrifuged at 4°C to sediment the cells and 200 lQ
u>e re

of plasma^withdrawn and stored at -20 C until required
for assay.

Each sample was assayed at a dilution of 1 in 1 and

1 in 2. Two pmol of unlabelled cAMP was added to the

latter dilution to act as an internal standard for the

detection of interfering substances in the assay (Table 11.2).

This experiment was then repeated as above with 8

intoxicated mice (19-26) and 7 control mice (27-33). The

plasma from each animal was assayed in duplicate, undiluted

samples (Table 11.2).

In the first experiment the mice showed mild clinical

signs of intoxication at the end of 5 h and the levels

of cAMP obtained from the analysis of the plasma produced
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fairly consistent results. As can be seen in table 11.2

the mean of the levels of cAMP in the intoxicated mice

was 47 per cent higher than that of the control group

with a degree of significance of P = 0-002. The fact

that the levels of cAMP in the undiluted samples were

almost the same as those diluted 1 in 2 and containing an

internal standard of 2 pmol cAMP indicates that there was

minimal interference from other factors.

The above experiment was repeated using slightly

i"educed numbers of mice. On this occasion 2 of the

intoxicated mice displayed mild clinical signs of intoxi¬

cation while others remained clinically normal. As shown

in table 11.2 the level of cAMP in the control plasma was

almost the same as that of the previous experiment indi¬

cating an acceptable level of precision in the reproduci¬

bility of the assay. The level of cAMP detected in the

intoxicated group was 14-3 per cent above that of the controls

with a degree of significance of P = 0-04. While the

percentage increase is less than in the previous experiment

the cAMP levels were increased even though most of the

mice appeared clinically normal.

Concentration of glucose in mouse plasma.

The concentration of glucose in the plasma of mice

injected with epsilon toxin or diluent alone was estimated.

The plasma used in the assay was the same as that collected

for the estimation of the plasma concentration of cAMP

in the second mouse experiment described above. The method
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of assay has been described by Trinder (1969) and was

carried out by Mr. C.R.E. Coggins at Moredun Research

Institute.

The results were as follows: The mean and standard

error of the control group was 262 - 13 mg of glucose

per 100 ml of plasma and that of the toxin treated group

was 329 - 19 mg per 100 ml. This represents an increase

of 25-6 per cent in the group treated with epsilon toxin

and it has a degree of significance of P = <0*01 using a

two tailed Student's 't' test.

The results of the in vitro experiment in this chapter

were inconclusive and the likely reasons for this have

been discussed. Two clear results which have emerged are

that small but lethal doses of epsilon toxin can signifi¬

cantly raise both plasma cAMP and glucose concentrations

in mice. Gardner (1973c) concluded that the rise in blood

glucose in lambs was not due to a decrease in its utilisation.

If this is so it is likely that it is mobilised as a result

of glycogenolysis in hepatocytes and in figure 10.1 it

can be seen that the initiation of this reaction requires

an increase in intracellular cAMP.

Taking the results of this chapter in isolation it

is not possible to say whether this postulated increase in

intracellular cAMP arises as a result of phosphodiesterase

inhibition or adenyl cyclase stimulation in the hepatocyte

or whether it is due to diffusion into the cell of cAMP
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produced elsewhere and circulating in the plasma. By

the same token it is not known whether the rise in plasma

cAMP caused by epsilon toxin is due to increased production

in the cells of the body or decreased destruction by

phosphodiesterase. However the fact that cAMP does rise

encourages the hypothesis, put forward in chapter 10,

that the toxin raises blood glucose levels by binding to

specific receptor sites on the hepatocyte surface where

it stimulates adenyl cyclase to produce cAMP which in

turn promotes glycogenolysis.
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CHAPTER 12

GENERAL DISCUSSION AND CONCLUSIONS

C.welchii type D is widespread in the soil and in the

small intestine of the sheep population (chapter 1).

While in the small intestine it usually does no harm because

it requires carbohydrate as a substrate before it can

multiply significantly (Bullen, 1970). In ruminants,

ingested carbohydrate does not normally reach the small

intestine as it is broken down completely in the forestomachs.

However, when sheep are changed suddenly from a low to a

high plane of nutrition the microbial flora of the rumen

does not adjust rapidly enough and partly digested food

containing carbohydrate passes to the small intestine.

The bacteria are then able to multiply rapidly and produce

large amounts of epsilon prototoxin (Bullen, 1970).

Epsilon prototoxin is an inert precursor which can be

converted into lethal epsilon toxin in the intestinal lumen

by proteolytic enzymes such as trypsin (Turner and Rodwell,

1943 a and b). After conversion, the epsilon toxin has

to be present in the lumen at an extremely high concen¬

tration for several hours both in sheep (Bullen and

Scarisbrick, 1957) and mice (Bullen and Batty, 1956) before

it produces signs of intoxication. Then it causes diarr¬

hoea and an increase in intestinal permeability which

enhances its own uptake. How it causes diarrhoea is

unknown but it might well be by stimulation of an adenyl
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cyclase - cAMP system (chapters 10 and 11) as do some other

bacterial enterotoxins such as V.cholerae enterotoxin and

E.coli heat-labile enterotoxin. It is thought that

cholera toxin, by increasing the intracellular concentration

of cAMP in the epithelial cells, stimulates secretory

transport processes, for example involving CI and HCO^, to
such an extent that reabsorptive capacity is exceeded,

water is held osmotically in the lumen and diarrhoea

results (Sharp and Hynie, 1971). The reason for the in¬

crease in intestinal permeability is also unknown but it

is possible that it is associated with the mechanism

responsible for the diarrhoea. The absorbed toxin

circulates in the bloodstream before binding to a number

of different organs.

One of these organs is the brain. Relatively small

amounts of circulating toxin bind to the brains of mice

(chapter 7) although the effect both in mice and lambs

is drastic. The sequence of events initiated by the toxin

can be interpreted as follows. The epsilon toxin binds

to specific receptor sites (chapter 6), possibly a ganglio-

side as is the case with cholera toxin (van Heyningen,

1976), located on the luminal surface of the vascular endo¬

thelium (chapter 8). As a result, these cells start to

degenerate so that when examined with an electron micro¬

scope the intracytoplasmic detail is obscure (chapter 4).

The tight junctions lying in the intercellular clefts,

which are an integral part of the blood brain barrier,

become patent as indicated by leakage of horseradish
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peroxidase (chapters 5 and 6). This either causes an

alteration in fluid dynamics that allows the astrocyte

end-feet to swell, or alternatively more toxin escapes

from the bloodstream and affects these cells directly.

As the degenerative changes progress, serum proteins and

eventually even red blood cells leak out, the astrocyte

end-feet become severely distended and rupture and the

resultant brain oedema produces the clinical nervous signs

seen in cases of acute intoxication (chapters 1 and 4).

Following upon the vascular lesion one sees the

development of bilaterally symmetrical foci of malacia

in the brainstem and less commonly also in the cerebral

and cerebellar cortex and cerebellar white matter cores.

This condition has been termed focal symmetrical encephalo-

malacia (FSE). While malacia may be seen in other cond¬

itions such as polioencephalomalacia of sheep (Zlotnik,

Nisbet and Campbell, 1963; Morgan, 1972) and lead poisoning

of cattle (Wells, Howell and Gopinath, 1976) these are

readily differentiated from FSE by histological examination.

In contrast to the situation in animals, softenings

represent the most common gross findings in human neuro¬

pathology and are usually the result of inadequate oxygen

supply (Innes and Saunders, 1962). These authors state

that lesions in man can be initiated by increased intra¬

cranial pressure or brain swelling. In addition prolonged

angiospasm, profound vasoparalysis due to toxaemia, anox¬

aemia as seen in carbon monoxide poisoning and stagnation

anoxia due to a severe fall in systemic blood pressure, as
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seen in cases of shock, are also capable of causing the

development of malacia.

Of the above causes of malacia in man, two stand out

as likely causes of malacia in C.welchii type D intoxication.

They are thrombus formation and brain swelling. Brain

swelling results from widespread perivascular oedema

(chapters 3 and 4) and it is possible that the resultant

increase in intracranial pressure could cause damage to

superficial brain tissues and account for the sporadic

occurrence of cortical malacia encountered. However if

brain swelling is solely responsible for the malacia seen

in FSE it is likely that it would be more widespread and

have a less clearly defined distribution than is the case.

It seems more probable that a specific mechanism is involved.

This could be the development of thrombi in certain

peculiarly susceptible blood vessels. Thrombi have been

found in foci of malacia in brains of mice given C.welchii

type D toxin (Morgan and Kelly, 1974) and thrombocytes

have been seen adherent to damaged blood vessels in the

brains of lambs given C.welchii type D epsilon toxin

(Gardner 1973 b). In support of the idea of specific

blockage of certain peculiarly susceptible blood vessels

it was found in the present study (chapter 4) that despite

widespread perivascular oedema and the possible constricting

effect that this might have on the vessels, perfusion of

blood vessels was good except in the foci of malacia where

it was invariably poor. Accordingly, it might be that

epsilon toxin damages brain vascular endothelium and that
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the resulting oedema may lead to malacia of superficial

tissues. However it is felt that the characteristic

distribution of malacia seen in the brainstem is more

likely to result from thrombosis of certain blood vessels.

Another important organ directly affected by epsilon

toxin is the heart where the predominant site of binding

is the luminal surface of the coronary blood vessels

(chapter 8). The toxin also causes oedema of myocardial

cells with disruption of intracellular architecture

(Gardner, 1973 b), but it is not clear whether this is a

primary or secondary response to toxin. Nicholson (1935)

studied the effect of C.welchii type D toxin on the

isolated perfused rabbit heart and concluded that the toxin

acts directly on the heart, first by constricting the

coronary arteries and second by depressing the conducting

t issues ."

Nicholson (1935) after further experiments also con¬

cluded that in the lung C.welchii type D toxin was able to

constrict bronchial smooth muscle directly. In the present

work (chapter 8) a preparation of epsilon prototoxin-toxoid

was found to bind only to the luminal surface of the

vascular endothelium of some of the larger veins. This

apparent discrepancy could arise from the fact that non-

lethal formalinised prototoxin, unlike lethal toxin, does

not cause any detectable tissue damage. As lethal toxin

damages blood vessels, more toxin might be able to leak out

and bind to other tissues to which the formalinised proto¬

toxin would not have access. This reasoning is equally
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applicable to the events that might occur in other organs.

Circulating toxin can also be taken up by the liver,

at least in mice (chapter 7), where it apparently binds

to most elements but mainly to sinusoidal walls (chapter

8). In lambs, the toxin damages sinusoidal endothelium

and causes a visible loss of glycogen from the hepato-

cytes which take on a vacuolated appearance (Gardner,

1973 b and c). It is likely that this loss of glycogen

gives rise to the increase in blood glucose seen in sheep

(Gordon, Stewart, Holman and Taylor, 1940; Gardner,

1973 a and c) and mice (chapter 11). Gardner concluded

that glycogenolysis was caused by catabolic processes

stimulated by a reduced transfer of substances between

bloodstream and parenchyma of liver brought about by toxic

damage to endothelial cells. However an alternative

hypothesis favoured by the author was advanced in chapter 10.

It is postulated that glycogenolysis is a direct effect

of epsilon toxin which binds to receptor sites on the surface

of the hepatocyte and stimulates adenyl cyclase which in

turn increases the intracellular concentration of cAMP.

A chain of enzyme reactions is triggered and glycogen is

converted to glucose (fig. 10.1).

By affecting the sinusoidal lining in the liver,

epsilon toxin is affecting the lympho-reticular system but,

at least in the case of the mouse, the sublethal doses

tested did not appear to affect phagocytosis (chapter 9,

part A). However epsilon toxin after binding to the plasma

membrane has a very significant affect on guinea pig liquid
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paraffin-induced peritoneal macrophages (chapter 9).

This finding lends support to the idea that sub-lethal

C.welchii type D intoxication predisposes to secondary

bacterial infection. It is interesting to note that

Stamp, Watt and Thomlinson (1955) described post-mortem

changes in the hearts and kidneys of lambs and hoggs dead

from acute pasteurellosis that closely resembled those

seen in cases of pulpy kidney disease. In addition,

outbreaks of pasteurellosis most commonly occurred follow¬

ing the movement of animals from permanent pasture to

aftermath and foggage in late summer, conditions which

favour multiplication of C,welchii type D (Bullen, 1970).

The organs most obviously affected in pulpy kidney

disease include the kidneys themselves. Circulating

toxin binds to them (chapter 7), and the results recorded

in chapter 8 suggest that these sites are confined to

the luminal surface of the capillaries and, presumably

following direct filtration through the glomeruli, the

luminal surfaces of the lining cells of the loop of Henle/

and distal convoluted tubules; here the toxin causes mild

degenerative changes (Gill, 1933).

In conclusion, it can be said that Clostridium welchii

type D enterotoxaemia, pulpy kidney disease and focal

symmetrical encephalomalacia are aspects of one and the

same disease resulting from the absorption of lethal

epsilon toxin. It is thought that epsilon toxin causes

widespread damage by binding to specific receptor sites on

the surfaces of certain cells. The detailed mechanisms
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of the damage remain to be elucidated. The results of

the present work indicate that an adenyl cyclase - cAMP

system, is an important mediator.
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VASCULAR LEAKAGE PRODUCED IN THE BRAINS OE
MICE BY CLOSTRIDIUM WELCH1I TYPE D TOXIN

By

K. T. Morgan, B. G. Kelly and D. Buxton
Moredun Research Institute, Edinburgh, EH17 7JH

introduction

Brain lesions may be produced in sheep and mice by the intravenous ad¬
ministration of Clostridium welchii type D toxin (Griner, 1961). Increased
vascular permeability is associated with these lesions as it has been shown that
1131-labelled serum albumin leaks from blood vessels into the brain substance
of lambs within 3 hours of toxin administration (Griner and Carlson, 1961).
Using horse-radish peroxidase (HRP) as a tracer it was found that this enzyme
can leak from brain blood vessels of mice within 1 hour of giving the toxin
(Gardner, 1974). In both the above studies it was found that the animals were
dying, or had died, of intoxication by the time extravasation of tracer was
demonstrated.

The present investigation was conducted to establish whether an MLD of
toxin would result in extravasation of HRP, and the minimal level of toxin
required to produce such leakage. An attempt has also been made to find the
minimum time interval between dosing with toxin and leakage of HRP, and
to determine the rate of leakage from damaged blood vessels.

materials and methods

This study was conducted in 3 to 5 week old Swiss-white mice using type D toxin
(LD50 = 160 to 170/rg. and MLD = 200 /xg./25 g. body weight) as described by
Morgan and Kelly (1974). The toxin was administered by the tail vein in 0-2 to
0-8 ml. of peptone water and controls received 0-8 ml. of peptone water alone. Horse¬
radish peroxidase (Sigma Type II*) was used as a vascular tracer, each mouse
receiving i.v. (in one group intracardiac) 3 to 4 mg. in 0-5 ml. of isotonic saline, at
various times after toxin administration (Table 1). Ten minutes later, or at varying
time intervals in one experiment, the mice were anaesthetized and their brains
perfused with 4 per cent, glutaraldehyde in 0-1 m phosphate buffer at pH 7-4 as
described by Morgan and Kelly (1974).

The brains were removed and cut into 2 mm. thick coronal sections, of which
alternate blocks were immersed in fresh fixative for 2 h. From these blocks 40 /xnr.
frozen sections were cut and then developed, for lOmin. at room temperature, in
saturated diamino-benzidine in 0-05 m tris-HCl buffer pH 7-6 containing 0-01 per
cent, hydrogen peroxide. The sections were mounted on glass slides, air-dried,
dehydrated through graded alcohols mounted in synthetic resinf and examined by
light microscopy. The remaining tissue was post-fixed in 10 per cent, formol saline,
processed to paraffin-wax and 6 jim. sections cut and stained with HE.

The investigation was conducted as four separate experiments, the details of
which are shown in Table 1.

* Sigma Chemical Company,
f Harleco Synthetic Resin.
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TABLE 1

EXPERIMENTAL REGIMEN

No. of mice
in group

Dose of
toxin (pg.)

Time to HRP
from dose {min.)

Time to death
from dose of
toxin {min.)

Expt. 1.
8 200 90 100
8 P 90 100

Expt. 2.
4 50 60 70
4 100 60 70
4 150 60 70
4 200 60 70
4 P 60 70

Expt. 3.
5 200 0 10
5 200 5 15
5 200 10 20
5 200 20 30
5 200 40 50
5 200 60 70
5 200 90 100
5 P 90 100

Expt. 4.
3 200 60 60*
3 200 60 62
3 200 60 65
3 200 60 70
3 200 60 75
3 200 60 90
3 200 60 150
3 P 60 150

P = peptone water control.
* HRP given intracardiacally under anaesthesia prior to perfusion.

RESULTS

Control Mice

The majority of these mice showed extravasation of HRP in the hypo¬
thalamic area and in some animals reaction product was found in the inter-
stitium of the choroid plexus. In all other areas of the brain the HRP was
confined to vascular lumina.

Will an MLD of Toxin Produce Extravasation of HRP (Expt. 1)?
In all the mice given toxin, a dark brown to black HRP reaction product

revealed extensive vascular leakage in many parts of the brain (Fig. 1). De¬
posits were present around both large and small blood vessels from which
HRP had diffused (Fig. 2). Most areas of the brain were affected, but leakage
was most extensive in the cerebral cortex and cerebellum.

Minimal Level of Toxin Required to Produce Leakage of HRP {Expt. 2)
HRP leakage was extensive in mice which received 200 and 150 pg. toxin,

minimal in those given 100 pg. and apparently absent in mice which had
50 pg.
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Minimum Time between Dosing with Toxin and Leakage of HRP (Expt. 3)
HRP extravasation was absent in the mice killed at 10 and 15 min. after

toxin administration. A reaction product was present around isolated blood
vessels at 20 min., and after 30 min. the leakage was more extensive and
severe. In the brains of mice killed at 50 min. and later the changes resembled
those described for Expt. 1.

Fig. 1. Frozen section of fore-brain of mouse from Expt. 1 toxin group to show areas of HRP reaction
product. Light micrograph. X 10.

Fig. 2. Area indicated by square in Fig. 1, to show zone of reaction product around a capillary, and
negative neuronal staining (arrows). X 112.

The Rate of HRP Leakage {Expt. 4)
No HRP leakage was apparent in mice perfused immediately after the

intracardiac administration of the tracer. At 2 min. the dark reaction product
was present in the area directly adjacent to some vessels. After 5 and 10 min.
the seepage of HRP was indicated by a distinct dark zone of approximately
circular outline around many vessels, which became more extensive at 15 min.
By 30 min. the HRP appeared to have diffused throughout the brain.

Most mice, even those with extensive leakage of HRP, appeared clinically
normal throughout. Some receiving the highest dose of toxin (200 pg.) were
inactive, but responded readily to handling prior to anaesthesia. None showed
clinical evidence of CNS disturbance, apart from inactivity, and no neuro-
pathological changes were detected in the paraffin sections.

In areas of leakage neurones were either negatively stained by the reaction
product in the surrounding ground substance (Fig. 2) or darkly stained due to
an apparent uptake of the HRP by these cells (Fig. 3). Both types occurred
within individual brains and sometimes in closely adjacent areas of well per¬
fused tissue. The neuronal uptake of HRP occurred in many areas of leakage,
but most consistently involved the Purkinje layer of the cerebellum (Fig. 3).
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Fig. 3. Cerebellar Purkinje cell layer from mouse in Expt. 1 toxin treated group, to demonstrate
staining of neurones by reaction product. X 160.

DISCUSSION

In the present experiment it was found that extravasation of HRP could be
demonstrated in mice which had received lethal or sublethal doses of toxin

although they were clinically normal. Leakage of the tracer occurred within
20 min. of i.v. administration of a lethal dose of the toxin and was present
throughout the brain. In the peptone water treated control mice, leakage of
HRP was confined to the hypothalamic area and choroid plexus, of which the
latter has been shown to contain capillaries which are pervious to this enzyme
in normal mice (Brightman, 1968). In all other areas in control animals the
reaction product was confined to vascular lumina thus demonstrating that
vascular leakage in the intoxicated mice was attributable to toxin adminis¬
tration. These findings show that the toxin acts rapidly on brain blood vessels
and supports the proposal of Griner and Carlson (1961) that the primary
effect of the toxin is upon vascular endothelium.

Many of the areas of the reaction product had a roughly circular outline, an
observation which is consistent with the hypothesis that leakage of HRP may
have been from defects in the walls of individual blood-vessels at the centre of
each of these areas. It was also found that zones of leakage take 10 to 15 min.
to form after the administration of the tracer to intoxicated mice. Thus the
rate of leakage may be limited by the size or nature of the defects in the "blood
brain barrier".

The earliest morphological evidence in mice of brain lesions detectable by
light (Gardner, 1973; Morgan and Kelly, 1974) or electron microscopy
(Morgan and Kelly, 1974), in the absence of a "tracer", is 6 h. after adminis-
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tration of the toxin. The present study therefore demonstrates that vascular
leakage may occur several hours before the development of these brain lesions.

It was stated by Gardner (1973) that the primary morphological change in
immersion-fixed mouse brain following the administration of type D toxin
was severe endothelial damage. Morgan and Kelly (1974), using perfusion
fixation, reported the primary morphological changes as periaxonal and
intramyelinic oedema in the white-matter of the cerebellar corpus medullare,
and swelling of axon terminals and dendrites in the grey-matter adjacent to the
lateral ventricles, whilst endothelial degeneration was a feature of older lesions.
The conflict between these results may be attributable to the method of
fixation used, the batch of toxin or other factors which have yet to be estab¬
lished.

Gardner (1974) stated that this toxin "acts directly and almost speci¬
fically on the vascular endothelium when administered intravenously". The
evidence for this statement is obscure. The present study has demonstrated
that vascular breakdown occurs within 20 min. of toxin administration, but
the mechanism of action of this toxin, and whether it acts directly or indirectly
upon the endothelium, remains unknown.

The uptake of HRP by neurones in many of the mice used in the present
study is an interesting, but not unique finding. Neuronal uptake of HRP has
been reported as occurring in the brains of normal rabbits following intra¬
ventricular administration of HRP (Turner and Harris, 1974). These workers
attributed this to poor fixation, whilst it was concluded by them that in well-
fixed material the neurones are negatively stained by a reaction product in the
surrounding ground substance. However, in the present study neuronal uptake
of HRP occurred in well perfused tissue, often adjacent to areas of negatively
stained neurones. Further work is, therefore, required to establish whether
this change was due to fixation or the result of a direct or indirect action of
the toxin upon neurones.

summary

Intravenously administered horse-radish peroxidase was found to leak from
the brain vasculature of clinically normal mice which had received lethal or,
sub-lethal doses of Clostridium welchii type D toxin. Leakage of horse-radish
peroxidase occurred within 20 minutes of toxin administration and was present
throughout the brain. This finding supports the hypothesis that the primary
lesion of this intoxication is vascular.
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introduction

Brain lesions may be induced in mice by the intravenous administration of
CI. welchii (CI. perfringens) type D toxin (Griner, 1961; Gardner, 1973; Morgan
and Kelly, 1974). It has been shown that these lesions are preceded by increased
vascular permeability by using horseradish peroxidase (HRP) as a tracer of
vascular integrity (Morgan, Kelly and Buxton, 1975). Mice may be protected
from the effect of lethal doses of this toxin by the prior administration of
"formalinized toxoid" of epsilon toxin (Worthington, Mulders and Van
Rensburg, 1973).

In the present investigation formalinized epsilon prototoxin (FSP) has been
tested for its ability to prevent extravasation of HRP in mice which have
received epsilon toxin (s-toxin) in an attempt to understand further the mode
of action of s-toxin.

MATERIALS AND METHODS

The study was conducted in 4-week-old, male Porton/ADR mice. CI. welchii type D
epsilon prototoxin was supplied by Wellcome Research Laboratories. No lecithinase
activity was detected in this preparation by using 10-per cent, egg yolk suspension
(Cruickshank, 1969).

Preparation and storage of toxin. Prototoxin was dissolved in isotonic saline, pH 7-4, at
a concentration of 100 pg./ml. and stored at —80 °C. This solution was activated
as required by the addition of trypsin (2-5 mg./ml.), followed by incubation for 45
min. in a waterbath at 37 °C. The resultant toxin further diluted with isotonic saline
had an LD50 of 0-35 pg. in mice and was used in experiments 1 and 2, but was found
to lose its toxicity rapidly on storage. Consequently 1 per cent, peptone water, pH 7-6,
was substituted for saline in the above procedure and gave a much more stable toxin
which had an LD50 of 0-08 pg. in mice and retained this level of activity for 30 h. at
4 °C. This latter preparation was used in experiments 3 and 4.

Preparation offormalinized prototoxin (FSP). Prototoxin from the same batch as that
used above, was dissolved in isotonic saline at a concentration of 1 mg./ml., formalin
(40 per cent, formaldehyde) was added to give a final concentration of 0-3 per cent,
and the mixture was then incubated for 7 days at 37 °C. The resultant preparation
retained its protective activity for at least 12 weeks at 4 °C.

Demonstration of leakage ofHRP. Toxin was administered i.v. and 40 min. later 3 mg.
of HRP (Sigma Type II*) in 0-5 ml. phosphate-buffered saline, pH 7-4, was given by

* Sigma Chemical Company, St. Louis.
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the same route. After a further 20 min. the mice were anaesthetized and the brains
perfused with 4 per cent, glutaraldehyde in 01 m phosphate buffer pH 7-4 (Morgan
and Kelly, 1974). A coronal section 2 mm. thick was cut from the mid-cerebrum and
immersed in fresh fixative for 2 h. Frozen sections, 40 pm. thick, were then cut from
this block at the level of the thalamus (see Figs 1 and 2). The sections were rinsed
briefly in two changes of distilled water, developed for 10 min. at room temperature
in a standard solution of 3-3' diaminobenzidine in 0 05 m tris-FICl buffer, pH7-6,
containing 0 01 per cent, hydrogen peroxide. The sections were then rinsed in two
changes of distilled water, floated onto glass slides, air-dried, dehydrated through
graded alcohols and mounted in synthetic resin* and examined by light microscopy.

The investigation was conducted as 4 separate experiments, details of which are
shown in Tables 1, 2 and 3.

results

Distribution of HRP Leakage in Unintoxicated and Intoxicated Mice
Mice recorded as having no leakage of HRP often showed mild deposits of

a reaction product in the hypothalamic region and in the interstitium of the
choroid plexus while in all other areas it was confined to the vascular lumen.
In mice recorded as having positive leakage of HRP the reaction product was
either focal, around blood vessels of the cerebral cortex or brainstem, or diffuse
throughout the cerebral cortex and brainstem, but sparing the hippocampus.

Effect of Injecting FSP Prior to the Injection of Toxin (Expt. 1)
A group of 5 mice received 100 pg. of FSP i.v. 10 min. prior to the inoculation

of 0-5 pg. of toxin while another group of 5 mice received 0-5 pg. of toxin alone.
Mice receiving FSP prior to the injection of toxin showed no leakage of HRP

Fig. 1. Frozen section offorebrain of mouse from Expt. 1, having received FSP prior to administration
of s-toxin, showing no extravascular HRP. x 10. (Photographed with defocused light to improve
contrast.)

* Harleco Synthetic Resin, Philadelphia, U.S.A.
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(Fig. 1) while those receiving toxin alone showed severe leakage in the form
of heavy diffuse deposits of HRP (Fig. 2).

Duration of Protection Produced by FSP (Expt. 2)
Groups of 3 mice received 100 pg. FSP at 3, 10, 30, 100 and 750 min. prior

to the administration of 0-5 pg. toxin, with unprotected and unintoxicated
controls (Table 1). The protection demonstrated in Expt. 1 was present from
3 min. until fully 100 min. after the injection of FSP with some residual pro¬
tection present after 750 min.

TABLE 1

DURATION OF PROTECTION PRODUCED BY FSP (EXPT. 2)

Number of Dose of FSP Time to dose of toxin Dose of toxin Degree of leakage
mice (v-g-) (min) (V-g-) of HRP

3 100 3 0-5
3 f/s-1 3 0-5 + + +
3 100 3 T/S —

3 100 10 0-5
3 f/s-1 10 0-5 + + +
3 100 10 T/S —

3 f/s-1 10 T/S —

3 100 30 0-5
3 f/s-I 30 0-5 + + +
3 100 30 T/S —

3 f/s-1 30 T/S —

3 100 100 0-5
3 f/s-1 100 0-5 + + +
3 100 100 T/S —

3 f/s-1 100 T/S —

3 100 750 0-5 + +
3 f/s-1 750 0-5 + + +

f/s-1 0-1 ml. of 0-3 per cent, formol-saline.
T/S 0-5 ml. of isotonic saline plus 0-25 per cent, trypsin.
— No abnormal extravasation of HRP.
+ 4- Mild diffuse deposits of extravascular HRP reaction product.
+ + + Heavy diffuse deposits of extravascular HRP reaction product.

Effect on Protection of Varying the Ratio ofFSP to Toxin (Expt. 3)
Groups of 5 mice received FSP 10 min. prior to toxin, at the levels shown

in Table 2, and were examined together with unprotected and unintoxicated
control mice for FIRP leakage. The effect of varying the ratio of FSP to toxin
was as follows: 100 pg. of FSP protected mice against 0-3 pg. of toxin, only
slightly against 0-9 pg. and failed to protect mice against 2-7 pg. When the
above figures were increased by a factor of 3 the same pattern was obtained.
FSP (300 pg.) protected mice against 0-9 pg. of toxin, only slightly against 2-7
pg. and failed to protect mice against 8-1 pg.
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Fig. 2. Frozen section of forebrain of mouse from Expt. 1, having received s-toxin alone, showing
heavy diffuse deposits of extravascular reaction product. Note virtual absence of reaction
product in hippocampus. X 10.

table 2

effect on protection of varying the ratio of fsp to toxin (expt. 3)

Number of Dose of FSP Dose of toxin Degree of leakage
Mice iy.g.) {\J-g-) of HRP

5 100 0-3
5 100 0-9 +
5 100 2-7 + + +

5 300 0-9
5 300 2-7 +
5 300 8-1 + + +

3 300 T/P —

4 f/s-3 0-3 + + +
3 f/s-3 T/P

f/s-3 0-3 ml. of 0-3 per cent, formol-saline.
T/P 0*9 ml. of 1 per cent, peptone plus 0-25 per cent, trypsin.
+ Few mild focal deposits of HRP reaction product around isolated blood vessels.

See also footnotes to Table 1.

Comparison of Effect of Trypsin on FSP and Prototoxin {Expt. 4)
Groups of 3 mice received either 300 pg. of trypsinized FSP, 0-1 fj.g. of trypsin-

ized prototoxin, 0-3 per cent, formol saline or trypsinized 1 per cent, peptone
water 40 min. prior to the inoculation of HRP (Table 3). Leakage produced
by 0-1 pg. of trypsinized prototoxin (toxin) was greater than the leakage
produced by 300/rg. of trypsinized FSP.
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TABLE 3

COMPARISON OF EFFECT OF TRYPSIN ON FSP AND PROTOTOXIN (EXPT. 4)

Number of
mice

Treatment Degree of leakage
of HRP

3 300 y.g trypsin treated FSP in 0-3 ml. + +

3 0*1 p.g. trypsin treated epsilon proto-
toxin in 0-1 ml. of 1 per cent, peptone
water

_j i i_

3 0-3 ml. of 0-3 per cent, formol saline -

3 0-3 ml. of trypsin treated 1 per cent,
peptone water

—

See footnotes to Table 1.

discussion

The present study confirms the findings of Morgan et al.r (1975) that in
normal mice leakage of HRP only occurs in the hypothalamic area and the
interstitium of the choroid plexus, but that in mice intoxicated with CI. welchii
Type D epsilon toxin, extravasation of HRP is widespread.

The brain lesions occurring in mice as a result of administration of e-toxin
are focal and tend to occur in specific sites (Griner, 1961; Morgan and Kelly,
1974), but the vascular leakage, which precedes the development of morpho¬
logical changes, observed in this study, occurred diffusely throughout the
cerebral cortex and brainstem, and affected both large and small vessels.
This suggests that most blood vessels, with the possible exception of some of
those in the hippocampus, are susceptible to toxin and thus there may be
regions of brain showing differential susceptibility to the necrotizing effect of
e-toxin.

The mechanism by which e-toxin causes vascular damage is unknown.
What is known is that the toxin acts very rapidly and in very small doses
to produce a vascular defect in the brains of mice. This suggests that its effect
is expressed through specific receptor sites on the vascular endothelium. In
the present study it was shown that the s-toxin induced leakage of HRP could
be prevented by pretreatment with non-toxic doses of FSP, although the
protection afforded was relatively short lived. While FSP is antigenically
similar to e-toxin (Smith and Matsuoka, 1954) it appears to be relatively non
toxic and therefore a tenable working hypothesis is that inhibition is produced
because FSP is sufficiently similar to s-toxin to enable it to bind to the proposed
toxin receptor sites, thus preventing the toxin from exerting its effect. The
finding that the inhibition produced is dependent upon the ratio of FSP to
toxin rather than on the level of FSP alone suggests that FSP may be com¬
peting with toxin for the same receptor sites.
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SUMMARY

Intravenously administered horseradish peroxidase was shown to leak from
the brain vasculature of mice which had received lethal doses of Clostridium
welchii (CI. perfringens) Type D e-toxin. This leakage was prevented by the
prior administration of formalinized s-prototoxin, but the inhibition was
relatively short lived. It is suggested that e-toxin may exert its effeot through
specific receptor sites on the vascular endothelium. Antigenically similar
formalinized s-prototoxin blocks this effect.
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STUDIES OF LESIONS PRODUCED IN THE BRAINS OF
COLOSTRUM DEPRIVED LAMBS BY CLOSTRIDIUM

WELCHII (CL. PERFRINGENS) TYPE D TOXIN
By

D. Buxton and K. T. Morgan

Moredun Research Institute, 408 Gilmerton Road, Edinburgh EH17 7JH

introduction

Brain lesions, resembling those of natural Focal Symmetrical Encephalomalacia
(FSE), have been produced in lambs by the administration of Clostridium welchii
(CI. perfringens) Type D toxin (Griner, 1961; Gardner, 1973). Griner (1961)
used conventionally reared lambs with low antibody titres to type D toxin
and examined the lesions by light microscopy. Gardner (1973) described the
encephalopathy at the ultrastructural level, using immersion fixed material,
in lambs ofunspecified antibody status, after administering an undefined amount
of toxin, in divided doses or by slow intravenous infusion. Both these workers
reported considerable variation in the rate and nature of the response to
intoxication. The present investigation was designed to induce a consistent
response to the toxin, and to study the brain lesions at the ultrastructural level
in perfusion fixed material.

It has been reported that the brain lesions induced by type D toxin in mice
are preceded by vascular leakage which may be demonstrated by the use of
horseradish peroxidase (HRP) as a vascular tracer (Morgan, Kelly and
Buxton, 1975). In the present study, vascular integrity in the brains of intoxi¬
cated lambs was examined with HRP.

MATERIALS AND METHODS

In an attempt to produce a consistent response to intoxication, colostrum deprived
lambs were used to avoid neutralization of toxin by maternally derived antibodies.
As such lambs are more susceptible to infection, attempts were made to minimize
infection by the precautions described for each experiment.

Preparation of toxin. CI. welchii type D "epsilon prototoxin"* was dissolved in isotonic
saline or 1 per cent, peptone water pH 7-6 as indicated to give a concentration of
100 (rg./ml. Trypsin was then added at the rate of 0-25 per cent, (w/v), and the
solution activated by incubation in a water-bath at 37 °C. for 45 min. This toxin
preparation was further diluted in saline or peptone water prior to use.

In addition to the epsilon component, CI. welchii Type D produces alpha toxin
which is a lecithinase (MacLennan, 1962) and is known to induce increased capillary
permeability in experimental animals (Elder and Miles, 1957). The toxin prepara¬
tions used in this study were therefore examined for lecithinase activity by the tube
test described by Cruickshank (1969).

Effect of toxin on brain morphology (Expt. 1). Experimental animals and system of rearing.
* Wellcome Research Laboratories, Beckenham, Kent.
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Nine Finnish Landrace lambs were reared in a warm (ambient temp. 20 °C.), dry
loose box with positive pressure ventilation with sterile air (by filtration) on a sterile
ad lib diet of "Carnation milk"f diluted 1:1 with water. Seven of these lambs
were colostrum deprived and were used for toxin administration, whilst 2 lambs
which had received colostrum were used as controls for morphological studies.
The toxin used for this experiment was prepared in saline, and had an LD50 of
0-5 pg. for 4 week old male Porton /ADR mice.

The experiment was carried out when the lambs were 6 to 8 days old, at which
time they appeared healthy. Details of their sex, weight, age, and time of kill are
presented in Table 1.

Toxin treated lambs. Toxin was administered intravenously at the rate of 8 |ig./kg.
bodyweight, and resulted in the lambs becoming recumbent within 2 to 9 h., when
they were treated as follows. Each lamb was anaesthetized with sodium pento¬
barbitone, placed on its back and the thoracic wall reflected. The right auricle was
incised and a 2 mm.-diameter cannula inserted in the apex of the left ventricle.
Three litres of perfusate (3 per cent, glutaraldehyde in 0-1 m Sorensen phosphate
buffer, pH 7-4), was run into the left ventricle via the cannula from a reservoir 60 cm.
above the heart. The brain was then removed and 1 mm.3-blocks were taken from
the cerebral cortex, corpus striatum, thalamus, midbrain, cerebellar white-matter
and cerebellar cortex. These blocks were placed in fresh perfusate for 4 days, rinsed
in phosphate buffer, post-fixed in 1 per cent, osmium tetroxide and dehydrated and
embedded in araldite. One (im.-thick sections were stained with lead citrate and
uranyl acetate, and examined and photographed in a Siemens Elmiskop 51 electron-
microscope. The remaining brain material was immersion fixed in 10 per cent,
formol-saline for 4 weeks and embedded in paraffin wax. Sections 6 pm.-thick were
stained with HE., periodic acid-Schiff (PAS), ninhydrin-Schiff and Martius Scarlet
Blue (MSB) methods.

Control lambs. The 2 control lambs were treated in a similar manner to the intoxi¬
cated lambs in the preparation of materials for light and electron-microscopy.

Demonstration of toxin-induced leakage of HRP fExpt. 2). Experimental animals and system
of rearing. Five Blackface lambs were obtained by hysterectomy, reared in positive
pressure plastic isolators (ambient temp. 20 °C.), and fed a sterile diet of one part
"Carnation milk" and one part sterile distilled water. Four of these lambs were
given toxin while the fifth lamb and a conventionally reared Cheviot lamb were
used as controls. The toxin for this experiment was prepared in 1 per cent, peptone
water, and had an LD50 of 0 08 pg. for 4 week old male Porton/ADR mice.

The experiment was carried out when the lambs were 2 to 4 days old, and appeared
healthy.

Toxin treated lambs. Toxin was administered intravenously in solution (20 pg./ml.)
to each lamb at the rate of 15 pg./kg. bodyweight, followed 35 min. later by an
intravenous injection of HRP (Sigma Type II*) dissolved in isotonic saline (50
mg./ml.) and administered at the rate of 150 mg./kg. bodyweight. After a further
15 min. each lamb received intravenous heparin (01 per cent, solution in saline, w/v)
at the rate of 1 ml./kg., and was then anaesthetized and the body perfused with
fixative as described for Expt. 1. Subsequent to perfusion the brain was removed
and blocks (1 cm.2 X 3 mm.) cut from the following sites for light and electron
microscopy: corpus striatum, thalamus, frontal and occipital cerebral cortex, choroid
plexus ot lateral ventricles, tegmentum of midbrain, corpus medullare of cerebellum,
cerebellar vermis, pons and medulla. This material was immersed in fresh perfusate
for 2 h. and then treated as follows for the demonstration of HRP.

Frozen sections. Forty pm.-thick frozen sections were cut, rinsed in 3 changes of
distilled water, developed for 10 min. at room temperature in saturated 3-3' diamino-
benzidine (DAB) in 0 05 m Tris-HCl buffer pH 7-6, containing 0 01 per cent,
hydrogen peroxide (100 vol.). The sections were then rinsed in distilled water,

t Carnation Foods Company Ltd., London.
* Sigma Chemical Company, St. Louis, U.S.A.
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mounted on glass slides, air-dried, dehydrated through graded alcohols and mounted
in synthetic resinf and examined by light microscopy.

Araldite sections. Using a Mclhvain Tissue Chopper^ blocks 1 mm.2 X 0-1 mm. were
cut and then rinsed 2xl0min. in Krebs Ringer phosphate buffer, developed in
fresh saturated DAB+H202 for 10 min., rinsed twice in Krebs Ringer buffer, fixed
for 2 h. in 3 per cent, glutaraldehyde in phosphate buffer, 01 m pH 7-4, rinsed in
phosphate buffer over-night and processed through to araldite. One pm.-thick sections
were examined by light microscopy, and ultrathin sections were stained with lead-
citrate and uranyl acetate and examined by electron-microscopy.

The remaining brain material was fixed by immersion in 10 per cent, formol-saline
for 4 weeks, embedded in paraffin wax, and 6 pm.-thick sections stained with HE.
for light microscopic examination.

Control lambs. The 2 controls received 1 per cent, peptone water pH 7-6, containing
trypsin (0-25 per cent.) which had been incubated in a water-bath at 37 °C. for
45 min., in place of the toxin preparation. Otherwise they were treated in the same
manner as intoxicated lambs described above.

results

Up until intoxication all the lambs remained clinically normal and thus
the systems of rearing and diet were considered adequate. No lecithinase
activity was detected in the toxin preparations.

Effect of Toxin on Brain Morphology (Expt. 1)
Intoxicated Lambs

Clinical findings. Within 1-5 to 8 h. following toxin administration the lambs
became listless and developed symptoms of neurological disturbance. These
included hyperaesthesia, ataxia progressing to recumbency, opisthotonus,
intermittent convulsions with or without nystagmus and stertorus respiration
between the convulsions.

TABLE 1

DETAILS OF LAMBS IN EXPT. 1

Number of
lamb Sex Weight

(kg•)
Age

[days)

Time of kill
post inoculation

(h.)

la M 3-5 8 2-5
lb M 3'5 7 2-75
lc M 3-5 6 4-75
Id F 3-0 7 5-25
le F 3-5 8 7-5
If M 3-5 8 8-0
ig M 3-5 8 8-75

Pathological findings. All 7 lambs, killed at the times shown in Table 1, were
found to have an excess of pale yellow fluid in the peritoneal and pericardial
sacs, and turgid, friable livers. The brains of 5 lambs (Table 2) showed

f Harleco Synthetic Resin, Philadelphia, U.S.A.
X Mickle Laboratory Engineering Company, Surrey.
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macroscopic evidence of swelling including flattening of cerebro-cortical gyri,
tentorial herniation of the occipital poles of the cerebrum and cerebellar
coning, and these changes became progressively more severe with time after
toxin administration.

TABLE 2

DETAILS OF PATHOLOGICAL CHANGES OBSERVED I!V LAMBS 11N EXPT. 1

Lamb number 1 a lb 1 c Id le i/

Macroscopic brain swelling - - + + + -f _L

Microscopic vascular changes:
Astrocyte swelling + + + + JL +
Perivascular oedema—PAS ve — I I + + +
Perivascular oedema—staining red — — I I + + +

with MSB
Perivascular haemorrhages — I — — 4- + +
Oedema of choroid plexus — — + — + + +

Distribution of malacic foci:
Corpus striatum — + + + — — +
Thalamus — — — + + — +
Mid-brain — + + + + + —

Cerebellar peduncles — — — — — — —

Cerebral cortex — — T
— — — —

Cerebellar cortex — — — — — — —

Pons/medulla — — — — —

I = few isolated vessels only.

Light microscopic examination revealed a range of changes including spaces
around blood vessels, malacic foci, extravasation of plasma proteins and
haemorrhages, the distribution of which are summarized in Table 2. Peri¬
vascular spaces occurred throughout the brain in all the intoxicated lambs,
appearing as translucent areas around many blood vessels (Fig. 1). Malacic
foci were observed in the lambs killed after 2-75 h. They were characterized
by microcavitation and pallor of the ground substance and degeneration o",
the majority of parenchymal elements. The foci were sharply demarcated
from adjacent normal tissue by a zone of increased eosinophilia and were often
unperfused by fixative in spite ofgood perfusion ofvessels i n the adjacen t tissue.

Evidence of vascular leakage included perivascular 'lakes' of PAS-positive
material (Fig. 2), which was considered to be precipitated plasma protein as
it was also ninhydrin-Schiff positive, diastase resistant and in electron-
micrographs resembled material in poorly perfused vessels. In some cases the
material around blood vessels also stained red with MSB, indicating the pres¬
ence of fibrin (Fig. 3, Table 2). Small circumscribed haemorrhages were also
observed in lambs le, If and lg and to a lesser extent in lamb lb. Oedema of
the choroid plexus occurred in lambs lc, le, If and lg (Fig. 3).

Ultrastructural examination of affected vessels showed that the perivascular
oedema was due to swollen astrocyte end-feet which in turn surrounded "dark"
endothelial cells. The latter showed increased electron density, irregularities
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of the luminal surface, nuclear pyknosis and loss of cytoplasmic detail (Fig. 4).
In the first 2 lambs killed, in which perivascular spaces were the principal
change observed, dark endothelial cells only occurred in vessels surrounded

Fig. 1. Translucent perivascular spaces in midbrain of lamb lb. Giemsa X 500.

Fig. 2. Perivascular PAS positive material in cerebellum oflamb le. PAS X 500.



Fig. 3. Oedema of the choroid plexus of lamb le showing deposits of fibrin in the interstitium (arrow).
MSB x 100.

Fig. 4. "Dark" endothelial cells surrounded by swollen astrocyte end feet (arrow heads) in corpus
striatum of lamb lb. A = Swollen astrocyte nucleus. L = Lumen of blood vessel. EM X4200.
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by such spaces, whilst adjacent vessels were apparently unaffected in both
respects.

A consistent change found in these lambs was swelling of Fananas glia
(Fig. 5) in the cerebellar Purkinje layer, with a variable degree of Purkinje
cell damage including coagulative necrosis and shrinkage.

Fig. 5. Swollen Fananas glia in Purkinje cell layer of lamb If. P = Purkinje cell. G = distended
cytoplasm of Fananas cell. F = Swollen Fananas cell nucleus. EM x 6300.

Control Lambs

The 2 control lambs were clinically normal and showed none of the above
changes, having normal brain morphology.

Demonstration of Toxin-Induced Leakage of HRP (Expt. 2)
The results from experiment 1 suggested that vascular breakdown may

be an early feature of the intoxication. Thus HRP was used in Expt. 2 to
establish whether vascular leakage precedes the changes described above.
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Fig. 6. Brown HRP reaction product in wall of blood vessel in corpus striatum oflamb 2a. 40 (j.m. frozen
section X 500.

Fig. 7. Focal leakage of HRP (arrows) in large blood vessel cut obliquely in thalamus of lamb 2a.
40 p.m. frozen section X 400.



Clostridium welchii type d toxin lesions 443

Intoxicated Lambs

Clinical findings. These lambs showed a more consistent and rapid response
to toxin administration than was observed in Expt. 1. The lambs became rapidly
ataxic and then recumbent within 45 min. of intoxication.

Fig. 8. Blood vessel in corpus striatum of lamb 2a showing swollen astrocyte end feet (a), "dark"
endothelial cells (E), and intercellular HRP reaction product (HRP). EM X 10 500.

Pathological findings. The only macroscopic change observed was very severe
exudation of fluid into the pericardium.

Light microscopy revealed swelling of perivascular astrocyte end-feet
throughout the brain but there was no evidence of extravasatecl serum proteins,
vascular haemorrhages or of malacia.

Leakage of HRP, as seen in frozen sections, occurred from large and small
blood vessels in all areas of brain examined. Its presence was denoted by a
brown coloured deposit in the vessel walls (Pig. 6) and, less commonly, in the
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surrounding neuropil as well (Table 3), in which case neuronal uptake of
HRP was often present. In certain large blood vessels cut obliquely the leakage
was focal (Fig. 7).

Fig. 9. Wall of blood vessel in corpus striatum oflamb 2a showing swollen astrocyte end foot (A) and
"dark" endothelial cells. Note HRP reaction product lying in the intercellular spaces (HRP),
in pinocytic vesicles (P) and in cleft between adjacent endothelial cells (C). EM X 26 250.

Leakage of HRP in araldite sections resembled that in frozen sections and
was always associated with swollen astrocyte end-feet.

By electron microscopy affected vessels either showed "dark" endothelial
cells alone or "dark" endothelial cells, leakage of HRP and swelling of astrocyte
end-feet (Figs 8 and 9). The reaction product always lay between the endo¬
thelial cells and the astrocyte foot processes and was sometimes seen to penetrate
the cleft between the former cells (Fig. 9). A small number of pinocytic vesicles
containing HRP reaction product were observed in the cytoplasm of vascular
endothelial cells. They were small and present in the contraluminal side of the
cell and closely related to intercellular deposits of HRP (Figs 8 and 9).
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TABLE 3

DETAILS OF LEAKAGE OF HORSERADISH PEROXIDASE IN LAMBS IN EXPT. 2
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Lamb number 2 a 2b 2c 2d 2e
(control)

2f
(control)

Frontal cortex + LN l +
Corpus striatum + + + + — —

Thalamus + + L -t L + L — —

Occipital cortex + L + + + — —

Tegmentum + L + + L + L — —

Corpus medullare cerebellum + LN + 4- L + — —

Vermis + LN + + LN + LN — I
Pons + + + LN + LN + * _L *

Medulla ~b L + L + LN +LN + * + *
Choroid plexus NEx + + ~r

— No leakage of HRP.
I Isolated vessels showing leakage.
+ Widespread leakage of HRP.
L Vessels showing HRP in surrounding neuropil.
N Neuronal staining by HRP.
NExNot examined.
* Leakage of HRP in area postrema only.

Control Lambs

No abnormal morphological changes were observed in any of the tissues
examined. Extravasation of HRP was observed only in the area postrema and
in the interstitium of the choroid plexus. Elsewhere any tracer observed re¬
mained in the vascular lumen.

discussion

Colostrum deprived lambs gave a fairly consistent response to a single
intravenous injection of CI. welchii (CI. perfringens) Type D toxin which was
probably attributable to the absence of maternally derived antibody to the
toxin.

The lesions produced in the present study resembled those seen in lambs
with focal symmetrical encephalomalacia (FSE) (Hartley, 1956). This con¬
dition which is associated with CI. welchii Type D intoxication is characterized
by bilaterally symmetrical foci of necrosis in the corpus striatum, thalamic
area, midbrain and cerebellar peduncles, together with extensive capillary
haemorrhages.

Griner (1961) produced brain lesions in lambs which had received CI. welchii
Type D toxin, similar to those seen in naturally occurring cases of FSE,
although no capillary haemorrhages were seen. Gardner (1973) repeated this
work and described the changes seen by light and electron microscopy. They
consisted of severe vascular endothelial damage with swelling of perivascular
astrocyte end-feet, but no mention was made of the presence of malacic changes
or capillary haemorrhages. In the present study both these last two changes
were seen, and in addition choroidal oedema was also observed.
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The use of HRP (molecular weight approx. 40 000) in Expt. 2 allowed the
detection of a breakdown of vascular integrity in the brains of lambs only
50 min. after the administration of the toxin.

Theoretically, the most likely ways that the enzyme could have leaked out
include, direct penetration of HRP through severely disrupted endothelial
cells, active transport of HRP across cells and leakage of HRP between cells.
There was however no evidence of severe disruption of the vascular endothelium
and the pinocytic vesicles observed were too few to account for the quantity
of HRP present in the intercellular "spaces", bearing in mind that pinocytosis
is generally considered to be a slow process (Brightman, Klatzo, Olsson and
Reese, 1970). The most attractive possibility therefore is that the HRP leaks
out from the vascular lumen between the endothelial cells. However, direct
continuity between the intercellular HRP deposits and the vascular lumen
was not demonstrated.

The leakage in the control lambs was similar to that seen in normal mice
(Brightman et al., 1970) and was confined to the choroid plexus and the area
postrema, indicating that sheep, in common with mice would appear to have
fenestrated capillaries at these sites. In addition the occurrence of choroidal
oedema in experiment one would suggest that the toxin was also capable of
affecting the permeability of fenestrated capillaries.

The development of the vascular lesion induced by CI. welchii Type D toxin
might be interpreted as follows. The activated toxin reacts with specific
receptor sites (Buxton, 1976), causing vascular endothelial cells to degenerate.
As a result the tight junctions lying in the intercellular clefts become patent,
as indicated by the HRP leakage, causing an alteration in fluid dynamics
which in turn causes the astrocyte end-feet to swell. As the degenerative changes
progress, serum proteins and eventually red blood cells leak out; the astrocyte
end-feet become severely distended and rupture and the resultant brain oedema
produces the clinical nervous signs seen in cases of acute intoxication.

SUMMARY

Colostrum deprived lambs were intoxicated with Clostridium welchii {CI.
perfringens) Type D toxin and the changes in the central nervous system were
examined by light and electron microscopy. Horseradish peroxidase was
employed as a vascular tracer.

The toxin caused degenerative changes in the vascular endothelial cells.
It is suggested that as a result the tight junctions between these cells broke down
and the resultant loss in vascular integrity caused surrounding astrocyte end-feet
to swell and eventually rupture, which in turn allowed brain oedema to develop.

The lesions observed closely resembled those seen in natural cases of focal
symmetrical encephalomalacia.
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APPENDIX 4

Proceedings of the fifty-first meeting of the British

Neuropathological Society, 15 - 17 July, 1976.

In "Neuropathology and Applied Neurobiology" (1976) 2, 4014.

Studies into the site of action of Clostridium welchii

(perfringens) type D epsilon toxin in the brains of mice.

Buxton, D. (introduced) (Moredun Institute, Edinburgh, EH17 7JH).

C.welchii (perfringens) type D produces non-lethal

epsilon prototoxin which is converted to lethal toxin by

the action of trypsin. Epsilon toxin causes a breakdown

of the "blood-brain barrier" in mice allowing the extra¬

vasation of the vascular tracer, horseradish peroxidase

(Morgan et al. (1975) Journal of Comparative Pathology,

85, 461). It has been shown that this leakage can be prevented

by the prior administration of formalinised epsilon prototoxin

and that the inhibition produced is competitive. Immuno-

peroxidase studies demonstrate that formalinised epsilon

prototoxin binds to the luminal surface of blood vessels

in the brain. It is suggested that the toxin exerts its

effect directly through specific receptor sites on the

vascular endothelium.
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USE OF FITC-DEXTRAN IN THE DETECTION OF EPSILQN TOXIN.

The present methods of diagnosing C.welchii type D

enterotoxaemia depend upon a knowledge of the history of

management in the affected flock with regard to vaccination

policy, pasture management and disease incidence as well

as post mortem examination of affected animals, demonstration

of glucose in the urine (Gordon, Stewart, Holman and Taylor,

1940), the demonstration of lethal toxin in the intestinal

contents and the histopathological examination of brain.

While all these methods play a useful part in diagnosis,

taken in isolation the demonstration of high levels of toxin

in the gut contents and the presence of characteristic

neuropathological lesions are probably the most specific

indicators of this enterotoxaemia.

Histopathological examination of brain can be very

accurate but it is time consuming, expensive and requires

experienced interpretation. Demonstration of toxins by

mouse protection tests require a stock of live mice and,

although the method appears sensitive and accurate it

obviously cannot detect toxin at sublethal levels.

Instead of mouse lethality it was decided to measure

vascular permeability caused by the toxin as it has been

shown that sublethal doses can cause vascular leakage in

the brains of mice (Morgan, Kelly and Buxton, 1975,

appendix 1).

The test system devised was to inject dextrans of

known molecular weight conjugated with fluorescein
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isothiocyanate (FITC) intravenously into intoxicated and

normal mice, remove their brains after a standard time,

and examine either a cut surface of brain or an homogenate

of the brain under an appropriate light source to see if

there was a detectable difference in the degree of fluo¬

rescence between the two groups.

This system obviates the necessity to cut frozen

sections and only requires a relatively inexpensive light

source. While it still relies on a stock of mice and the

ability to carry out intravenous injections, it was considered

that the possibility of measuring sublethal doses of toxin

would make it worthwhile.

Three dextrans of molecular weights 10,000, 40,000

and 150,000 were each labelled with FITC after the method

of de Belder and Granath (1973). One gram of dextran

(Pharmacia-Upsala) was dissolved in 10 ml demethylsulphoxide

containing a few drops of pyridine. The FITC (0*lg) was

then added followed by 19-05y^l of dibutyltin dilaurate.
The mixture was heated for 2 h in a waterbath at 95°C.

It was then cooled under a stream of cold water and ethanol

was slowly added, while keeping the mixture agitated, until

the contents coagulated. It was then centrifuged for

20 min. the supernate was discarded and more dimethyl-

sulphoxide and pyridine added. The precipitate was

redissolved with gentle warming, alcohol added as before

and the new precipitate separated by centrifugation. The

process was repeated at least twice until the supernate

was colourless. The precipitate was then dried under
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vacuum at 75°C and the resultant powder stored dessicated

at -20°C.

In the first experiment FITC conjugated with dextran

of molecular weight 40,000 was used as its molecular weight

was similar to that of HRP. Four pairs of mice received,

intravenously, doses of toxin (LD^-q of 0-2^g) in peptone
water and a fifth pair received a similar volume of

diluent by the same route (table 1). After 1 h each mouse

was given, intravenously, 12 mg of FITC-dextran as a 5 per

cent solution in 0-85 per cent saline. One hour later

the mice were killed by decapitation, the brains were

removed and homogenised separately, each with 4 ml of

distilled water. The homogenates were centrifuged and

0-3 ml of each of the supernates was placed in a microtitre

well. White light was £)assed through each sample and the

intensity of transmitted light, of wavelength 520^_.m, was
recorded with a Reichert microphotometer. The results

are shown in the table. The homogenates from the mice

which were dosed, either with 0-2y^g or 0-3y^g of toxin
showed slightly greater fluorescence than the others, which

showed similar levels of fluorescence as the controls.

The experiment was repeated and instead of homogenising

the brains they were fixed overnight in 10 per cent formol

saline. Frozen sections, 40y.Am thick, were cut and examined
with a microscope fitted with a white light source.

Perivascular leakage was apparent as a zone of apple green

fluorescence only around a number of vessels in the mice

which received lethal doses of toxin but it was not as

extensive as had been expected.
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This latter experiment was repeated using FITC con¬

jugated with dextran of molecular weight 10,000 in an

attempt to increase the amount of leakage by using a

smaller molecule.

No significant fluorescence was detected in or around

any of the vessels in any of the mice. It was considered

that this was due to almost complete removal of tracer

from the blood stream by the kidneys, as strongly fluo¬

rescent urine was present in the cages, and also by the

liver as histological examination showed that they fluo¬

resced quite strongly regardless of treatment.

The experiment was repeated using FITC conjugated with

dextran of molecular weight 150,000 to see if uptake by the

liver would be altered by the toxin. Histological exam¬

ination of 40y^m frozen sections revealed no difference
between groups. There was no fluorescence around any of

the blood vessels in the brains.

The test system proved an unsatisfactory alternative

to the present mouse protection test. The increase in

fluorescence seen in intoxicated brains using FITC-dextran

of molecular weight 40,000 was much less than expected

taking into consideration experience gained with the tracer,

HRP. The most likely explanation is that the HRP molecule

being a protein probably has a spherical configuration

whereas dextran is a long chained molecule and is therefore

probably unable to escape from the damaged blood vessels

with such ease, due to its thread-like structure.

The smaller dextran molecule (10,000) was no better

because it was cleared very rapidly from the blood stream.
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Use of the larger fluorescent dextran, while not

resulting in vascular leakage in the brain, did produce

even fluorescence in the liver although no significant

difference was discernible between intoxicated and

unintoxicated mice.



TABLE 1

Mouse Dose of Intensity of
Toxin (/Ag) transmitted^light

1 0-3 70

2 0-3 70

3 0-2 69

4 0-2 78-5

5 0-15 55-5

6 0-15 57-5

7 0-1 61

8 0-1 59-5

9 diluent 61

10 diluent 69

Table. The relative fluorescence of homogenates
of brains from mice that received epsilon toxin and
FITC-dextran (MW 40,000).


