Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



TEE CELLUL:R AND CLINICAL PATEOLOGY OF
CLOSTRIDIT:: PERFRINGINS TYPE D ENTEROTOXAENT.

A thesis presented in partial fulfilment of the

requirements for the degree of Doctor ~f Philosophy

llassey Univecrsity.

Douglas Barle GARDNER B.V.Sc. (Syd.)
Dip. Hicrobicl. (N.Z.)
March 1971,



The Cellular and Clinical Patholoay of

Cl. perfringens tyre D Entsrotoxazenin.

Abstract.

Enterotoxacmia of sheep is causecd by the absorption of the epsilon

toxin of Cl. perfringens type D. In proliminery experiments it was found

thet the sex and nutriticnal status of mice could influence the outcome o
expcriments in wvhich this toxin was uscd. Femsile mice tended to survive
longer than males and food deprivation caused the accumulztion of free
lipid in the proximel tubules of the kidneys of control, as well as

intoxicated, mice,

It appears that therc may be specics diffcercnces in the morphological
changes which epsilon toxin induces in the intestinal nucosa. Severe

inflammatory necrosis occurred in the mucosa of toxin-containing leopes of
rabbit intestine but was absent from simiiar loops of lemb intestine from
cases of experimentally induced enterotexaemia,

While the toxin itself is fairly stable in vitrc it mey deteriorate

t
during storsge unless held at low temperatures. The addition of chloro-
form, as a preservative fcr the toxin in intestinal contents, docs not

increase the persistence of the toxin to =2 significant cxtent.

The pattern of zbsorpticn of ewsilen toxin from the intestins into
the blosdstream during the course of cxperimental cnterotoxacmian was

followed by using a radioactive trncer (1 Polyvinylpyrroldine). 1t was

125
found thet, as with the protein tracers uzed by other vorkers, the values
of 1125PV? in studies of this nature is linmited. However, it did reveal
that there is a loss of high molccular weight substances from the blocd-

strecam intc the extravascular tissues during this intoxication.

Studies of the ultrastructural changes which occur in the tissucs
of intoxicated animals have revealed that there iz 2 severe generalised
vascular endothelial damage, both when epsilon toxin is administercd
intravenously and when it is abscrbed from the intestine. There is no
histochemical or histolcgical evidence to suggest that epsilon toxin pro-

duces primary morphological changes in tissues, cther than endothelium,



elthough secondary effccts ere detectable in other crgans. These secon-
ary charnges include the development of protein-containing effusions in

serous cavitics, ang oodema in & rnumber of tissues.

In the brain, fluid sccurmiiaiion is priwmarily intraceliuler ana is

cont'incd to the protoplasmic astrocytes. This results in swelliug of
ostrocyte procesces in the grey netter so that the increase in fluid coun-

tent carn be detected by elcctron microscopy a2s well as quantitatively.

The changes in the astrocytes form the basis for carly brain lesicns which
arc detectable by light microscopy c¢.g. vacunlation in the ccrebeliar
granular laycr, Assecinted with the intracelliuvkir £1uid accumulaticn
there is an cextrvoesation of protein into the extraccellular spzces of the
brein end this is detectablc in miice by using oxogenous peroxidase o5 a

tracer.

Fluid loss from the bloodstresm is also prominent in the hcert and
the lungs., In the former tissue therc is scevere myocordial oedema ~nd
fluid accwmlation within ths cerdiac muscle cells, which may explain the
zlectrocordiographic abnormalities that develoon during the course of
intoxicaticni.  Although lung oediéma is not o consistent resture of the
discase, and may be a reflection of damage causcd by high concentrations
of epsilon toxin entering the puimecnary circulstion, it can be extremcly

scvere with sccumulation of fluid in the 2lveoli and interstitium.

Although it is possible to relate thesc changes to the vasculzr
damage, no possible mechanisn for the action of the toxin on the endothoe-
lium has been cstzblished, The use of red cell stroma and fluorescent
antibody tcsts has failed to provide any evidence that the toxin is bound

to cell membranes either in vitro or in vivo, Warburg rcspirometry dic

not reveal any reduction in the metabolic efficicency cof tissue slices the

were under the influence of epsilon toxin.

The overall loss of fluid intc the tissues of intoxicated animals
results in a scverchaemoconcentration which, because of the severity of the
endothelial damage, is not asscciated with any increasc in levels of

vlasme proteins or inorganic ions such as sodium, potassium or chioride,
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One of the most prominent of the biochemical chenges that occur in
enterotoxacriia is a severe progressive hyperglycaemia which appecrs to
result from the repid mobilisation of hepetic glycogen. The reduction in
the glycogun content of the heypntic tissue can be detcected histochemically.
A further finding which suggests that hepatic glyccgenolysis forms the
basis for the blood sugnr chonges is thzt the hyssrglycsemic responss vwas
suppressed in animals in which hepatic glycogen stores had been depleted
prior to the administration of cpsilon toxin,

feasociated writh the riszce in bleed glucose there zre alsc incresscd

&

amounts of

iactate, pyruavaete and alphoketoglutarate in the blood, Thesc
chenges are considered to bte o reflection of increascd mctabolic activity
duc to the incressed amounte of available glucose, The build-up of
intermediate substances roficets rnormal rote-liniting steps in acrobic
glycclysis ruther than any direct inscrfercerncc with 2 pzrticular bicochemica

pathway by the toxin,

The high levels of lactate in the Llood cruse o severc matsbolic
acidosis in intoxicatecd animals which may scretines be masked by altera-
ions in blood pE associated with deficient respiratory exchange and

v

alucs of blood pCO2 caused by the pulmonary cedema,

The iuportance of the morphological, biochemical, haematologicazl
and physioclogical changcs, which hrve been found in the present investi-
gation, in increasing our understanding of the peothegenesis of entiro-
toxacmia are discusceda In addition the reloevance of these findings o
the broader fields of experimental pathiology and to the inter-reletion-
ships which exist betwesn the cellular and clinical pethology of disease

states are described..

1
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Chapter 1: INTRODUCTION

A disease syndrcme, known as Pulpy Kidney Disease, was first
described in New Zealand lambs in the early part of this century. The
aetiology of the condition was unknown and the most notable clinical
features were the sudden onset of convulsions followed rapidly by the death
of the animel, Because the clinical phase of the disease was generally
very short, the majority of affected lambs were found dead without evidence
of prior illness. A small proportion of the affected animals survived

for longer periods and exhibited signs of central nervous systcm derangement.,

Post mortem examination of lambs which had died of 'Pulpy Kidney!

generally revealed the following features:

1. The carcszses were in good physical condition.

2. Excess fluid, containing fibrin clots, was present in the
pericardial sac.

3 The lungs were congested and rather oedematous.

4. If the carcases were examined a short time after death had
occurred the kidneys were enlarged and congested. If necropsy
was deferred, until several hours after the death of the
animal, the kidneys had degenerated to a soft pulpy mass.

Se Providing autolysis was not too advanced, light microscopic
examination of these kidneys showed necrosis of the epithelium
of the proximal convoluted tubules and interstitial haemorrhage.

6. A toxin was present in the intestinal contents of affected
animals,

Te Animals that survived, but exhitited signs of neurological
damage, did not show the above changes. Visual examination
of their brains revealed bilaterally symmetrical haemorrhagic
or malacic areas in the thalamus, mid-brain and cerebellar
peduncles. The latter condition is knowm as Focal Symmetrical
Encephalomalacia and is considered to be a subacute or chronic

form of the disease,

In 1932, Australian workers confirmed that Pulpy Kidney Disease and

Infectious Enterotoxaemia were identical and showed that the toxin, which



2
was present in the intestinal contents of arnimals affected with either con-

dition, was neutralised by antisera prepared against Clostridium vperfringens

type D.

Although enterotoxaemia is a general term that describes any intoxi-
cation resulting from the absorption of toxins produced in the intestine,
its use in Australian and MNew Zcaland veterinary literature generally

refers only to the disesse caused by Cl. perfringens type D, In the

present thesis the term will be restricted to refer only to the latter
condition. Similarly, synonyms for the causative organism, e.g. Bacillus

ovitoxicus (Bennetts), Cl. welchii type D, Bacillus agni, will not be used

except when referring to the published literature.

Cl. perfringens type D appeers to be part of the normal enteric

flora c¢f sheep and enterctoxaemia only occurs when environmental conditions
in the intestine faveur its rapid wultiplication and the production of
large amounts of epilon toxin. This usually cccurs when excessive guan-
tities of readily fermentable nutrient, such as sterch, enter the intestine.
It has also been found that cother factors may help to determine whether or
not the disease will occur in a given aninal. For example, high conceri-
trations of ensilon toxin must also be present in the intestine for some
time before the permezbility of the mucosa is increased sufficiently to
aliow lethal amounts of toxin toc enter the bloodstrearm. In addition,

some flocks of unvaccinated lambs may contain a number of animals which
have antitoxic antibodies (antitoxins) sgainst epsilon toxin in their sera

and these antitoxins provide protection ageinst cnterotoxaemia.

Because antitoxic immunity provides good protection ageinst the
disease under field conditions, the use of vaccination as a prophylactic
measure has become widespread. The research which has been necessary for
the development of efficient vaccines has defined the optimum environmental

conditions for the growth of Cl. perfringens type D and the production of

epsilon toxin in vitro. It has also elucidated some features of the

structure of the toxin itself.

Studies on the morphological damege which occurs in intoxicated

animals have been largely confined to the sequence of changes in the brains
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and kidneys which can he¢ detected by light microscopy. While there 1s
sonc evidence thatl vescular damage occurs in the tissucs of intoxiceted
animuls the ultrastructure of blood vessels of these animals doecs not
appear to have been investigated; Careiul investigation of ecarly ccll&lvr
chenges of this type is nccessary to cxtend our unc:rstanding of the patho-

logical changes which occur in enterotoxacmia.

A considerebdble amount of datz lLias bezn published on the effect of
epsilon toxin and entcrotoxasniec on the physiological, haematclogical and
biochemical parameters c¢f living animnls but there arc stiil some notable
gaps in our knowledge of the 'clinical! nathology of the discase.,
Similarly, although scine studics heve alsc been made on the physiological
responses of isolated organs and tissues to the action of ewsiion toxin,
no atieimpte appear to have been made to examine the metabolic efficiency

of tismsues from intoxicated anirals.

These deficiencies in the informztion vwhich ie availsablc on tre
varicus pathclogical aspects of enterotoxaemia are particulzrly unfortunate
as enterotoxeerda i not only an econamically important disesse in its own
right, but has also heecn implicated as a possible ecompliceting factor in
other diseases such as ruminal bloat in cattle on pasture and 'overcating!
disecase in ztall fed animals., Poth these latter conditions are serious
problems where intensive forms of animal production zre employcd. Until
guch time as the exasct nature 5T the pethological changes waich occur in
antcrotoxaemia is lmowvn it will not be possible to ascertain what paxrt, if

eny, it plays i thesc other disease syndrorics.

Apart from these =zconomic aspects of enterotoxaemia, an investigation
of Iits cellular and clinical pathology is of considcrable interest on a
breoader basis since it is o diseaze in which both morphological and bio-
chemical changes are promincnte. It is thereforc possible that it could
be useful as an experimentsl model for studying the relationship between
morphological and functional changes in tissue and also between the cellulur
and clinical pathology of discasc conditions., This field of research is
becoiing 1zore important as the demand for more precice means for investi-

gating animal disec.se problems increascsS.



Informatior obtzined from e conditicn such as enterotoxaemie moy
therefore assist in increasing our understanding of the changes which occur

in other diseasses of man and animals,

The brisic aimg of the present study will therefore ve to carry out
an intensive investiration of the morphological changes which coccur in
enterotoxacnia, especially at the ultrastructural level. In parallel
with this, additional inaformation will be gathered on the biochemical and
phyciological stetus cf intoxicated animzls. An ettempt will then e
made to utilise the informztion obtaincd to increase our understanding of

the nathogenesis of the discase,



Chapter 2: A RBVIEW OF TUE LITE2ATULNE QR CLOSTHIDIUM
PERFRINGEXS TYPE D ENTEROTOXAEMTIA

The salient features of the aetiology, epiduﬁiology,pathogenesis
and propanylaxis cf enterotoxaemia are well covered in textbvooks of veteri.
nary medicine 2nd veterinary pathology. Nevertheless a preliminary review
of some of the importsnt investigntions which have becen made in the pest

i

is of interest as this serves te emphasise thc rather complex nature of

The occurrence of enterotoxzinia in Mew Zealiand was originzlly
described by Gilwuth (1907), Pull (1924), Gill (2927 & 192%) and Hopkirk
(1928). Bull arnd lopkirk hoth reported that the intcstinal contents, of
animals which died of this diseaze, contained very large numbers of toxi-
genic 'Cls welchii-type! organisms., At this time it was also postulated
by Gill and Bull thut the diseasc might be the result of the absorption of

a toxin produced by orgenisms, vhich were normal bowel inhabitants, multi-
rlying under abnormal environmental conditions in the intestine. This
hypothesis was subsequcntly shown to te essentially correct although the
prathogenesis of enterotoxacmia wos not fully elucidated until the iate
1950!'s,

Gill (19%1) demcnstrated the presence of a toxin in bactcricefree
filtrates of the intestinal contents from affected shecp and Bennetts
(1932a) showed that this toxin was neutralised by antisera preparced against
Bacillus ovitoxicus (Rennetts). The latter orgzsnism was rcclassified as
Cl, weclchii (nerfringens} type D by Wilsdon (1932). Aithough Cl. pcofrin-
gens type A is widely distributid in Austraiian and MNew Zealand soils

(Seddon & liagar, 1932 and Bacon, 1953), it appecars that some of the other
types of this organism, including Cl. perfringens type D, may be intestinal
commensalss Smith (1957) states that both Bennetts (1932a) and Taylor «Gordon

(1940) have produced some evidencc that the latter organism can only
persist in so0il for & limited period and Bullen (1952) has confiimed that

it is present in the intestinal contents of a proportion of normal sheep.

Both Bemnetts (1932a) and Oxer (1932) produced the clinical signs

and gross lesions of enterotoxacmia in lambs by the intravenous adminis-



tration of bacteria-free filtrates of Cl., perfringens type D. Bennetts

also succeeded in initinting the disease in lambs by the oral administratio:i
of cultures cof the organism to animals which had previously heen given
powdered opium tc reduce intestinal motility. Oxer was unable to produce
the discase in this way and later workers also experienced difficulty in
producing the disease by the oral or intraduodenal acdministretion of cul-

tures of Cl. perfringens type D. It will te se&n, later in this chapter,

that it was research into this problem which led to the elucidation cf

sone importent features of the pathogenesis of enterotoxasmia,

Moet strains of Cl, perfringens produce a number of potent exotoxins

which result in fairly spécific disease syndromes in animals and man.

They alsc provide a basis for the classgification of the individual strains
or types of the organism and it is therefore necessary to outlinc briefly
the relationships of the various toxines to the different strains of

Cl, perfringens before proceeding to a more detailed consideration of

Cl. verfringens type D, epsilon toxin and enterotoxaemia. One of the

first detailed classifications of the types of Cl, perfringens, based

rrimarily on the toxins which they nroduce, was published by Ozkley &
Warrack (1953) although the major tyres of +this organism had been

described, prior to Wilsdon's (1932) reclassification of Bacillus ovitoxicus

)

(Bennetts) as Cl, perfringens tyve D, A number of simplified versions of

Qaxley & Warrack's classification, which are suitable for routine use,

have been published e.g, Warrack (1963),

Table 2,1, whigch is based on a table from Smith (1957), illustrates

the interrelationship between the toxins and the classification of the

types of Cl. perfringens,



Table 2:1 Tre Major Toxins of the Important

Types of Clostridium perfringens.

Major Toxins
Type alpha beta epsilon iota
A + - - —
B + + -
. [ + - -
f D + ~ + -
- E + - - +

+ = present ~ = gbsent

The table shows that, apart from the alpha toxin which is produced

to some extent by all of these strains, the major toxin of Cl. perfringens

tvpe D is the epsilon toxin, licwever it can be seen that epsilon toxin

is also produced by Cl. perfringens type B, In the absence of this

information sone early confusion over the classification c¢f the causative
agent of enterotoxaemia had arisen since Bemnetts (quoted by Oxer 1932)
had shown that the toxicity of intestinal contents from cases of entero-
toxaemia could be neutralised by Lamb Dysentry antiserunm wvhich had been

prepared against Cl, perfringens type B, although antisers prevared against

Bacillus ovitoxicus (Bennetts) (Cl. perfringens type D) would not protect

animals from the effect of the toxins of Cl, nerfringens type B,

Some emphasis has been placed uwon the simiiarity between these two
organisms because, although beta and epsilon toxins are both produced in,
and absorbed from, the intestirne the disease syndrome produced by Cl,

perfringens type B is very different from that produced by Cl. perfringens

type D. The most probable explanation for some of these differences
provides a valuable insight into how host factors may on occasions
profoundly influence the nature of the disease syndrome produced by a

Particular organism,
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The economically importanrt disease problems of lambs which are

associated with Cl. nerfringens types B and C are due to the action of the

beta toxin, and occur in the first few days of 1ife while enterotoxaemia,
which results from the absorption of epsilcon toxin, tends to occur in
somewhat older lambs., Criner (1963) has suggested that the difference in
age incidence may be associated with the different responses of the beta
and epsilon toxins to the action of trypsin. He postulated that intoxi-
cations due to types B and C tend to occur in the first few days of life
because the trypsin-labvile beta toxin is protected by th: presencs, in the
intestinal contents, of colostrum- derived tryrsin inhibitors. At the
same time, epsilen toxin, which is produced by the organism as an inert
prototexin requiring tryptic activation (Turner & Rodwell, ;1543 ) would
not be toxic under these conditions., On the other hand, in older animals
epsilon toxin would be activated by trypsin while beta toxin would be

destroyed.

There is a considerable amount of published information on the
structure and characteristics of epsilon toxin although the data iz not
always consistent., Orlans et al (1960) stated that the toxin and proto-
toxin verc immanologically, electrophsretically and chemically identical,
They stated that the moleculc was a globulin-type protein with a molecular
weight of 38,000 and considered that toxicity was associated with steric
factors in the toxin molecule, with activation of the prototoxin being
due to removal of a small peptide by trypsin. Thon%on (1963) concsidered
that activation might be a stepwise process involving the removal of
basic amino acids or small peptides from the prototoxia molecule. On the
basis of his data the toxin molecule was a.prolate elipsoid with a molecular
weight of 40,500. Subsequently, Habeeb (1964) gave a considerably lower
figure of 23,000 to 25,000 for the molecular weight of the toxin and has
stated that its optical density characteristics are similar to those of
micleoproteins although the molecule does not appear te contain substantial
amounts of either phosphorus or pentose sugars, which are normally present
in nucleoproteins. Both Thomson and Habeeb gave the amino acid composition

of the toxin,.

From the time of Gill's (1933%) comprehensive investigation of the

epidemiology, pathology and control of !'Pulpy Kidney Disease! in New Zealand
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and his confirmation of ite relaticnship to Oxer's 'Infectious Enterotoxas-
mia' ir. Australia, one of the basic 2ims of the rescarch inte this disease
has been to develop methots for »rotecting aninals from it. Gill
described attempts to provide protection by vaccination and tne use of
hyperimmune antisera although at that tiwe he considered that management
proceduares such as yarding of tliw flock overnight at weekly intervals zrere
more ¢conomical and practical methods for controlling enterotoxaemia.
Since that time vaccination and the use of antisera have beth: come into
widespresed use as prophylactic measures against its occurrence and have

preved to be very succescsful for thils purpose ir many countries,

Epsilon toxin is a potent antigen and the antitoxins which animals
produce against it provide good protcction against the disease. A great
deel of information is available on the optimal conditiens for the growth

of Cl. perfringens type D and the production of epsilon toxin in vitro as

these are important in the commercial production of vaccines against
enterotoxaemia (Gilroy, 1967 and Hauschild, 1965a & b).  Similarly,
nethois for increasing the antigenicity of vaccines have been descrived by
Buddle (1941), Thompson & Batty (1967) and others. Considerable field
experience of the efficacy of vaccines and antisera in the control of
enterotoxaemia has been accumulated and reviews of this aspect of their

usc.. have been published by workers including Smith (1957) and Jansen (1967),

Probably the most important single problem that was encountered in
enterotoxaemia research carried out prior to 1953 was the difficulty which
was experienced in regularly reproducing the disezse in normal lambs,

Culture filtrates of Cl. perfringens type D which had been shown to be

toxic to mice were without effect when given orally or intraduodenally to
lambs and, on occasions, even intravenous administration of filtrates which

were known to be toxic failed tc produce intoxication in lambs.

“... . Bullern et al (1953) and Bullen & Batty (1957a) provided a
partial explanation for this phenomenon when they found that a proportion
of their experimental sheep developed detectable levels of epsilon anti-
toxin in their sera although they had not been exposed to the toxin or the
organism in experimental procedures. Later investigat‘rs have shown that

the incidence of protective levels of epsilon antitoxin in animals in
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unvaccinated flocks of sheep can bhe guite high, probably as a result of
the aniirels absorbing sublethal amounts of epsilon toxin produced by

Cl. perfringens type D normally present in the intestine. Smith (1957) ir

his general review of the clostridial diseases stated that 90% of an
unvaccinated flock of shecp could be shown to possess detectable levels of
epsilon antitoxin and Griner (1961c) subsequently showed that 32,8% of a
flock of unvaccinated lambs had developed at least 0.1 units of ewsilon
antitoxin/ml. of serum before they reached 7 months of agze. Levels of

Oel =~ 0.2 units of epsilon antitoxin per ml, of serum are regardec as

being sufficient to protect sheep against enterotoxaemia under field con-
ditions (Wailace,1963,1964;Jansenl967), The unit in these instances tended
to be rather variable, depending on the standard used but was probably
similar to the current international unit defined in the British Veterinsry

Codex (1965).

Since maternal antibodies are readily transferred to the newborn
ruminant in the dam's colostrum, flocks of young lambs which are unlikely
to have a high incidence of active immunity to the disease may, on occasionsg,
have a high incidence of protective levels of epsilcn toxin in their sera,
Fer example, Cooper (pers. comm.) encountered a flock of 100 lambs from
unvaccinated ewes in which the incidence of levels of epsilon antitoxin

of 0.2 units/ml. or more was 47% in lambts less than 6 weeks of age.

However, the prescnce of circulating antitoxin was not the only
factor which limited the success of attempts to produce enterotoxaemia
experimentally, ¥hile non-immune sheep were susceptitle to intravenously

administered culture filtrates of Cl. perfringens type D or partially

purified epsilon toxin, the oral or intraduodenal administration of indi-

vidual doses of epsilon toxin or Ci. perfringens type D cultures seldom

resulted in clinical evidence of intoxication. This was not altogether
surprising since, as in cther animals, the intestinal mucosa of lambs
becomes practically impermeable to intact protein molecules after the first
few days of life, Nevertheless the mere fact that enterotoxaemia occurs
implies that under some circumstances epsilon toxin must be absorbed from
the intestine. The explanation was provided by Bullen & Batty (1956 and
1957&) when they showed that high concentrations of epsilon toxin, infused

continuously into the duodenum of mice or sheep, caused an increase in the
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permeability of the intestinal mucosa to globulin type molecules. They
found that the concentration of the toxin and the time that it was in con-
tact with the mucosa were important factors in altering pcermeability.
Subsequently Todorov & Trifinov (1962) shewed that epsilon toxin produced
damage to the intestinal mucosa and was itself absorbed into the blood-
gtream vhen the pcrmeakility of the intestine was increased. However,
they also found that, unless toxin was infused continuously, the increased
pericstaltic activity which occurrecd in response to the mucesal irritation

led to rapid dilution ené removal of the toxin from the intestine.

These findings no doubt help To cxplain the success whichi accompanied

Bennetts (l932a)administration of Cl, pexrfringens type D culture after

integtiral motility had been reduccd by opium. They elso form the hasis
for the method used by Stoyanov & Nedyalkov (1964) for producing entero-

toxaemia, These workers infused Cl. perfringens type D cultures into the

duodenum of animals in which intestinal motility had been reduced as a
result of reflex inkibition of peristalsis induced by ruminal distension,
This had been produced by the inflation ¢f an intraruminal balloon.
Nedyalkov & Stoyanov (1962) had previously shown that reflex slowing,
produced in this manner, favoured the multiplication of the anaerobic
component of the intestinel microilora. It is possible that thesc [indings
may be relevant to investigations into the pathogenesis of ruminal blozt

in pasture fcd cattle since Mumford (1961) has suggested that the latter
condition may be associated with, or complicated by, enterotoxaemia in
Australia, Rumen distension may a2lso occur in ascmc lambs which develop
enterotoxaemia since it is frequently the well fed, rather 'greedy' lambs
which are affected. A degree of ruminal bloat could therefore play a

part in increasing the susceptibility of the animal to the development of
enterotoxaemia. It appears however that a different aspect of the availa-
bility of abundant or excessive food may be important in precipitating the
disease in lambs under fie¢ld conditions. Bullen and Scarisbrick (1957)

found that the intraduodenal administration of cultures of Cl. perfringens

type D to animals which had bzen subjected to a sudden change of dict, to
one high in carbohydratec, usually produced enterotoxaemia in susceptible
sheep, and Bullen & Batty (1957b) showed that undigested starch was

present in the intestinal contents of some field cases of enterotoxaemia.

It is now believed that it is the presence of readily fermentable carbe-
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hydrate in the intestine which allows the rapid multiplication of Cl.per-

fringens type D to occur and thus provides conditions which are suitable

for the continuous production of high levels of epsilon toxin.

As a result of these findings, the method which is now commonly
used for the successful experimental production of enterotoxaemia involves

the infusion of Cl.perfringens type D culture plus a readily fermentable

carbohydrate, such as starch or dextrin, into the duodenum of lambs which
have been shown tu be substantially free of epsilon antitoxin (Jansen,

1963 and Niilo, 1963).

One of the first lesions which was described as cccurring in the
carcases of animals which died of enterotoxaemia was the softening of the
kidneys which gave the condition its popular New Zealand name of 'Pulpy
Kidney' disease. Bennetts (1932b) however, proved that this gross softe-
ning was not present at the time of death of the animal and that it
develcped scme hours post-mortem., On the other hand Gill (1933) considered
that necrosis of the renal proximal tubular epithelium was present at the
time of death and also published photomicrographs of the renal lesions.

A descripticn of these changes can be conveniently deferred until Chapter

10 but reference to Figure 10.1 in that chapter will indicate the type of
change which is seen in kidneys from many field cases of enterctoxaemia.
Although similar renal lesions can be produced experimentally with alloxan
(Innes, 1950) and mercury (Gritzka, & Trump, 1968), under field conditions
this type of change in ruminant kidneys is regarded as being almost patho-
gnomonic of enterotoxaemia. It is possible that the change in the

physical consistency cf the kidneys of intoxicated animals may be associated
with alterations in the solubility of the prctein components of these

organs (Sotirov 1965c.).

In flocks which were experiencing outbreaks of acute enterotoxaemia
Gill (1927) found that there was also a small proportion cf animals which
survived but exhibited clinical signs of central nervous system derange-
ment, At necropsy, the brains of these animals were found to contain
bilaterally symmetrical, focal, haemorrhagic and malacic lesions in the
brain stem, No further reports of the association between this type of

lesion and enterotoxaemia were published until Hartley (1956) described
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the gross and microscopic appearance of the lesions of a focal symmetrical
encephalomalacia (F.S.E.) of lambs. This description was followed by
Griner's (196la) experimcntal production of similar brain lesions in both

mice and shecv hy the parenteral administration of Cl, nerfringens type D
D 0y e

epsilon toxin. He employed luvels of toxin which were close to the minie-
mal lethal dose for the particular species and provided detailed descrip-
tions of the gross znd light microscopic appearance of the brain leciions,
The lesions in lembs were essentially similar to those which hed been found

in the field cases of F.3.E, described by Hartley.

Griner described alterations in the microscopic architecture of the
vasculature of the brein in intoxicated animals and in an associated papcr
(Griner, 196lb) he demonstratced thet tiie permeability of the bhrein capil-
laries was increased in intoxicated animals. He suggested that the
increased permeability of these vessels might lead to brain oedema and
presented some evidence to support this hypothesis. Studies on the vascu-
lature of intoxicated animals do not appcar to have been extended to
include tissues other than brain, This is rather surprising in view of
the fact that pericardial effusions, pulmonary oedems= and interstitial
hzemorrhage in the kidney have all been described as being features of
entcrotoxaemia. Further, iatthes (1965) has shown that, of all the major

Cl, perfringens toxins,epsilon toxin is the most potent in altering the

permcability of skin capillaries when injected intradermally into rabbits.

It appears that a variable proportion of the epsilon toxin which is
absorbed from tlie intestine may be rewmoved from the blocdstream by the
liver since Trifincv & Todorov (1964 and 1965) have shown that, following
the intravenous administration of epsilon toxin, it is removed as it
passes through the liver and that there is also biochemical evidence of
hepatic damage under these conditions. It should be noted however, that
morphologically detectable liver damagc 1is not a prominent feature of

either natural or experimental enterotoxaemia.

Lambs suffering from experimental enterotoxaemis, or which have
becen given cpsilon toxin parenterally,exhibit biochemical changes which
require special mention ag they are almost exclusively associated with

enterotoxesenia in sheep. A severe progressive  hyperglycaemia develops
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during the course of intoxication and this may be associated with glyco-
suriz, These changes do not occur in ruminants following the ingestion
of excessive amcunts of carbohydrate (Bullen & Scarisbrick, 1957), 1y do

they occur folleowing the parenteral administration of Cl. perfringens

alpha or beta toxins to sheep (Bullen & Batty, l957b). Similarly, a
severe haemoconcentration which foliows the administratiocon of cpsilon toxin
ig also absent in animals intoxicated by alpha and beta toxins (Gordon,et al

1940),

Previous investizators, including Gordon et al (1940), Kellaway et al
(1940) and Sotirov (1962 2 & b, 1964 a & b), have also described other
biochemical and physiological alteraticns in intoxiceted animals which are
of considereble interest but these changes are best congidered in rclation
to the data which was obtained in the present investigation and are there-
fore discussed in the relevant chapters later in this ttesis (Chapters 12-
22),
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Chapter 3: RATIONALE OF THE EXETRIMENTAL METHODS
USED IN THE I'RESENT INVESTIGATIONS INTO
THE PATHOGENESIS OF ENTEROTOXAENMIA

The foregoing survey cf the literature on enterotoxaemia has shown
that there is no lack of references to morphological and biochemical
changes in arimals during this intcxication. Unfortunately most investi-
gations have concentrated on a particular aspect of the disease and theré
has beer 1little attempt to examine the pathogenesis of the disease as a
whole. As a result the existing iinformation is fragmentary and rather
limited in scope. Recent developments in the instruments and techniques
that are available for the investigation of many rorphological and bioe
chemical phenomena have opened up the possibility of gathering information
about the changes that may occur during the course of intoxication which

could not have been obtained in earlier investigations,

Materials and Methods to be Employed in Producing Intoxication

Many of the factors which are necessary for the occuircnce of
enterotoxaemia in the field are difficult to control under experiment=zl
conditions. While the influence of some, such as circulating antitoxin,
can ba excluded by approrriate experimental design, there are others,
like a favourable intestinal environment, which are difficult to maintain
in a state which will ensure the prcduction and absorption of lethal

quantities of epsilon toxin.

Epsilon Toxin of Cl, perfringens type D:

Although Cl, perfringe ns type D produces a number of toxins,

enterotoxaemia results almost entirely from the action of the epsilon
toxin. It was therefore dccided to carry out the major part of the
exrerimental work using the epsilon toxin alorg, administered under defined
conditions, This technigue has been employed extensively by other workers
studying enterotoxaemia and therefore comparisons could be made with the
large volume of data which has already been accumulated by using this

approach,

Standardisation of the epsilon toxin would be necessary and the

dose that would be required to produce intoxication in experimental animals
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had to be established. The preparationsof toxin used were required to be
reasonably stable to ensure reproducible results over e period of time.
Problems associated with lack of stability of epsilon toxin have been
encountered by other workers and there appeared to he some confusion over

the optimael storage conditions for the toxin.

Laboratory Animals:

Mice were used in & number of the experiments because many of the
prcvicus investigetions intc the pathogenesis of enterotoxaemia have been
nade, at least in part, by studying the effect of epsilen toxin on this

species, Results fromn the present project could therefore be compared

with published information.

Although it 1s poscible for genetic strain, age, sex and nutrition
to influence the outcome of experiments in which mice are used, they do
tend to be more uniform in their cheracteristics ard responscs than
domestic animais, It is therefore preferable to use mice wherever
possible in studies on toxic agents such as cepsilon toxin and to overcome
the influence of the factors mentioned above by appropriate experimental

design.

Domestic Animsls:

i

Although labvoratory animels can provide useful information in
experinmental pathology it is unwise to assume that results obtained in one
species will necessarily epply to another. For this reason most previous
workers have extended their studies to the natural host. In the present
work sheep were used, not only for the above reason, but also because they
had distinct advantages over mice in experiments where repetitive blood

samples were needed and where clinical data such as heart rate and elec=-

trocardiograms had to be recorded.

There are, however, some disadvantages associated with using sheep
in studies on enterotoxaemnia. For example the digestive system of the
lamb develops from a basically simple stomached form at birth to the
ruminant state of the adult. During this transition there is a marked

change in the manner in wiiich the animal deals with ingested carbohydrate



17
and alterations in blocd glucose levels and ionic concentraticns in the
urine also occur, The more serious limitetion of the use c¢f lambs in
experimental studies on enterotoxaemia is associated with the presence of
variable levels of antitoxin in normal unvaccinated lambs. This can nalie
the experimental indvction of intoxication difficult or impossible.

(Griner, 196la).

While the parenteral administration of epsilon toxin to lambs is e
convernient means of studying the effect of the toxin on the animal, it is
very different from the natural situation where the toxin is absorbed
from the intestine and passes through the liver before entering the
systemic circulation. Further, there is some evidence that the rate of
parenteral administration of toxin may influence the course of intoxication

(Trifinov & Todorov, 1964).

hus efore detailec studies on e pathology enter aemia
Thus, befo detail tud onn the pathology of terotox

in lambs could bhe urdertaken it was necessary to determine what influence
the above factors might have on experimentally induced intoxication in

this species.

Informaticn reguired on the Pathogenesis of Enterotoxaemia

Morphological Damages

It ie in the field of the changes induced in tissue morphology,
more than any other, that the existing knowledge about the =zction of
epsilon toxin is deficient. All the information to date has been ob-
tained by gross visual examination and light microscopy. Even at this
level the available data is fragmentary., Alterations in renal archi-
tecture and intestinal damage have been recorded and the changes which
occur in the brains of intoxicated animals over a period of time have been
described, but there have been no reported studies on the action of the
toxin on a comprehensive range of tissues. Even the feature from which
the disease takes it popular name of 'Pulpy Xidney'! is poorly understood.
The pulpiness of the kidneys has been conclusively shown to develop some
hours after death but the proximal tubular necrosis and certain histo-
chemical changes have been regarded as being present at the time of death.,

There does not appear to be any clear-cut evidence to substantiate this
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belief, nor has any atteript been made to explainr the pathogenesis of the
’ d F | &

haemorrhege in this organ.

No ultrastructural studies of enterotoxaemia heve been made by
other workers and it appeared likely that such stucies would be of value.
Griner (1961a,b) hes produced sonme evidence that vascular damage occur
in the brain as & result of th: action of cpsilon toxin, The occurrence
of pericardial effusions and pulmonary oedema suggests that vascular
damage could be an importzant lesion in other tissues also, Becausa of
the attenuated morphology of vascular endothelial cells thise can be
studied most efiectively vith the elecciron microscope. A further advan-
tage of employing clectron microscopy for studying the morphological
changes indvced bty the toxin is that the alterations in tissue architec=
ture which occur early in the course ¢f intoxication can be studied. It
appeared that early climnges in organs such as liver, pancreas and kidneys
might provide an explanation for some of the biochemical features such as

hyperglycaemia and glycosuria which are so prominent in this disease.

Alteratiorn in Tissue Iunction:

It was also necessary to consider the posgibility that morphological
damage might not he a meajor feature in the carly stages of the disease
since many toxic agents can produce sevcre disease or denth without obser-
vable morphological chaenge, even a2t the ultrastructural level. Therefore,
although it is beyond the scope of the present project to determine any
precise site of action of the toxin, it is necessary to decide whether the
toxin can affect the functional integrity of tissues by binding to reactive
sites on the cell membranes cr interfering directly with metabolic

processes.

Biochemical Changes:

Considerable information is availeble on the pattern of changes
which the toxin induces in blood glucose levels and; to a lesser extent,
on some of the factors which influence it. Hevertheless, there does not
appear to be any published data on alterations in the levels of the
intermediate compounds of glucose netabolism present in the bloodstreamn,

nor of the effect of nutritional status or exogenous insulin on the
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developnent of hyperglycaemia. A1l these factors are of prime importance
in any attempt to understend the underlying.: pathogenesis cf the Lilood

glucose changes which occur in entsrocoxaemia.

A variety of other bLiochemical and haematological peramcters have
been deternired in previous investigations but, in socme instances, these
appear to have besn gathered at random. For example, a severe haemo-
concentration hac been recorded and it has beern shown thai exogenous
protein can leave the cercbral circulation, yet there is no published
information on possitvle changes in plasna proteins during experimental
intoxication, A similar situction exists in the field of physiological
meagurerents wherc some irfermation has been published on the changes
which occur in the electrocardiograms of vagzotomised and decerebratce
animals which have been given epsilon toxin intravenously, yet the sequence
ci changes in the electrccardiogren of intrnct znimals during the cocurse of
intoxication has been only hriefly mentioned. The presert investigation
will attempt tc $ill scie of thesce obvious gaps in our knowledge and will
sls0 re-exanine sonie cf the existing information on levels of components
such as blood gases, plasns ions and enzgymatic components in intoxicated

animals in the light of modern knowledge and tecianiques.

Relabticonship Between the Experimental and the I'mtural Disesse:

In some disease conditions a comparison between the natural and the
experimentally produced disease could e extremely important but, in the
case of enterotoxaemia, the experimental disease produced by the intra-

duodenal infusion oif Cl, »erfringens type D plus starch so closely resen-

bles the natural condition that it is extremely unlikely that significant
differences would be encountered betweerni the two situations. The very
short clirical course of acute enterotoxaemia in the field and the wide-
spread vaccination against it currently carried out in New Zealand results
in few field cases of this disease being seen while the animal is alive,
Nevertheless it appeared to be worthwhile to examine ary available field
cases of the disease in the same way as the experimental ones to enable

comparisons tc be made between the natural and the experimental disease.
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Chapter 4: CHARACTERISTICS CF THE i STILCH TOXIN USED
I TEE EXPERIMENTAL PRCCEDURES AND THE
STABILITY OF EFXSILON 'FCALIIN I VITRO.

Vaccines and anvisera prepared azainst the toxins of Cl. perfringens

type D are produced on a very large zcale for tiw: protection of animals
ageinzt enterotoxaenia and most countries have legislative reguirements
regarding the quality of these products. In general the activity of the
vaccines and antisera is compared directly or indirectly vith rcference
sera in tests similar to those described in the Britisl: Veterinary Codex
(1965). For convenience, most cf the firme producing vaccines manuface-
ture partially purified toxin which is periodically checked against the
reference standard and is itself used as a standard in routine testing.
Reasonable quantities of these toxin preparations aie usually held and
samples of this material were wvailable for experimental use in the

present project.

Because thesec umaterisls are routinely checked by the manufscturers,
exhaustive preliminary testing vas unnecessary in the present investigation
although it was essential to confirm the identity of individual batches of

toxin snd to ascertain their potency under existing experimental conditiomns.

The form in which preparations of epsilon toxin are held by the
manufacturing companies varies., Sorie consider that the toxin is quite
stable in solution while others prefer to retain it in a lyophilised,
dessicated stute in vacuo to avoid any spontaneous inactivation. Because
the stability of the toxin in vitro is important, not only in the prescnt
study to ensure reprcducible results, but also in thc submicsion of sam-
ples of intestinal contents tc the laboratory from suspectec ficld cases
of enterotoxaemia, a close watch was kept on the stability of the batches
of epsilon toxin which vere used. In addition experiments were set up to
investigate the stability of epsilon toxin in intestinal contents under

commonly encountered storage conditions.

All the major toxins of Cl. perfringens strains are lethal to

animals when given intravenously and have a necrotising action when given

intradermally, actions which are specifically neutralised by antisera
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prepared against the individual toxins. These characteristics ara used
for idertirying the texins (Oakley, 1943 ), and the lethal action
also forrme the basis for the units used to describe the potency of toxin
preparations, Tests based o both the lethal and the necrotising action
of epsilor: toxin were cmployed in thc prezent investigation to establish
the specificity of the toxin batches and to determine a suitable dose level

for use in subscquent experimente,

Detcrmination cf the Lethnal Levels of the

BEpsilcn Toxin Preparstions for liice.

Materials & Methodss

Iwo botches of epsilon toxin were obtsined. One, batch ANZD, =z
liquid preparsticn conteining 055% phenol as a preservative was provided
by Burroughs Wellccme (N.Z.) Ltd., who stated that this batch of texin had
retained ite full potency of 325Lf units for two years at 4OC. The Lf
unit is bvased on an in vitro flocculaticn test, a point which will be
referred to again in the discussion section of this chapter. The other
toxin oreparation used, batchk CVD was a frecze dried (lyophilised) brepa=~
ration supplicd by Glaxo Laboratories who recommended that it be stored
in vacuo over a dessicant at room temperaturec. For use this batch was
prepared as a concentrated solution by dissolving 5 mg. of the powdered
toxin in 5 ml, of sterile bactecriological nutrient broth, Direct solu-
tion in 0.35% salinc was difficult due to the tendency for the powder to
form a fine  particulate suspension. The concentrate was made up as

required and stored at 4OC. It was not held for more than 3 days.

Intravenous injections were made, using a 1 ml, tuberculin syringe
o b
with & 3" 26sug needle, into the lateral tail veins of warmed mice held in

a holder of the type described by Salisbury and Hamlin (1968)

On the basis of data supplied with the hatches of toxin, a prelimi
nary experiment was carried out in which 1:100, 15200 and 1:400 dilutions
of each toxin concentrate were made in saline and 0.2 ml, alignots of
each dilution were injected intravenously into pairs of 6 wecl cld male
mice which weighed between 21 and 27 grams. Animals receiving the first

two dilutions died while those receiving the 1:400 dilution survived.
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further 1:200 dilutions of the two batches were therefore prepared
and given to sinilar mice on 2 bodyweignht basis. For batch ANZD 5 mice
ver sroupd received toxin doses rznging from 0.020 - 0.010 Lf units/gram(g)
bodyweight (B.W.), while for batch CWD 4 mice per group received doses of

toxin ranging from 0,02 - 0,10 ug/g B.W.

Results:

The 1c¢thal dose of bhatch AZZD for mice was found to be 0,012 LF
units/g B.W. while tiat for bvatch CWD was between 0,02 and 0.05 ug/g B.W.
The clinical syndrome induced by the toxin was the same with both batches

of toxin and will be described ir Chapter 7.
The experimental results arc shown in Table 4:1.

Table 4:1 The Lethal Dose of Epsgilon Toxin

Preparations ANZD and CWD for Mice.

i
Batch ANZD Dose (Lf/gram Rodyweight) -
n= 5 per group 0.015 0,014 0.013 0.012 0.010

lilce surviving

at 24 hrs. poct inoculation 0 1 1 4* 4
Batch CWD Dose (ug/gram Bodyweight) %
n= 4 per group 0.08 0.05 0,02

{ice survivinz

at 24 hrs. post inoculation 0 1 3

*  All showed depression and residual signs of brain damage.

Confirmetion of the Necrotising Action of the

Epsilon Toxin Preparations on Guinea Pig Skin

Mzterials & Methods:

Serial ter fold dilutions of both batches of toxin were prepared.
The skin of the lateral abdominal wall of two adult male guinca pigs was

depilated by clipping with hair clippers, t'en rubbing on a paste consisting
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of 1 part Barium Sulphide and 1 part powder detergent ('Surf') in glycerol.
After the paste had been in contact with the skin for 10 minutes the animal
was washed in warm soapy water, rinsed and dried. It was left overnigh:t
and on the following morning, O.l ml. of each dilution of toxin was
injected intradermelly, into the lateral abdominal wall avoiding the areas
2cm on either side of the dorsal and ventral midiines as recommended by
Craig & #iles (1961).  The animals were left for 12 hours then 1.2 ml. of
a 2.9% solution of Evans Blue in saline was injected intravenously to
vlue! the animal and thus outline the areas of necrosis and increased

capillary permeability nore clearly,

Results:

The minirtum necrotising dose of batch ANZD was 0,325 Lf units and
that of batch C/D wizs 1 ug.

The type of response obtained is shown in the top row of lesions

in Figure 4.1,

Neutralisation of the Toxicity of the Epsilon

Toxin Preparations with Type Specific fintisera.

i Iethal Action

Meterisls & Methods:

To confirm that the toxicity of both batches of toxin was neutrzlised

by homologous antiscrum the following tests were carried out.

Serial tenfold diluticns of 'Wellcome! brand Cl. perfringens type D

diagnostic antiserum, (Burroughs Wellcome Ltd.) ranginé from 1:10 to
1:10,000, were prepared in 0.85% saline, To 1 ml. aliquots of each dilu-
tion of the antiserum, 1 ml. of each toiin batch, diluted to contain

20 ug/ﬁl. or 6.5 Lf units/hl,, was added., The toxin/antitoxin mixtures
were held &t room temperature for 30 minutes then 0.2 ml. of each dilution
was given intravenously to each of a pair of 6 week old male mice. To

ensure that no other Cl. nerfringens toxins were present at detectable

levels, the same quantities of each diluted toxin batch were mixed with an

equal volume of undiluted commercial Cl. perfringens types A,B,C, & B




Figure 4,1: The Necrotising Action of Cl. perfringens type D

Epsilon Toxin and its Neutralisation by

Type=~specific Antitoxin.

This photograph is of the lateral abdominal wall of a 'blued! guinea
pig into which a series of toxin dilutions and toxin/antitoxin dilutions,
similar to those employed in the titration experiments, were injected in-
tradermally for illustrative purposes. Black spots of alcoholic nigrosin
have been placed on the skin to show the points of inoculation.

Top Row - Left to Right: Lesions caused by 100; 10; 1; O0.1;

and 0,0lug of batch CWD epsilon toxin.

Bottom Row « Left to Right: Lesions caused by Sug of batch CWD

epsilon toxin after 30 minutes incubation with Cl. perfringens

type D diagnostic anitserum diluted 1:2; 1:20; 1:200;
1:2,000; and 1:20,000.
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antisera and treated in the same viay as described for the homologous serum.

Results:

Tw;o mouse lethal doses of batch ANID were neutralised by homologous
entiserum diluted 132,000 but not when diluted 1:2C,000, while two mouse
lethel doses of batch CW/D were neutralised by homologous antiserum diluted
1:20,002, There was no detectable neutralisation of the toxicity of

eithzr batch of toxin by Cl. perfringens types A,C & E antisera which

ccntain predominantly alpha, beta end iota antitoxins respectively.

Heutralisation occurred with Cl. perfringens type B antiserum because this

contains epsilon as well as beta antitoxin.

hese wesults are sunmariscd in Table 4:2.

Table 4:2 Neutrelisation of the Lethal Action of the Epsilon

Toxin Preparations ANZD and CWD with

Clostridial Type-Specific Antisera.

. Antiserum type A B3 C E D D D D D ]
i Major antitoxins « pgE B i ¢ 4 £ £

Finel dilution i

of antiserun LH 2 2 2 2 2 20 200 2,000 20,000

; lMice surviving
at 24 hours Batch 4NZD | &0 2 O O 2 2 12 2 2
post inoculation

Mice surviving
at 24 hours Batch CwWD 0] 2 0] 0
post inoculation

nd
N
N
N
N

n= 2 mice per dilution,

Lbsence of Dctectable Alpha Toxin in the Evsilon Toxin Preparations.

llaterials & lMethods:

A sample of 5 ml. of heparinised sheep blood was obtained from a
sheep with less than 0.08 units of epsilon antitoxin/hl. of serum. The
blood was centrifuged to separate the erythrocytes., The plasma was dis=

carded and the erythrocytes washed three times with saline. A 2% sus-
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pension of thzse cells in Krebs-Ringer-Phosphate solution was prepared.
An equal volume of the cell suspension was addcd to 1 ml. of each of the
epsilon toxin concentrates. The resuliirg suspension was held &t room
temperature for 30 minutes then centrifuged to deposit the erythrocy#ecs

and the supernatant examined visually for the presence of haemolysis.

Results:

Mo visible haemolysis occurred with batch CWD toxin and a vcry

slight hzemolysis was detecteble. in the batch ANZD supernatant.

Neutrnlisation of the Toxicity of the Epsilon

Toxin Preparations with Type Specific Antiserum.

ii Necrotising fiction

Materials & klethods:

Tvro sets of serial tenfold dilutions of commercial Cl. perfringens

type D antiserum ia saline ranging from 1:10 to 1:10,000, were prcpared .
Aliquots of 0.5 ml. of toxir solutions containing either 50 ug of batch
CWD or 16 Lf units of batch ANZD epsilon toxin were added to 0.5 ml. of
each dilution of antiserunm. After stending at room temperature for 30
minutes, 0.1 ml., of each mixture was injected into the depilated abdominal

well of a guinea pig, as described previously.

Results:

Five necrotising doscs of bcth toxin batches were neutralised by
the homologous antiserun diluted 1:200, The type of pattern obtained is

shown in the lower row of lesions in Figure 4.1.

The Stability of the Samples of Epsilon

Toxin used in Experimental Procedures.

Materials & Methods:

Both batches of epsilon toxin were stored according to the manu-
facturers recommendations i.e. batch ANZD at 4OC in 2 domestic type
refrigerator and betch CWD in an evacuated dessicztor over anhydrous

calcium chloride at room temperature. Since both batches were in constant
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use at levels of the order of 1 mousc¢ lethal dose, based on the original

titraticns, any loss of toxicity would have been rapidly detected.

Results:

Betch CWD toxin retained its original potency throughout the entirc
course of the experimental work. Batch ANZD on the other band proved
satisfzctory for 5 months but thereafter there was a marked drop in

potency and the material was discerded.

The Stzbility of Epsilon Toxin in Intestinal

Contents Undcr Different in vitro Storasze Conditions

Because delays and unfavourable storage conditions may be encoun-
tered in the transmission of specimens from field cascs of enterotoxsemia
to the laborstory, 0.5 chloroform is frequently added to samples of
intestiral contents as & prescrvative, and it was desirable to determine
whether the toxin is unstablc in intestinal contents under normal environ-
mental conditions and also whcther chloroform assists in preserving

toxicity,.

Materials & riethods:

Two milligrams of batch CWD epsilon toxin was added to 100 ml. of
intestinal contents from a normal sheep and the contents divided into
three aliquots. ne was held at 4OC, one at room temperature (N.Z.
summer) and the third ¢t room temperature with 0.3% chloroform added.

In addition a sample of intestinal contents containing 1,000 mouse lethal
doses of toxin/ml. which had been obtained from an experimental case of
enterotoxaemia, was divided into three aliquots which were stored under

the conditions described above.

Periodically both sets of intestinal content samples wcre checked
for toxicity by centrifuging 1 ml. aliquots at 1800G for 20 minutes and
injecting 0.2 ml. of the supernatant intravenously into each of two mice.
At intervals the specificity of the toxicity of the samples was also
confirmed by setting up neutralisation tests in which 0.8 ml. of the
centrifuged supernatant from each sample was mixed with 0.2 ml of commer=-

cial Cl, perfringens type D antiserum, stood at room temperature for 30
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minutes, then 0.7 :l. of tlie mixture injected intravenosusly into cach of a

pair of nice.

Recultes

In the oxperiments in which batch CWD ensilicn toxin was =2dded to
intestinal contents thc sample held at 4OC wos toxic 2t 18 weeks but had
lost its toxicity at 21 weeks, In contrast the sumplce held et room tem-
pereture, vwithout chloroform, while toxic at 3 weeks hacd lost its toxicity
at 5 wecks, When chloroforn wes added, toxicity wes detected at 6 wecks

hut not at ¢ weiks.

A similar situation occurred in the samples from the case of
experimental enterotoxaemia. In this instance the semple held at 4OC
retained its toxicity for at lemst 48 wecks while the room tempersture
samples with and without chloroiorm retained their toxicity for 12 wecks

but had both lost it when retested at 15 weeks.

There wns no evidence of the developnient of non-sypecific toxicity

in any of the satiples.
The results of these experiments are illustrated in Figure 4.2a & b,

Discussion

It appears from the foregoing resuits that both batches of toxin
behzve in o similar manncr in in vityc tests. The sopproxinate LD5O of
batch CWD at 0.02 - 0.05 ug/g B.W., i.e. 0.5 - 1.0 ug/25g mouse, is of
the same order as that found by Griner (196la) for one of his hatches of

toxin where the figure was 0.8 - 1.0 ug/mouse.

Despite the fact that the lethal action of the toxin to mice is
widely used fcr peotency testing, some workers consider that the severity
and appearance of the lesiong caused by the nccrotising action cf the

major Cle. perfringens toxins are more useful critcria for detection and
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identification,  Warrack (1963) has recommended that the typing of strains
be based on the appearance of the lesions produced in guinea pig skin.
Mattnes (1965) has descrived the lesicns produced in rabbit skin by these
toxins but Gakley (1568) considers that ihe guinea pig is superior to the

rabbit for demonstrating the necrntising action of the Cl. perfringens

toxins, He has pubiished coloured photographs of the sirin lesions pro=-
duced by the various toxins in ths former species and tiliose produced by

epsilon toxin are similer tc the lesicons produced in the present study.

It should be mentioned in respect to the skin tests in guinea pigs
that other workers have used Pontamine Sky Blue 6¥B to 'blue! their animals
(B1éur 4 Miles, 1957; Craig % wiles, 1961), but at the level of 1.2 ml.
of a %% solution/kg B.W. recommended by these workers the batches of this
dye aveilablc here vroved to be toxic to guinea pigs, causing severe dep-

ression and death,

One feature which must e bhorne in mind throughout the present
investigation is that the so-called epsilon toxin used in these investi-
gations is‘not e highly purified substance and could contein cther toxi
substances prcduced by the organism, However, in commercial laboratories

Cl. perfringens type D is usually grown under conditions which will produce

maximal quantities of epsilon toxin and these conditions tend to be less
favourable foi the production of some cof the ¢ther toxic products,.
Similerly, since the commercial antisere are prepared against the vwhole
gamit of antigenic suhstances passed into the culture medium by the
particuler strain of the organism, their use in neutralisation tesgts only
determineswhether the bulk of toxicity is due to a particular major toxin.
In actnal fact these considerations are of rather acadenic interest in the
present study which is corncernced with the patliogenesis of enterotoxacmia
rathier than the specific actions of pure epsilon toxin. Nevertheless,
although the organism will procduce a variety of toxic substances in the
intestine, the pattern of their absorption may be very different from that
of epsilen toxin. The use of impure preparations parenterally could
therefore produce non-specific effects such as those described by Kellaway
(1940) and Bullen & Batty (1956).

One of the most important contaminants which eculd have been
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present in the present tatches of toxin would have been alpha toxin.

This toxin is produced by Cl, perfrirgens type D, but since it is a potent

lecithinasc which causes lysis of erythrocytes, the virtual absence of
haemolysis when the batches of toxin were mixed with sheep erythrocytes
suggests thet alpha toxin was absent in batch CWD and only present in trace

amounts in hatch ANZD,

Some of the results obtained in the experiments on the stability of
he toxin in vitro were very interesting and have considerable relevance
to existing laboratory procedures for the diagnosis of enterotoxaemia and

the testing of commercial vaccinw.3 and antisera, Firstly the loss of
toxicity in the sample of liquid toxin, which wzs stated to have retained
its potency for two years prior to the present study, is surprising.
“hile thiis could have been due to storzge conditions such an explanation
appears to be unlikely as it was stored at 4OC at all times. Howszver,
the potency of the preparation was given in Lf units which, as mentiored
carlier, are used in reporting results of in vitro flocculation tests.
These tecsts will detect both @active and inactive forms of the toxin, i.e.
prototoxin, toxin and toxoid and are therefore not directly related to the
toxicity of the preparation. It would therefore be gquite posaible if,
for example, sporitanecus toxoiding occurred in the preparation, for the
material te retain its potency in the flocculation test and at the same
time progressively lose its toxicity. This type of phenomenon could be
of considerable importance in potency testing of vaccines and antisera if

appropriate precautions were neglected.

When considering the results of the studies on the persistence of
toxin in intestinal contentse it is interesting to lock at the history
Lehind currently adopted practices such as the addition of chloroform to
intestinal contents as a preservative. In the early work of Oxer (1932),
chloroform was added to intestinal contents to ensure that there was no
increase in toxicity of the sample in vitro due to continued multiplication
of the causative organism, He also showed that there was a loss of
toxicity in samples of intestinal contents held at room temperature
whereas toxicity was retained for considerable periods in samples held at
4°C.
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Jansen (1560) (in Niilo, 1965) found that the contents of an un-
onened loop of intestine held in glycerol overnight lost its toxicity, but
that intestinzl contents removed from a locp of intestine and treated with
0.5% chloroform retained their toxicity for a2 month. They do not mention
having held untreated intestinal contents znd, since glycerol can cause
tozxoiding of some meaterials, the ravid loss of potency 2f the srmple held
in this msaterianl is not surprising. Chlorofora itsclf may be toxic to
leboratery animals and could therefore interfere with biologicsnl tests for

entcrotoxaemia (Bennetts, 1961).

Since the time of Oxer's work it has been the prectice of labora-
tories dealing with samples of intestinzd contents from suspected cases of
enterotoxaemia to recommend the addition of chloroform to the samplcs sis
g preservative and it ig only rccently that this rccommendation has been
questioned, Niilo (1965) found that cuoling was the most inportant face-
tor in retoining epsilon toxin in an active state in intestinzl contents
and was unable to show any bencficial cffect from the addition of chloro-

form although he suggested that it reduccd bacterial multiplicetion,

The rcsults of the present exyerimcents emphasise the importance of
cooling for maintaining toxicity. They also suggest thet since epsilon
toxin will persist in untreated intestinsl contents, even in the absence
of cooling, for a much longer period than would be necessary to transport
sammples to a laboratory, the addition of a pxreservative is unneccessary.
Further, since chleroform is of no practical value for this purpose, and
may interfere with other examinations which may be reguired, its continued

use is undesirable.
Conclusions

1. The approxinate LDSO for mice of bstch ..IiZD epsilon toxin was 0.325
Lf units and that of batch CWD epsilon toxin wes C.5 - 1.0 ug. The
latter figure is comparable to vzlues obtained by other workers using

partially purified epsilon toxin.

2 The minimum necrotising dose of batch ANgED for guinea pig skin was
04325 Lf units and of batch CWD was 1 ug. The lesions produced resemble
those described by other workers as being typical of the effect of

Cle rerfringens type D epsilon toxin.
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5 Some batches of Pontamine Sky Blue can be toxic to guinea pigs when
administered intravenously at the dose rate recommended by other workers

and Bvan's Blue is preferabtle for ¥tlueing! this species.

4. The lethal and the necrctising actions cf both preparations of

epsilon toxin were neutrzlised by commercial Cl. perfriingens type-specific

antisera which contain epsilon antitoxin btut nmt ©y those antisera in

which this component was absent.

o No detectable haemolysis of sheep erythrocytes was produced by
batch CWD epsilcen toxin and only minimal amounts by batch ANZD epsilon
toxin, This suggests that these samples centain little or no contamina-

ting alpha toxin,

6. Loss of potency can occur in liquid preparatione of epsilon toxin
held at 4OC but there was no detectable loss of potency in samples of

dessicated lyophilised epsilon toxin.

Te Low temperature appears to be one of the most important factors for
maintaining the toxicity of epsilon toxinr in intestinel contents during

storage.

8. Non-specific toxicity did not develop in intestinal contents stored

at room temperature or at 4OC.

9. Chloroform is not an effective preservative for intestinal contents

suspected to contain epsilen toxin.
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Chapter 5: FACTORs AFFECTING THE ACTION OF LEPSILON TOXIN
ON LABORATORY ANIMHALS

Ccnsiderable information is available to show that although
laboratory animals are very useful for 2xperimental nurposes, the
outcome of experiments in which they are used can be markedly
influenced by host factors unless care is exercised. References
to the effect of such factors as age, sex, nutritional and genetic
status on the results c¢f a variety of investigations can be found in
textbooks such as Green's "Biology of the Laboratory Mouse' and

Cotchin and Roe's "Pathology of Laboratory Rats and Mice'.

While it is usually possible to eliminate some of the host
variables from experiments it is seldom possible to remove then all,
In these circumstances it is generally advisable to ascertain the
influence which the irremediable factors may nave and to be aware

that unexpected effects may ke encountered.

Althcough some workers recommend that inbred strains of
laboratory animals should be used in all experimental procedurecs to
ensure uniformity of response, it was not considered necessary in
the present instance where adequate control animals could be
employed, nor wecre specific pathogen free animals required for an
investigation of this nzture. t was possible to obtain animals
of similar age and genctic status but, because of the number of

animals involved, both sexes of mice were used.

Because sex influencesnot only morphological factors such
as brain: bodyweight ratio and the distribution of alkaline
phosphatase : e in the kidney, but also the animzal's
susceptibility to some toxic agents such as chloroform, it was
essential to determine what effect this factor would have on the
outcome of experiments.,. If such an influence were shown to occur
it would be desirable to know whether this was the result of the
hormonal status of the animal since sex hormones have been shown

to influence a number of metabolic processes. In this way
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information on the possible mode of action of epsilon toxin might

be cbtained,

Similarly, although animals conld be maintained under reason-
ably constant enviroamental conditions and adequate nutrition could
be ensured, there was no guarantee that an intoxicated @nimal which
survived for any length of time would continue to eat. Under these
circumstances, changes unrelated to the direct action of the toxin
could be encountered in a small animal in which the metazbolic rate is
high, Apart from thesc general nutritionzl considerations it was
realised that the lesions which have been described in epsilon toxin
intoxication resemble those occuring in certain deficiency states or
conditions in which vitamins or cofactors have been shown to have an
ameliorative effect. 1t therefore appeared to be desirable to
determine whether some¢ of these factors could affect the outcome of

any of the present investigations,
It was with these factors in mind that the series of experi-
ments described in this chapter was planned and the experimental mice

selected.

General Descrivtion of the Mice Used in Experimental liork

The mice usced in all the experiments reported in the present
investigation were a non-inbred strain of conventional laboratory
white mice obtained from the Small Animal Production Unit of Massey
University, The colony has been maintained for several years and
was originally started from stock from a number of different
laboratory animal colonies within New Zealand. All animals were
housed under identical conditions and given the same pelletted
ration and water ad lib. Animals were used at between 6 and 12
weeks of age and the ages of the animals used in any experiment

where this may be relevant are recorded,
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The Effect of Toxin Dose on the Survival

Time of Intoxicated lMice

Materials & Methods

The data recorded herc was obtained in the course of
establishing an approximate LD50 for the toxin batches and from
other experiments where the survival times of the animals and the
dose of toxin used were bvoth recorded. In 211 instances the toxin
was administered intravenously in a volume of 0.2ml over a period of

10-15 seconds.

Results

A fairly wide rzage of survival times was encountered in
animals given approximetely one lethal dose of toxin. Many animals
died approximately 3 hours after inoculation while =z few survived
for 24 hours or more. These latter animals often showed signs of central
nervous system damage. The pattern of survival time was not markedly
affected by increasing the inoculum to approximately two lethal doses
although the number of survivors was reduced. A summary of the
survival time d=zta derived from these experiments is shown in
Figure 5.1. Lbove 2 lethnl doses the survival time was reduced
considerably and with very high doses, e¢.g. 1,000 mouse lethal doses,

derth was practically instantaneous.

The Influence of Sex on Survival

Time in Intoxicated Mice

Materials & Methods

Forty male and forty female 8 eighﬁ?gid mice were weighed and
batch CWD epsilon toxin administered at a dose of 0.0bug/g bodyweight

intravenously.

Results

Two of the femnle mice showed evidence of intercurrent

infection at necropsy and were removed from the experiment.

The pattern of survival in the two sexes was different.
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Deaths occurred fairly regularly over the period from 2 hours until
12 hours post-inoculation in the females while, in the males there
was a preponderancs of early deaths., This resulted in the mean
survival time of the male animals being reduced. Mean survivazl

time for the male mice was 5.13 g 2.84 hours and for the females

7.08 + 2,77 hours, The difference between these two values is
highly significant (t test: 1><.OO5). The data from these experi-
ments are recorded in Appendix Z;and the different pattern of survivel

in the two sexes is illustrated by the histograms in Figure 5.2.

The Possible Hormonal Basis for the Sex Differences

In the Survivazl Time Pattern

] a a sex ai rence wa ncounter in Xperimen
Because sex aiffe ce s encountered in the e iments
just described, a2 further exwneriment was carried out to examine the

influence of sex hormones on the patterns of survival time,

Materials & Methods

Groups of 25 mnles and 25 female mice were castrated =zt one
month of age using techniques which are described in Appendix1,
Further groups of 25 male and 25 female mice of similar age and
breeding were given 3 subcutaneous doses of 0.5 mg of oestradiol in
peanut oil and 1 yg of testostcrone ('Sustanon' - Organon Laborntories
-~ London, England) at 2 day intervals respectively. The last
injection of the hormones was given on the day before toxin was
administered. A third untreated group of 25 normal male =2nd 25
normal female mice, similar to the above was also used. A11 these
animals were held under identical conditions until they were given
toxin at 6 weeks of age, i.e. 14 days after castration of that

particular batch of animals,

At this time all enimals were given 1 ug of batch CWD

epsilon toxin intravenously and the survival times were recorded.

Results

The results in this experiment werc not as clearcut as those

obtained in the previous section. In general the survival pattern
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of the castrated males 2nd females and testosterone treated females
was similar to that of the centire females, while oestrogen-trented
males and normal males had a 'male-type'! survival pattern, The mean

survival times for the different groups were os follows:

Entire Males: 5.25 + 2.47 hours

Entirce Females €.46 + 3.26 i

Castrated Males £.03 + 3.19 *

Custrnted Females 5.98 + 2,35 "

Oestrogen iales 5.61 + 2.37

Testosterone emales 5.52 + 2.12 M

(t test on menn v-lues for entire males and entire femnles: p

between .200 and .1C0.)

The results 2re shown in graph form in Figure 5.3 and recorded

in Appendix 3,

The kffect <f Nutritional F-actors on the

Action of Epsilon Toxin in Mice

Uncomplicated starvatina and its influence on the lesions
produced in the course of epsilon toxin intoxication in mice will be

discussed szparately in Chagpter 10,

Materials % Methods

Ter groups of five 6 week old female mice were prepared by

administering one of the following compounds:

Adenosine triphosphate 0.5 mg intravenously.

idenosine monophosphote 2 mg intravenously.

Thiamine pyrophcswvhate 0.5 mg intravenously (3 animals only)
Lipoic acid 100 ug intraperitoneally and 50 ug subcutaneously,
Coenzyme A 2 mg intravenously.

Nicotinamide 2.5 mg intravecnously.

Pantothenic acid 0,7 mg intravenously.

Diphosphopyridine nucleotide (DPN) 2 mg intravenously.
Diphosphopyridine nucleotide (reduced) (DPNH) 2 mg intravenously

Thiamine hydrochloride 2 mg intravenously.
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Five untrezcted animals were retained as controls.

Animals which received intraperitoneal or subcutaneous injections
were held overnight before use while those receiving the compound
intravenously were used immediately. Following the administration
of the test substances nll the animrals were given 2 ug of batch CWD

epsilon toxin intravencusly.

Results

A1l mice diead after toxin administration with the exception
of the groups of animals which had received DPNH or ccenzyme 4.
There was no differcnce in the survival times of the animals within
the various groups wihere deaths occurred. Three ~nimals survived in
the group of 2nimals which received DPNH and the experiment was
repeated, using four mice and the same dose of nucleotide, but
increasing the dose cf epsilon toxin to 4 ug. On this occasion
nlsc, there were three animals which survived.

An interesting situation arcse in the case of coenzyme A,
The initial ¢xperiment had been carried out using the tri-lithium
salt of coenzyme 4 supplied by Koch-Light Laboratories Ltd (Colnbrock
England). When the experiment was repeated using the same doses
of coenzyme and toxin there were no survivors from a group of five
mice, On this occasion coenzyme A supplied by Sigma Chemical Co.
(S5t., Louis, U.S.i.) hcd been used. In view of this anomalous
result, the ecxperiment was zgcin repeated. Two groups of four
femanle mice were given cither 2 mg of ¥och-Light Coenzyme A or
2 mg of Sigma Coenzyme 4, followed by 4 ug of batch CWD epsilon toxin
intravenously ond agein the animals which received the Koch=-light

compound survired while those receiving the Sigma compound succumbed.

The results of the experiments using DPNH and Coenzyme 4

summarised in Teable 5.1.
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Table 2.1. The Protective Effect of the Reduced Form

of Diphospheyridine Nuclcctide (DPNH) and Coenzyme

A ipainst the ction of Epsilon Toaxin in Mice.

Protective igent Experiment Dose of Number of Number cf
inimals per Surviviang

Group Animals,

2k hours

Post-
Inaeculicisn

DPNH Initial 2ug S 3
DPNHE Repeat Gug b 3
Coenzyne 4 2ng s
O > Initiszl 2ug 5 o)
(3ignma)
Coenzyme i 2ug
"fy o Hepeat hug b 0
(3igma) .
Coenzyme /i 2mg Initiel 2ug 5 5
(Koch-Light)
Coenzyme A 2mg Repeat bug 4 b

(Koch-Light)

Discussion

Levels of toxin ahove one or two lethal dcses were only
employed in exccptional circumstances in the present investigation
as, fer example, in the rmsszay of toxin lewvels in the intestinal
contents of lanmbs. It was considered to be desirable, in the cxper-
iments wherz parenteral administration of toxin was used, to keep the
dose as low as possible to avcid non-specific effects znd to reduce
the influence of any toxic =zgents, apart from epsilon texin, which wnzy
have been present in the samples of toxin which were employed,

(see Chapter 4.)
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The peeponderance of enrly deaths in the mnle mice appecared
to be due to the sudden onset of viclent convulsicns with a fatal cut-
ceriey, 2 pattern which wnas more common in the males than in the

femnles,

In view of the fact that the survival time patterns of entire
males nnd oestrogen-treated males were similar, while that of
castrated mnles regemhied the paticrn for female animals, it appears
that testosteronc may be =n impertant factor influencing the pattern
of survival times in intoxicatced mice. This is nat surprising
since Dunn, in Cotchin * Roe (1947), refers to the fact that sex
differences in scme »f the morphologiczl features in the kidneys of
mice are depecndent on the presence of testostercne. It is possible
that, in the present instance, it is a modification of the internal
environment induced by this hermonc which shortens the survival
time of male nnimals after tuxin ndmianistration. However,
testosteronc per se does not cppear te be the only factor involved
as there was no morked chonge in the survival pattern of female mice
which had received this hormonc,. Ideally this werk would have been
extended tc include studies in which the effect of the different hor-
mones on castrated animals was examined and the lethzl dose of toxin
for animals of different hormonal status established bLut this appecred,
at the time, to be & divergence from the mein aim of the project and

wasd not carried ocut.

There are many difficulties in studing the effects of vitamins
aand co~factors in an =scute intoxication and the absence of a signi-
ficant result does nct exclude the mnossibility that the toxin affects
steprs in which the particular substances arec involved, In many
instances, for example nicotinamide and pantothenic =zcid, the co-
factoer is only part of a complex and in some cases the intact complex
must be synthesised within the cell as many of these compounds, in

their active state, cannot pass 2across cell membrones.

In the present instance the apparent protective effect obtained
with DPNH and coenzyme . 1s difficult to explain., In the case of

DPNH any protection provided by the reduced nucleotide should have
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been associnted with a similor effect from the oxidised nuclectide,
since it is the lotter form which is the more active in energy
metoholisme.  as in the case of DPNH the protective effect of coenzyme
L was unlikely to be asscciated with any scticn of the coenayme itsclf

25 only one trond of the substonce wns eifective,

It nvppears from the foregoing considerations thnt the protection
mey have bLeen of zn indirect nature or due to some extraneous factor
and, while more extensive investigations of this pheacmenon appear to

be warranted they were considered to e beyond the sccpe of the

present investigation.

Conclueions

A

is The Survival tiwmes of intoxicated imice are nct dose-dependent
when levels of epsilon toxin «f the order of one to two lethal deses

are employede

2 The survival time pattern differs in intoxicated male and
female mice with 2o preponderance of acute early deaths in the male

animals,

3. The pattern of survivol time in intoxicated mice is influenced

by the hormonal status of the animal, heing determined to some

extent, ky the presence or absznce of testostecrone,

b, No protective effect; against the cction of epsilon toxdn awas provided
by the prior cdministration of adenosine triphosphate or monophosphote,
thiawmine pyrophosphate or hydrockhloride, lipoic =acid, oxidised '
diphosphopyridine nuclectide, pantothenic ncid or nicotinamide.

Apparent protection was provided by reduced diphosphopyridine
nucleotide and one brand of coenzyme 4 but nct by coecnzyme A from

another commercial source. The precise action of these protective

agents was not determined.
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Chapter 6: SOME OF THE PACTORS WHICH 1NFLUENCE
TUE ACTION OF EPSIION TOXIi ON LAWBS.

Previous workers have found that host factors can have a considerable

influence on the cutcome of attempts to produce enterotoxaemia in lambs.

For instance, an important prerequisite for the successful production of
the disease has been found to be the absence of appreciable levels of
circulating epsilon antitoxin and this can sometimes present problems

since it has been shown that epsilon antitoxin is produced in a proportion
of lambs when they hegin to graze pasture. In addition, in contrast to
Lamb Dysenrntery, entcrotoxacmia is rare in the first few days of life,
suggesting that it may be preferable to avoid using newborn lambs in

investigations into the action of epsilon toxin or e¢nterotoxaemia.

Parenteral administration of epsilon toxin is a convenient means of
studying enterotoxaemia but there is some evidence that the results obtained
are not always typical of the natural diseasc. Trifinov & Todorov (1964)
have shovm that the rate of intravenous administration of the toxin can
affect the survival time of rabbits and, in experimerts where the toxin
has beer given rapidly to lambs, a severe pulmonary oedema has been decs-
cribed, (Kellaway et al., 1940). This is not a prominent feature of the
natural disease, nor has it been described when the toxin has been infused

slowly by the intravenous route (Griner, 1961&).

While it is possible to study the action of epsilon toxin by infu-
sing sterile culture filtrates or partially purified toxin into the duo-
denum, the method has serious limitations. Surgical cannulation of the
animals is required and in addition, the toxin must be held at a high
concentration in the intestinal contents for some time before intoxication
can be induced. During this time the toxin is being continuelly removed
by peristaltic activity, which makes the quantity of toxin required too
great to recommend the technique for experimental use. Other workers
have therefore turned to the use of a continuous intraduodenal infusion

of cultures of Cl. perfringens type D plus a carbohydrate such as starch

or dextrin,

It was decided to study the effect of parenterally administered



42
toxin on lambs in tke first instance, keccping the limitations of the method
in mind and trying, wherever possible, to obtain information on the in-
fluence vhich factors such as rate of administration might have on the out-

cone of the experiments,

Because of the possible shortcomings of parenteral administration
of epsilon toxin as a model for studying enterotoxaemia it was also necec-

sary to produce the disease by intraduodenal infusion of Cl, perfringens

type D culture, plus carbohydrate so that appropriate comparisons could be

nade,

In the latter animals, any change in intestinal permeability which
occurred when high levels of epsilon toxin developed in the intestine
would be useful as a reference point to which clinical evidence of intoxi-
cation could be related, Bullen & Batty (1951@ did show a difference be-
tween the rate of absorption of a protein tracer between control and
intoxicated animals but there was no obvious point of inflection in the
absorption pattern in intcxicated animals nor did the absorption cf the
tracer appear to be closely related to the development of high levels of

epsilon toxin in the intestine of these animals.

The tracers employed by these workers had certain disadvantages,
the most important being thaty because they were protein, they were liable
to be broken down in the intestine., The ideal marker to use in the
present instance would appear to be the epsilon toxin itself, but detec-
tion techniques arc not particularly sensitive. A further problem is that,
according to Trifinov & Todorov (1964), a variable proportion of the
absorbed toxin is removed by the liver, Direct sampling from the mesen-
teric veins would therefore be required and the latter technique would not

fit in with other aspects of the present study.

A tracer vas required which was rcadily detectable, stable in the
intestine and not subject to metabolic breakdown or binding within the
body. One substance which fulfills these criteria is radioiodinated
polyvinylpyrrolidone (PVP) which is currently used in human medicine for
detecting loss of protein from the bloodstream into the intestines in

certain enteric disorders, and it was decided to use this agent in
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experiments designed to indicate the time at which absorptidn of texin from

the intestine wes maximals

The Influence of Different Rates and Routes

of Administravion of Ensilon Toxin Upon the

Pathological Changres Produced in Lambs.

Materials & lethods

oe

The lambs available for these experiments were the prcgeny of
Southdown rams mated to Romney ewes which had not received Pulpy Kidney
vaccine during this pregnancy. Their previous vaccination history was
uncertain., A1l the availablc lambs were female and this precluded any
study of possible sex differences in the action of epsilon toxin in this
apecies, Lambs were used at between twec and three wecks of age when their
bodyweights were between 6.5 and 13.5 kg (mean 9.5 kg.). A total of 43
lambs were cbtained over & pericd of 5 wecks and animals which were shown
at necropsy toc have intercurrent infections werec rerioved from the experi-

ments.

Because of farm management considerations the epsilon antitoxin
status ¢f these animals could not be determined before experimental proce-
dures were undertaken. It was nowcver detcrmined retrospectively on
serum samples which had been teken from the animals befors any toxin was
administered., Levels of epsilon antitoxin were estimated within broad
limits by mouse protection tests as described in the British Weterinary
Codex (1965).

Of the available lambs, 10 were retained as uninoculated controls
for the biocchemical and rmorphological studies. The remainder were divided
into two groups. One group of 18 lawmbs was given individual doses of
0.15 to 0.25 mg. of batch CWD epsilon toxin intravenously into the jugular
vein at 30 minutes intervals until the onset of clinical signs of intoxi-
cation. If clinical intoxication did not develop after four injections,
the dose of toxin was increased first to 0.5 mg. and finally to 1 mg.

The other group of 13 lambs received the toxin (0,1 mg./ml.) by slow
intravenous infusion from a disposable intravenous drip se¢t at a rate of
100 ml per houxr. One further animal was given 6 mg. of epsilon toxin

intraperitoneally in two equal doses 2 hours apart.
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Results:

The intraperitoneal injection cf the toxin was non-lethal and produ-
ced a secvere fibrinous peritonitisu. This route was thus unsuitable for

the experimental induction of intoxication,

In both grcups of lambs which rcceived intravenous toxin, the
ancunt neceded to produce intoxication varied considerably and ranged from
0.25 tc 25.0 mg. In one animal with 4 - 8 units epsilon antitoxin/ml. of
sermul intoxication was not incuced by the administration of 100 mg. cf
toxin. The doses of toxin zdministered are surmarised in Figure 6.1
where they are related to the level of circulating antitoxin in the

animalss

In 211 instences where thz toxin was lethal, the animals died
within an hour of the onset of clinical sigmns. The clinical signs and
gross pathology which developed in both these groups of animals will be
described in detail in Chapter 7, but it is appropriate to mention here
that, vith the exception of one animal, all animals which received the
toxin in individual doscs developed a most severe pulmonary ocdema and a
massive effusicon of pale straw-coloured fluid into the pleural cavity,

On the cther hand eight of the animals which received the toxin by
continuous infusion did not develop any plcural cffusion and showed little
or no lung oedema. (Figure 6.2a & b). The data from these experiments

cwee given in Appendix 5.

The Effect of the Infusicn of Cl. perfringens Type D

Culture plus Carbohydrate into the Duodenum of Lambs.

Materials & Methods:

Most of the animals which were available for this aspect of the
work were 8 month old male Romney lambs from a group of 2C which had been
screened for epsilon antitoxin. Six arimals with antitoxin levels less
than 0,08 units per ml of serum were selected for cannulation. Of these,

two died from intercurrent infection prior to cannulation.
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A young fenale lamb of similar age and breeding to those receiving

the parcnteral toxin was also cannulated.

The surgical techniques cmployad for inserting the canrulae into

these =ninals are described in Appencix 4.

Culturec of Cl. perfrincens type D woere grown in Cooked #Hest Medium

at 3700 for 18 hours. After shaking the cultures and allewing the larger
meat particles to settle,500 to T00 i1, cf the supcrnatant was deconted
inrto & 1 litrc bottle anda either 100 grams of cornflour starch or 50 grams
of dextrin were added. This mixturc was infused into the duodenum of the
animals via an intravenous drip set at 100 ml./hour until the onset of
clinical signs of intoxicetion. Frequent agitation of the bottle was

necessary to hcld the carvohydrate in suspension.

The toxin level in the intestinal contents of these animals at the

tire of death was ascertained as follows:

A sample of the intestinal contents was centrifuged at 1800G fer
20 minutes and the supernatant retained. In samples where the meteria
was too thick to centrifuge it was weighed and mixed with an equal gquantity
of saline before centrifugetion. The supernatant was prepared in the
folloving series of dilutions in saline viz. 1:5, 10, 20, 50, 100, 200,
500, 1,000, 2,000, Aligucts of 0.2 ml of each dilution werc injectoed
intravenously into each «f two mice. In addition 0.8 ml. samples of the
undiluted supernatants were mixed with 0.2 ml. of either commercial

Cle perfrincens tvpe D or Cl., perfringens tyve C antisera and held at room

tenperature for 30 minutes. Aliquots of 0.3 ml., of the intestinal contents-
serum mixture were injected intravenously into pairs of mice to confirm
that the toxicity was due to the action of the toxins of the former

organism,

The pattern of the development of toxin levels was also studied in
the animal in which an additional ileal cannula had becn inserted.
Samples of the ileal contents were removed at intervals from the start of
infusion until death occurred and the level of toxin in each sample was

established as described above.
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Results:

With ~ne exception the aninelis deveioped clinical signs of intoxi-
cation and died with pcst mortem lasions consistent with enterotoxaemic.
These findings will be discuse.sd in dsteil in latcr chapters and it is
sufficient to note here that pleural elffusions were zmbvsent and pulmonary

sedema minirmal or absent in 211 animnls.

The level ¢f epsilon toxin in sampies of the intcegtinal contents at
the time of death was hiigh in all intoxicated animals and ranged from 500
to 5,000 nmouse lethal deses/ml. It is interesting to note that a sample
of faeces passed by the young female lamb, during a meriod ol severe
diarrhoea, 8 hours after tie onget of infusion and 19 minutes before death,
also had 1,000 mouse lethal doses of toxin per granm of faeces. In the
animal in wvhich the pattern of development of toxin was studied there was
an initisl lag of 2%-hours from the start of infusion until detectable
levels of toxin vrere present in the ileum. Thereafter the level of toxin
rose rapidly to over 1,000 mouse lethal doses/ml. and renained above this

level until deati: occurred 4%-hours later (Figure 6.3).

“he rattern of Atsorption of

Radioiodinated Polyvinylpyrrolidone (1 PVP)

125

from the Intestine of Lambs.

Two separate experiments were carried out using I“ZBPVP as a traccr.

Materials & Methods:s

PVP labelled with the I125 isotope was used in these experiments as

it has a longer half life than I131 and is therefore more convenient.

In the first experiment the tracer was infused into the duodenum of

two separate animals. One animal (No, 77) received 1.75 ml. of the

1125PVP concentrate containing 5.5 mg. PVP/ml. in 700 ml. of the Cl. per—

fringens type D/dextrin mixture over a period of five hours. The other

animal (No. 78) received 1.9 ml. of the same I PVP concentrate in 750 ml.

125
of saline intraduodenally over a period of six hours to act as a control.

In the second experiment one animal (No. 81) was used and was

intended to act as its own control. On the first day of the experiment
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1.9 ml. of Il“SPVP (2.5 mg.PVP/ml.) was infused intraduodenally in 500 ml,

of saline over a period of 6% hours. The animel was left overnight and

or: ths following dey 1.8 mi. of the same I 5PVP sample was infaased in

12
500 ml of culturc/dextrin mixture over a period cf 4 hour

Q

L]

Heparinised blood samples were taken from the jugular vein of these
animels with "Vacutainers" at intervals throughout the experiments and,
after centrifugsl separation, aliquots of the plasma were taken and the
radioactivity measured, This was done by counting cach szmple for 10
minutes in a Picker "Autowell" gamus emission counter (Picker Xray corp.,
White Plains, N.Y.). In the first experiment 1.5 ml. aliqucts of plasma
were used and in the sccond experiment the volume was rcduced to 1.0 ml.
The radioactivity of similar azliquots of cach of the mixturcs infused
intraduodenally was established in the same way and the results cf the

gamma emission counts were converted to nanograms of PVP/ml. of plasmu.

Results:

In the first experizient the abscrption of the tracer was greater
and increased more rapidly in the animel which received the culture plus
dextrin, These results are shown in graph form in Figure 5.4a. In the
second experiment however, the carcyover of circulating tracer from the
first tc the second day made it impossible to establish whether there was
any alteration in thc rate of absorption of the tracer. Thcre was how-
evcr a precipitous drop in the radioactivity of the two blood samples
taken just before the death of the animal. The pettern obtained in
this animel is illustrazted in Figure 6.4b. The data from these experiments
is given in Appendix 5.

Discussion

Although it was realised that a proportion of the lambs used in
these experiments werc liable to receive passive antibodies from their
dams in the colostrum, no attempt was made to rear them artificially as
farm management factors precluded obtaining many of the lambs before
they had had at least one fued from tteir mothers. In addition, colostrum-
deprived animals are susceptible to enteric disorders and these could

have adversely affected the experimental investigations,
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Intoxication could be induced in susceptible animals in the present
experiments with 25 ug epsilon tOXln/ng. B.W. or slightly less, This
fimure is comparablc with Grinexr' 1Tglgnre of 18 - 36 ug/kg. The prosance
of approximately 1 int. unit of antitoxin/ ml. of serum incrcased the Jdose

cf toxin reguired to the crder of 1000 ug/kg. B.W.

Ore of the prominent featurcs of this series of experiments is the
marked influence that the concentration and rate of administration of the
toxin had upoxn the lesions which were vroduced. The rapidity of omset and
severity of the pulionary ocdema when the animal received concentratad
toxin over a short period of time was remarkable and could have profoundly
influenced many of the parameters associated with respiratory exchange and
fluid velance (Sce Chapters 16 and 17). The development of pulmonary
oecdema in a proportion of the eanimals which reoceived the continuous infu-~
sicn was possibly associated with the high concentration of the toxin which
was uscd, 10C ug/ml. compared with Criner'!s 10 ug/ml., tecause of the
unknovmn antitoxin status of the present series of animals at the time when
the toxin wae administered. The possible basis for the variable occur-

rence of pulmciiary oedeme will Wwe considered again in Chepter 9,

No cxplarztion can be advanced for the animal which survived the
intraducderal infusion of culture ané starch. It had received a conti-
nuous infusion of 100 ml/hour for 8 hours, but, apart from mucoicd diarrhoce
6 hours after the onset of infusion, it was unaffected and remaincd
clinicaelly normal for a further 24 hours at which time it was destroycd.
The antitoxin titrc of this animal, at the time the infusion was started,

had not changed from the preliminsyy screening value of 0,06 units/ml.

The levels of toxin and ths pattern of its development in the
intestinal contents of the other animals which rececived intraduoden:l

infusions wes broadly similar tc that fourd by previous workers

The wcottern of 2bsorption of the PVP tracer during the course of
intoxicaticn was also much the same as that obtzined by Bullen & Batty
vith their protein trccers. No inflection was detectable in the curves
from the intoxicated animals. On thc other hand it must be realised that,

3 hours after the onset of infusion the levels of tracer in the plasma had
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reached 50% of its final vaiuc in both the intoxiczted and control animal
ard since, in a2 diifTerent animel, toxin was only just becoming detectable

in the ilcum ot this time it may be thot the narker doe

m

not truly rcflect
the pattern of absorption of the toxin,. It would be possible to confirm
these results therefore, only by caricying out further work on the reletion-

ship betwoen the levels of toxin at & number of different points along the

=

cngth of tho small intestine end the pattern of absorption of different
trr.coer substances. Becruse these factors are only indircctly sssociated
with the Wiocnemical, physiolcgical and morphological changes induced in
the animel og 2 whole during intoxication they were not pursued further in

this study.

It is unfortunate that the experiment in which the animal wos used
ag its own control wos not satisfactory for demonstrating changes in
integtinel permesbility, but the sudden f21l in the level of circulating
tracer in the terminal blood samples is of some intercst. It can be seun
from Figure 6.4b that the decrease in circulating tracer after the cessctien
c

of the intusion on the first, control, dey was very slight and in feo

4

trocer was at mach the same level on the following morning. Similarly,
on the second day, the initiael decreasc after stopping the infusion wzos
gradusl and the precipitous f=ll did not occur until c¢linical intoxication
was at an advanced stage. Thie suggests that the tracer was being lost

35y

+Cor,
from the circulation at this time. SiICE GrlnerA(1961b) have shotn that
radioiodinated albumin escapes frow the circulztion into the tissucs of
he central nervous system in intoxicated animels it is possiwuvle that the

PVP was also being lost in & similar manner into nervous and other tissucs,.

This possibility will bz mentioned again in Chapters 8 and 16.

Conclusions
1. The intraperitonesl injection of epsilon toxin into lambs proauced

a severe fibrinous peritonitis and was an unsuitable route for the admini-

stration of toxin,.

2o The dose of intravenously administered toxin reguired to produce
intoxication was influencad by the level of naturally acquired specific

antitoxin in the recipient lombs.
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3 The rztc of administration of toxin modified the rathological effect
of intravenously administered toxine. Rapid adpinistration of the toxin
was more likely tc producce pulmencry oedema than administration over -~

longer period of tinc.

4, Intraduodenal iufusion of Cl. perfringens type D culture plus

starch or dextrin into lambs prcduced @ clinical and pathological syndrome
which closcly resembled natural casces of enterotoxecria, with high levels

of epsilon toxin devcloping in the intestinal contoents of affected animals,

S PVP labelled with 1125 was no more effcctive than the protcin
trocers used by other workers for demonstrating altered intestinal permes-

bility during intoxication.

6. The charp fell in the levels of circuic.ting PVP trzcer in the
terminal blood samples from an intoxicated aninal suggest that it is lost

from the bloodstream into the tissues in the late stages of intoxication,
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Chapter T: THE CLIRICAL SIGNS AND GROSS PATHOLOGICAL CEANGES
ASSOCIATED WITH CL, PERFRINGENS TYPE D EPSILON
TOXIN INTOXICATIVN,.

Because enterotoxsaenia generally hes a very short clinical course,
few field cases are scen alive. Wheore natural or cxperimental cases are
seen antemortclh nervous signs are prominent and may include rigidity,
opisthotorius and convulsions (Gill, 1933 and Griner, 1961&). On occasions
the clinical syndrome in thoese animals superficially resembles tetanus in
lambs, although the rigidity is generally not as marked (Gill, 1933).

The present study provided a good opportunity to observe the range of
clinicel signs and gross pethologiceal changes which can be ercountered in
intoxicated mice 2nd lambs. Tt is aupropriatc to discuss thesc bheforc
embarking on < detailed description of the biochemical, haematologicsal

and mcrphological changes induced by the action of the toxin.

As stated earliur, there have becn somc investigations into the
physiological responses of the animeal to the action of epsilon toxin. In
particular, Kellaway ¢t al. (1940) studies on the changes which occur in
blood pressure and the clectrocardiogram (ECG) during the course of intoxi-
cation sre noteworthy, Unfortunztely their work was confined entirely to
the action of parenterally administered partially purified toxin and many
of the experiments were carricd out on surgicelly modified animels e.g.
decerebrate preperations. Ir the present study it was possiblc to study
the chonge produced in physiological parsmcters such as the electrocardio-
grar: both when the toxin was administered parenterally and when it was
absorbed from the intestine, under conditions es nearly approaching the
natural situation as possible, Information could thercefore be obtained
on the overall pattemof chang:s which could be expected to be present in
the natural disease as well as that produced by parenterally administered
toxin, At the same time it was possible to relate these changes to the
occurrence of gross lesions at necropsy and to structural alterations in

the tissuese.
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The Clinical Signs and Gross Pathology

of Epsilon Toxin Intoxicaztion in Mice.

The pattern of development of clirical signs was broadly similar in
all mice which received doses cf epsilon toxin of the order ¢of one lethal
dose in the vaxrious experiments undextaken in the course of this study.
Animals remained normal for from 5 to 30 minutes. Thereafter they became
depressed and sat hunched up with fur erect and eyes closed. If disturbed
at this stage they would move sluygishly. After an hour or more, usually
in response to & sudden stimulus such as light, sound or movement, a pro-
portion of these animals would suddenly exhibit violent convulsions,
initiated by running, leaping or rolling. Thie convulsions usually termi-
nated in a spastic episode with the neck ventriflexed, and fore and hind
limbs extended rigidly backward. If the animal recovered from this con-
vulsion the episode would be repeated after an interval of time had elapsed
and this pattern would continue until deatl: supervened. No gross lesions
which could be awsociated with the action of the toxin were seen in any

of these animals.

In animals given high concentrations of epsilon toxin e.g. in
assays of lamb intestinal contents or where tisuues vere required for
fluorescence microscopy (see Chapter 14), death occurred rapidly.

Violent convulsicns occurred a3 seon as the toxin was administered and the
aninal generally died within 30 minutes of inoculation. In these mice

there was severe pulmonary oedema.

The Clinical Signs snd Gross Pathology

of Epsilon Toxin Intoxication in Lanivs.

With one exception the susceptible lambs which received parenterally
administered toxin in divided doses developed depression within a few
minmutes of the administration of the final dose of toxin. This was fol-
lowed by dyspnoea with rapid forced respiration and a double expiratory
effort. The animals then became cyanosed and recumbent and thereafter
the syndrome progressed rapidly to coma and death, often with a few
terminal convulsive movements., In all instances the animals died within
an hour of the administration of the final dosc of toxin and these vere

the lambs which showed severe pulmonary oedema. A similar pattern of
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clinical sigms ¢lso occurred in those animals which developed pulmonary

cedena after receiving continuous intravenous infusions of toxin.

On the other hand there wss no evidence of respiratory distress in
the lemb which received epsilon toxin in divided doses but did not develop
pulinonary oedema. The first clinical signs of intoxication in this
animal consisted of a mild ataxia which developed 30 minutes after the
last injecticn of btoxin, This progressed, over the next 30 minutes, te
depregsion, nystagius and fine lip tremor, and was rapidly followed by
prostretion, 'star-gazing!, rolling and running convulsions and opisthc-
tonus., This pattern corntinued with only occasional short relaxed periods
until death occurred 2 hours after the final inoculation of toxin, A
similar syndrome was seen in two of the lambs which received an intraduo-

denal infusion of Cl, perfringens type D culture plus carbohkydrate.

There was no cvidence of respiratory distress in the lambs wnich did
not develop pulmonary oedema after receiving continuous intravenous infu-
sions of toxin, As soon as these animals became depressed during the
course of infusion, the administration of toxin was discontinued. The
depression was accompenied by rapid shallow respiration but there was no
dyspnoea. From depression, the clinical signs progressed rapidly to coma.
The animals died guietly or else with just one or two terminal convulsive
movements. This type of syndrome was also secn in two of the lambs which

received the intraduodenal infusions of Cl. perfringens type D culture

plue carbohydrate.

Some aspects of the gross pathology of intoxicated lambs are des-
cribed elsevwhere e.g. the pulmonary oedema and plcural effusions in Chap-
ter 6 and the renal changes in Chapter 10. Apart from these changes the
only gross lesions regularly associated with intoxication were pericerdial
effusions and subepicardial and subendocardial haemorrhages. In animels
which received toxin intravenously the pericardial effusions varied con-
siderably in quantity. Pericardial fluid was often absent or present in
very small amounts, in animals which died shortly after the onset of
clinical signs of intoxication. In other animals, including all those in
which the toxin was of enteric origin, 20 - 50 ml. of clear straw-coloured

fluid, which clotted after being exposed to air, was present in the peri-
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cardial sac. Subendocardial haemorrhages were usually present in the
hearts of intoxicated animals and often consisted of extensive ecchymoses
in the walls of the ventricles, both ventricles usually being affected to
some extent in all animale, Or: the other hand - subepicardial haemorr-
hages were variable in occurrence and vicre usually petechial in nature and
most noticeable over the fat deposits in the coronary grooves. The only
other gross lesion of note was petechial haemorrheges in the thymus in a

proportion of the intoxicated animals,

The Elcctrocardiographic Changes which

Qccur in Lambs Receiving Epsileon Toxin

Materials & Methiods: S

Electrocardiograms (ECG's) were recorded from 11 of the 2 - 3 wéek
old female lambs which received parenteral epsilon toxin by continuous
intravenous infusion and also from 3 of the 8 month old male lambs which
received Cl, perfringens type D culturc plus carbohydrate. Recordings

of the standard bipolar and uripolar limb leads (I, 11, 111, aVR, aVlL, aVF)

were made with a 'Cardiofax! portable electrocardiogreph using 25swg sub-
cutaneous needle electrodes and a chart speced of 25mm/sec. Duplicate
recordings were also teken at a cnart speed of EOAM/SeC- if this proved

NECESSATY »

Because the position of the animal may affcct the electrocardiogran,
pre and post-inoculation recordings were made with the animals restrained
in identical postures., Recordings from the lambs which received paren-
teral toxin were taken with the animal held lying quietly in right lateral
recumbency on a table covered with a 4" thick rubber mat over an earthed
grid, The lzft forelimb was held anterior to the right in all animals.
Further recordings were taken under the same¢ conditions when clinical
signs of intoxication were detectable and, if pcssible, again just before the

death of the animal occurred.

Of necessity the ECG's of the animals which received intraduodenal
infusions were recorded with the animal standing in its crate and sling
(see Appendix 4 ) and in this instance the animal stood on the rubber

mat and the crate itself was earthed. Preinoculation and serial post-



%
inoculation reccrdings were taken as before with needle electrodes.
During the later stages of intoxication the position of the animals was
maintained as nearly as possible to the preinoculation posture by use of

the sling.

Results:

Parenteral Toxin Administration:

The ECG'!'s taken after the onsct of clinical signs of intoxication
develoned differed markedly from the preinoculation recordings in ail the
animals cxamincd. The most consistent changes were as follows:

i, A decrease in hcart rate, with an associated increase in P-R interval,

ii, A decrease in the amplitude of the GRS complex and marked altera-
tions in the pattern of this complex,

iii. A decrease in the duration of the S5-T segment and a displacement of
thie segmnent from the isoelectric line.

iv. A tendency for the T wave to have an increased amplitude with

changes in the polarity of this wave in somc animals,

The cardiac rhythm of most animels remained normal after administre-
tion of toxin, In some instances however there were very severe altcre-
tions in rhythm consisting of extreme bradycardia, sinus arrythmia, incom-
plete heart block, electricazl alternans, etrial fibrillation and ventri-
cular fibrillation. These changes occurred singly or in combination in

any given animal,
The normal electrocardiographic pattern and the chenges encountered
following the parenteral administration of c¢psilon toxin are summarised in

Table 7.la, and illustrated in Figure T7.1l.

Enteric Origin Toxin:

The electrocardiographic changes were not as prominent in these
animals as in the animals which received parenteral toxin and the situation
was further complicated by the fact that one animal (No. 81) had a pre-
existing electrocardiographic defect in the form of S-T secgment displace-
ment. Further, for technicel reasons the pre- and post-inoculation

recordings from this animal were made with different instruments, Although
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Table T.la:

Animal Rate Rhythm
Beats/min
165-250 Regular
nell
62 Decrease No change
From To
214 201
3 Decrease No change
Prom To
201 188
74 Dec Incomple
From To Heart Block &
167 125 Bradycardia
t065/min aVF
70 Decrease Ko change
Fror To
214 167
63 No "
20min. change
Intox
63 " "
45min
Intox
T2 Intermittent
From To type II incom-
214 167 plete Reart Block
& Sinus arrhytiimia
I,111,aVR,aVL,a'’F
Electricel Alter-
ations II
64 Decrease Severe Sinus
From To arrhythmig
214 75~ all Jeuds
100 Atrial Fibrillation
aVF Ventricular
Extrasystoles I
15 Decrease No change
From To
214 150
66 Decrease o
Prom To
232 201
Ik Incresse "
From To
188 214
61 Decrease Severe
From To Bradycardis
201 68

Ihe Effect of Parenterslly Administered Cl, Perfringens
Jype D Epsilon Toxin on the Electrocardiogram of lembs.
P Wave QRS Complex S=T Segment T Wave
Size Form PeR Amplitude Form Duration Position Size Polarity
Interval
Summary of Preinoculation values of lambs which received Parenterally Administered Toxin
o1=,2mV +ve in I,II, .04 sec .3=.8mV I and aVL +08=4108ec o1=03mV +ve in II,
+02=-,048ec III,aVF 0,02-0.04 qRe or JRs Isoelectric +O4sec
=-ve in aWR, sec II qrsS
aVL IIIxaVF qrS
or qRS
aVR qRs or
qRS
Post Intoxication Alterations in the ECG of Individual Animalse
Increased Wo change se Altered Decrease Elevated .lmV Increase Inverted
Duration .02sec  all 1,11, .02-,04 I,II .1-,2o0V .02sec 1I,II,aVR
islightj I,II,aVR leads aVR,aVL sec all Depressed II,III,aVR,aVF
I11,I1I1,aVF leads +1mV in aVR
slightly No change Increase Decrepage Altered Degreage Slyelevation Increape No change
Increased 02sec I,II,IITI  all I,II,III 4in I +05=.4mV .02sec
Duration I111,aVL aVR,aVL leads aVR,aVF ey LTIy
T,11I,I11 aVF aVR,aVF
Increased " Increase Ipcrease Altered L Elevated Iner: Ioverted
Duration «02-,08 all aVR,aVL «Odsec 015=,2mV «2=,5m7 III,aVR,aVP
«O4sec I,II,ITTI 1leads all leads II,III,aVF «O4sec
all leeds aVl,aVF except Depressed all leads
avVL aVR
Increased E Increase Increase Altered No Elevated Increase No change
Dirstion +01 sec 02,50V II,uVR change ol=,15mV o1=.3mV ,02sec
0=, 0dRec aVR 11,111, aVF aVR,aVL 11,1I1,aVR,aV®
I,1I,aVR aVR,aVF Jepressed
Decrease «2=3mV
v I 11,111,aVF
31.1ncres sed ¥ o Increase o ) Elevated Decrease L
Durstion I change «1mV I change 1,-,15mV II1I1,eVF
51, Decreased T in I,II
Duration «2-.6mV Depressed
III,aVF 11,111, .lmV aVR
aVL,aVvVF
Increased " Increase Decrease Al tered Decres No change Decrease ,1-.3mV "
Duration .02sec .1-.2mV  § .02sec I1,I1I,aVF
050V 111 avL 1,11,111 1,11
aVR,aVF
No charge " Increase Increase Altered No Elevated .lmV Increase .l-.2mV "
«01-.C4  (2-o4mV II,aVF change aVR 1,111,aVR,aVL,
sec in T Depressed aVF
II,III, aVR,aVlL “ImV
aVR,aVL, Lecrease II & III
aVF .1V
I,aVF
Increased Biphasic Increase Decrease Altered Decrease Elevated Increase Biphagic
Duration AVR,aVF «02sec «2=.4DV aVR .02.04 «1mV ol=.3mV II,avVR
I,I1I1,aVR,aVL Fibrillation I all ventri- sec. I, aVL,aVF ell leads
aVF aVF Decrease leads cular aVR,aVF
.02-,04 Extra- Increase
sec. systoles .04sec
aVR,aVF II1
No change No change Decrease Decrease Altored Decrease [Depressed Increase No change
«O4sec «l=-.2mV 11 «O4sec «1oV +2n¥
I I,II,III aVR,aVL I II,III,aVR,
Increase aVF Increase aVL,aVF
«02sec +04sec
II b
Inereased Biphagic Decresgse  Altered Slight Slight Increage .1-.2mV L
i aVR «04sec «4-.8mV I,I1 Increase [Depression I1I,aVR,aVF
«04sec Bifid aVR,avL II,III, aVR,aVF II II
III,aVF TIT,aVL aVR,aVP Slight
Increase Decreaee
«1mV I avR
I A No change No Decreage Altered Decreage Elevated Increase .1-,3mV "
Duretion change «1-.2mV I,aVR +08-12 d=.2mv +08-,128ec
+04sec I,II,aVR aVL all I,II,I1I11,aVF all leads
aVR Increase leads
.20V III aVR
CTeas . Decrease T No change 2uV
+1mV ,O4sec .028ec «2mV I,avVL +04-,08 +04-.08sec II,aVR
II III I,II,III sec, III,a"R
aVL,aVF 11,111,
Inorease aVR,aVFP
+1mV  aVR

ECG's recorded with lambs in right lateral recumbency.
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the results obtained from this animal therefore¢ necd to be interpreted
with caution, the overall pattern was similar to that obtained from the

other two animals.

The notable elterations in the postinoculation tracings of thesec
animals were as fellows:

al, In contrast to the snimals receiving parenterally administered toxin,
the heart rate of the animals receiving enteric origin toxin in-
creased,

ii. he changes in the P-R interval were inconclusive, It was de-
crcased in tho recordirngs from one animal, unchenged in one and in-
creascd in the recordings from animal 81,

iii, The form of the QHS complex was altered in one or more leads from
all animals although the chenges in amplitude of the complex varicd
corsiderably.

iv. The S-T segment was decreased in duration in ail animals and showed
marked displacement from the preinoculation level in two 2nimals.

Va The T wave was increased in amplitude and showed an alteration in

polarity in several leads in the latter two animals,

The changes in this group of animals are summarised in Table 7.1b |

and illustrated in Figure 7.2.

Discussion

It is interesting to note that mice, in contrast to lambs, do not
usually show evidence of pulmonary oedema when lethal levels of epsilon toxin
are administered intravenously over =z short period of time. However, the
presence of pulmonary oedema in mice which had received high concentrations
of toxin implies that the lung capillaries of this species are not entirely
resistant to this action of the toxin. In addition it can be seen from
Chapters 5 and 6, that the lethal dose of toxin of 0.04 ug/Gm bodyweight
for mice is approximately double the dose for susceptible lambs which,
when calculated on a bodyweight basis is of the order of 0.02 ug/Gm B.W,

It appears probable therefore that the difference between mice and lambs
in the cdevelopment of lung oedema may be the result of a species difference
in the susceptibility of the lung capillaries to the action of epsilon

toxin, The extent of the capillary endothelial damage in these two
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Table 7.1b:

Rate
Beats/min

100-136

Increase
From To
115 188

Increase
From To
115 214

Almost
unchanged
100-150

Increase
From To
136 188

Increase
From To
136 250

Rhythm

Regular or mild
3inue Arrhythmia

No change

Sinus Arrhythmia
in both pure and
post intox ECG's

No change

Mo change

The Effect of Experim 1 Cl, Perfri a D
Enterotoxsemi the tro of
P Wave QRS Complex S-T Segment T Weve
Size Forn PR Amplitude Form Duration  Poeition Size
Interval
Summary of Preinoculation values from lambs receiving Toxin of Enteric Origin
«05=43mV +ve in III 203=,06  ,3-1.4mV I Ors,qRs +10-,208ec Ieoelectric  .1=,3mV
»02=,04aec aVF variable sec +04gec or “Re (2) Depressed .04sec
in I,1I,aVR II & III «1aV
aVL qrS or qRS 11,111
. aVR,qrsS,qRS aVF Lamb Bl
or (Re Elevated
aVL,qRe,qrS o1V
aVF,qrS or gRS aVR,aVL
Post Intoxication Alterations in ECC's of Individual Animals
Na change Biphasic Decrease Decrease Altered Decrease Increase
II aVR .028ec .6-1,0mV I, aVR «C4=.12 o1mV in oleTmV
11 I, avL Bizarre sec all aVR I1I,I111,aVR,
Increase Bifid Com- leads aVL,aVF
«2=1.0mV  plex in I
11,111,
aVR,aVF
= No change Decrease Decrease Altered Decrease Elevated Increased
.02aec .8-.9mV I,aVR .08-,12 2=, 3V
all I,avL all 11,11I,aVF
leads Increase leads Depressed
e3=.TmV .2mV  aVL
11,111
aVR,aVF
No detect- lio detect- No de- Increape Altered Decrease No detec- No change
able change able change tectadle ,l-.6mV with inter- .04-,08 table change
(animal shivering) change all spersed low sec, all
leads voltage leads
complexes
all leads
Increased No change Increase Increase Altered Decrease Elevated Increase
Duration .C28ec 1=s4mv avL «04sec ole3mv o1-.8oV
+28ec aVL I,aVR, all in I,aVR,aVL 1II,III,aVR,
I1,11,I111,aVRt aVF leads ged aVL,aVF
«3mV
I1I,I11,aVF *
Incressed No change L o Altered Decreasg Elevated Increase .2mV
!Eglitudp +028eC W2=.dmV I, IT,II1 .0D4sec o1mV aVF
I,1I,aVF o II,aVL aVl,aVF I,I1I,IIT 1I,aVL *
aVF aVR

* Relative to preinoculation level - not isoelectric line

ECG recnrded with animale standing supported in eling,

Polarity

+ve in II,
III,aVF

No change

Inverted
I,I11I,avLl

Biphaoic
aVR,aVF

Unreadable

Inverted
I,I1,aVR

Inverted
I,1I,aVR
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species will be discussed more fully, along with other ultrastructural
changes which occur cduring intoxication; in Chapters 8 - 12. The morpho-
logical basis for thc clinical signs of neurological damage in mice will

also be discussed in Chapter 8.

The absence of prominent clinical signs of neurological damage in
many of the present animals is interesting, since convulsions etc. are
usually prominent in the few field cases of enterotoxaemia which are seen
alive, However, Griner (19613) and Kellaway (1940) have reported that
some of their lambs which received parenteral epsilon toxin died quietly.
The fact that, in the present study, som¢ animals receiving toxin of enteric
origin also died quietly implies that clinical signs of neurological

demage may not always occur in enterotoxaemia in the field.

While the presence of a fibrin-ocentaining pericardial effusion is

by no means pathognorionic of enterotoxaemia caused by Cl. perfringens type

D its presence 1in some animals a relatively short time after toxin
adrniinistration, implies that the extravasation of fluid must occur fairly
rapidly. There must be damage to the vasculature of the serosal surfacc
for fluid loss to occur and the presence of protein in the exudate suggests
that this damage must be severe, Since haemorrhage is not a prominent
feature of the gross lesions of enterotoxaemia and the effusions in the
natural and experimental disecase are very seldom blood stained, it appears

that there is no complete loss of vascular integrity.

The presence of subendocardial haemorrhage does not contradict this
statement as it occurs in a wide variety of conditions unassociated with
vascular damage e.g. hypomagnesaemia of ruminants, and when depolarising
muscle relaxants are used to immobilise horses. It is generally considered
to be an agonal change unassociated with any specific action of the causa-
tive agent. It could be however that there is in fact a common under-
lying factor and that subendocardial haemorrhage is associated with
abnormel myocardial function induced by the pre-existing condition. Thus
in hypomagnesaemia of cattle and the use of some muscle relaxants in horses,
electrocardiographic evidence of severe interference with myoesrdial
function has been described. In this respect it is interesting to note

that the electrocardiographic changes encountered in the present study
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were considerably more prominent than those enccuntered by Kellaway et al.
(1940) when using parenterally administcred epsilon toxin. The main
electrocardiographic changes which they described in intact sheep were
bradycardia and T wave inversion. In rabtits they also recorded S-T seg-
ment displacement. The prescnce of o small but fairly consistent fell in
heart rote in the animals receiving parenterally administered toxin implics
that there is some increase in vagal tone under thesc conditions. On the
other hand the fact that the heart rate increascd markedly in the animals
which received toxin of c¢nteric origin implies that the effect on heart
rate of parenterelly administered toxin may, as Kcllnway_gz_ﬁi. (1940)
suggest, be the result of impurities in the toxin preparation, and that
these are either not absorbed from the intestinc under normel circumstances,

or clse are removed from the blocd as it passes through the liver,

Nevertheless epsilon toxin does ajppear to have a pronounced dircct
effect upon the heart in all intoxiceted animals, The alterations in the
S-T segument and T wave of the ECG's arc of particuler interest as thesc
portions of the cycle are considered to be associated with the repolarisa-
tion of the myocardial fibre; but it is more convenient to defer any
further discussion of these ngpects of the electrocardiograms until the
morphological changes which occur in the myocardium have been described in

Chapter 9.

Before leaving the present chapter however it is of interest to
compare the ECG patterns obtained in the animals which received parenterally
adninistered toxin with the gross lesions which have been discussed so far,
Of the four animals in which there was evidence of severe bradycardia or
incomplete heart block, thrce showed severe pulmonary oedema with the
lungs weighing 380, 420 and 410 grams respectively. 0Of the animals in
which changes in cardiac rhythm werc¢ absent six did not have obvious lung
oedema, the lungs weighing 220 grams or less in all instances. These
relationships are not absolute however since one animal with severe lung
oedema did not show any evidence of conduction disturbag;c and one animal

with no lung oedema showed severe heart block.
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Conciusions

1, The most prominent clinical signs of epsilon toxin inteoxication in
nice are neurological disturbances including severe depression and convul-

sions.

2. No grossly detectable lesions occur in mice which receive low lethel
levels of toxin but pulmonary oedcma occurs when high concentrations of

toxin are given.

3 Differences in the susceptibility of mice and lambs to the toxin on
the besis of absolute dosage and suscentitbility to the development of pui-
monary oedema imply that there nay bc a specices difference in the suscep-

tibility of the capillary endothelium to the action of epsilon toxin,

4e Jome of the clinical signs of intoxication in lambs depend upon the
type of change produced in the tissues. Dyspnoea only occurs if pulmonary
oedemz develops. 3igns of ncurological damage were present in some
animals only, suggesting that not all field cases of enterotoxacmia show

tihese signs.

5 In the absence of pulronary ocdema the most notable gross lesions
in intoxicated lambs, at the time of death, were fluid and fibrin in tie
pericardial sac and subendocardiel hacmorrhages. The former may be asso-
ciated with vascular demage in the serosal vessels and the latter with

disturbances in myocardial function.

6. Distinct alterations occur in the electrocardiograms. The brady-
cardin which occurs when toxin is administered parenterazlly mey be due to
substances other than epsilon toxin. Arrhythmias occur in a proportion
of the animals but the most consistent changes are alterations in the

depolarisation and repolarisation patterns of the ventricular myocardium.

Te The electrocardiographic changes are only broadly related to the

pattern of development of pulmonary oedeiia,
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CHAPTBER 8: THE MORPEOLOGICAL CHANGES PRCDUCED IN THZ CENTRAL
NERVOUS SYSTEM DURING CL.FURFRINGINS TYPE D EPSILON
TOXIN INTCXICATION

Many of the clinical signs of enterotozaemia are referable to
the central nervous system and it is now appropriate to proceed to a
closer study of it, since previous workers have described

morphological changes in the brains of intoxicated animals.,

Comprehensive studies on the progression of the lesions whioh
occur in the brains of intoxicated mice and lambs have been published
by Griner (1961a). Cn the basis of these studies, and the results
of experiments where radioactive tracers were used to detect altered
vascular permeability,; (Griner 1961b) he suggested that the early
changes in the brain are due to brain oedema following vascular
damage produced by epsilon toxin. One of the criteria used for
judging the presence of oedema was total brain wet weight. However,
in five of the six pairs of intoxicated and control lambs, which he
used, the animal receiving the toxin was also heavier on a body-
weight basis. while Green (1965) states that the brain wet weight
and total bodyweights of adult mice are uncorrelated, brain weight
in this species is highly heritable and varies between strains.,

The brains of female animals are heavier in relation to bodyweight
than those of males and the water content of the brain is also
stated to be age dependent although the decrease with increasing age
is small., It was therefore considered to be advisable to determine
the actual water content of samples of brain tissue in all

quantitative experiments on brain oedema.

Although Griner's light microscopic studics have provided
useful information on the development of the lesions in the brain
during intoxication, the finer morphological aspects of brain oedema
are best examined with the electron microscope. Much of the
confusion about brain oedema as it occurs experimentally and in man,
has been clarified by ultrastructural studies of the condition. For
example Wechsleretal in Klatzo and Seitelberger (1967), have shown
that, in grey matter, excess fluid accumulates intracellularly within

the astrocytes, By using electron histochemical techniques



‘emplcying exogenous peroxidase as a tracer

it has also becn shown that there is 2 true extracellular
space in the brain and that there are complete 'tight junctions'
between adjacent zndothelial cells which probably contribute to

the so-called 'Blood-Erain Barricer'.

Three papers which describe recent advances in this field,
derived from a symposium on the blood-brain barrier held in New
York in 1968, are thosc of Hirano ¢t _al (1370), Brightman ot al
(1970) and Pagpas (1970).

The relevance of these facters to the changes which occur
in enterotoxacmiz will be examined in the present study as it
appears probadble that the accumulation of fluid in the !'Space of
His' described by Griner is in reality a swelling of astrocyte foot
processes around blood vesscls, the 'Space of His' now being
regarded as an artefact. Damage to vascular cndothelium by the
toxin could also have a profound influence on the permeability of
the 'Blood-Brain Barrier' and account for the loss of tracer

substances from the bloodstream into the tissues in this region.

Griner did not consider that tissue hypoxia was a major
factor in the production of the cercbral lcsions, mainly because
of the absence of cortical lesions and haemorrhage which are common
in so-called anocxic damage. There is however gross focal
haemorrhage in the brain stem in most cascs of focal symmetrical
cncephalomalaciza (Hartley 1996). It is also appropriate %o observe
at this stage that the brain oedema which develops in accidents
during anaesthesia in man is now consideé¢red to result from a
combination of transicnt anoxia and hypercapnia, brought about by
hypoxia and ischaemia, rather than being due to hypoxia alone
(Bakay in Klatzo and Seitelberger, 1967). Despite these
considerations it was felt that prolonged critical hypoxia might
produce morphological damage in the brain which could be compared

with the action of epsilon toxin.

Because vascular damage could lead to localised ischaemia and
anoxia in the brain, and Becker (1961) has shown that the

histochemical staining affinity of nervous tissue for a number of
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enzymes 1s reduced under these conditions, it was decided to study
the histochemical zctivity of several engymes in tane brains of

intoxic=ted animals.

Quantitative Aspects of Alterations in the Fluid

Balance in the Brains of Intoxicated Mice

Preliminary Bxweriment

Materials & Methods:

Thirty six 6-8 weck old female mice were divided into two
groups. One of thesc¢ groups reccived 0.2ml of batch ANZD toxin
diluted 1:200 with saline (eguivalent to ug batch“CWD‘tnxin)
intravenously, and the other (control) group received O.2ml of
nutrient broth contazining 0.5% phenol diluted 1:200 with saline by

the same route.

One hour after inoculation, all the control mice were killed
by neck disloccation and the brains removed. Brains of the
intoxicated animals were removed as soon as the animal died. BEach
brain was divided in half longitudinally and one half was placed on
a2 preweighed 4cm. diameter plastic petri dish, weighed 2nd freeze-
driecd for 24 hours in a 'Speedivac' ccntrifugal freeze drier model
5PS (Zdwards High Vacuum Ltd., Crawley, England) with phosphorus
pentoxide as dessicant. The sample was then re-weighed and the
water content of the tissue calculated and expressed on a dry matter

basise.
Results:

The mean water content of the brains of intoxicated mice was
higher than that of control mice znd the water content in the samples
from the former animals also increased with increasing survival time.
The data from this experiment is tabulated in Appendix 7/ and

illustrated by the histograms in Figure 8.1a.
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Main Experiment

Materials & Mcthods

Sixty 6-8 weck old male mice and sixty 6-8 week old female
mice were cach divided into two zqual groups, One group of c¢ach
sex received phenol broth saline and the other group received batch
ANZD toxin 2t the same dose rate and by the same route as in the
preliwinary experiment. In addition five animals of each sex were
given 5ml of distilled water intraperitoneally to produce a known

brain ocdema (Z¢man & Kalsbeck in Klatzo & Scitelberger, 1967).

A control animal of the same se¢x was sacrificed whenever one
of the epsilon toxin intoxicated animals died. All brains were
removed and treated in the same manner as in the preliminary

experiment.

Results:

All mice which had received the intraperitoneal injections of
water died within one hour of inoculation. The mean water content
of the brains of these animals was greater than that of the control
animals of the same sex. Intoxicated female mice also had a higher
mean water content tham the control females and, as in the

preliminary experiment, this increased with increasing survival time.

On the other nand, the pattern in the male mice was not as
clear cut. Although there was 2 progressive increase in water
content of the brains of intoxicated animals with increasing survival
time, it was not until more than & hours had clupsed after inoculation
that the mean watcr content of the brains from the intoxicated group
exceeded the paired control value. By that time the number of
surviving animals was very small and the results are not statistically

significant.

Data from this experiment is given in Appendix 7 and the
pattern of change in water content in the brains of the female mice

is illustrated by the histograms in Figure 8.1b.
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Juantitative Aspects of 4ilterations in the Fluid

Balance in the Brains of Intoxicated Lambs,.

ilaterials & Mcthods:

L similar procedure to that described for wice was used to
establish the water content of the brains of control lambs which had
received parenterally administered or enteric-origin epsilon toxin
(see Chapter 6). In this instance however, duc¢ to the size of
tne brains, individual samples weighing approximately O.5gram werc
taken from the same area of the cervbral cortex, thalamus and
cerebellum of cach animzal. Becnuse water content of brain tissue
decrcases with age, the water content of these areas of the brains
from 5 normal & month old lambs was established and used as control
data ror the three & month old animals which had absorbed enteric-

origin toxin, and succumbed.

Results:

Th¢e mean water content of all areas of the brains of the
& month old lambs was lower than the value for the same area of the

2-3% week old lambs,

No significant increase¢ in mean water content could be
detected in any of the areas of brain from lambs which had reccived
parenterally administered or enteric-origin toxin, when compared

with values for similar control animals.

The lamb data from these experiments are given in Appendix 3a & b

and summarised in Table 8.1.



Table 8.1:

The Mean water Content of Differeat areas of the Brains

of Control and Intoxicated Lambs

] . . .
sge of Lambs: i Region of Brain

|

|

2-3% weeks Ceraebral Cortex Thalamus Cerebellum

Mcan wWater Content (g H,0/mg dry matter)
+ 1std deviation

| Control Lambs (10) L.43 + 0.13 L,170 + 0.33 k.11 + 0.33

Intoxicated lambs (31) k.35 + 0.08 b.o5 + 0.08 |[3.94 + 0.14
(parenterally
administered)

;éé of lambs:

8 months
Control lambs (5) 3.83 + 0.55 .08 + 0.37% |3,72 + 0.15
| Intoxicated lambs (3) 3.39 + 0.28 3.53 + 0.34* 13,64 + 0,30

(Enteric-origin)

* t test - p =<.005 - the control value may be anomalous - sce Appendix &b

The Morphological Changes seen in the Brains of

Intoxicated &nimals During fZlectron Microscopic Examination.

Materials & Methods:

Sections of cerebral cortex, thalzmus and cerebellum were
taken from mice wnich survived for different periods of time in the
foregoing experiments. Small ($-1mm) cubcs of these tissues were
placed in cold 3% glutaraldchyde in 0.1 phosphate buffer at pH7.2
and held at 4°C overnight. The tissues were then post fixed in
buffered 1% osmium tetroxide at 4OC, dehydrated in an ethanol series
and infiltrated and embedded in epoxy resin (Fluka ACM) via a
propylene oxide series as recommended by Luft (1961). Sections
were cut with glass knives on an LKB ultramicrotome and stained with
aqueous uranyl nitrate and lead citrate, (Reynolds, 1963). General
descriptions of thesc embedding and staining techniques are given by
Glauert in Kay (1965).
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The sections were then mounted unsupported on copper grids
and examined in a Philips EMZOO clectron microscope using an anode
voltage of 60Kv., The electron photomicrographs were taken on
Kodak FRP426 Finegrain positive film and developed and printed by
conventional photographic technijues. Similar material was taken
from representative control and intoxicated lambs and processed in

the same way.

Results:

In mice, the earliest changes dctectable by electron
microscopy occurred in the vascular endothelium and the astrocytic
'foot'! processes surrounding the capillaries. Swelling of the foot
processes was detectable in some cases as early as three hours post-
inoculzation and became progressively more severe as time of survival
increased (Figure 8.2.) The swelling of the astrocytes was not
confined to the foot processes alone. Figure 8.3, which is
series of low magnification electron photomicrographs of the
thalamic neuropil, frow control mice and those surviving for
increasing periods of time, clearly demonstrates the progressive
swelling of astrocytic processes in this region. In the cerebellum
the swelling of the astrocytes served to differentiate them from
other cell types which were unaffected by the toxin (Figure 8.4).
There was marked swelling of astrocytic processes arocund neurones as

well as around the capillaries in intoxicated animals (Figure 8.5).

Although the changes described above are the most prominent,
there is also evidence of severe vascular endothelial damage
(Figure 8.6). The lesions in the endothelium were more easily
seen in the tissues from intoxicated lambs however and will thecrefore

be described shortly.

Both of the above types of change seen in mice, i.e.
astrocytic swelling and endothelial damage, were also seen in the
lambs which received toxin by parenteral or cnteric routes . The
close resemblence between the lesions in this species and those
described above, can be clearly seen by comparing Figure 8.7a, which

shows the lesions in lamb thalumus with the lesions in the same area
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of mouse brain illustrated in Figures 8.2, 8.3 and 8.6. The
extremely severe damage which occurred in theé capillary endothelium
of intoxicated lambs can be seen in Figure 8.7b. In intoxicated
animals the endothelium can be seen to be reduced to a thin, elec-
tron dense” band in which no subcellular architecture or structures
such as mitochondria, ribosomes etc., can be detected. There were
also discontinuities in the endothelial lining of vessels suggesting
that the intercellular junctions had separated. There were no
detectable alterations in the capillary basemcnt membranes. In
both mice and lambs the neurones of intoxicated animals were

unaffected.

The Use of Horse Radish Percxidase as an Indicator of

Altered Capillary Permeability in Intoxicated animals.

Materials & Methods:

Three mice were given 2 ug of batch CWD epsilon toxin
followed by 10mg of horse radish percxidase (100-150 purpurogallin
units/mg - Sigma Chemical Co., St. Louis, U.S...) in saline
intravenocusly. A similar group of ccntrol mice were given the
same dose of peroxidase cnly. The control mice were killed when

the intoxicated mice died 1, 3 and 5 hours after inoculation.

In addition, twc 3> week old female lambs, with less than
0.08 units of epsilon antitcxin/ml of serum, were each given 1mg
of batch CWD epsilon toxin followed by 100mg of peroxidase
intravenously and two similar lambs received the same dose of
peroxidase only. The latter pair of lambs and a lamb which had not
received either toxin or peroxidase were killed with intravencus
'Euthatal' (May & Baker, Dagenham, England) when the 'toxin' lambs

died, 1-2 hours after inoculation.

Very thin (O.1mm) slices of cerebral cortex, thalamus and
cerebellum from all these animals were fixed in cold 3%
glutaraldehyde solution overnight then stained histochemically by
the method of Karnovsky (1967) to demonstrate peroxidase.

Sectioning and uranyl nitrate/lead citrate staining were carried out



Figure 6.2: Sweiling of Astrocyte Foot Processes around Capillaries
A R in the Thzlamic Region of the ¥rein in Intoxicated Micce.
C D

Ae. Control:

he capillary endotheliwa (En) appears normal and the

o

L
strocyte foot processes (AFP) arc not rrorinent.

B. Threc dcurs Post-~inoculatior:

Q)

The capiliery endotheliur ie reduced in thickness and
there is some cytopluasnic vecunlation, There is little

charge in the astrocyte foot processes,

C., Six Hours I'ust-inoculation:

Ixtremely severe capillary e¢ndothelial damage ic
prescnt. The endothelium has been redvced to @ thin,
electron-dense tand, The astrocyte foct proccsses are very

disterided.

D. Twelve Hours Post-inoculation:

m

Thic changes are sinilar to those in C with further

swelling of the astrocyte foot processes,

4':;
]

nyclinated nerve fibres
Mi = mitochondria

N = mucleus of endothelial cecll

Magnification 11,200







Figure 8.3

ir)

Swelling of Astrocyte Processes in the

Thalenic Neuropil cf Intoxicated Hice.

he Control:

This is an area of normal neuropil from s control mouse
showing the mess of glial and nerve cell processes which
constitute the neuropil.

¥ = glial cell nmucleus, The cell is probably prato-

plasmic astrocyte.

Be 9ix Hcours Post-inoculation:

Swelling of astrocytc processes (AP) has devcloped,

giving the neuropil a lacy appearance.

C. Twelve Hours Post-inoculation:

The swelling oi astrocyte processes has kecone more

pronounced.

D. Eighteen Hours Post-inoculation:

The swollen astrocyte proccsses occupy alirost the

entire neuropil inr this field,

Ne = portion of & ncurore.

My = mnyclinated nerve fibres.,

Magnification 4,450







Figure 8.4: Differential Swelling of Protoplasmic Astrocytes in

A the Cerebellar Cranmular Lever of Intoxicated lidices

A, Portion of the Grznular Layer of the Cexebellun from a

-+

Normal liouse:

Ml = neuropil
U = unidentified cells of the cercbvellar granular

laycr

Portion of ithe Cerehellar Cranular Layer of o Louse which

t
.

died 6%—Hours after thie Parenteral Administraticn of

Epsilon Toxin:

There is marked swelliiig and probable early degenera-
tion of a protoplasmic astrocyte (As) and also swelling of

astrocyte procecsses (AP) in the neuropil,

Magnification 4,250
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Figure 8.5: Swelling of hstrocyte Processes around Heuronuss

A B in the Thalamic Neuronil of Intcxicated liice.

fe Control:

Portion of a large normal ncurone (Ne) anc the adjacent

neuropil.,
o = nucleolus
iof = nuclgus

ER = endoplasmic reticulun
Gc = goigil cisternae

i = mitochondria

Iy = lyscsones

V = vacuoles

Ily = myclinated nerve fibres

B. Three hours Post-inoculstion:

Very little change from the normal apiearance but
probable early swelling of astrocyte proccssee (AP) adjacent

tec the neurone,

C., 53ix Hours Post-inoculztion:

Very marked sweiling of astrocyte processes aejaccnt to
a neurone as well as in the neuropil. Yote the closc proxi-
mity of the plasmalenna of these processes to that of the
NCUrone,

S = BSatellite cell

D, Fighteen EHours Post-inoculation:

¥Most severe swelling of astrocyte processes adjacent
to 2 neurone. There is little or no evidence of dcgenerative

change in the latter cell.

Magnification 4,700






Figure 8.6 Vasculur Endothelial Damaze in the Thalomic

& B Region of the Braians of Intoxicated liice.

The appearznce of &« normel canillsry in this region of

the brain. The endothelial cytoplasm (En) contains nmumerous
J i3

ribosornies and occasional mitochondria, vacuoles and lysosonmes.

Bt bassmant merbrane

E = erythrocyte

=
&y
i

astrocyte foct processes

B, Capillaery irom Intoxicated llouse Braine

The cytoplasm of the capillary endotheliwr: nas become
reduced to & thin, electron-dense band containing occasional
cytoplasmic organclles, The surrounding astrocyte foot

processes are very swollen,

C. Contrel:

Higher nagnification showing the cytorlasm of the
capillary endothelium in greater detail and illustrating a

'tight! junction (Tj) between two adjacent endothelial cells.

D. Cevillary from Intoxicated liouse 3Brains

Thizs is an area of capillary at the sane magnification

as C. There is almost complete loss of recognisable endo-

thelial cytoplasm,

Magnification 4 & B 18,000
C&D 24,000






Figure 8.7@:
A B
0 D
A,
B..
C.
D.

The Development of Brain Oedema

in Intoxicated Lambs

Control Capillary:

A normal capillery and adjacent neuropil in the
thalamus of a lamb,.

En = endothelial cytoplasm

N = nucleus

Bl = Tbasement membrane

E = erythrocyte

Capillary from Intoxicated Lamb:= Parenterzl Toxin

There is severe capillary endothelial damage and

swelling of adjacent astrocyte foct processes (AFP).

Control Neuropil:

The appearance of the thalamic neurepil in a
normal lamb is similar to that of mice (sec Figure 8.3).

BV = Small capillary with normal endothelium.

Thalamic neuropil of an Intoxicsted Lamb:- Enteric Toxin

Swelling of the astrocyte processes (AP) has given
the neuropil a lacy appearance, The endothelium of
the small cepillary which is visible in this figure is

damaged.

Magnification A & B 9,500
C&D 3,950
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Figure 8.7h: Vascular Endotheliai Damage in

A the Brain of Intoxicated Larnls.
B
Ae Normal Capillary from the Cercbral Cortex of & Control
Lamb:
En = -endothielial cytoplasm
L = oapillary lumen
AFP = Astrocyte Foot Precesses

My = Myelinated Nerve Fibre

B, Canillarv frcm the Cercbral Cortex of o Lemb which had

m

received Parenterally Administcered Fpsilon Toxine

The endothelial cytoplasm is severely danmaged exd
reduced vo a thin, electron-dense band, ‘There doee not

appear to be any marked semarztion of the cell junctions (J).

Magnification 22,000






in the usual manner.

Results:

In the experiments in which pecroxidasc was given to mice it
was confined tc the vascular lumen for at least three hours in the
control animals. In the intoxicated animals it was found to be
extensively distributed throughout the extracellular space of the
neurcpil as well as being trapped in the region of the capillary
baseunent membranes (Figure 8.8). This extravasculzr distributicn
cf the peroxidase cccurred even in the animals which died within an

hour ¢f the administraticn of the toxin and tracer.

The peroxidase tracer in intocxicated animals was confined
to the limited extracellular space which is present betwecen the
glial prucesses in the brain and did not enter the swollen astrocytic

processes (Figure 8.9).

The level of horse radish peroxidase used in the lamb
experiments was not detectable by tne histochemical methcods used.
The erythrocytes, which have a high level of endcgenous peroxidase
activity (Strum & Karnovsky 1970) were clearly stained in all
animals, including the animal which had not received any excgenous
percxidase, Where this protein tracer had been administered there
was no detectable cxogenous peroxidase activity in the capillary

lumina or elsewhere in either the control or the intoxicated animals.

Morphological and Histochemical Changes Detectable by

Light Microscopy in the Brains of Intoxicated animals.

Materials & Methods:

The brain tissue feor light microscope examination was obtained
from the cerebral cortex, thalamus, mid-brain, cerebellum and medulla
of the same mjice and lambs that were used to obtain the tissues for

electron microscopy.

Duplicate #cm thick pieces of these tissues werz fixed in
either 10% Formol saline or Bouin's fixative, dehydrated through

grades of ethancl and embedded in paraffin wax, Sections between



The Distribution of Heorse Radish Pcroxidase in

the Brains of Control and Intoxicated Mice.

Ae Capiliory end Tholamic Neuropil from 2 Control Mouse which

had received Peroxidese Intravinouslys

The peroxidase <P) is confined to the copillery lunen.

Hote that there has been some artefectual shrinkege of the

main body of the peroxidase away from the margins in this
section. The capillary wall is frec of peroxidase.
N1 = neuropil

RV = Blood Vessel

B. Capillery and¢ Thalemic Ncuropil from a lhouse which had

received Epsilon Toxin and Peroxidease Intravenouslys

The peroxidase has escaped from the capillary lvamcn
and has been extensively trapped in the capillary endothcelium
and basement nenmbranc. In addition it has spread extensively
through the tenuous extraccllular spaces (ES) of the ncuropil.

AS = Astrocyte

Magnification 10,600






The Distribution cf Horse Modish Peroxidase in

=

the Cerebellar Granular of Intoxicated lice.

Peroxidase (P) has left the vascular lumen (L) and has
been trapped in the cepillary wall, including the hasement
nmembrane (3M). In acddition it is extensively distributed
throughout the tenuous extracellular space (ES) ia the
neuropil, It should VLe noted that, although there is obvious
swcliing of protoplasmic astrocytes (As), none of the peroxi-

dase appears to have entered thesc cells.

E = crythrocyte
N = nucleus
U = unidentified cells ol the gramlar layer

Magnification  3,5C0






69

2 and 5Su in thickness were cut and stained with Zrlich's
Haemztoxylin and Eosin (H&E) and by the Periodic fAcid Schiff (Pas)
method.

Further similar bloucks from the brains of the mice were
quenched on dry ice, while the lamb material was fixed overnight
in cold (4°C) 10% formol calcium then infiltrated with the 0.88M
sucrose/1%Gum ncacia solution recommended by Pearse (1968) for
certain histochemical procedures., Frczen sections of these tissues
were cut at 8u on a Lipshaw 'Cryotome' (Lipshaw Man'f. Co., Detroit,
U.S.n.), and the techniques described in Thcmpson (1966) used to
demonstrate acid and alkaline phosphatase (azodye method) and DPN
and TPN diaphorase (nitro-blue tetrazolium method) activity

respectively.,
Results:

There were no consistent qualitative differences in the levels
of either the phosphatases or the diaphorases in the brains of

control and intcxicated mice and lambs.

No lesions were detectable in the H&E and PAS stained sections
of brains from intoxicated animals which survived for less than 6
hours. At 6 hours, foci of apparent vacuolation were seen in the
cerebellar granular layer. These areas consisted of dense
basophilic nucleii surrounded by a clear zone of cytoplasm.
Initially the foci only appeared to involve a few cells but as time
progressed the lesions became more uxtensive and the white matter
underlying these lesions showed focal pale areas,probably the result
of oedematous swelling, The sequence of changes is illustrated
in Figure 8.10 . By 24 hours the type of lesion described by
Griner (1961a), and seen in early field cases of F.S.E. in lambs by
Hartley (1956), was present. There were no alterations in the
capillary endothelium, fixed by either formol saline or Bouins fluid,

detectable by light microscopy.

There were no detectable lesions in the brains of lambs which

received either parenteral or enteric-origin toxin.



Figure 8,10: The Sequence of Changes seen by Light Ificroscopy
A B in the Cerebellum of Intoxicated Mice.

c D
A. Control:
The normal appearance of portion of a cerebellar folium,
= pia mater
= Molecular layer

a  Granular layer

L“OtF J

W cerebellar white matter

Be Cerebellum from a Mouse which died 6 hours after Inoculation

~with Epsilon Toxins

The granular layer contains scattered foci (X) in which
the cells are swollen and have pyknotic nuclei. and clear

cytoplasme

C. Cerebellum 6 Hours after Inoculation:

This is a montage of a similar area to B showing the
changes in more detail. The swollen cells are almost
certainly the protoplasmic astrocytes seen by electron micre=
SCODY.

PC = Purkinje cells

D. Cerebellum 12 Hours after Inoculation:

In addition to the focal areas in the granular layer
which have been described above, there is also focal rare-
faction (Y) in the white matter in sections taken at this

time.

Magnification A, B& D 70
C 170
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The Effect of Critical Hypoxia on the Morphology

and Fluid Balance in Mouse Brain

Materials & Methods:

A series of fourteen 8 week-old female mice were subjected
to critical hypoxia by means of a Boyles Anaesthetic apparatus
(British Oxygen Co., England) delivering 8% oxygen (0p) in nitrous
oxide (Np0) at 2.16 litres per minute through water to a stainless
steel chamber 25cm x 45cm x 25¢m with bottom entry and top exit
ports, The chamber was initially flushed with pure oxygen for 5
minutes at a flow rate of 8 litres per minute and the flow rate and
partial pressure of oxygen were gradually reduced to the final
figure over 15 minutes., A control group of four similar mice were
killed by neck dislocation at the start of the experiment and in
addition four further mice were maintained in the chamber for 24
hours in an atmosphere of 20% O, in N,O delivered in the same manner
as previously. Two of these latter animals were killed after 12
hours in the chamber and the remaining two after 23 hours. Brain
water content was measured and sections prepared for microscopic

examination as described previously.
Results:

After an initial period of excitement which occurred when
nitrous oxide was first introduced into the chamber, all mice becane
very depressed in the hypoxic atmosphere. Animals generally
remained conscious for some time but became comatose and died after
varying periods of survival. All except two of the mice died
within 24 hours of the onset of hypoxia and the two surviving animals

were in extremis at that time and were killed by neck dislocation.

There was no significant increase in the water content of the

brains of these animals (Table 8.2).
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Table 8.2:

The Water Content of the Brains of Normal and Hyvoxic Mice.

Control Control Hypoxia
Normal air 20740, in N,0 8%0, in N,0
Survival Time (Hours)
12 24 | 0 -4 5«38 9 - 12 13 - 24
‘later Content (mg H,0 per mg. Dry Matter)
3437 3,48 ERLL 3,48 3,48 5439 3637
3.32 3437 3432 3.57 5439 3439 3455
3.29 3.46 3.28
3.45 3.40 3.21
3.42
3.36
‘Mean3.36 .. | 3,40 3.55  3.43  3.40 3.35

Note: 1 brain sample from hypoxic group lost in processinge

Mice which died after surviving for up tc 2% hours in the

hypexic atmosphere did not exhibit vascular endothelizl damage or

astrocytic swelling. In addition there was clear evidence of
neuronal damage in the hypoxic animals (Figure 8.11) which was
not present in epsilcn toxin intoxicated animals. There was no

evidence that the use of NpO as a carrier gas, instead of nitrcgen,
had any effect on the outcome of the hypoxia experiments since the
animals which were held in N0 plus 20%02 did not show any
detectable evidence of nervous system damage either clinically or

at the ultrastructural levele.
Discussion

Before entering intc a discussion of the results obtained,
certain other aspects of this chapter must be mentioned. For
example, freeze-drying has not been widely employed in the past as
a means of determining the dry matter content of tissues. It

has however been employed by Quadbeck (in Klatzo & Seitelberger

1967) in his quantitative studies on brain oedema. On theoretical




Figure 8.11: Neuronal Damage in Mice resulting

A from Prolonged Critical Hypoxia.

A, Neurone from a Mouse which died after 12 hours in an

Hypoxic Atmosphcre 8% 02 in N20

The neurone (Ne) is shrunken and the mitochondria (Mi)

are closely aggregated and possibly swollen.
AFP
N

il

Astrocyte Foot Process

nucleus

E. Neurone from a HMousc which died aftcr 23 hours in & .

Hypoxic /itmosphere:

The neurone is shrunken and there is practically no
recognisable cytoplasmic architecture,

My = mnmyelinated nerve fibres

These neurones should be compared with those, from

control and intoxicated mice, shown in Figure 8.5.

Magrification 8,000
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grounds this method would appear to be superior to oven drying
methods where the result obtained is dependent upon the temperature

used.,

Cold formol-calcium fixation followed by sucrose-acacia
infiltration gave excellent preservation of tissue architecture and
histochemical localisation in the lamb tissues and gave results which
were supericr to those obtained in experimentzl mice in which the

tissues were used fresh and quenched on dry ice.

inltheough it was mentioned that the water content of the brain
tissue of mice is age dependent, the decrease in water content
between 3,5 and 10.5 weeks of age is only 1.7% (Fuller & Wimer, in
Green 1966) and all animals in the present experiments were between
6 and 8 weeks of age and divided equally between intoxicated and
control grcups so thzt any age influence in these experiments would

have been negligible.

Because the accumulation of fluid in grey matter is largely
intracellular within the astrocytes the condition is not an ocdema
in the strict sense of the word, but this is a semantic problem

usually disregarded by werkers in the field of brain oedema. On

the other hand, the Space of His is now definitely considered to be
an artefact, but since the astrccyte foot processes are reazadily
influenced by osmotic effects it is probable that they could develcp
artefactual swelling during fixation and appear as spaces when seen
by light microscopy. any pathclogical swelling of these processes,
such as that which has been shown to occur during epsilon toxin
intoxication, would result in an apparent increase in the size of
this 'space' and would account for Griner's description of fluid

accumulaticn in the Space of His.

While on the subject of the astrocytic swelling there are a
number of points which require consideration. Firstly the problem
of the definition of an astrocyte at the ultrastructural level arises.
Although the broad groupings of the 'non-neuronal' ceclls have been
worked out, with astrocytes acting as supporting and pcssibly

transport cells, oligedendrocytes producing myelin, and microglia in

a scavenging role, the identification and differentiation of cells
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into these groups can be difficult. This is particularly true of the

protoplasmic astrocyte in which fibre formation is practically absent.

In the present study, the morpiclogical features of the cells which
undergo swelling aprear to be similer, whatever their situation within the
brain, and since many of them have foct processes around blood vessels and
resemble the cells which other workers have called protoplasmic astro-
cytes, they will all be so classified, It has been suggested that the
transport of metabolites to end from the neurone may be an active process
across the astrocyte, which is in close contact with both the capillary
and the neurone, This was held tc be a possible explenation for the blood-
orain barrier, but since the discovery of the true cxtracellular space
within the neuropil and the contribution of tight junctions between endo-
thelial cells to the barrier, these theories are once more open to recon-
sideration, However, the rapid and almost specific swelling of astro-
cytes in a number of intoxications and anoxic states and the profound
neurological disturbances vhich cccur under these conditions, where there
is minimal detectable involvement of the neurones, suggest that the astro-
cyte has a major role in maintaining the functional integrity of the
central nervous systern. The other point worthy of mention in this regard
is the fact that, as can be seen in Figure 8.12, there is marked swelling
of cells which arc closely associated with the Purkinje neurones of the
cerebellum, These cells presumably correspond to the Bergmann glial cclls
of light microscopy which are considered to be of oligodendroglial origine
At the ultrastructural level however the swollen cells closely resemble
protoplasmic astrocytes (Fananas cells = Peters 93L§&.1970)' No doubt
the exact rclationship of Bergman glial cells to Fananas cells will be

clarified in due course.

£1though the astrocyte changes arc the most prominent, they are
of secondary importance to the changes in the vascular endothelium., The
changes in this tissue are extremely severe and the rapidity of onset of
the damage is remarkable, &s can be judged by the fact that the lesions in
Figure 848 are from a lamb which received toxin only 45 minutes before death.

Griner (1961s) described alterations in brain capillaries and their endothelinm



Figure 8.12: The Differential Swelling of Cells rescmbling Bergman

A Glial Cells in the Cerebellum of Intoxicated Mice.
B
A, Portion of the Cerebellar Granular ILayer of a Normal Mouse:
PC = Purkinje neurone
U = unidentified cells of the cerebellar granular
layer
FC = probable Fananas glial cells

B. Portion of the Cerebellar Granular Layer of an Intoxicated

Mouse ¢

There is extensive swelling of the Fananas' cells, adjacent to
the Purkinje neurones, which presumably corresypond to the

Bergman glial cells seen by light microscopy.

Magnification
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but his descriptions of lesions, seen by light microscopy, are
rather difficult to reconcile with the ultrastructural findings in
the present study. In his acute cases he described "... walls of
the more severely affected arterioles had a homogeneous
eosinophilic appearances...sswollen hypochromatic endothelial cells
were occasionally observed." In his subacute cases he found
Teoesscapillary walls appeared tc be hyalinised and the endothelizl
cells were swollen and hypochromatic.? The present study did not
reveal any detectable swelling of endothelium when it was examined
with either the light or the electron microscepe and there was no

obvicus involvement of the bascment membranes.

Woodbury et al (1956) fcund that 70% of a group of mice died
when subjected to an atmosphere in which the partial pressurc of
oxygen had been reduced to 76mmHg ie 10% oxygen. It should be
noted that it is extremely difficult to maintain experimental animals
in an atmosphere with a reduced oxygen tension, when the carrier gas

is nitrogen, as the animals go into acute convulsions and die.

This is a problem which has been encountered by workers investigating
the effect of hypoxia on brain cedema (Levine 1960). Nitrcus oxide
appears to be a much less critical carrier gas than nitrogen and

from the evidence uf the present study it does nct appear to produce
any morphological changes in the brain when it is used with a

partial pressure of oxygen approaching that in the normal

atmosphere,

In view of the severity «f the capillary endouthelial damage
it is not surprising that the horse radish percxidase, which is a
small protein with a molecular weight of 40,000, cculd escape from
the bloodstream intc the extracellular spaces within the neuropil,

and its use has provided visual confirmation of Griner's (1961b)

finding that proteins escape into the brain substance in intoxicated
animals. The distribution of the tracer is similar to that found
in experimental brain oedema produced by other workers (Hirano ek
al 1970).

This finding is of importance when the status of plasma

proteins in intoxicated animals is considered and will be discussed
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mcre fully in Chapter 16. It is interesting to note that, although
the peroxidase escaped into, and was confined to, the tenuous
c¢xtracellular spaces between the cell prucesses of the neuropil,
there was nc evidence of excess fluid in this region and the fluid
accumulzation which cccured during intoxication appeared to be

a2lmost entirely intracellular. It is unfortunate that the level of
peroxidase used in the lambs was not detectable. The result was
not altogether surprising however, since the dose rate is
considerably belcw that recommended for mice and rats on 2 body-
weight basis. Tc provide an equivalent amount for lambs would
necessitate using a dose of the order of 4 grams or more. Although
fluorescein-conjugated proteins have been used in permeability
studies they cannot be employed for ultrastructural visualisation
and to date no techniques which are entirely satisfactory for use in

larger animals have been described.

The earliest lesicns detectablec in the cerebellar granular
layer by light microscopy are directly referable to the changes
seen by electron microscopic examination. The focal areas of
rarefaction are almost certainly areas in which the swelling of the
astrocytes is most marked. The very focal nature of these lesions
and the lesions which develop in the white matter made it difficult
to relate them directly to the ultrastructural changes. The
sequence of changes which develop over a period of time in the brains
of intoxicated animals, have been adequately described by Griner
(1961a). They need not concern us here since they result from
tissue damage subsequent to the action of epsilon toxin rather than

from any direct effect of the toxin itself.

) The histochemical findings must be mentioned briefly.
Beckef;f?§%1,ei) have shown that reductiovns in the levels of acid
phosphatase, as well as other enzymes, occur in animals in which
anoxic-ischaemic encephalopathy has been induced. The earliest
time at which these changes were detectable was 6-12 hours and it
is obvious that,because of the acute nature of epsilon toxin
intoxication in lambs, few histochemical changes could have been

expected,
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Conclusicns

1. In mice, epsilon toxin preduces an increase in brain
water content which beccmes greater with increasing survival time.
Similar changes could not be demonstrated in lambs as the survival

time was short in intoxicated znimals.

2.4 The increase in brain water content in intoxicated mice
was associated with morphological evidence of oedema in the grey
matter of the brain, where swelling of astrocytes and astrocyte
processes w=2s prominent. These changes were also present in the

intoxicated lambs.

3 oxtensive destructicn of vascular endothelium occurred
in 2ll intoxicated animals and resulted in the loss of fluid and

protein into the brain tissue.

4, The use of horse radish peroxidase as a tracer
confirmed the loss of protein from the blood stream of intoxicated
mice and showed that it was confined to the extracellular space
within the neuropil and 4id not enter the swcllen astrocyte
processes. Peroxidase given at a dose of 100mg intravenously was

nct detectable in either control or intoxicated lambs,

S The changes induced by epsilon toxin were not the
result of tissue hypoxia since animals which died from critical
hypoxia showed nu vascular damage or swelling of astrocytes and had

neuronal changes which were not present in intoxicated animals.

6., Nitrcus oxide is a more suitable carrier gas than
nitrogen for studies of the effects of hypcxia ¢n mice and dces not
produce clinical disturbance or morpholegical change in the absence

of hypoxia.

7 The earliest brain lesions, detectable by light
microscopy, occurred in the cerebellar granular layer where fccal
cytoplasmic clearing and nuclear pyknosis occurred. These changes
were probably the result of the astrocytic changes scen at the

ultrastructural level.

8. No alterations in the levels of acid or alkaline
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phosphatase, DPN c¢r TPN diaphcrase were detectable histochemically

in intoxicated animals.

G The histochemical localisation of these ccaponents ana
the preservation of architecture in lamb brain was improved by
cold formcl calcium fixatiun and sucrose/acacia infiltration when
the results obtained with the use of these agents were compared

with those obtained by quenching fresh mouse brain in dry ice.
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Chapter 9: THE MORPHOLOGICAL ASPECTS OF THE PULEONARY AND MYOCARDIAL
OEDEMA WEICE OCCHIRS IN LXPIRIMENTAL IWTEROTOXARIA.

One of the prominent festures of the gross pathological findings in
intoxicated animals is the pulmonary oedema mentioned in Chapters 6 and 7.
It was obvious that pulmonary oedema was not consistently present in
experimentally intoxicated animals, nor was it a prominent feature of the

naturali diseese in sheep.

In view of the vascular endothelial damage in both the brain and
kidney it appeared probable that this was a universal phenoienon which
occurred throughout the body and that the presence or absence of oedema ef
the lungs was dependent upon the severity of the veascular damage in those
organs. It was therefore of interest to determine whether endothelial
damage did in fact occur in the lungs of intoxicated animals and vhat
other changes wece present in lung tissue, Any damage to pulmonary
architecture could affect biochemical parameters associated with respira-

tory exchange, but these will be discusgsed in Chapter 17.

The presence of pericardial effusions and electrocardiographic
evidence of myocardial damage suggested that the heart had not escaped
from the effects of the toxin. Any attempt to interpret electrocardio-
graphic changes on a morphological basis is difficult since the electrical
changes may be transient as exemplified by the regression in the S-T seg-
ment changes in the second post-intoxication ECG trzcing taken from Lamb
no. 6% in Table 7.,la, Chapter 7. rurther, in many instances ECG altera-
tions are not associsted with detectable morphological damage. However
the presence of evidence of a repolarisation defect in many of the LCG's
suggested that there may be myocardial injury or interference with ionic
or netabolite trasnsfer between the intra and extracellular compartments of
the myocardium in intoxicated animals. If a morphological basis for the
electrocardiographic changes could be established this would not only
provide a useful clinicopathological relationship but would also assist in
increasing the available information on electrocardiographic changes in

acute myocardial damage.
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The Histcpatholozical Changes in the lungs

of Epsilon Toxin Intoxicated Tambhs

Materials & liethods

Tung sections for light and electron microscopic examination were
prepared from the lungs of the control and intoxicated leaibs described in
Chapter 6 In adéition lung sections for electron microscopy
were taken from control mice and intoxicated mice which survived for 3 and
9 hours in the experiments described in Chapter 8. The only modification
to the preparative procedures already described was that the tissue required
for electron microscopy was taken from an area where a small quantity of
buffered 3% glutaraldehyde had been injected into the substance of the
lung a few moments before the fragment of tissue was removed for immersion

fixation, This prevented tissue collapse.

Sections were steined with H & L and PAS for light microscopy and
uranyl nitrate/lead citrete for electron microscopy as described in

Chapter 8.

Results

The most obvious feature of intoxicatec lamb lungs we3::- oedema of
the interlobuler septae and, to a lesser extent, of the p erivascular
connective tissue. There was no evidence of fluid accuwmulation in the
alveoli (Figure 9.1'and the alveolar walls, vasculature and brd&hiolar epi~

thelium all appeared ncrmal, when examined by light microscopy.

Electron microscopic examination, however, revealed extremely
severe capillary endothelial damage and Figure 9.2, of affected lung capil-
laries from one of these lambs,illustrates the extent of this damage which
included discontinuities in the cspillary endethelium with adhesion of
thrombocytes to the damaged endothelium and areas where the endothelium
had been lost. In some areas there was mild swelling of the alveolar
epithelizl cells, fluid accumulation in the interstitial connective tissue

and protein containing fluid in the alveoli (Figure 9.3).

In contrast to these findings in intoxicated lambs, the ultrastruc-

tural changes in the lungs of mice, which received low lethal doses of



Figure 9,.,1: Pulnonary Ocdema in intexicated Lembs -

Light Microscopic Appearance

B A, Normal Lamb Iungs

This is a section of lung from a control laub
for comparison with B below,

P Pleoura

Al = glveoli

]

IS = dintericbular supta

B. Iung - Intoxicated Lambs

The subpleural tissues and the interlcbular
septa are oedcmatous (Oe). Therc is no cvidernce of

fluid accurmlation in the alveonli,

Stain PAS

Megnification 70
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Figure 9,2: Vascular Damage in the Iungs of Lambs after the

A B Parcnteral Administration of Epsilorn Toxin.

C D
Ae Control:

The junction between two adjaccnt endothelial cells
in a normal lung capillary.
= capillary lumen
= endothelial cytoplasm
= Dbasement membrane
alveolar epithelium

= cell junction

a “8 gg*F
i

'tight! junction

B. Capillary from an Intoxicated Lemb Iungs

There is a large area over which the endothelium
appears to have becen completely lost and this is covered

by two adherent thrombocytes (T).

C. Alveplar wall from Intoxicated Lamb Lung:

There is fluid accumulation (F) in the interstitial
tissue of the lung. In some areas there are discontinuities

(Di) in the demaged capillaries.

D. hlveolar Wall from an Intoxicated Lamt Iung:

Similar changes to those seen in C are present in this
section, In addition there are areas where thrombocytes (T)

are covering the discontinuities in the capillary well.

Magnification A & B 34,500
C&D 8,750






Figure 9.3: The Development of Pulmonary Oedena in Lambs after

A B the Parcentcral Administration of Epsilon Toxin

C D
A. Control:
Portion of the normal alveolus showing the alveolar
space (AS), the tenuous alveolar epithelium (Ep) and the
capillaries with their endothelial nucleii (N),

E = erythrocytes

B. Iung from Intoxicated Lambg

Moderately electron dense fluid (F) is prescnt in the
alveolar space, Thrombocytes (T) can be seen adhering to

the capillary walls.

C. Control:

This is a higher magnification of a portion of the
normal alveolar wall for comparison with D, The appearance
of the alveolar epithelium and the capillary endothelium (En)
should be noted.,

D, Lung from Intoxicatcd Lamb:

Blectron dense fluid is present in the alveolar space.
In addition there is swelling of the cytoplasm of the alveo-
lar epithelial cells. Thetre is also oedema of the inter-
stitium (I). Thrombocytes are adherent to the severely
dameged capillary endothelium,.

G = Great alveolar cell which can be idertified by

its microvilli (Mv).

Magnification A & B 2,950
C&D 5,900
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toxin, were not prominent. There was no evidence of fluid accumulation
in the alveoli or interstitiel tissues and the capillary endothelium was

not markedly altered in the lungs of these animals.

Guantitative and Morphological Evidence of the

Presence of Myocardial Oedema in Intoxicated Lambs.

A detailed examination of the electrocardiograms from the lambs
which had received parenteral toxin was deferred until the conclusion of
the experiments and for this reason no quantitative measurements of the
water content cof the hearts of these lambs were made. However, in view
of the electrocardiographic findings in these animals, the water content
of the hearts of the lambs which received toxin of enteric origin was

assessed.,

Materials & Methods:

Heart meaterial was taken from the four male lambs which received
enteric origin toxin and also from 5 normal 8 - 10 month old Romney cross

lambs which had not received toxin.

Pieces of myocardium weighing approximately 1 gram were removed fromn
the centre of the interventricular septum of the heart, chopped up finely
with a scalpel, weighed, freeze-d»ied and reweighed to establish the water

content as described in Chapter 8.

Myocardial sections for light and electron microscopy were taken
from the control lambs and the lenbs which rcceived parenteral and enteric
origin toxin described in Chapter 6. In addition myocardial sections for
electron microscopy were taken from control mice and intoxicated mice which

survived for 3 and 9 hours in the experiments described in Chapter 8.

Results:

There was a quantitative increzse in the water content of myocardiua
from the lambs which had received enteric origin toxin, when figures
obtained from these animals were compared with those obtained from the
normal control lambs, Thé:%gter content of the heart muscle from the

intoxicated animals was 4.46t O.49mgH20/mg D.M., while that of the controls
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was 3.68t O.l9mgH20/mg DSy, The difference between these figures is
statistically significant ( p between 0.05 and 0.025). Data from this
experiment is incl: ded in Aprendix Sb.

Severe endothelial damage, similar to thet alwready described in
other tissues, was present in the myocardium from intoxiceted lambs,
(Figure 9.4) tut in this instance it was overshadowed by changes in the
myoccardivm itself, At the ultrastructural level there was extensive fluid
accurnulation in the interstitial tissues, particularly around blood vessels.
In addition the myocardial cells themselves showed evidence of an increase
in irtrecellular fluid, The sarcolemna buiged in the areas between the
'Z' discs and there was also separation of the bundles of myofibrils and
mitochondria by accurmuleted fluid (Figures 9.5, 9.6). At a higher magni-
fication it was poszible to demonstrate swelling of the mitochondrial
cristae compared with these structures in normal hesaxrt (Figure 9.7).

These lesions were also present in the hearts of lambs which had
received enteric origin toxin but there was no detectable fluid accumi-
lation in the hearts of intoxicated mice, nor was capillary endothelial

damage prominent in the latter animals.

In some, but not ali, of the lambs there was also light microscopic
evidence of fluid accumulation in the myocardium,. The interstitial
tissues were oedematous, particularly arounéd the Purkinje Fibres and blood
vessels, with proteinaceous material in the fluid in some areas (Figure
9.8). No Purkinje fibres were scctioned in any of the material taken for
electron microscopic examination and it is not possible to say with any
certainty whether the fibres themselves were affected by the fluid accumm-
lation. There was evidence of very recent focal subendocardial haemorrhage
in formalin fixed material from hezrts in which this lesion had been seen

aroscly.

Discussion

The extremely severe endothelial damage seen in the lung capillaries
of lammbs which had received parenteraliy administered toxin is almost
certainly due to the fact that the puimonary capillary network is the first

such network encountered by the toxin following intravenous administration,



Figure 9.4a: Vascular Indothelizl Damage in Lamb Heart Following

the Parenteral Administration of Epsilon Toxin.

The cytoplasm of the endothelium (En) is almost
entirely absent and there is focal complete loss of continuity
(X) in the capillary wall with an adjacent aggregation of
thrombocytes (T).

=
]

nucleus of endothelial cell

E = erythrocytes

F = fluid in interstitial tissue

PM = sarcolemma of cardiac muscle cell

My = myofibrils

Magnification 30,000







Figure 9.4b: Vascular Fndothelial Damage in the

A Myocardium of Intoxicated Lambus.

————

B

A. Normal Capillary i the Heart of a Control lainb:

N = nucleus of endothelial cell

En = endothelial cytoplasm

E = erythrocyte

Tj = Itight! junction

PN = Plasma membrane

z = respective band in the myofibrils (My).

B; Capillary from the Heart of a Lamb which had reccived

Parenterally Administered Epsilon Toxin:

The endothelium is severely damaged and the cytoplasm
has become reduced to a thin, electron-dense band which is
extremely tenuous in some arees. A thrombocyte (T) is
adherent to the endothelium adjacent to the nucleus. There
is marked oedema (Oe) of the interstitium and the heart
muscle cells are swollen, resuiting in bulging of the sar-

colenma (PM) between the 'Z! bands.

Magnification 22,000







Figure 9.5¢
A

B

Myocardial Oedema in Intoxicated Lambs.

A. Nornmal Myocardium from Control Lamb:

Mi
Mf
e
M

z

1

normal cepillary endothielium
mitochondria

myofibrils

intercalated discs

Plasma membrane (sarcolemma of cardiac
muscle cells)

'Z' bends in the myofibrils

B. Myocardium from a Lemb which had reccived Parenterally

Administered Bpsilon Toxin:

There is evidence of capillary endothelial damage

which is most prominent in the capillary on the left of this

electron photomicrograph. Extensive oedema (Oe) of the

)
interstitiu&%is also present. In addition the cardiac muscle

cells are swollen and it can be seen that there is separation

of the myofibrils and mitochondria, plus bulging of the

sarcolemma betwecn the !'Z' bands,.

Magnification 6,200







Figure 9.6:
A

Myocardial Oecdeme in Epsilon Toxin Intoxication

and erimental Enterotoxaemis.

A, Normal Myocardium from a Control Lamb:

The cardiac muscle cells are closely applied to
one another and also to the capillary (BV) in this section.
The capillary endothelium is normal.,

N = nucleus of cardiac muscle cell.,

PM = Sarcolemma (plasma membrane)
My = Myofibrils with electron-dense 'Z' bands

B. liyocardium from a Lamb which had received Parenterally

Administered Epsilon Toxin:

There is extensive oedema (Oe) of the interstitium and,
in addition, the cardiac muscle cells are swollen and the
sarcolerma (plasma membrane - PM) bulges between the 'Z!

bands. The endothelium of the capillary is damaged.

-

C. Myocardium from a Case of Experimental Enterotoxaemia in a

Lamb:s

Extremely severe oedema of the interstitium is present
in this section and, as in B, the cardiac muscle cells are

swollen,

Magnification 3,000







Figure 9.7: Swelling of Mitochondrial Crigstae in

A the Myocardiuwm of Intoxicated Lambs,.

B

A, Normal Mitochondrion of Cardiac Muscie from a Control Lamb:

Mi = mnitochondrion

MiC = mitochondrial cristae

Miil = outer and inner mitochondrial mei:brane, The
inmer membrane is continuous with the cristae.

My = nyofibrils

Z = 12" lines

B. Mitochondrion from Cardizc Muscle Cell of a Lamb which had

Rececived Parenterslly Administered Epsilon Toxins

The niitochiondrial cristae are swollen and the mito-
chondrion is surrcunded by a clear space, indiceting intra-

cellular fluid accumulation.

liagnification 106,000
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Myocardial Ocdema in Intoxicated

Lambs - Light Liicroscopy.

Normal Lamb Myocardium:

2etion of heart from a contrcl lamb for compa-

rison with B belos,

Cli = cardiac muscle fibrcse.
BV = Dblood vessel

PF = Purkinje Fibre

Myocardiun - Intoxdcated Lanb:

Severe intorstitial cedema (Oc) has resulted in
scparation of the bundles of cardiac ruscle fibres.
it is particularly noticezble arouad the Purkinjc

fibres.

Stoin PAS

kiagnification 180
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In contrast, when the toxin is absorbed from the intestine, it first
encounters the sinusoidal networic of the liver and the damage to lung capi-
llaries would ke similar to that in the systeriic circulation under these
circumstances. It is also poscible that the liver may rcrove some other
toxic components which could be present in parenterally administered toxin
as discussed earlier when considering electrocardiographic alteraticns in
Chapter 7. If pulmonery vascular damage viere due tc impurities in the
parenterally administered toxin preparations the lesion could tre expected
to occur coneistently when the material was administered ot a dose great
enough to produce lung ocdema in a2 susceptible animal, but this was not the
case, The fact that pulmonary oedema did not occur vhen toxin was admini-
stered by continuous infusion suggcsts that the most secvere capillary
endothelial damage occurs when high concentrations of toxin enter the
capillary network, as would occur when toxin was administered in divided
doses. This is further born out by the fact that pulmonary cedema only
occurred in mice when very high levels of toxin were administered intra-

venously as described in Chapter 7.

From the comparative studiecs on the action of the toxin on the
capillaries in lungs and hearts from intoxicated lambs and mice it also
appears that, as postulated irn Chapter 7, there may be a very marked species
difference in the susceptibility of capillary endothelium to the acticn of

epsilon toxiu.,

Although there is obvious fluid accumulation in the interstitizl
tissue around Purkinje fibres in the heart detectable by a light microscopy,
1t appears that the fibres themselves are not afi'ected functionally since
any disturbance in their activity could be expected to result in a prolonged
atrio~ventricular conduction time with a concommittent increase in duration
of the P-R intervel and QRS complex of the ECG's, This was not a prominent

feature of the ECG's of intoxicated animals in the present study (Chapter?.)

Turning now to the ultrastructural changes in the cardiac muscula=-
.these too are . Lo . . .
ture itself,/associated directly or indirectly with capillary endothelial
damage and extracellular fluid accurmulation. This would cause considerable
interference with the transfer of nutrients to, and waste products from

the cardiac muscle cells and therefore the changes in the myocsrdial fibres
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themselves require consideration in the light of existing knowledge of

their metabolism, structure and function.

As in other cells, the electrical potentials of the healthy rgsting
myocardium are meintained by a difference in lonic concentration across
the plasma membrane, with high concentrations of potassium normally being
nainteined within the cells, by exclusion or removeal of sodium ions, The
maintainance of the ionic gradients is an cnergy dependent process with
active transfer of sodium ions against the tendency to establish ionic
equilibrium, This is the so-called !'sodium punmp'. 1t is generally
considered that the transfer of water across ccll membranes is also inti-
mately asscciated with ionic trsnsfer. Depolarisation of the fibre,
following the arrival of sn inpulse via the conducting syster, results in
an inflow of sodium ions with a resultant change i electrical potential,
This is follovied by an energy dependent reccvery phase during which the
original ionic gradient is re-established. The rapidity of the sprcad of
depolarisation and repolarisation of the myocardiwa is asscociated with the
presence within the muscle celis of & complex systemm of microtubules which
are continuous with the extraccllular spsce through pores which open
through the sarcolemma in the region of the 'Z' lines (Page, 1968). The
high energy metabolism of the cells is empnasised by the large numbers of
mitochondria intcrspersed between the myofibrils which form the contractile

portion of the cell.

In the intoxicated lambs in the precent study the increased anount
of intracelluiar fluid in the cardiac mmuscle cells suggests that there is
an impairment of water and icnic homeostasis, The swelling of mitochondrial

cristae suggests that their function may also be impaired.

At this stage it is possible to consider the elcctrocardiographic
changes described in Chapter 7 in relation to the morphological changes
described in the prescent chapter. In view of the vaescular damage and
pericardiel effusions which occur in intoxicateda animels the chenges in
the S-T segment of the ECG could be due to damage to the subepicardial
myocardium. since O5-T segment displacement also occurs in pericarditis
and is believed to result from associated involvement of the superficial

myocardiunm. This is unlikely to provide a complete explanation in the
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present instance as there is no morphological evidence to suggest that

there is selective damage to this region of the myocardivm in intoxicated
animals,  On the other hand, there is cvery reason to regard the ECG
changes which occur in intoxicated animals as being associated with myo-
cardial ischacmiz and injury. The vascular damege anda myccsirdizl oedena,
produced by cepsilon toxin,would tend to 1limit the tramnsfer of nutrients to
the cerdiac muscle cells and, es a result, available crnergy would be reduccd.
This could interfere with the maivitenance of ionic concentrations and
polarity of the plasma membranc and would be reflected as reduced voltage

in thc QRS complex, S-T segment deviations and T wave alterations in the
ECG.

Conclusions

1. There is severe capillary endothelial damage in the lungs of intoxi-

cated lambs and this results in pulmonary ocderie in sone animals,

24 The developmient of pulmonary oedema is dependent urpon the severity
of the cepillary endothelial damage and this is directly depcendent upon
the concentration of toxin renching the lung capillaries, High concen-
trations of epsilon toxin are most likeoly to enter the puinonery circula-

tion wken the toxin is administered intravenously irn divided doses,

58 There iy a posusitle Species variation, between nilce.and lambs, in the
susceptibility of vascular endothelium to the action of epsilon toxin.
This results in pulmonary oedema being rare in the fomier species unless
high concentrations of toxin are administered. It may also account in
part for the relatively higher dose of toxin required to produce intcxi-

cation in mice,

4. The capillary endothelium in the hearts of intoxicated lambs is
severely damaged by epsilon toxin and this leads to the development of a
scvere myocardial oedcma, with both extra- and intracellular accummulations
of fluid.

b The vascular damage and extravasation of fluid may be associated

with defective transfer of essential nutricents from the blood stream to
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the heart muscle, This could reduce available energy and interfere with
the maintainance of ionic homeostasis, resulting in intracellular fluid

accumulation within cardiac muscle cells.,

6o Acute capillary endothelial damage and ocdema in the myocardium can
produce changes in the electrocardiographic pattern which are similar to
those which occur in myocardial ischaemia or injury. It is possible that
the ECG changes may be due to depressed encrgy metabolism and thus inability
to establish and maintain the normal ionic gradients within the cardiac

muscle fibrese.
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CHAPTER 10: 'THE DEVELOPMENT OF RENAL LESIONS IN ENTEROTOXAEMIA.

Although it is generally agreed that the dissolution of the
kidneys which occurs in enterotoxaemia does not develop until several
hours have elapsed after death of the animsl, a number of changes such
28 proximal tubular necrosis (Gill, 1933% alterations in the solubility
of the renal proteins (Sotirov, 1965c) and reduction in the alkaline
phosphatase activity of the brush border of the prcximal tubular
epithelium (Sotirov & Bozhkov, 1965d) have all been recorded as being
present at the time of death, The exact time at which samples were
taken in relation to death has not been recorded in many of these
reports and it is often difficult to ascertain whether autolytic changes

played a part in the development of the lesions that were described.

The features cf the renal histopathology which are regarded in
N.4. as being suggestive of enterotoxaemiz are necresis of the renal
proximal tubular epithelium and interstitial haermorrhage between these
tubules, as illustrated in Figure 10.1. Both Gill (1933) and
Bennetts (1932b) have mentioned the rapid development of degenerative
changes in the renal proximal tubular epithelium of intoxicated lambs
after death when compared with normal control lambs, and have suggested
that the tubular necrosis is present at the time of death although no
conclusive evidence has been presented. Further, while Gill (1932) and
Niilo (1963) have referred to the interstitial haemorrhage, there does
not appear to be any published work on the possible pathogenesis of this

lesion or whether it develops before or after death.

The lesions which have been described in the lung, heart and
brain suggest that the renal haemorrhage might be associated with the
antemortem vascular damage. Therefore the sequence of changes which
occurred in the kidneys of intoxicated animals up to the time of death
and for several hours thereafter were investigated in an attempt to

elucidate the pathogenesis of the renal changes.

Because a number of factors unassociated with the toxin can
influence the results of a study of this nature, certain control
experiments had to be carried out in association with the studies on the

effect of the toxdin. For example it was mentioned earlier that free



Figure 10.1: The Light Microscopic Appearance cf

the Renal Changcs in a Field Case of

Cl. pcrfringens type D Enterctoxaemia

This phctomicrograph illustrates the typical 'nccrosis! of the

proximal tubular epithelium and the interstitial 'hacmorrhage'!
which are seen in sections of kidneys from many of the cases of

enterotoxaemia which are submitted for laboratory examination,

Stain H & E

Magnification 80
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lipid accumulates in the cells of the proximal tubular epithelium of the
kidneys of mice which are deprived of food for a period of time.
Intoxicated mice which survive for any length of time are extremely
depressed and do not eat. It was therefore necessary to compare the
renal lesions which develored in intoxicated animals which survived for
different lengths of time after inoculation, with those which occurred

in normal mice which had heen deprived of food fur similar periods.

While on this subject it is appropriate to menticn that, although free
lipid has been shown to be present in the tubular epithelium of mice
after 24 hours starvation (Mowry, 1965 quoted by Dunn in Cotchin & Roe,
1967), there does not apypear to be any published descrirtion of the time
sequence of its appearance, nor has the ultrastructural site of
accumulation of the lipid been described. It proved possible to
elucidate botn these features in the course of the experiments to be
described in this chapter. Because uncomplicated autclysis can cause
degenerative changes in the renal tubular epithelium and a reduction in
the alkaline phosphatase activity of the brush border of the proximal
tubular epithelium, it was necessary to compare the sequence of renal
changes which developed in intcxicated animals after death with autolytic
changes which occurred in normal animals after 2 similar time had

elapsed post mortem. In this respect it should be borne in mind that
the temperature of intoxicated animals rises terminally associated with
convulsive episodes and the carcase temperature will be considerably
higher than that of the environment or of a normal animzl which has been
killed with an anaesthetic overdose. Autolysis is therefore likely to
develop mecre rapidly in the carcase of the intoxicated animal. In a
good-condition, wcolly lamb in a warm environment the carcase temperature
is liable to remain high for some hours after death, resulting in
extremely rapid autolysis. Thus, in the present investigation the renal
changes in intoxicated lambs were compared with those in a similar normal
lamb and, in addition, the renal changes in intoxicated mice held at 370C
were compared with those in normal mice held under the same conditions to

compensate for differences in carcase temperature,



&8

The Lesions which Occur in the Kidneys of Intoxicated

Animals at the Time of Death

Materials & Methods:

Along with brain and a range of other tissues, kidneys were
taken, at the time of death, from ali the control lambs and lambs which
received parenterally administered or enteric crigin epsilon toxin.
Kidneys were also available from control and intoxicated mice used in
the experiments described in Chapter 8. Sections for light and

electren microscopy were prepared as described in that chapter.

Results:

There were no gross differences between the ajpearance of kidneys
taken from centrol mice and those taken from intoxicated mice, at the

time of death.

There were no prominent gross lesions in the kidneys removed
frem the carcases of intoxicated lambs at the time of death. The
kidneys of these animals were congested and tlood oozed freely frem
the cut surface, but the consistency and gross aprearance of the cortex

and medulla appeared tc be gquite normal,

No marked changes were Jletectazble by light microscopy in H&E
or PAS stained sections of control ¢r intcxicated mouse cr lamb kidneys.
Bouins fluiil gave excellent preservation c¢f the fine structure of the
kidney and features such 2as mitochondria, and the brush border. Bven
the outline of the tubular margin of the rather vacuolated cytoplasm of
the cells of the distal convoluted tubules could be seen when this
fixative was used, On the other hand the erythrocytes were almost
completely lysed and appeared as faint ghosts in Bouin's fluid fixed
material, Thus, in these sections it was not possible to deteot
interstitial haemcrrhage and formalin fixed material had to be used for

this purpose.

The PAS staining affinity of the brush border of the proximal

convcluted tubules and the basement meumbranes was prominent and of
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similar intensity in kidney secticns from control and intoxicated
animals. In formalin fixed H&E stained material, particular attention
was paid tc the arrearance of the proximal tubular epithelium and

these sections were =zlso examined corefully for the presence of
interstitial haemorrhage. There was no evidence of proximal tubular
necrosis or interstitial haemorrhage in any of the kidney sections from

intoxicated mice c¢r lambs.

Severe vascular endothelial damage, detectable by electron
microscopic examinaticn, was present in the capillaries between the
renal tubules in the kidneys from intoxicated lambs (Figure 10.2).
This was essentially similar to the changes which were seen in the
capiilaries in the brain, lung and heart of intoxicated animals. These
changes have zlready been covered in Chapters 8 and 9 and need not be
described in detail here. Vascular endothelial damage was also
detectable in the intertubular capillaries of the kidneys of intoxicated
mice and here again the changes were similar to the vascular lesions
in other organs of intoxicated mice. It should be noted that the
specialised arterial capillaries in the glomerular capillary tuft were
noct affected by epsilon toxin in either mice or lambs, nor was the
glomerular architecture affected. The proximal tubular epithelium of
kidneys from intoxicated mice and lambs was also unaffected by the toxin.,
There was accumulation of free lipid in this region in some sections from
the latter species but this finding will he discussed more fully later in

the present chapter.

The Influence of ipsilon Toxin Upon the Histcochemical

Activity of the Kidney

Alterations in the activity of a large number of histochemically
demonstrable enzymes in the kidney have becn described in a wide variety
of conditicns in which renal damage occurs. However it is still
questionable whether histochemical changes are demcnstrakle before
there is evidence of renal damage detectable by conventional
histological stains such as H&E and PAS in many of these conditions

(Wachstein in Becker 1968).



Figure 10.2: Vascular Endothelial Damage in the Renal

A Intertubular Capillaries of Intoxicated Lambs.

3
he Normal Intertubular Capillary from a Control Lamb:

En = endothelial cytoplasm

E = erythrocyte

BM = Tbasement membrane

MM = folded plasma membrane of the proximal tubular
epithelium.

B. Portion of & Capillary from a Lamb which had reccived

Parcnterally Aduministercd Epsilon Toxins

The endothelial cytoplasm is severely damaged and there
arc two adherent thrombocytes (T) adjacent to the endothelial
micleus (N).

Mi = mitochondria

Magnification 23,000
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Since it hos been suggested that there is a reduction in alkaline
phosphatase activity of the brush border of the proximal tubular epithelium
in experimental epsilon texin intoxication it was of interest to
determine whether any reduction in the activity of this enzyme or some of
the other enzymes which are abundant in kidney cculd be detected in the

absence of moryhological damage detectable with H&E or PAS staining.

Materials & Methods:

Frozen sections of the kidneys of the mice and lambs described in
Chapter & were prepared. Because the distribution of histochemically
demonstrable alkaline phosphatase in the kidneys of mice can be markedly
influenced by the sex of the animal, (Dunn in Cotehin & Roe, 1967)
sections from paired male and female mice from the intoxicated and control
groups were examinel in all the histochemical studies. L~mb tissues
were fixed in cold formal calcium and infiltrated with sucrose-acacia
prior to sectioning while the mouse tissues were used fresh and quenched
on solid carbon dioxide ('Dry Ice!') for sectioning. The histochemical
procedures described by Thompson (11966) were employed to Jemonstrate the

following enzymes:

Extrapiitochondrial Adenosine trirphosphatase (ATPase), Glucose 6
phosphatase (G6POjase), Succinic dehydrogenase, Triphosphopyridine
diaphorz2se and Diphosyhopyridine diaphorase (TPN and DPN diaphorase),
Acid and Alkaline phosphatases. Trelr: 1ase was demonstrated by the

method of Grossman & 3acktcr (1968).
Results:

There was no detectable difference between the activity of any of
these enzymes in sections of kidneys taken from contrcl and intoxicated

animals at the time of death.

The Influence of Starvation Upecn the Renal Lesions which

Occur During Epsilon Toxin Intoxication in Mice

Materials & Methods:

The kidneys of intoxicated mice were obtained from animals which
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survived for 2,6,9,12 or 18 hours in the experiments which were
described in Chapter 8. The control animals fur this experiment
consisted c¢f a similar group of male and female mice which were deprived
of food and killed in pairs 0,3,6,9,12 or 18 hours after food and

litter had been remcved from the cages. Tissue samples were removed
from the carcases of all animals and placed in Bouin's fluil, formol
saline or glutaraldehyde for fixaticn, Some cf the formalin fixed

material was removel from the fixative after 24 hours and infiltrated

with sucrose-acacia. Sections for light microscopy were prepared and
stained with H&E and PAS as described in Chapter 8. In addition,

frozen sections were cut frow the sucruse-acacina infiltrated material
and stained to demonstrate free lipid with Sudan 7B and Oil Red O fat
stains, Secticns for electron microscopy were preyured and stained

as Jescribed forbrain in Chapter 8.

Results:

Light Microscopy:

her re no mar han in T, and PAS ained ions o
There were arked ch es HRXL d PAS st el sections of

kidneys frum these animals at any of survival times exzmined.

Both Sudan 7B and 0il Red O fat stains gave essentially similar
results but the definiticn and localisaticn of the lipid appenred to be
superior with Sudan 7B and the changes seen in sections stained with

this stain will be described.

No free fat could be demunstrated in the tubular epithelium of
animals which were killed 3 hcurs after the alministration <f toxin
or removal of the food suprly. After 6 hours survival, the staining
affinity of the epithelium for the fat stains was increased compared
with that of kidney sections from animals with shorter survival times.
In the kidneys of animals which had survived fcr nine hours small fat
droplets were clearly visible in the tubular epithelium and the drogplets
became grougressively larger and more numercus as the survival time

increased to 12 and 24 hours. At no time was there any detectable

difference between the kidneys of control and intoxicated animals,




Electron Microscopy:

An esseéntially similar situation to that described above was seeun
when sections from the kidneys of these animals were examined with the
electron micrescore and it was obvious with this instrument that the
lipid accumulation began to occur at about the same time that it could
be detected by fat stains and light microscoiy. Agnin there was no
Jdetectnable difference in the time of onset of 1iyil accumulaticn betweer
control and intoxicated animals. Thae lipid was first seer in the kidneyrs
of animals which survived for six hours and at this time consisted of
sinall, amoryhous, ratherelectra: dense vacuoles scatterel among the
mitochondria in the deeper areas of the cells, These vacuoles becane
rrogressively larger and more abundant as survival time increased but
in general they tendel to be more numerous in the deeper parts of the
cell and did not accumulate in the region below the microvilli which
constitute the brush borler at the vltrastructural level. (Figure 10.3).
It shculd be ncoted that,with the exception of the 'control!' sections
electron photomicrograyhs are of the kidneys of intoxicated animels and
it can be seen that epithelial changes, ayart from lipid accumulation,
were minimal when the kidneys were removed from the carcase at the time

of death,

The lipid droylets themselves apypear to be surrcunZed by a single
mewbrane and can thus be described as true vacuoles. These vacuoles
are morrholegically distinct frem the very dense L..n cytcsomes with
their 'myelin figures' which tend to be more numerous below the

microvilli than in the deepecr parts of the cell,

The Influence of Autolysis on the Development of Reral

Lesicns in Epsilon Toxin Iatoxication and Enterotoxaemia

Experiment 1:

Materials & Methods:

In a preliminary experiment to ascertain whether autolysis

affected the tyre of lesion seen, the carcase of one of the lambs which



Figure 10,3: Accunulation of Demonstrable Lipids in the

A B Kidneys of Starved and Intoxicated Mice

C D

A. Proximal Tubular Epithelium from a Mouse which died % hours

after the Administration of Hpsilon Toxin:

As in the control mouse (not shown) therc is no detec-
table lipid present in this kidney.

N = nucleus

Mv = microvilli of the brush border

BM = basenient membrane

PM = infoldings of the basal plasma membrane

Mi = mitochondria

Cy = cytosomes

V =/ vacuoles

Tj = 'tight! junctions between cells

B, Six hours after Toxin Administretion:

Scattered small lipid-containing vacuoles (Lv) are
present in the deeper regions of the cell adjacent to the

basement mer:brane,

’ C. Trelve Bours after Toxin Administration:

The lipid-conteining vacuoles have become larger and

‘ ore numerous.

D. Eighteen Hours after Toxin Adnministration:

The appearance of the section of tubular epithelium is
essentially similar to that seen at twelve hours. Fat stains
and light microscopy suggest that in fact the amount of lipid

increases during this period.

All these electron photomicrographs are of kidneys from
intoxicated mice. The sequence of changes in starved animals

was indistinguishable from those shown here.

Magnification 7,000
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received parenterally administered toxin was reclosed immediately after
removal of one kidney at the time of death. The carcase was held in
a warm room for 6 hours then the second kidney was removed and treated
in the same manner as the one obtained at the time of death. However,
no material was taken from the second kidney for electron microscopic
examination and the formalin fixed material was all used for alkaline

thosphatase histochemistry.

Results:

The changes detectable in the kidrey remcved from the carcase 6

hours post mortem were as follows:

Grossly the kidney was firm, but pale fawn in colour and the ceortex
had an amoryhous aygearance, There was a marked reduction in the alkaline
thosthatase activity of the brush border of the proximal tubular
epithelium and a loss of PAS staining affinity of this region. This
was associated with evidence of cpithelial degeneration in the form of
karyolysis. Due tc the 2bsence of H&E stained sections of formalin
fixed material it was not possible to determine whether interstitial

haemorrhage was present in this kidney.

Comment :

Since the histcchemical and histclogical changes in the above
kidney were similar to those described in field and experimental cases of
enterotoxaemia, while detectable lesioas had been absent from the kidney
of this animal at the time of death, it was decided to investigate

further the sequence cf changes which occur post mortem in kidneys.

Exyperiment 2:

Materials & Methods:

Sixteen male and 16 female mice were divided into two equal
grours and one group of each sex was given 2ug of batch CWD epsilon

toxin. When an intoxicated mice died o similar control mouse was killed
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by neck dislocation, Kidneys were removed from one pair of
control and intoxicated male and female mice as soon as death
occurred. The carcases of the remaining animals were held in
petri dishes at 37°C in an incubator and the kidneys were removed

from similar pairs of animals at 1,2,4 and 6 hours post mortem,

All samples of the kidneys were fixed, the alkaline
phosphatase activity assessed histochemically and sections

prepared and stained for light and electron microscopy as described

previously.

Results:

As in previous mice, there were no differences between the
microscopic appearance of the kidneys of control animals and those
of intoxicated animals at the time of death, nor were any gross
changes secen after the carcases had been held for up to 6 hours
at 379c,

The distribution and amount of histochemically demonstrable
alkaline phosphatase in the kidneys of 2all animals altered as
autolysis progressed. The reaction was intense in the brush
border of the proximal convoluted tubules in both groups of animals
at the time of death. There was an apparent reduction in the
alkaline phosphatase activity of the brush border of the kidneys

of intoxicated animals which were necropsied 4 hours after death.

This change was prominent at 6 hours post mortem and at the same

time the formazan pigment tended to become distributed throughout
the tubular epithelium, In control animals the reduction in
activity was first detectable in kidneys which had been removed

from the carcase 6 hours post mortem.

In both intoxicated and control animals, the first renal
changes that were detectable in H&E and PAS stained sections of
kidneys was karyolysis in the proximal convoluted tubular
epithelium which was scen in sections of kidney taken 6 hours
after the death of the animal. At no time was there any

detectable difference in the appearance of H&E and PAS stained
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sections of kidney from control and intoxicated mice. There was
no evidence of interstitial haemorrhage in the sections of formalin

fixed kidney from these animals.

The electron microscopic appearance of the autolytic changes
which developed in the kidneys was essentially similar in contrcl
and intoxicated mice, with the exception that the vascular
endothelium of control animals tended to become swollen and
vacuolated as autolysis progressed. The endothelium was still
intact in these animals 6 hours after death, while it was almost
completely absent in intoxicated animals at all times., There¢ was
however no apparent dissulation of the capillaries with release of
enythroytes into the interstitium in the latter mice. The post
mortem sequence of autolytic changes in the kidneys of control and

intoxicated mice is shcwn in Figures10.4a~b.

Lxperiment 3:

Materials & Methods:

Twc of the 8 month cld lambs which had received enteric crigin
toxin and two control sheep, which had been destroyed by the
intravenous administration of 'Euthatal' (May & Baker, Dagenham,
England) were placed in left lateral recumbency as soon as death
occurred. An incision was immediately made in the abdominal wall
parallel to, and just below the lumbar musculature. A piece of
both the upper and lower kidney was removed from each animal and
the carcases closed and left at room temperature for 10 hours.

During this time the incision was opened at 2 hourly intervals and
further pieces of kidney removed. The kidney material was treated

as described in Experiment 2.

Results:

The renal changes in intoxicated lambs at the time of death
were confined to the vascular endothelium and were only detectable

at the ultra-structural level. There were no gross alterations



Figure 10.4

(o]

The Scquence 2f Autolytic Changes in the

Kidneyvs of Heorrel Mice-Elcctron Microscopy

A Tirme of Death:

The endothelium (En) of the blood vessels and the

tubular epithelium (Ep) are nornmal.

E = erythrocyte.

B, 2 Hours Post Mortcris

The endotheliuvm is vacuolated and the mitochondria

of the tubular epithelium are swollien.

C. 4 Hcurs Fost Mortem:

The changes in this section are mecre advanced.

The cndethelium is extremely vacuolatea and swillen.

D. 6 Hours Post Mortcos

There has becn little further detoctable degenc-

ration when this section is comparcd with C.

These sections should be compared with those in Figure
10.4b,

Notes The carcases of these animels wrerc held at 3700.

Magnification 5,500






Figure 10.4b:

A,

The Sequence of Autolytic Changes in the Kidneys

of Intoxicated Mice Elcctron Microscopye.

Time of Death:

The endothelium (En) of the blood vessel is vacu-
olated but the tubular epithelium (Ep) appears normal.

E = Erythrocyte.

2 Fours Post Mortcm:

The endotheliun in this suecticn has degenerated
with only & few vacuolated remnants recognisable,

There is no loosening of the interstitiun.

4 Hours Post Mcrtem:

Despite the obvious endothelial damage there is no
tendency for erythrocytes to escape intc the inter-

stitium and the tubules are closely apposcd.

6 Eours Post Morter:

There is little difference between the changes in
this section and those in C. Cermponints such as mito-
chondria are still recognisable in the tubular epithe-

liun,.
These secfions should be compared with Figure 10.4a.

Magnification 5,500
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in consistency or evidence of tubular necrosis or interstitial

haemorrhage at this time.

Grossly, the first lesion which was detectable in the
lambs which received enteric origin toxin occurred 2 hours post
mortem when the kidneys were still congested but hazd also developed
areas beneath the capsule where there was apparent capillary
dilatation, giving an appearance similar tc the cutaneous 'spider
naevus' of man. Tissue was remcved from these arecas at the time
of sampling. The areas cof 'capillary dilatation' remained oubvious
and appeared to beccme more extensive at later samplings and at
the same time the kidneys became less firm in consistency and began
to soften. By the time 10 hours had elapsed after the death of
the animals the kidneys were extremely mushy, and =z clean knife
cut could no longer be madsa. In contrast, the kidneys of the
ccntrol lambs remained quite firm in consistency for the whole 10
hours after death although by the end cf that period the
superficial 1-2mm of renal cortex was greenish black due to
decompcsitione. The latter change had first become vislble at

6 hours post mortem and there were no other changes such as those

seen in the intoxicated animals.

Lesions detectable by light microscopy first became visible
in the kidneys of the intoxicated lambs 2 hours after death. At
this time there were focal areas in the renal cortex where the
alkaline phosphatasc activity of the brush border of the proximal
tubular epithelium was reduced. This was associated with a loss
of the PAS staining affinity of the region and there was also
evidence of nuclear degeneration in the form of karyolysis in the
epithelial ceclls in these areas. By the time 4 hours had elapsed

post mortem, interstitial 'haemorrhage' between the tubules became

obvious in the formalin fixed H&E stained sections of the kidney
samples and the degenerative changes in proximal tubules was almcst
universal. The time sequence of these changes can be seen in
Figure 10.5. There was no difference in the sequence of events

in the upper and lower kidney of these animals.

The sequence of changes which occurred in the kidneys of

the control sheep after death differed from those described above.



Figure 10,5%

A} B
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ci D
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The Seguence of Autclytic Chonges in the Kidneys

of Intoxicated Laombs Light Microscopy

Time of Dcath:

The proximal tubular epithelium (PrT) appears to
be normal and there is no evidence of interstitial

haemorrhage.

G = glomerulus

2 Hours Post Mcrtem:

Degenerative changes, in the form of karylosis,
are beginning tc appear in the proximal tubular epithe-
lium and therc is early dissemination of erythrocytes

(E) between the tubules in scme areas.

4 Hours Post Mortern:

Extensive karyolysis is present in the proximel
tubular epithelium end erythrocytes arc lying free in

the interstitium.

8 Erours Post Mortem:

The renal changes are essentially similar to those
shown in Figure 10.1 of the field case of enteroto-
Xacmia. The widcspread distribution of the crythro-
cytes between the tubules rescmbles interstitial
haemorrhage and the dégenerative changes in the tubules

have given them a necrotic appearance.

These sections should be compared with those in

Figure 10.6.

Stain H & E
Magnification 120
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There was also a reduction in the alkaline phosphatase activity of
the brush border of the proximal tubular epithelium ana this tended
to be associated with a loss of PAS staining affinity of this
region. The changes however were not marked until between 4 and 6
hcurs after death. At this time there was evilence of degenerative
changes in the proximal tubular epithelium in the fcrm of karyolysis
but this was not as marked as in the intoxic:ted lambs and even at

8 hours, when there was cbvious post-mortem decomposition of the
superficial layers of the kidney, the tubular changes had not
prugressed as far as they had done in the intoxicated lambs. The
outstanding difference between the two groups hcwever was the fact
that, in the control animals there was no evidence of interstitial
haemorrhage at any stage. Figure 10.6 illustrates the sequence of

changes which occurred in the kidney of control lamb.

It is now appropriate to examine the ultrastructural changes

which ogcurred in the kidneys cf these two groups.

By the time two hours had elapsed after the death cf the
intoxicated animal there was electrocn microscopic evidence of
degenerative changes in the proximal tubular epithelium <f the
kidney. There was evidence of loss of microvilli in the brush
border, random distribution of the normally polarised mitochondria
and cellular material escaping into the lumen of the tubules. The
tubules were still closely apposed at this time and the capillaries
were still intact although the endothelium was extensively damaged.

From 4 hours post mortem cnward there was a progressive dissolution

of the already damaged capillaries between the tubules with the
release of intact erythrocytes into the interstitium. At the same
time there appeared to be a general widening of the spaces between
tubules which allowed the erythrocytes to spread between them
giving the appearance of interstitial haemcrrhage. The epithelium
of the proximal tubules from 4 hours post mortem onward had almost
entirely degenerated and appeared tc be 'necrotic'. By the time

10 hours had elapsed post mortem the architecture cf the kidney

was almost completely“lost at the ultrastructural level.

—_—

The sequence of ultrastructural changes which cccurred in

the kidneys of the intoxicated animal after death are illustrated in



Figure 10.6:

4 B

¢c D L.
B.
c.
D,

The Sequence of Autolytic Changes in the

Kidneys of Normal Shoep, Light microscopy

Time of Death:

The appearance of formalin fixed, H&E stained
sections of normal kidney, removed from the carcase at

the time of death.,

G = glomerulus

PrT = Proximal Tubular Epithelium

2 Hours Post Mortem:

There has been practically no detectable change in

the renal architecture during this time.

4 Hours Post llortem:

Early degenerative changes in the form of karyo-
lysis can be seen to be present in the proximal tubular
epithelium, There is nc evidence of release of cryth-

rocytes from the blood vessels.

8 Hours Post Mortem:

Although tubular degeneration is present at this
time, it is not as obvious as that which occurred in
intoxicated animals. There are no free erythrocytes
in the interstitium and the tubules are still closely

apposed.

These changes should be compared with those in

Figure 10.5.

Stain H & E
Magnification 120
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Figures 10.7 and 10,8.

In the ccntrol 2nimal the changes in the epithelium of
the tubules were essentially similar to those wlhiich were seen in
the tubules of intoxicated lanbs. Obvious degenerative changes

were present in the tubular epithelium four hours wcst morten.

Nuclear degeneration in these cells had begun to occur zt that

time but there were still a number of intact nucleii and
recugnisable cells present in secticns from kidney removed from

the carcase 6 hours after death ¢f the animal. There was no
locsening ¢f the interstitium between the tubules in the contrcl
animals at any time and the capillary endothelium was still intact
10 hours post mcrtem although, as in mice, swelling and vacuolation
occurred. No release of erythrccytes from these vessels occurred
at any time. The ultrastructural changes associated with autolysis

in a normal lamb kidney are illustrated in Figure 10.9.

Discussion.

In view of the confusion in the literature over whether cr
not renal lesions are present at the time o©f death it is
interesting to note that, in the present study where animals were
necropsied as soon as death occurred, there were no lesicns in the
kidneys detectable by visual inspection or light microscopic

examinatione.

This was the case in both mice and lambs and also, in the
latter species, when toxin was either parenterally administered or

abscrbed from the intestine following the infusion of Cl.perfringens

type D plus carbohydrate. These findings imply that the lesions
seen in field cases of enterotoxaemia are largely the result of post

mortem change in the intoxicated animals.

The lack of any qualitative change in the histochemical
activity of the various enzymes in the kidneys of intoxicated
animals at the time of death is also noteworthy. By the time
alterations in alkaline phosphatase activity were demonstrable

histochemically there were usually other degenerative changes in



Figure 10,7: The Sequence of fAutolytic Changes which occur in
A B the Kidneys of Intoxicatcd Lambs after Death.

c D
A. Kidpey, removed at the Time of Death, from a Case of

Experimental Enterotoxaemia in a Lamb:

The tubular epithelium (Ep) apicars to be normal al-
though therc is some debris in the tubular lumen (L). The
basenent menbranes (BM) of adjscent tubules are in close
proximity and the interstitium (I) is limited in extent.
The endothelium of the blood vessels (BV) is damaged.

N = nucleii

Mv = microvilli

E = erythrocytes

B. Kidney removed from the same carcase as A, 2 Hours after

Death of the Animal:

The tubular epithelium has lost much of its cytoplasmic
architecture and the microvilli have been lost. The arpearance

of the vasculature and interstitium is similar to A.

C. Kidney removed from the same carcase as A, 4 Hours after

Death:

The tubular epithelium is almost entirely degenerated.
Similarly the walls of the blood vessels has almost completely

disappeared, although the erythrocytes have not been released

into the loosened interstitium,

D. Kidney removed from the same carcase as A, 6 Hours after

' Death:

There has been almost complete loss of vascular and
tubular architecture and erythrocytes are free in the loosened

interstitium,

Magnification 2,650
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Figure 10.8: Vascular Chenges which Developed 4 Hours After Death

in a Case of Experinmental Enterotoxaemia in a lanb.

This section is a more highly magnified view of an
area of the same kidney that was used to prepare the sections

shovn in Figure 10.7.

Fragments of the damaged cnpillary endothelium (En)
and a thrombocyte (T) are still recognisable although the
greater part of the capillary wali has disappeared. Several
erythrocytes (E) have escaped from the blood vessels and are

lying frec in the loosened interstitium (I).

Ep = tubular epithelium
M = Dbasement membrane
Le = degeneratcd lymphocyte

Magnification 14,000






Figure 10.9:

A

C

B

D

Ag

Ce

D.

The Sequence of Autolvtic Changes in the Xidneys

of Normal Lambs. Electron Microscopy.

Time of Death:

The endothelium (En) of the blood vessel (BV) is
iﬁ%act and the interstitium (I) between the tubules
appears normal. The microvilli (Mv) of the tubular

epithelium (Ep) are intect.

2 Hours Post Kortem:

The endothelium of the blood vessel is s5till intact
but there are degenerative changes in the microvilli of

the tubular cpithelium. The interstitium is unchanged.

4 Hours Post Mortem:

The appearance of this section is essentially
similar to that of B with no evidence of loosening of
the interstitium or breakdown of the endothelium.

Degeneration of the epithelium is more advanced.

8 Hours Post }ortem:

Even at this time the vascular endothelium is
still easily recognisable although the architecture of
the tubular epithelium has been largely lost, apart

from the nuclei .,

The sequence of changes in these sections should be

compared with those in Figures 10.7 and 10.8.

Magnification 2,800
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the proximal tubular epithelium detectable by routine histoclogical
stains. This adds support *to Wachstein?éigﬂgggétion that
histochemical changes in the kidney do not necessarily precede
other evidence of structurzl damage, nor do they indicate the
functional e¢fficiency of the cells. The lack of change in renal
alkaline phosphatase activity in the intoxicated animals in the
present experiments is in direct cconflict with the results
obtained by Sotirov & Bozkhov (1965) who used the Gomori method

to demonstrate alkaline phosphatase activity in the renal tubules

of their intoxicated animals.

Sex differences in the distribution of alkaline phosphatase
activity in the brush border cf the proximal tubules in different
regions of the renal cortex were not particularly noticeable in
the mice used in the present experiments and it may be that this
reflects the fact that the mice used were of a different strain
tc those used by Duﬁﬁriysyﬁigﬁ)she described these differences.
Nevertheless, the pussibility that such changes can occur stresses
the importance of selecting appropriate control animals. The
progressive accumulaticn of lipid in the proximal tubular
epithelium in intoxicated animals and alsc in starved animals
emphasises the fact that, on occasions, results can be obtained
which are only indirectly due to the experimental procedure which
was employed., This =21so underlines the importance of maintaining
ccntrol animals under exactly similar conditions as those affecting

the test animals.

Some reference must be made to the basis for the selecticn
of the particular group cof enzymes it was decided to examine
histochemically in the kidney, although the limitations inherent
in enzymatic analyses will be deferred until Chapter 21 where the
estimation of serum enzymes is discussed. In the present instance,
because glycosuria is a prominent feature of enterotoxaemia,
particular attention was paid to the enzymes which have been
suspected of being involved in the resorption of glucosc from the

glomerular filtrate by the proximal tubules. This is an energy
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dependent process, su that enzymes which have not been suspected
of being directly asscciated with glucose metabolism but which are
important in c¢nergy yielding processes e.g. succinic dehycrogenase,
4TPase and the Jdiaphorases, were included in the present study.
Some of these enzymes have been shocwn to be decreased in cther
intoxications where glycosuria and/or renal damage cccur although,
as mentioned earlier, it appears unlikely that this is a specific
effect of the toxic agent and is mere likely to be associated with
cell death. It should be noted in passing that the exact role

of enzymes such as the¢ phosphatases and trehalase in glucose
transport in the kidney is as yet unknown anld even as recently as
196G there were conflicting reports, such as thuse of Grossman &
Sack*cr (1968), Van Handel (1969) and 3emenzas . Rihcva (1969) on

the importance or otherwise c¢f trehalase in renal glucose transport.

From the fact that similar lesions developed in the kidneys
of control and intoxicated mice when the carcases were held 2t a
constant temperature it wculd appear that the changes in the proximal
tubular epithelium mey have been due to the effect of autolysis and
it could be that thc¢ differences that were seen between control and
intoxicated lambs were the result of a higher body temperature in
the intoxicated animals at th: time of death. This is unlikely
te be the whole explanation as it does nct take into acccunt the
gross alteraztions in the counsistency of the kidney and it is
pcossible that the change. in the solubility pattern of renal proteins
described by Sotircv (19657) is associated with a specific action of

the toxin upon the tubular ¢pithelium or interstitium.

The finding, in the present investigation, that the
interstitizl haemorrhage in the kidney in enterotcoxaemia is in faet
a post mortem change is intriguing and its mode¢ of development may
be unique. The fact that in this disease autolysis accelerates
the breakdown of blood vessels which have been severely damaged by
the action of a toxic agent, thus allowing the release of
erythrocytes, has not been described previously in this or other
intoxications. It would be interesting to know whether a similar
situaticn occurs in other conditions where interstitial haemorrhage

in the renal cortex has been described following the administration
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of toxic agents e.g. mercuric chloride and Cl.perfringens type & alpha

toxin which damage vascular structures.

While on the subject of the development of the interstitial
haemorrhage two other puints shcould be mentioned. The first is
that the upper and lower kidneys were sampled from these animals
to eliminate the rather unlikely possibility that the renal
lesicns were influenced by gravitational or hydrcstatic effects
producecd by the position of the carcase, as occurs in post nicrtem
hypostatic congestion. The second point concerns the fixatives
which were employed in the preparation of material for light
microsccpic examination. While Bouin's fluid was definitely
superior to formocl saline in preserving the fine structure of the
kidney the fact that the erythrocytes were almost completely
lysed and appeared as faint ghosts, c¢r not at 211, in Bouin's
fixed material suggests that, where haemorrhagic states may be
encountered, this fixative is definitely contraindicated despite

its superiority as a cytological fixative.

Conclusions.

1. Free 1lipid accumulated in the cells of the proximal
convoluted tubules of the¢ kidneys of mice deprived of focd and
the appearance of free lipid in this region of the kidneys was
only an indirect effect c¢f epsilon toxin, being brought about

by the depression and anorexia in intoxicated animals.,

2. Lipid accumulation in the proximal convoluted
tubular epithelium of the kidney, first becomes detectable in mice
which have been deprived of food for six hours and becomes

progressively more severe as time increases.

5% At the time of death there were no detectable
histochemical or morphological alterations in the kidneys of
intoxicated mice or lambs. This is in contrast tc published

descriptions of the renal changes in enterotoxaemia.

b, The reduction in histochemically demonstrable

alkaline phosphatase and PAS staining affinity in the brush border
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of the renal proximal tubular epithelium in intoxicated animals
was associated with nuclear degeneraticn and did not occur until
some time had elapsed after death. It was therefore an autolytic

lesion rather than a direct effect of epsilon tcxin.

De Interstitial haemorrhage in the renal cortex of
intoxicated animals is also a p~st mortem change but is associated
with the antemortem vascular damage. Degeneration of the-already
damaged capillaries alluws the release cof intact erythrocytes into
the lcosened interstitial tissue and it is therefore probable that
this 'lesicn' is almost pathognomonic of enterctoxaemia of sheep

when it occurs.

6. The rapidity ouf the onset of degenerative changes in
the kidneys of intoxicated animals after death may be due to a
combination of high body temperature, resulting from antemortem
convulsions, and a direct effect of epsilon toxin upon renal

tubular epithelium or the interstitium.

P Alteraticns in the histochemical affinity of enzymes in
the kidney did not occur in the absence of degenerative changes

detectable by conventional H&E and PAS staining methods.

8. Bouins fluid is not a satisfactory fixative for
studying haemorrhagic lesions due to its action in lysing
erythrccytes. It is however an excellent fixative for retaining

cytological architecture in the kidney.
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MORPHOLOGIC,. L CH.NGES PRODUCED IN THE
INTESTINE BY CJ.P“RFRIN GEN
TYPE D EP3ILON TOXIN
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Chapter 11 Ti

4s an alteratien in intestinal permestility is one of the
prerequisites for the absorpticn of the protein molecule of
epsilon toxin, ~nd thus for the production of enterotozaemia, it
wrs of interest to deterninc whether the changes in permeability
induced by the toxin itself are associated with evidence of
morphological damage to the intestinal mucosa. Todorcv and
Trifonov (1962) hove stated that following centact with epsilon
toxin the change irn permelbility in the intestine is associated
with 2n inflrwmmrotory necrosis of the mucosa in robbits and kids.
They did not describe the lesions which occur in detail nor do
they appear to have examined the intestinal nucosa from cases cf
experimentally induced exterotoxnemin in sheep. In the leotter
instance the presence of toxic subsctances in addition te epsilon

toxin, produced during the multiplicstion of Cl. perfringens type

D. in the intestine, may influence the severity or type of lesion

iich develops.

In an attempt tc obtain mere informatien on the morphological
changes in the intestine produced by epsilon toxin it was decided

to study the action of the tecxin invivo on the mucosa of isocolated

locps of rabbit and lamb intestine, In cexperiments of this type
adeguate controls are essentinal ns interference with either the
intestinal blood supply or the moverent of ingesta through the
intestine can raopidly have adverse effects upon the animals well-
being. It was therefore neccssary to compare the effect of the
toxin on ligated intestinal lecops with the changes which occurred

in adjacent ligated loaops which did not contain toxine

Subsequently, the changes produced in isolated loops of
lamb intestine could be compared with any lesions in intestine
taken from lambs in which enterotoxaemia had been induced by the

infusicn of Cl, perfringens typme D culture plus carbohydrate.
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The Effect of Epsilzn Tuxin upen Ligated

Intestinal Loops in the Rabbit

Materials & Yc¢thods

Twe pzirs of rabbits were nnaesthetised and intestinzal loops,
with their tlood supply intact, vere isclated by ligation,. The
surgicnl procedures emnloyed cre described in .appendix 1.

,000 mcuse lethal doses approx.) of

PO

In one pair of animals, 2mg (

Q

¢

vatch CUD epsilon toxin in 1 ml «f nutrient broth was introduced
intc one of the intestinal lcops arnd 1 ml of nutrient broth was
introduced into the =djacent loop, The cther pair of rabtits

wns treated similarly with the excewticen that the level of epsilcn
toxin cmployed was reduced tu 0425 mz/ml (250 mouse lethal doses/ml

approx.)

is soon as death occurred the segrment of intestine contazining
the locps was removed from the animal, »hotozrapghed and pieces of
each of the locps were then fixed and prevpared for light and

electron microsccpy as described for cther tissues.

Results

A1l the anim=zls recovered rapidly frem the ancesthetic and
lapzrotomye. The two animals that received the higher dcse of
toxin remained normal for 2-2% hours thea became degressed and
died in terminal convulsions 2 hours after inoculation. The two
animals which received the lower dose of toxin remained clinically
normal for 7 hours after inoculation. They were destroyed at

that time by neck dislocation.

The gross appearance of the intestine was similar in all
animals. The broth containing loops were flaccid and empty while
the toxin containing loops were distended with fluid. These
changes are shown in Figure 11.1. The difference between the
toxin-containing and control loops was greatest in the animals
which had received the lower dose of toxin and had survived
longest. These animals also showed early fibrinous adhesions

around both loops cf intestine.



Figure 11.1: The Effect of Epsilon Toxin on
the Intestine of the Rabtit.

A. Adjacent Broth-contairning and Toxin-containing Intestinal

Loops:

The loop on the left was inoculated with 1 ml. of
sterile nutrient broth and appears normal, while the distcnded
loop on the right was inoculated with 1 rl. of a solution
containinrg 1,000 mouse lethal doses of epelloh tox¢n/m1.

Note the largely independent blood suppllesAof the two loops,

B. Semi-macropvhotographs of Stained Sections of the Broth-

containing Loop:

The intestinal villi are normal and the mucosa
(Mu) is fairly closely appliecd to the muscle layers (Mc), e}

that the submucosa (Sm) is not particularly prominent.

C. Semi-macrophotograph of Stained Scections of the Toxin-

containing Loop:

The villi are shrunken and there is severe oedema
of the submucosa.
Stain (B& C) H&E
Magnification A p S
B&C 8
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-When examined by light microscopy the mucosz of the intestinal
losps, which had cecntained nutrient broth only, was histclogically
norral in all animals, There was & superficial mild iaflammatory
infiltration of the serosal surfacc of the intestine in the animals
which had received the lower dose of toxin. In coentrast to these
findings, the loops which h2d contained the higher dose of tokin
had zlmost completely lost the superficiazl cpithelium of the
mucosa, In addition there was o severe inflammatcry oedema of
the submucesa and a diffuse acute inflammatory infiltration in the
mucrsa and submucos, These changes are illustrated by the series
of photomicrogranhs in Figure 11.2. The epithelial changes
produced hy the lower dose of toxin were not as severe as those
produced by the higher dose but there was a severe diffuse acute
inflammatory infiltration of the mucosa and suvbmucosa and inflammotory
oedemz of the submucosa. The lymphatics werec alsc distended with

fluid,

Electron microscopic examinztion confirmed the severity of
the epithelial damage produced by high concentrations of texin
and c¢nly occasional degeneratcd epithelial cells remained in the
sections of these loops. Therc was 2lso severe endcdothelizl
damage in the capillaries of the loops which had contained high
concentrations of toxin but there wnas no evidence of capillary

damage in the broth containing loops from these cnimals (Figure 1143

The Effect of Epsilon Toxin on the Mucosa

of Ligated Loops of Intestine in Lambs

The levels of toxin which werc employed in the rabbit
experiments descriled above were similar to those which may be
encountered in the intestinal contents of field and experimental
cases of enterctoxaemia in lambs. It appeared that damage of the
type Jjust described could be expected to occur in the mucosa of
isclated loops of intestine in the latter species. The experiments

described below were therefore carried out.



Figure 11.2: The Effect of Epsilon Toxin on
A B the Intestine of the Rabbit,

C D

A. Scections of Control Broth-containing Intestinal Loops:

Villi (Vi) are prominent and the mucosa y sub-
mucosa (Sm), muscle coats (Mc) and scrosa (Se) appear to be
~normal,

L = 1lumen,

B. Section of Toxin-containing Loops

There is a large amount of cellular debris in the
intestinal lumen, the villi have become shortened and flat-

tened and the submucosa is ocdematous .

C. Mucosa and Suvbmucosa of Broth-containing Loops

The epithelium of the villi is intact and the
mucosa and submucosa appear nornal., The intestinal lumen is

emptye.

D. Mucosa and Submucosa of Toxin-containing Loops:

The lumen of the intestine contains large numbers of
desquamated epithelial cells and acute inflammatory cells.
The epithelium of the mucosa has been entirely lost apart
from a few remaining cells in the glandular crypts., There
is a severe diffuse acute inflammatory infiltration of the
mucosa. The submucosa is oedematous and the lymphatics (Lc)
are distended,

BV = Blood vessel

Stain H & E
Magnification A & B 50
C&D 120






Figure 11.3:
A

C

B

D

Epithelial and Endothelial Damage Produced by

BEpsilon Toxir in Ligated Loops of Rabbit Intestine

A. Epithelium of Control, Broth-containing Loop:

The epithelium is composed of the normal tall columnar
type of cell (Ep) with prominent microvilli (Mv) on the free
border,

N = nucleii

B, Mucosa and Submucosa of Toxin-containing Loop:

The epithelial cells are severely daraged ancd are only
recognisable by their position and the few remaining distorted
microvilli,. Portion of an area where epithelial cells have
been completely lost can be seen at X. In addition to the
epithelial changes there is oedema (Oe) of the interstitial
tissue around the %lood vessels (BY) and some extravascular

erythrocytes (E).

Ce Capillary from Broth-containing Loop:

The cytoplasm of the endothelium (En) of this vessel

appears to be normal,

D, Capillary from Toxin-containing Loop:

This loop was immediately adjacent to the loop from
which C was taken, There is most severe endothelial damage
with the cytoplasm being reduced to a thin, electron-dense

band containing scattered unrecognisable organelles,

Magnification A & B 7,550
C&D 15,500
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Materials & Methods

Two 2 week old female lambs, with epsilon antitoxin levels
of less than 0,08 units/ml of serum, were anacsthcetised and three
intestinal loops with their blocd supply intact, were isolated
by ligation in cach animal, The anaesthetic used and surgical
procedures cmployed were similar to trose uses for the rabbits and
described in appendix | . Three mls of nutrient broth were
introduced into the middle intestinal loop in each animal. Two
solutions of batch CWD epsilon toxin in nutrient broth containing
bmg toxin/ml and 0.5mg toxin/ml resnectively were prepared and 3ml
of the higher concentration of toxin was introduced into one of the
remaining intestinal loops and 3ml of the lower concentration of

toxin into the other loop in each animal,

is socn as the animals were killed the scction of intestine
containing the loops was removed and photographed. The contents
of the tcxin centazining loops was removed and stored. The volume
of eantents obtained from the lcops which had contained the higher
concentration cf toxin was alsn measured. Pieces of intestine
from each of the loops were fixed and sections prepared for light
and electron microscopy and asszys of epsilon toxin in the

intestinal cocntents were carried out as described previously.

Results

Both animals reccvered from the anaesthetic and thereafter
remained normal for six hours from the time of the laparoctomy.
They were then destroyed by the intracardiac administration of

Lml of 'Euthatal' (May & Baker, Dagenham, England).

Necropsy of both animals revealed that all the loops
containing either texin or broth were bound together with fibrinous
adhesions, The loops themselves were all distended with fluid
and there was no difference in the appearance of the three locps
in each animal, When sections of these loops were examined by
light microscopy there were no detectable changes in the mucosa or

submucosa which could be attributed to the action of the tcxin
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on the intestine, The only lesion was an e¢~rly acute fibrinous
peritonitis of the serosal surface of the intestine in all loops

from both animals.

Electron microscopic examination did not reveal any evidence of
damage to epithelial or endothelial cclls in locps 2f intestine
which had contained either high or low doses of toxin. In toth
instances the apwearance of the mucosa wns essentially the same as

that of the broth containing loop (Figure 11.4)

A1l the intestinal looups had been empty prior to the introduction
of the 5ml of broth or toxin sclution. 4t the time of death, the
volume ¢f fluid in the loop which had contained the higher
concentration of toxin was 25ml in one animal, Similar vclumes
of fluid were also present in the loops which had contained the lower
concentration of toxin 2nd in the loops which had contained broth only.
The fluid from the loop which had been inoculated with 3ml of toxin
sclution containing bmg toxin/ml (4,000 mousce doses/ml approx.) wes
found tc contain 250 mouse lethal doses per ml i.e. a total of
6,250 mouse lethal doses of toxin when the lamb was killed 6 hours

after inoculation of the looups.

ijje Morphological Cnanges Produced in the Intestine of Lambs by

Experimentzl Cl. perfringens type D Znterontoxaemia

Materials & Methads

The animals employed ~and the method used to produce
experimental enterotcxcxaemia have described in Chapter 6. Pieces
of intestine were removed from these animals as soon as possible
after death, although removal of this tissue was deferred until all

other tissue samples had been taken.

Tissue sections were fixed and prepared fcor light and electron

microscopy as described previously.



108
Results

There was no evidence of damage tc the intestinal mucesa
detectable by light microscopy in any of these animals. 4t the
ultrastructural levsl therc was scme carly autolytic change in
the intestine but in snimzals.where levels of toxin of over 1,000 mouse
lethal doses of toxin werce knocwn to have been in contact with
the mucosa for more than 3 hcurs (animal 81-see Chapter 6) there
was no evidence c¢f mucosal domage nttributable te epsilon toxin detec~
tatl: by electron microscopy. The cells themselves zmpeared to be
unaffected and the juncticns between them were intact. in electron
photomicrograph of the intestinal muccs= of this animal is included

in Figure 1%.4.

Discussion

In view of the kncwn necrotising action of epsilcn toxin, its
irritant effect upon the intestine and the increase in permeazbility
to protein molecules which occurs when the mucosa is affected by
this toxin, some morphclogical changes were to be expected. The
severity of the lesi~ns produced in the loops of rebbit intestine
confirmed that such damage dces occur in this species. The type
of lesicn, viz, an acute inflammatcry necrosis is similar to that
described by Todorov & Trifonov (1962) although they did not
consider that this lesion develcoped when levels of toxin as low as

250 mouse lethal doses/ml were present in the intestine.

One finding in the exgperiments with rabbits is «f particular
interest, ihile severe capillary endothelial damage occurred in
the mucecsa of the texin-containing loop, it was not present in the
adjacent broth-containing control loop although the amount of
toxin absorbed was lethal to the animal, Because the loops were
ligated so that their blood supply and drainage were largely
independent of cne ancther there would be little or no direct
transfer of toxin from the capillary network of one loop tc that
of the other. Under these circumstances, while the concentration
cf toxin entering the blood stream of the toxin containing loop

could be gquite high, the level in the adjacent loop would be



Figure 11.4:

A

C

B

D

The Effect of Epsilon Toxin on

the Mucosa of lLamb Intestine

A, Control:

Normal intestinal mucosa from a loop of lamb intestine
which had been ligated for 6 hours and had been inoculated
with 3 ml. of sterile nutrient broth.

Mv = microvilli

N = nucleii

BV = small blood vessel or lymphatic.

B. kucosa from a ILigated Loop of Intestine which had been

Inoculated with 3 ml. of a Solution Containing 500 ilouse

Lethal Dosus of Epsilon Toxin/ml:

The appearance of this tissue is essentially similar

to the normal mucoca in A,

Ce Mucosa from an Intestinal Loop which had been Inoculated

with a Solution Conteining 4,000 Mouse Lethal Doses of
Epsilon Toxin/mle

Again there is no evidence of pathological change in

this section.

D, Mucosa from the Intestine of a Case of Experimental

Enterotoxaemia:

One thousand or more mouse lethal doses of epsilon
toxin had been present in the intestinal contents of this

animal for at least 33 hours before death.

Although there appears to be some early autolysis in this
section (see text), there are no changes which could be attri-
buted to the action of epsilon toxin,

Eo = eosinophil

These figures should be compared with the sections of
rabbit intestine in Figure 11.3.

Magnification 2,800
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the game as that in the rest of the systemic circulation. No tissues,
apart from the intestine, were taken from thece rabbits but it appears
that the vascular damage which develops in this species during intoxica-

tion may not be as severe as that which occurs in lambs.

The fibrinous peritonitis which occurred around the intestinal
locps of the rabbits which survived for 7 hours and also around the intes~
tinzl loops of the lambs was almost certainly the result of the intesti-
nal ligation, It could be expected to occur in any sitwestion where
intestinal obstruction develcped and was therefore ot the result of the
administration of epsilon toxin. It had been expected that this type of
lesion would occur if animals were permitted to survive for many hours
and was the rezson wly surviving animals were killed 6 - 7 hours after

intestinal ligation in these experiments,

The lack of any detectablc damage to the mucosa of loope of lamb
intestine which could be attributed to the action of epsilon toxin was
very surprising. It could be argued that, since neither of the animals
died, the level of toxin in the intestinal loops was not maintained at a
high enough concentration for sufficient time for either intoxication or
intestinal damage to develop. This is borne out to some extent by the
fact that, when examined 6 hours after inoculation, the amount of toxin
in one of the loops which originally contzined 4,000 mousc lzthal doses/ml
had fallen to the region of 250 mousec lethal doses/ml. Nevertheless
this decrease had occurred over a period of 6 hours and it was probable
that levels of 1,000 mouse doses/ml could have been present for at least
an hour after inoculation. On the other hand it is difficult to explain
how a susceptible lamb could absorb the amount of toxin which had disap-
peared from the intestinal loop without exhibiting signs of intoxicstion
and it is possible that some inactivation of the toxin had occurred in
the intestinal lumen. Nedyelkov and Stoyanov (1965) have suggested that
this may occur. Todorov and Trifonov (1962) consider that both the level
of toxin and the surface area available for absorption are important in

epsilon toxin intoxication and in the present instance the length of the
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loops, which was approximately 20cm/loop, may have been insufficient

for adeguate absorption of toxin te cccur although this should not

have affected its action on the intestinal mucosa,

Despite these possible shortcomings of the intestinal loop
experiments in lambs the fact remains that evidence of intestinal
damage was alsc absent from lambs in which enterotoxaemia had been

induced by the infusion of Cl, perfringens type D culture plus

carbohydrate, High levels of toxin wcre demonstrated in the
intestinal contents of these animnls and had been shown to have been
present there for severazl hours prior to death in at least one of the
animals examined., This suggests that the findings in the lamb
intestinal loop experiments were in fact valid and reflect the fact
that there may be a considerable difference in the action of epsilcn

toxin on the intestinal mucosa of rabbits and sheep.
From these experiments it does not appear that there is a
detectable morphoclogical basis for the altered intestinal permeability

in the sheep intestine in epsilon toxin intocxication or enterotoxacmisa,

Conclusions

1, Epsilon toxin produces =z severe acute inflammatory necrosis of
the mucosa and severe inflammatory oedema of the submucosa of

ligated loops of rabbit intestinse.

2. When introduced into ligated intestinal loops at a level
o of 2,000 mouse lecthal doses/ml epsilon teoxin is lethal to
rabbits but it is non-lethal when 250 mnuse lethal doses is

given in the same manner.,

e Severe vascular endothelial damagc occurs in the capillaries
of toxin-containing loops of rabbit intestine but the endothelium «f
~of capillaries in adgacent contrel. loops is not obviously
affected even when lethal levels c¢f toxin have been absorbed
into the circulation. B Rabbit endothelium

may therefore, like that of mice, be less susceptible than that
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of lambs to the action of epsilon toxin.

Levels of epsilon toxin of 12,000 mouse lethz2l doses were

non lethal when a single inoculum, containing 4,000 mouse
lethal doses/ml, is introduced into ligated intestinal

lcops of susceptible lambs. This mey be due to inactivaticen
of the toxin in the intestinal lumen, inadequate concentration
of toxin for a sufficient period of time or insufficient

surface area for abscrption of lethnl levels of toxin,

No morphclogical damapge was detectable in the mucosa of
ligated loops of lamb intestine when the animals were destrcocyed
6 hours after the locvs had becn inoculated with 12,000

mouse lethal deses of ewpsilon toaxin in 5ml of nutrient broth.

There was no detectable morphological damape to the intestinal

mucosa of lambs in which enterotoxaemia had been induced by

the infusion of Cl.perfringens type D culture plus carbohydrate,
even when toxin levels in the intestine exceeded 1,000 mouse

lethal doses/ml for several hours.
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Chapter 12: THE MORPHOILLGICAL CHANGES IN SKIN, PANCRELS, THYROID,
ADRENAL, WUSCLE, PITUITARY AND LIVER PRODUCED BY THE
LDMINISTEATION OF CL. PERFRIMGENS TYPE D EPSILON TOXIN.

¥ost of the majer morphological chenges which occur during cpsilen
toxin intoxicaticn haove now been covered and in this chapter the changes

which werc scin in other tissues will be described and discusscd.

No completely satisfactory explanaticr. for the hyperglycacriia which
occurs as & reeult of the administration or absorption »f epsilon toxin has
beecn put forward by previous workers and it is important to note that, with
the czcepticn of skin, 2li the tissucs in this chapter are invoelved to a
greo ter or lesser extent ia the mainbtinance of a st:ble blood suger level,
Fcr example the Islcets of Langerhans in the pancrens are probably one of
most important single organs in glucosc homeast- tis. Insulin, which is
procuced by the beta cells of these islcets has an anabolic action, leading
to the transfor of gluccse from the blocdstresm te the glycogen rcserves in
the skeletal miscle and liver. The c¢ffects of this hormone are balanced
by those nof giucagon frorm the alpha cells of the pancreatic islets,
adrenalin freom the adrenzl medulla, growth heormonc from the pituitary and
stereoid hormones from the adrenal cortex. The adrenal medullary and
cortical hormonal secretions provide short and leng term influences res-
pectively on glucose mobilisation and Trifinov & Sotirov (1967) and
Sctirov (1967) have suggested that cpsilon toxin produces disturbances in

botn medullary snd cortical adrcenal functicn.

It has 2lsc been sugpested by Jubb & Kennedy (31963) thet there is
sone experimental evidence that “he hyverglycacmia of enterotoxaemia
results from & mcbilisation of hepatic glycegen reserves. Further,
Trifinov & Todorov (1965) have produced evidence that hepatic damage occurs

when epsilon toxin passes through the liver,

To complcte the present study it was necessary to examinc the effects
of the toxin on both thyroid end pituitary morphology although it was
unlikely that damege to these organs would affcecct blood glucose levels in

a short term intoxication,
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The Morphological Features of the Cutanecous

Damage Produccd by the Intradermal Injection

of Ipsilen Toxin into Cuinea Pig Skin.

Although the eppearance of the skin lesions produced by the intra-
dermel injccticn of epsilon toxin is important in the assay and identifi-
cation of the toxin, those lesions are usually only examined visuzlly and
no description of the light or c¢lectron microscopic appearance of them
appears to have been published, While it was beyond the scope of the
present projcct to undertake a comprehensive study of pattern of histo-

pathological changes produced by the various toxins of Cl. perfringens

strains, it was of interest to detcrminc whether the changes which occur=~
red in skin, after the intradermel injectinn of epsileon toxin, differed in
any importent respect from those which occurred in other tissue following

intravenous administration ot this substance,

Materials & Methods:

A series of cutaneous lecsions were produced by the intradermal in-
jection of Sug of batch CWD epsilon toxin in O.lml saline into the clipped
lateral abdominal wall of an adult male¢ guinea pige The injections were
made at 3 hour intervels with a final injection one hour befeore the animel
was destroyed by neck dislocation. Sections of skin for light microscopy
were taken diametrically through each of the lesions including both the
full thickness of the skin and a margin of normal tissuc on either side of
the lesion. The tissues were fixed in Zenker's fixative followed by
appropriete washing in Iodine and Sodium thiosulphate sclutions (Culling,
1963). Processing and staining of sections was carried out as described

in Chapter 8.

Tissue for electron microscopy was taken from the area of increased
capillary permeability in ecachi lesion and sections were prepared as des-

cribed in Chapter 8.

Results:

! The gross appearance of lesions of different durations, produced in

guinea pig skin by the intradermal injection of epsilon toxin were as
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follows, At three hours post-inoculation there was intense erythema and
increased capillary permeability around the site of the injection. Aftor
a further 3 hours had clapsed the central part of the lesion was becoming
devitalised and this area was pale. It was surrounded by a zcne of ery-
thema, and increascd capillary permeability wess still prominent at this
time,. By 9 hours after injection the central devitslised gzone wes approx-
imately lcm in diameter and the surrounding zone of hyperaemia was less
marked, Finally, by 12 hours post-incculation, when the experiment was
concluded, the central ares was obvisusly ncerctic and the epidermis had

become firm and dry to the touch.

Light microscopic examineticn of these lesions showed that, one
hour aftsr the injection of the toxin, there was scme inflammatory oederma
in the subcutaneous connective tissuc, Thercafter the most notable fea-
ture was an acute inflammatory infiltration around the blood vessels.
Along with the inflammatory oedema, this bvecame progressively more severe

and diffuse as the duration of the lesion increased,

Unfortunately skin is very difficult to prepare for electron micro-
scopy (Rhodin, 1963). Several attempts were made to prepare suitable
sections from the skin lesions by using different hardnesses of epoxy
resin and secticning with a2 diamond knife on the ultramicrotome but the
definition of the epidermis was poor in all sections. In the dermis there
were no marked changes apart from the cedema and inflammetory cclis seen
by light microscopy. The capilliary endothelium appeared to be normel in

all the scctions which were examined,

Morphological Changes in Liver, Pancreas,
Thyroid, Adrenal, Pituitary =nd Skcletal

Muscle of Intoxicated Mice and Lambs,

Materials & Methods:

The following tissues were taken for light and electron microscopic

examinations

i Muscle, liver, skeletal muscle and pancreas from the control and

intoxicated mice described in Chapter 5.



115
ii. Liver, pancreas, adrenal, thyroid and pituitary from control lambs
and those which received parenterally administered epsilon toxin (Chapter 6).

iii, Liver from the lambs which recsived enteric origin toxin (Chapter 6).:

Scetions were prepared for light and electron microscopy azs described
in Chapter 8. In addition paired liver sections from the control and in-
toxicated animals were treated with disstase (liay & Baker) according to

the method described in Culling (1963).

Results:

Livers:

Apart from the vascular endothelial damage, which was present to
some extent in all tissues from intoxicated animels, there were no diiffe-
rences, in the appearance of the livers of intoxicated and control mice,
detectable by either light ox electron microscopy. There was lipid
present in the hepatic cells and the amount varied considerably from animal
to animel in both control and intoxicated groups. Unlike the situation
in the kidney, the accurmlation of 1lipid did not appear to be associated

with starvation,

No consistent differences were noted in the P.A.S. staining affinity
of thce hepatocytes of control and intoxicated mice. This was in direct
contrast to the situstion in lambs. The hepatocytes of all control lambs
contained abundant P.A.S. positive granules, which were confirmed as gly=~
cogen by diastase digestion. These granules were either greatly reduced
in number or entirely sbsent from the hepatic cells of intoxicated animals.
This reduction occurred irresvective of thether the toxin was parcnterally

administered or of enteric origin,

The light microscopic appearance of representative P.A.S. stained

liver sections from intoxicated and control animals are shown in Figure 12.1.

Glycogen gramuiles are very electron dense in sections stained with
lead stains., They tend to have a fairly typicel appearance in electron
photomicrographs and are usually abundant in the hepatic cells of normal
animals, Electron dense granules of this type were abundant in the hepa-
tocytes of liver sections from control lambs in the present study but were
almost entirely absent from the hepatic cells of intoxicated animals

(Figure 12.2),



Figure 12,1: The Loss of Glycogen from the Livers of

Intoxicated Lambs - Light Microscopy.

A B

. 2 A. Liver - Control lLamb:

The hepatocytes, particularly around the centri-
lobular veins contain large amounts of PAS positive

material resembling glycogen (Gn).

centrilobular vein

Portal triad
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PT
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B. Liver - Control Lamb - after Treatment of the 3ection

with Diastasc:

The identity of the PAS positive material in A as
glycogen is confirmed as it has been removed from this
scction, from thé;ﬁﬁock of liver, by diastase digestion.

H = Hepatocytes

C. Liver - Intoxicated Lamb:

There is no PAS positive material, resembling that

secn in A, present in this section.

D. Liver - Intoxicated Lamb - after Treatment of the Section

with Diastase:

Diastase digestion has not noticeably affected the
appearance of this section which is from the same block

as C,

Stain  PAS
Magnification 120






Figure 12.2:

The Loss of Glycogen from the Livers of

Intoxicated Lambs ~ Electron Microscony.

Liver - Control Lamb:

Very large numbersof aggrcgations of electron-
dense granules (Gn), resembling glycogen gramiles, are

present in the cytoplasm of this hepatocyte.

N = nucleus

Mi = mitochondria

Liver - Intoxicated Lamb:

Only a few glycogen-type granules (Gn) are present
in this hepatocyte.

Cy = cytosome

Magnification 12,000
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Pancreas:

Vascular endothelial damage was alss present in the pancreas of
intoxicated animals, N other legicns were secn in either the glandular
prrtirn of the crgan or in the Islaete of Longerhens. Particular attznticn
was pald to the appearance I the different cell types in the latter,
endcerine vorticn of the gland. The appearnnce »f both the alpha and
bete. occlls, which are currently regarded as being the cell types which
praduce glucagen and ingulin respectively, was similzr in control and intox-

icated animals,

Adrenal, Thyrcid and Pituitary:

As in other tissues from intoxicated animels there was evidence of
vascular endothelial damage in the thyrcid, pituitary and adrenal sections
taken from intoxicated animals., Apnrt from these lesions however, there
were no differences between the appenrance ¢f these organs from intoxicated

and contrcl animals detectable by light and electron microscapy.

Skeletzal muscle:

Skelcetal muscle was n-t taken from intexicated lambs, Hocwever, in
intoxicated mice where there wes vascular endsothelial damage in the skele-
tal muscles there was no evidence of oedema or intracellular fluid accu-

milation in the muscle cells.

Discussicn

Keratinised tissucs are difficult to prepare for light microscopy,
as well as clectron microscopy, and fixatives such a2e formalin and Bouins
fluid either penetrate pocrly, giving inadequate fixation, or else make
the tissues brittle and hard to section,. In the present instance Zenker's
fixative was employed and gave gocod fixatisn and prescrvaticn of cytological

detail as well as reasonable secticning characteristics.

In view of the apparent severity of the gross appearance of the skin
lesicns produced by the intradermal injection of cpsilon toxin it was
rather surprising to find that they were not more prominent when examined

histologically. This finding emphasises the importance of careful visual
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assessment of cutaneous lesions where, despite prominent clinical signs of
irritaticn ond greoss lesicns, the histelogicnl appearance may be practi-
cally normal. The absence of capillary endothelial damage in these sec-
tions suggests thot the protein molecule of epsilon toxin mey neot be
capable of passing into the vascular lumins wwhen injccted into the tissue
substonce., To some extent the lack of cepillary endothelial damage may
alsc reflect the site from which the tissues for electreon microscopic
exanination werc taken. As pcinted wut earlier, they were always teken
from the erythemic nargin of the lesisn rather than from the same site
relative to the point ~f injectisn which, in retrospect, would probably

have been the better procedure.

Turning now to the changes in other tissues which have been described
in this chapter., It is noteworthy that there was a general lack of detec-
table damagc to cells, othex than those of vascular endothelium, This
was to be expected when the findings in previous chapters concerned with
morphclegical changes are considered, In most instances the lesions
associated with intoxicatior in mice and lambs have been referable to the

vascular endotheclial damsge.

It appears therefore that the clinical signs and biochemical and
physiolcgical changes which occur during entecrotoxaemia may be due to
disturbancesin tisgsue metabolism, brought about by inadequate transfer of
nutrients and metabolites, as a result of the vascular damage, rather than
any direct cffect of the toxin on other tissue cells. Further considera-
tion of these points however can be convenientliy postponed until the

functional status of the tissues has been assessed,

No gquantitative estimations of the glycogen content of the livcrs
of control or intoxicatcd animals have becn carried cut in the present
study. However it appears,; from the light and electron microscopic changes
described in this chapter, that hepatic glycogen reserves are reduccd very
rapidly in intoxicated lambs. It is interesting to note that Berg &
Levinson (1959) based their hypothesis, that the hyperglycaemia which

occurs in cexperimental Cl. perfringens type A alpha toxin intoxication is

due to mobilisation of hepatic glycogen reserves, on the fact that they

demonstrated a reduction in the number of P.A.S. stained glycogen granules
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in the livers of their animels. Although Jubb & Kennedy (1963) refer to

the above findings in the relevant chapter on the pathological changes

which occur in Cl perfringens type D cnterotoxaemia, it is not clcar from

their bibliography whether this forms the basis for the statement, that
the hyperglycecmia in the latter condition may be due tc the mobilisation
of hepatic glycogen, or whethcr other experiniental evidence was alzo avai-

lable.,

In the present study further investigations were made into the
possible role of hepatic glycogen and other factors in the pathogenesis of
the hyperglycaemic response to epsilon toxin and these will be described in

Chapters19 and 20,

Conclusions

1. The skin lesion which is produced by the intradermzl inJection of
epsilon toxin is 2n acute inflammctory oecdema of the dermis followed by
necrosis of the overlying epithelium, These changes do not appear to be

associated with direct damage to the vascular endothelium,.

2% Zenker's fixative is useful for the preparation of skin sections for

light microscopy.

5e On the basis of light and electron microscopic findings, it appcars
that thie glycocgen content of the liver of lambs is rapidly reduced under

the influence cf Cl, perfringens type D epsilon toxin. The reduction

occurs irrespective of whether the toxin i¢ parenterzlly administered or

of enteric origin.

4 Morphological changes in muscle, thyroid, adrenal, pituitary and
pancreas in intoxicated animals were confined to vascular endothelial
damage similar to that which has been described in the tissues discussed

in earlier chapters.
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CHsPTER 15: THE MORPHOLOGICAL FE(TURES OF rIZLD CASES OF
CL.PERFRINGENS TYPE D ENTEROTCKAEAMI.: IN LiMBS

One of the stated aims cf the present prcject was to relate
the changes produced by the parenteral administration of epsilon
toxin or experimentally induced enteroctoxaemia tc the changes whieh
occur in field cases _f enterctoxaemia. Unfortunately no field
cases of acute enterotoxacemia were presented zlive during the period
vver which these investigations were carried out and this precluded
any extensive study of the 'clinical' pathology of the natura
discase., However, the cluse similarity between the methods that
arc employed to induce enterctoxaemia experimentally and the
conditions under which it cccurs in the field made it most unlikely
that biochemical changes in the natural disease would differ

markedly from thcse which occur during experimental intoxication,

One field case of acute enterotcxaemiaza was prescnted a short
time after death and it was therefore possible to study the
morphological changes which occurred in this animal. A limited
amount of biochemical information was also obtazined from it and
will be discussed alcng with the experimental data in the relevant
chapters (Chapters 19 & 22). However, the morphological changes in
tissues of this animal are more conveniently all studied together
in the present chapter rather than in asscciation with the

individual tissues of experimental animals.

In addition to the acute case of enterctoxaemiz, onc case
of focal symmetrical encephalomalacia was pres:ented alive, The
clinical signs =nd morphclogical changes which occurred in this
animal will also be described here. Because this particular
animal had been affected for some wecks before it was presented for
examination, the lesions were of such a duration as to be hardly
relevant to the present investigation and the discussion of this

case will) therefore be very brief,

Veterinarians and field officers of the Department of
Agriculture in the Manawatu area which surrounds Massey University

were asked to submit, to the university, any live cases of suspected
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enterotoxaemia which they encountered. As a result, a nunmber
of lzmbs with clinical signs of neurological disturbance were

submitted. These included cases of Sphaerophorus spe. spinal

abscess and Zscherichizcoli meningoencephalitis as well as the

case of focal symmetrical sncephalomalacia mentioned above.

Acute Enterotoxacemia Casc:

History:

4in unvaccinated 2 week-old male Romney/down cross lamb
welghing 7.7kg was prescnted for examination zpproximately 2 hours

after death was believed to have occurred.

Material & Mesthods:

Necropsy of this animal was carried out as soon as it
arrived at the university and sections of cerebral cortex, thalamus,
midbrain, cercbellum and medulla of the brain plus kidney, and
liver, were fixed and prepared for light and clectron microscopy as
described for tissues of experimental animals. In addition,
urine and heart blood were =2lso collected for biochemical
examination. The water content of sections of cerebral cortex,
thalamus and cerebellum and lung was also determined as describaed

in Chapter 8.

The intestinal contents were mixed with an egual volume
of saline and examined for the presence of epsilon toxin by tlec
mouse protection test described in Chapter 4.

Results:

Gross Pathology:

The carcase was that of a good condition lamb and the
stomach contained a guantity of milk curd. The lungs were

intensely congested and slightly oedematous. There were
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approximately 50mls of clotted straw-coloured fluid in the
pericardial sac. The kidneys were congested and soft although
they still retained their normal shape. 411 other organs
appeared to be grossly normal. The intestinal contents were
sparse and of a thick creamy consistency and colour. They werae
tuxic for mice and the toxicity was specifically neutralised by

Cl.perfringens type D antiserum.

Tne brain of this animal weighed 70grams and the water centent

of the various tissues was as follows:

Cerebral cortex 4.53mgH20/mg.D.M.

Thalamus bz v/ om
Cerebellum bz v 4 m
Lung bkoq9 " / " (No toctal lung weight was

recorded)

Light Microscoupy:

The light microscopic appcarance of H&E stained sections of
formalin fixed kidney from this animal were similar to those
previously mentioned as being considered to ve typical of
enterotoxaemia. There was 'necrosis' of the proximal tubular
epithelium, and extensive interstitial 'haemorrhage' between these
tubules. These changes have been illustrated in Figure 10,1
(Chapter 10), and formed the most prominent lesion which was seen in
the tissues from this animal. There was also evidence of myocardial

oedema, detectable by light microscopy in sections of heart.

No detectable lesicns were seen in the brzin of this lamb.

Electron Microscopy:

There was some evidence of autolytic change in all the
tissues from this animal which were examined by electron microsccpye.

This was less severe in the brain than in tissues such as kidney.

In the brain sections there was evidence of severe vascular

endothelial damage. This was similar in all respects to that which
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occurred in experimentally intoxicated animals and was associated
with swelling of astrocyte fcot processese. The vascular lesions
in the brain of this field case ¢f acute enterctoxaemia are

illustrated in Figure 13.1.

The degenerative changes in the kidney of this animal were
essentially similar to those seen in the later stages of autolysis
following experimental cnterotoxaemia (see Chapter 10). There was
extensive degeneraticn of the capillaries between the proximal
tubules which had resulted in the presence of intact erythrocytes in

the interstitial tissues (Figure 13.2).

Focal Symmetrical Encephalomalacia Case

Historz:

The affected animal was 2 63 week~old female crossbred
(Rcmney X Southdown) lamb weighing 9.5Kg which had shown clinical
signs of central nervous system damaoge for 34 weeks prior to
submission. Initially it had been found lying in a rcecumbent
positicn exhibiting extensor spasms. Some improvement occurred
over the next few days and frem then on it moved in circles and
pressed its head against objects in its path. Hand feeding had
been necessary during this time as it was unable to suckle normally
from its dam. The lamb was from a fleck of 180 ewes.  No
vaccination against enterotoxaemia nzd been carried out, and no
deaths, suspected 2as being associated with this discase, had been

reported.

Materials & Methcds:

Jugular blood samples were taxen from this animal into
heparinised, plain and perchlorate treated 'Vacutainers' in the same
manner as for the lambs described in Chapter 15. The animal was
then destroyed with intravenously administered sodium pentobarbitone
('EButhatal'-May & Baker). Necropsy was perfcrmed immediately and

sections of a similar selection of tissues. to that taken from the
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Figure 13.1: Vascular Endothelial Damage in the Cerebral

Cortex of a Field Case of jAcute Entcrotoxacmisi.

The endothelial cytoplasm (Eh) has bezn reduced to a
thin electron-dense band. There is also severe swelling of

astrocyte foot processes (AFP) around the capillary.

The changes in this clectron photomicrograph should be
conmpared with those in Figure 8.7 which were prodicced by
experimental enterotoxacmia and the parenteral administration

of epsilon toxin.

tiagnification 29,500






Pigure 13.2: Autolytic Changes &nd Vascular Damage in Kidney

A B from a Fiecld Case of fcute Enterotoxaemia,

As The proxinal tubular epithclium (Ep) in this section
still contains a recognisable nucleus (¥) and microvilli
althocugh there is a considerable amount of debris in the
capillary lumen (L). The endothelium . of the capillary
(BV) appears to be damaged althcugh the vessel wall does not
appear to have been disrupted.

E = erythrocytes

I = Interstitium
B. This arca was adjacent to A above and in the same
tubule, The epithelial changes are similar in both sections
but, in the present instance, thc capillary weall has dis-

integrated.

Ce More advarnced changes are present in this swzctien
which was from another arca of the same kidney from which A

and B were taken.
Degenerative changes in the tubular epithelium appear
to be more advanced and erythrocytes are lying free in the

interstitium

Magnification 5,300

’
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acute case of enterotoxaemia described abcve, were taken for light
microscopic examination. Urine was also cocllected by bladder
puncture, and sections c¢f brain were taken for water centent

detszrminations.

Results:

Gross Pathology:

The animal was in fair conditiosn only. No gross lesions
were detectable in any organ except the brain. In the brain therc
were lesions consistent with fccal symmetrical encephalomalacia.
These were bilaterally symmetrical pale fawn %—%cm diameter rather
ill-defined areas in the internal capsule adjacent to the lentiform
and caudate nucleii nnd continued into the mid-brzain. Lesions were
also present in the cerebellar peduncles, They were very hard to

detect visu=zlly.
The water content of the various samples of brain wcre:-

Cerebellum 3.50mg water/mg D.i.

Thalamus 2.49 A / "
Cerebral
Cortex 2,71 no/ i

Lizght Microscopy:

The only significant lesions in the tissues from this
animal, which were examined by light microscopy, were in the
regions cf the brain where gross FSE had been seen. In these
areas there was evidence of old standing malacia in the form.of envitation,
focal proliferaticn of fibrous astrocytes and capillaries, plus

scattered gitter cells.

These lesicns are illustrated in Figure 13.3.



Figure 13.3:
A

G L.

The Thalamic Lesions from a Casec of

Focal Symmetrical Encephalomalacia.

Low Magnification Photomicrograph:

Between the relatively normal tissue (HT) of the
thalarus and the area of cavitation (Ca) which has
resulted from earlier damage, there is a zone of marked
glial proliferation (GP). This suggests that the
lesion has been in existence for some time and is

undergoing resolution.

Higher llagnification of an fArea of A:

Numerous ¢itter cells (Gi) can be seen in the

tissues adjacent to the areas of cavitation.

Stain PAS
Magnification 4 180
E 450
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Discussion

It is an interesting fact that, over twu consecutive lambing
scasons, a number of vetcrinarians and sagriculture Department person-
nel apparently did nct see any live lambs which they considered to
be typical cases of acute enterotoxaemia,. This emphasise¢s the
comparative rarity of the occasicns con which live cases of this
disease arc seen. A number of different factors have led tc this
situatiocn. Firstly, there is the acute nature of the condition.

The short surviv=l time of intoxicated animals makes it unlikely
that live affected animals will be scen unless a considerable

number of cases of the discase are cccurring. The latter situation
is much less common now than in the days of Gill (1933) and Hopkirk
(1928), as widespread vaccinaticn is carried out and large outbreaks
of the disease are seldum seen. In additicn, in the present
instance, although the Manawatu region has 2 large sheep

population, seascnal counditions during the¢ period in guestion were
not particularly favourable four the development cf enterotoxaemisz.
There was a severc drought in the first season which made food
supplies less abundant than usual. In the second year the food |
supply was better, but seldom plentiful, and the ewes themselves
were still recovering from the effects of the drought and probably

produced less milk than in 2 normal season. '

The cpportunity to exzmine the morpholugical changes in even
one typical field case of acute entcecrotoxaemia was extremely
valuable as it provided confirmation cf the fact that the lesions
which occur in the natural disease are indistinguishable from those
which cccur in experimental enterctoxzemia and epsilon toxin
intoxication. In both instances the basic lesion appears to be
severe vascular endothelial damage to which subsequent changes are
referable. Ideally, particularly in the kidney, lesions in which
autolytic changes were less advanced wculd have been preferable,
but the pattern of change so closely resembles those in
experimental enterotuxaemia and is so different from the autolytic
changes in normal kidney that this limitation of the present study

was less important than it might otherwise have been. The extent
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of the autolysis in an animal which was supposed to have been

dead for 2 hours was rather surprising since it was of a similar
severity tc changes which cccurred after 6 hours or more of
autolysis in experimentally intoxicated animalse. It is possible
that the carcase may have been lying in direct sunlight or that

the anim2l1 had been in convulsions for scme time prior to death.
Since the zanimal was not recorded as having been seen alive it is
also possible that it may have been dead for rather longer than was

reported.

One feature of interest is the fact that the water content
of the various regions ¢f the brain of the acute case of
enterotcxaemia was within the normal range established for lambs
of this age (see Chapter 8). It may be recalled that this was
alsc the case with animals which received parenterally

administered epsilon toxin,

The water ccntent of the various regions cf the brain of
the animal with focal symmetrical encephalomalacia was lower than
for the above animals. This may have bcen due te the fact that
the fluid intake of an animal,which was being hand fed and was
also rather debilitated may have been less than normal, but it is
interesting to ncte that this animal was alsc older than the
foregoing animals and that the brain water odntent of the normal older
lambs has alsc been shown to be less than in the ycung lambs

(see Chapter 3).

The extended duraticn of the clinical course and the
resultant old standing nature of the lesions in the case of
F.S.&., did not render it particularly suitable fcr the purposes
of the present investigation. The lesiouns pruduced by the toxin
had largely healed and were thus no longer relevant to a study
directed primarily at the in vivoc action of the toxin itself. It
is nppropriate to menticn before leaving this case that Gill (1927)
has also mentioned the apparent regression of the clinical signs
of neurological damage in animals which survive the initial acute
phase of the disease. As 1in mcst other cases of central nervous
system damage in man and animals this is probably an adaptive

phenomenon rather than a true recovery of nervous function in the
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damaged =arcas.

Conclusions.

1. The lesions in the brain of field case of acute
enterotoxacmia were similar tc those in experimental
enterotoxaemia and consisted basically of vascular endothelial

danmage.

2. The 'typicz2l' renal lesions also appeared to be the
result of the autolytic breakdcwn of the damaged vasculzature in

the field case of the discase.

3. An old-stunding case of foczl symmetrical
encephalomalacia was also examined. The distribution of lesions

was similar to those secn previously and described in the
literature. Regression of clinical signs of nervous damage, also

described in the literature, was seen in this animal.
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CHAPTER 1k: THE EFFECT OF EPSILON TCXIN ON TISSUE FUNCTION

The severity, and rapidity of onset, of the vascular endothelial
damage described in Chapters 8 - 12 is remarkable and it is surprising
that in lambs, apart from the swelling of astrocytes in the central
nervous system, the damage is confined to the endothelium with no

alterations in the subcellular architecture of the other tissues examined.

Tt has been shown in Chapter 8 that protein can escape from the
vascular lumen in intoxicated mice and it could therefore be expected that
epsilon toxin would also escape and come into contact with other cells,
unless it is selectively bound to endothelial membranes. If this is the
case it might explain both the severity of the endothelial damage and the

lack of change elsewhere,

There are two commonly used ways in which the detection of the
binding of substances to cell membranes can be approached. Firstly,
membranes known as red cell stroma, which are frequently used in quantit-
ative studies on the surface properties of plasma membranes, may be
employed. However in vitro procedures, using these erythrocyte membranes,
will not detect specific surface binding to other tissues and different
methods must be employed when studying structures such as vascular

endothelium in vivo.

Fluorescent antibody techniques provide a sensitive means of
detecting a wide range of antigens in tissues, the main limitations of the
technique being autofluorescence of tissue components and non-specific
binding of the fluorescein-conjugated gamma globulin, It can be seen
that both procedures have certain advantages, as well as limitations, and

both were therefore used in the present investigation.

A large number of toxic agents produce severe disease or death,
without being bound to plasma membranes, by acting directly or indirectly
upon the pathways of energy metabolism. The complexity of the investigat-
ions necessary to determine a precise biochemical site of action of epsilon
toxin place this objective well beyond the scope of the present project.
Nevertheless techniques are available for studying many aspects of tissue
function in vitro and some of these were employed in the present studies

to determine whether epsilon toxin affects tissue energy metabolism.
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Probably the most widely used technigques for studying the
oxidative metabolism of tissues are those based on respirometry,
employing instruments such as Warburg respirometers, Thunberg tubes
or, more recently, oxygen electrodes for measuring oxygen uptake.

Of these the Warburg respirometer is still the most widely used and
also probably the most suitable for the study of tissue slices.
Although homogenates and mitochondrial preparations have been used
extensively in studies leading to the elucidation of metabolic
pathways, simple tissue slices yield information on the overall
efficiency of metabolism in organised tissue which is not obtainable

when other preparations are used.

In vitro Studies of the Possible Binding of Epsilon Toxin to Cell

Membranes Employing Red Cell Stroma

Preliminary Experiment

A simple preliminary experiment was carried out to determine

whether or not there is demonstrable binding of epsilon toxin to cell

membranes.

Materials & Methods:

A sanmple of red cell stroma was prepared by collecting 20ml
of heparinised blood from a sheep with less than 0.08 units of
epsilon antitoxin/ml of serum. The blood was centrifuged at 1800G
for 20 minutes, the plasma discardec and the erythrocytes lysed by
resuspcending them in 50ml of distilled water. The resultant lysate
was centrifuged at 2,500G for 30 minutes and the supernatant
discarded. The deposit was resuspended and washed three times with

Krebs-Ringer-Phosphate solution with similar centrifugal separation

between cach wash.

After the final wash solution had been removed, the deposit
of red cell stroma was mixed with 1.0ml of a solution of epsilon
toxin, containing 15ug toxin/ml, and held at room temperature for 30
minutes. The stroma was then removed by centrifugation as above
and 0.2ml of the supernatant was injected intravenously into each of

3 mice. The same volume of the untreated epsilon toxin solution
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was injected into cach of 3 similar mice.
Results:

All three mice whiclhi received the stroma-treated toxin
survived while the 3 mice which received the untreated toxin

solution had died 12 hours after inoculation.

Main Experiment

The result in the preliminary experiment suggested that the
toxin had bezen removed from the solution by the red cell stroma and
a further experiment was necessary to determine whether this was a
specific or a non-specific phenomenon. Inactivation of toxin without
specific binding to cell membranes could occur in this type of
experiment if there was any residual epsilon antitoxin associated
with the red cell stroma or if thz toxin itself was adsorbed non-

specifically to the stroma.

The possibility of residual antitoxin being priesent can be
eliminated by using blood from a species which does not normally
have circulating epsilon antitoxin. Non-specific adsorption
phenoriena can also be overcome by pretreating the stromal preparation
with a heterologous protein such as ovalbumin or a polysaccharide
like dextran. The experimental me=thod given below was therefore

used in the main experiment.

Materials & Methods:

Three separate 40ml heparinised blood samples were obtained,
viz. one sample from a healthy male rabbit and two from the same
sheep that was used in the preliminary experiment. All blood
samples were used on the day that they were collected and the red
cell stroma was prepared in the same manner as in the preliminary
experiment. Each stromal sample was then divided into three equal
aliquots and these werc pretreated with 1% ovalbumin in saline, 1%
dextran in saline or saline alone. The stroma samples were

incubated in these reagents for 350 minutes then washed 3 times as in
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the preparative procedure. Thercafter the stromal samples were
each mixed with 1ml of an epsilon toxin solution containing 20ug
toxin/ml and incubated as before. After centrifugal separation of

the stroma O.2ml of the supernatant from each sample was injected
intravenously into mice.

Results:

all mice died in this experiment.

The results of the preliminary and main experiments are tabulated
in Table 14.1.

Tablz 14,1

The Results Obtaincd frowm Experiments himed at Detecting

Binding of Epsilon Toxin tc Red Cell Stroma in vitro

]
!

Exp't ‘Toxin No.of |Cell Pretreztment of Cell Stroma Toxin
' g/ml* |[Mice/ |Source Nil |1% 4Albumin |1% Dextran| Control
f Group Number of Mice Dying per Group
Prelim. |0.015 | 3 [Sheep 0 - - 3
Main i ‘0.020 3 Rabbit 3 3 3 3
" i3 |0.020 N Sheep 4 Y 4 4
®oiii | 0,020 5 w 5 5 - 5

- Not Done
* 0.2ml/mouse

In vivo Studies of the Possible Binding of Epsilon Toxin to

Cell Membranes Employing an Indirect Fluorescent Antibody Technigue

Although commercially prepared and fluorochrome eonjugated
gamma globulins prepared from hyperimmune horse sera are available
for the detection and identification of clostridia in tissues by
using direct fluorescent antibody techniques, this type of recagent

is less satisfactory for the detection of Cl. perfringens toxins in

tissues (Batty I. - pers.comm.) The indirect fluorescent antibody

technique is considerably more sensitive however and was therefore
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used in an attempt to determine whether there is any binding of

epsilon toxin to tissues, such as capillary endothelium, in vivo.

Preliminary Experiments to Determine the Activity and Specificity

of Fluorescein Conjugated Rabbit 'snti-horse serum' Globulin in

Indirect Fluorescent iAntibody Procedures

Fluorescein conjugated rabbit 'anti-horse serum' gamma
globulins are available commercially, but one sample obtained from
Sylvana Chemical Co. (Orange, N.J., U.S.Ai.) did not react efficient-
ly in preliminary experiments., i fresh sample of rabbit 'anti-
horse serum' gamma globulin was therefore prepared as described in
appendix 9 and the specics specificity and activity of this reagent
were confirmed before it was used in studies on the tissues of

experimental animals,
The criteria employcd were as follows:

i That the globulin was specific for horsc tissue and would not

cross react with other species eg sheep.

ii That the globulin would produce demonstrable specific
fluorcescence when used in an indirect fluorescent antibody test with

a known antigen-antibody reaction,

Materials & Methods:

The following air-dried smears were prepared:
i Three smears of normal horse blood.
ii Three smears of normal sheep blood,

iii Nine smears of Cle.septicum - containing bovine tissue exudate

in which the presence of Cl.septicum had been confirmed by cultural

isolation and direct fluorescent antibody methods using commercial

fluorescein-conjugated Cl.septicum antiserum,

411 the smears were fixed in absolute methanol for 10 minutes,

The smears of bovine tissue exudate were then pretreated

as follows:
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i Threec smears were covered with normal horse serum.

ii Three smears were covered with commercial unconjugated

Cl.septicum antiserum.

iii Three smecars were covered with commercial unconjugatcd

Cl.chauvoei antiserum.

These serun-covered smears of exudate were incubated at room
temperature for 30 minutes in a moist chamber, then washed in 0.05M

phosphate buffered saline pH8.0 for 10 minutes.

41l the blood smears from the horse and the sheep, plus the
above exudate smears, were covered with the conjugated rabbit 'anti-
horse serum' glogulin and incubated in the moist chamber for 30
minutes at room temperature followed by a buffered saline wash as
described above., Coverslips werce placed on the slides using 90%
glycerine in the phosphate buffered saline as a mountant. The
smears werc examined for fluorescence with a Reichert microscope
fitted with an HBO 200 mercury vapour lamp using bright field

illumination and an EZ2 exciter filter.

Results:

There was no detectable fluorescence in the sheep blood smears.

The horse blood smears showed fluorescence of the interstitial

material with the erythrocytes appearing as dark circles therein.

The Cl.septicum cells in the exudate smears which had becn

pretreated with the homologous antiserum showed intense green
fluorescence., There was no detectable fluorescence in the exudate
smear which was pretreated with normal horse serum. The exudate

smears pretreated with the heterologous Cl.chauvoei antiserum showed

organisms with low grade green fluorescence.

Comment:

Since no Cl.chauvoei had been detected in the original smears

of exudate with a commercial rhodamine conjugated Cle.chauvoei

antiserum it appears that, in the present instance, there may have
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been some cross reaction with this heterologous antiserum which was
detected by the more sensitive indirect fluorescent antibody method.
This could be expected as some antigens are known to be common to

both Cl,septicum and Cl.chauvoci. (Smith & Holdeman,® 1968)

The Use of Indirect Fluorescent antibody Technigues to Dctect

Epsilon Toxin in Tissues from Intoxicated Mise

Having ascertaincd that the rabbit anti-horse serum globulin
was speciecs specifig and also reacted in an indirect fluorescent
antibody procedure it was possible to utilise it in an attempt to
detect possible binding of e¢psilon toxin to tissue structures in

vivo.

Materials & Methods:

Pzirs of mice were given intravenous cpsilon toxin at doses
of 10 and 250ug. Fresh frozen sections of brain, lung and kidney,
cut at 8u on a Bright's cryostat, (Bright's Refrigeration Services,
Huntingdon, England) were obtained from these animals as soon as they
died. A normal control mouse was also sacrificed at the same tinme
and the tissues were treated in the same way. Sections of each
organ from the intoxicated animals were picked up on the same slide

as a similar section from the control animal.

The sections were air-dried uand incubated, without prior

fixation, with either commercial Cl.perfringens type D antiserum,

Cl.perfringens type C antiserum or normal horse serum for 30 minutes

at room temperature, followed by a 10 minute wash in the buffered
saline. Thereafter they were incubated with the conjugated rabbit
'anti-horse serum' globulin for 30 minutes, washed for 10 minutes and

examined for fluorescence as described in the preliminary experiment.

Results:

There was marked green fluorescence of certain structures in
all sections, notably nucleii and vascular structures, but there was

no detectable difference between control and intoxicated tissues
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pretreated with the different sera. No detectable fluorescence of

endothelium occurred in any of the sections.

Oxygen Uptake of Tissue Slices, from Control znd Intoxicated

iinimals in Warburg Respirometers.

This work was aimed at determining whether epsilon toxin
affects the overall respiratory activity of tissues or interferes
with the metabolism of glucose in e¢ither the Emden Meycrhoff or

Tricarboxylic ncid Pathways.

In the present investigation mouse kidney slices were used
for most of the work in prefercnce to liver as kidney tissue is
morc orientated toward catnbolic metabolism and thus has a higher
oxygen uptake per unit weight than liver. 4 small series of
estimations were also made using guinea pig brain, lung and kidney
to study the effect of the toxin in other tissues 2nd in a second
species. Several substrates which occur at key points on the
energy yielding pathways were chosen in an attempt to detect any

point at which inhibition occurred.

Two separate runs were carricd out using tissues from animals
which had received in vivo toxin and one run each was made using
mouse kidney and guinea pig tissues by adding the toxin in vitro to
flasks containing tissue slices from normal animals. Since epsilon
toxin is a protein and is therefore unable to cross cell membranes by
diffusion it was felt that it would be unlikely that there would be
marked differences in the action of the toxin in vivo and in vitro
if it exerts its effect directly upon the cells of the tissues

studied,

Materials & Methods:

Conventional Warburg respirometry techniques and reagents
were usedj,as described by Umbreit q&dﬁﬂﬁﬂibr tissue slice procedures.,
Krebs-Ringer-Phosphate solution pH 7.4 was the buffer used in all

instances.
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The substrates employed were gluccse, sodium pyruvate,
sodium &1 lactate, sodium succinate, znd sodium cisrate.

‘ . Control flasks containing no substrate were
included, to measure endogenous respiration of the tissue. A1l
substrates were made up in O.5M concentrations in the buffer and the
pH was checked and rvadjusted to pH7.4 if necessary. Pyruvate an2
ketoglutarate solutions were made up daily and the others weekly.

4ll reagents were stored at 40C.

Two flasks containing the same substrate were set up in every
experiment for each of the tissues used. One of these was used for
the control tissue slices and the other for the 'toxin' tissue slices.,
Where cpsilon toxin was added in vitro 2 ug of BatchCWD in O0.1ml
saline was placed in the 'toxin' flask and the some volume of saline
added to the control flask. When the toxin was given tc the aninal
in vivc the tissues slices from the intoxicated animals were placed

in the 'toxin' flask without any additional toxin,

The reagent volumes placed in the respirometer flasks were

as follows:

10N KOH O0.2ml1 (Centre well with wick)
Krebs Ringer Phosphate 2.8ml1 (2.9ml in 'in vivo' expts)
Substratc O.1ml
Epsilon toxin 0.1ml )

or ; where applicable
Saline 0.85% )

Preparation of the tissue slices for the experiments in

which the toxin was added in vitro was carried out as follows:

Six 6 week o0ld male mice were starved overnight to reduce
endogenous glycogen reserves then killed by neck dislocation. The
kidneys were removed immediately and placed in ice cold Krebs Ringecr
Phosphate solution for 2 few minutes. This hardened the organs and
assisted in the preparation of tissue slices of the optimal thickness
of O.5mm with a Stadie-Riggs hand operated tissue slicer. i pool
of slices was prepared and held in the above solution until sufficient
were available for the experiment. A similar procedure was employed

for the preparation of slices of lung, brain and kidney from a pair



136
of 3 month old guinea pigs.

wWherce epsilon toxin was given in vivo 10ug was administered
intravenously to each of a group of twelve 6 week old male mice
which had been starvel overnight. The high dose of toxin resulted
in 2 number of animals 4dying in convulsions at the same time,
approximately one hour after inoculation. The kidneys from six
of these animals were removed anl tissue slices preparcd as above.
At the same time kidney slices were prepared from 3 similar group

of normal control mice,

Two of the appropriate tissue slices were added to each of
the 'control'! and 'toxin' flasks for the various substrates
employed. 411 flasks were placed on tacir manometers and flushed
with oxygen via the sidearm for three minutes at a flow of
approximately 500ccs/flask/minute, using 2 glass manifold. The
respirometers were then placed on the heating bata and allowed to
equilibrate a2t 37°C for 10 minutes. Thersafter readings of

oxygcen uptake were made every 10 minutes for 60 minutes.

it the cenclusion of the run the tissue slices were removed
from the flasks and plazaced in preweigheld Lem diamcter plastic petri
dishes, freeze dried for 24 hours and weighcd tu obtain a dry-matter

content to which oxygen uptake coul: be related,
Results:

The results of these experiments are shown in Appendix 10
and illustrated in Figurc 14.1sf. There was no significant differcnce
between the oxygen uptake of control and intoxicated mouse kidney
slices utilising any of the substrates. Although there are
differences in the metabolic activity of the different types of
tissucs used in the in vitro toxin vxperiments these do not appear
to be influenced by epsilon toxin when it is in contact with the

tissues during incubation.
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Discussion

It was not possible to demonstrate binding of epsilon toxin
to cell membranes using the techniques employed in these experiments,
nor does the toxin appear to affect the functional integrity of

tissues to the extent that it is detectable by Warburg respirometry.

The ability of intoxicated tissues to utilise molecular
oxygen at the same rate as control tissues implies that the
oxidative =lectron transport chain is unaffected. Similarly, since
all the substrates were dealt with equally effectively by intoxicatecd
and control tissues, it is unlikely that the hyperglycazemia of
anterotoxaemia is due to a metabolic block in either the Emden-
Meyerhoff pathway or the Tricarboxylic icid Cycle. It shoull be
noted that the oxygen uptake figurcs in thesc experiments were
similar to those given by Spcctor (1956) for mouse and guinea pig

tissues,

Further information may have been gained from these experiments
if post-incubation estimations of the actual substrates and some of
the other intermediate compounds had been carried out sigce it is
theoretically possible that the abnormal accumulation of an
intermediate might have occurred. However, since a range of
substrates from various parts of the normal metzabolic pathways were
e2mployed and there was no evidence of an inability of intoxicated
tissues to oxidise any of these substances, it is unlikely that

useful information would have been obtained in this manner,

In the experiments using red cell stroma to detect toxin
binding, the preliminary result was snomalous. The reason for this
is not clear. It is unlikely that non-specific bin:ding, residual
antibody or dilution of the toxin by residual wash solution affected
the results since they would have also affected the results in the
main experiment. The most likely explanation is that a portion of
the freshly made up toxin 'solution' was in fact still in an
emulsified or finely divided particulate form and was removed with

the stroma during centrifugal separation.

At the slightly higher level of toxin employed in the main

experiments, the number of binding sites required per erythrocyte to
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completely remove the toxin from the solution wculd be of the order
of 5,000, in contrast to the 500,000 bincing sites which are known to
be amvailable for the glucose molecule (Stein, 19638). On this basis,
any significant binding of the toxin to red cell stroma should have
been detected by the methods e¢mployed and it therefore appears that

epsilon toxin is not bound to red cell stroma in vitro.

The increased sensitivity of the indirect fluorescent anti-
body tecinnique did not provide any evidence that epsilon toxin is
bound to vascular endothclium. With the massive Jdose of 250ug of
epsilon toxin which was used in some animals there would be approx-
iwmately 100 nanograms of toxin per cubic millimetre of blood.

Since the indirect fluorescent antibody technique is capable of
detecting quantities of antigen of the order of .014 - ,028
nanograms/1mm3 tissue (Pressman, 1958; quoted by Kawamura, 1969)

it appears th:t even if only 2 very small proportion of the total
circulating toxin was boun<? to the endothelium it would be detectable

by this technique.

The extent of the non-specific fluorochroming which occurrel
in the tissues of these animals confirms the impression that this
procedure would not have been suitable for detecting any loss of

protein from the blocistream into the tissues of intoxicated animals.

Conclusions:

1. Detcctable bianding of epsilon toxin to reu ccll stroma does

not cccur in vitro.

2. Batches of commercial rabbit 'anti-horse serum' globulin with
low activity can be encountered and all such materials should be

tested for specificity and activity before usec.

5. The indirect fluorescent antibody test using commercial
unconjugated diagnostic clostridial antisera 2and a freshly prepared
rabbit 'anti-horse serum' globulin is at least as sensitive, in
detecting organisms in tissue exudates, as the direct fluorescent
antibody test using commercial fluorescein-conjugated diagnostic

clostridial antisera.
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4, No binding of epsilon toxin to vascular endothelium or other
structures could be Jdetected using thce indirect fluorescent antibody
technigue. In this respect the method is no more satisfactory than
_the less sensitive direct fluorescent antibody method used by other

workers.

5e Kidney slices from intoxicatud mice could utilise molccular
oxygen, for the metabolism cf glucose, pyruvate, succinate,citrate
and lactatey as effectively as similar slices from normal control
animals. 4ddition of e¢psilon toxin to the incubating medium did
not affect the oxygen uptake of normal tissues utilising glucose,

ruvate, succinatce¢ or lactate.
PY ’

6« In view of thesc findings it appears that the hyperglycaemia of
enterotoxaemia is not due to an interference with the functicning
of the i“mdaen-Meyerhoff pathway or Tricarboxylic .cid Cycle by

epsilon toxin.
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Chapter 15: THE NORMAL VALUES OF 4 NUMBER OF BLOOD CONSTITULNTS OF
LAMBS AND THE TECENIQUES EMPLOYED FOR THEIR ESTIATION

Some of the carlier biochemical and haematological investigations
into the action of epsilon toxin, notably thcose of Gordon et &zl (1940) and
Kellaway et al (1940), have shown that the major changes which occur
during intoxication are a progressive haemoconcentation ('anhydraemia'), a
considerable increuse in the levels of glucose and phosphate in the nlood
and severe glycosuria. In thce course of their investigations these
workers examined a nunber of other blood constituents including certain
ions, amino~ and non=protein nitrogen; alkali reserve; oxygen content

and haematological data,

In the present study it was nct considered necessary to examine all
of the parameters investigated by these workers as, in an acute intoxi-
cation such as enterotoxaemia, factors such as sedimentation rate, eryth-
rocyte fragility and clotting time were unlikely to be affected. On the
other hand there are some notable gaps in existing information on the action
of the toxin that it was essential to fill, For example there is no
published information on chenges in the levels of plasma proteins during
the course of intoxication and these could be cxpected to reflect the
marked haemoconcerntr4ion. There is also a complete lack of information
on whether blood levels of the metabolic products of glucose metabolism,
c.Z. Dyruvate and lacotate, are altered in association with the hyper-

glycaemie which occurs during the course of intoxication,

Modern techniques have extended both the range and accuracy of the
information which can be obtained about electiblyte balancec, acid-base
balance and respiratory exchange. In view of the pulmonary oedema des-
cribed by other workers and the effusions which occur in the natural disease
it was necessary to investigate the ionic status and acid-base balance of
intoxicated animals more fully. Trifonov and Todorov(1965) have extended
the biochemical studies on intoxiceted animals to include estimations of
the levels of some of the serum enzymes, primarily to ascertain whether
the toxin produces hepatic damage. The range of enzymes examined by these
workers was limited and it was extended, in the present study, to include

a number of the eazymes which may be estimated in veterinary clinical



pathology.

Because the lanbs used in the experiments in which epsilon toxin
was adminicstered parenterally were cnly 2.3 weeks of age, they were
effectively simple stomachsd aninels. Under these conditions the level
of vload glucose and the pattern of excretion of scme of the icnic consti-
tuents are different from those of the adult sheep. They are also in a
state of flu.xas the change from a miix to a grass diet ocecurs. Thus it
was essenticl to obtain an accurate picture of the normal range of the
relevant constituents in & number of normal healthy lambs of this age. A
great deal or this informetion could be obteined from the pre-inoculation
saniples from the animalswhich were to receive toxin aned also trom the
paired uninoculated control animals. However, since 1t was envisaged
that there would be a ccnsiderable nimnber of pre- anc post-inoculation
samples to be examined for each constituent it had been decided teo auto-
mete as many of the analytical procedures as possible, Under these
circumstances it was possible to inciude a number of additional blocd
samples without the manipulative procedure becoming unmanageable. By
incluvding blood samples from & further group of lambe similar to these
used in the experiments with epsilon toxin, it was possible to obtain
additional information about tlie ncrmal values for various biochemical and

haematological parameters of young lambs in New Zealand.

At this stage it is convenient to describe and discuss the vairious
methods which sere employed to abtain this data frer both the normal lambs
and those vwhich received parenterally administered epsilon toxin. The
data obtained from normal lambs will also be recorded and discusued here
while the changes which occur in the levels of the individual blood consti-
tuents during epsilon toxin intoxication will be investigated in subsequent

chapters.

The Estimation of Biochemical and

Haematological Parzmeters in Lambs.

Materials & Methods:

Animals:

Preinoculation blood samples were taken from the lambs which were
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to reccive parenterelly adninistercd toxin and aisn from the paired unino-
culated control lairbe described in Chapter 6, In addition, blood sanples
were takean from twenty eight 2-3 week 0ld lambs from a crossbred flock on
another farm, with a similar scil type and climate, situated about 5 milaes

from the Nassey property.

O]

"Wacutainers! werc used for the collecticon of all blowd samples a
they are conveni-nt to usc and arz pearticularly suitable for obtaining

arterial blood semples Trom animale by percutaneous puncture of the

femorel artery. They arc aveilable in a nuuver of different sizes and
with a mamber of different prescrvatives and anticoagulants zdded. Thnse

conteining hcparin have becn sliown to be very suitable for the collection
of blood samples intended for blood ges analyses. (Ganbino, 1967).
Because the procedures recormmiendad for the enzymatic estimation of the
levels of pyruvate or lactate require that the blcod be deproteinised,
with c9ld perchloriec acid, as soon as the caanple is collected, & number of
plain 10ml !'Vacutainers'! were opencd and 3.5mls of a 6% solution of perch-
leric acid im distilled water were added to each tube. The stoppers vere
then reinserted and the tube re-evacuated with a 20ml syringe and a 20swg
necdle. These 'Vacutainers! were held in iced water for at least 30
ninutes before use. !Vacutainers! are manufactued by Becton Dickinson & Co,
Rutherford, N.J., U.S.A.

Venous blood sanples were taken from tne Jugular vein into cach
of the following !'Vacutziners'; 1 x 5ml heparinised - for blocd gas
analysca, hacmatological cxaminations and protein estimetion; 1 x Tml
plain for serum icnic and enzymatic constitucent estimations and epsilon
antitoxin titratien; 1 x Tml perchlorate-~containing !'Vacutainer! for
glucose, pyruvate, lactate and phosphate estimaticn. A 3.5ml1 sample of
blocd was added to the latter contuiner by adding blood to the level of =
mark on the 'Vacutainer' holder with the tube and holder held in an up-
right vnosition, Preliminary expcriments had shown that the appropriate
volume of venous blood from normal animels could be consistently added

with an accuracy of better than 0.2 ml using this technigue.

A similar serics of artecrial blood samples was taken from the lambs
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which were to receive parcnteral toxin and their paired controls only;
i.e. no arterial samples were taken from the 28 lambs fron the second
property. The arterial samples were taken from the femoral ertery using
the same equipment as for the venous samp;ling, but blood was taken irto
heparinised and perchlorate treatcd 'Vacutainers! only. Percutaneous
puricture of the femoral artery in the femoral triangle was carried out
with the lamb held in a sitting position. Uncder these conditions somne
difficulty was encountered in accurately adding the required amount of
blood to the perchlorate trezted containers and this will be referred to
egain in the discussion section of this chaptors  All bleod szmples were
taken without occlusion of the blocd vessels but pressure was subsequently
applied to the femoral artery for several minutes after reroval of the
needle to limit haematoma formation, A1l blood samples were held in iccd
water in a vacuum flask until furthcr preparative procedures or the actual
estimations were undertaken. Blood gas analyscs were cerried out within
3 hours of sample ccllection and haematologzical examinations within 4 hours
of collecction. Separation >f plasma and serum samples with subscquent
storage at <20°C in a domestic dcepfreezer was also completed within four

hours of celiecticn,

The perchlorate treated samples werc shaken thoroughly at the tirie
of collection and after centrifuagal separaticn (1BOOG Ror iy minutes) thc
supernstants viere remcved, necutralised in the cold with 5 N.KOH, with
0,05% methyl orange as internal indicator, and then stored at -20°¢ prior

to analysis., These samples were in storage within 4 hours of collection.

Analytical Procedures:

Blosd Gas Analysess

Whole blood pH and pO2 levels were determined on the arterial and
venous blood samples using the appropriate electrodes of a 'Radiometer!
Astrup-micro Blood Gas Analyser, Type AMEI (Radiometer - Copenhagen,
Denmark). The pCO2 and standard- and actual- bicarbonate levcls of the
blood samples were calculated from the pH of aliquots of the blood which
had been equilibrated with 02/002 gas mixtures containing different
partial pressures of CO2 using the abcve instrument, The Sigaard-

Andersen nomograms used for these calculations were those provided with
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the instrument and calibretion and cperation were also eccording to the

manufscturers instruction manual.

Estimation of Haematological Values:

The techniques eimployed for this purpose were standard rrocedures
vhich are described in many laboratory manuals, e.;s Dacie & lewis
"Practical Haematclogy 'and only the type of method employed will be dcscribed

here,

Baemoglobine

Thz cyenmethacmoglebin method wae used and the results obtained
with an EFL direct raading Faemcglobinometer (Bvans Eluctro-sclenium Ltd.,
Ealstezd, Ensland) calibrated agrinst cyanmethacmoglobin standard (Diagno—
stic Reagerts Ltd., Thame, Englend),

Haematocrit (Packed Cell Volume)s

Heparinised blood was placed in plain microhaematscrit capillary
tubes and centrifuged ror 5 minutes in an International Microcapiliary
centrifuge model LB, The results were read on an Internaticnal icro-
capillary rcader (Internaticnal Equipnent Co., Necdl:am Heights, Hess.,

U.S.L.)

Mean Cell Haemoglobin Concentrations

This was calculated from the haemcglcbin and haematecrit values
acccrding to the usual formula viz.

T ~h3 k)| s
Haenoglebin (Gms:) x 100 e _ .
- = ( ’) Mean Cell Haemoglobin Concentration

Haematccrit (%)

Total White Cell Count:

Cell counts were carried cut in Spencer bright line hacmocytometers
with an improved Neubauer ruling with 1% acctic acid solution as dilvent.
Duplicate counts were made on the two separate chambers of the haemocyto-

rieter,

Plasma Protein Fracticnation:

Electrophoretic separation with Millipore 'Phorcslides! cquipment

(Millipore Corp., Bedford, Mass., U.S.As) used according to the manufac-
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turers instructions., Densitometric scemning of the unclcared, stained
strips wns carried sut on a Photuvolt densitometer model 5204 with a

540 mu green filter in the scanning head, The densitometer was coupled
to a'Waricord! model 42B chart recorder end electrornic integrator attach-

ments (Photovolt Corporation, Hew Yerk, U.S.A.).

Automated Biochemical inalyscs:

Ffall detoils of the procedures uscd including flow cherts, cali-
braticn data and a discussiun 2f the technical aspects of the developrient
and use of thuse methods are given in Appenaix 11 but it is convenient
to outline here the type of method that wes uscd far each bloond constituent.
It is alsc important to note that all blocd samples from the same ~nimel

were kept togethor in the analytical runs for each constituint.

Totol Plosma Protoins Biuret method

Scédium and TPotasgiums Flare photometer

Chloride: Thincyanate displacement from ndecuric thiccyanate;
mcasured as ferric thincyenate
Phesphate: Prcduction of phosphomolyiiic acid with acid molybdate
followed by stannocus chlaride/hydrazine sulphate
reducticn
Glucoese: Gluccse oxidase-Percxidase~dienisidine method
wvates Lactic dehydrogcnase/DPNH oxidation
Iactate: " T /DPE reduction with hydrazine
sulphate trapping of the pyruvate formed.
Loctic dehydrogenases DPNH xidaticn with pyruvate as substrate

Isocitric dechydrogenases TP recduction with isocitrate as sub-

strate

Glutamic gxaloacetic aind Glutamic pyruvic Yransamingscs:

DPIH oxidaticn in coupled reacticns with malic and laetic
dehydrogenase respectively
scid and Alkaline Phosphatases

Detection of phenol liberated from phenyl phosphate with

ferricyanide/amino-antipyrine a2t the appropriate pH.
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Discugsicn

It iz a, prepriate to comnient first upon the choice of some of th
sthods used to obtzin the foregoing results, as some of thi procedurcs
still in current use have shortcomings which may influcnce the results

obtained,. For examplz, for many years it has been customary to teake
blood sampleés for blood gas analyses and storc them under a layer of liguid
paraffin to prevent gaseous cxchangc. It is only relatively recently

carvondioxide will disscive in the oil layer

the

thnt it has found that

and thus lead to

been

errors in estimation of this componcxut in the blood

samplc,. In addition it was congidcred that only arterial blood samples

wer:s reliablc for blead gzs analysis, but mor. recently it has been found

that ctery for the study of the

czpillary blood samplis are equally satisis

blood geses in man and routine blood pgas analyscs are now frequently

carried out on samples of capillary blood collected in heparinised capil-

lary tubes without any contsct with oil,
In domestic animals, adequate samples of truc capiliary blood are

not always easy to obtain and, wherc samples have to be held for some tine

before anzlyses can be carried out, samples in capillary tubes are not

particularly satisfactory as they are difficult to kcep cool and the blcoa
ts clot., Gambino (1967) has
vacuun tubes similar to 'Vacutainers' are very suitable for blood gas

stable

tends shown that blood samples ceollected in

analyses and that samples collccted in this way arc for some hours

if kept cocl,
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Table 15.1¢ The Hacnatological and Biocnemical Parancters

of Normal Two to Three Yicek 01d Lembs

Mean Values for Normal Sheco Strndard Neo of | Mcthod
_ - - - T—— Deviation dnalysces| Scasit
Constituent Prosent Experinents Published. ~Avity
VEAOUS (V) | #RTERIAL| 'NORenL!™ (v) (&) (v) (&)
Hacmoglobin 10.%,10.9
Gmdb 10,7 10.5 (10-11.5) 1.0 0.8 63 35 C.l
Haematocrit 31.7
(¢%) 3505 34.2 (29.9-33.6) | 2.9 2.3 | 63 35| 0.5
M.C.E.C. (%) 30,3 30,7 5445 ¥.1 1.3 63 35 0.1
pH 7.36 7.40 | 7.84(axter,)| ©.03 0.059] 56 28 0.01
(7.32-7.54)
pCOz(mmHg) 39,2 34,0 38,0 4.8 4.7 55 27
HCC;-ictual 23.0 21.5 = 2.0 2.3 55 27 5
dFOB -Standard | 22.4 22.2 S 4.1 1.9 55 27 0.5
p02(mmHg) 70 165 - 14 22 27 24 | 10
Total white 5,40C = 4,000-10,000| 1700 = 52 = | 50
cells (/mr?)
Trtal Protein 6.7 - 57 0.64 = 63 - 0.1
Cr?h
Alburmin % p 36 - 54 5 - 21 -
Globulin % 6 20 5 21 -
Sodlamf-ca/l) 15449 - 146-161 44 - S
Potassium
(meq/1) 5e2 = 4.8 0.4 - 61 - | Q.1
Chloride 103,116
(meq/1) 112 - (9e-109) 5 - 3 - |1
Phr\ sphate . 9
(ng?g 4.43% 3.3 | (4-9) 1.7 1.5 [ 59 35 ] 0.1
Glucose (mgso) 80.2% 89.8% 70-120(lamb)| 19.0 20.5 59 35
30-57(adult
Lactate (%) 60%* T1* (5-20) 3,0 2.9 55 34 1
(9-12)
Lactic
Dehydrogerz.seiwl810 - 2,000 103 - 63 - |10
Isocitric
Dehydrogenase(w) 15.6 - - 5.7 - 63 -
Glutamic
oxaloacetic 4%.5 - 31 8.7 =~ 63 - 1
Transaminase (iv)

contimued cn s igsio o 5o
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Constituent

Glutanic
pyruvic i)
Transaoninasc

Nlksline ()
Phosphatase
Acid “M)
Phosphatese

Mean Values for Wermal Sheop

Standard

Prescnt xperirients

VENOUS(V)| ARTERILL
8 . 5 -
761 -
25 -

Published

INORHAL

Deviation

(V) (a)

2IN2 -
230 -
4.5 -

No. of | kdethed
analyses| Sensit
~ivity
(v) (a)
63 - 0.5
63 5 5
20 - 0.5

+ Adult shecp unless otherwise stated

- Spccter (31956)

* Estimated on perchlerate treztcd samples
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Turning now to the methioeds which arce currently cmployed for the estima-
tion of tleblood gas geramzstcrs themselves., The use of very sensitive
microclectrodes, which are maintained at an accurately controllied temror:-
turc, for the estimation of pH and pO2 measurencnts on blood are well
documented in the litersture snd do not require further discussion here,
On the other harnd the measurcment of pCO2 and bicarbonate concentrations
by equilibration of the blocd sample with atmosphere conteining two difre-
rent partial pressures of cerbon dioxide as in the Astrup technique does
reguire comment., This is = well estaklished procedure in human medicine
znd the rationale, methods of celibration and accuracy of the nomogrnms
used for the calculation of the various parsmeters have been closely
studied by workeirs 11: the fields of hwnen physiology and human clinicel
patholcgy. Untii recently, the procedure has been opplied to domestic
animals without any cvidence that the nomograms developed for use in man
are ~lso valid for usc in other animals, but it now appcers from the work
of Phillips (1970) that theso technigues and nomograms are in fact suitatle

for usce in shceep at lcast,

The techniques employed for the estimation of hacmoglotin by the
cyanmcthacmoglchin methed znd pecked cu:ll volume by the use of a micro-
haematocrit centrifuge and reader have replaced most of the carlier methods
and are now re¢garded as preferred procedures for these purposes., In the
same wWoy, the use of flame photometry for the estimation of sodium and
potassium in blood has superseded the chemical methods previously employed
for this purposc. The Technicon 'Autnanzlyser! with flzme photometer and
similar instruments arc wi.ly used in medical laboratories for the auto-
mated estimztion of these constitucrits. The simultaneous estimation of
chloride with these ions, usually by the thiocyanzste displacement method

aduJs considerably to the usefulness of the automated procedure.,

The estimation of total plasma protein by the Biuret rcaction is
widely used and the method has been adapted for automated analysese. Morc
recently there has been a tendency to use refractometry to estimate plasmn
protein as it provides m quick result but it has not entirely superseded
the Biuret method. Although the fractionation of plasma proteins by
chemical means is still widely used to provide a meamsure of the albuming

globulin ratio, this method does not provide as much information as the
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electrophoretic separation of nrotein constituents. Quantitation of the
results obtained by the latter method is mcre difficult, but densitometric
examination of the strip with associcted integrated counting tuchniques
provides regults which arc at least as reproducible as those obtzined by
chemical fractionation, Unfortunately the results obtained by chemicel
fracticnrtion are not directly comparabie with those obtained by slacto-

vhoretic separation.

A wide varicty of procedures have heen employed for estimating the
various enzymatic components of blood and ir most instances more than one
method is still currcently employed for dectermining the sctivity of indi-
viduel cnzyres. In generel the oxisting metheds rely wpon the engyme
converting its netural substrate or 2 similer artificial substrate through
one or more steps to an end-product. The amcwit of product producced in a
given time may be estimnted by colorimetric or othcr incans, Since
accurcte timing is necessary in oiracer to obtain repreducible resuilts,
automzted methods have distinct advantasges for assessing enusymatic activity.
It is known that a number of the enzymatic rcactions rcequire the presencc
of either the rcduczd or oxidised fornis of one cr the other of the phospho-
pyridine nucleotides (DEN or TPN) as hydrogen ion donors or acceptors.
These nucleotides are gquantitatively oxidised or reduced as the enzymatic
reaction pracccds. The reduced forms of the nucleotides (DPFHE and TPHH)
have an absorption peak in the ultraviolct region at a wavcelength of 340mu
and also fluoresce strongly wien irradiated with light of this wavelength.
This 1s not the case with the oxidised form of ths nucleotide and thus
the cnzymetic r~action can be gquantitated indirectly by spectrophotometric
or fluorometric estimation of the amount of nucleotide which is oxidised
or reduced in a given timc. Where a nurmber of different enzyres arc
being examined this method has certain edvantages as the same compound is
being assayed and, apart from the substrates, only comparatively riinor
altcrations are needed to estimate a nunber of different enzymes by the
samc basic procedure. This makes the method very suitatle for use in
autormated analyses and it was therefore usecd wherever possible in the
prescnt investigation. Automated methods of this type were develepcd for
the estimztion of isocitric dehydrogenase in serum. This new autcmated

procedure:and, the necessary -
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nlterations to published nutomated procedures to make them suiteble for

use in these experimcents are described and discussed in Appendix 11

Cne complication which hng arisen as 2 result of the multiplicity
of nicthods aveilrble for the estimation of any given cnzyme has be:n that
a mumber of srbitrary systems of units have becn developed for quantitating
the enzynes. Meny of these are still widely uscd but there is a gradunl
tendency to change to the international system of units which are based on
the amount of substrate or nucicotide utiliscd in 2 #iven time. Mowedays,
for convenicrnce, the calibration curves employed in obtsining values for
enzymae activity, regardless of the units employed, are ohtsined by using
cormercial naturel or artificial 'scrum' staindards which contein normal
or clevated levels of the various enzymatic constituents and this was the

method employed in the prescunt instnnce.

Before dealing with the techniques used for estimnting the remaining
blood constituents studicd in the present investigation, viz. glucose,
phoesphate, lactate and pyruvete; some consideration must be given to the
method of collecction of the srmples which required deproteinisation prior
to analyses. Deproteinisation with perchloric acid is now widely used
where enzymes are tc be cmployed in the analytical procedure. The con-
centretion of the perchloric acid and the rotico of the volume of sample
to the volume of acid however varies considerably depending upon the
published source of the method. For example, when discussing deproteini-
sation, Henry (1966) recommends 1 volunc of blood to 9 volumes of 7%
nerchlcric acid, but in his method for pyruvate he uses equal volumes of
blood and 7% perchloric acid. It was therefore considered to be justi-~
fieble to use an equal volume of blood and 7% pcrchloric acid for all the
procedures which required deproteinisation in the present investigation.
It was realised that the sample:acid ratio was rather low by the standards
of Bergmeyer (1963), but to enable constituents which were likely to be
present in low concenthtions tc be detected it was desirable to take as

much blood as possible consistent with adequate deproteinisation.
The use of a perchloric acid solution in !'Vacutainecrs! does not

appear to have been recorded by other workers but as it had been proved

to be a feasible method for obtaining blood samples from normal animals

il
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it was felt that it would be very useful in the present instance as the
different types of blood samples reguired at any given time viz. heparin-
ized, plain snd perchlorate~treated, could all he obtained with a single
insertion of the needle into the appropriate blood vessel. In the case
of arterial puncture this would greatly reduce the risk of haematoma

formation.

Apart from the btlood gas parameters the arteriovenous (A/V) diffe-
rences in other constituents are generally smail in normal animals but
since both arterial snd venous samples were being taken for gas analyses
it was decided to compare arterial and verious values {or some of the other
constituents, as a measure of the accuracy of the manipulative procedures.
While the agreement between arterial and venous values for the haemato-
logical parameters has already been seen to be good this did not prove to
be the case with the components which were estimated on the deproteinised
semples. %ith these more labile components, some of the differernces can
be physiological, and paired arterial and venous samples are not true
duplicates in the analytical sense. The artericvenous difference in
blood giuccse level in adult ruminants for exampl=z is usually of the order
of 5mg%. However in simple stomached animals such as man it is generally
of the order of 10Umgh and may be considerably higher after a mesal. As
mentiorned in Chapter 6 no attempt was made to deprive the present lambs of
food prior to sampling. A similar situation to that occurring with
glucose could alsc be expected to occur with the products of glucose meta-

bolism e.g. lactate and pyruvate,

However, the main cause for concern was that the A/V differences
were not always in the correct direction and in some instances were much
greater than could be expected to be due to physiological differences.

This suggested that there may have been manipulative errors in the depro-
teinisation procedure. Any 'single extraction' deproteinisation procedure
can introduce errors into the final result, psrticularly if the compound

to be estimated is at all difficult to extract from the samrle (Bergmeyer,
1963.p 267). This may have accounted for some of the inconsistencics in
the results obtained frem arterial and venous samples taken from the same
animal at the same time. Deproteinisation appeared to be complete

although according to Henry (1966), perchloric acid does not remove certain
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globuling and other substances which may have contributed to the back-
ground fluorescence., It was also found, after the work was completed, that
Henry (p 171) states that perchiorate filtrates are uneuitable for glucose
estimations. However, it appears Jikely that he was referring to chemical
rather than enzymatic methods of analysis. There may also have been
incomplete extraction of some of the plasma constituents with the large
samples of blocd relative to the amount of deproteinising agent. The
difficulty which was encountered in accurately adding the required amount
of arterial tlocd to the 'Vacutainers' may also have increased the ervor

of the procedure. These factors would all be aggravated in the post-
inoculation perchlorate treat2d samnles described in Chapters 18 and 19
where struggling, circulatory failure and haemoconcentration all added to

the difficulties in obtaining blood.

While the arteriovenous differences in these animeis provide som

measure of the errors present in the methsds uzed to estimate the consti-

by epsilon toxin administration since it will be seen, in Chapters 16-19,
that the comparisonsof pre- and post-inoculaticn levels of the various
constituents, with the pnossible exception of the blood gases, were always
made with either venous or arterizl samples. No attempt was made o
interpret arteriovenous differences. It will also be seen in Chapter 19
that the changes in glucose and lactate levels which occurred followving
the administration of epsilon toxin were so large that they completely

overshadowed any inaccuracies introduced by the maripulative procedures.

One further point must be made regarding the handling of the
deproteinised samples prior to actual analysis and that concerns the
storage of the samples and the estimation of pyruvate. When using auto-
mated techniques it is preferable, if at all possible, to analyse all
saniples in a continuous run and in the present instance this meant that
samples were stored at -20°C for up to four weeks before the analyses were
carried out. Although Henry (1966) states that pyruvate is stadle for at
least one month at 4 °C in perchloric acid filtrates of blood, the auto-
mated analysis of the stored samples in the present instance failed to
yield reliable results for this metabolite. It aopeared however, that

storage did net affect the values obtained for glucose, phosphate or lactate,
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To conclude the discussion on the biochemical methods uscd 1t is
necessary to mention those employed to estimate the plasma ccastituents in
the perchloratc treated samples. Glucose was estimated by the glucose
oxidaso-peroxidase-c disnisidine methiod., This is a procedure vwhich
estimates 'true'! gluccse rather than thc aszorted reducing substances
detected by the older chemicel methods. T'echniques hased on glucose
oxidase have been replaced to some extent by o-toinidine methods but the
former methods, being more specific, arc still videly used and have been

automatecd.

The Gomori modification of the Fiske and Subsrrow method, (Gomori,
1942 gquoted by Varley, 1962) is widely used for estimating blood inorganic
phosphate 2nd the available sutomated proccdures employ a basically similar

technique.

As stoted earlier in this discussion, the estimation of pyruvete in
the present series of samples was unsatisfactory. Considerable non-spe-
cific fluorescence occurred in some samples meking fluorometric detection
of the changes in the levels of DPVH impossible. The level of non-sueci-
fic fluorescence was insufficient to affect thc estimstion cf lactete
(vide infra) but limited the usefulness of fluorometric detection where
maximum sensitivity of the instrument was being used to detect the low

levels of change in fluorescence produced in the eéstimation of pyruvate.

The estimation of lactate was also carrizd out by fluorometric
detection of changes in the levels of DFNH when lactate is converted to
pyruvate by lactic dehydrogenase and the pyruvate produced is trapped by
hydrazine sulphate. The advantage of this method is that it is specific
for the L, isomer of lactic acid which is almost entirely of metabolic

origin from within the animal body.

Having discussed the methods employed for the estimation of the
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biochemicel and haematological parameters in the present seriee of animals,
it is necessary to consider oriefly the values obtained from normal young
lambs before passing on to an c¢xaminatiorn of the effect of epsilon toxin
on these values. Some comparisons are possitble between the velues ob-
tained in the present study and those which are given in the literaturc

for adult sheep, lambs and other species.

It avypears that in lembs, in contrast to the young of some other
species, the hacmoglobin ccntent of the erythrocytes may be somewhat lower
than in the adult animal, As could be expected the haehatological para-
meters did not differ significantly in paired arterial ~nd venous blood

samples.

All the blood gas paramzters for arterial and venous samples fall
within very narrow rznges and the ditferences between them are what could
be expected to occur on the basis of the physiological transfers which

occur as bloed passes through the capillary beds in the tissues. There

¢

is a loss of oxygen from the blood and an increase in its 002 content,

This results in a fall in ph and bicarbonete. Although figures for the
arteriovenous differences ir these parameters are nct readily available for
normal unanzesthetised sheep, the differernces in phi and pCO2 arc of a
similar order to those in man. The pO2 on the othcer hand is higher in
both arterial and venous samples than the valucs which are usually obtained

in man.

The icvel of total protein in the present serices of lambs was
higher than the value given for adult sheep snd this too is a feature of
the young of other specics. The albumin:globulin ratio was also diffe-
rent to the published figures but this may reflect the fact that the
figures in the present study were obtained by integrated densitometry
following e¢lectrophoretic separation instead of chemical separation. The:
overall pattern was generally consistent in all these animals and differed
markedly from the plasma protcin patterns of normal older lambs - see
Chapter 17. It therefore appears that this may be 2 reflection of the
immaturity of the present animals. Examples of the difference between
the densitometric tracings of the electrophoretically separated plasma

proteins of the present animals and those of the older lambs are shown in
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Figure 15.1.

The concentrations of sodium, potassium and chloride were fairly
constant and similar to those found in normal adult sheej. This point
will be referred to agair in Chapter 21 when the czoncentrations of these
ions which are excreted in the urine are beirng discussed. Levels of
phosphate on the other hand fluctuated rather wideiy bvut this probably
reflects the limitations of the perchlorate derrotcinisation and sampling
procedure discussed earlier in this chapter as the A/V differences are also

rather wide.

Although there were similar fluctuations in the levels of glucose
and lsctate in these samples which resulted in large stardard deviations
and arteriovenous differences the mean values obtained for levels of gzlu-

cose were simiiar to those obtained by other workers.

Finally the enzymatic constituents must be considered. Levels of
some of these enzymes e.g. lactic dehydiogenase and alksline phosphatase
werc extremely high relative to the values of these constituents in com--
mercial standarc 'serum' samples. In some instances the values were
higher than the highest assaycd levels of the enzyme in human serum
samples with pathologically elevated levels of the particular enzyme.
This meant that calibration of the methods in some instances had to he
carried outv bty diluting one of the serum samples which showed a high
activity, assessings i1ts activity against a kncwn standard, thcen using the
undiluted sample to »rcpare the appropriate calitraticn curves and pesks.
Nevertheless the values obtained were fairly consistent in all animals and
it appears that the high levels could be partly due to species and partly
to the fact that some enzymes, particularly the phosphatases, lactic de-
hydrogenase and isocitric dehydrogenase tend to be higher in young animals

than in adults (Bergmeyer, 1963).

Conclusions

Ies 'Vacutainers' are very convenient for the collection of both
arterial and venous blood samples from lambs for blood gas analysis and

haematological and biochemical examinations. The addition of deproteini-
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sing solutions to these containers prior to sample collcction however is
not entirely satisfactory for the estimation of components by procedures

which require deproteinisation.

2. Considerable care is necessary to ensure complete extraction of
some blood constituents from the samples during deproteinisation and resi-
dual protein components in perchlerate filtrates carn interferce with fluor-

ometric analyses.

5o The haemuglotin content of the erythrocytes of young lambs is leower
than that of the erythrocytes of older shesrp. This is brought about by a
higher haematocrit valiuc and a similar haemoglobin content of the blood of

the young lambs,

4. The blood pH and pCO2 of the lambs in the present study was similar
to the published values for adult sheep and the arteriovenous differences
i these values were consistent and within physiological limits. The pO2

of both arterial and venous blood was higher than in ran.

5. Total plasma protein levels vere higher in young lambs than in adult
shecp and the pattern of the components obtained by electrophoretic sepa-
ration of the proteins was different to published albumin:globulin ratios
in the adult sheep. The electrophioretic pattern also contained fewer

peaks in thc young lambs.

. Levels of sodium and potassium, obtained by automated flame photo-
metric analysis of tlood samples from these lambs, fell within a restricted
range and corresponded closely with published values for these ions in the
blood of adult shecp. A similar situation occurred with the chloride ion

in these samples.

7, Levels of blood inorganic phosphate were variable and mean values
tended to be lower than the published normal values for sheep. Some of
the variability may have been due vo errors introduced during deproteini-

sation.

8. Mean values for both lactate and glucose fell within normal limits.
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Marked differences were encountered in the levels of these components in
paired arterial and venous blocd samples. These were partly physiological
and vpartly inaccuraciecs introduced during sampling and deproteinisation.
Pyruvate lovzls could no*t be estimated duc to background fluorescence

q

which interfersé with flucrometric anaiyses.

o) Some enzymatic constitucuts e¢.z. lactic dcehydrogenase and alkaline

phosphatsase were very high in young lembs,

00)c Automated analyses with the Technicon 'Autoanslyser'! provide a con-
venient rieans wherety e large rnumber of samples can be subjected to a wide

renge of analytical jrocedures.

11, A wide renge of serum cnrzymcs can be estimated by following the
oxidation or reducticn of the phosphopyridine nuclcotides during the

course of the enzymatic rcaction. The methed is particularly suitable

for automaetion where fluorometric or spectrophotometric detection can be
enployed. In the present instance a fluorometric method for the automated
estimation of isocitric dehydrogenese bascd or the reduction of TPil was

develoved.,
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CHAPTER 16: THE EFFECT OF CL.PERFRINGENS TYPE D EPSILON TOXIN
ON RESPIRATORY BXCHANGE iND ACID-BASE B.iLiaNCE IN LAMBS.

Kellaway et =2l (1940) have recorded a fzll in 'Alkali
Reserve'! and oxygen saturation in the blood following the
parenteral administration of epsilon toxin to lambs. Modern
methods of blood gas analysis have made it possible to obtain more
extensive and precise information on grseous exchange and acid-base
balance in animals 2nd man than could have been cbtained by these
workers. During the present investigation it was intended to use
the astrup technique to follow the cnanges in blood pH,pCOz,pO, and
bicarbonate during the course of epsilon tuxin intoxication in lambs.
The data cbtained in this way from lambs whieh had received
parenter=2lly administered toxin could then be compared with
Kellaway's findings. It was hoped that the additicnal information
obtainable in the present instance would assist in determining
whether the acidosis (fall in 'ilkali Reserve') encountered by
Kellaway et al was duc entirely to deficiencies in respiratory
exchange associated with the pulwonary og¢dema which occurred in

their animals.

It was appreciated that there are a numbcr of different
causes of a lowered blood pH (acidosis) in znimals. These fall
into two broad types however. There is the so-called respiratory
acidosis resulting from a failure of respiratory exchange and a
f211 in the efficiency of transfer of carbon dioxide from the
blood to the atmosphere. On the other hznd a metabolic acidosis
can occur which may be associated with either a loss of basic
components from the buffer system or an increase in acidic
components in the blood. The latter compounds d¢ not include
carbonic acid resulting from increased concentrations of carbon
dioxide, but refer to substances such as lactic acid produced by
tissue metabolism or ingested in the diet. Thus it was of
particular interest to determine whether there was an acidosis
or alkalosis in intoxicated animals, in which respiratory exchange
was not affected by the development of pulmonary oedema, as this
would suggest that metabolic factors could affect the acid-base

balance during the course of intcxication.
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For several reasons the currcnt werk was intentionally
confined to the changes in blood gzs parameters which occurred in
lambs which had received parenterally administered epsilon toxin,
Firstly, in these =2nimals it was possiblc to compare the influence
of pulmonary factors such as ocedema upon the blood gas status of
the animal without the interference of cther factors such as changes
produced by high levels of carbohydrate in the diet, cxcitement etc.
Secondly both arterial and venous sanmples could be obtained from
these animals zand 4/V differences could therefore be examined to
provide information on systemic and pulmonary aspects of gascous
cxchange. Aarterial bloed sampling was difficult in the animals
which received enteric-origin toxin. In addition, the period over
which the blood samples were collected and the number of manipulative
prccedures to which the latter group of animals were subjected, made
it technically difficult tc obtain reliable blood gas data from
them, Nevertheless it was considered desirable to fcllow the
changes in blood gas parametcers from at least one of these animals
for comparison with the data from animals which had received

parenterally administered tcoxine

Materials & Methods:

Repetitive heparinised arterial and venous blood samples
were taken with 'Vacutainers' from the lambs described in Chapter 6
both before and at intervals after the administration of toxin.
The first post-inoculotion samples were gencrally taken as soon as
cliniczal signs of intoxication were evident ('Initial' samples)
and a further sample was taken just before the death of the animal
vccurred ('Terminal' sample). The interval between these two
samples varied between 15 minutes and 1 hour and additional samples
were taken between the two above samples if the opportunity offered.
Blood samples were also taken in the interval between inoculation
and the onsct of clinical signs of intoxication when this was
prolonged. In some animals it was not possible to obtzin the
'terminal' samples, due to circulatory collzpse or death of the

animal.
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A series of heparinised blood szmples was also taken from one of
the animals (No, 77) which received enteric-origin toxin. These samples
were taken prior to and during the course of the intraduodenal infusion

and the development of clinical signs of intoxication.,

The collection of blood samples and the analytical methods used

for the blcod gas analyses have been described in Chapter 15.

Results:

There were no detectable zlterutions in any of the blocd gas
parameters prior to the onset of clinical signs of i.‘toxication.
Following the development of depression etc.,, there was a marked
precgressive fall in the pH of both arterial and verous blood samples
from all the animals which had received parenterzlly administered
epsiloa toxin, In many of these animals the fali in pH was associated
with an increase in the pCOp. Levels of 'standard' bicarbonate
(bicarbennte calculated at a stancdsrd pCOp of 40mmHg.) and 'actual!
bicarbonate (bicarbonate calculated at the pCO, of the sample) fell
in the post-intoxication samples and this was associated with a fall in
total buffer base concentration in the blood.

The changes which occurrec in the mean valuecs for these

components are shown in Table 16.1 and illustrated by the histograms in

Figure 16.1. The data is tabulated in Appendices 12 & 13,
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Table 16,1t Alterations in Blood Gas Parameters

in Intoxicated lambs - Time of Sampling

Means s 1S.D. Preinoculation n | Onset of n Time of Death n
Intoxication
H Venous W35 0RO 2008 "7.24r Q,21% 7T | 7.06 % @hA8 T7*
L Arterial | 7.41+ 0.04 19| 7.31%0.04* 8| 7,11 * 0.09 6%
co Venous 41,2 £ 6.5 19| 51.3 t 7.1* 11 |54.7 % 21.7 15
P¥Y, Arterial | 33.0 + 4.5 19 | 41.2 + 5.7%  8|43.6 £17.0 6
Std HCO Venous 21.7 & 2,6 19 | 1€.5 * 3.5 10 [17.9 *15.3 16
73 Arterial |21.5 * 4.2 19| 19,0 * 1,3 812.6 * 5.1 %
Actual Venous 22,3+ 2,5 19| 19,7 * 3.3 10 | 16,7 * 5.3 14+
H003 Arterial [20,7 t 443 19 | 19.2 t 2,0 B8l 14.,7 % 5.4 T
Buffer Venous 42.3 1 5.4 17| 39.7 £ 5.2 101 31,2 % 6n5 16*
Base Arterial |42.5 + 6,5 19 | 40.4 % 4.9 8 | 30.8 + 8.9 7
* t test between preinoculation figure and this value p = (.01l
+ t test between preinoculation figure a2nd this value p = { 05

Although the fall in pH was very consistent, it was not alwiays
agsociated with rise in pCO, and this is reflected in the very large stan-
dard deviations which occur in the !'Terminesl! pCO, column of the table,

The rise in pCOp tended to be greatest in the animels with pulmcnary ocdama,
In the animals which did not develop pulmonary oedema, and also in a few of
the animals which did show this change, the rise in pCO; was either absent

or very slight.

The different relationships between pH and pCO» in rspresentative

animals with and without pulmonary oedema are illustrated in Figure 16,2,

In these animals which had received parenterally administered toxin
the levels of pOp fluctuated very widely in samples from the same animal
during the course of intoxication, In some animals it was higher in the
On the other

fell to extremely low levels, particularly in

post-inoculation samples than in the pre-inoculation samples.
hand, in some animals the pO;

the 'terminal! samples. The

post-intoxication pOy results are tabulated

in Appendix 13,

The pattern of changes in the blood gas parameters of the animal
which received enteric-origin toxin were essentially similar to those des-

cribed above. There were no

consistent chang2g in any of the values prior
ALt about the time that
these signs developed there was a marked fall in blood pH from

to the onset of clinical signs of intoxication.,



Jpns—

i

n

nanges

the Ch

on

Jecema

mnonar

-

u

cnce o

- T %
Lover Ipriu

Das s

gure 7

4

|

- A Pt AR A M PR AL LA eSS IR
s : : Rt : TG
g w,_/,M..////./ //w.,///N, |
el k 8
3] _// P, P, TN /./!.. . R (4] s N\
- L ¥ [(NE)
[ © sl 0 .
w = (S 0] L] -
al = B I~ i
o] SR, L e S e 3 a”
[ e i o PO s A3 g W) See
[a¥ Q e it e ™ 0 ot ~
-l i N o o -~
MA .T“ (@0 I [ ¢ [= I
: u O A O o
M“ ....M [ ..::..ht,..tli..?wr, P SN S S K % £2,00 wjw vl f ot
. - ! 2 - el
[ (SN ¥ B < u A ©
(] o 5% seosl « O
£ PR _ : + o 0! O
:.._ S N s ! ol M
o HeR (o £
o ; o Byt e
£ 1N $40 =
i 1] 0 LIS BT [ |
3 o 0 %
e m s AT T e e e D) 0w [~ RS
= ety i b e 8 3 o =t 1% -
(3] (8] o . -
oy © el o 5} 9]
- i () [3) o e P '
b ST ) ® ol ’ %. 3
o ot i o
i ﬂ,......h..u.,. =] £ vem T T——" et %) O .H: “ e
8, : . ol oW p 1
t “N/. “ 9 ot - 1
ol & SO L W ?f/ 2 g ke
: s e - tac. Wi, T, Pt T 3 PV <5 L, OO
[ 1 e ; [y ) et 3
"c - 2 } &Y Hal
) W G o =
X . 1 O A
;5 . [ RS e <
.MA o “4 el P —— e e S I il @
o {0 e s T e o R
1] o ay Y O oA
O ,“..“ PR} O. .
L1 . b 1 et nJ
i | e . B S e N ] o |, —
) o [ G, 8 (&) e
o S ) £y o h
0 D P i
n..m . GO 22 - Q
£4 e = Vit 1 o
4__ — w0
] + a3
)
a0t
4 = I o s
£, £t -
i e T e s - b N el H O M B N T o T T T e FJ!..M’.-?- e PM.}...H.J e )
0 e T SR i e el A )

@) [ (5] () ) ) (o (]
o] x LAY (&Y B! o (53 Lo ] <] »W % %
¥ - - - L] - L] - -
0~ 0~ 5 [~ C~ ) 4 [ o~ -
i e e I B .».:..,r.u 3 T Y P S SRS ————

Qi @] 3 e [aY )

B B 0 2 O (@) ) HH (] o {20} ) (@)

G, - PR <r oy N mn 3 I F 18 o)
S, 15 e [, e e I e . e, i 9

e s TP N S SATERGTL €AY LN I BN I CAGOnS v Tpal AR, |, L T




163

7.L0 to 7.27. Subsequently there was z transient rise in pCOp from
30umHg to LLmmHg but this had returned to almost the original level by
the time tne 'terminal' blood samples were taken, The pOp showed no

narked alteraticns during *the whole course of intoxication.

Results from this animzl =re given in Appendix 14 and illustrated
by Figure 16.3.

Discussion

Severe acute pulmonary cedenn, such as that which occurred in
many of tlie animals in the present experiments, must of necessity
interfere with respiratory exchange. Under these conditions a severe
respiratory acidesis associnted with hizh pCO, values and low blood pH
could be expected to occur. Ir. the rresent instonrce the levels of
bicarbonate in the samples from the acidotic animals were also lcw
indicating that the condition was uncompensated. This too could be
expected in A rapidly progressive condition where renal compensatory
mechanisms such as sodium retention would not have time to influence the

plasm2 electrolyte systewm to any extent.

It is noteworthy that the pC, cof tre blood samples from many of
these animals was not as markedly affected as the elevated pClO, values
might suggest. The fact that in some instances they were actually
higher than in the pre-incculation samples suggests that a compensatory
mechanism must have been in existence, The most likely explanation
for this result zmyppears to be that the increamsed haemoglcbin content of
the circulating blood resulting from the haemoconcentration has
compensated in large rnieasurec for the decreased efficiency in respiratory
exchange as far as oxygen is concerned, In addition, the increased
respiratory stimulus resulting from the rising carbon dioxide levels in
the blood would have increased the respiratory effort and assisted in the
oxygenation of the available haemoglobin. The overall result would be an
increase in pO; zlthough, because of the inefficient respiratory exchange,
the available haemoglobin was probably not fully saturated with oxygen.

It is interesting to note in this respect that a similar situation appears

to have occurred in the animal which Kellaway et a2l used to illustrate
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their blood gas changes. In that 2nimal too there was very little
change in the oxygen content of the blood samples from the animal Jduring
the course of intoxication and the fall in oxygen saturation of the blood
which they describe appears tc have been associated with the increased

haemoglobin present due to haemoconcentration.

While on the subject of oxygen contcnt of the blood samples it
should be mentioned that some of the very low pOp values encountered in
the 'Terminal' samples fromr some of the animals in the present study
were taken at a very advanced stage of intoxication when the animal was
practically clinically Jead wind under these circumstances such low

values could have been expected.

One of the moest interesting features of the present series of
estimations was the fact that in some «f the intoxicated animals the
fall in blood pH was not associated with a concomitunt rise in pCOp.
This implies that, in these aninsls, the acidosis was not of respiratory
origin, The hasis of metabolic acidosis is often complex in natural
disease states but in the present instance many of the possibilities
could te discounted. In these animals there was a fall in bicarbonate
and also in totnl buffer base levels and, since there wns no severe
diarrhoea or prolonged renal insufficiency, the most likely explanation
appeared to be excessive ocid formation in the btody. This could only nave
been of metabolic origin and the @cid under these circumstances could be
expected to be lactic =zacid, This was even more probable in view of the
hyperglycaemia which occurs in enterotexaemia, but @ discussion of the
changes in the various products of glucose metabolism which occurred during
the course of intcxication in the present znimals can be conveniently

deferred until Chapter 19,

Before leaving the blood gas analyses it is alsec important to
note that in the animal which received enteric origin toxin there was a
fall in blood pH which was not entirely referable to the levels of pCOp
implying that in experimental enterotoxaemia too, there is a metabolic
acidosis. Here again the details of the metabclic changes associated

with altered glucose metabolism can be deferred.
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Ccanclusions.,

1. There were no consistent alteratiors in any of the blood gos
parameters between the =z2dwinistration of epsilon toxin and the onset of

clinical signs of intoxication.

2. 4 severe, progressive acicosis developed in both artericl
and venous blood semples taken from animals which showed clinical signs
of intoxication following the parenteral administration of epsilon
toxin. This also occurred in an animal in which experimental
enterotoxaemia hsad been induced.

)l There was 2n increanse in the pCO2 of the blood in many of
the animals due to deficieunt respiratory exchange zssociated with the

pulncnary oedema,

b, Plasma bicarbonate levels were low in all animals which
developed acidesis indicating that the acidosis weas uncompensated and

that renal compensatory mechanisms had not come into effect.

5. Despite the elevated pCO, and deficient respiratory exchange

2

the pO, did not fall consistently in all intoxicated animals. The

2
compensatory mechanisms in this case were:i.Increased respiratory effort
associated with stimulation of the respiratory centre by the rising pCO,.
ii. Increased haemcglobin content of the blood due to the
haemoconcentration, This resulted in a maintensnce of ncrmal or above

normal partial pressures cof oxygen in the blocd despite 2 decrease in the

saturaticn of the haescglobin with oxygen.

6. In seme intoxicrmited animals there wac a severe acidosis with
normal or reduced pCO, levels indicating that there was a metabolic
acidosis present. In sowe animals, e.g. the animal in which exjperinental
enterotoxaemia had bheen induced, there was evidence that both respiratory

and metabolic acidoses were present.
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CHAPTER 17: HAREMATOLOGICAL ALTERATIONS ..ND CHANGES IN THE
LEVELS OF PLASMi PROTEINS IN LabBS FOLLOWING THE
ADMINISTRATION OR ABSORPTION OF CL.PERFRINGENS
TYPE D EPSILON TOXIN

Gordon and his co-workers (1940) have shown that Cl.

perfringens type D toxin produces a severe anhydrzemia (haemc-

concentration) in sheen. In the ccourse of their studies, the
alterations which ctccurred in a2 number of haematulegical parameters
were examined. They failed to show any marked change in clotting
time cor erythrocyte fraogility. This could be e:_.z2cted in an acute
intoxication where little time was available for the production of
erythrocytes or factors associated with the clotting mechanism to
be affected. Similarly, alteraticns in erythrocyte numbers wcould
generally be directly proportiovnal to changes in haemoglcbin level
and haematocrit (packed cell velume - P.C.V.) in an acute non-
hzemolytic intoxicaticn. Totzl erythrccyte counts were therefore

considered to be unlikely to yield useful inforwmaticn.

It was decided to limit the haematolegical measurements:zin
the present instunce to values for haemoglcbin, haematocrit and total
white cell caount. Calculaticn of the Mean Cell Haemoglobin
Concentration (MCHC) from the first two values was considered tc be
desirable to confirm that the alterations in haemcglobin level were
in fact asscciated with corresponding changes in packed cell vclume.
ilthough Gordun et 2l had demonstrated a slijsht leucopenia in their
post-incculation blood samples the main purpose of carrying out white
cell counts in the present instance was as an indicator of
possible intercurrent infecticn in the control and experimental

animals,

As the name implies, the anhydraemia cor haemoccncentration
which was enccuntered by previous workers was believed to represent
a loss of fluid from the circulation. For reasons which will be
discussed in Chapter 18 it was unlikely that marked alterations in
inorganic ions such as sodium, potassium or chloride would be

encountered under these circumstancese.
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Whether or nct changes in blood levels of colloidal
substancesy. such as pruteins, would occur wculd depend entirely
upon the underlying basis for the fluid loss. Under these
circumstances a study of the c.ncentraticns of the plasma protein
compcnents during the ccurse of intouxicaticn ccould provide useful
information on the pathogenesis of the fluid loss and haemo-
concentratione. is these substances dc¢ not appear to have been
studied by previous workers it was necessary t¢ examine the changes
in buth totzl prctein levels and the different protein fractions
in the present investigation and to relate tuese to the morpholegical

changes in capillaries.

Alterations In Haematological Parameters and Plasma

Protein Levels in Lambs Following the Parenteral

Administration of Epsilon Toxin

Material & Methods:

The animals used and the methcd cf sample collection have
been described in Chapter 15 along with the procedures used fcr
determining the haematological parameters, total protein levels in
plasma and the electrophoretic patterns of the plasma proteins,
is in the previcus chzapter the 'Initial' post inuculaticn blood
samples were those taken as soon as clinical signs cof intoxication
were evident and the 'Terminal' samples those taken just pricr to

the death of the animal.

Results:

There were no alterations in any cf thesc parameters,
referable tu the action ¢f the toxin, in post inoculation blood
samples taken prior to the cnset of clinical signs of intoxication.
In some of the animals which survived for scme time and were
therefore sampled on several occasions there was, prior to the onset
of signs of intoxication, a slight fall in the haematocrit and the

levels of haemoglobin due tc blood loss.

Following the unset of clinical signs of intoxicaticn there
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was evidence of a rapidly developing haemoconcentration in most
animals. Grossly the haemoconcentration was detectable as a
marked increase in the viscosity osf the wloocd as it was being
collected into the 'Vacutainers'and quantitatively it was
reflected in an increase in the haemcglobin level of the blcod
and also in the haematocrit value. The changes in these two
values were proportional, with the result that the mean cell
haemoglobin concentration calculatei from them remained almost

the same as thc preinoculation value.

The haemoconcentration was more severe in the animals
which were subsequently shown to have developed pulmonary oedema
and in scme of these animals the packed cell volume and
haemuglobin content of the 'Terminal' blcood sample werce more than
double the pre-inoculaticn value. By cuamnparison, the changes which
occurred in these parameters in lambs which 3id not show lung
oedema were fairly small. For example in two of the latter cases
no significant change in either haemoglobin content cr packed cell
volume was detected. The overall changes which occurred in these
parameters in venous blocd during intoxieaticn are shown in
Table 17+1 and illustrated with the mean haematocrit values in
Figure 17.1a. In 2ddition the inter-relationship between the
development of pulmonary oedema and the extent of the changes
which cccurred in the haematocrit are illustrated in Figure 17.1b.
The post incculatiun data on intcxicated lambs is presented in

appendix 13 .

Table 17.1:

Alterations in Haemcglobin, Haematocrit and Total Plasma

Protein in Intoxicated Lambs

Mean + 1 Std.Dev. Time of Sampling
Pre- Onset of Time of
inoculation n | Intoxication n | Death n
'Initial’ 'Terminal'’
Haemoglobin Gm% 10.4 + 0.9 26 1.3 + 1.4 15 5.2 + 0.8 24
Haematocrit % 34,6 + 2.5 26 37.6 + L.6 15 p1.4 +14.0 24
Total Protein 6.5 + 0.5 26 5.9 £0.,5 15]6.3 + 0.8 22

t test Haemoglobin Preinoc:Initial p=< .05 Preinoc:Terminal p =< .001
2174 o " =< ,05 " v p = < .00k
Protein L " p=<.001 a H p = not sig-

nificant

I}




There was a2n overall tendency for the total white cell count

to be elevated in the post inwculaticn samples.

The level of total plasma protein tended to be slightly
lower in most of the post-intoxicaticn blood samples. The change
was 0.5 3mk or less in most instances, and the mean fall was not
statistically significant. The changes which occurred in plasma
protein values in intoxiczted animals are als¢ il.iastrated in

Figures 17.1a where they are related to the changes in hacmatccrit.

alterations in Haematoulogical Parameters and Plasma

Protein Levels in Lambs with Experimental Enterotuxaemia.

Materials & Mecthods:

The prcduction of experimental entercvtoxaemia in lambs is
described in Chapter 6 i.e. the 'enteric-origin' tcxin group of
lambs., The method used for collection of blood samples, the

estimation of haemoglobin etc. have already been described.

Total white cell ccunts were nct carried out on these

animals.

Total plasma protein levels in the blcud samples were
estimated by the manual 'Biuret' method described in Wootton (1964).
The spectrophotometric measurements for this estimation were made at
540 nm with a Bausch & Lomb 'Spectrunic 20' spectrophotometer
(Bausch & Lomb Inc., Rochester Ill., U.S.n.). The standards
employed were a sample of 'Versatol' serum standard (Warner
Chilcott Morris,Plains N.J., U.5.4a.) containing 7.2Gm% total protein

A preparation of 100mg fraction V bovine serum albumin in 1ml

distilled water was also used.
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The Effect of the Parenteral idministration of Epsilon
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Results:

o significant changes occurred in any of these parameters
in any animal until the onset of clinical signs of intoxication
even though several hours elapsed between the start of the

intraducdenal infusioun of Cl.perfringens type D culture plus

carbohydrate, and the development of detectable intuxication.

Samples taken after clinical signs of intcxication were
evident showed an increase in heemoglobin content z2nd packed cell
vclume in three animals. However these parameters did not change
significantly from the preinocculsation level at o~y time in the
fourth animal (No. 78) although it exhibited 'typical' signs of

enterctcxaemia (see Chapter 7).

The changes in the levels of total protein were more
variable in these zanimals than in lambs rcceiving parenterally
administered tcxin. Total protein rose slightly following the
development of clinical signs of intcxicaticn in all instancese.
In twe animals this rise continued up te the time of death but in
the others the level returned tc normal cor fell belew the pre-

inocculation level terminally.

The progressive changes in these parameters from prior
to the commencement <f the introducdenal infusicn until the time
of death are illustrated in Figure 17.2 2nd the data is tabulated
in Appendix 14 . There were no consistent differences in the
protein patterns obtained by electrophoretic separation cf pre-or

post-inoculation plasma samples.

is mentioned in Chapter 15, there were considerably more
peaks in the patterns obtained from these animals than in the
patterns from the ycung lambs used for experiments in which toxin

was given by intravenous injection.
Discusszion
From these findings it appears that the alterations which

cccur in the haematological parameters during intoxication are
almest entirely due tu changes in fluid balance between the blood

stream and the extravascular fluid compartmentse is could be
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expected in an acute intoxicaticn in which intravascular

haemolysis is not a prominent feature the mean cell haemoglobin
concentration remainel relatively constant and did nct reveal

any evidence of blood destruction in animals which received
parenterally administered toxin thus ccnfirming the earlier in vitrc
experiments which showed that alpha toxin was not present in

appreciablc quantities in  batch CWD epsilon toxin (see Chapter 4).

The changes in the total white cell counts in intoxicated
animals were small and could Le explained on the basis of the
haemoccncentraticn, This suggests that the toxin may not elicit
an acute inflammatory response when administered intravenously.
Two items of interest in rcgard to the white cell counts which do
not emerge from the results given in this chapter are as follows:
Two animals wiich were remouved from the experiment on the basis of
suspected intercurrent infecticns had very high white cell counts
(38,000 and 63,000 white cells/mm3) and one of these animals was

subsequently shown to have a severe Sphaercphorus spp navel

infection. On the other hand two of the field cases of neurologic-
al disease unassociated with enterctoxaemia which were examined viz.
the case ¢f E.coli meningoencephalitis and the cervical spinal
abscess cases mentionel in Chapter 13 had white cell counts within
the normal range (6,950 and 5,500 white cells/mm3 respectively.

The second interesting feature¢ was the fact that the total white
cell count rcse for a pre-inoculation level of 5,800 cells/mm3 to

a figure c¢f 13,800 cells/mm> in S hours in the lamb which received
epsilon toxin by intraperitoneal administration. This was almost
certainly due to the extremely severe peritonitis which was induced

as a result of using this route of administraticn, (see Chapter 6).

The comparatively minor changes in haemoglobin and haem~ntocrit
values that occurred in the majority of the animals which did not
develop pulmcnary oedema after the parenteral administration of
toxin suggests that haemoccncentration may not always occur in
enterotoxaemia. This is als< supported by the fact that no marked
alteration to these parameters occurred in one of the animals which
received enteric crigin toxin (No. 78). It appears likely however

that the extent of the haemoconcentraticn is almost entirely
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dependent upcn the severity of the vascular endcthelial damage and,
while this could be expected to vary from animal to animal, it is
prcbable that in the majority of cases in which rapid death occurs
the damage would YLe sufficiently severe to pruduce haemoconcentrat-
ion. Animals No. 78 and 81 were the ones which survived the
longest following the onset of clinical signs of intoxication ani
it is interesting tc note that while the former animal 4id not

show any haemcconcentration it was present in the latter animal.

Zven in animals where pulmonary cvedema did not occur there
was usually some evidence c¢f haemocouncentration and this suggests
that fluid is lcst inte other tissues as well as the lungs. It
has already been shown in Chapter 9 that severe myocardial ocedema
occurs and nc doubt there are also other sites in which fluid is
lcst from the circulation. In this respect it was of considerakble
interest to find that there was a luss of protein from the
circulaticn along with the fluid and that in fact the fluid which
is extravasated must have a compcsition clousely resembling whole
plasma as not cnly did the level of total plasma protein teni tc
fall rather than rise but 2ll the protein cumponents appeared te
have been affected to the same e¢xtent. Thus the condition is not,
strictly speaking, an uncocmplicated anhydraemia. The outpcuring
of proteins into the extravascular fluid must inevitably have a
profound effect upon the collcid osmotic pressure of the extra-
vascular fluid and this wculd tend to accelerate the extravasation
of fluid and could contribute ts the haemccouncentration and

circulatory collapse.

These findings are not altogether surprising in view of the
vascular endothelial 3damage which has been shown to occur in a wide
variety of tissues in lambs and their occurrence could also have
been anticipated from the loss of horse radish peroxidase from the
circulation into the brain extracellular space in mice. It is
possible that they may help tc explain one of the rather anomalous
results in Chapter 8. It was shown in that chapter that, while
an increase in water content of brain tissue ovccurred in intoxicated
mice, a similar change could not be demonstrated in intoxicated

lambs., It appears possible that, since plasma contains
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approximately 6% protein, if a fluid of this type were being
extravasated into brain tissue which itself has a fairly high
water content (84% in grey matter of adult sheep - Spector, 1956 -
possibly higher in young animals - see Green 1966), then marked
changes in fluid balance could occur before they were detectable,

as 2 change in absolute water content of the tissue.

Some menticn must alss Le made of the difference in the
electrophoretic patterns of the plasma proteins in samples from the
2-3 week old lambs and in samples from 8 month old lambs. So far
the preinoculztion values fcr the haematological and biochemical
parameters of the 8 month ¢ld lambs which were used for the
experiments with enteric origin touxin have not been Jdiscussed
extensively because in many instances they Jdid not differ significant-
ly from those of the¢ 2-3 week 0ld lambs which have already been
describved. There were certain notable differences however and
these will be discussed as they arise. In particular there were
very marked differences in the electrophoretic patterns of the

plasma prceteins.

The electrophoretic pattern of the young lamb's plasma with its few
high globulin peaks prcbably reflects the considerable amcunt of
vwrotein which is absorbed from the dam's colostrum during the early
life of the lamb., o The pattern of permeability of the
intestine to the diffcerent types of protein molecule is known to
change rapidly during the first few days of life. In the rat, all
types of protein are abscrbed initially but there is @ progressive
selective reducticn in protein absorption with that of globulins
generally continuing for the longest time (Jordan & Morgan, 1968).
In the lamb the absorption of intact globulins does not appear to
continue for more than 48 hours after birth (McCarthy & McDougall,
1953; quoted by Cooper, 1967).

On the other hand, judzing by the persistence of passive
protection against certain diseases, which is conferred by colostrum
derivecd antitexins, the gamma «lobulins absorbed during the early life
of the animal can persist at appreciable levels in the plasma until

at least 12 weeks of age. From this time onwards the animals own
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electrophoretic pattern of proteins will begin to emerge more clearly

and will tend to increase in complexity with increasing maturity.

Finally, it appears that the loss of high molecular weight
substances from the blood stream will bec a major factor limiting the
usefulness of many of the existing methods for studying the pattern
of absorption of epsilon toxin from the intestine. It is obvious that
under conditions where the toxin or tracer substances, such as the
antibodies used by Bullen & Batty (1956, 1957) and the PVP used in the
present study, are not being retained in the circulation following
absorption from the intestine anomalous results are likely to be
obtained when assays are carried out on blood samples, It appears
probable therefore that the sudden fall in the levels of PVP in blood
samples taken from animal no. 81 (see Chapter 6) following the onset of
clinical signs of intoxication were due to loss of this tracer into

the extravascular fluids vig the damaged capillaries.

Conclusions
i o A severe haemoconcentraticn usually cccurs fcllowing the
onset of clinical signs cf intoxication after - parenteral epsilon

toxin administration and also after the experimental induction of

enterotoxaemia by the infusion of Cl.perfringens type D and

carbohydrate into the duodenum of lambs. This change is not
invariable and probably reflects the extvent of the vascular damage

which occurs,

2F The total plasma prutein falls in association with the
haemoconcentraticn indicating that protein is being lost from the
circulation and this may help to explain the lack of detectable increass

in water content of the brains of intoxicated lambs.

i The electrophoretic pattern of the plasma proteins cf
normal 2-3 week old lambs is different from that in normal 8 mcnth old

lambs.

4, There were no detectable changes in the electrophoretic
pattern cf the plasma proteins after the onset of intoxication

indicating that all protein fractions were being lest from the circulation.
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5. The total white cell count is not influenced by
intravencusly administered epsilon teoxin, but is elevated fellowing
the intraperitoneal’ administration of toxin due to the peritonitis

which occurs.

6. The Mean Cell Haemuglobin Concentration is unaffected
during epsilcen toxin intoxicaticn showing that the changes in the
haematocrit and haemcglobin content cf the blood are due to fluid

loss and haemoccncentration only.

e The loss of high molecular weight substances from the
blocdstream of intoxicated animcls explains the fa2l1ll in plasma levels of PVP
used in the present study to investigate the changis in intestinal

permeability, which occur during enterotoxaemia.
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CHi.PTER 18; THE EFFECT OF CL.PERFRINGENS TYFE D EPSILON TOXIN
ON THE CONCENTRATIONS OF SOME OF THE MAJOR IONIC
CONSTITUENTS OF THE PL.ASMi OF LAMBS

Although a variety of cations occur in plasma the ones
most commonly studied are sodium, potassium, calcium and magnesium.
The latter two ions are important in 2 wide variety of physiological
and biochemical processes and disturbances in their availability
within the body can lead to sericus diseasc and dezth. However,
the clinical signs cf enterctoxaemia doc not suggest any major
alterations of these ions. The findings of Kellaway et al (1940)
support this impression, and these ions were not investigated

further in the present instance.

Sodium and pctassium on the other hand are the major cations
involved in the acid-base ualances which maintain the hydrcgen ion
concentration of the blcod within physiolcgical limits as well as
being involved in a variety of other physico-chemical processes.
They will be 2ffected when there are major changes in acid-base
balance or in disturbances of fluid equilibrium. Different
concentrations ¢f these ions occur in the intra-and extracellular
fluid and the gradient is maintained by energy dependent processes.
If any cf the factors invclved in maintaining these ionic gradients
across cell membranes were affected by epsilon toxin this might be

reflected as altered concentrativns of the ions in plasma.

islong with the bicarbonate ion, chloride and phosphate form
the major inorganic anions in blocd and it was alsc necessary to
examine the levels of these ions to enable a comprehensive picture
to be obtained of any changes which occurred in the ionic status of
lambs during the eourse of epsilon toxin intoxicatione. It was
considered that this would provide information on both renal

function and the cell membrane integrity of intoxicated animals.

although phosghate ions do form part of the buffer base
complex of blood, their role in this respect is minor compared to
their function in bone and energy metabolism. For utilisation of
glucose to occur in the animal body the furmation of phcphorylated

intermediate compounds is essential and, in a situation where
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hyperglycaemia occurred as a result of an interference with
oxidative phosphorylaticn of glucose or its intermediates, there
might also be an increase in circulzating levels of inorganic
pthosphate. On the other hand, any changes in the level of
phosphate icon in bloocd Jdue to interference with the produeotion
of organic phosphate esters could be masked by changes in the

equilibrium which exists with the phosphate in bone mineral.

The Effect of the Parenteral sdministraticn of Epsilon

Tcxin on the Ccncentraticn of Scodium, Potassium, Chloride

and Phousphate Ions in the Blood cf Lambs.

Materials & Methcds:

The bloud samples used for this study were venous samples
collected at the same time as the heparinised samples described in
Chapters 16 & 19 and in the same way as the preinoculation and

control blood samples described in Chapter 15,

Results:

There were no consistent changes in the levels of Na+, K"
or Cl  which could be attributed to the action of epsilon toxin.
Animals which had received prolonged intravenous infusicns of
toxin in szline and which had therefore received large quantities
of sodium and chlcride ions showed slight elevations of the
cchcentratiun of these ions in serum but even these changes were
not large in relation to the ncrmal serum values,considering the
amount of these ions which had been administered. The change in
serum level was always less than 5% of the preinoculation level
even in animals which had received approximately 400Omeq of Na® anc
300 meq of Cl ™.

No consistent change in the level of inorganic phosphate
was detectable in the blood of these lambs prior to or after the

onset of clinical signs of intoxication.

The results obtained from the postintoxication ionic analyses
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are tabulated in appendix 13 and summarised in Table 18.1,

Table 18.1

The Effect of Epsilon Toxin on the Icnic Constituents

in Blood of Lambs.

Time of Samgpling

Mean + fistd.dev. |n Pre-inoculatioun|n Onset of n Time of Death
Intexication

Sodium (meq/1) 25 152.6 + 3.0 |12 154.4 4+ 4,7 [9151.3 + 5.0

Potassium (meq/1)|25  5.16 + 0.35 |13 5.61 + 1.29|9 5.81 + 1.05

Chloride (meq/1) |25 111.6 + 4.5 |13 116.2 -+ 4,9 |9 113.2 + 6.5

Phosphate (mg#)* |26 3.50 + 1.82 [15  3.17 + 1.09|25 4.41 + 1.61

*

t test Phosphate Preinoc:Terminal

p between .1

and ,09

The Lffect of Experimcntal Cl.Perfringens Type D

Interctoxaemia on the Blood Levels of Sodium, Fotassium,

Chloride and Phcesphate Ions in Lambs

Materials & Methods:

The blooud samples were cotained from the animals which

rée=zived enteric origin tcxin described in Chapter 6, and the

automated methods Zescribed in Chapter 15 were used to determine

the levels of sodium, potassium and chloride in these samples.

Chloride was estimated on samples frcm twc animals No's. 77 and 78,

only.

Up to this point all the methouds employed for sample

processing have been the same for the animals which had received

parenterally administered toxin and for those which received toxin

of enteric origin.,. However, the latter group of animals were

examined on an individual basis over an extended period of time.

In view of the lability of some blood compcnents and the previously

encountered difficulties with deprcteinisation

in 'Vacutainers'
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it was decided that samples which required deproteinisaticn or
contained labile components from the present animals could
preferably we dealt with by normal methods of deproteinisation and

estimated by manual procedures as scon as possible after collection.

At the same time it was desirable to utilise basically
similar methods in both the autumated and the manual procedures and
it will Ue seen in this and subseguent chapters that, where manual
methods were employed on sazmples from animals receiving enteric
origin toxin, they were similar to the automated methcd employed for
the samples from animals which received parenterally administered
toxin. Thus in the present instance inor :=anic phosphate was
estimated by the ncid-Mclybdate method ( Gomori (1942) modification
of the Fiske & Subarrcw method described in Varley (1962).)
Spectrcphotumetric measurements were made at 660nm in a2 Buwsch vLowmb Spectronic 20

ani the phosphate standards contained 4mg/100ml expressed as

phosyhorus.
Results:

iisain in these animals the levels of sodium, potassium and
chloride did not show any cconsistent alteraticns during the course
of intoxicaticn, Incrganic phosphate was markedly elevated in
blood samples taken from these animals late in the course of
intuxication, The elevaticn only uccurred in samples taken less
than half an hour befure death, even in animals where there werc
clinical signs of intoxication for an hour or more prior to death.
The values for these blood constituents in the present animals are
tabulated in Appendix 14 =2nd the pattern of change in the blood
inorganic phosphate levels of these animals during intoxicaticn is

illustrated in Figure 18.1.
Discussion
The largely negative results which were obtained in these

investigations into the effect of epsilon toxin intoxication upon

the concentrations of scme of the important inorganic ions in plasm-
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were not altogether unexpected. These icns tend to Jdiffuse
freely to and from the blood stream so that an equilibrium exists
between the concentraticn of these ions in the plasma and their
concentraticn in extracellular tissuc fluid. Thus in a disease
where the primary lesion appears tc be severe vascular endothelial
damage, which does nct really affect this equilibrium, there is
unlikely to be any marked change in the levels of these ions in

plasmas

- Nevertheless the fact that such changes did not occur Jduves
rrovide scme information which is of value in increasing our under-
standing of the action of epsilon toxin on tissue function. The
maintenance of 'normal' concentrations of thcse itons in plasma is
largely dependent upon the excretcry efficiency of the kidney and
the fact that the presence «f relatively constant levels of these
ions in the plasma of intoxicated animals, even when they had
received considerable quantities of intravencusly administered
sodium and chloride ions, suggests th2t the kidneys ability to
excrete these ions was nct impaired by the =zction cf epsilon tcoxin.
Thus, although other workers have shown that this toxin causes a
reduction in renal blood flow and have suggzested that the glycosuri=z
of enterotuxaemia may be assuciated with functional disturbances in
the renal proximal tubules, it does not appear that other ener:gy-
dependent renal functions such as the 'Sodium pump' are markedly

affected by epsilon toxin.

Since the maintenance of high concentrations of potassium
within cells relative tou the concentration cf this ion in the
extracellular fluid is alsu an energy dependent proccess and in
addition requires intact plasma membranes it appears that in the
absence of cunsistent alterations in plasmz potassium concentrations
in intcxicated animals, epsilon toxin has little direct effect ugpon
the enerzy metabolism of cells cr upun their plasma membranes.

This provides some in vivo confirmation ¢f the in vitro studies <n

tissue function described in Chapter 1k4.

ilthough thecre was a terminal rise in blood incrganic

phosiphate levels in the animals which received enteric origin toxin,
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this did not appear to be =zssociated in any way with the
hypergzlycaemia and probably reflects the mobilisation of phcsphate
to counter the metabolic acidusis. It is thus not the result of
any uncoupling of oxidative phosphorylation. Due tc the short
clinical course ¢f intoxication in the animals which received
parenterally administered toxin any change in plasma inorganic
rhosphate levels would be small and would have been masked by the
variability introduced by the deproteinisation procedures used

prior to the automated analyses (see Chapter 15)

The fact tliat the other icons were unaffected in a situation
where there was a moderate tc severe metabolic ~cidosis indicates
that the majcr ionic shifts which produced the Zall in gH were
between bicarbcnate and lactate and that there was insufficient
time for compensatory mechanisms tc exert an effect. The metabolic

acidosis is therefore largely uncompensated.

The changes which occur in the pattern of excretion of the

inorganic ions in urine will be described and discussed in

Chapter 21.

Conclusions

1. No consistent changzes in the plasma levels of sodium,
puotassium or chloride occurred during the course of intoxication
followingz the parenteral administration of epsilon toxin cr the
experimental induction of enterctoxaemia. The severe vascular
damage therefcre dves not affect the equilibrium which exists

between these ions in the blocdstream and the extracellular fluids.

2. The administraticn of considerable amounts of sodium
and chloride icns to these animals did nc¢t markedly affect the
plasma concentrations of these ions. This implies that renal
ccntrol of the homeostasis c¢f these ions is unaffected by epsilon
toxin, However, there is no evidence of compensatory sodium
retention to balance the acidosis produced by rising pCOp and

lactate concentrations in the bloode.
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3. Levels of plasma inorganic phosphate rose late in the
cuurse of experimentally induced enterotoxaemia. The change in
the concentration of this icn was unassociated with the development
of hyperglycaemies and was probably a result of the acidcesis, rather
than an indication of interference with rlycolysis by the action of

the toxin.

b4, The lack of change in plasma jotassium concentrations
during intoaxication suggests that there is little or no loss of
intracellular potassium. This indicates that there is nc damage
to plasma membranes or their energy-requiring icn transport
mechanisms and stronsly suggests that the overall cellular energy

metabolism is ncrmal.
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Chapter 19: THE PATTIERN OF CHANGES IN THE IFVELS OF BLOOD GTUCOST,
PYRUVATE, LACTATE, ALPHAKETOGLUT/RATE AND KETONEZ BODIES
FOLLOWING THE ADMINISTRATION OR_ABSORPTION N7
CL. PERWRINGENS TYPE D EPSIINY TOXIN IN L/}BS.

Undoubtedly the most widely known of the biochemiczl changes asso-
ciated with epsilon toxin intoxication and enterctoxaemia are the hyper-
glycaemia and glycosuria which occur. The pattern of change in glucose
in blood and urine have L.en studied by a number of investigators but the
hyperglycacmia does nct appear to have been studied with the aim of eluci-
dating its pathcgenesis, It hos becn suggested t7 Jubb & Kemnedy (1963)

that it may be associated with a mobilisation of hepatic glycogun reserves.

In the absence of infcrmsticn on possible changes in the plasma
levels of some of the compounds which result from the metabolism of giuco-:,
2.8 loctate and pyruvatc it is difficult to ascertain the possible basis
of the hyperglycacmia which occurs in enterotoxacmia. Lactate valucs
provide informatien upon whether glucose is being nmssed thrcugh the zly-
colytic steps of the Emden Mceyerhoff pathway as fer as pyruvate. When
considered in association with pyruvate,lactate also provides informati-a
on the oxidative capacity of the tissues since the pyruvate:lactate ratic
reflects thiz cxtramitochondrial rodox potentisl (5iid:DPi retio) of the
ccll, This in turn is influenced by factors such os respiratory and cir-

culatory function.

It has already been stz*ed that for technical reasons it was not
possible to obtain useful informetion on blcood pyruvatc levels in lambs
which reccived parenterally administered epsilon toxin and in the present
chapter this metabolite will be studied in animals where c¢nteric origin
toxin was used to produce intozicaticn. In thes:c animals pyruvate can be

studied in relation to both lactate and glucose.

Pyruvate occupies a key position in energy metabolism and there is
an increasing awareness of the usefulness of cestimating this compound in e
number of clinical ccnditions where there is an interference with energy
metabolisme Some of the conditions in which there is an increased produ-

ction or decreased utilisation of pyruvate will be dealt with more fully
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in the discussion section of this chapter.

Changes in the blood values for some of the other compounds involved
in glucose metabolism have not been as widely studied as pyruvate and lac-
tate 1in disease conditions, but it was considered that useful information
might be obtained if one of the intermediate compounds which occurs late
in the oxidative metabolic pathways could he estimated. This would pro-
vide information about the functional integrity of the Tricarboxylic cycle.
One such substance, which can be conveniently estimated in blood is alpha-
keto glutaric acid and it was decided to determine it in samples from

some of the present animals.

Because some conditions in which hyperglycacmia and neurological
disturbances cccur e.g. diabetes mellitus,are also associated with marked
ketonaemia it was desirable to examine blond samples from intoxicated
animals for the presence of ketone bodies. This, in association with
the temporal relationship between the hyperglycacmia and the onset of
clirical signs c¢f intoxication, would provide information on both the basis
of the neurological signs of intoxication and also upcn the possible
relationship between hormones, such as insulin, and the hyperglycaemiz of
enterotoxaemia, There dc not appear to have becn any studies on the
influence of either insulin or nutritiocnal status on the changes in blood
glucose levels induced by epsilon toxin but a ccnsideration of these fac-
tors can be conveniently left until Chapter 20, Similarly the alterations
in 11 urinary constituents including glucosc can best be studied together

and this has been dceferred until Chaptcr 21,

Alteraticns in the Levels of Glucose and
Lactate ir the Blcod of Lambs Following the

Intravenous Administration of Epsilon Toxin

Materials & Mcthods:

The animals employed in these experiments have been described in
Chapter 6. The methcds used for the ccllection of blood samples and the
automated estimation of glucose and lactate have been described and dis-

cussed in Chapter 15,
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Results:

No significant alteraticns in the blocd levels of either glucose or
lactate occurrcd in the arimals which survived the administration of
epsilon toxin, nor were there any significant changes in these components
in the interval bctween the administration of toxin and the onsct of clini-

cal signs of intoxication in the animals which succumbed.

Following the cnset of clinicel signs of intoxication therc was a
rapid rise in the concentratinn of gluccese in blocd samples taken from
these animale. In some instances the level of glucose in the blocd morc
than doubled in the interval between the administration of toxin and the

death of the animsl.

Similarly the levels of lactatc in the blood rose sharply after the
onset of clinical signs of intoxication and up te four fcld increases in

lactate content were found in some of the !'Terminal'blcood samples .

The changes which occurred irn mean valucs for glucose and lactate
levels in arterial and vend>us blood sumples frem these animals during the
course of intoxication are shewn in Table 19.1 where they are compared
with the preincculation values. The pattern of the changes which occurred
in these constituents are alsc illustrated by the histograms in Fi:are 19.1a,

The basic data is presented in Appendies 12 & 13.

Table 19.1: The Effect of Intravencusly Administered Epsilcon Toxin

on the Level of Blond Glucose and Lactate in Lambs.

Means = 1std. dev. Time of Sampling
Pre- ... | Onset of
inoculation nm= Intoxication n= | Time of Death n=
Vencus 82.0 = 22,3 26 | 127.3 £ 37.0 15 |175.6 ¥ 66.9 22
Glucose ;. terial | 90.5 £ 21.3 25 | 143.0 £ 68.0 8 |181.3 % 65.7 14
Venous 64.4 = 32,8 23| 10%.9 £ 61,0 15 |173.1 L 68.4 25
lactate | perial | 62.2 % 27.7 25| 78.4 % 54,0 7 |168.5 % 53,3 14
Tests: Venous glucose preinoc:Initial - p = < .053

preinoc:Terminel - p = ¢ .001
Venous lactate preinoc:initial - p = <.05; preinoc:Terminal - p = ¢.001
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Alterations in the Blood Levels of Glucosc, Lactate,

Pyruvate, Alvhaketoglutarate and Ketone Bodies During

Experimental Cl., Perfringens Type D Enterotoxaenia

Materizls & lMethods:

Blcocod samples were colliected from the animals which received 'ente-
ric-crigin' toxin as described in Chapter 6. It should be noted that
lamb No. 85 received 40 units Insulin B.P. I/V 15 minutes before death.
This will be referrced to agnin in Chapter 20. Manual methods were used
for the cvaluation of these censtituents in the present series of semples
and gpectrophctonetric measurements were made at the appropriate veve-

length with a Bzusch & Lomb !'Speetroenic 20! spectrophotoncter.

The follewing zre descriptions of the methods used. Where appro-
priate they are manusl versions of the automoted proceduarcs used for the

samples frosm a2nimals which rececived parenterally administered toxin.

Cluccses

Glucose was estimated by the glucose oxidase-peroxidase-dianisidine
method using the reagents and procedure of the Sigma kitset no. 510A and
the associated Technical bulletin 510 (Sigma Chemical Co. St. Louis, U.S.A.)
Underproteinised plasma which had been separated from the blood sample by
centrifugation, as soon as the samples were taken from the animal, was

used. Plasma samples were stored in iced water prior to analysis.

Pyruvate:

Imnediately after collection 5.0 ml of blood was added to 5.0 ml of
ice cold 7% perchloric acid solution. After thorough mixing and standing
for 10 minutes the supernatant was removed by centrifugation and neutrali-
sed with 5 N.KOH in the cold using 0.05% Methyl Orange as indiceztor. The
supernatant was removed from the crystalline perchlorate deposit and
pyruvate was determined using the reagents and method described in Henry
(1966). This is a Lactic dehydrogenase/DPNH oxidation technique. Fresh
standards containing 5 mg% of pyruvate were prepared from sodium pyruvete.
These standards were treated in the same way as the samples prior to

analysis. Spectrophotometric measurements were made at 340Omu.

Lactate:

As soon as vossible after separation, 0.1l ml of plasma was added to
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0.7 ml of ice cold 7% perchloric acid solution. The supernatants vere
removed and neutralised as described for pyruvate. The estimation of L+
lactate was carried out with the reagent and methods described in Bergmeyer
(1962). This is a lactic dehydrozenase/DPN reduction procedure with
hydrazgine trapping of the formed pyruvate, lactate standards (100mgh)
were prepared from sodiuwin dl iactate as described in Bergmeyer (p 271)

and treated in the same vay as the plasma samples prior to enalysis.

Spectrophotometric measurements were made at 340mu,

Alpha ketoglutarates

Aliquots of the supernatants, which had been prepared for the pyru-
vate analyses from the blood sampies of two animals, were used tc measure
the alpha ketoglutarate content of these samples. Jhe methed employed
was that described in Rergmeyer (1963), with the exception that, after
measuring the initial optical density and adding the enzyme solution, the
reaction mixture was incubated at 3700 for 10 minutes, cocled in. iced
water and the change in optical density of the solutions at 340mu compared
with that produced by a standard sclution (containing G.lmg%) of 2lpha-
ketoglutaric acid which had teen trested in the same way as the samvles
prior to the actual analysis. According to Henry (1966) this approach to
enzymatic zhalyses is more reliable for routine use than methods which

involve <following changes in optical density with time

'Ketone Bodies'

Quelitative Rothera's tests were carried out by placing a drop of
each plasms sample on povidercd nitroprusside reagent (Sodium nitroprus-
side 1lg; Ammonium sulphate 20g; anhydrous sodium carbonate 20g) on a spot-
ting tile and cbserving the colour change after 30 seconds, Quantitative
analyses were carried out using the alkaline vanililin method cdescribed by
Henry (1966).

Results:

There were no consistent alterations in the levels of any of these
blood components from the preinoculation values until clinical signs of
intoxication were evident. At that time there was a marked elevation in
the levels of glucose, pyruvate and lactate in all 2animals. The animal
which failad tc develop clinical signs of intoxication did not show any

consistent change in blood levels of these components. Glucose rose from
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preinoculetion levels of 70-100mg% to terminal values of 270-550mg%, while
lactate rose from less than 20mgs’ to values over 100mg% in intoxicated
animals, The increase in pyruvate followed a similar pattern, rising from
approximately 1mg% in preinoculation samples to over 2me%h in the three
animals in which it wes estimated. There was no merked differcnce betweern
the times at which the levels of eachk of these components began to rise in
any individuzl animal clthough there was a siight tendency for the rise in
glucose and lactate to precede that of pyruvate in two animals. Ho sig-
nificant aiteration: in the levels of these comwonents occurrced in blood

samples taken from the animal which survived (¥o. 79).

The rcsults of the estimstions of these substances are shown in

hale

Appendix 14 and the patterns ovbtained from these animels are illustrated

in Figure 19.2. In addition a histogrem, Figure 19.1b, has been prepared,
of the changes in mean blood glucose and lactate levels which occurred, fcr
comparison with the one for the animals which received parenterally admini-

stered toxin (Figure 19.1&).

Alphaketoglutarate normally occurs at very 1ow conccéntrations in
blood but in the two animals in which it wes estimated there was a detec-
tzhle rise in the level of this metatolite ir blood samples taksn late in
the course of intoxication. In conc enimel (no. 78), the level in plasma,
tawen before the onset of clinical signs oflintoxication developed, fluc-
tuated betwesn 0.05 and 0.09mg%. The first detectable rise in alphakcto-
gluterate iras to & value of G.ldmp% and this occurred at zbout the same
time os the first detectable risc in blood pyruvate. The concentrations
of alphaketoglutarate in the terminal blood samples of this animal was
O.17mg%. In the other animal (no. 81), the pre-intoxication values for
alphakectoglutarate fluctusted betwecn C.09 and 0.18meg% and rose terminally
to 0.27ms%. The analytical results for alphakctoglutarate are also
tabulated in Appendix 14 , along with thosz of glucose, pyruvate and

lactete.

The results of the gqualitative Rothera's tests for ketone bodies,
carried out on plasma samples from these animsls, were all negative with
the exception of the tests carried out cn the iast three samples taken

before death in =nimal no. 78 and the terminal sample from animal no. 8l.
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In the letter samplcs there was a slight positive resction which was
readily distinguishable from the negative results of cther samples on the
same spotting tile. The lower linit of scnsitivity of this test is gen-
¢crally taken to be 10mgf» for acctonc. However, when quantitative esti-
mations of kitone bodics were carricd out using the alkaline veniilin
method the valucs for ketone bodics in all samples lay between O and 2.2mg§@

expressed as acctone.

Glucose and Lactzte Valuceg in Post Mortcm Blood

Samples from a Ficld Case of Enterotoxacmia

lMaterials & Yicthods:

The lamb from which samplcs were obtaincd wee the ncutc casc of
¢nterotoxeenia described in Chapter 13. Blocd vas collected from the
heart during nccrcpsy, and estimations of glucose and lactate were made
by the automatcd procedurcs employed for the samples from lambs which

received parenterally administered toxin,

Resultss

4

Blood glucose was €00mgis and lactzte 820mele.

Discus:ion

The fact that en elevation in blood glucecze occurs during epsilon
toxin intoxication and in expcerimertal cnterotoxscuic hias been well docu-
mented bty other vworiiers and the time seguence of the change in blood suger
level in relaticn to the oncet of clinical signs of intoxication havc boen
described by Bullen & Scarisbrick (1997). In the present experiments
vith animels recciving parenterally asdministercd or enteric origin toxin
it was found that, 1n all instanccs, there was ciinical evidence of iantoxi-
cation before blood glucose levels were markedly elevated although Bulicn
& Scerisbrick appcar to have found some elevation in blood sugar before
obvious clinicel intoxication occurred. The results of the present experi-
ments suggest that the clinical signs are not the direct result of the
clevated blocd sugar levels or of cencomaitant changes in blood pyruvate,
lactete or pH. However, in view of the lack of change i thesce metabo-
lites in animals which survived experimental epsiion toxin intoxication

and enterotoxaemia, it appears that the alterations are intimately



associated with the development of intoxicaticn.

Although iavestigations of this type provide information or the
tine sequence and cxtent of the changes in blood glucose they do not, of
themselves, provide any clue to the possible pathogenesis of the hypergly-
cacmia, it is only by studying related features, such as changes in
intermediate products and the ofizct of other fectors on the blood
regponse to toxin, that an insight can be gained into whether the hyper-
glycaemia i.: the result of incrcescd mobilisation of glucose or sonc

interfercnce with its storage or metabolisim.

Before lesving the discuscion of bplood glucose itsslf some mention
must be made of the pre-inoculation levels of gluer-e in the animals which
received enteric-origin toxin. Althcugh these animals were 8 months old
and had bcon weaned and at pasturc for sceveral months it can be swen that
their blood sugar levels were similar to those of the 2-3 weck old lambs
and were thus corsiderably higher than the published values for ~dult
shcep. The most likely explanation tfor this finding is that, beccause of
severc drought conditions at the time, these animals had been in very pocr
condition and werc thorzforc housed tor several weeiis prior to use.

Buring this period they were fod on & ration high in concentrates and

®

their tocdy condition wes improving merkedly., Under these circumstances

higher than normal blood glucose lcvel could have becn exrected.

In regard to the nutritional rogzime of thege sminals it is vorth-
while emphasising thc importance of using an =nelytical procedure which is
specific for L+ lactic acid when cerrying out niztabelic studies on rumi-
nents. Under circumstances such as those mentioned abvove, where animals
were on a high nlane of nutrition with ample carbohydrate in the diet,
blood levels of total lactate were liable to be markedly influenced by D-
lactate which had been absorbed following microbial breakdown of the dic-

tary carbohydrate in the rumen (Hcdway ct al., 1969).

Interpretaticn of the results of biochemical estimations, carried
out on vost-mortem blood samples, is difficult as very rapid changes can
occur in levels of labile components aftcr death occurs. Thus, the

extremcly high levels of lactate in the bloed from the field case of
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Lnterotax wemia nre almost certainly largely due to post mortcm glycolytic
activity of erythrocytes. It is probabtle, however, that the clevated

blood giucosce level in this animal results from antemortem changes since
true glucose tends to be lost, rather than gaincd, frow the blilood aftex

dcath.

It was of considerable interceot; although not unexiected, to find
that iavels of scme of the intermediate products of glucose metabolisn
becane elevated in sssociation with the development of hyperglycacmia.

The fact that they arce elevated however rules cut any possibility that th.
hyverglycacmia might Lz due to a disturbance of tihwe Emdem Meyerhoff path-

vay of glycolysis.

It is worthwhilc considering some of the possible factors which can
influence the lcvels of thess metabolites in the bloed =f animels and men.
In most cliniczl sitvations, particularly in ruarinants, eélevations in blood
pyruvste have tended to be considercd to result from conditions where thore
is en interfercrncc with the conversion oi' pyruvete to zcetyl coenzyme A.
This has been shewn to occur in starvation, malabsorption syndrores and

epatic damage in a2 number of species (Meduay ¢t al., 1969). In addition

there =3¢ conditions where there is believed to b an interference with
thiamin availability or utilisation and thus of coenzyme function c.g.
pclioencephelomalacia of calves (Pill, 19467); or defective lipoic acid
metabelism as in Subeecute Neerotising Encephalonyelopathy of man (Clayton
et al., 1967; Pena et al., 1470). Elevaticns of pyruvate occur in all
of these conditions and it is interesting to netc the similarity of the
distribution of lesions in the latter disease to the distribution of the

lesions in Focal Syrmetrical Encephzlomalacia of shcep.

However, it must be reeliscd that elevation of blood pyruvate can
alsn occur duc to the increased formation of pyruvate since the oxidative
nortion of the pathways of glucose metabclism tcnd to bve the limiting
factor in normal animels. Thus there is an elevation in the level of
bloocd pyruvate after feeding or exercise (Medway et. al., 1969) and under
conditions of excess pyruvete formation it is rapidly converted to lactate
vprior to oxidative decarboxylation. The intravenous adniinistration of

glucose causces a rapid rise in blocd pyruvate and it can therefore be secn
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that, in a cecnditicn like enterotoxaemie where blood sugar is clevated,
pyruvate would also be correspondingly clevated and that this does not
necessarily indicate any reduction in thiz znimal's ability to utilise this

compound.

The same holds true for lectats since, as seen above, this compound
will autcnatically increasc in ~sscciation with increased levels of glucose
in the circulation, Hewever, depending upon the redox state cf the cell,
the ratio betweon these two substances will change. In the resting state
the pyruvatcesiactete ratio is usually 1:4 or 1:5 and this may be increased
to 1:20 after scvire ex orcise, when DPNH oxidation is the limiting factor,

Apart from these largely physiclogical cespa. ses in the levels of
lactate, blood levels of this substance will be greatly incrcased if there
is any interfercnce with normal cxidative grocesses as would occur in
pncumoria or cardisc failure, Thus it can be scen that the high levels
of lactate in the prosent enimals may have been due tc a number of diffe-
rert faoctors ecting in combination. On the cne hend there wculd have
been an increase in lactate and pyruvate formetion due to the nigh lcvels
of blood glucose end on the other there wes the scvere pulmonsry oedema in
some aninmels affecting respivatory function, plus hacmoconcentraticn,
myccardial ocdema and vascular damage, reducing circulatery efficiency.
The ond result of this combination of factors wes a very high pyruvate:
lactate ratic in intoxiczted animals, which, in one of the animals which
received enteric-origin toxin, rose to 1:80, In adéition, the high
levels of lactate in the blcod led to the scvere nctazbolic acidosis with
the fell in plasma bicarbonate concentration and low blood pH values

descrived in Chapter 16.

Althougli less is known about the clinical significance of elevated
levels of alphaketoglutarate this is also almost certainly associated with
an overall increase in the metabolism of glucose and reflects the limiting
nature of some of the later steps in the oxidative pathways. However, the
fact that some elevation of this metabolite occurred suggests that there
was little interference with thce Tricarboxylic Acid Cycle. Ffurther,
since the elevation in alpheaketoglutarate level was not excessive, it

appears to be unlikely that there was any interference with the terminal
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electron transport chain of enzymes.

The different findings in the qualitative and gquantitative tests

for ketoneshodies are of interest since it 2ppears thet the most likely
explanation for this diffcerence is releted te factors which have already

beoen discussed in this chapteor. Since the Rothera's test is gencrally
regarded as ~nly being capobic of detecting levels of ketone todiis of
IOmg%;or more in blocd or other tissue fluids it might have been exwvccted
that the more sensitive slkaline vanillin test would react in all sanples
which yiclded & pesitive result tc the Rothera's test but this was not the
case in the present instarnce. Bowever, the alkaline vamillin test is =
very specific test and will only detect acetone and acetonacetic acid,
wnile the Rothera's test does show falsc positive reactions when high
levels of keto acids such as pyruvate are present in the szmple (Medway

et 2l1., 1969). The colcur produced in the latter instance is stated to
be royal tlue rather then the purple which ig produced with the ketone
bodics. Because the rcactions in the positive samples in the present
instance were siight it was difficult to determine whether the colcur
produced was in fact blue or purple but the impression was that the colour
tended to be moxe bluc than usual. Thus it oppears that the positive
results obteincd with the Rothera's test was probably duc to the presence
of higher than normal levels of pyruvate in the ssmples end the fact that
this was a false positive recaction ie berne out by the negative findings

with the alkaline vanillin test.

Cenclusions
1. L severe hyperglycecmia occurs following the intravenous adminis-

tration of Cl. perfringens type D epsilon toxin and in experimental and

field cases of enterotoxacmia.

2. The bicod glucose level does not change until at or about the tire
thot cliniczl signs of intexication are evident, and the change does not

vceur following the administration of non-lethal amounts of toxin.

5 Associated with the hyperglycaemia, there is a concommitant rise in
the concentrations of lactatc, pyruvate and alphaketoglutarate in biocod

and a rise in the pyruvateslactate ratio.
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4. The changes in the latter group of compenents appear to be cdue to
an incressce in their formaticn in association with the increased level of
circulating glucose. There is ne evidence to suggest that they result

from en interference with the catabolic metabolism of glucose.

5 The elevated levels of circulating lactatc are responsible, in part,

for the fall in bhlood pi and the displacement of plasma bicarbonate which

i

occurs during intexication. That is, a mctabolic =zcidosis exists in

6. The use 2f an anelytical ncth. d which is specific for L+ lactate is
inportant when studying acidoses which mey be of metabolic origin in rumi-
nants, since large quantities <of D- lactate miy be sbsorbed from *the rmuien

wher aninmals arc on 2 high carbohydrate dict.

ifla Therc is no c¢vidence of ketesis in experimentnl enterctoxsenia
although false positive results may be obtcined from the Rothera's (nitro-

prusside) gualitative test for ketene bocics, due to the high levels of

keto~-acids in the plasmz of intoxicated aninzls.
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Chapter 20: THE INFIUENCE OF INSULIN AND STARVATIOIN
ULON THE NYFERGLYCARNTA INDUCED BY
CL. YERFRINGENS TYPE D EPSILON TCXII.

Jubb & Kennedy (1963) state that there ig some cxyrerimental ovidencs

to suggest that the hyperglycaemis which occurs in Cl. perfringens type D

enterotoxaemia may be the result of incrcased glycogenolysis in the liver.
If this is ir fact the case then the blood sugar response during the coursc
of this intoxicstion should be profoundly influenced hy the extent of the
hepstic glycogin reserves, and thus the short term nutrﬁénal ctatus of the

animal.

In the field, enterotoxacmia ternds to occur most frequently in
anim2ls which are in good nutrﬂbnu‘ condition, Jndcr these circumstanccs
hyperzlycacmia could be cynected to occur re;ulsrly ir the pathogenesis sof
this changc is basically a mobilisation of hepatic glyzogen. On the other
hand, if the hyperglycacmie results, either wholly, or in part, from either
a failure of the intoxicated animel to wtilisce glucose or an interfercnce
with one cr more of the endocrine factors important in glucosc honeostasi
then the rutrl’onn1 status of the¢ animal would have little or no influence
on the blood glucose changes following the administration of cpsilon toxin.
It was therefore important to determine whether depletion of the hepatic
glycogen stcres by starvation or other means, prior to the administration

of toxin,would alter the¢ animall's response to the toxiu.

One of the important factors in maintaining relatively constant
leveles of glucose in the blood is the hormone insulin, produced by the
beta cells of the pancreatic Islcts of Langerhans. Insulin influences
carbohydrate metabolism in a number of different ways. Perhaps th: most
important of these, in the chort term, is the hormone's role in altering
the permeability of the plasma membranes of skeletal muscle and adipose
tissue cells to glucose thus allowing it to enter the cells where it is
rapidly converted to glycogen or triglyceride. In conditions where there
is a deficiency of insulin or an interference with its action, glucose
tends to accumuiate in the circulation and hyperglycaemia occurs. On
the other hand, increased levels of insulin cnhance the transfer of glu-

cose into cells and this results in a severe hypoglycaemia which is
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conpensated for to some extent by a mebilisation of the hepatic glyccgen
reserves vnder the influence of glucagon. This latter hormone is produced
by the alpha c21ls of the pancreatic Islets of Langerhans and released in
response to low blood glucose levels, It is therefore possible to use
insuliin to enhance indirectly the c¢ffcect of starvation in depleting
nepatic glycegen rescrves in an acute experiment. The rapid depletion of
hepatic glycogen produced by a combinzticn of starvation and insulin ad-
ministration also tends to assist in overcoeming side effects which could
be produced by prolonged starvation alone. Since insulin is rapidly
broken down in the animal body it does uo% persist for more than a few
hours, unless*adjuvants”are uscd, and its administration will therefore

not interfere with subscquent cxperiments.

By studying the ability of insulin to influence the hyperglycacmia
nrocduced by the zdministration of epsilon texin to unsterved aninmels it
should also be possible to obtain some information on whether the ftoxin
influcnces the action of this hormone on plasma membranes although there
are certain limitations to this approach which will be dealt with in more

detail in the discussion section of this cha»ter.

In the present experiments the response of lambs to insulin alone
was compared with their 1:esponse to similar doses of insulin plus toxin or
toxin alone to obtain information on the possitle interaction of these

substances.

The Influcnce of Insuiin and Starvaticn upon

the Blood Glucose Response in Lambs Following

the Parenterzl Administration of Epsilon Toxine

Materials & Methods:

A series of 2-3 week 0ld fcmale lambs similar to those describcd
in Chapter 6 were screcened for the presence of epsilon antitoxin and 8
lambs which had less than 0.08 units of epsilon antitoxin/ml. of serum

were selected for use in the present experiment.

All of these animals were removed from their dams and held in

small pens until used. One pair of lambs (No's. 92 & 96) was deprived
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T feood for 3 hours, A blood sample was then taker from these animels

and. 40 unite of Insulin B.?. (Burroughs Wellcome & Co. (¥.Z.) Ltd.) was

O

administcred intravenously to each lamb. These two lambs were then
deprived of food until the sccond stage of the experiment was underitakon

on the following day. They were therefcre known as the 'starved! animals.

The other six lambs were given two feeds of an artificial milk
vreparation, 'Fostermilk! (Glaxo Labvoratories, Felmerston North, N.Z.),
atv 8 hour intervals on the first day and a further fecd on the morning cf

the following day, 2 hours before they were used.

In the second stage of the exverimint blood samples werwe taken frowm
all the aninals, The 'starved'! lambs (Hos. 92 & 6 sbove) were then each
given 1.5 ng of batch CWD epsilon toxin in 10 ml sszline intravcnously.

The saric dose of toxin was also given to a2 further pair of lambs (Nos.
97 & 91) by the same route. The latter animals comprise the 'toxin!
group. The third pair of lambs (Nos. 89 & 94) were also given the sane
dose cf epsilon toxin intravenously but in addition they were given

40 units of Insulin B.P. I/V at the same time as the toxin.  These werc
known as the ’Toxin/Insulin' grcup. Tinally, the fcourth pair of lambs

(Nos. 90 & 93) were given 40 units of Insvlin B.Y. intrrvenously.

These treatments are summarised below:

Lanbs Group First Day Second De

Fed Insulin Foed  Insulin Epsilon
92 & 96 'starved! No 40 units Yo Wil 1.5 ng
97 & 91 tToxin! Yea Nil Yes R 1.5 ng
89 & 94 'Toxin/Insulin' Yes Nil Yes AO units 1.5 ng
90 & 93 'Insulin' Yes Nil Yes 40 units Nil

At intervals following the 2dministration of toxin or hormcne,
blood samples were taken from the jugular veins of all animals. The

samples were collected in heparinised 'Vacutainers' as described in
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Chapter 15. The plesme vas separated from the biood, by centrifugation
as soon as possible after collectiocn. Plasma samples taken tfrom the
'starved! animals on the first day werc hceld in a refrigerator at 400
overnight. Istimetion of plood glucosie were carricd out by the manual

glucose oxidase method described in Chapter. 19,

Rcsultss

'Starved! lambs:

The administration of insulin alone did not produce marked
clinical disturbance. Fellowing the administration of the insulin the
blocd gluccse levels of these animals fell rapidly. The decrease was
detectable in blood samples taken 10 minutes after the hormone was given
and Tell to very low levels (less than 20 mg%) within an hour. NG
remained low for at least two hours but had risen to 74 mgy by the time
6%—hours had elapsed following administraticn of the hormone. It was
still at this latter level on the fellowing morning in one animal. The
blood glucose level of the other animal which had received insulin was
not followed for longer than 1 hour after administration but the blood

glucose had risen to 100 mg%h by the following morning.

Following the administration of epsilon toxin to these animels
on the second dey, one of the animals developed clinical signs of intoxi-
cation and died after 50 minutes. At the timc that clincel signs of
intoxication occurrcd there was a transicnt rise in blcod glucose level
from the preinoculaticn figure of 100 mg% to a value of 187 meP but this
rapidly fell again and remnined at 91 mg% until death occurred. The
blocd glucose level of the other animal remained at 100 mglh or less
threcughout the course of intcxicetion and the animal died one hour after

the administration of the toxin.

'Toxin! lambs:

The preinoculation blood glucose levels of these lambs wers 94
120 mgh respectively. Following the administration of epsilon toxin,
cliinical signs of intoxication developed and a typical hyperglycaemic
response was obtained. The blood glucose lcvels rose progressively

throughout the course of intoxication to terminal values of 382 and 460mg?
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and the animals died 45 and 85 minutes after the administrstion of the

toxin,

'Toxin/Insulin! lambs:

“he pre-inoculation blood glucose levels of these lambs were
100 and 216 mg%. Onc animal had 2 rcelatively short survival time of 50
minutus following the administration of the toxin and insulin., During
intoxiention the tlceod glucose level rose rapidly and reached a terminal
value of 450mg%. In the other animal, therc was a concideravle lag
(1 howr) before the onset of clinical signs of intoxication. During this
period the blood glucose level progressively fell to a very low level
(13me%h) . Following trnce onset of clinicel signs of intoxicetion howcver
the blood glucose level rose rapidly to o terminal level of 280mgh

l%-hours aftcr toxin administrztion.

The results of these cxperiments are itobulated in Table 2041

and illustratcd by the graphs in figure 20.1.

The Effcect of Insulin upon the Hynerglycaemia which Occurs

in Experimental Cl. perfringens Type D Enterotoxacmda,

Materials & Mcthods:

The 2-3 wvieek old female lanb Mo. 85 which was cannulated and usced
in the experimcnts described in Chapter 6 was given 40 units of Insulin
b.P. intraverously, 30 minutes after the onset of ciinical signs of intoxi-

cation i.c, 15 minutes before the death of the anirmal.

The blocd samples taken from this animal and the analytical
procedurces used for estimating the various blood constitucents of this

animal have already been described in Chapter 19,

Results:

The blocd glucose values obtained from this animal during the
course of intoxication have been given in Chapter 19. It is sufficient
to state here that for several hours prior to the onset of clinical signs

of intoxication the blood gluccse level ranged from 100 to 108 mgh. When
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clinical signs of intoxication beccame evident the blcod glucose value was
125 mgh and 30 minmutes later the hyperglycsemia wes well established with
a glucose level of 166 mg% in 2 blood sample taien just before the admini-
stration of the insulin. The animal only survived for a further 15 minutes
after the insulin was givern but a2t the tiue of death the blood glucaose

had risen to 355 mg%.

Discussicn

The drematic blood sugar response fcilowing administration of
doses of insulin of the order of 4 units per Kg to normal 2-3 weck old
lambs suggests that they renct to this hormone in & similar vay to aninmals
such as dogs. In the latter spccics the therapeutic dose of insulin
recommended by the British Veterinary Codex (196%) is 5-50 units and this
would be similar to the dose used in the prescent experiments if it wore
expressed on a bodyweight basis. In contrast to this it has been found
that in order to produce a hypoglycaemic response in adult sheep it is
necessary to us¢ a dose level of 8 units of insulin/KgB.W. (Lapwood K.

PETS. COMM. ).

The pattern of the blood sugar response cbtained when insulin
and ¢psilon toxin were administered simultenccusly was interesting. It
appeers that, while insulin was avle tc influence bleod glucose levels
during the prodromel stages of intoxication, it was not effective in
blocking the hyperglycacmic response induced by epsilon toxin, L possible
explanation for this finding wculd be that the toxin interferes with the
action of insulin in allowing glucose to cross the plasma membrane of
skeletal muscle or adipose tissue cells. It is rathcr unlikely that the
toxin would have such a specific effect upon the hormene itself and, from
the work described in previous chapters, it does not apwear that epsilon
toxin has a marked effcct upon the morphological or functicnal efficicncy
of cell membranes. A more likely explanaticn would therefore appear to
be that, due to vascular endothelial damage, the additional glucose in
the blcodstrecam cannot pass to the muscle and adipose tissue cells
sufficiently rapidly to enable insulin to reduce hlcod glucose levels.
Thus it appcars probzble that the failure of insulin to control the

hyperglycaemia induced by epsilon toxin is the result of physical factors
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rather than any effect of the toxin on ¢ither the cell membrane or the

acticn of insulin.

As far as the vathogcencesis of the hyverglycaemia itself is con-
cerned, the fact that it friled to develop in animals in wiiich the hevatic
glycogen steores had boen depleted by a combinaticn of starvetion and the
pricr edministration of insulin suggests that any elevation of blood
glucose level during intoxicaticon is dependont upon the presence of
adequate hepatic glycogen reserves. On this basis and judging by the
hepatic changes described in Chapter 12 it avpears thzat, as Jubb &
Kennecdy (190,) have suggested, the hynirglycacmia of enterotoxacmia is

due to a mobilisaticn of the hepatic glycogon rescrves.

Conclusicns

1. The dose of insulin required to produce a marked hyperglycaemic
Tesponse in young lzmbs is simllar on a bodyweight basis to that reguircd
to produce o similar c¢ffect in man and some other simplc stomached animals,
Lambs are therefcie more scnsitive te the hormonc then adult sheep in

which a higher dese rate is required.

2 Depletion of the hepatic glycegen ruserves of young lambs by the
administration of insulin, combincd with stervation, results in a compicte
inhibition of the action of epsilen toxin on blood glucose levels, This

implies that thc hyperglycacmia of epsilon toxin intoxicaticn and Cl. pcr-

fringens type D cnterotoxacmia is dcpendent upon the mobilisation of

hepatic glycogen rescrves il.e. increascd glycogenolysis,

3 Insulin was capable of depressing the blood sugar level of un-
starved animals during the prodromal phase foliowing the parcenteral adriini-
stration of epsilon toxin, It did not prevent the hyperglycaemia which
subsequently occurs following the onset of clinical signs of intoxicaticn
nor did its administration influence the course of an established hyper-

glycaemia in o case of experimental Cl, perfringens typc D enterctoxasemia.

e The inability of insudin to influence the blood suger changes

induced by epsilon toxin does not necessarily imply that the toxin aflcects
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either the action of this liormonc or the permecability of the plasma mem-
branes cof skeletal muscle cells. It arpearas nore likely that the action
of insulin, in lowering bloed giucese levels, i1s rendercd ineffective by

-

interfercrice with the transfer cof glucose from the circulation to the
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CH.LPTER 21: THE EFFECT OF CL.PERFRINGENS TYPE D EPSILON
TOXIN ON THE LEVELS OF SEVER.L SERUM ENZYMES IN SHEEP.

iAlterations in the levels and proporticns of a variety of
enzymes have assumed considerable importance as diagnostic aids in
the study of a number of human and animal diseases., In general
changes in circulating enzyme levels and patterns in disease
conditicns are asscciated with their release from injured cells
within the tissues., The relative proportion of the varicus
enzymes in scrum in any particular conditicn therefore tends to be
a reflection of their concentration within the damaged tissues
rather than a direct effect of the noxicus zgent upun the enzyme

itself or its production,

A further consideration which limits the use of enzyme
estimations in veterinary clinical pathology is that fact that,
with a few notable exceptions, the changes which occur in the
relative concentrations of the various enzymes in serum following
injury tc specific tissues have nct been as extensively studied
in Jdomestic animals as they have in man. The use of crgan
specific enzyme patterns and specific iscenzymes therefore cannot
be as widely used in veterinary diagnostic procedures as it is in

human medicine.

In the present instance the situation was further
complicated by the fact that vascular damage had resulted in loss
of proteins from the bloodstream intc the tissue fluids. For
these reasons it was unlikely that a great deal of relevant
information could be obtained by studying the changes in enzyme
patterns which occurred during experimental epsilon toxin
intoxication. Nevertheless it was considered desirable to
estimate a number of enzymes to determine whether a consistent
pattern of change emerged following the onset of intoxication.
This information would be of value in extending the work of
Trifonov 4 Todorov (1965) who have shown that epsilon toxin
intoxication produces a rise in the level of glutamic-oxaloacetic

transaminase and aldolase in serum.
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The follecwing enzymes were therefore estimated;

Glutamic oxaloacetic transaminase, Glutamic pyruvic transaminase,
Lactic dehydrougenase, Isocitric dehydrogenase,
Acid Phosphatase, Alkaline phosphatase.

Materials & Methods:

The methods employed for the collecticn of blood samples
from the animals which received parenterally administered toxin
have been described in Chapter 15 and the methods used for the
automated determination of the variocus serum enzymes were also

described in that chapter.

Results:

The changes which cccurred fsllowinz the onset of epsilcn

toxin intoxication were as follows:

Glutamic-cxaloacetic transaminase (SGOT)

There was fairly cunsistent increase in SGOT activity in
serum samples taken after the onset of clinical signs of

intoxication. The mean increase was of the order of 34%.

Glutamic-pyruvic trausaminase (SGPT)

Again there was an clevation of the activity of this
enzyme following the onset of clinical signs of intoxication. The

mean rise in this instance was of the order of Li%.

Isocitric dehydrogenase (1CD)

The activity of this enzyme was also increased in serum
samples from intoxicated animals. The mean increase on this

occasion was of the order of 41%.



Lactic dehydrogenase (LDH)
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The levels of activity of this enzyme in posteintoxicaticn

blood samples varied considerably from the preinoeulation values.

While the differences between serial samples from the same animal

showed fairly consistent changes the results in different animals

ranged from large inereases to decreases to helow the preinoculation

level in others.

Acid and Alkaline phosphatases

Here again the values fluctuated widely, with elevations in

aetivity in post-inoculations samples from some animals and

deereases in others.

statistieally significant

The results of the
in Appendix 13 and these

Table 21,1

Alterations in the

These alterations did not reveal any

are summarised in Table 21.1.

Letivity of Some Serum Enzymes

Following the Parenteral

pattern of change for either enzyme,

post-intoxication enzyme analyses are given

iAdministration of Epsilon Toxin to Lambs

Time of Sampling
Means + 1std dev. Pre- n Onset of Clinical| n Time of
inoeulation Intoxication Death
Enzyme No. Enzyme Aetivity (International units.)
of
Animals
Glutamie- 26 46.7 + 10.0(18 56.5 + 2041 19 64.0 + 23,3
oxalog tétic
Transaminase
Glutamice 26 8.1 &« 2.1|14 10.6 &+ 3.6 19 1.7 + 5.3
pyruvic
Transaminase
Isocitric 26 1646 + &4,5|18 25.9 + 13.1 20 28.0 + 11.9
dehydrogenase
Laptie 26 8635 + 93 |14 887 & 97 24 881 + 105
dehydrogenase
Alkaline 26 850 # 213 (14 8O + 179 17 841 + 179
Phosphatase
Aeid PhOSphatas%15 25.8 + 4.7 9 2b.3 + 3.5 9 23.5 + bL.3
¢t test SGOT preinoc:terminal p¢.005 3 SGPT preinoc:terminal p < .01

ICD Y

" D < .001
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Discussion

With the profound changes in haemodynamies and loss of
protein from the circulation, which occurred in intoxicated animals,
a certain amount of variation could be expected to occur in serum
enzyme levels. This would occur even in the absence of any
specific release of enzymes from the tissues and it is probable
that this explains the fluctuations in LDH and the phosphatases in
the blood samples which were collected after the onset of clinical
signs of intoxication. It also appears that some enzymes may
have been less affected by the haemodynamic changes than others.
In the case cof the transaminases and isocitric dehydrogenase, the
consistent increases which occurred suggest that these enzymes may
have been released into the bloedstream by the tissues after

intoxication occurred.

The factors which govern the time and pattern of release of
the various enzymes from damaged tissues into the extracellular
fluids are extremely complex. Thus the pattern of enzymatic
change associated with any particular type of injury cr damage to
any particular organ may vary widely. It is interesting to note
however that Schmidt et al in Bergmeyer (1963) have suggested that
the retention of some enzymes intracellularly is dependent upon
functional, as well as morphological, integrity of cells. They
quote conditions in which interference with energy metabclism of
the cells results in the release of enzymes before there is any
evidence of morphological damage to the cells and also give
examples of ccnditions in which morphological change is evident but

enzymatic changes are minimal.

These factors could explain, in part, the differences in the
changes in patterns of the individual enzymes in the present
instance and also the fact that elevation of some of these enzymes

occurred in the absence of detectable morphological damage tc cells
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in the major organs of the body.

This study has not provided any evidence to suggest that
epsilon toxin interferes directly with the action of any of the

enzymes which were examined.

Conclusions

1 There is rapid increase in the activity of SGOT, SGPT
and ICD following the parenteral administraticn cf epsilon toxin

to lambs.,

2 The activity of lactic dehydrogenase and hoth acid and
alkaline phosphatases fluctuate widely but do not show a consistent

rise or fall,

3 The fluctuation in enzyme levels in the post-inoculation
samples may be due tc the loss of protein from the bloodstream and
the inefficient transfer of enzymes released from the tissues into

the bloodstream.

L, Where elevaticns in enzyme levels occur they may

indicate functional damage tu the plasma membranes of cells.

5. There is no evidence that epsilon toxin interferes
directly with the action of any of the enzymes examined in the

present study.
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Chapter 22: ALTERATIONS IN TRINE CONSTITUENYS OF LAMBS
POLLOWING THEE ADRTINISTEATION OR ABSORPTICH
CL. TERFRINGENS TYPE D EPSILON TOX1N,

Although glycosuria is commoniy encountered in field cases of
enterotoxaemia in iambs it is nct a constant finding (Smith, 1957).
Sotirov (1965Q has carried ocut studics on the pathogenesis of this gly-
cosuria and congiders that it occurs as a rcsult of failure of the proxzi-
mal tubules to reabsorb glucose from the glomerular filtrate. On this
basis the glycosuria is, to some extent at least, independent of the
hyperglycaemia, However the blood glucose level frequently excecds the

renal threshhcld for glucose in experimentally induced enterotoxacmia.

To investigate renal function effectively it is necessary to
emrzloy a variety of procedures including clearance tests with compounds
which are excreted by different processes within the kidney but many of
tliese tests arc difficult to adapt for use in short term studies. In
addition, the test compound itself may alter the pattecrn of exgetion, and
reabsorption of normal urinary constituents by saturating transport
systems in the kieney. These factors rendered many of the availeble
techniques unsuitable for use in the prescnt study. Surgice.l canrulation
of rernal vessels and ureters of experimental animals was not considercd to

be desirable in this project.

The investigations into renal function in the present instance was
therefore limited to a study of changes, in the levels of normal urinary
constituents, which occur during the course of intoxication. It is
interesting to note in this respect that, although other workers have
investigated the glycosuria they do not appear to have examined the pat-
terns of other urinary constituents such as inorganic ions during the
course of intoxication. Since these latter substances are also excreted
by energy dependent processes - . they should provide useful information

on the functional status of the kidneys,

A number of factors can complicate the interpretation of the
results of studies of this type. For instance the patterns of excretion

of ionic constituents such as sodium, potassium and chloride differ
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markedly in adult shecp and young milk fed lambs and vary considerably from
animal to animal, depending upen diet and fluid intake. Physiological
fluctuations also occur as a result of feeding and diurnal rhythms in
adult sheep (Simpson, 1969) and it is possible that a similar situetion
could also occur in the immature lamb. Further, because the epsilon
toxin thet swias used in the present study was diluted with physiological
saline, the levels of sodium and chleridc in the urine of experimental
animals could reflect changes brought about by the intravenous adminis-

tiration cf thesec ions.

The Urinery Constituents of 2-3% weck 0ld Lambs

and the Influcnce of Parenterally Administercd

Epsilon Tcxin upon Their Excretion.

Materials & licthods:

The lambs that were used in these experiments have been described
in Chapter 6. Prior to the administration of toxin a sample of urine
was collected from the bladder of thesc animals and the 10 paired controi
lambs, A metal bitch catheter and illuminated (Wappler model auriscope
with bitch speculum attachment - Holborn Instrument Co., London, England)
speculun designed for the cathcterisation of bitches were used for this
purpose and proved very satisfactory. The maximum volume of urine col-
lected in the preinoculation sample was 30ml. No attempt was made to
completely empty the biadder at this time although this occurred if less

than 30ml urine was present.

Post-inoculation urine samples were collected in the same fashion
or clse by puncture of the bladder wall with a disposable hypodermic
syringe and 20swg needle at necrcpsy if the animal died before a urine
sample could be obtained. In animals which survived, or when the onset
of clinical signs of intoxication were delayed, samples of urine were

collected at intervals after the administration of toxin.

All urine samples were analysed for glucose by the automated
glucose oxidase method described in Appendix || . In addition all
terminal urine samples were checked for the presence of glucose at the

time of collection with a semiquantitative dip-stick test (*Clinistix! -
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Anics Co., Elkhart, Ind., U.S.A.). Tonic constituents were estimated with
the automated methods described in Appendix || . The alterations to
nunp tube sizes ' : necessary to deal with
the levels of these constituents in urine instead of plesma are also
given in that =ppendix. Specific gravity of the urine samples was
measured with a 'Uricon' hand urine specific gravity refractometer (Atago

Optical Works, Tokyo, Japan).

Results:

Pre-incculation and Control Urine Valucs:

The values for the various constitucnts ¢f urine from normal 2-3
weck c¢ld lambs are shown in Taeble 22.1. In additicn to the means and
stendard devietions, the range of values is alsc given as in some cases
e.g. sodium, the data has a non-normal distribuation. The urine data is
given in Appendix 16,

Table 22.1: Values for Urinary Constituents
of Normal 2-3% weck o0ld Lamb:z.

| o, of
Conetitucnt ! Aninmals | Mean 4 1 Standard deviation |Range
Sodiunm meq/1 | 35 3,27 T 4.89 0.30 - 23.75
Potassium " 35 38.8 I 23,6 7.5 - 98.0
Chloride ™ 35 | 20,9 ¥ 10.9 4.0 - 46.0
Phosphate mgd 23 40.0 % 23.5 12.0 = 127.0
Bicarbonate meq/l 35 Not detectable in any sample
Specific Gravity 35 1.005 I 0,005 1.000 1.032
Glucose mglh 33 Not detectable in any sample

Chaneges in Urine Constitucnts Following

the Administraticn of Epsilon Toxin.

In animals which survived for less than an hour after the admini-
stration of toxin, and in which the bladder had been emptied at the pre-
inoculation sampiing, no urine was obtainable at the time of death by

either catheterisation or bladder puncture.
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In the urine samples clitained following the administration of
epsilon toxin there was an increasc in the concentrations of all the ionic
constituents and also in the specific gravity in most instances. These
increases occurrced irrespective of whether clinical signs cof intoxication

were prescut or not.

The data obtained from urinc samples of these animals is given in
Appendix 16 Because of the wide range cf values in the data from the
prcinoculetion samples, the alterations in the concentrations of the urine
constituents following intoxication are more clecarly secn when expressed
as the difference betwecn the pri- and post-inoculation values. This has

been done in Table 22.2.

Table 22.2: Alteraticns in Urine Constituents Following

the Parcnteral Administraticn of Epsilon Toxin

Constituent Time of Sanmpling
Neo of Prior to onset of No. of
Animeles intoxication (Includcs Animals At time of Death
Animels which Survivod)
Means _Increase_in concentraticn plus Range*
Sodium
meq/1 5 +21.7(~0.5 to +44.4) 19 +14.8(-0.3 to +70.4)
Pstassium
neq/1 5 +37.6(=8.5 to +84.5) 20 +27.6(~15.0 to +86.0)
Chloride
meq/1 5 +15.5(-9.0 to +75.0) 20  +14.6(=5.0 to +69.0)
Phosphate
ngh 5 +128(=41 to +316) 20 +86.,8(-10 to +408)
Specific
Gravity 5 +04011(-0.003 to +0.,032)] 20 +0.,010(=0,003 to +0.032)
* + = increase; - = decrease
Note - see table 22.1 for preinoculation values

Glucose was detectable in the terminal post-inoculaticn sample from one
aninal only, The level of glucose in this sample was 500mg%h and gave &

positive test with the 'Clinistix'! dipsticks No glucose was detectable
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in a urine sample taken from this animal 1 hour before death and 15 min-
utes after the onset of clinical sigrs of intoxication, The animel from
which these samples were obtained was the once described in Chapter 6, which

received divided doses of itcxin but failed to develop pulnonery ocdena.

The Urine Constitucents of Lambs which

Received Epsilon Texin of Enteric Origin

QExEcrimental Entorotoxaumia).

For technical reasons discussed shortly, the estimation of urinary
constitucnts in these aninels was confincd to a study of changes in

glucose levels,

Materials & Mcthods:

The lambs used for these cxperinents were the animals which
received enteric origin toxin described in Chapter 6. As stated they
were 8 month cold male lanmbs. Catheterisaticn of male sheep is very dif-
ficult duc to a tendency for the tip of the catheter to enter the orifice
of the duct of the bulbourcthral gland at the pclvic entrance (Weavor,
1969). After several unsuccessful attempts 2t penile cetheterisation of
the bladder under anaesthesia with fluoroscopic visualisation of the
passage of the catheter, it was decided to implant catheters surgically

in three of these animals dy procedures which are described in Appendix (&,

Urine sanples were coliected from the catheters with a IKE !
'Radirac! fraction collector (IKB Producter, AB - Stockholm, Sweden) and
glucose estimations carried cut bty the manunl giucose oxidase methed
described in Chapter 19, Samples were diluted where this proved to be
necessary. 'Clinistix! were also employed itn detcct glucose in these

samples.

Results:

Considerable difficulty was encountered in maintaining a continuous
free flow of urine from the catheters, preswncbly because of occlusicn of
the internal crifices by the mucosa of the empty bladder. In addition,
one animal develcped a urinary tract infection after surgical implantation

of the catheter. The infection was treated with antibiotics for several
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days but trecatment was withheld for a week before the main experinent and

there was evidence of pyuria in the samples of urine takern at this time.

No glucosc was detected in the terminal urine sample taken from
uncatheterised animals (Nos. 81 & 85) at the timec of necropsy. Cne of
the catheteriscd animals (No. 79) was the animgl which failed to develop
clinical signs of irntoxicatiom. None of the urine sgemples from this
aninal contained detectable glucose. Glycosuria developed in Lamb No 77,
fifteen minutes after the onset of clinical signs of intoxication. The
actual concentration of zlucose was 90mg% and this ¢nly rose to 95mg% in
the tcrminal urine sampie although the blood glucose level was over ZOOmﬁ%
at that time. The glucose in the urine cf this animel was not detec-

table with 'Clinistix! dipsticks.

The pyuria.: in the fourth laub (no. 78) nade it necessary to
centrifuge all urine samples from this lamb before attempting to estimate
urinary glucose. There was 1o detectable glyccsuria in this animal until
approxinat.ly one hour after the onset of clinical signs of intoxicatiorn.
From this time onward thoerce was a severe continuous glycosuria with the
urine containing between 5.5 and 8.5g glucose/lOOml urine. Blood

glucose levels at that time were cf thc order of 250mg%.

The sequence of changes in the blood and glucose levels in this

animal are illustrated in Figure 22.1.

It should be noted that, despite the pyurisa, there was no gross
evidence of cystitis or pyelonephritis in this anirel at nccropsy. The
bladder wall was not examined histologically, btut the kidney did not show
any inflammatery changes when examined by cither light or clectrcn micro-

SCODY e

The Urinary Constituents of a Ficld

Case of Acute Enterotcxaemia.

Materials & Methods:

A urine sample was collected from the field case c¢f acute entero=-

toxaemia described in Chapter 13. This sample was acnalysed at the same
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time as those from the lambs which received parenterally administered

epsilon toxin., The same automated analytical procedures were used.

Results:

Sodium 3.8meq/l; Potassium 41.5meq/l; Chloride 20.5meq/1l; Phos-
phate 43mg%. Glucose was present at a concentration of BOOmg/lOOml urine

and a 'Clinistix! dipstick test for gluccse was strongly positive.

Discussicn

The values obtained for the urinary ionic constituents of thesec
normal 2-3 week old lambs were very much lower than the vialues given in
the literature for adult sheep. These are of the order of 60meq/1 for
Sodium and 130meq/1 for Potassium and Chloride (Simpson, 1969). The fact
that bicarbcnate was not detected in the present sampies was of interest
since it is a major ionic constituent of the urine of adult sheep. The

difference is almost certainly associated with dietary factors.

The marked increase in the concentration of ionic constituents in
urine samples taken after toxdn administraticn is probably not entirely the
result of epsilon toxin irtoxication since changes of a similar order of
magnitude occurred in urine samples frem animals which survived the
administration of toxin and also in samples collected before there was any
clinical evidence of intoxication. While some elevation in the levels of
sodium and chloride ions could have becn cxpected as a result of the
saline sclution used for the intravencus infusions this would not account
for the concommittant rise in levels of potassium and phosphate.in post-

inoculation samples.

The concentration of ions in urine fluctuates widely under normal
conditicns since it is by excreting excess icns in the available watexr
that the kidneys maintain ionic and fluid homeostasis within the bhody.
Thus if fluid intake is reduced, or water leoss by other routes is exces-
sive, then the urine will tend to be more concentrated, although the total

quantity of ions excreted per unit of time may be the same,

In the present instance, once the pre-inoculation sample of urine
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had been taken from the bladder, the animals did not have access to fluid
prior to the subsequent urine samples being taken. It was therefore likely
that, under these conditions, more concentrated urine would be excreted.
Epsilon toxin may have had scme influcnce in increasing the ionic concen-
traticn of urine, since it has been shown to causc a loss cf fluid from

the blood stream and also reduces renal blood flow, However, in the
absence of informaticn on the volume of urine being excreted per unit time,
in intoxicated and control animals while deprived of fluvid, it was nct
possible to detecrmine what effect if any this toxin had upon urinary ionic
constituents. This data could not be obtained from the animals which had
received parenterally administered toxin as it has already bcen seen that
in small lambs the volume of urine excreted over the short duration of the
intoxication was insufficient for ionic changes to be investigated in this
way without employing special sampling and analytical metheds. These werc
considered to be beyond the scope of the present investigetion. It had
bcen hoped that the use of indwelling catheters, in the lambs which
received texin of enteric origin, would overcome this problem but in this
instance the irregular urine flow resulting from occlusion of the internal

orifice of the catheter rcndered volume data unrcliable.

It is interesting to note however, that the valucs for ionic consti-
tuents in the urinec from the field case of enterotoxaemia werc close to the
mean values for the ncermal animals. This implies that gross changes in
ionic concentrations in the urine may not occur in the naturalﬁoccurring
disesase. This information is of some importance bceccause transfer of
certain ions between blcod and urinc is, 1ike the resorption of glucose by
the proximal tubules, an energy dependent process. Under these circum-
stances, it could be expected that, if the glycosuria of enterotoxaemia is
duc¢ to an interference with renel energy metabolism, some change in urine

ion concentrations might also occur.

Turning now to the glycosuria of enterotoxaemia. It was surprising
to find that detectable glycosuria only occurred in one of the 24 lambs
which received parenterally administered epsilon toxin in which urine
samples were obtained after the onset of clinical signs of intoxication.
This may have been due tc the short clinical course of the disease. In

many instances too, due to the limited formation of urine during the periosd
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of intoxication, the teriinal urine samples probably consisted largely of
urine which had bcen present in the bladdsr since befcre the toxin was
adminstered., Nevertheless, even in animels in which the volume of urine
in the bladder at the time ¢f death was very small, nce gluccse was aetec-
table by the glucose oxidase nmcthed which is 25-50 times more sensitive
than the dip-stick procedures which are currently used for semiquantitative

urinalysis.

A similar situaticn was found in the cases ¢f experimentzlly induced

enterotoxaemnia where only cne animal devcloped levels of glucose which

could be detected by dip-stick tests and two animals did not develop cdete-
ctable levels of urinary glucose althouglh the blood glucose levels resched
more than 300mg. This suggests that there may be no glycosuria in some
field cases of enterotoxesemia, particularly if the clinical course of
intoxicaticn is shcrt. While this detracts from the vealue of urine glu-
cose determinations as a diagnostic aids in suspected cases of entero-
toxzemia, they may, as in the field case examined here, be of considerable

valuc

Conclusions

1. Catheterisation cf conscicus young female lambs is readily accom-
plished by employing a bitch catheter and an illuminated bitch speculum.
However, catheterisation of adult male rams is difficult cor impossible,
even in anaesthetised animals with fluorosccpic visualisation of the pas-

sage of the catheter,

o The concentrations of sodium otassium and chloride in the urine
b

of 2-3% wcek o0ld lambs are lower than in the urine of adult sheep.

3. Specific gravity and the concentration of sodium, potassium,
chloride and phosphate were higher in urine samples taken after the paren-
teral adwinistraticn of epsilon texin, irrespective of whether or not
clinical signs of intoxication occurred. This was probably asscciated
with the excretion of more concentrated urine due to decreased fluid in-

take rather than an effect of the tcxin alone.
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4, Detecteble glycosuria was not a constant feature of either paren-
terally administered epsilon toxin intoxication or experimcntal entero-
toxaermia and when it did occur was a late feature of the intoxication,

developing some time after the onset of hypverglycaenia.

S. The balance cof evidence suggests that the glycosuria of

enterotoxaemia is a direct reflection of the tlood glucose level

exceeding the renal threshold.
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CHAPTER 23: GENERAL DISCUSIION.

Because the findings in each of the preceding chapters have already
been discussed and conclusious drawn, it is unnecessary to consider
individual results at this time. It therefcre remains to examine the
overall pattern which has emerged and to consider its relevance to the
pathogenesis of enterotoxaemia. Special features of the investigation
which have implications in fielads of pathology beyond the immediate effects

of epsilon toxin will also be wmentioned.

Probably the most important single fact which has bteen found in
this study is that epsilon toxin produces severe generalised vasculza
endothelial damage. This has been found te occur in cases of
enterotoxaemia as well as when partially purified epsilon toxin is given
intravenously., The apparently specific nature of these vascular lesions
may allow the precise role of epsilon toxin in conditions such as ruminal

bloat (tympanites) and overeating disease to be established in the future.

On the basis of the vascular endothelial damage it is possible to
explain most of the morphological changes which occur following the

administration or absorption of epsilon toxin.

The lesions which develop in the brains of intoxicated animals
are of particular interest as these are relevant, not only toc Focal
Symmetrical Encephalomalacia (¥.5.3Z.) which is directly attributable to
the toxdn, but also have wider potential applicability in the fields of
neuropathology and neurcanatony. The brain lesions will therefore be
discussed before other aspects of the pathogenesis of enterotoxaemia are

considered.

It is only comparatively recently that the different types of fluid
accumulation which occur in the brain have been elucidated. For exzmple,
in 1965 viechsler et al (in Klatzo & Seitelberger, 1967) proposed the first
definition of cerebral oedema which included both intracellular and
extracellular accumulations of fluid. Bven at that time the presence or
absence of a true extracellulzr space in the brain was the subject of
debate. Horse radish peroxidase has proved to be particularly useful
for demonstrating the distributicn of protein when it leaves the blood-

stream and it was the use of this substance which finally established
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that & true extracellular space exists in the grey matter of the brain.

It is now known that the capillary endothelium, with its complete
'tight junctions' between cells, constitutes the major part of the so-
called Blood-Brain Barrier (Brigntman et al, 1970) and any interfercnce
with the functionzl integrity of this vascular lining will interfere with
the normal transfer of metsbolitecs to and from nervous tissue cells.
However, the functionzl basis of the accumulaticn of fluid in the central
nervous system in disease nas not been fully clarified, although it is
known that the osmotic pressure of brain tissue is higher than that of
plasma. Energy is therefore reguired to maintain both ionic and fluid
homeostatis (juadbeck, in Klatzo & Seitelberger, 1967). 4iny interference
with the transfer of nutrients, which are important in energy metabolism,
from the bloodstream to the cells could therefore be expected to result

in fluid accumulation.

The reason for the differential swelling of the protoplasnic
astrocytes, in the grey natter type of brain oedema, and their precise
role in the transfer of rnutrients to and from the neurone also remains
to be established. Epsilon toxin could therefore prove te be a useful
substance for investipating the functional aspects of the grey matter type
of brain oedema since it has been showa that it yroduces both endothelial
damage and astrocytic swelling without aj:arently causing direct damage to
neurones or other cell types. This could be of yarticular value as brain
oedema can be a serious problem in human medicine (Xlatzo & Seitelberger,
1967) ard there =we few experimental jrocedurcs which are suitable for the
experimentnl investigation of generalised brain oedema, resulting from

increased vascular jpermeability.

Some reference should also be made, at this time, to the occurence
of brain oedemz in domestic animals. It has not been widely recognised
as a problem in veterinary medicine, pessibly because traumatic head
injuries are less commorn than in man and brain tumours and congenital
status spongiosus are cerrespondingly rare, Nevertheless, it appears
likely that brain oedema could account for some of the early clinical
signs of neurological dam:sige seen in conditions such as polioencephalomalacia
of cattle and canine viral hepatitis. It will only be by careful studies

of the ultrastructural morphological changes in brain tissue and the use
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of tracers such as peroxidase, possibly associated with quantitiative
studies on the fluid content of normal and abnormal nervous tissue, that
the precise role of brain vedema in these disease syndromes will be

established.

In modern neuroanatomy, consideriable work is still required bhefore
the cell types that are seen by electron microscopy can be correlated
with those seen by light microscopy. Studies by Mori & Leblond (19692&b,
1970) have recently provided & useful basis from which to work but it
apiyears that useful information could also be obtained on the distribution
of cell types in regions such 25 the cerebellar granular layer, by the
use of epsilon toxin to czuse fluid accumulztion in protoplasmic

astrocytes.

It has been shown on 2 number cf occasiocns in the present
investigation that unexpected problems can arise in the interpretation
of morphological changes in tissues from experimental animals. Perhayps
the best examples were associnted with the studies carried out on the
chenges which occur in the kidneys of intoxicated animals. The
tresence of free fat in the tubular epithelium of the kidneys from
starved mice apyears tc have been known for somne time but could prove
to be a pitfall in experimental situations where food intake is
inadvertantly reduced as the result of experimental procedures in this
species. The rapid onset of post nortem autolysis in the kidneys of
intoxicated lambs appears ts have teen nisinterpreted @=s an antermortem

necrosis of renal proximal tubular epitholium by some previous werkers,

The sequence of changes in the intensity of histochemically
demonstrable enzymes has proved useful for delineating areas of damaged
tissue and also for estimating the duration of lesions in other patholog-
ical conditions. However it appears that it may be unwise tc attempt
toc attribute specific biochemical actions to toxic agents on the basis of
alterations in these enzymes at this stage of our knowledge. Ta the
present investigntion there were no observable differences in the staining
intensity of a number of different enzymes in tissues such as liver, brain
and kidney from intoxicated animals at the time of death and the
alterations which occurred in levels of alkaline phosphatase in the kidney

would therefore appear to be associated with the dissolution of the renal
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tubular cells after death.

The development of the interstitial 'haemorrhage' in the kidney is
of special interest. Traditionally, true haemorrhage is not regarded
as occurring post mortem and, as far as is known, the present study is
the first occasion on which a 'haemorrhagic' type of lesion has been
shown to develop after death, albeit it is the result of autolytic
degeneration of a pre-existing vascular lesion. It would be of
considerable interest to determine whether a similar sequence of chaages
can occur following other forums of severe, acute generalised capillary

damage, e.g. radiation damage or canine vircl hepatitis.

In all these instances & sound explanation has been available for
the morphological changes which occurred iu intoxicated animals. There
are however, still many gaps in our knowledge of the action of epsilon
toxin upon tissues, 50 far no basis has been established for the endothe-
lial damage which occurs. The toxin is not known to have any lecithinase
activity, it does not appecar to be bound to cell membranes and there is no
evidence to suggest that it produceszmorphological or functional damage in
specific cell structures such as plasma membranes or mitochondria. It
is possible that more refined biochemical techniques, such as those used to
elucidate the sites of actions of other toxins or enzymatic deficiency
conditions, e.g. plague toxin, (Kadisetal, 1969) and subacute necrotising
encephalomny elopathy (Cooper, 1969 and Pena et al 1970) may subsequently
reveal a specific structural or biochemical site of action of epsilon
toxin, In view of the severity of the endothelial damage caused by this
toxin further investigations appear to be most desirable and it is possible
that studies, possibly with tissue cultures of endothelium, could provide
useful information on the precise effect of the toxin on the endothelial

cell.

No entirely satisfactory explanation for the apparent species
variation in the susceptibility of the intestinal mucosa to the action
of epsilon toxin can be advanced, nor has the reason for the difference
in the survival times of male and female mice been completely elucidated.
In the latter instance it appears that the difference in survival time may
have a hormonal basis, with testosterone being an important factor. As

with sex differences in susceptibility to other toxic agents the
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explanaticn of the difference in the effect of epsilon toxin on male
and female mice must await further knowledge of the mode of action of

sex hormones, such as testostermme on biochemiczl pathways.

Since epsilon toxin does not appear to have a marked effect on
the metabolic efficiency of tissues, as judged by #arburg respirometry,
some attempt must be made to explain the haematological and biochemical
changes which occur in blood on the btasis of the vascular endothelial

+

damage.,

The loss of protein from the blood stream is interesting since it
is apparent that the haemoconcentration, which occurs during the course
of intoxication, does not result from the loss of water and electrolytes
alone. Unfortunately peroxidase cannot be used to demonstrate the
abnormal loss of protein into the extracellular spaces of tissues, other
than brain, since the presence of incomplete 'tight junctions' between
the endothelial cells outside the brain allows peroxidase to escape
under normal circumstances (XKarnovsky, 1967). However, the presence of
myocardial and pulmonary oedema, fibrin containing effusions and severc
endothelial damage in all tissues of intoxicated animzls suggest that

loss of protein from the bloodstream occurs in many tissues,

It appears probable that the extent of the protein loss and also
the haemoconcentration, in any given animal, will depend to a considerable
extent on the severity of the vascular endothelial damage. It is
therefore of interest to consider how these changes might be related to

the varicus clinical syndromes of enterotoxaemia.

In very acute cases of enterotoxaemia, which are fcund dead with
intense lung congestion and oedema, there has obviously been severe
vascular endothelial damage. Under these circumstances extravasation cf
fluid would occur, leading to irreversible haemoccncentration and
circulatory collapse. Death would therefore tend tc occur rapidly,
with repiratory distress and prostration as the most prominent clinical
signs. Many field cases of enterotoxaemia probably fall into this

category.

Where endothelial damage is less severe, prctein loss and

haemoconcentration would also be correspondingly less, The animals
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might therefore survive for longer periods and, as a result of cerebral
oedema etc., exhibit clinical signs of neurological 2isturbance such as
convulsions and rigidity, It appears from personal observation of

field cases of enterotoxaemia, which have been seen alive exhibiting this
type of syndrome, that the lungs tend to be fairly normal when necropsies
are performed on these arimals. This, comitined with the fact that the
experimental animals which exhitbited prominent signs of neurological
damage did not as a rule show marked lung oedema or haemoconcentration,
suggests that there is some factual basis for the hypothesis that this is

a less severe manifestotion of epsilon toxin intexicatior.

Finally, in situntions where the absorption of toxin was transient
with small quantities beinyg absorbed or where circulating epsilon
antitoxin partially neuvtralised the absorbed toxin, vascular dameage would
be minimal and confined to those areas of the brain whcre the vasculature
was particularly susceptible to toxic substances or anoxia due to selective
vulnerability (Greeufield et al,1958 and Schade and McMenemy, 1963).

Under these conditions ¥.5.E.-type lesions would develop.

In epsilon toxin intoxication, as in Cl.perfringens alpha toxin

intoxication, there is a rapid mobilisaticn of hepatic glycogen reserves
which probably accounts for 211, or the greater part, of the hyper-
glycaemia, This is borne out by the lack of a hyperglycaemic response
to administered epsilon toxin in animals in which hepatic glycogen
reserves had been depleted by starvation and the administration of
insulin, Further confirimation is provided by the histochemically

demonstrable loss of glycogen from the liver of intoxicated animals.

Many investigations have heen made into hepatic glycogenolysis.
The biochemical pathways and enzymes that are involved have been
elucidated and the influence of hormones such as insulin, glucagon and
adrenalin in mediating this reaction in the liver have also been studied.
There is however, practically no information on the cellular stimuli

which lead to the mobilisation of hepatic glycogen reserves.

It is tempting to postulate that any interfercnce with the
respiratory activity of hepatic tissues would tend to favour catabolic
pathways of glycogenclysis rather than the energy-requiring anabolic

pathways of glycogenesis. Under these circumstances the vascular
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endothelial damage produced by epsilon toxin could result in a decrease
in the supply of oxygen and cther nutrients to the hepatic parenchyma

leading to glycogenolysis, gluconeogenesis and hyperglycaemia.

It must also be remembered that the results of enzymatic
estimations on the sera of intoxicated animals, in this and other studies,
suggest that epsilon toxin mey have a direct effect upon hepatic cells
and that z proportion of the toxin is retained by the liver. As
mentioned earlier, it would be possible to explain the loss of intra-~
cellular enzymes on the basis of a reduced supply of available nutrients
since the impermeability of plasria membranes to these enzymes is maintain-

ed by energy-dependent processes.

The background to the elevations in blood pyruvate and lactate
levels which occur in intoxicated animals have already been discussed
in some detail in Chapter 19. However, there are some general

considerations which it is interesting to pursue further.

In a situation where there is an increased production of these
substances due to increased amounts of available glucose, both pyruvate
and lactate tend to be elevated as a reflection of the normal rate-
limiting steps in the aerobic pathways of energy production and oxidative
phosphorylation. Therefore an elevation of lactate and pyruvate under
these circumstances does not imply that there is any direct interference
with their utilisation. This is in direct contrast to the situation
where nornal amounts of these substances are being produced from glucose
and the elevation in blood levels is due to an interference with steps in
the oxidative Tricarboxylic acid (T.C.A.) cycle or cytochrome chain of
enzymes. In the latter instance, either lactate alone or both lactate
and pyruvate may accumulate depending upon the site of the metabolic
block. Thus, if the block interferes with the complex steps between
pyruvate and the passage of two carbon fragments into the T.C.A. cycle
via acetyl coenzyme A, then pyruvate tends to accumulate with an
associated increase in lactate.  This occurs in conditions such as
thiamine deficiency (West et al, 1966), subacute mecrotising
encephalomyelopathy (Clayton et al, 1967) and possibly also in
polioencephalomalacia in cattle (Pill, 1967). If the block occurs at
later stages as in various forms of anoxia ‘then only

lactate will increase to any extent, since the accumulation of the
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reduced form of diphosphopyridine nucleotide alters the pyruvate:lactate

equilibrium in favour of lactate.

Because lactate in the blood of domestic animals may be derived
from either the climentary tract or tissue metabolism the interpretation
of lactate values in samples of blood from animals which are suspected of
suffering from grain overload ('overeating' disease, excessive carbohydrate
intzke),may be difficult. However, the lactate produced by microbial
action on carbohydrate in the intestine is mainly D-lactate and in these
conditions estimation of lactate is usually based on the chemical assay
of total DL lactate. From the present investigation it can be seen that
the results of such an estimation could be misleading since high levels of
metabolically produced I+ lactate, occurring in enterotoxaemia, could
confuse the differential diagnosis of these clinically similar conditions.
It would therefore appear to be desirable to either estimate both total
DL lactate and L+ lactate or, prefer=zbly, to estimate D-lactate only in
cases where excessive intake of carbohydrate is suspected (Medway et al,

1969 and Bergmeyer, 1963).

A rather similar situation to the above occurs when considering
alterations in blood pH. It is obvious that estimation of blood pH alone
is of little value as a diagnostic aid as it gives no indication of whether
the acidosis or alkalosis is of respiratory; or metabolic origin, It is
equally difficult to interpret routine blood gas analyses in isolation.

The present study clearly shows that, in many of the experimental animnls
blood gas analyses would have indicated a severe acidosis which was
apparently explicable on the basis of inadequate repiratory gaseous
exchange and it would have been quite possible to overlook the fact that
there was also a severe intercurrent netabolic acidosis caused by high

levels of lactate in the blood.

It can be seen from the foregoing that, while it is possible to
explain most of the biochemical and haematological changes which occur
in intoxicated animals on the basis of endothelial damage, formal proof
of this is lacking in many instances. Further detailed biochemical
studies will be necessary before this can be obtained but such
investigations appear te be highly desirable as epsilon toxin intoxication

appears to be a condition which could be usefully employed to increase our
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understanding cf a large number of biochemical and physiological

phenomena.

The present investigation emphasises the importance of employing
a rational, comprehensive range of haematological and biochemical
parameters when investigating the clinical pathology of a disease
syndrome, The tests which are selected in any given instance should be
based on a reasoned approach to the problem and be sufficiently
comprehensive to allow a meaningful picture to be built up. Any
attempt to interpret the results of a random selection of tests must be

Tfraught with difficulty and frequently lead to erroneous conclusions.

Before a sound approach can be made to the clinical pathology
of the diseases of domestic animals a great dezl more information is
required on normal values for the different species and for different
age groups within these species., Knowledge is also required on the
effect of envirommental conditions on many of these parameters. The
range of substances in body fluids which can be estimated by automated
methods has increased enormously in receunt years and it should be
possible to obtain reliable normel values for a wide range of blood
constituents quickly and easily. In the present instance the use of
automated procedures made it possible to obtain normal values and
comperative data for control and intoxdicated animals, from a considerably
larger number of samples and for a wider range of constituents than
would otherwise have been the case, It appears possible that, since
economic considerations will always tend to influence veterinary
clinical pathology, simultaneous, automated analyses of a number of
relevant constituents of blood, urine etc., may prove to be economically
sound for the large scale investigation of disease problems in livestock

populations.

The overall pattern which has emerged from this work is that

the disease syndromes that result from absorption of Cl,perfringens

type D epsilon toxin from the intestine are largely due to damage to
vascular endothelium caused by the toxin. The extent of the
morphological damage depends upon the concentration of circulating
epsilon toxin. Where endothelial damage is severe there is extravasat-

ion of protein-containing fluid into the extracellular spaces and this
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nay result in effusions into body cavities and oedema of the lungs,

heart and braimn. In addition the extravascular fluid accumulations and
lack of vascular endothelial integrity may result in impaired transfer of
substances between the bloocdstream and the tissues, leading to depressed
energy metabolism of the cells and intracellular fluid accumulation

in the myocardium and brain, Selective vulnerability of the

vasculature of areas of the brain stem to low levels of epsilon toxin

could account for the occurrence of ,S,ii. in 2nimals which absorb

sublethal amounts of toxin.

Although the renal changes appear to be post-mortem, autolytic
phenomena, they are referable to pre-existing vascular endothelial

damage.

The physiological, haematological and biochemical alterations
which occur during the course of intoxication also appear to be
associated directly or indirectly with the vascular damage. In the
presence of fluid loss via the damaged capillaries, the hamemoconcentration
is self explanatory, but it is only when the extent of the associated
protein loss is assessed that the severity of the damage and the self-

perpetuating nature of the fluid loss can be appreciated.

The hyperglyvcaemia which occurs ir intoxicated animals has been
shown to be nssociated with the mobilisation of hepatic glycogen reserves
and, while the exact basis for this is as yet uncertain, it appears
possible that it may be a reflection of a stimulation of catabolic
processes in the liver as a result of reduced transfer of substances
between the bloodstream and the parenchyma in that organ. The
resulting decrease in available energy within the hepatic cells may also
result in an increase in cell membrane permeability leading to loss of
intracellular enzymes, This is reflected in elevated levels of certain

enzymes in serum.

The increased concentrations of intermediate compounds of glucose
metabolism, such as pyruvate, lactate and alphaketoglutarate, in blood
during intoxication are a reflection of the hyperglycaemia and do not
indicate any direct action of epsilon texin on particular metabolic

processes.

From the foregoing it appears that the present investigation has
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provided useful information on the pathology of enterotoxaemia and has
gone some way towards elucidating the pathogenesis of certain of the
haematological and biochemical changes which result from the action of

Cl.perfringens type D epsilon toxin. The latter substance appears to

have potential value as an agent for experimental investigation in the
fields of neuroanatomy and neuropathclogy and also for studying the
inter-relationships of many aspects of the cellular and clinical

pathology of domestic animals.
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APPENDIX 1: Surgical and Manipulative Procedures - Iesboratory Arimals.

Mice

Castration of iales: The animals were warmed to ensure relaxation of the

cremaster muscles, then anaesthetised with ether in a jar. The testes
were removed by traction through hilateral verticel skin incisions over

the scrotum,.

Castration of Females: Lnacsthesia was obtained with ether as abovce.

The hair over the dorsal midline was then clipped and a 2cm longitudinal
incision made in the skin over the lumbar region, The skin was then
moved to one side and a paramedian incision made in the ahdominal wall
close to the lateral margin of the Longissimus dorsi muscles. The ovary
on thet side usually protruded through this incision cr could be found
immediately beneath it. The ovarian ligaments were clamped with small
artery forceps and the ovary removed with a scalpel. After repeating the
vrocess on the other side of the midline, the skin incision was closad
with a single monofilament nylon suturc. Notec: the muscle incisions did
not require closure and no problcms of sepsis were encountered with the

procedure as described, Surgical instraments were held in 70% ethanol.

Rabbits

Intravenous Injections. The rabbit was held in a standard rabbit holding

box and the injections made into the marginal ear vein with a 26 gauge

needle.

Blood Sampling. Small volumes were obtteined by pricking the marginal ear

vein, Larger volumes were obtained by anaesthetising the animal with a

2.5% =solution of sodinm thiopentone intravenously to effect.

The animel was then held in dorsal recusmbency and the blood removed

by cardiac puncture using a 50ml. syringc arnd l4swg hypodermic needle.

Intestinel Idgation. Because these were very short term experiments in

which the animals were not intended to survive for more than 12 hours, no

aseptic precautions were taken, The animals were anaesthetised with



intravenous sodium thiopentone, the ventral abdominal wall was clipped and
a 3cr: midventral incision made posterior to the umbilicus. i portion of
the intestinal mass as near to the middle of the ilcum as possible was
exposcd and segments of the intestine with independent major blood supply
and dreainage were ligated with size O chromic catgut and the appropriate
inocula introduced into the lumina of the loops with a hypodermic syringe
and 26swg necdle, The incision in the abdominal wall was closed with a
series of interrupted full thickness sutures of size O chromic catgut.

Recovery from the anaesthietic was generally almost complcte within 2 hours.

0

2



Appendix 2:

2.45
2.45
2.75
2.75
2.75
2.75
2.92
3,00
3,00
3,00
3.17
3,33
3.33%
3,50
3,58
3.58
3.58
3.58
4,00
4400

*

SEXs~- SURVIVAL TIME DATA FOR MICE - Rcfer Chapter 5.

Survival Time - Iours

lales

4,00
4.25
4425
4425
4,33
D™
5¢33
5633
5.91
.17
6e17
6.17
6.66
8.58
8.53
9,00
10.33
12.75
112 7753
12.75%

Killed terminally.

2.75
2,92
3425
3.75
3,92
3.92
3.92
4.33
o4l
4475
5.00
5.00
5.41
5.41
5.41
5.75
6.08
6441
6492
7.08

Females

1433
T¢33
T.66
8425
8.66
9.00
9.0C
9.17
9.50
10.00
10.00
10.%3%
10.33
10.42
11.00
11.60
12.42
12.42
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APPENDIX 4: Surgical and Henipulative Procedures - Sheep.

Intcstinal Cannulac. Initially sttempts were made to pass a cannula via

&5

the nasal passage., oesophagus, oesophageel groove and abomasum into the
duodenum, using direct visualisstion under an X-ray machine with image
intensifier. Even when 2% Copper sulphate solution was passed down the
tube or swebbed over the pharymx it wes not possible to retzain the tube in
the oesophageal groove and the method was abandoned in favour of surgical

implantation,

Animals were prepared for surgery by withholding fooé for 48 hours
and water was also withheld for thc lz2st 12 hours of this neriod. The
wool was ciipred from the right side of the animal. It was then anacs-
thctised with intravenous sodiwm thiopentone (5% solution) and a cuffed
!icGill Trachcal tube immediately introduced. Anaesthesia was then nain-
tained with fluothane/oxygen with a British Oxygern Co. (England) veterinary
anaesthetic trolley with "Fluotec" vapouriser and closed circuit apparatus.
The shern right side of the arimel wes scrubbed and preparzd for surgery.

Full surgicel aseptic teciinigues were uscd throughout the operation,

L 30cn skin incision wes mzde over thc ventro-lateral abdominsl
wall approximatcly 5 en from the posterior margin of the r»ib cnge and
parallcl to it. A muscle splitting arproach was thesn used until the
abdominal cavity was penetrzted, The pyloric sphincter was located and the
proximal part of the duodenum was then exterioriscd znd two bowel clempe
applied to isolate & H-10 cin segment of the latter as far as possible from
the pylorus (usually 5=10 om). 4 lcem incision was made in the duodenum
and a nylon duodenal cannula (vith a temporary penetrating guide cap) was
inserted and retained in place with a purse string suture through the
serosa, muscle coats and submucosa of the intcstine. A piece of omentunm
was tied over the base of the cannula and the penctrating cap of the cannula
guided out through a stab incision in the abdominal wall anterior to the
surgical incision and as close as possible to the normel site of the seg-
ment of duodenuri, The cannula was retained &t the skin surfrce by
slipping a rubber, lamb castration ring over it. The penetrating cap of
the cannula was replaced with the permenent cap, the bowel clamps removed

and the layers of the abdominal wall closed individually with interrupted
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size 1 chroaic catgut sutures. Finally the skin incision was clouscd with
Michelle clips and the animel given 500,000 units each of penicillin and
streptonycin, Xnimals were allowed to recover from surgery for at least
14 dazys before usec, Where an ileal cannuls wes inserted, exactly the
serie procedure was adopted with the cannula being inscrted 10 cm from the
ilcocaecal valve znd exteriorised at a point where no tension was placed

on the cemnulated ares.

Cathctericaticn of Ram Lambs. Cathcterisation of these animzls is

axtrenmely difficult es the tip of the catheter generally enters the duct
of the bulbourethral gland instead of following the curve of the urethra
over the posterior nargin of the pelvis, Several unsuccessful attenpts
were made to introduce catheters using x-ray visualisation as described

previously, before rcecourse was nade to surgical implantation.

Only two animals wcre catheterised. In one the catheter was tied
into the tladder via an incision made Scm anterior to the shaft of the
iliunm and parallel to the incision made fcor the duodenal cannulae. In
the other animal 2 catheter was passed up the urethra to the pelvic brim
and a midline incision made to exposc the urcthra 2cn below the anus,
The urethra was crened and the reflected margins of the mucosa were sutured '
tc the overlying skin. It was possible to pass a catheter into the

bladder vie this urethrotomy. '

Restraint of Lambs During Intraduodenal Infusicns. All animals were

allowed to recover from the surgery for at least 14 dzys before being used
in experimental procedures. They were then placed in crates made out of
1" galvanised water pipe. These crates were fitted with a wire mesh floor
ané adjustable head stall. The latter was used to retain the animal in
the crate. in addition, a hessian sling was fitted which passed under

the ventral areas of the animal, The legs passed through holes in the
sling, thus allowing the animal to stand or rest in the sling, but not lie
down. This was particularly important while animals were comatose and
electrocardiograms were being recorded. The lambs were placed in the
crates, without the sling, for several days before the experiments began

to allow them to become familiar with handling and restraint.
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Intestinal Toop Experiments:- The procedure used for the preparation of

lambs with ligated intestinal loops was the same as that used for rsbbits -

sec page OI,
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Appendix 5; Total Body, Brain and ILung Weights, Epsilon

Antitoxin Levels and Dosage of Epsilon Toxin

for the 2-3% week old Experimental Lambs.,

Control Lumbs

Inimal  Body- Brain Tung Epsilon antitoxin Epsilon toxin
no. weight  weight weight units/ml serun Dose (mgg
(Kg) (g) (&) (approx.,
0 2,6 56 Not done not dorne
13 10.0 e " less than 0,2
23 7.7 58 n ” n n
26 8.6 60 110 f " "
52 1C.0 58 126 " " y
26 9.5 60 120 " " "
40 9ol 61 113 B " "
45 915 59 107 " " "
45 10.0 65 120 " u "
4G 10.4 68 176 0.4

Lambs which received Divided Doses of Toxin

2 9.1 62 not done less thayw 0.2 1*

6 10.4 65 n n n n 1%
17 10.4 62 Al e " Q4> 1*
33 8.2 61 258 " " 0.2 1*
38 8.2 60 220 i W " 0.50
42 10.4 64 225 u [ W 0.25
44 8.6 60 220 " " U 0.25
46 1eE4 €0 275 U o 0.8% 0.25
48 9.5 61 290 " W "o 1,30
50 Te3 57 235 U " 0.2 0. 25
51 10.0 68 104 8 il W 0.25
53 8.6 60 245 " 0.2-0.4 1.50
55) 9.1 64 280 " 0.4-0.8 8.25
56 9.5 69 340 0.8 4.75
57 8.6 65 330 less than 0.2 0.50
58 6.4 61 330 0.8-2,0 5.50
61 9.1 65 380 not done 0.25

Lembs which received Toxin by Continuous I/V Infusion
62 10,0 58 145 not done 0.25
63 9.1 60 156 less than 0.2 2.5
64 11.4 63 420 4 - 8 18.0
66 9.1 64 128 less than 0.2 1.0
70 10.4 60 220 4 - 8 9.0
71 9.1 60 180 0.4 - 0.8 Bleal
T2 10,0 65 410 0.4 4.0
73 i85 Y2 T4 332 0.8 3,0
75 10,0 59 147 less than 0.2 2.0

¥ lowest level tested.
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Appendix 6 Levels cof Ilev Polyvinyl Pyrrolidone in Plasme

Following Infusion of this Compound into the

Ducdenun of Normal Sheep and Sheep with Experimentzsl

Enterotoxzemia - sec Chavpter 6.

Anime]l no. 78

1.9m1 of Ip,sPVP (545mg/ml) administered in 750 ml of inoculum (Saline)
1,5 ml sample of inoculum gsve 115,700 counts/minute - equivalent to

55 counts/ngllePVP

Hours after start Counts/min. ngIlQSPVP/ml Plasms

of Infusion (1.5m1 plasma)
0:00 4 0.49
0:45 6 0.73
1:00 24 2,90
1:30 28 3,40
2:00 21 2.55
2:30 58 4,60
3:00 76 9.20
3230 70 8.50
4:00 85 10,30
4230 110 13.30
5:00 2 103 12.45
5330 130 15.80
6:00 119 14.40

Animal nc. 77

1.75m1 of IppgPVP (5.5mg/m1) administered in 700 ml of inoculum (Cl. per-

frin:ens type D culturz + starch)

1.5 =l szmple of inoculum gave 97,280 counts/minute ~ equivalent to

4.7 sounts/nglypsPVP

Hours after start Counts/min ngIlQSPVP/ml Plasma

of Infusion (1.5ml plasma)
0:00 0 0,00
0:30 8 1.13
1:00 39 5.51
1:%0 53 7.50
2:00 75 10,60
2:30 78 11.05
3:00 114 16.20
3:30 120 17.00
4:00 1%3 18.90
4315 136 19.3%0
4330 148 21.00
4:45 194 27450

cont'de.eees
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Appendix 6: (conttd.)

Animal no, 81 Day 1

1.901 of I;p5FVP (2.5mg/ml) administered in 500ml of inoculum (Saline)

1.0ml sample of inoculum diluted 1:50 gave 17,670 counts/lOmins. - cquiva-
lent to 93counts/ngly,sPVP

Hours after start Counts/10nins. ngI125PVP/ml Plasma
of Infusion (1.0m1 plasma)

0:00 (%em) 0 0.00

1:00 58 0.52

2:00 366 3.92

3:00 314 4.04

5:00 806 8.65

6:00 990 10,60

7:00 875 9.40

Day 2
1.8n1 of IjogPVP (2.5mg/ml) administered in 500ml of inoculum (Cl. per-

fringens type D culture + Dextrin)

1.0m1 sample of incculwa diluted 1:50 gave 25,235 counts/lOmins. equiva-
lent to 141 counts/ngl),gPVP

Hours after start Counts/lOmins. ng1125PVP/ml Plasma

of Infusion (1.Cmﬂ plasma)
0:00 (92m) 892 6.35
1:00 1222 8.70
2:00 1239 8.80
3:00 1104 7.80
4:00 1474 10.40
5:00 1351 9.60
5:50 1308 9.30
6:30 1241 8.80
T7:00 115 0.82

T:15 119 0.79
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Appendiy T7az SURVIVAL TINk:s BRATIN WATER CONTLNT DATA FOR MICK
Preliminary Experiment - see Chapter 8.
Control Toxin
Water Content Survival Time Water Content
ng. Hzo/mg. D.M. (hcurs) T HQO/mg. D.M.
3.24 2,50 3.29
5412 3.00 3.44
3.21 3,00 3,26
3.25 3.25 3.26
3.16 3.25 3.32
3.33 4.00 3,32
3,33 4.00 3.40
3.13 4.25 5433
3.27 4,25 5.38
337 575 3.28
3.32 5¢T5 %.14
3437 7.00 2.64
3.31 8.50 3.44
3.32 10.50 3.51
3.26 15.5C 3.71
5«51 12.00 3.45
3.12 12.75% 3455
3.24 12.75%* 3.15
Mean 3.26" 3.39"
Std. dev. O;il 0.16

+t test p=¢( .005 -

¥ Killed terminally.
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Appendix Tbs Survival Time: Brain Water Content Data for Mice
Main Experiment - sce Chapter 8.
Males females
Survival Water content Survival Wiater content
time~hours mng HZO/mg D.M. time-hours mg H20/mg D.H.
Control Toxin Water Control Toxin Water
/P + I/P +
2 G 574 334 2.50 2 3.62 3.40  3.63
2 3,58 3.51 3.67 4 3.90 3,63 3.93
4 4.0¢ 2.21  3.60 4 552 3.75  3.59
2 3.57 3.52 3444 4 5438 3.62  3.21
2 3.54 3.44  3.55 4 3.54 3,65 3.89
2 5.45 3.46 4 3.40 3.42
2 3.34 3.48 4 3.36 3.55
3 3.58 3.46 5 3.48 3.40
3 3.50 3,46 5 3.57 3.74
bt 3.58 3.42 5 3.44 3,46
3 5.48 3.50 5 3.52 3.52
3 3.36 3444 5 3.52 3.52
3 3,28 3.21 6 3.52 3.50
b 3.%6 2.30 6 5.48 3.56
4 3.36 3.26 7 Z.44 3.72
4 3.%6 3.38 8 3,65 3.82
4 3 e 2D 3,26 8 3.50 3.64
5 3.36 3.50 10 3.53 375
5 3.35 3.45 10 3.44 3.60
5o 3] 3,60 3,50 11 3.44 3,68
5¢5 3.80 344 11 3.30 4425
D)oo 3.4% 3.30 12* 3,16 3.62
55 3.24 3,20 12% 3.50 3,66
6 3.44 3.52 12% 3.42 3.70
6 3.54  3.44 12% 3.50  3.46
6 3.%6 %.46 12% 3.46 3.40
8 3.40 3.34 L2 3.42 3.43
9 3.52 3.67 12% 3.87 377
12 e 52 3.49 12* 3.60 3,51
12 3,25 3.53 12* 3,68 3,42
12* 3439 3647
Mean 3,45 3,42  3.55 43.5C A3«61 3.65
Std.dev. 0.9 0.0. 0.08 . 0.10 0.19 0.9

4 ttest p= (.01
* Killed terminally.

+ Al]l died within one hour of inoculation.



BERAIN WATER CONTENT DATA FOR 2-3% WELCK OLD LAIBS =~

see

Chapter 8.

APPENDIX 8a:

Control

Animal Cortex Thalamus Cerebellum

No.

00
13
23
26
32
36
40
43
45
49

Water Content'mgH2C/th.M.

4.27 3.81 4.01
4:55 3435  3.83
4,39 4.22 4,10
4.20 3,98 3.94
4,57 4423 4,22
4043 4e31 4,06
4:56 4237 4413
4,45 4406 4,76
4,34 437 451
4449 4429  3.59

Animal

Toxin in Divided Douses

Cortex Thalamus Cerebellum

Water Content mgHEO/ﬁgﬂ.M.

450
416
4.22
4.16
4,22
4.39
4.35
4.38
4432
3.86
4e33
4.50
4451
412
4450
4445
4.09
4416
4400

4410
3,32
3.86
415
3.99
4513
4.02
593
4,02
3494
4617
4450
4,02
%.96
4,04
4,426
4,10
3.97

4,06

4.12
4.05
4,00
3.87
3.92
3.92
4.10
3.85
4.11
3.83
3490
3485
4,07
3,61
3.87
4418
3.80
3.65
4a Dk

Toxin by Continucus I/V Infusion
Animal  Cortex Thalamus Cerebellum

Water Content mgﬂgo/ng.M.

62 4.5 430 4.00
63 4e35 4400 3.92
64 4.49 4,01 4.22
65 4.82 4.11 4.76
66 4.40 4.05 395
67 4.31 4445 397
70 443 4413 3481
71 £e12  3.82 3.06
72 4453  4.00 4,11
73 1,30 4.09 3.91
14 394 3496 3.83
75 4429 4409 3.87

il
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Appendix 8bs Tissuc Watcr Content Data for € month old Lambs.

Control Lambs

Cercbrazl Cortex Thalamus+ Cerebellun Heart

2162 2.18 .74 3,67

4.57 1.63 3,98 3.45

3.23% 2.50 3.79 3,61

4,22 2.3%3 3.50 3.69

3.50 1.78 z2,.61 3.98
Mean 3,83 2.08 N0 (14 3,68%
3td. Dev. BrR55 0.37 0.18 0.19

Lembs with Experimental Entcrotoxacmia

Lamb Mo,
81 3.61 3.20 3.74 4.76
17 3.05 3.38 3431 4.97
8 3.49 3.52 3.88 3,90
lean 3.3%9 3.53 3.64 4.46%
Std. Dev. 0.28 0.34 0.3%0 0.49
¥ t test; p = less than 0.05
+ Note: The water contents of the samples of thalamus from the

contrel animals are consistently lower then those of the other
areas of the brain in these animals. They were also lower than
those of thalamus from intoxicated animals. It appears probable
that this may have been a sampling error with thalamic samples

from the control animals consisting predominantly of white matter.



APFENDIX 9 FLUORESCENT ANTIBODY HETHODS

Preporation of Conjugnted Globulins

L Horse serum (O.Bml) emulsified in O.4ml Freunds adjuvant was injec-
ted intramuscularly into each of two rabbits on % occasions at weekly
intervals, ('Complete' Freunds adjuvant was vsed for the initial inoculum
and thercafter 'Incomplete'! Freunds adjuvant was used to overcome the
severe local tissue reaction which can be encountcred if the complete

adjuvant is used throughout the entire course of injections.)

ii.. One week after the final injection a 2ml sample of blood was col=-
lected from the ear veins znd put up against horse serum as antigen in a
precipitin test according tc the schedule shown below, which, using horse
serum diluted 1:1000, provides approximately 100ug equine globulin/ml of

antigen suspension.

Tube 1 2 3 4 5 6

Antigen ml 0.2 0.4 0.5 0.8 1.0 1.2

Saline ml1 1,0 0.8 0.6 0.4 0.2 O

Antiservm O,1 0,1 0,1 ¢€.1 0.1 0.1

Precipitation was allowed to occur overnight at room tempersture.
A serum which gives a precipitin reaction in tubes four, five and
siXx 1s regarded as satisfactory for the preparation cf conjugated
globulin - Dr. K. Moriarty pers. comm.)

Both these sera gave a reaction in all six tubes,

iii, The rabbits were anaesthetised with sodium thiopentone intravenously

and 50 ml of blood was removed by gardiac puncture with a sterile syringe.

The blood was allowed to clot and the serum removed and centrifuged

at 3,000rpm for 10 minutes.

iv. The serum was cooled to 4OC and an equal volume of saturated
ammonium sulphate added (with constant stirring). The mixture was stood

overnight at 4OC‘to separate the globulin fraction.



03§

Ve The mixture was then centrifuged, the supernatant discarded end the

deposit dissolved in a minimum volume of distillcd water.

vi, An equal volume of saturated a~mmonium sulphate was added and the

solution recentrifuged, This was repeated twice,

vii. The deposit was resuspended in a minimum volume of distilled water
and dialysed in Cellulose casing dialysis tubing (Visking Co., Division of
Union Carbide Co., Chicago) against 0.65% saline. Four changes of saline
were used and the total dizlysis time was 24 hours and the volume of saline

used was 2 litres.

viii., Freedom of the dialysate from ammonium sulphate was confirmed by

adding an equal volume of satureted BaCl2 solution to a sample of the fluid.

ix. The protein content of the globulin sample was found to be 2% with
a refractometer and an equal volume of saline was added to bring the

protein concentration to the recommended 1%.

X Ten percent of the volume of the globulin solution of carbcnate/
bicarbonate buffer pH9.0 (NaHCO 4.2Gm/100m1 adjusted to pH9.0 with Na2CO3
5.3Gm/100ml) was added.

3

Xie The mixture was chilled in an ice bath and 0.05mg Fluorcscein
isothiocyanate /mg protein (i.e. 10mg/20ml) added with constant stirring.

The stirring continued overnight at 4°C.

xii. The solution was then passed down a 30 cm column of Grade G25
'Serhadex! (Pharmacia, Uppsala, Sweden) (6Gm of scphadex washed twice with
saline and allowed to swell for at least 2 hours before packing into a lcm
diameter glass chromatography column). The globulin solution was washed
through the column with saline. An alternative procedure is to dialyse
the globulin first against saline then against O0.01M phosphate buffered
saline pH7.5 for 2-3 days.

xiii  The solution was mixed with liver powder IOOmg/ml (Sylvana) and
held at 4°C for 4 hours.
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Fluorcscent Antibody Method (continued)

xiv. It was then clarified through asbestos pads (grade EKS Carlson

Ford, sshton-undexr-Lyne, England) with a Hemmings (Gallenkamp) filter.
Reference:

'Fluorescent Antibody Techniques in thc Diagnosis of Cormrunicable Diseeses!
Public Heslth Service Publication 729 by Cherry %.B., Goldman M,, Carski
T.R. 1960, United States Department of Health, Education and Welfare,
Public Health Service, Burecau of State Services, Communicable Disease

Centre, Atlante, Georgia.



Appendix 10

The Oxygen Uptske of Tissue Slices - sce Chepter [& .

013

Tissue Mouse Kidncy-Toxin in vitro HMouse Kidney  G'nig kidney i
Toxin in vivo Toxin in vitrog
Substrate; GLUCOSE § '1
Time Oxygen Uptake (ul/mg. J. ) ;
Minutes 3 C%ntro% 4 . %oxinc & Control Toxin Contrel Toxiné
10 2,1 1,7 1,6 1.1 2.1 1.1 1.3 2.1 | 2.6 2.8 © 1.2 . (.9
20 406 4,2 3.9 3.3| 4.4 3.4 3.4 4.3 0 5.3 4.4 2.6 E 2.C 4
30 6. 7.2 6.4 5.0f T.1 6.1 5.8 6.6 | 7.5 7.5 | 4.0 3,2
40 3.9 9.5 8.4 7.7 9.2 8.3 7.8 8.9 | 9.5 9.6 | 5.5 45
50 11.5 11,9 10,6 9.2{11.4 10.8 10.2 11,5 | 11.7 | 12.0 | 6.7 5.5 |
60 13.5 14,4 12.2 10.3{13.7 13.1 12.3 14,0 | 14.0 | 14.0 | 8.2 6.8 |
Substrate| PYRUVATE
10 1,0 0,7 1,8 1.7| 3.0 2.8 1.7 2.4 | 2.2 3.5 | 0.3 0.1
20 4.7 1.8 4.4 4.2| 5.8 6.2 3.9 5.9 | 4.4 6.8 | 1.2 1.2
30 847 248 6.6 6,9) 9.5 9.8 6.6 9.2 1 6.5 | 9.9 | 0.5 2.1
40 12,0 3.3 9.0 9.1}12.6 12,8 8.4 11,3 | 135 4 3.6
50 17.7 4.6 12,2 11.9]16.1 15.5 11.2 4.6 | 11.7 | 16.8 | 5.3 bod
' 60 21.5 5.8 14.6 14.5I18.6 19.8 13.7 16.5 | 13.5 | 20.1 | 6.5 5.5
Subst}ate i SUCCINLATE
10 26 BalS 1262 5.1i 3,0 1.3 1.4 2.7 | 3.8 3.4 | 2.6 2.2
20 6.5 6.1 5.7 6.5 7.2 3.7 4.3 5.8 | 8.0 7.3 | 5.7 5.0
30 10,6 9.8 9.8 9,1/11.6 6.7 7.9 9.4 | 11.0 | 11.0 | 8.7 7.9
40 14,3 13,0 13,2 10.3115.3 9.2 10.6 13,1 | 13.7 | 14.7 | 12.4 11.1
50 18.2 15.4 16.6 11,1]19.1 11.8 13.5 16.¢ | 1€.4 | 18.6 | 15.1 13,4
60 21,7 20,7 20.1 13.6]22.5 14.3 16.7 19.9 | 18.3 { 22.9 | 18.C 16.7%
Substrate CITRATE
10 3.8 8.9 1.8 2.7 & 2i4
20 8.4 14,1 6.1 5.7 | 5.9
30 13.2 13.0 10,5 8.7 | 8.4
40 g7 18.4 14.6 Lizi § g2
50 22,9 19.4 19.6 14,0 | 14.1
60 26,3 18,7 22.7 16,3 | 16.5

continuedeacaqans
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Appendix 10: continued.ieeeeeeess

Tissue Mouse Kidney-Toxin in vitro iouse Kidney Gl'pig kidney
Toxin in vivo Toxin in vitre
Time Oxygen Uptake (ul/mg. D.M.) #
Minutes Control Toxin Countrol Toxin| Control Toxin
i Substrate LACTATE
10 2.5 ‘ 2.7 -* 2.4
20 5.4 5.9 = 504
30 8.7 9.9 - T.6
40 11.9 1%.2 . 10.1
5 15.9 .9 - 12.6
60 18.0 21.0 - 15.2
Substrate  ABSENT
10 292 1.8 2.3 56 i
20 4.0 2.6 4.1 10.53
50 6.4 5.4 .8 10.5
40 8.4 6.5 8.8 104
50 10.5 8.4 11.1 10.5
60 12,0 9.6 13,0 101
i

Tissue Guinea Pig Brain Guinea Pig Iung

Substr.Glucose Substr.Pyruvate Subs.Succinate Substrate Glucose
Time
Minutes  Control Toxin| Control Toxin | Control Toxin Control Toxin
10 0.9 0.7 0.8 1.4 1.4 1.1 - 0.9 ]| 0.2 0.0 0.7
20 1.8 1.7 1.8 3.0 3.0 2.8 2.8 0.7 0.2 1.0
30 247 2.9 5:1 4.1 437 3.9 3.9] 1.3 0.6 1.2
40 5.8 3.9 4.2 565 5.8 5:7 5.7 1.5 1.2 1.8
50 4.6 5.0 563 6.7 8.0 T.C T.1 2.0 1.6 2.1
60 5.6 6.0 6.8 8s1 i 9.6 8:4 8:5] 2.4 2.0 2.5

:
+ = Reading Error
*

= Faulty Manometer
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APPENDIX 113 AUTOMATED BIOCEEMICAL ESTINATIONS

A wide variety of clinical biochemical methods have been developed
to make use of the Technicon 'Autoaralyser', (Techniccn Equipment Pty. ILtd.
Ireland) and similar instruments. The main advantages nf these machines
are rapid samnle processing and high reproducibility of results. When
adequate standardisation is carried out the methods are at least as

accurate as comparable manual ones.

Because a large number of pre and post inoculntion samples had to
be examined and comparisons between pre and post incculation valucs nade,

the high reproducibility of the Autoanalyser had considerable advaritages.

One diszdventege of many of the pubtlished methods is that they are
not particularly economical of either samples or reagent. As it was hoped
that a number of different estimations would be carried out, the sample
size had to be limited to avoid introducing alterations in the blood
picture of the aninal due to tlood loss. Some of the published methods
werce therefore modified to economise on the sample. In addition, since
nany of the published methods are basiczlly similar, comparatively small
alterations to reagert concentrations and pump tube sizes enabled the same

manifold tc be used for scveral differernt estimations.

The following pages are set out to shows

1. A refercnce to the method which was used.
2 A list of the reagents.
Dl A diagrem of the flow pattern, using standard !Autoanalyser! symbols.

In cases where the same manifold was used for more than one methad
a reference is given to the appropriate page.

4. A note of modifications appiied to the published method.

Se A copy of the 'calibration peaks'! and a representative portion of
the sample peaks obtained using the method.

6o Any relevant comments on the procedure which have not been discussed

previously.
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The 'Autoanalyser'! modules used were:

'Sampler-II!' automatic sample changer.

Proportioning pumps.

Dialysar bath.

40" heating coil.

Colorimetors.

'Purner!'* Fluorimeter modificd with flow through sample cuvette.
2-pen chart reccorders.

Flame III Flame photometer.

Turner Fluorineter - Turner & Associates, Paleo £lto, Calif.,

UuSci.Lo
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Blcod Gluchse

Atomated Estimation:

Refercnces Saifer A. & Robin M. in 'Automaticn in Analytical

Chemistry! - Technicon Sympesia 1665.  Bedizd, New York. p. 586-592.

"Determination of Gluconse in Biclegic Fluids wvith an Automatcd

Enzynatic Procedure',

Recgents: Glucese Stondarl. (Standerd Solution Sigme Cat no.

fcr Blood Glucise estimaticn)

Puffer (Stock): 23.3G: Maleic icid Jissclved in 800wl hot dis-

tilled water. Add 24,26m tris hydroxymethyl erinomethane, cocl and make

up to 1 litrc,

Ruiter (working)s 250ml stock buffer + 48ml 1N.NaOH made up to
1 litre with distilled water and adjusted to plif.4.

Enzymc/Dye:s 400ml Glyccrol, I0ML Clucose Oxidase-peroxidase (Sigma
cat. no 510-6) 600mg >-cianisidine dihydrochloride male up to 1 litre with
distilled water.

Sulphuric acid: 30% v/v solution.

Wash sclution: 1% sulphuric acid.

Flow Chart:
s¢

(6}

page O LS, OLb
Calibtration and Sample Jeaks:

Mcdificaticns to published method: Since preliminory deproteini-

sation of samples had been carried out a dialyser was unnessary and was nct
included. Similarly, in the absence of flusride in the samples the Mag-
nesium sulphate solution was not required tc cvercenic inhibition of the
glucosc oxidase. The sensitivity of the mcethod using a heating bath at
3700 (as requircd for the simultanesusly run Lactate estimations) was
sufficient to obviatc the necessity of using a temperature of SOOC as rc-
conmended in the published method. With prior dilution of the sample
during deproteinisation in associstion with the increase in sensitivity

due to eliminaticon cf the dialysis step, the pump tube sizes were adjusted
to compensate for these factors and thus retain the approximate glucoses

reagcent ratios and concentrations of tho original metlod.
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Blood Pyruvate

Autcnated Estimation:

Refercnce: Minaire Y., Ferichon J. & Studievic C. ir 'Automation
in Analytical Chemistry! - Technicon Symposia 1966, Mediad New York,
Vol. II p 145-149.

"Dosage Fluorometrique Enzymatique de L'Acide Pyruvigue par 1'Auto-

analyzer".

Reagents:

Buffer: 6.05Gm tris hydroxymethyl aminomethane in $00ml dis-
tilled water adjiusted to pH7.6 with concentrated hydrochloric acid and

made up to 1 litre.

lactic dehydrogenasc: as for lactate.

Reduced diphosphopyridine nucleotide 1mg/25m1 of the above

buffer.

Pyruvate standards Stock 24.6mg Sodium Pyruvate in 100ml

distilledwater. (Equivalent to 20mg pyruvic acid per 100ml Working
standards of 0.5,1.0,1.5,2.0,2.5,5.0,4.0mg/ml vere prcpared from this
standard).
Ficw Chart: N
see page OL S, 017

Calibration and Sample Peaks:

Modification tc the Published Method: Dialysis was not reqguired

and a 40foot heating coil at 57OC was inserted in its place. This increased
the sensitivity of the method and pump tube sizes were adjusted accordingly.

The fluorometer was set at 340nm,

HNotes: This method gave satisfactory results with the standards, but
due to a high level of non-specific flucrescence in the samples, possibly
derived from incomplete deproteinisation in the !Vacutainers'! and the
instability of pyruvate in stored samples, the results of the estimations
of pyruvate made on them are not regarded as being sufficiently reliabdble

to be of wvalue,



024

Rloaod Lactate

Automated Estimaticns

References  Hinaire Y. Studicvic C. & tocucherand F. 1965
—— ’ s
"

Pathologie ¢t Biologie 13 ¢ 1170 "Dosage futcmatique de L'licide Lactique -".

Reagentss

Loctate standerés: cuntaining 10, 20, 5C, 100 and 200mg% L +

lactate - prepered from scdium (1 lactate - sce Bergneyer (1963) p 271.

Glycine/ﬂy&r&zinc Buffer: 0,54 Glycine in distilled water,

Add 0,1M Hycrazine Sulphate and adjust te pH 9.0 with 10N NaOH.

Loactic dehydrogecnases: 2.0 ml lactic dehydregenase snlution

(Sigme Type II LDH ex Rabbit muscle) to 100ml «f the above buffer.
Diphosphonyridine ucleotide: 0.9Ga PN in 100ml bwuffer,

Blow Charts
see page OLS, 0¥

Calibraticn and Samnle Poeaks:

Modificaticns tc vublished Method: No dialysis wes necessary as

the semples were protein free (sce glucose method)., Mixing coils were

i ¢

inserted to cnsure sznple dilution and reagent mixing prior to incubation.
Pump tube sizes were adjusted to give similar reegentisample concentraticons

to the published methed in the abscnce »f dialysis.
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Serum Glutamic Oxaloacetic and Glutamic Pyruvic Transaminases

Automated Estimaticn:

Refcrence: Levine J.B. & Hill J.B., in 'Automation in Analytical
Chemistry'.- Technicon Symposia (1965), Mediad New York p 569-574.
"Automated Fluorometric Determinations of Serum Glutamic Oxalacctic

Transaminasc and Scrum Glutamic Pyruvic Transaminase."

Reagents:  fis described in the crigincl method with the following excep-
tions - Albumin solution was not used to dilute the nucleotide and enzymes
as the fluorescence of many albumin samples can scriously increase the
vackground fluorescence. The detergent used was Brij 35, and the stock

lactic and malic dehydrogcnases were supplied by Sigma Chemicals ILtd.

Standards were prepared by diluting 'Enzatrol! (Dadeﬁagmﬂs\&EHISJQto
give standards of 10, 20, 31, 41 int, units of SGOT and 1¢,20,30,40.5 int.
units of SGPT respectively.

Flcw Chart:

see page 051, 052, 033

Calibratisn _and Samplc Pcaiis:

Modifications to Publishcd HMethods To econorniise on the amount of sample

and reagents required, the pump tube sizes were all reduced proporticnately.
It was found that, while retaining o sampling rate of 40/hour, gnod sepa-
raticn and washout charactcristics were obtained. A portion of the

enzyte substrate mixtures were reroved after mixing to be used for total

serum protein estimations.
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Total Protein

Automated Betimation:

Reference: 'Autoanelyser! Methodclogy File N-14b.
Reagents: Biuret resgent - as described.

Protein stendards. Serial diluticns of s commercial
serum standard - ('Versatcl!, Warner Chilcott, Morris Plains, N.J, U.S.A.)

containing 6.9% protein/100ml serum.

Flow Chart:

]
Q
™

age 031,03 ¢
Calibraticn and Sample Peaks:

Modifications to Published Method: Diluticn of the sample was with

the substrate uscd for the estimation of glutamic-oxaloacetic transaminase.,
The diluted sample for protcein cstimation was removed (aftor mixing) via
the botton arm of a debubbler and a punp tute of the appropriate diameter.
It was then mixed with the biuret reagent and passed through a 40 feoot
heating ccil at 37°¢C.

Notes: The reaction was not influenced by either the substratc

used for diluticn nor by the incubaticn at 3700.
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Serum Isocitric Dehvdrogzcnase

Automated Method:

Reference:  Wolfson S.K. (Jr.) & Williams-Ashman H.G. (1957) Proc. Soc.

Exp. Biol. licd. G6: 231-234.

Beagcentss The ~bcve reference is to e manual mcthed as o published
methods for isocitric dehydrogenase could be found in the literature,
Reagent solutions werc thorefore mede up so that, using the manifold
described for lactic dehydrogenase, the final concentrations of reagents
would be similar to those used in the manuel methoed.

Tris Buffer: 0.1il,pH7.6 This was the same buffer as described in the
Pyravate method.

Substrates 2.616n Sodium isocitrate (0.1M), 300mg Mangancse chloride
(0.01}) in 600 ml of Tris Buffer.

TPN (NADP) 100mg triphosphopyridine nucleotide (nicotinanide adenine
dinuclcotide) in 75ml tris bufferx,

Recipient Tris Buffer.

Stordardss Serial dilutions of Enzztrol - Dade werc uscd. The lamb

sera showed higher activity than these standards. & lamb serum was there-
fore diluted with buffer, measured against the comacrcial standara, then
used to prepare a calibration curve for the remaining samples.

Flow Chert:

ses page 03(, 037

Calibration and Sznmlc Peakss

Meodifications to the Publiished Mcth.d: The present methed was developed

frou the above menual mcthod and o published autcmated method for lactic

dehydrogenase which employs dizlysis and subsequent fluorimetric estimation

of the recduccd nucleotide fermed by the enzyme during incubation with the

appropriate substrate - sce Lactic dehydrogenase method.,

Notes: It can be seen from the standard and sample peaks thet, while
the automated e¢stimation of the isccitric dchydrogenase dees noat appear to
have been described previously, adaptation of existing menual methods
appears to have provided a useful automated procedure with good linearity

and washout characteristics.

(A% ]
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Serunm lactic Dehydrogenzse

Autonated Istimations

Refercnce: Passen S. & Gennarc W, (1966) Am. J. Clin. Path. 46: 69-85
"An jutomated System for the Fluorometric Determination of Serum Lactate

Dehydrogenase".
Reagents: As described in the original method.

Standards: "Enzatrcl" - Dadc was reconstituted and serial dilutiouns
were used as standards. In addition a series »f human bloods with high
valucs were obtained from the Palmerston Ncerth Hospital and uscd as
standards, A3 in other methods where samples exceeded the strindards, the
sample was diluted and re Tun to obtain its true value,

Flow Chart:
sce page 036, 035 %

Calibration and Samrple Poaks:

Modifications tc the Original Listhod: Slight proportional alteraticns

were made to pump tube sizes to economise on rcagents and samvle.
These did not affect the washcut characteristics or peak patterns to a
noticeable extent since a slower flow rate of 40 instead of 60 samples per

hour was being used.
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Serum Acid and A}kaline Phosphatase

Automated Estimation:

Reference: Grecn S., Thomas J.G., & Fishman W.H. in 'Autometion in
Analytical Chemistry! - Technicon Symposia (1966) Mediad, New York vol. 1
p 480 - 488.

"Automated Differential Analysis of Several Serum Phosphatase

Isoenzymes".

Reagents 1 Acid Phosphatasg¢: As described under 'Manifold 2' in the orig-

iﬁal method (hotc that only total acid phosphatase was being estimated
therefore the recagents for the estimation of !'tartrate sensitive acid
phosphatase viz, citrate tartrate buffer and solutions of naphthyl- and

phenyl-phosphate in this buffer, were not required.)

Alkaline Phosphatases As described under 'Manifold 3! in the

original method (note that only total alkaline phosphatase was being esti-
mated and both d- and l-phenylalanine were omitted)with the exception that
due to thec high levels of alkaline phosphatasc activity encountered in the
samples it was found necessary to use the concentrations of aminoantipyrene
and potassium ferricyanide given for the acid phosphatasc to overcome
exhaustion effects encountered when the concentrations recommended in the

alkaline phosphatase method were used.

Standards of phenol and also dilutionsof the commercial serum
standard 'Enzatrol'(Dade) were used.
Flcw Chart:

sece page O (, O% L, o¢3
Calibration and Sample Pcaks:

Modifications to the Original Method: Apart from the reagent alterations

described above, the manifold consists of the portions of the original
manifolds which deal with the estimation of the 'total'! acid and alkaline
phosphatase, with slight modifications to the pump tube sizes to give
suitable sensitivity with the high levels of activity encountered. The
manifold shown closely resembles that given in N28-29 methcdology in the
'Autoanalyser! mamal. In the absence of a pair of 505mu filters it was
necessary to use a 520mu filter in the alkaline phosphatase colorimeter,
but since the colour produced has a broad peak this did not seriously

affect the sensitivity of the colorimeter response.
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Notes:~ A technical fault developed in the acid phosphatase manifold
while samples were being run. Results from a number of samples were lost

and there was insufficient serwn left to repeat the estimations.,
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Serun & Urine, Sodium, Potassium, Chloride & Bicarbonate

Automated Istimation:

Reference: Autoanalyser Methodology File N21b.

'Electrolyte Determination - Flame IIT',

Reagents: as given in reference,

Flow Chart:

see page O S -0G &
Calibration Peaks:

Modifications to Publiched Methods: Pump tube sizes and ionic

concentrations of standards were adjusted to suit the range of wvalues
encountered in the samples of sheep urine. Bicarktmate estimations were

omitted from the serum sanmples.

Note: No bicarivonate was detectable in any urine sample from

these lambs,
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043

Serum Inorganic Phosphate

=

Autometed Estinctione

Reference:s  'hAutoanalysex! Methodology file N-4c

Technicon Corporation, New York, 1968,

Reagentss Acid Holybdatc - Stannous chleride - Hydrazine method
as described, Mote however thet, in the 'General Descripticn! of
the method, it is stateld that "Serwn is mixed with, and alsc dia-
lysed intc 1% H,SO, " and this was therefore done.

2 4

MNow Cheart:
sec page 0S5O, 0§71

Colibr~sticon and Semnlc Peaks:

Mudification to published mcethods: Since this estimaticn was

carried cut con the deprrteinised samples diclysis was unnecessary
and this was omittcd. Pump tube sizes were adjusted to cllow for

this,

Notes: The use of H?SOﬂ is net shicwn in the list of reoagents,
-4

.

nor in the published flow diagron. The ncthod will net function

satisfactorily if seline is used insteal of the acid as the phes-

phates precipitate in the mixing'coils and flow cuvettc.
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Appendix 12:

CONTROL HAEMATOLNGICAL AND RINCHEMICAL NDATA =-= VENOUS ALNND

GROUP-= SECOND PRNPERTY

ANIMAL HB PCV PH PI02 MA+ K+ PHNSPH ANFFER STLHCMN3 AC.HCN3 vce
GM 0/0 0/0 MM HG  MEO/L HFEO/IL MG 0/0 MFO/L MEN/L MEN /L /MM3
1 12.2 39. T.43 2. 1A0, 53, 3.4 4640 ?23.0 22.0 Ne
3 9.9 3S. Te42 34, 160, 50, 5.0 45,0 23.5 23.0 0.
4 9.9 32., 7.4l 36. 157. She Setd 4660 24¢5 24,4 0.
7 11.6 A T.65 31. 154, 51, N,0 4he 5 24,0 22.5 0.
8 12.5 39, 7.38 31, 154, 51, 3,0 47.0 ?23.0 23.0 4307,
9 10.2 38, T.41 32. 184, She 3.1 46,0 22.5 21.5 9250,
10 9.6 32. 737 16, 159, 50, Te2 4540 22.5 22.5 .
11 10.0 33, 7.38 40. 155, 51, 3.0 5.5 26,0 2445 0.
12 13.1 41. 7 .40 35, lb4, S4 o 246 47,0 ?3.Nn 22.5 3207,
14 11.2 38, 7.39 34, 155, 52. 0.0 46,0 ?22.5 22.0 0.
15 9.3 ?29. 7.37 29, 182, 57. hel 4540 20,5 19.0 5350,
16 13.0 39, T.40 40. LS 52. 3,0 4he5 24,5 2445 0.
18 10.9 35, 7.39 36. 154, 49, 5.6 4660 ?3.5 23.5 0.
19 12.9 40, 742 39, 160, 56, 4,6 47.0 25.0 ?25.0 6850,
20 9.8 33, Te41 36. 146, 45, Te8 4640 24,5 24,5 0.
21 12,2 37. 7.45 30. 152, 52, 3.5 4 be S ?23.5 21.5 5450.
22 8.6 29. 7.37 3R, 157, 50, 5.8 45,0 23,0 23.0 6259.
24 9.9 34, 7.38 44, 156, 60, R.2 45,0 24,0 2445 0.
25 12,0 38, 7.40 3R, 161, 55, 5.5 46,0 24,0 24,0 2.
27 10.5 34, 7.36 40. 164, 56, Red 46,0 ?3.5 24.5 4950,
28 10.2 36. 7.40 43, 1515, 51, 5.5 46.0 25.5 26.0 6159.
29 10.6 34, 7.36 40, 164, 57, 0.0 46,0 ?22.5 21.5 3450.
34 11.7 36. Te356 39, 155, S4, b4 46.% 23.5 2445 s 8
35 1l1.4 36. T.45 35, 152. 49, 4.1 46,0 25.5 25.0 5550,
37 11.4 36. T.45 35, 167, 55, 7.3 46.0 23,5 23,5 7850,
39 11.9 39, T.43 32. 155, 55, 6,0 4645 23.5 22,0 6500.
41 10.9 36. T.42 43, 158, 56, 2.8 46.0 26,0 26,0 0.
MEAN 11.01 35.7 T.402 36.2 156.9 52.9 5.37 46,00 23,64 23.35 6200.
STO NEV 1.21 3.1 +029 4.1 445 3.2 1.87 «60 l.14 1. 59 15613,
NUMBER 27 27 27 27 27 27 24 27 27 27 13
CONTROL HARMATOLOGICAL AND BIOCHEMICAL DATA ~- VENOUS 8.000
GROUP-~- SECOND PROPERTY
ANIMAL LDhH Icn SROT SGPT GLUICNSE LACTATE ALXPHOS PROTEIN
tu 1y Tu 1u MG 0/0 MG 0/0 Tu MG 0/0
1 850. 13. S4. Te 3. 6.0 1025, 7.0
3 1040. 34, Sl. 8. Qo, 2.3 1120, 6.R
4 810. 14. 35, T. 76, 2.2 585, 6.9
7 790. 15. 34, Re 0. 0.0 420, 6.5
8 650. 10. 43, Re 73, 0.0 790. 6T
9 680, 9. 39, 8. 43, 0,0 555, 6.0
10 820. 10. 41, 9. R3, 0.0 790, 6.5
11 790. 10. 37. R. 57, 3.8 625, T.7
12 750. 13. 35, L Te S56. 4e3 750, 7.5
14 700. 15. 33. 10. 0. 0.0 655, 7.8
15 650, 16. 46, 18, 0, 12.7 615, 9.2
16 850. 9. 40, 7. 97. 4o 710, 6.5
18 940. 17. 37. 11. 98, 47 1120. 7.1
19 660, 12. 50. Re 68 3.2 3R0,. 7.0
20 710. 16. 42, A 93, 3.2 535, T.7
21 6R0. 9. 49, T. 65, 2.9 340, 662
22 730. 15. 3A. 9. 72, 3.1 11720. 7.1
24 740. 23, 33. 9. 99, S 1000. 6.3
25 820. 18. 37. 10. S8, 2.1 495, 5.8
27 220. 13. 37. 9. B6 . 3.2 A95, 6.9
28 660, 8. 2R, 8. 53, 2.6 350, 7.1
‘29 810. 14, 42, A. 0. 0.0 430, 6.3
34 760, 10. 43, 10. RO, 5.8 R6S, 6.1
35 810. 11. 55 a, T4, 3.4 5R85, 6.6
37 870. 9. 54, 10. 92. 3.8 790. 6.8
39 610. 12. S5h. 8. 68, 6.6 310. 6.1
41 730. 21. 44, Se 48, 3.6 AQS, 6e3
MEAN 764 .0 13,9 41.9 8.6 T4, 0 4,25 694, 6.83
STD DEV 97.0 Se4 7.6 2,2 16,5 2.31 251, oT1
NUMRER 27 27 27 27 23 21 A7 27
Note: Zero values indicate no sample.



Appendix 12:

GRIUP == PAIRED CNNTROL

(cont'd)

CONTROL HASHMATNLNGTICAL ANN RINCHEMICAL DATA =— VENNUS AILNOY)

053

ANTMAL HA prv oy pLO? MA+ K+ PHNSIH  ALFFER STeHCN3 AC.HCO3 WCe pI2 cL-
G4 0/0 0/n MG MEA/L MEQ/ L MG 0/0 MEN/L MEO/L MEO/L /MM3 MM HG  MEO/L

0 1004 34, Te36 37. 0. 0e Sel 46,0 ?21.5 20,5 3150, 90, 0.

13 11.6 38, 7.30 42, 147, Sle 5.3 4645 1.5 24,0 460). 60. 104,

23 9.4 31, Tedl 466 146, Ghe 3.7 43,5 ?1e5 ?22.5 5100, 80. 108.

26 9.3 31, 7.79 LY 169, 59, 21 49,0 20,5 23,0 1230, 72, 124,

32 11.5 39, 7632 47, 158, 53, 5e5 42,5 275 25.0 O ° The 116,

36 11,8 40. T.37 43, 162, 62, 3.2 4R,0 26,0 25.0 4000, 7). 117,

40 10,7 35, Te3b 4G4, 1606 52 ?e5 475 27.5 25.0 3600, 80. 117,

43 10.6 36, T.35 47, 150, 4R, 240 45,0 23,5 2540 6159, 50, 112.

45 11,0 37. T.33 4le 155, 506 2.7 44,5 2065 20.5 6700, 40, 114,

49 11.1 37, 0.N0 Oe 153, 556 5.0 0.0 0.0 0.0 410, 0. 114,
MEAN 10.74 35,8 7.330 43.6 155,.5 5244 3.73 45,83 22,11 23133 5183, 6846 114.0
STN NEV 85 3.0 oN27 3.3 7.5 Se 1 1e 48 2.15 1o 31 le 88 1914, 15.9 Se7
NUMRER 10 10 9 9 9 9 10 9 9 9 9 9 9

CONTROL HAEMATOAL NGICAL

GRNUB== PATRED CONTROL

AND BINCHEMICAL DAYA == VENMWIS ALNND

L]

AN AT LhH Icn S30T SGPT GLUCNSE LACTATE ALXPHNS PRNOTEIN
1 m m L) MG 0/0 MG 0/0 1w MG 0/0
(4] 1050, 42, 41, Ao 20, 4ol $75. 6.7
11 660, 1. 1, e 102, Se7 5656 Re0
23 830, 17, 41, 10, R9, 3.1 945, 6.9
26 560, 10, 29, 11, A3, 13,9 260, 70
32 890. 22, AN, L 114, 3.8 9ns, Te3
34 940. 20, in, Te R4, 14,5 915, Tel
40 8130, 16, LTS 12, TR, 1264 7006 heb
43 7506 12, 39, Te 100, 8,0 ars, be2
45 7106 11, 34, 13, 101, P 1640 SRS, Ted
49 820, 12, IR, 6o 52 0.0 An0, Te2
MEAN AD?.0 17,3 A9. 4 9.0 A9, % 9,05 T12, Te03
STND NEV 14 3,8 946 Rgh 23 17,3 5a15 218, 48
NUMSER 10 ln’ 10 10 10 9 to 10

Note:

Zero values indicate no sample.



Appendix 12: (cont'd)

CONTRNL HASMATOLOGICAL AND 4[NCHFMICAL NDATA

]
GROUYP== NIVIDEN NNSE NR TDXINeee PRAEINOCULATINN VALUFS

PROTEIN  NA+

== VENNUS H_ N0

054

B e et b T T S PSP

ANTvAL HA PCV K+ cL- oH ecn2 w2 LACTATE SLUCNASE Pid) 52+
. GM 0/0 0/0 MG 970 MEO/L MEO/L MEQ/L MM HG MM 6 MG D/0 16 0/0 M6 0/0
2 9.6 32, Te4 Lan, 49, 103. T.34 32, 91. 155, 24, 3.0
6 11.3 37. o2 149, 4H . 107, T.31 34, 94, T4, 74, 27
g; ::-; 37. L 144, 50, 105, 7.32 49, 60, 0. Ale 3.7
[ 5 38, hal 152, 47, 11>, 7.24 sl. H?e 0. 112, 1.0
= 0.0 36. heb 156, 50, 119, 7.30 40 70, A3, 119, 4ot
10.1 33, b7 152, 49, 113, 7.34 Ot RO, 0. 97, 3.4
44 10.5 35. he9 153, 43, 110, 7.39 39, 50, 124, 104, 2.1
46 A.6 29, 3% 152. 50. 0. 7.36 19, a0, u5., hi, e
48 11.0 36. 7.0 159, S0, 122. 0.00 0. 0. 120, 79. 2.6
50 9.7 34, 5eR 150, a4, 114, 7.22 54, 0. 120. 129. 2.3
gg {2-2 ;g- heb 15A, Sl. 7. 7.30 PN o. A3, 90, 5.1
£ Towe £ heb 150. 52. 109, 0,00 0. 0, 46, 82, 3.6
. ) 4.9 156. a1, 2% 0.00 0. 0. 27, 75. 5.9
56 8.9 30. 6ol 151, 49, 111. 0.00 0. 0. 22 ad .46
S 10.3 34, L 152, A, 108. 0.00 0. 0. 0. 79. 4,1
sa 9.4 29. (981 153. 54, 109. 0.00 0. 0. 44, h3, 1.4
61 10.4 3s, 6ot 150, 55. 107. 7.37 0. 70. 43, hh. 1.6
MEAN  10.25 34,1 6.50  152.1 511 111.1 7.326 42.0 73.1 72.9 83,7 1,66
STD DEV .83 0% .38 1.1 4.2 5.0 «049 Aol 15.0 43,4 21.2 1. 10
_NUM3ER 17 17 17 17 17 17 1 11 9 I 17 17
GROUP-- DIVIDED NOSE OF TOXIN..s PRAFINOCULATION VALUES
ANTMAL LOH 1co sseT SGOT  ALKPHOS AUFFER ST.HCO3 AC.HCN3 ACPHIS wee
v v i) 1u I MEQ/L  MEN/L  MEO/L 1y /MM3
2 8R0. 27. 12k 37. 555. 460.0 205.0 205.0 0. 3650,
6 860. 15. 1n. 748, 670.  465.0 215.0 210.0 0. 4200,
17 760, 16. o 26. 525. 455.0 255.0 245.0 0. 4750.
13 830. 17. 4. 36, 975,  450.0 215.0 250.0 0. 3650,
38 820. 16. A. 40. 1070. 430.0 190.0 190.0 0. 4350,
42 930, 13. A, 54, A20.  445.0 235.0 250.0 0. 4000,
44 860. 13. 108 51, 730,  440.,0 230.0 230.0 0. 7450,
46 820. 21. 13. 39, A10.  435.0 215.0 215.0 0. 5500.
48 610. 12. 9. s, 3A0. 0.0 0.0 0.0 0. 6150,
50 760. 12. 7. 13, 875. 425.0 1A0.0 210.0 205. 6250,
51 830, N0c 9. 54, TR0.  445.0 215.0 230.0 220.  Aaloo,
53 850. 19. 7. 54, 1060, 0.0 n.0 0.0 299. 5100,
55 860. 20. 4, 44,  10R0. 0.0 0.0 0.0 310.  5050.
56 960. 21. 5% 45,  1110. 0.0 0.0 0.0 310. 6350,
57 8900, 14. A. , 6l. 1090. 0.0 0.0 0.0 345, 5250,
58 790. 17. Vo 46, 670, 0.0 0.0 0.0 170. 10000.
61  1050. 33, 10. 56. 1040. 255.0 145.0 170.0 310, 6250,
MEAN  B845.2 17.8 8.1 46.4  B37.6 427.72 209.09 218,63 271.1  5702.
STO DEV  94.1 5.5 2.5 12.5 22604  58.58 29,48 25,40 £3.2 1701
NUMBER 17 17 17 17 17 11 1t 11 A 17
" CONTROL HAZMATOLOGICAL AND BIDCHEMICAL DATA —- VENOUS ALNOD =
GROUP=-= CONTINUOUS INFUSION NF TOXIN... PREINOCULATINN VALUFS
ANIMAL H8 PCV  PROTEIN NA+ Ke cL- PH PCcn2 PN?  LACTATE GLUCNSE PHOS?H
GM 0/0 0/0 MG 0/0 MED/L  MEO/L  MEQ/L MM HG MM HG MG 0/0 MG 0/0 MG 0/0
62 11.0 36, 6.9 0. 0. 0% 7.39 0. 70. 40. 73. 4.6
63 11.8 38. 5.5 155. 54, 112, 7.38 40. a0. A4, 94, 1.4
64 10.4 34, 6.3 154, 53, 1. 7.35 45, 60. 48, 101. 2.2
66 10.9 34, 6.6 150, 52. 1. 7.35 oY 50. 76. 69. 1.6
70 10.2 34, 6.6 152. 53, 112. 7.38 42, a0. 42, 103, 4.3
71 12.6 39, 7.0 151. 53, 11, 7.641 39, as, 40, 96, 7.1
72 10.7 17, 5.2 155. 56, 1. 7.37 42, 70. |52, 71, 3.3
73 10.2 34, 5.6 152, 51, 112, 7.40 40, 55. 46, 39, 2.1
75 9.4 33, 6.5 158. 49, 120. 7.38 42, 60. 58, 68, 2.3
MEAN  10.80 35.4 6.22  153,3 52.6 112.5 7.378 40.0 67.7 53.7 7R.5 1.21
STO NEV .94 2.1 .63 2.6 2.0 3.0 .020 4ot 12,2 161 23.9 1.4
NUMRER 9 9 L] A L] C) A 9 9 9 9
GROUP== CONT INUOUS INFUSION NF TNXIN..o PREINNCULATINN VALUES
ANTMAL LOH co S5eT SGOT ALKPHOS BUFFER ST.HCO3 AC.HCO3 ACPHIS wee
v 1 v i ) MFO/L MFO/L MFO/L v /MM
T2 800. 12. 10. 41, 7640. 315.0 175.0 170.0 0. 6100,
63 960. 18. A. 57.% 1110, 455.0 235.0 235,0 250, 6200,
64 900. 14, 6o 44, 1040. 470.0 230.0 245.0 290. 6400,
66 910, 17. A. 460 1060, 0.0 0.0 0.0 100, 2100,
70 a70. 14, 7. 55, 675. 430.0 240.0 240.0 190. 5150,
71 810, 17. 7. 46, 760,  430.0 240.0 240.0 225. 5600,
72 1100. 15. A. 45, 1020. 420.0 230.,0 230.0 295. 1950,
73 850. 10. 9. 46, 5A5. 390,0 240.0 240.0 245.  ©000.
75 R60. 13, 9. 45, A45, 415.0 240.0 - 240.0 260. 4750,
MEAN  R95.5 1404 8.0 47.2  AR712.7 4l%.62 22R.75 230.00 256,89  596l.
STO NDEV 91,2 2.6 1.2 5.2  190.1 47.19 22,16 24.64 37.9 1972,
NUMA ER ‘9 9 9 9 9 L} [} [} [ 9
Note: Zero values indicate no sample.,
Note 2: Coding error in standard and actual bicarbonate

values,

All values shown are x10 actual value
eog- 20500 = 20-5



Appendix 12: (cont'd)

CONTROL HASMATOLOGICAL AND BRIOCHEMICAL DATA == ARTERIAL RLNOOD

GROUP== PAIRED CONTROL

He PCVY - PH PCO2 P02  GLUCNSE PHDSPH LACTATE RUFFER ST.HCN3 AC.HCN3
il GM 0/0  0/0 MM HG MM HG MG 0/0 MG 0/0 MG 0/0 MEQ/L  MEQ/L  MEO/L
0 10.4 34, 7.43 30. . 1R6. 73. 2.2 5.0 46.0 22.5 20.5
13 1.6 36. 7.61 31, 170. 107, 2.9 6.7 46,5 22.5 20.5
23 9.4 30. 7.40 38, 160, ~ 8l. 3.0 7.8 44.0 22.0 21.0
26 9.7. 30, 7.41 31. 160. 69, 2.7 10.2 44,0 21.5 200
32 11.2 37, 7.47 30. 190, 76, 3.2 9.4 43,0 23,5 22,0
36 12.0 39, 7445 35, 180. 82. 2.3 10.6 48,0 25.5  24.5
40 10.7 g 7.42 37. 180, 95. 1.6 14,2 46,0 24.0 23,5
43 10.7 35, 7.4l 35, 170. 95. 2.2 7.9 47.5 23.0  23.0
45 11.3 37, 7.45 24, 160, 128, 6.2 16,1 40,0 19.5 17.0
49 10.8 36. 0.00 0. 0. 73, 2.6 0.0 0.0 0.0 0.0
MEAN  10.76  34.8  7.427 32.3  172.8 87.9 2.9 9.7 45.0 22,6 21.3
STD DEV .78 2.9 .023 4.3 1.6 18.5 1.2 3.5 2.5 1.6 2.2
NUMBER 10 10 9 9 9 10 10 9 9 9 9
CONTROL HAEMATOLOGICAL AND BIOCHEMICAL DATA — ARTERIAL ALOOD

GROUP== DIVIDED DOSE OF T3XxINe.eo PREINOCULATION VALUES

ANIMAL H8 pCV Py PC 02 P02  GLUCOSE PHOSPH LACTATE RUFFER ST.HCO3 AC.HCO3 ACPHOS WCC

GM 0/0 0/0 MM HG MM HG MG 0/0 MG 0/0 MG 0/0 MEQ/L  MEO/L  MEQ/L 1 714M3

2 9.4 34, 7.38 34, 180. 126. 7.6 5.6 46,0 22.5 21.5 2. 0.

6 11.3 . 36. 7.48 26, 200. 86, 3.5 5.7 46,0 22.5 20.0 o. o.

17 10.6 - 34, 7,40 43, 160. 97. 2.9 4.9 49,0 25.5 26.0 2. 0.

33 11.3 36, T.44 32, 240, 82. 5.4 4.0 46,0 23.5 22.0 0. " [on

18 10.6 36. 7.34 38. 220. 119. 2.5 13.4 43,0 20.5 20.5 0. 0.

42 10.5 33, 7.39 41, 140, 112, 3.2 8.3 46.0 24.0 24,0 o. 0.

44 11.0 30. 7.39 38. 130. 103, 2.1 11.0 42.0 22.5 22.5 a. 0.

46 9.2 30. 7.39 3s, 170. 0. 0.0 0.0 44,0 21.5 20.5 o. 0.

48 10.5 3s, 0.00 0. 0. B8R, 2.6 11.0 0.0 0.0 0.0 o ©c

50 10.0 33, 7.31 37, 0. 90. 4.2 10.0 39.0 18.5 18.0 o. 0.

51 10.9 36. 7.38 36, 0. 116, 3.0 5.9 40.5 21.5 21.5 o. 0.

53 10.6 34, 0.00 0. 0. 127. 2.6 R.6 0.0 0.0 0.0 o. 0.

55 10.6 34, 0.00 0. 0. 57. 3.6 3.2 0.0 0.0 0.0 2. o.

56 8.9 31, 0.00 0. 0. 96, 2.3 4.9 0.0 0.0 0.0 0. o.

57 10.4 34, 0.00 0. 0. 74, 3.8 3.0 0.0 0.0 0.0 0. 0.

58 0.0 0. 0.00 o. 0. 92, 3.0 0.0 8.3 2.4 5.2 o. 0.

61 10.4 35, 7.44 37, 160. 100, 2.0 5.6 55.0 25.5 24,5 o o.

MEAN  10.38 33,8 7.394 36,0 177.7 97.8 3.38 7.00 42,06 20.86 20.51 0.0 0.

STD DEV .69 2.0 .046 4.5 36,3 19.1 1.42 3,17 11.41 6.14 5.28 0.0 0.

NUMBER 16 16 1 11 9 16 16 15 12 12' 12 0 0
CONTROL HAEMATOLOGICAL AND BIOCHEMICAL DATA — ARTERIAL ALOOD

GROUP== CONT INUOUS INFUSION NDF TOXINeeo PREINNCULATION VALUES

ANTMAL HB PCV PH PCO2 P02 GLUCOSE PHOSPH LACTATE BUFFER ST.HCO3 AC.HCD3 ACPHOS WCC

GM 0/0 0/0 - MM HG MM HG MG 0/0 MG 0/0 MG 0/0 MEQ/L  MEQ/L  MEQ/L i) /MM3

62 ' 10.6 36. 7.38 35, 0. B8, 1.6 10.3 43,0 21.0 20.0 0.' D)

63 - 0.0 0. 0.00 0. 0. 70. 3.8 3.5 0.0 0.0 0.0 0. 08

b3 64 9.6 33, 7.645 23, 130, 70. 3.0 4.7 57.0 22.0 15.5 bR s 0%
% 66 10.8 33, 7.42 0. 110. 85. 2.3 4.6 0.0 0.0 0.0 0. 0.
70 10.5 35, 7,648 31, 120. 122, 6.5 4,2 42.5 23.5 22.0 2. 0.
A 11 11.8 37. 7.40 40. 0. 95. T.4 4.8 39.0 22.5 22.5 0. 0.
- 72 10.7 37. 7.63 35, 130. 67, 3.1 5.7 40.0 23.5 23.5 0. 0.
73 10.7 34, 7.67 32, 140, 30. 15 2.4 40.0 23.0 22.5 0. 0.

75 9.2 33, 7.48 35, 160. 80. 5.8 5.2 42.0 23.0 22.0 0. 0.
MEAN  10.48 34,7 7.6438 33,0 131.6 78.5 3.89 5,04 43,35 22,646 21.14 0.0 0.
STD DEV .79 1.7 .037 5.2 17.2 24.8 2,17 2.19 6.19 .89 2. 70 0.0 0.
NUMBER 8 a 8 7 6 9 9 9 7 7 7 0 0

Note: Zero values indicate no sample.



Aprendix 13: ‘ 0 5 6
POST-INOCULATION HAEMATOLOGICAL AND B IOCHEMICAL DATA -- VENOUS B1.00D

GPOUP=-=~ DIVIDED DOSE OF TOXINeso INITIAL VALUES

ANIMAL H8 PCV  PRNTEIN NA+ K+ cL- PH pC02 PO2  LACTATE GLUCOSE PHOSPH
- GM 0/0 0/0 MG 0/0 MEQ/L  MEN/L  MEQ/L MM HG MM HG MG 0/0 MG 0/0 MG 0/0
2 0.0 0. 0.0 0. 0. 0. 0.00 0. 0. 0. 0. 0.0

6 0.0 0. 0.0 0. 0. 0. 0.00 0. 0. 0. 0. 0.0

17 12.4 38. 6.9 150. 48, 109. 7.35 34, 200. 102. 158, 3.1

33 0.0 0. 0.0 0. 0. 0. 0.00 0. 0. 0. 0. 0.0

38 10.8 36. 0.0 0. 0. 0. 7.28 41, 80. 113, 158, 2.3

42 12.2 40, 6.9 154. 55. 118, 7.16 59, 75. 148, 200. 3.9

44 12.4 40, be6 146. 46, 111, 7.21 53. 50. 61, 152. 3.7

* 46 10.8 37. beb 150, 70, 110. 7.33 45, 20, 128. 138, 2.5
48 9.7 32. 6.6 157, 49, 124, 0.00 0. 0. 64, A0. 2.4

50 B2 kL 5.5 154, 55, 121, 7.21 S1. 0. 64, 103. 2.5

51 9.6 35, 6.6 165, A7. 126. 6.94 64, 0. 280. 158. 2.7

53 11.5 39, 6.4 162, SR, 118, 0.00 0. 0. 32, 72 2.3

55 13.1 47, 6.5 0. 0. 0. 0.00 0. 0. 114, 88, 3.2

56 9.1 30. 6.0 153, 48, 114, 0.00 0. 0. 100. 64, 1.9

57 0.0 0. 0.0 0. 0. 0. 0.00 0. 0. 0. 0. 0.0

58 0.0 0. 0.0 0. 0. 0. 0.00 0. 0. 0. 0. 0.0

61 0.0 0. 0.0 0. 0. 0. 0.00 0. 0. 0. 0. 0.0
MEAN 11.16 37.4 6.46  154,5 57.3 116.7  7.211 49,5 85.0 109.6 125.0 2.81
STD DEV 1. 30 4.4 .42 6.0 13.3 6.1 .138 10.3 68.5 66,0 44,7 50
NUMBER 11 11 10 9 9 9 7 7 5 11 11 11

GROUP-~ DIVIDED JOSE OF TOXIN... INITIAL VALUES

ANIMAL LDH icn SGPT ' SGOT ALKPHOS BUFFER ST.HCO3 AC.HCO3 .
v 1y 1V 1u 14 MEQ/L MEN/L MFQ/L )
2 0. 0. 0. 0. 0. 0.0 0.0 0.0 R
6 0. 0. 0. 0. 0. 0.0 0.0 0.0
17 730. 19. 9. 26. 800, 47.0 22.5 24.5
33 0. 0. 0. 0. 0. 0.0 0.0 0.0
38 0. 27. 0. 0. 0. 41.0 18.5 19.0
42 860. l16. 11. S54. 945, 39.0 1645 20.0
44 850. 15. 10. Sle 790. 0.0 0.0 0.0
46 830. 24, 8. 40. 840. 46.0 22.0 ?23.5
48 760. 17. 11. 41, 370. 0.0 0.0 0.0
50 750. l16. T. 36. 905. 39.0 17.5 19.5
51 990. 20. 21. 85, 865 . 26.0 9.2 11.8
53 920. 36. A 75, 965, 0.0 0.0 0.0
55 1050. 47. 17. 60. 915. 0.0 0.0 0.0
56 1050. 53. A 68, 1010. 0.0 0.0 0.0 .
57 0. | 0. 0. 66. 0. 0.0 0.0 0.0
58 0. 25, 0. 57. 0. 0.0 0.0 0.0
61 0. 21. 0. 0. 0. 0.0 0.0 0.0
MEAN 879.0 25.8 11.0 54.9 840.5 39.66 178 19.71
STD DEV 119.7 12.2 4.5 17.2 179.8 7.52 453 4048
NUMBER 10 13 10 12 10 6 6 6

GROUP=~ CONTINUOUS INFUSION NF TOXINeoo INTITIAL VALUES

ANIMAL HB PCV  PROTEIN_ NA+ K+ cL- PH PCO2 PO2  LACTATE GLUCOSE PHOSPH
GM 0/0 0/0 MG 0/0 MEQ/L  MEQ/L  MEQ/L MM HG MM HG MG 0/0 MG 0/0 MG 0/0
62 0.0 0 & 100 o. 0. 0. 0.00 0. 0. 0. 0. 0.0
63 13.2 43, 5.2 152. 50. 112. 7.25 43, 65. 156, 149, 1.6
64 0.0 0. 0.0 0. 0. 0. 0.00 0. 0. 0. 0. 0.0
66 0.0 0. 0.0 0, 0. o. 0.00 0. 0. 0. 0. 0.0
70 10.8 36. 5.8 153, 44, 115. 7.33 40. LR 65. . 122, 3.1
71 12.8 41. 6.9 155. 48, 115. 7.28 43, 85, 68, 145. 7.3
72 0.0 0. 0.0 0. o} 0. 0.00 0. 'R 0. 0. 0.0
73 0.0 0. 0.0 0. 0. 0. 0.00 0. 0. 0. o. 0.0
75 9.2 32. 6.3 156. 71. 117. 7.35 41, 60. 64, 118. 4.6
MEAN  11.50 38.0 6.05 154.0 53.2 114.7  7.302 41.7 72.5 98,2 133.5 4.15
STD OEV  1.85 4.9 .72 1.8 12.0 2.0 2045 1.5 11.9 45.1 15.7 2. 63
NUMBER 4 4 4 4 4 4 4 4 4 4 & o)
- - - L LY T .

GROUP== CONT INUOUS INFUSION DF TOXIN... INTITIAL VALUES -

n SGPT SGOT ALKPHDS BUFFER ST,HCO3 AC.HCO3
AURE L?z !Eu | {1] 10 IU  MEQ/L  MED/L  MFO/L .
. 16. n. 0. 0. 0.0 0.0 0.0
:: 953. 23. 1. 65. 1000, 40,5 17.5 18,5 - =/
&4 0. 0. 0. 50. 0. 0.0 0.0 0.0
66 0. 0. n. 45, 0. 0.0 0.0 0.0
70 930. 53. A. 110. 700, 42,0 20.5 20.5
TL 850. 21. 11. 41, 6R0, 38,5 18.5 1R8.5
72 0. 0. N 0. 0. 0.0 0,0 0.0
73 0. 0. Na 0. 0. 0.0 0.0 0.0
75 900. 17. 9. 47, 9RS, 38,0 21.5 21.5
MEAN 907.5 26,0 9.5 596 841.2 39,75 19.50 19.75
STD DEV 63,4 15.3 1.2 25.9 174.9 1.4 1.82 1.50
NUMBER 4 5 4 6 4 -: _« __t__

Note: Zero values indicate no sample.



Appendix 13: (cont'd)

POST-INOCULATION HAEMATOLOGICAL AND BIOCHEMICAL DATA == VE.NUUS 8L0O0D
.

GROUP== DIVIDED DASE OF TOXINeee TERMINAL VALHES

ANIMAL

P24

HB PCV PROTEIN NA+ K+ CLt- PH PLO2 P02 LACTATE GLUCOSE PH)ISP -
- GM 0/0 0/0 MG 0/0 MEQ/L MFO/L MEQ/L MM HG MM HG MG 0/0 MG 0/0 MG 2/C
2 9.0 29, 7.5 140, 56, 102. 7.27 35, 100, 12 "y
&  15.8 s1. 5.8 0. 0. @  0.00 o. 0. 2600 2o 20
17 13.0 43, 6.8 150. 7. 109. 7.15 44, 40, 320. 240, Fralby
33 B.6 63, 0.0 0. 0. 0. 6.84 47, 50. 330, 20). LR
38 15.4 56. 6.2 0. 0. 0. 6.95 60, 50. 1R0. 310. 4.2
42 15.5 54, 6.9 0. 0. 0. 6.R7 Al. 50. 230. 330. 4.0
44 14,0 48. LY 0. 0. 0. 7.11 46, 60. 210. 265, “ed
46 0.0 0. R.9 0. 0. 0. 0.00 0. 0. 210. 107, A6
48 15.3 52. 6.3 153, 44, 120. 0.00 0. 0. 148, 131, 4.6
50 20.0 71. 5.4 0. 0. 0. 0.00 0. 0. 148, 123, 3.4
51 9.5 33, 6.5 158, 43, 121. 7.19 30. 0. 280. 265, 2.1
53 0.0 0. N.0 0. 0. 0. 0.00 0. 0. 2R0. 123, 6.4
55 16.6 57. 0.0 0. 0. 0. 0.00 0. 0. 200. 130. 3.2
56 22.8 76. 5.7 0. 0. 0. 0.00 0. 0. 0. 0. 0.0
57 16.6 56. 6.6 0. 0. 0. 0.00 0. 0. 103, 129, 2.7
58 10.3 33, 5.7 156. 54, 116. 0.00 0. 0. 62. 67. l.1
61 18.9 62. 5.6 0. 0. 0. 7.10 65, 35. 113, 134, 3.3
MEAN 15.42 52.2 6,42 151.4 54.8 113.6 7.060 51.0 55.0 199.6 184,1 424
STD OEV 3.88 13.5 092 7.0 13.7 8.0 «155 16.7 21.4 80.4 8l.6 1. 35
NUMBER 15 15 14 5 5 5 8 8 7 16 15 16
GROUP== DIVIDED JOSE OF TOXIN..e TERMINAL VALUES
ANTMAL © LOH Ico SHPT SGOT ALKPHOS BUFFER ST.HCO3 AC.HCO3 ACPHNS wee
v 1u 1y 1u Ty« MEQ/L MEQ/L MFO/L Tu /MM3
2 1050. 54. 0. 64, R20. 46.0 20.5 ?23.0 0. 3500.
6 900. 32. 11. B8R, 1070. 0.0 0.0 0.0 0. 0.
17 860, 38. 9. T4, 635, 34,0 22.5 24.5 0. 5050,
33 760. 24, 0. 39, 0. 25.0 B.8 0.0 0. 11050.
38 790. 0. Re 42. 0, 24,5 A.7 9.7 0. 6750.
42 910. 25, 10, 7. 905, 24,5 9.0 14.0 0. 7150.
44 880. 26. o 1le AO. 730. 31.0 12.8 13.5 0. 7150.
46 780. 44, Ne 80. 0. 0.0 0.0 0.0 0. 54 00.
48 770. 21. 14. 47, 420. 0.0 0.0 0.0 0. 6850,
50 730. 17. A 35, 905. 0.0 0.0 0.0 0. 7750.
51 940. 23, 34, 0. 740. 30.0 12.4 13.0 205. R900.
53 0. 0. N. 0. 0. 0.0 0.0 0.0 0. 5600.
55 0. 0. 0. 0. 0. 0.0 N.0 0.0 0. 10550.
56 1040. 42. 9. 63. 0. 0.0 0.0 0.0 0. 17900.
57 800. 15. 11. 0. 1160, 0.0 0.0 0.0 315, 6050.
58 920. 0. A. 0. 645, 0.0 0.0 0.0 170. 10650.
61 1050. 0. 0. 49, 0. 37.0 14.0 20.0 0. 9800.
MEAN 878.6 30.0 12.0 63.2 803.0 31.50 13.58 16.81 230.0 A156.
STD DEV 108.1 12.0 T.4 19.0 218.3 7.45 5.30 5.65 75.6 3388.

NUMBER 15 12 11 13 10 8 8 7 3 16
GROUP-~ CONTINUOUS INFUSION OF TOXINsse TERMINAL VALUES
ANIMAL HB PCV PROTEIN  NA+ K+ CL=- PH PCO2 PO2 LACTATE GLUCNSE °PHOSPH

GM 0/0 0/0 MG N0/0 MEQ/L MEQ/L MEQ/ L MM HG MM HG MG 0/0 MG 0/0 Mn N/»
62 11.4 37. 6.8 0. 0. 0. T.22 40, 70. 141.
63 18.6 64, 5.0 0. 0. 0. 6.88 70. 50, 148,
64 18.0 60. 6.0 0. 0. 0. 6. 77 0. 70. 68,
66 10.8 34, 6.4 150. 68, 1l1. T.11 0. 50. 130.
70 13.6 44, 5.9 155, 68, 119, 7.06 62. 60. 140.
71 17.1 57. 6.8 0. 0. 0. 7.05 50. 45, 200.
72 21.0 76. 0.0 0. 0. 0. 6,85 115. 40, 108.
73 10.9 37. 5.6 150. 57. 112. T.41 34, 55. 45,
75 11.6 40. 6.1 150. 56, 109, 7.16 44, _90. 156.

MEAN 164.77 49.8 6.07 151.2 62.2 '112.7 7.056 59,2 58.8 126.2 161.4 “ T2
STD DEV 3.91 14.7 « 60 2.5 6.6 4.3 « 200 27.5 15.5 46.8 42,3 .13
NUMBER 9 9 a 4 4 4 9 1/ 9 9 2 e
GROUP=~ CONT INUOUS INFUSION NF TOXIN..s TERMINAL VALUES
AN IMAL LDH 1cn SGPT SGOT ALKPHOS BUFFER ST,HCO3 AC,HCO3 ACPHNS wCC

v 1u v 1u v MEQ/L MEQ/L MEQ/L 1v /MM3

62 770, 0. 11. 43, 0. 36.5 15.5 15.5 0. 4400,
63 930. 28. 12, 65, 935, 24.5 8.8 14.0 0. 12000,
64 840, 25 11. 0. 935, 24,0 84.0 0.0 0. 10450.
66 860, 18. 1n. 0. 1060, 0.0 0.0 0.0 280. 4800,
70 920. 52. 12. 130. 790, 33,5 13.0 17.0 235, 2100.
71 770. 24, 15. 46, 675, 30.0 11.4 13.0 190. 6300.
72 1100. 18. 0, 0. 0. 26.0 9.2 20.5 0. 6950,
73 870. 15. T. 55. 925. 38,0 21.5 - 21.0 265, 5300.
5] 890, 19. 12. 55. 945, 34,5 14.2 15.0 240, 5000.
MEAN 883.3 24.8 11.2 65.6 895.0 30.87 22.20 16,57 242,0 6366,

STD DEV 99,2 11.7 2,2 32.4 124. 6 5.54 25.29 3.11 34,3 3087.

NUMBER 9 L] 8 6 7 8 [} 7 5 9

Note: Zero values indicate no sample.



Appendix 13:

GRAOUP== CONT INUNYS

INFUSION AF. TNXIMess

(cont'd)

POST=INNCULATINN HAEMATOLNG ICAL AND RIOCHEMICAL

NATA ARTFRTAL HLNOD

INTITTAL VALUES

AN TMAL HA PCV PH PCN2 nN2 GLUCOSE PHNSPH L ACTATF RUFFER  ST.HCN3 AC.HCN3 ACPHOS WCC
GM 0/0 0/0 M4 HG M HG MG 0/0 MG 0/0 MG 0/0 HED/L MEO/L MEO/L 1y /HM3
62 0.0 0. n.00 0. n. n. 0.0 0.0 0.0 0.0 0.9 . 0.
63 0.0 0. 0.00 0. 0. 0. n.0 0.0 0.0 0.0 0.0 0. 0.
64 0.0 0. 0.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 Bl 0.
66 0.0 0. a.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 0. 0.
70 10.8 36, 7.34 19, 140, 147, 3.2 0.0 31,0 20.0 20,0 I. 0.
71 0.0 0. 0.00 0. 0. 129, 4.2 11.5 0.0 0.0 0.0 0. 0.
72 0.0 0. 0.00 0. 0. 0. 0.0 0,0 0.0 0.0 0.0 7. 0.
73 0.0 0. 0.00 0. n. 0fs 0.0 0.0 0.0 0.0 0.0 0. 0.
75 9.8 33, 7.28 40. 125, 68, 3.5 2.8 49.5 23.0 23,0 4 0.
MEAN 10.30 34.5 7,340 30.5 132.6  114.6 3.63 7.15 43,75 21.50 21.59 0.0 0.
STD DEV .70 2.1 .028 507 10. 4 41.4 .51 6415 R.13 2.12 2.12 0.0 0.
NUMBER 2 > 2 ? 2 3 3 2 ? 2 2 0 o
POST=INNCULATION HAEMATALNG ICAL AND RIOCHEMICAL DATA -- ARTERTAL BLNOD
GROUP=~ DIVIDEN NOSE OF TOXIN... INITIAL VALUES
ANTMAL HB pCcV %) PCO2 P02  GLUCOSE PHNSPH 1 ACTATE RUFFER ST,HCO3 AC.HCN3 ACPHOS Wee
GM 0/0 0/0 MM HG W4 HG 16 0/0 MG 0/0 MG 0/0  MEQ/L  MEO/L MEQ/L 1 /3M3
2 0.0 0. 0.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 J. 0.
6 0.0 0. 0.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 0. 0.
17 12.0 35. 7.33 4R, 240, 235, 5.9 11.2 41.0 19.0 17.5 J. 0.
33 0.0 0. 0.00 0. 0. n. 0.0 0.0 0.0 0.0 0.0 on 0.
38 10.0 35, 7.3 30. 350. 0. 0.0 0.0 32.5 16.5 15.5 9o 0.
42 12.4 39, 7.25 43, 120, 230, L% 7.1 39,0 17.5 18.0 0. 0.
44 12.3 39. 7.78 46, 110. 200, 2.1 15.2 43,5 19.5 21.0 b5 0.
46 11.8 39, 7.25 4R, In. 0. 0.0 0.0 42.0 18.5 20.5 0. 0.
48 10.6 34, 0.00 0. 0. 70. 2.4 4u4 0.0 0.0 0.0 2. 0.
50 10.8 38. 7.32 36. 0. 69. 6.7 2.7 38,0 18.0 18.0 0. 0.
51 0.0 0. 0.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 Q. 0.
53 0.0 0. 0.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 0. 0.
55 0.0 0. 0.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 0. 0.
56 0.0 0. 0.00 0. 0. n. 0.0 0.0 0.0 0.0 0.0 0. 0.
57 0.0 0. 0.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 0. 0.
58 0.0 0. 0.00 0. 0. 0. 0.0 0.0 0.0 0.0 0.0 0. o.
61 0.0 0. 0.00 0. 0, 0. 0.0 0.0 0.0 0.0 0.0 a2, 0.
MEAN 11.41 37.0 7.295 41,8 170.0 160.8 4,72 8.12  39.33 18,16 18.41 0.0 0.
STH DEV .93 2.2 . 040 7.3 125.4 B4.4 2,27 5.09 3.89 1.08 2.03 0.0 0.
NUMBER 7 7 6 6 5 5 [ 5 6 6 6 0 s}
[ = e I e R E
Note: Zero ‘values indicate no sample.



Arpendix 13:

(cont'd)

POST=INNCULATINN MAFATOLOG 1AL ANMD RINSHERTZAL DATA == ARTELTAL sLOOD

GROUP== NIVIDEN INSE NF TIXIN,ee TFRIITVAL VALIUFS
ANTMAL HA pPCV pa oln?2 PN GLICASE PHOISPH I ACTATE MHFIFR STeHONI ACLHMN3 ATPHOS GG
G4 0/0 n/n MG MM NG M6 20 6 020 NG 00 MO/ MEN /L I 7413
2 .9 ’A, Te73 XS 174, 174, Nel) 1245 20445 23,1 Ve 0.
6 ReS 28, 0.00 0e 0% 210, 4ol 210 Ne0 n.0 0. (1o
17 0.0 0. Nend 0. n, 28, a,. 13,0 NN nen e n.
33 18.8 664 heq3 A0, 70, 164, P Vhel 4,0 11.4 Ne n.
38 14.8 52, 7.0 Il 70, 23n, “ol Vaob 10,13 a4 Yo 0.
42 0,0 0. NeN0D (018 0, N, Nt Ng0 NN 0.0 N, Ne
44 14 .4 T.10 7. 128, N, N 04n 1le4 1.1 Ve 0.
46 0.0 . 0,00 0e 0. 0. N.0 n,n n.n 0.0 NeN 0. 0.
48 0.0 0. NeN0 0, n, 107, Lol 1He? NN Ngn Ne ) s 18 0.
50 0,0 N. NN 0 0 N 0o LN} NeN n.0n e NeN Ne 0e
51 0.0 Ne n,NO 0o Ne e 060 0.0 NN NN N le 0.
53 0,0 0, n.n0 0, Ne N, Nel Ne0 n,n n.n 0.0 0. ONT
55 0,0 0. n.nn a. Ne n. 0.0 N0 n.n aA.n 0,1 i 0e
56 0,0 0, N.N0N Ne 0, n, Ne) NeN Ngn N0 N,0 0. 0.
57 0,0 n. 0400 0. ne 1313, 2elll 12,4 nen 0.0 0.0 2. 0.
58 0.0 Oe Ne.nn Oe 0. N, Ng0 0,0 V4e 7 1.9 9.? 0, 0.
61 23.0 T6. Ten? 654 30, 116, 1, 11,.? 34e 5 1le4 2140 al, * 0.
MEAN 14.73 49 o4 Ten72 5166 93,1 119,7 4eR1 19410 29,84 11.61 14,06 0.2 0.
STD NEV S.61 19,5 +110 206t S6hel THeY 274 Tel4 1n. 39 6401 be 25 0,0 0.
NUMBER 6 6 5! 5 s R -7 A & 6 A v 0 0
L ]
POST=INOCHLATIOM MAFMATOLOG ICAL AMD RIDIHEMICAL NDATA == AR TERIAL 8LNON
GROUP== CONT INUNIS INFHSIIN NF TNXINg,ee TERMINAL VALUES -
AN IMAL HB PCv o PCN2 rN?2 CLICUSFE PHNSPH 1LACTATE BUFFFR STeHCN3 AC,HCN3 ACPHOS wce
GM 070 0/0 MM HG M4 NG MG 0/0 16 0/0 MG 0/0  MEO/L MEQ/L MEQ/L 1y /MM3
-
62 0,0 0, 0,00 [ 0. 0o L) Ne0 0,0 0.0 0.9 e 0.
63 0,0 O NeNO Oe 0o 220, 2602 1462 0,0 0.0 0,0 0. 0.
64 0,0 0, 0,00 0. Ne 19n, 407 2040 040 0,0 040 Ne . Ne
66 0,0 Oe 0eN0O Ne 0o 215, 606 10,0 0.0 0.0 0,0 0. 0.
70 0,0 0. 0,00 0. 0. LN nNe0 Q9,0 0.0 0.0 0e9 N. 0.
71 0,0 Oe 0.00 0. e 0. 0.0 0.0 0,0 0.0 0.0 O, 0.
T2 0,0 [ 1% NenO 0. Ne 142, 4ol 1507 0.0 N.0 0.0 2)J 0.
73 12.6 39, T.33 Jébe O, 104, Ie4 Q4 36,0 18,5 18,0 O, 0.
75 0.0 0. 0,00 Oe 0e n, N.0 0,0 0.0 0,0 0.9 2. 0,
MEAN 12.60 39,0 Te330 36,0 0,0 174,56 4420 16,38 36,00 18,50 18,00 0.0 O.
SYD DEV 0,00 0.0 0,000 0.0 0.0 49,2 1,63 TeR3 0.00 0,00 0,00 0.0 0.
. NUMBER 1 1 1 1 (o] 5 5 6 1 1 1 [\ (o]
TA+o e =~
Note: no sample.
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Appendix 14 Hoematological and Bicchemical Data of Lambs

which Received intraduodenal Infusions of

Cl. Perfringscns Tvpe D plus Cartohydrate

Hours Heewmo- FP.C.V. Totol Glu- Pyru- Lac- Phos- Sodium Potas- Chlo-
after globin Protein ccse vate tete phate sium  ride
start of Gtlo % Gmpb ngse wa  mgGe meh meq/l meq/l meq/l
Infusion
Animel - 8 month male

L
0:00 6.2 20.5 75 76 0.7 W W7 46 4.0 105
0:30 6.5 20.0 7.0 76 1.1 T 4.0 143 4.0 108
1:00 {50 21.5 -G 75 0.9 4 3.3 140 4.5 109
1:30 6.2 19.0 Te5 75 1.1 4 3.5 141 4.6 106
2:00 6.0 - 6.8 76  C.8 4 3.1 140 4.2 108
2:30 G 2G5 6.8 S ©.7 4 2.8 145 4.4 107
3:00 6.0 19,0 7.0 74 1.1 LU 2 T /15 (i} 110
%330 6.5 20.5 Te2 72 1.0 A 3.3 147 4.3 110
2:00 7.6 - T.7 14% 0.7 60 3.6 141 445 103
4:15 7.6 26.0 7.2 160 2.0 84 4.3 - - -
4230 8.8 22,0 7.0 225 2.1 88 4.0 143 4e5 101
4:45 8.7 30,0 6.5 270 2.4 8% 5.3 146 6.5 108
Animnl - 8 month malc

18
0:00 - - 6.7 70 1.4 1 4.9 15 4.2 116
1:00 - - 6.4 77 0.8 - 4.9 152 4.0 111
1:55 8.0 20.0 6.7 65 1.2 6 5.0 153 4.4 112
2:15 8.4 22.0 6.4 72 1.2 4 4.8 144 Gdel 112
2:50 8.6 22.0 6.7 85 1.6 - 5.2 143 442 112
3:20 8.6 22.0 6.4 85 1.4 1 5.5 149 3.9 110
3:50 8.5 22.0 6.7 82 1.6 1 5.6 145 3.7 113
4:35 8.7 21,0 6.4 75 2.0 1 6.1 150 5le5 110
4:50 9.2 24.0 7.1 75 1.8 10 5.3 146 3.5 113
5:10 ) 23.5 6.7 115 1.4 22 4.9 150 345 1C7
58E5] 9.6 24.0 6.7 160. 2.2 32 4.8 150 3¢ 107
5855 9.2 22.0 6.7 195 1.8 5 5.1 149 52 169
5:55 9.4 24,0 6.7 245 2.8 T4 5.2 148 3,2 106
6:10 9.4 2340 7.5 265 3.6 80 7.5 144 3.3 110
6:30 8.5 22.0 7.2 260 5.6 116 6.7 147 6.3 110
6:55 8.8 22.0 6.7 255 - 106 7.2 151 2.9 111
7:20 9.6 23.0 7,0 295 5.8 167 10.2 150 7.8 106
T:45 9.4 22,0 7.5 280 6.6 172 12.4 138 4.8 102

cont'dececees
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Appendix 14: (canttd,)

Hours Hacno= F.CeV. Total  Glu- Pyru- Lac- Phos- Sodium Potas- Chlzo-
after gl-bin Protein cuse vate tate phate sium ride
start of
Infusion G % Grh mgGh ngh  meh ngs meq/l meq/l meq/l
Aninal - 8 nonth male
81
0:00 10.8 29.0 TeT 100 0.6 31 6.0 153 5.0
1:00 10.0 28,0 Ted 118 0.6 25 5.1 152 4,9
2300 9.8 25.0 T.7 109 ¢.5 16 5.1 151 4,4
3:00 10.€ 29.0 1.7 91 0.5 14 4.9 152 4.4
4300 10.0 26.0 il 7 106 0.5 g8 Bl 152 4.5
5:00 10.3 29,0 1.4 82 0.5 16 4.7 151 445
5:50 12.3 31.5 8.2 154 1.3 95 5.3 152 el
6330 12.8 35.0 8.5 245 2.5 125 5.1 151 4.1
7:00 1840 49.0 6.9 320 2.8 230 7.2 - -
7215 1840 5140 il 355 2.3 220 8.2 - -
Animal - 3 week female
85
0:00 - 39,0 Te6 83 - 14 6.8 149 4.9
2330 - 38,0 7.8 100 - 14 6.3 142 4¢3
4:00 - 76 .C T.1 104 - 17 6.6 136 462
7:00 - 36.0 7.6 108 - 23 6.C 143 4l
7230 - 37.0 T3 125 - 19 5.6 151 3+9
3:00 - 39,90 7.6 166 - 33 5.4 140 349
8:15 - 68.G 8.2 335 - 100 12,1 - -



Appendix 153

Bloond Glucose:

Survival Time Data for Starved

and Unstarved Lambs which Received Insulin

and/or Fpsilon Toxin - sec Chanter 20.

The Eficct cf lme Epsilon Toxin dAdministcred Intravencusly

Animal no. 97

Hours post--
Inoculaticn

0:00
0:40
1:00
1L 825)

The Effect of 40 units Insulin E.P.

Blood Glucose
mge
91
236
246
382

Hours Post-

Ainimal no. 91

Inoculation me%h
0:00 120
0:10 275
0:20 350
0:30 365
0:40 415
0:45 460

Intravcnously

animal no., 90

Hours Post~
Inoculation

0:00
0:10
0:20
0:30
0:40
0:50
1:00

The Effect of 40 units Insulin B.F. + lmg Epsilon Toxin Intravenou

Blocd Glucose

mef%

175

108

58

58

92

46
undetectable

Hours Post-

Animal no, 93

Inoculation ngdh
0:00 94
0:15 40
0:30 27
1:00 17
2:00 13
6:30 14

062

Blood Gluccse

Blood Glucosc

]
Sly

Animal no. 89

Hours Post-
Inoculation

0:00
0:10
0:20
0:30
0:40
0:50

blood Glucose
216
225
208
258
325
450

Hours Post-

Inoculation mgh
0:00 100
0:15 47
0:30 13
1:00% 27
1:30 280

#*

Animel no. 94

Blood Glucose

No clinical intoxication at
this time

eont'd.....
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Aprendix 15: (cont'd).

The Effect of lmg Epsilon Toxin Intravenously

24 Hours after 40 units Insulin and Storvation,

Animal no. 92

Hours Post- Blood Gluccse Hours Post- Blood Glucose
Inoculation nebh Inoculation mgsh
0:00 100 0:00 67
0:10 108 0:15 54
0:20 187 0:30 100
0:30 91 0:45 100
0:40 91 1:00 94

0:50 91
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Appendix 163

BIOCHEMICAL DATA == URINE

GROUP== DIVIDED DOSE OF TOXIN.es PREINDCULATION VALUES GROUP==~ PAIRED CONTROL
ANIMAL  SP.GR. PHOSPH  NA+ Ke cL- AN TMAL NA+ K+ CL- SPeGRe PHNSPH
MG 0/0 MEO/L  MEQ/L  MEO/L MEQ/L  MEQ/L  MEON/L - MG 0/0
2 1.010 9.0 8.5 74.0 27.0 ] 4.0 21.5 8.0 1.001 3.2
6 1.007 4.3 3.5 47,5 19.0 13 13.5 50.5 21.0 1.010 5.6
17 1.008 2.4 5.5 42,0 2.5 23 4.0 19.5 14.0 1.000 2.0
33 1.000 1.9 5.0 14.5 9.5 26 120.0 18.0 27.5 1.004 3.1
38 1,000 2.0 3.0 13.5 11.5 32 107.5 2445 22.5 14005 5.0
42 1.000 1.2 3.5 16.0 10.5 36 15.5 38.5 25.5 1.005 0.0
46 1,020 0.0 7.5 81.0 4.0 40 45.0 43,5 25.0 1.004 2.6
46 1,000 1.2 35,5 15.0 10.0 . 43 2.5 24.0 10,0 1.005 1.8
48 1.005 3.1 20.0 21.0 13.0 45  237.5 33.5 35.0 1.005 3.5
50 1.010 8.1 12s.0 82.5 46,0 49 87.5 22.5 15.0 1.004 2.6
51 1.003 3.4 26.0 55.0 21.5 -
53  1.0l6 6.2 23.0 66.0 31.5 MEAN 63,7 30.20 20.35 1.0043 3.26
55 1.005 7.2 46,0 31.0 21.0 STD DEV  75.9 10.90 8,48 0026 1.28 .
56 °1.006 5.4 25.0 38.0 24.0 NUMBER 10 10 10 10 9
57 1.000 4a2 7.5 16.5 12.5 .
58  1.000 4.1 20.0 23.5 22.5 cuL
61  1.000 2.8 5.0 3308 SENve GROUP=~ CONT INUOUS INFUSION NF TOXIN... PREINOCULATION VALUES
MEAN 1.005 4.15 21.73 38.79 19.29 ANIMAL SP.GR, PHOSPH NA+ K+ cL-
STD DEV <006 2.42 29.47 24.63 10.06 I MG 0/0 MEQ/L MEQ/L MEQ/L
NUMBER 17 16 17 17 17 62  1.001 1.8 4.0 18.0 10.0
N 63  1.000 1.2 4.0 7.0 5.5
D — ’ 64 .013 6.8 38,0 65.0 41,0
GROUP-- DIVIDED DOSE OF TOXIN... INITIAL VALUES 66 }_054 10.7 317.0 81.0 43.0
70 0.000 0.0 0.0 0.0 0.0
ANIMAL  pSEGGR. [BHOSPH'  NAS e Ct- 71 1.000 3.6 23.0  38.0  29.0
MG 0/0 MEQ/L ~ MEQ/L  MEO/L 72 1.005 5.0 6.0 40.0 13.5
73 1l.011 5.7 7.5 98.0 37.0
2  0.000 0.0 0.0 0.0 0.0
6  0.000 0.0 0.0 0.0 0.0 75  1.004 2.7 21.0 48.0 23.0
17 1.013 3.3 7.5 57. . =
33 0.000 0.0 lo.o o.g ’gg MEAN  1.007 4,68 17.56 49,37 25,25
STD DEV  .008 3,10  14.34  30.72  14.54
38 0.000 0.0 0.0 0.0 0.0 NUNAER g o 3 B
42  0.000 0.0 0.0 0.0 0.0 ]
46  0.000 0.0 0.0 0.0 0.0
46 0,000 0.0 0.8 0.0 0.0 =
48 1,025 12.0 22.0 61.0 31.0 el
so Mo¥ooo 0.0 5o, oo %0 GROUP=-= CONTINUOUS INFUSION OF TOXINe.. .NTITIAL VALUES
213 1322 ?3'2 ";2'2 }E‘;'g ;:'3 ANIMAL  SP.GR. PHOSPH  NA+ K+ cL-
' ° ' 0 ° MG 0/0 MEQ/L  MEQ/L  MEO/L
5 1.008 7.8 20.0 43.0 48.0
56 0.000 0.0 0.0 0.0 0.0
0.000 0.0 0.0 0.0 0.0
57  0.000 0.0 0.0 0.0 0.0 :§ 0000 0.0 0.0 0.0 0.0
58  0.000 0.0 0.0 0.0 00 64  0.000 0.0 0.0 0.0 0.0
61 0.000 0.0 0.0 0.0 0.0 a6  0.000 0.0 0.0 0.0 0.0
® . 0.0 0.0 0.0
MEAN 1,022 15.46 114.90 B85.20 30.50 .7,‘: g_ggg 3_3 0.0 0.0 0.0
STD DEV .01l 12,39 209.70 44.57 11.04 72 0.000 0.0 0.0 0.0 0.0
poRecR 2 B & 5 2 73 0.000 0.0 0.0 0.0 0.0
N . 75 0.000 0.0 0.0 0.0 0.0
™ GROUP-= DIVIDED DDSE OF TOXINeos TERMINAL VALUES MEAN  0.000 0.00 0.00 0.00 0.00
- TD DEV 0.000 0.00 0.00 0.00 0.00
ANIMAL  SP.GRe- PHOSPH  NA+ K+ cL- suuuusa 0 o 0 0 0
MG 0/0 MEQ/L  MEQ/L  MEQ/L E-
2 1.030 27.5 29.5  124.0 22.0
6 0.000 0.0 0.0 0.0 0.0 GROUP~= CONT INUOUS INFUSION OF TOXINeeo TERMINAL VALUES
17 1.010 2.9 25.0 54.0 25.5 -
33 0,000 5.8 0.0 0.0 0.0 ANIMAL  SP.GR. PHOSPH  NA+ K+ cL-
38 1.012 10.4 26.5 63.0 43.0 MG 0/0 MEQ/L  MEQ/L  MEQ/L
42 1,011 Se4 15.0 69.0 33.0 |
44  1.027 37.3 92.5 123.0 8.5 62 1.005 4.2 9.5 25.0 21.5
46 1.000 1.7 22.0 16.5 9.0 63 0.000 0.0 0.0 66,0 0.0
48  1.025 16 .8 24.5 64,0 33.0 64  0.000 0.0 0.0 0.0 £ 0.0
50 - 1.025 8.3 48.0 115.0 115.0 66  1.017 10.0 730.0 0.0 130.0
51 1.032 29.0 730.0 115.0 19.5 70  1.006 3,2 120.0 45,5 33.0
53  0.000 0.0 0.0 0.0 0.0 71 1.007 5.9 120.0 50.5 30.0
55  1.026 48.0 60.0 127.0 32.0 72 1.005 4.0 7.5 38.0 8.5
56 1,027 29.0 440.0 124.0 74.0 73 0.000 0.0 0.0 0.0 0.0
57 1.001 4.1 12.0 32.0 20.0 75 1.006 3.6 18.0 60.0 30.0
58 1.010 7.4  280.0 44,0 40.0 3
61  1.000 3.7 | 11.0 32.0 32.0 MEAN  1.007 5.15 167.50 47.50  42.16
STD DEV  .004 2.55 280.65 14.88  43.94
MEAN  1.016 15.82 129.71 78.75 36.17 NUMBER 6 6 6 6 6
STD DEV  .011 14,63 212,59 40.79 27.89
NUMBER 14 15 14 14 14 S

\

Note: Zero values indicate no sample,
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