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ikBSTSACT

Ih* Introdnetory chapter proridas a historical background to tho
Clostridia and includes specific details of the epidesiologyt clinical
sanifestationa and prcTention of tetanus together with a description of
the causatiTe organias, Clostridius tetani and its toxins. Ihe proposed
areas of study are listed.

The first of these areas« the haesolysin of Cl_tetani. is described
in the second chapter. Details of kinetic studies, effects of different
physical conditions and aethodologies on haesolysin production,
detection and stability, its production by different strains and its
properties after purification are giwen.

The neurotoxin is the subject of Chapter 3. Methods of neurotoxin
assay, Its production by different strains, its enzysatic breakdown and
toxin binding sites In brain tissue are described.

Chapter k concentrated on attespts to isolate the nonspaasogenic
toxin and Investigate its binding sites in brain tissue.

In Chapter 3 the biocheslcal reactions of Cl_tetani were Investigated.
These included established conventional tests plus many never previously
applied to this organias. Both cossercially available and non-cosaercial
tests were used and further investigations were made tdiere variable or
Inconclusive results were obtained. The effect of antitoxin on positive
reactions were also studied.

A study of the setabollas of Cl._tetani forsed the basis for Chapter
6, with growth requiresents, specific anlno acid utilisation and
production of volatile and non-volatile fatty acids being investigated.

Chapter 7 concentrated on other sorphological and cultural
characteristics of Cl._tetani inoludIng spores, sotility, plassids,
baoteriophages, antibiotic susoeptlbllities, Polyaerylaside gel
eleetrophoresis (PASI) and Isoeleotrid focussing (XEF) protein patterns

and ooapared all these properties with ether known properties of the






CHAPTER 1

INTRODtTCTTON
1.1 THE CLOSTRIDIA
1.1.1. Historical backr;roimd

The earth is nov; thought to be some ~,500 million years old.
What began as a white-hot cloud of gas gradually cooled to form a ball
of bare rock and mud surrounded by an atmosphere composed mainly of
steam. As the earth cooled further, the steam began to change to water
and it began to rain. It rained for millions of years, and during this
time volcanic activity added other gases such as ammonia and carbon
dioxide to the atmosphere. There v;as no oxygen present - a condition
known as anaerobiosis - therefore the development of primeval living
matter due to the power of lightning and the strong sunlight heralded
the advent of the first anaerobic life. Even v;hen oxygen apneared in
the atmosphere around 1 billion years later these organisms persisted
and became the ancestors of modern anaerobic bacteria.

It is only in the last fer; decades that the anaerobic bacteria
have been classified properly and t°leir relative importance as causative
agents In human disease fully appreciated. For instance, at one time
anaerobic infections were considered to be almost solely the realm of
the Clostridia and little thought was given to nonclostridial anaerobes.
Recently, more attention has been paid to these noncTostridial anaerobes,
both bacterial and nrotor.oal and their true role in the disease process is
emerging. This hov/ever, is beyond the sco™ of this work which will
concentrate on the clostridia.

Members of the genus Clostridium are defined as anaerobic or
mic>oaerophilic bacilli, usually staining gram-positively and producing
spores that commonly distend the organism. Some species decompose protein
or ferment carboh5drates, or have both activities. Rome produce exotoxins

and are pathogenic to man." Their natural habitat is the soil and the

intestinal tracts of animals and man.?



The genus is composed of a variety of organisms broadly conforming
to the above characteristics but differing markedly in others. Their
tolerance to oxygen, nutritional requirements and optimum temperatures for
growth vary greatly. For instance, Clostridium butyricum, the type species
of the genus and the organism to %diich Louis Pasteur®"s observation that butyric
fermentation could occur in the absence of oxygen is usuadly attributed
can grow with ammoniaas the only nitrogen source and biotin as the only
vitamin whereas others such eis Cl _perfringens require complex growth
media containing more that twenty aunino-acids and vitaunins™. Most pathogenic
Clostridia are heterotrophs, requiring a diversity of amino acids, carbo-
hydrates and vitamins for growth in artificial media”™. Although
originally clostridia were believed to be incapable of growth in the presence
of any oxygen at all it was later found that some strains, for example
Cl.histolyticum, Cl.tertium and Cl.carnis are aerotolerant luid can grow
to a limited extent when incubated aerobically™*" whereas others such as
Cl.novyi type D are extremely strict anaerobes and will not grow at all
if the oxygen tension in the ambient atmosphere is greater than 0.05 par

cent. S

Most pathogenic clostridia grow best at about 37 C, however.
there are many capable of growing at temperatures of 20°C or even lower”.
Some, known as psychrophiles, are incapable of growth above 30°C and
others are thermophiles, with optimum growth temperatures about 50°-60°C
and which may not grow below 30°C~.

The clostridia are generally described as gram-positive but this
is a property that is extremely variable, especially in cultures more
than a day or two old where great irregularity in the depth of staining
is noticeable”, with some strains appearing uniformly gram negative”.

The shape of the cell and the size and position of the spores
are also sub Jeot to great variation as the morphology of a strain may

alter both from culture to culture and within a culture”.



“hla Tariation from strain to strain and evan within a strain
on diffsrsnt cultures, extends to almost all of the morphological,
cultural and metabolic properties of the Clostridia and may have accounted
for some of the earlier problems of nomenclature and classification N, 7«
Indeed, much of the early work with Clostridia is Tery confusing partly
for the above reasons, partly because evlier bacteriologists may have
studied impure cultures, or pure cultures that alternated between two
or more phases and partly because many of the tests they performed were
poorly understood or inappropriately performed. The sane organism
frequently received many names and conversely many different organisms
were given the same name6 8It was not until the introduction of Mclntosh
and Flldes jar in 1916 made the intensive study of anaerobes possible,
and the advent of war made it necessary, that the Clostridia began to
be understood on a scientific basis”.

Early work placed much Importance on their pathogenicity, but
little on their general biology.”~ Obviously the most pathogenic species
were the most studied and most frequently recognised in clinicad
situations, with the less frequently encountered m«ily non-pathogenic
species being overlooked to a large degree.

The main clinical manifestations of clostridial disease are:
botulism, an often fatal form of food poisoning caused by Cl_botulinum”;
tetanus or lockjaw, where the infection with Cl._tetani produces persistent
muscle spasms often leading to death by cardiacarrest or pulmonary
insufficiency11 and gangrene or anaerobic myonecrosis, where infection
of a wound leads to invasion of fascial planes by the organisms and
eventually to Invasion of healthy muscle tissue and subsequent necrosis
which may be fulminating and eventually fatallz. The Clostridia mainly
involved in gangrene are Cl _perfringens. Cl._septicum and Cl._.novyi

although CI .histolyticum. Cl._sporogenea. Cl.aordellii, Cl.bifermentans



and Cl._fallax may also cause the disease.

Cl .perfringens may also cause food poisoning following ingestion
with foodlz, and Cl._difficile has recently been implicated as the causative
agent of antibiotic-associated colitis and pseudomembranous colitis .

As it became known that the pathogenicity of Clostridia depended in most
cases on the release of highly destructive enzymes and powerful exotoxins”,
most of which were both antigenic and solublek, it is perhaps understandable
that these toxins came to play a large part in determining relationships
among Clostridia.

Most species produce at least one toxin and many produce a range
that can be used to subtype them. Perhaps the most studied arn the
toxins of Cl.botulinum« of which there are 8 types and wUch can be used
to subdivide the species into 8 subspecies” and the neurotoxin of
Cl.tetani”™. These toxins are amongst the most potent toxins found in
nature and this single fact probably explains the fascination they have
held for reseaurchers since their discovery. Cl.perfringens may also be
subdivided into 3 types on the basis of production of four major and at
least 8 minor toxins and Cl.novyi into four types depending on the
presence of up to 8 different toxins. Cl.sordellii and Cl_bifermentans
maj" be differentiated on some occasions by the production of a lethal toxin
by the former, Cl.septicum and Cl.chauvoei may be differentiated by the
production of different toxins2 and Cl.difficile produces at least 2
distinct toxins™®.

In addition to toxic soluble antigens, most Clostridia also
possess antigens associated with flagella , capsules or the bacterial
bodies themselves, thus Cl._perfringens type A can be serologically sub-
divided into 76 different types, Cl.tetani into 10, Cl.aepticum into k

and Cl._botulinum types A and B into 8.



lh« valu* of soao of thoso dlstiaetioos uy bo uncortoln
howoTor. Ookloy™ fools that a charactoriotie which is to bo usoful in
classification ou™t to bo consistont, ou”™t to bo oasy to dononstrato
and ought to haro a wall studiod incidonco in othor organisms. Tho
production of a particular soluble bactorial antigen is felt to fail on
all throe points, as its production nay bo inconsistent in a particular
spocios, or OTon in a particular strain, its doaonstration nay only bo
accoaplishod by todious or complex nothods and its distribution nay bo
little studied. Oakley states '"the degree to idiich the soluble antigen
of bacteria hare been ersnined depends very lairgely on their real or
inaginod iInportanee in human or Toterinary nedicine and on the personal
interests and opportunities of those who have exsnined then.**\

Cl.tetani is possibly the sinplest of all pathogenic Clostridia
with regard to its soluble antigenic composition as it is reported to hare
only 2 definite soluble antigen toxins, the neurotoxin responsible for the
clinical manifestations of tetanus and a haeaolysin”™, therefore it Aould
be the sinplest of all Clostridia to study from this aspect, as nest cf
the other pathogenic Clostridia produce multiple toxins. HoweTer, ewen
here, there are difficulties. Some woricers have suggested the presence
of a third "non-spaamogenio* toxinMM*AN*An_ while the neurotoxin itself
may be composed of as few as two™, or as many as four™ distinct
antigenic components.

Cl.tetani also appears to be one of the sinplest of all Clostridia
in its metabolic activities. It is described as ncn-aaooharolytic and
non>proteolytlc by maqyworker52'3'7, but ethers claim that both sugars
and proteina nay be metabolised by some straina.s’lg'

Muoh of the woxh on both thé antlgenlo oomposition and the netabolio
aotivities of Cl._tetani wnms dona some tine agogvz and the recent advent

of new teohniques suoh as Oas-l1lquld Chromatography for volatile fatty






1.2, CLOSTRIDIUM TETANI

Tetanus i1s a dramatic medical problem which was recognised and
described early in medical history. Hippocrates, Arataeus and others were
anture of its existence 11but knew relatively little about the exact nature
of the disease Iﬂ- Indeed, until relatively recently the infective nature
of the disease was unproven, although it was suspected by some Workersaz,
such as the British surgeon Thomas Spencer Wells, who suggested that a
wound containing some "abnormal ferment®" originated a nerve poison that was
responsible for the clinical manifestations of tetanusll. It was not until
080*10 and Rattone in 188U successfully transmitted and induced the disease
in rabbits following the injection of pus taken from an acne pustule that
was the primary lesion of a patient who had died of tetanus, that this theory
was proven 32 Eleven of the twelve emimals inoculated rapidly developed
symptoms of tetanus and other rabbits inoculated with a sciatic nerve
emulsion from the originsil tetsoiic rabbits stlso developed tetanusll.

This serial transmission of the disease suggested that some living
agent was responsible and that there was a specific involvement of the
nervous system in some way. At suround the samie time, Nicolaier found that
saunples of soil inoculated into experimentad animads cotdd adso produce
tetanus and although he did not isolate an organism in pure culture, he noted
the presence of a slender bacillus which was present at the site of
infection in adl cakxsll. Isolation of the pure organism Waa accomplished
by Kitasato in 1889 ~ by allowing spores to form in mixed cultures and
then heating them to 80°C to destroy nonsporing organisms.

Finad confirmation of the hypothesis of Wells was provided in the
next year when von Behring and Kitasato succeeded in demonstrating the
presence of the neurotoxin in culture filtrates of the organism and found
that if many small doses of the toxin were given, immunity to it was

- N - - - - 11
induced and an antitoxin against it was produced in the serum



Faber in 1890 succeeded in separating the highly lethal neurotoxin,
tenned "tetanospasmin®, by filtration and showed that it"s administration
to experimental animals produced the chao"acteristic tetanus symptoms
observed in naturally occurring tetanus iIn man
1.2.1. Epidemiology

The organism now known to be responsible for causing tetanus is
Clostridium tetani, a motile, gram-positive anaerobic nonencapsulated,
spore-forming bacillusla. This organism is widespread in nature, both
in the faeces of man and animals and in the soil and environment31. The
distribution of Cl.tetani in thé soil may be influenced by factors such
as soil fertility, climate and human populations. Thus warmer, more
fertile and overcrowded areas tend to have the highest numbers of Cl.tetani
in the soil 11.

It has been found that, although the organism is ubiquitous, the
incidence of the disease itself can be related in general to the social
environment and habits of the populationlz. So tetanus is frequently
seen in underdeveloped and overcrowded countries . The habit of going
barefoot in aigricultural areas increases the risk of tetanus, and neonatal
tetanus resulting from contamination of the umbilical cord is common in
many underdeveloped countries, for example, Nigeria, where the cord may
be cut with wood or broken grass and "dressed* with native medicines
containing, amongst other things, cow dunglz. Tetanus has been implicated
as the leading cause of neonatal death in disadvantaged countries such
as Sierra Leone, Thailand and New Guinealz.

Immunisation is totally effective in preventing tetanus31
therefore the Immunisation status of the population is paramount in
determining the incidence of clinical tetanus. As the underdeveloped
countries are those least likely to have an effective immunisation policy
it is not surprising that the incidence of tetanus is so much higher than

it is in developed countries. This effect is also seen in ethnic groups

with incomplete immunity in developed countries. For example, in the



United States, tetanus is seen more frequently in blacks in the rural
south, where the immunisation status of the group is lower than the
surrounding populationla. Herd immunity does not protect the individual
and so any individual with impaired or inadequate immunity is potentially
at risk.

Although in 1973 tetanus remained a major worldwide problem
with an estimated 330,000 cases occurring annually”®, due to the widespread
immunity in the United States only 253 cases of tetanus were reported
from 1982 to 198it™ (88 in 1982, 91 in 1983 and 7% in 198"t). Forty
states reported at least one case and the 10 states reporting no cases
were all located in the western and northeastern United States, wheresis
the states reporting the majority of cases were in the south. The
average estimated annual incidence rate for whites was 0.033/100,000 and
for blacks was 0.059/100,000. Approximately 959" of patients had not
received a primary series of tetanus immunisations. In England and
Val”™B there were 52 cases from 1981 - 1983 ~ (23 in 1981, 19 in 1982
and 10 in 1983).

Tetanus is essentially an infective disease usually resulting
from the contamination of a woi-nd or cut by Cl.tetanilz. Indeed, in the
United States in 1982-108*t, 72" of cases occurred after an identified
acute injury™, the most frequent being puncture wounds (37) and lacerations
G5« Injuries incurred indoors accounted for "M?i of these wounds and
outdoor activities such as gardening accounted for 38*. In England,
h2% of injuries were incurred whilst gardening”.

The wound may be small and appear trivial on the surface as
Cl._tetani 1is not a histotoxic organism, and in 5 to 109" of cases the
original injury may have been so trivial that it has been subsequently
forgotten by the patient . Because of this no medical intervention %dll
be sought and the mortality of tetanus may be high (30 to 709 . The
mortality is at its highest in the elderly and the very young. In patients

over 70 years of age the mortality may be above 609i and in infants may be
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of a slmileo: order whilst mortality in young adults may be between 13 and
31

The incubation period is variable depending on the size of the
dose and the site of the inoculumll. It ranges from a few days to several
weeks between inoculation of the spores of Cl._tetani into the wound and
the appearance of symptomsgl, although spores may occasionally remain
dormant in healed wounds for many months, or even years, before a fresh
wound or other trauma in the same area maily induce them to germinate and
then go on to produce tetamus™. The longest latent period recorded is
10 years.”

The more peripheral the injury, the longer the incubation
penod, whilst wounds nearer the central nervous system tend to have

shorter incubation periods 1n,12,31

and generally the cases with~rt
incubation periods of less than 1 week tend to produce more severe disease
with higher mortality™.

However, although the contamination of a wound with spores of
Cl.tetani is necessary for the development of tetanus, the presence of
Cl_tetani in a wound does not necessarily result in the disease, as Cl.tetani
may often be cultured from the wounds of patienlswithout tetanus”™. The
local conditions which are necessary for the development of tetanus aure
rarely found when the wound is clean, has a good blood supply and the
oxygen tension is high, therefore the spores rarely germinate and the
disease cannot progress.

Fildes~*”~ found that tetanus spores could only germinate idien
the oxidation-reduction potential (Eh) of their surroundings had fallen
to IOmV or less at the usual pH of tlssues™. The presence of dirt, or
other organisms constituting a mixed infection, may produce a more marked
inflammation of the wound which may lower the Eh and facilitate the growth
of Cl._tetani”™. Also, traumatised tissues usually become acidified due

to anoxia and ischaemia of the affected area and at acid pH Cl.tetani
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can multiply at much higher oxidation-reduction potentials. At pH6.5,
a readily obtainable in traiunatised tissue, Cl.tetani can grow when
the Eh is 85 mv~.

The presence of soil in the wound greatly enhances the ability
of Cl.tetani to grow, even in the absence of any tissue necrosis.

Calcium chloride has the ability to produce the tissue necrosis necessary
for anaerobic infections to establish themselves and this compound is
present in most soils, especially cultivated soil. Tetanus is therefore
much more likely to develop from soiled wounds and war has been a prime
producer of severe, soiled wounds . Cl._tetemi was isolated from 199" of
World War 1 wounds expressly examined for it, although the disease itself
only developed in around 195". Gardening wounds are also likely to be
soiled and this may help explain their prominence in cases of clinical
tetanus. Severe wounds however, are generally followed by the initiation
of protective measures these days and tetanus may be more likely to
develop from slight wounds such as those produced by wood splinters,
rusty nails, thorns or even a dirty scratch where protective measures
are not sought"/.

In the Punjab in 1902, 19 of 107 patients inoculated with
contaminated plague vaccine developed fatal tetanus and there were 20
cases of tetanus reported in Bombay due to contaminated smallpox vaccination
and a further 32 cases where the portal of entry seems to have been the
site of injection of various drugslz. Tetanus following self-injection
of morphine or heroin by drug addicts has recently been observed with
increasing regularity and in some studies the mortality rate approaches
0?5 . Street heroin may contain spores of Cl.tetani and anaerobic
conditions may be helped by substances used to dilute it -

Tetanus also follows such diverse injuries as lacerations,
puncture wounds to the foot, varicose ulcere, thorns in the fingers,

cracks on the hands, plaster sores, boils, paronychia, chronic ulcers of



12

the leg, epistaxis, ear piercing, burns, infection of the umbilibal cord
(neonatal tetanus or tetanus neonatoimm) and infection of the female
genital tract (postabortal or puerperal tetanus) Recently several
cases of postoperative tetanus following surgery have been reportediw
Several of these cases were after cholecystectomy.
1.2.2. Clinical Manifestations

Tetanus can be differentiated into three separate types on the
basis of the clinical manifestations observed. These are local, cephalic
and generalised31, although many authors prefer to recognise just 2 forms,
local and generalisedS*'1% reg8*ding cephalic as merely an unusual
precursor of these types.

Local tetanus is ch8*acterised bythe persistant contraction
of muscles (spasms), generally around the site of infection, or in the
same limb or anatomical area as the infection31’32. The spasms may continue
for a period of weeks before subsiding, or the disease may progress to
generalised tetanus.

Cephalic tetanus is a rare form of tetanus, usually associated
with injuries to the head or chronic otitis media caused by Cl._tetani.
The cranial nerves are generally involved either singly or combined31. As
before this may remain localised or may progress to generalised tetanus.

Generalised tetanus usually follows an ill-defined prodromal
stage of mild intermittent muscular contractionssz. After some days
trismus ("lockjaw®), which is a spasm of the masseter muscles, develops.
This may be accompanied by generalised rigidity, particularly of the
abdominal muscles, high temperature, stiffness of the neck and
difficulty in swallowing * ~ _ These symptoms increase slowly or
rapidly depending on the severity of the attack until all the body muscles
may be involved resulting in violent spasms of the trunk and limbs *

In severe oases the trismus produces a characteristic facial expression

- - 31 - -
termed risus sardonicus . Death usually occurs from respiratory failure

due to Interference with the mechanics of breathing”.
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The clinical manifestations of tetanus are wholly due to the
2 15
production of toxin by Cl.tetani * _ The toxin involved is the neurotoxin,
although two other toxins, the haemolysin and a non-spasmogenic toxin
have been reported
1.2.3. The Neurotoxin

The Neurotoxin (tetanoaoasmin) was the second bacterial toxin
to be discovered, the first being diphtheria toxinls. The word toxin
is derived from the Greek Toxicon which means "bow poison” and refers to
poison placed on the arrowheads of their warriors 39. This alludes to the
theory that the bacteria produced a poisonous molecule which was subsequently
released or "shot out® to kill cells at a distance, rather like a
poisoned arrow.

Tetanospasmin has been the subject of intensive sudty in many
countries for many years and Habermann and Dreyer stated that "no other
group of toxins has aroused so much interest as the clostridial
neurotoxins” . Thus a great deal has been learned over the years about
the production and action of tetanospasmin but there are still many
areas of uncertainty. It is one of the three most poisonous substances
known to man, yet why the bacterium should produce it is still totally
unknown'.'5

Not all strains that are morphologically and culturally
characteristic of Cl.tetani produce toxin and those that do cannot always
be trusted to retain the propertyll Also, the mediiam used to grow the
organism has a great effect on its toxigenlcity, as not all media will
support toxin productionls.

Tetanospasmin production is thought to be governed by the presence
or absence of a 75kb (kllobase) plasmid. Strains possessing the pasmid
were toxigenic and strains without it or with a 22kb deletion were

nontoxic, although a great variety of different plasmids were found in

different strains and some nontoxic strains carried plasmids™*. It is a



1f

11*15, although

protein, having a molecular wtight of auround 150,000
molecular weights ranging from 66,000 to 150,000 have been reported by
different authorsll. The sedimentation value is 6.8 - 7.011 and the

.138 It has been suggested that the toxin molecule

isoelectric point is 5
is composed of two antigenically active fragments with molecular weights

of 107,000 and 53,000 respectively"s, although other workers have found
fragments of 1*0,000 molecular Weightkk. Later it has been suggested

that one of these fragments can be further subfragmented into two antigenic
components and another "conformation dependent® antigen can be found

in the whole molecule18 Toxin is produced inside the cell during the
first few days of growth and released into the surrounding medium on

15 This then binds to receptors on peripheral nerve endings

autolysis
and passes into the cytoplasm of the nerve cells. The receptors are
thought to be gangliosides di, but the exact nature of the binding site
is as yet unknown. There are no histological demonstrations of toxin
binding to nerve terminals, although a number of attempts have been
made to clarify the situation with brain tissueT?. The toxin then travels
to the spinal cord and brain stem between the fibres of the peripheral
nerves by retrograde axonal flowN’M*AA_ Jts primary action is to block
acetylcholine release from the neuromuscular junctionT? which allows
ungoverned propagation of nerve impulses through the connections of the
motor neurones in the central nervous system leading to spasmodic
contractions of the muscles11

Sometimes the terms Ascending and Descending tetanus are used
instead of local and generalised tetanus. This follows the observation
that the toxin can apparently travel by two routes, through the lymph
and blood, or via the tissue spaces of peripheral nervesll. Thus inoculation
of small quantities of toxin in areas well supplied with nerves will
result in these nerves being affected and, through them the spinal cord
and the central nervous system producing ascending or local tetanus. |If

however, a quantity of toxin too large to be absorbed by local nerves is
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inoculatad, th* axecM is taksn into ths lynphatie systss »Mi 1is
subssqusntly abls to involvs all narrss in ths body prodneing dsscsnding
or gsnsralissd tstanus™*
1.2.4. Ths Hssnolysin

Ths sscond Cl_tstani toxin, ths hasaolysin is callsd tstanolysin
and has bssn littls studisd as it is elaiasd that it eontributss littls
or nothing to ths toxicity of Cl_tstani™. It is an oxygsn-labils
hasmolysin ssrologieally rslatsd to othsr clostridial hasaolysins and

11*12. It is prodncsd during ths psriod of

soma strsptococcal hasmolysins
actiTS growth but i rapidly dsstroysdlz- It can lyss ths rsd calls of
many animals including ths shssp, rabbit, man and horss™*A™ »w»d is
rsportsd to bs nscrotising and cardiotoxic . It has bs«i sogssstsd that
tstanolysin may bs an snzyms but no proof of this hypothssis has yst
bean found™. Whsthsr ths posssssion of this toxin is govarnsd by plasmids
has not boon inTsstigatsd.
1.2.5 Ths Nonapasmoxanic toxin

Ths third toxin is a nonapaamogsnic psriidisrally actiws
nsurotoxin that appsars to bs littls undsrstood™*M*/A_ It is antigsnic
and nsutralissd by antitoxin. It may bs ths causa of ths paralytic
peripheral action of tetanus toxin rsportsd by several workers as almost
all preparations of tstanospaamin seem to contain seas of it, however,
further woric is needed to clarify this
1.2.6 Prevention

As ths clinical nanifsstationa of tetanus are all due to ths
nsuro>toxin, ths possession of antibodies to this toxin can protect almost
totally from ths disease. Tstaxms nhaurotoxin is antigenic but is too toxic
for administration, however treatment with foimudin™ produces a non-
toxic “toxoid* whioh is still an exoellent immunogen™.

World War 1 with its massive involveaent of humanity stimulated

s programme of immunisation to tetanus that established a
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large popxilation of immune people“ag. The effectiveness of this immunity
can be seen by the fact that the incidence of tetanus in World War 1
wounded weub 1.77 per 1000 while in World War 11 wounded this dropped to
0.12 per 10007~ (0,17~75" and 0.0127 respectively)

For full protective Iimmunity a series of primary inoculations
with tetanus toxoid, from age 6 weeks upwards is given followed by
boosters at 5 or 10 years 12’31. This active immunity establishes basal
immunity before the risk of tetanus and is the prophylactic measure of
choicelz. Passive immunisation at the time of injury, using either
horse antitoxin or human antitoxin has been successfully used, peu-tic\ilarly
in many of the less affluent countries 31, however, horse antitoxin in
particular has been shown to cause several allergic reactions such as
anaphylactic shock, serum sickness, local reactions and even neurological
complications' .

The treatment of evstablished tetanus with antitoxin is of
doubtful value however. By the time symptoms appear the toxin is already
binding to nerve tissue and cannot be neutralised by antitoxin, although
if toxin production is still continuing, a high concentr”on of antitoxin
will neutralise this as it is produced and before it can bind to nerve
fissueslz.

The effects of antibiotic prophylaxis on clinical tetanus are
mfhfhalSl. Although many antibiotics are effective against Cl.tetani.
they are without effect on the toxin and can only be effective in the course
of the diseaise If they can reach the inoculation site and kill the
organism before it can produce sufficient toxin to cause tetanus. This
nay be virtually impossible to do in a traumatized region with necrosis
and impaired blood supply. Sometimes the growth of the organism and
continuing production of toxin can only be Interrupted bysurgical

intervention, debridement of the wound and removal of all necrotic tissues.

A patient who has had tetanus and recovered will not necessarily
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b* 1anuw, baoauM tctanospuain is so powsrful that tstanus may
dsTslop with quantitiss of toxin too small to Tamuniss”.

Injsction of a boostsr doss of toxoid into prsTiously
iamunissd indiTiduals at tbs tins of injury nay bs sffsctivs svsn 10
to 20 ysars aftsr prinarly innunisation and protactiTS lovsls of
antibody nay bs producsd in 1 to 2 ws”es”.
1.2.7 Proposals

lhsrs ars many arsas thsrsfors, irtdiss our undsrstanding of
Cl._tstani is inconplsts or faulty. Ilhsrs has to data nsrsr bssn a
comprshansiTs study of ths mstabolism and imnunochsnistry of ths organism,
much of our prsssnt knowlsdgs iIs outdatsd and many arsas haws bsan
ssvsrsly nsglsctsd. This study was dssignsd to try to rsctify this situation
as much as possibls by initially iuTsstigating saeh aspact ssparataly,
but than rsriswing all ths indiridual findings togsthsr as it is sntirsly
possibls that diffsrsnt mstabolie, cultural and toxic propsrtiss may
show hithsrto unrseognissd rslationships.

lhs particular arsas of study propossd ars as follows:

1. Ihs hasmolysin

2. lhs nsurotoxin (including ths rsosptor)

3. Ihs nonspaamogsnie toxin

Ihs bioehsnioal rsactions of Cl.tstani
3. Ihs nstabolisn of Cl.tstani
6. Morphological and cultural oharaotsristios of Cl._tstani

7. Ths antigsnio struoturs of Cl._tstani
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CHAPTER 2
THE HAEMOLYSIN OF CL.TETANI

2d . SURVEY OF THE LITERATURE

It has been known for many years that Cl.tetani produces, in
addition to tetanospasmin, a haemolysin called tetanolysin ~ which is
responsible for the production of zones of «.- or ~-haemolysis under
growth on horse blood agar platesz. Tetanolysin can lyse the erythrocytes
of many animeds. The red blood cells of sheep are quite susceptible
whilst those of the rabbit, man and the horse are moderately susceptible
and those of mice and cattle are comparatively resistant”.

It has been shown that tetanolysin is subject to reversible
oxidation and reduction in the same way as the oxygen labile haemolysin
of Lancefield group A streptococci and that the oxygen labile haemolysins
of streptococci, pneumococci, Cl.perfringens and Cl.tetani are all
serologically relatedhi. It has been suggested that tetanolysin is an
enzyme, hydrolysing some component of susceptible red cell surfaces,
Q hflinc

although no substrate has been identified®; however, Bhakdi et al

shown that Streptolysin-0 binds to cholestrol molecules on target membranes
and damages the bilayer through a mechanism as yet unknown, with the
production of lau*ge C and ring structures representing the primsLry lesion
of the toxin and therefore they suggest that membrane damskge by Streptolysin-0
is analogous to that of complement aid that of Staph.aureus-toxin, and is
most probably representative for the whole group of -SH activated, cholesterol
binding bacterial toxins - the so-called oxygen labile haemolysins.

Whether either of these theories are true or not is debatable.
Certainly cholesterol appears to prevent the action of tetanolyain when
added to haemolytic extracts™ and tetanolysin can be inactivated when
exposed to air and can be then reactivated by the addition of -SH
containing compounds such as thioglycollata®and cysteine”, but the

antihaemolytic effect of cholesterol isapparently not exerted aigainst
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streptococcal and Cl._perfringena haemolysinsI15 and there appeeu*s to
be no serological relationship between tetanolysin and Staphylococcal
haemolysina47. The situation therefore is far from clear.

In addition to the above points, there appears to be some
disagreement over the antigenicity of tetanolysin. Toddk7 states that
tetanolysin was not neutralised by tetanus antitoxin, although he does
not state whether human or equine antitoxin was used and discusses the
possibility that the use of formol-toxoid in the preparation of the
antitoxin may account for the apparent non-antigenicity of tetanolysin,
as it has been found that the haemolytic activity and the antigenicity
of streptolysin are both destroyed by formalin. However, other workers
have found tetanolysin to be antigenic and the antibody produced in
immunised animals to inhibit the haemolytic effect of the toxin”’/~.

Tetanolysin is produced during the period of active growth”
but many of the studies on the properties of the toxin have either not

49 4?7 "9 or

defined the incubation time or growth-rate of the cultures

have used hour™™ or 96 hour cultures”. This is important as Willis »
states that tetanolysin is not present in old cultures, owing to

its rapid inactivation. It is not clear how the inactivation occurs,

or at what stage of growth but clearly the use of post-exponential growth

supernatants in experiments designed to investigate the properties of

the haemolysin would be less than ideal if this were true.

Kerrin45 found that both neurotoxin producing and non-
neurotoxin producing strains of Cl._tetani produced apparently identical
haemolysins using 8 hour culture supernatants, although the possibility
that some of their non-neurotoxic strains were iIn reality neurotoxic is
extremely likely, as it has been shown that the type of proteose peptone
broth used by Kerrin does not necessarily induce all potentially

neurotoxigenic strains to produce neurotoxin™. Also, it has been suggested

that the structural gene for neurotoxin production is on a plasmid and



20

that losa of neurotoxicity is associated with loss of this plasaidM*""*

Neurotoxigenicity and epor\tlating potential of Cljteta” straina appear
to be inxersely proportional and non toxic strains may be selected by
heat treatment™. VRiether this correlates with loss of a plasmid and
tdiether an analsgous situation occurs with regard to the haemolysin is
not known.

Although several studies have investigated the activities and

kinetics of tetanolysin>5’46' 112,99,50,53

, a variety of techniques have
been used both to produce the haemolysin and to test its activity.
Host workers have added thioglycante5 or hydrogen sulphite47 to the
cralture supernatants after growth has ceased, using a number of different
media. 1le use of a commercially available medium containing eystelne,
thereby maintaining standard reduced conditions both during and after
growth might add both reproducibility and reliability to investigations.

Several different methods are available for testing the haemolytic
activity of bacterial culture supernatants and cells, the most widely used
being the tube haemolysin test such as is used for soluble streptococcal
haemolysin334. Modifications of this, with measurements of released
haemoglobin on a spectrophotometer have been utilised in the study of
Staphylococcal 0* toxin™ axid the study of tetanolysin™*”~_. However,
these tests are generally laborious to perform, require relatively large
quantities of reactants (iml minimum) and nay take up a great deal of
room if multiple assays are necessary. Other haemolysin assay methods
such as the miorotitre plate method or the radial haemolysis plate assayco
V* available, both of whioh are much more convenient in use although
they appear not to have been used to study tetanolysin previously.

None of the previous inveatlgstlons into tetanolysin activity
investigated the effects of storage oonditions on deterioration of the

haemolysin and the use of stabilising agents, although Bernhelmer and

Sohwsrts have used bovine serum albumin to stabilise Staphyloooooal

toxi rI’55

Although the neurotoxin of has been purified from
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baetarial «xtracta and both ita chamieal coapoaitionll*T8 and its aolacular

11*15*59datarminad, no such information is awailable on the

weight
haemolysin, although it has been separated from and is serologically
unrelated to the neurotoxin60 and the fact that it elutes from the
Sephadex gel column after the neurotoxin suggests it has a molecular
weight somewhat lower than that recorded for the neurotoxin.

It was felt that a study of the kinetics of tetanolysin activity
should be undertaken first, followed by a full investigation of the
properties of the toxin in order to properly assess the validity of some
of the suggestions made above and to confirm or negate the conclusions
of other workers. The following investigations were therefore undertaken.

1) A study of the kinetics of the haemolysin reaction at

different concentrations of tetemolysin.

2) A study of the kinetics of the haemolysin reaction at

different temperatures.

3) A comparison of methods to determine haemolysin activity.

A study of the optimum red blood cell concentration for
haemolysin determination.

5) A study of the effect of different incubation temperatures,

atmospheres and buffers on the haemolysin reaction.

6) A study of the rf*fect of different growth temperatures on

the production of tetanolysin.

7 A study of the inactivation of tetanolysin at different

temperatures for different times.

8) A study of the effect of different growth media on

tetanolysin production.

92 A study of the effect of storage on the stability of

tetanolyain.
10) A study of the effects of storage under different conditions

and with different additives on the stability of tetanolyain.

11) A study of the effect of sucrose and glucose on the kinetics
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of tho haomolysin roaction.
12) A study of the effect of antitoxins on the haemolysin
reaction.
13) A study of the growth curre and haemolysin curre of Cl.tetani«
1) A study of the effects of different i£s on tetanolysin
actiwity.
13) A study of the production of tetanolysin by different strains
of Cl.tetani.
16) A study of the effect of heat treatment of cultures of
Cl._tetani on tetanolysin production.
17) A study of the properties of tetanolysin after purification.
The strains of Cl.tetani used in these studies were obtained
mainly from established culture collections (Appendices 1 and 2) and it
is therefore imiwssible to say how many times they hare been subcultured
since they were isolated or ewen iIf their chaimicteristicB now accurately
reflect those at the time of initial isolation. Howeweri strains were
stored in freeze-dried ampoules during the course of this study and
before each set of experiments the required organisms were recowered from
the freeze-dried state and subcultured at least 3 timed on Columbia blood
agar before use. This allows the organisms to re-establish their normal
metabolic patternSX62. Whilst experiments were In progress, strains were

maintained by weekly subcultures on Columbia blood agar.
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2.2, EXPERIMENTAL TECHNIQUES
2.2.1. Kinatics of the haemolyBin reaction at different concentrations
A study of the Kkinetics of the haemolysin reaction at different
concentrations of tetauiolysin over a period of time Vvas undertaken to
investigate whether the rate of haemolysis was proportional to the
concentration of lysin smd to determine whether the results, when
nresented graphically, would be analagous to the rates obtained in Kkinetic
studies of reactions catalysed by enzymes . Also, a knowledge of the
kinetics of the reaction would enable further experiments to be plamned
to exploit the maximum degree of haemolysis in the shortest possible time.
The course of haemolysis was followed by measuring the rate of
appearance of extracellular haemoglobin (Appendix 3). The information
concerning the rate of appearance of extracellular haemoglobin permits
the haemolytic reaction to be treated in a quantitative manner similar
to that of classical biochemical reaction kinetics.
Experimental
Cl.tetani NCTC 279 was grown for 2™ hours at 37°C in 200ml of
FAB™ medium before being centrifuged for 30 minutes at 1,500 x g. The
supernatant was tested by the tube haemolysin method (Appendix K) to
determine both the FBHii endpoint and the dilution showihg 9B* haemolysis
after 1 hour. These dilutions proved to be 1:201+8 and 1:1021+ respectively.
Five different concentrations of tetanolysin were chosen for
this investigation to provide a range on either side of the B endpoint.
This was done because concentrated tetanolysin can lyse horse RBCs in a
matter of minutes, which is too fast to do kinetic studies and it was
felt that concentrations around the 5091 endpoint would produce slow enough
haemolysis to make kinetic studies possible.
Five dilutions of the culture supernatant were made; 1:256,

1:512, 1;102K, 1:201+8 and 1:1+096. These dilutions were made up to a

final volume of 20ml each in ASO buffer in plastic 60ml containers62
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So Mch of tho 3 contalnors, 20al of standard RBC suspansion
(Appendix 3) was added with aixing and tho oontainors placed in a 37°C
waterbath. Sasples (2.3ml) of each were taken at 0, 5, 10, 13, 20, 30,
J0, 30, 60, 120 and 180 minutes into glass 3 N i" test tubes, niose
were centrifuged briefly to deposit any intact RBCs and the haemoglobin
content of the supernatant measured at 3”3u on an EEL spectrophotometer
(Appendix h).

She percentage haemolysis was determined by taking the reading
giwen by the positire control as 1009" haemolysis and calculating the
other readings as relatire percentages of this figure by the following
formula:

S X 100

where P is the reading of the Positive control (009 haemolysis) and
R is the reading of the test.

ISie percentage haemolysis was plotted against time for each
concentration of lysin and a series of curves obtained.

The slope of the linear part of each curve represents the
maximum rate of liberation of haemoglobin induced by each concentration
of tho lysin, and is obtained taking (,7) and as any two points
252

on that part of the curve, by using the following formula’

M=12-1,

:diere M is the slope of the curve, X representa time and T representa
the porcent haamolysis observad.

The slopes of the linear parta of each curve (i.e. the maximum
reaction ratea) can be plotted against each concentration in order to
determine whether the rate of haamolysis is directly proportional to the

concentration or not.™
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2.2.2 Kin*ticB of th« hawnolysin r»action at diffT«nt twn>Tatur»s

Th* mann*r in which biochemical raactiona are affected by
temperature ia extremely important uid a knowledge of the optimum
temperature for the haemolysin reaction is necessary when developing a
study of tetanolysin kinetics. A comprehensive study of the effect of
temperature upon haemolysis by tetanolysin appears not to have been made
with the exception of a study by Bemheimer53 who only studied
temperatures between 0 and It was necessary therefore to investigate
the kinetics of the haamolysin reaction at different temperatures to
determine idiether the rate of lysis was dependent on the temperature of
incubation and whether the shape of the haemolysis rate curve would be
altered.
Experimental

The same culture supernatant as used in 2.2.1 was used in this
experiment.

20ml of a 1:102" dilution of the haemolysin was pipetted
into each of four plastic 60ml containers and mixed with an equal amount

of the standard RBC suspension (Appendix 3).

Each of the four containers was incubated at a different
temperature (48C, 20@C, 30°C and 37°C) and 2.5ml samples were taken
from each at 5 minute iIntervals. These were centrifuged and the amoun t
of haemoglobin In the supernatant was estimated as in 2.2.1. The
percentage haemolysis was then calculated as before.

All reagents were brought to the appropriate temperatures before
the experiment was begun.

Higher temperatures than 37°C were not used as the RBC suspension
began to lyse spontaneously above
2*2.3 Comparison of methods to measure haemolytic activity

Three different culture supernatants of Cl._tetani NCTC 279

ware used. One was grown in 10ml TKB for 12 hours at J7°C, one was
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grown in 10aL FAB for I8 hours at 37°C and ona was grown in 200nl FAB
for 2f* hours at 37°C.

Aftsr incubation the cultures wars esntrifugsd at 1,300 x g
to roaoTs ths calls and tha supernatants tasted as follows:

Triplicate tests were set up using each of the three methods
i.e. the tube haamolysin test (Appeiulix 4), tha nicrotitra plate
haamolysin test (Appendix 3) and the radial haemolysis plate test
(Appendix 6).

nie results of each were compared after incubation.

As an absolute measure of the amount of haemolytic activity
present in the original culture supernatant, the number of haemolytic
units /ml (HU) was calculated. A unit of haemolysin is defined as that
amount :diich liberates half the haemoglobin in the test red cell
suspension under the conditions stated. In other words the dilution «diich
causes 30" lysis (the 309" endpoint) contains 1 HU. It is simple therefore
to calculate the number of HUs per ml of the original supernatant by
multiplying the dilution factor by the inoculian divided into 1ml .

2.2.4 Optimum red blood cell concentration for MIcrotitre plate assay

Bie possibility that the lower haemolysin titres observed with
the microtitre plate assay could bo due to an inappropriate choice of
RBC concentration was considered and several different concentrations of
KBC were tested to see if the haemolysin titre could be raised by lower
KBC concentrations.

Experimental

Five different RBC suspensions were prepared in the same way
as the standard RBC suspension (i“tpendix 3) mxeupt that they were adjudbd
to give an on an EEL spectrophotometer of 20, 40, 60, 80 and 100
respectively.

A 24 hour FAB culture supernatant of Cl._tetani NCTC 279 was
tested by the aiorotitre plate assay (Appendix 3) in triplicate against

aaeh of the 3 RBC concentrations.
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Hi* results were compared for titre, clarity of endpoint and
ease of reading.
2.2.5 The effect of different incubation temperatures, atmospheres and

buffers on haemolysin titres using the Microtitre plate assay

Although an incubation temperature of 37°C proved optimum in the
tube haemolysin kinetics experiment (Fig-2), the effects in the
microtitre plate assay have not been investigated. Also previoxis experiments
have been performed using a non-reducing buffer and in an aerobic atmosphere.
It was necessary therefore to investigate the effects on the haemolysin
titre of different temperatures, aerobic and anaerobic atmos”eres and
both reduced (FAB) and non-reduced (Physiological saline and ASObuffer)
diluents as well as one containing gelatin as a stabilizer.
Experimental

Microtitre plate assays were set up using a 2™ hour culture
supernatant of Cl._tetani NCTC 279» Four different microtitre plates were
used and on each duplicate assays were performed in four different
diluents (Appendix 7) (1) physiological saline (2) ASO buffer
(@ Physiological, saline plus D1 (Ww/V) gelatin W FAB broth.

One plate was incubated at 37°C anaerobically, one at 20°C
anaerobically, one at 37% aerobically and one at 20°C aerobically for
1 hour, nie titres were then determined and compared.
2.2.6 The effect of different growth temperatures on production of

haemolysin by Cl_tetani

It has been shown that the optimum activity of tetanolysin is
expressed at 37*C, but the optimum temperature for production of the
haemolysin has not been established. It was necessary therefore to grow
¢Netetani at several different temperatures and compare the haemolysin
titres produced.
Bxperiaental

Cl._tetani ICTC 279 was inoculated into 120ml fresh FAB mediwi.

"Biim was split into 10ml aliquots and incubated in duplicate at six
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diff«r*nt twp«ratur*8 (56,M»,37«30,20 and ~°C) for 2k hoars. Cultura
supernatants were tested for haemolysin titres by the microtitre plate
method (Appendix 3).

In addition, all cultures had the amount of growth estimated by
reading the N spectrophotometer as described by MellanbyqL as
there is a linear relationship between dry weight of organisms and
extinction at this wavelength (Appendix 8).

2.2.7 The effect of Heat treatment on Cl.te™—«"™* haemolysin

Several workers have studied the heat lability of tetanolysink6,

/YLSO, but there appears to be some disagreement over the results. ISius
Schrefch states that the haemolysin is inactivated almost totally by

heating at ébOC for 10 minutes and Fleming/\9 claims similar inactivation

at 60°C for 3 minutes and total inactivation at 10 minutes, but virtually

no inactivation at 33°C for 10 minutes; although Neill” states that only

I inactivation occurred following heating at 60*C for 10 minutes or

63°C for 2™ minutes and it required 10 minutes at 63°C for total inactivation.

The methods used by these woiicers, involving addition of
different volumes of culture supernatant, treated with in
some cases and under a vaseline seal in other cases, appear rather
cumbersome and difficult to reproduce.

Perhaps the different results obtained by these woricers may
be due to the use of these methods and the reinvestlgatlon of heat
lability of tetanolysin using the microtitre plate assay and the
prersduced FAB medivun seemed wortiHwhile.

Experimental

Cl.tetani NCIC! 279 culture supernatant grown for 2k hours in
230ml of fresh FAB was used for this experiment.

The culture supernatant was divided into 12 pairs of 10 ml

aligfiots. These were overlain with liquid paraffin and one pair heated

et each of the following temperatures; k2, 36, 60, 63 and 70*.
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Saeh aliquot «a« taatad for haaiaolysin aotlrity by tha
odcrotltra plat# assay aathod at 0, 5, 10, 13, 20, 30 and 60 minutes
and 2 hours.

2.2.8 The effect of different itrowth sadia on haemolysin production
by Cl._tetani

All the experiments- so far hare utilised FAB medium as primary
growth medium. This is in contrast to other woiicers idio used neopeptone
brow”, glucose broth or plcdn broth , proteose peptone broth*~ or
unspecified Fluid mediaM* AN n*

It was therefore necessary to grow Cl._tetani iIn several
different media to compare the haemolysin production and the bacterial
density to determine idiether FAB was the best medium to use in further
experiments.

Experimental

Cl.tetani NCTC 279 was emulsified in 1Iml FAB medium to make a
suspension equivalent to a MacFarland No.10 opacity standard” to
produce a standard inoculum. O.1ml amounts of this were inoculated in
duplicate into five different growth media, niese were: FAB, Cooked
Meat Medlum™, Wilkins-Chalgren anaerobe broth”. Serum broth™,
Isosensltest broth28 and Massachussetts medium (Appendix 9). These were
incubated at 37°C for 2k hours before being centrifuged and tha
supernatants tested for hasmolysln activity by the Microtitre plate
essay.

2*2.9 The effect of storage of haemolysin at different temperatures

In all the previous expdviments the haamolysln has been used

issadiately following eentrifugatlon of the cultures In order to avoid
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any datarioratlon on «tomgo. This nay not ba oonTonlant, howoTor, if
many diffarant axpaitiaants ara to ba parformad, or If tha rasnlta of
ona as™arinant naad to ba known bafora tha naxt can proeaad. It was
nacassary tharafora to inTOstigata tha stability of tha haamolysin at
diffarant tamparatviras in ordar to gain knowladga about tha optimum
storaga tamparatura and tha rata of datarioration at this and othar
tamparaturas.
iig

Naill  has shown that tatanolysin is ralatiwaly haat-labila,
baing inactivatad by 10 minutas at and partly inaotiwatad by 10 minutas
at 33°C and that in a non-raduead madium, is oxidisad almost eomplataly
aftbr 11 hours at 3770, but tha affaet of lowar tamparaturas and raduead
medium was not studied.
Exparimantal

Cl.tatani NCTC 279 was grown in FAB madium for 2k hours at 37°C
bafora baing centrifuged to deposit the calls. lhe culture supernatant
was divided into il aliquots and stored under tha following conditions:

-18°C, 20eC, 37*C, MFRC and 56°C. Ona aliquot was tasted for

haamolysin activity by tha microtitra plate assay immediately. The othar
aliquots ware tasted after 1 day, 2 days, 3 days, 3 days and 7 days.

Duplioata aliquots ware tasted for all tamparaturas above freezing,
but 3 aliquots ware used for <« 18°C and -Ao”"C, ona from each tanparatura
baing thawed for tasting on tha appropriate days and than discarded.
This avoided falsa datarioration due to rapaatsd freezing and thawing.
2,210 Tha affects of storasa with diffarant additives and under

diffarant conditions on tha stability of tha haaaolyin

k
Hardagraa at aIg addad ohlorofom to tatanolysin praparations
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aa a prasarratiTa to try to prarant danaturation on atoraga.
Othar aubataneaa, aueh aa aodiua azida™, galatln”, bovina

aarua albumins/\*67, aarum and paptona'52

and phanol54 hara baan uaad aa
praaarratiraa or atabillaara in othar biologically aetiva aubatancaa and
it aaamad advantagaoua to araluata tha affaeta of thaaa on tatanolyain.

It haa baan atatad that normal aarum and eholaatard prarant
tha action of tatanolyain whila lacithin had no fffaet®  Formalin
haa baan uaad to inactivate othar biological aubatancaa by toxoiding68
and it alao aaamad adviaabla to atudy thaaa aa wall.

Aa it 1a poaaibla that any inactivation on atoraga waa dua to
oxidation of tha fluid, diffarant volmnaa of haamolyain in raducad FAB
containing an oxidation-raduction indicator (Baazurin) wara alao
invaatigatad to aaa if loaa of haamolytic activity could ba ralatad to
oxidation of tha medium. The amallar quantitiaa of medium with their
larger aurfaca area: volume ratio would ba oxidiaad more rapidly thah
tha larger quantitiaa and thua mi”~t ba expected to ahow lower haamolyain
titraa on atoraga.

Tha incubation temparatura for thia teat waa choaan aa 5*T
bacauaa at thia tamparatura untreated tatanolyain undargoaa rapid, but
not total, inactivation ao any modification in action would ba aaaily aaan.
Exparimantal

A 24 hour FAB culture aupamatant of Cl_tatani ICTC 279 waa used
throughout tha atudy. 12 duplicate 5ml aliquota wara prepared. To each
of a pair of aliquota wara added tha following:

1 25ul of Chloroform™

2) 0.5ml of 1% medium azida”™

5 0.5ml of 106i gelatin®

4) 0.5ml of 1®I(bovine aarum albumin”

5 0.1ml of Horae aarum

6) 0.5ml of 109( Protaoaa peptone N6 .5

7 50ul of 8H phanol~9

8) 0.5ml of 10( Cholaatarol™
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9)  0.Siil of IODt loclthin %9

10) 0.5al of m forulin®®

11) 0.Sid of FBS
The final tvo aliquots «ora eoTorod with a thick layer of liquid
paraffin69 to exclude any oxygen tdiatsoexer.

Frcs the same culture supernatant« aliquota were placed in
glass uniTorsal bottles in the following Tolumes« 1« 2, 3« 5« 10 and
20 mia and in glass aedical flats« in 50 and 100al Toluaes. IDiese were
all incubated at 37°0. Samples were removed and tested by the Microtitre
plate haeaolysin assay at 2 hours, 6 hours and 2k hours.
2.2.11 Pie effects of addition of sucrose and glucose on the kinetics

of the Maisibiysih reaction

Pie action of some haemolytic agents is known to be inhibited
by sugars and Bernheiaer has shown that the addition of sucrose to
Cl.sapticua haemolysin interrupts lysis idien added after kO minutes and
the initiation of lysis wasdelayed idien added after 30 minutes™. It was
felt necessary to investigate whether a similar situation occurs with
tetanolysin« but it was not possible to use the Nicrotitre plate assay
on thin occasion. Ib study haeaolysin kinetics it is necessary to use the
tube haemolysin assay« measuring haemoglobin liberation over a period of
time.
Experimental

A 2k hour 7AB culture supernatant of Cl.tetani NCTC 279 was
used iIn this experiment. Six 15ml aliquots were dispensed into 60nl
plastic containers at a dilution of 1:102F in ASO buffer. An equal
amount of standard RBC suspension was added and the aliquots wore incubated
at 37°C. 1.5ml of 3N suorosewas added As aliquots at O« 10, 20 and 30
minute and 1.5ml of 3H tflueose added at 30 minute, the remaining aliquot
being a control (no sugar). 2al samples were removed for analysis at @579

at 5, 10« 15, 20« 25« 30« 35« kOf 50 and 60 minutes.
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2.2.12 Th» »tttetm of addition of antitoxin« on th» h— olyin r»ction

Although tho oxTg*n-I>bil« hMsolysino, Stroptolysin 0, totanolysin,
pnouaoceoceal ha— olyin and Cl_parfrimana toxin aro said to ba antiganically
ralatadIf7 thara ara aaaaral contradictory atataa— ta to ba found in tha
litaratura. Villia® atatas that tatanolyain ia inhibitad both by hoaologoua
antitoxin and by anti— ra to tha othar oxygan labila ha— olyaina and by
normal — r— , but Naill atat—- that tatanolyain ia not nautraliaad by
tha anti-ha— otoxin producad against pnauaococcal ha— olyain and tha anti-
haa— toxin produced againat Sta]d“ IDcoceal ha— olyain and tha haa— lyaina of
othar,an— robic bactaria. Toddk? atat— that tatanolyain was not
nautralisad by tatanna antitoxin or normal hor— — mm although It w—
nautralisad by hor— antiatraptolyain 0, idiila Smith” atat- that tha
haa— lyina producad by Cl.tatani. Cl»parfringanat Cl _noryi. Cl._aporo— a.
atraptoeocci and pnaumococci ara all — rologically ralatad and that
normal — run can inaetirata tata— lyain. Tha ha— olyaina of Cl»novyi
and Cl«aaptic— ara oxygan-labila and are — id to ba — rologically
ralatad to tha othar oxygan-labila haa— Iyaina*m. Thay ara not ho- rar,
r— ctivatad by raduction and ara — id to not ba nautraliaad by tha antibodiaa
of tha othar ha— olyaina» Ihara appaarad to bo a naad to in— atigata
and clarify tha— pointa. Al- , much of tha aarliar — rk in thia
ar— utilisod tha ralati— ly in— curata mathod of adding diffamnt
aaounta of cultura fluida to rod blood call — lutiona and axanining
for conplata or partial ha— olyaia * 47. Thia atudy

laaaatigated tha off- t of addition of diffaront — ti— ra and — mal



sera on the haemolysin titre of Cl.tetani culture supernatant using the
Microtitre plate haemolysis assay. Also, as the cholesterol present in
noraal serum may exert an antihaemolytic effect on tetanolysinkc, the
cholesterol levels in each of the sera were estimated.

Also, many of the earlier workers have used antisera produced
in their om laboratories and the commercial antitoxins available now
appear never to have been investigated from this point of view.

During the course of this project several commercial Cl.tetani
antitoxins were used and it seemed advisable to investigate them all to
see If the antihaemolysin activities were the same. Several other
commercial Clostridial antitoxins were available which were included in
the study. These included Cl _perfringens. Cl_novyi. Cl.Bepticxim and
Cl.chauvoei antitoxins.

Experimental

A 2K hour FAB culture supernatant of Cl.tetani NCTC 279 was
used throughout this experiment.

Serial dilutions of three different horse tetanus antitoxins,
normal horse serum. Cl.perfringens type A antitoxin, Cl_novyi type A
and type B antitoxins, Cl.septicum and Cl.chauvoei antitoxins'zl, normal
horse serum”™®, human tetanus antitoxin®*~, noimad human serum.
Antistreptolysin 0™, Pneumococcal omniserum™ and normal rabbit plasma™®
were made in ASO buffer in 25ul volumes in Microtitre plates. 25ul of
the culture supernatant was added to each well, shaken and incubated
for 15 minutes at 37°C. Following this 50ul of standcurd RBC suspension
were added to each well, shaken again and reincubated for a further hour
at 37°C.

The plates were examined to see which dilution of antiserum
would inhibit the haemolysin (original titre 1:256) reaction sufficiently
to produce a 50” endpoint. This dlution was termed the haemolysin
inhibition titre.

Aliquots ofeach of the sera tested were assayed for cholesterol
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content in the Clinical Cheailatry Department, Stafford General Infirmary.

In addition aliquots of Cl.tetani horse antitoxin h were
absorbed for 18 hours at 37°C followed by 2K hours at with two
different culture supernatants of Cl._tetani. (Appendix 18)

1) an 18 hour culture supernatant of Cl.tetani MCTC 279 ™

a haemolytic strain.
2) an 18 hour culture supernatant of Cl.tetani NCTC 9596 -
a non-haemolytic strain.

Following absorption, the antitoxins were centrifuged at 1,500 x g
for 40 minutes and the supernatants tested for haemolysin inhibition
activity as before.
2.2.13. cComparison of the growth rate and haemolysin production rate

of Cl.tetani

It has been stated that tetanolysin is liberated during the
period of activegrowth of Cl.tetanikg edthough whether the relationship
between the growth rate and haemolysin production rate are directly
proportional appears to be unknown, as is the ideal time to take samples
of culture supernatants for maximum haemolytic activity. This could
be important as, without this knowledge, it is impossible to say whether
small deviations in time of sampling could produce widely different
haemolysin titres or not. Also, it is not clear whether tetanolysin is
released from Cl.tetani cells as soon as it is produced, or whether it
is stored in large quantities inside the cells and only released when
sufficient has built up. It was necessary therefore to compare growth
i“tes and the haemolysin production rates over a period of time with the
storage of haemolysin inside cells.
Experimental

Cl. tetani NCTC 279 was inoculated into 250ml of fresh FAB
medium in a glass 250ml bottle” at 37°C and 10ml aliquots were

*noved every hour for 18 hours, at 2k hours and thereafter at 2, 3* k.



36

5 and 7 days. Aliquots wars centrifuged at 1,500 x g for 30 minutes
and both supernatant and deposit were stored at - until needed.

After thawing, all supernatants were tested by the Microtitre
plate assay method.

The deposits were resuspended in cold distilled water to the
original volume and the optical density of each measured on an EKL
spectrophotometer at 600um. This wais taken as a measure of the degree
of growth (Appendix 8). The deposits were then centrifuged again and
washed in cold ASO buffer before being recentrifuged. The supernatant
was carefully removed and the cells resuspended in 0.1ml of cold ASO
buffer.

The resuspended cells were tested for haemolytic activity by
the Microtitre plate method.

The remainder of the cells were incubated at overnight
to allow any haemolysin inside the cells to diffuse out. They were
subsequently centrifuged and the supernatants tested by the Microtitre
plate assay.

2 . 2 . The effects of different pHs on the haemolysin of Cl.tetani

It has been shown50 that acidification decreased and alkalization
increased the rate of inactivation of tetanolysin by heat, and that
acidification of lysin up to pHK decreases the rate of oxidation and
acidification below pH™ increases the rate of oxidation of tetanolysin
when exposed to air. Also, it has been claimed that acidification and
alkalization partially iInactivate tetanolysin, the maximum inactivation
occurring at pHM*~. However, these latter experiments were performed
after 22 hours incubation at ~3°C, a temperature idiich, in itself can
cause inactiviation of haemolysin to a great degree (this study. Table 6),
therefore the results cannot be read as simple pH inactivation, but must

interpreted as pH modified heat inactivation. For this reason it was

<iecided to investigate the effects of storage of haemolysin at different
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pBs under liquid paraffin (to aroid oxidation offacta) and at (to

aroid heat offacta).
Exuariaantal

A 2Kk hour culture aupamatant of Cl.tatani NCTC 279 waa uaad
in thia axpariaant.

2k 3ml aliquota of thia culture aupematant wore prepared in
glaaa unireraal bottlea. Duplicate aamplea were adjuated to pHI, 2, 3,
k, 5« 6, 7« 8« 9% 10, 11 and 12 uaing cone, hydrochloric aeid™ or
6IAKaOH™M aa appropriate. The readinga were made uaing a Camlab atick
pH meter75. Oie aamplea were then owerlaid with liquid paraffin and
incubated at AOC for Zk houra, after «diieh the haemolyain waa tranaferred
from below the paraffin to freah bottlea, neutraliaod with 6M NaOH or
cone. BCL aa appropriate and teated by the Mierotitre plate aaaay method.
2.2.15 The production of tetanolymih by different atraina of Cl_tetani

nie haemolyaina atudied by eaurlier woiicera have been iaolated
from a number of different atraina of Cl.tetaniM»/M» /My " FNAARNNFENARNA
and therefore the comparability of the reaulta ia uncertain. Alao,
although Smith™ claima that on blood agar each colony of moat atraina ia
aurrounded by a narrow zone of haemolyain and Kerrin found that all the
ten atraina he teated, which included neurotoxin producing and non-
neurotoxin producing atraina, produced an equally powerful haemolyain,
it acema unclear whether all atraina of Cl_tetani produce haemolyain and
if ao, whether there are any quantitative differencea in the haemolyain
produced. It aeemed adviaable to teat all the different aerotypea of
Cl_tetani available and a aelection of other atraina for haamolyain in
nn attempt to clarify theae queationa.
gxperimental

The nine aerotype atraina of Cl.tetani (Appendix 1) and 18 other
traina (Appendix 2) were inoculated into freah FAB medium and incubated

far 6 houra at 37C. 1ml of each culture waa tranaferrad to a freah FAB
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medium and incubated for 2K hours at 37°C. Following incubation, culturea
were centrifuged at 1500 x g for 30 minutes. The supernatants were removed
and tested for haemolysin activity by the Microtitre plate assay.

The deposits were washed in distilled water once and then
resuspended in distilled water to the original volume before having their
optical density measured at 600um on an EEL spectrophotometer (Appendix 8)
as a measure of the degree of growth.

2.2.16. The effect of heat treatment on production of haemolysin by

Cl.tetani

Nishida et al”™ have suggested that there is an inverse
relationship between the ability of a strain of Cl.tetani to sporulate
and the degree of neurotoxigenicity and it has been reported that the
higher the temperature used in heating soil samples for the isolation

*
of Cl._tetani, the less toxigenic were the strains recovered'76. Kara et

al77 have isolated various nontoxigenic derivaties from toxigenic parent
strains using different treatments including Acridine orange, rifampicin
and ultra-violet light and Nishida™ used direct heat treatment of
cultures to the same ends. None of these workers have investigated the
effects of heating on tetanolysin production however and it seemed
desirable to investigate this aspect here.

Heating to 80°C for 10 minutes may produce sporulating substrains
of Cl.tetani”™ but it is reported that this treatment may also result in
the destruction of Cl.tetani despite microscopic evidence of spores
therefore a temperature of 80°C and a time of 5 minutes was used in these
studies.

Experimental

Heavy suspensions of 28 strains of Cl.tetani. the nine serotype
strains of Cl.tetani (Appendix 1), 18 other strains (Appendix 2) and a
heat treated variant of NCTC 279 (Appendix 10) were made in 1ml of sterile
ssline, from Columbia Blood Agar plates incubated at 37°C for 2K hours

followed by 30°C for 6 days in an anaerobic atmosphere. The suspensions
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were approximately equivalent to MacFarland opacity standard N0.1029.
0.3ml of each suspension was inoculated into fresh FAB medium
in 10ml amounts which were incubated at 37°C for 2K hours.

The other 0.3mls were inoculated into identical fresh FAB medium
which were subsequently heated at 80°C in a water bath for 5 minutes
before being incubated at 37°C for 2K hours as before.

The original suspensions were examined for spore production
by Gram®s stain (Appendix 11) before use,and both heated and non-heated
2k hour cultures were examined for spores in a similar manner. The
degree of growth was estimated by measuring the Optical Density at
600um (Appendix 8) and the haemolysin titres of both heated and non-heated
culture supernatants were determined by the Microtitre plate haemolysin
assay method. All heated cultures were subcultured onto fresh Columbia
blood agar plates following incubation to check for viable organisms.
These plates were incubated at 37°C for 3 days anaerobically before being
examined.

2,2.17. Purification of tetanolysin
Most laboratory studies of the haemolysin have been made using

i k3, k6, k?, k8, k9, 30 although

crude culture filtrates of Cl.tet€m
Hardegree” has separated haemolysin and neurotoxin by gel-filtration

and suggested that the haemolysis may be due to the action of esterase

or protease activity. As 2K hour culture supernatants of Cl._tetani

may contain a number of different substances, further examination of

these possibilities would be best carried out using purified haemolysin.

It is also suggested that since the haemolysin is eluted from gel filtration
columns after the neurotoxin, that the haemolysin molecule is smaller than
the neurotoxin molecule”™ but this does not appear to have been further
investigated. Examination of the purified haemolysin by SDS - Polyacrylamide

K*1 electrophoresis (PAGE) might help to elucidate the situation. Also

there are several antigenic components in crude 2K hour culture supernatants



of Cl._tetani and it ia not clear which correaponda to the haemolyain. Indeed
it haa been auggeated47 that in tetanua antitoxin there ia no antihaetnolyain
due to the uae of formol-toxoid in antitoxin preparation. It may be
difficult to tell whether the antihaenolytic activity aeen with aome sera

ia due to apecific antibody or the choleaterol present in the sera, but

a study of the precipitating antibodies present in tetanua antitoxin using
purified haemolyain might prove enlightening.

Aa it ia poaaible that precipitating antibodies might not be
present in the antitoxin, although non-precipitating antibodies might be,
the preparation of a latex aigglutination reagent sensitized with tetanus
antitoxin and the study of the cjrude amd purified haemolysins might also
prove useful.

Other physical properties of the haemolysin, such as its
isoelectric point and the amino-acid content might also be determined.
Experimental

Cl.tetani NCTC 279 was incubated in 600ml of fresh FAB medium
for 18 hours before being centrifuged. The deposit was discarded and
the supernatant split into three 200 ml portions. Each portion was
then subjected to a different purification procedure.

(€)) 200mls of culture supernatant was brought to 50%" saturation
by adding 75 grams of solid ammonium sulphateeg. This was stored at

C overnight and the precipitate was recovered by centrifugation,
dissolved in 4mls sterile distilled water and freeze dried. This was
then reconstituted in 0.2ml ASO buffer and 0.1ml was applied to a
25 X 2<5cm Sephadex G-200"® column equilibrated in ASO buffer, 2ml
fractions were collected and the protein content of each determined by
the method of Peterson (Appendix 12).

The antigenicity of each fraction weis determined by the double-
iamunodiffusion (DD) technique”™ (Appendix 13) and by Rocket Immune-
electrophoresis8X (Appendix 14). Each fraction waa investigated by

SOS Polyacrylamide gel electrophoresia (PAGE) in 109 gels by the method
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of Laemmli82 as modified by Byrnek (Appendix 13)« A technical
hamdbook from Pharmacia was also usefuloq}

The fractions showing maximum haemolytic actixity with minumum
protein content were freeze died, reconstituted to one tenth volume in
distilled water and re-analysed by PAGE.

These fractions were ailso investigated by two-dimensionelL
. . 8 , B, _ N
immunoelectrophoresis (Appendix 14) and lIsoelectric focusing
(Appendix 20).

@ 200 mis of culture supernatant were adjusted to pH 5»3 with
phosphoric acid (65M) and chloroform was added to a final concentration
of 1.5 (v/v)85. This mixture was left overnight at with occasional
mixing after which the precipitate was collected by centrifuging at
1,500 X g for ~5 minutes.

The precipitate was resuspended in 50ml chloroform/methanol
(2:1 by voi) and left overnight at The precipitate was again
collected bycentrifuging and the supernatant was filtered through
Whatman NO.1 paper. To this supernatant was added 10mls of 0.1M
phosphate buffer pH 6.8 with thorough mixing. The phases were left to
separate for 1 hour at room temperature. The lower layer (expected to
contain the toxin ?) was removed and extracted with ifmls of acidified
chloroforr™/methanol/water (3s”s”7 by voi) containing 20ul of IM
phosphoric acid. The precipitate was removed by centrifugation and

freeze dried. Before use this was reconstituted in 0.2ml of distilled

The final product was examined aie before for haemolysin activity,
precipitating antigens by two dimensional immunoelectrophoresis and for
SDS PAGE bands. Insufficient material was available for protein

determinations.



(©) 200mls of culture supernatant was saturated by addition of

152g solid araraonium sulphate and allowed to stand overnight at

The precipitate was recovered by centrifugation and resuspended in

20mls cold ASO buffer. This was centrifuged and any Insoluble material
discarded. The supernatant was made 60" saturated by the addition of
8.4g solid ammonium sulphate and was stirred for 23 minutes at h°C before
being centrifuged. The supernatant was discarded and the precipitate
stored overnight at 4°C. 10mls of cold saturated ammonium sulphate
was then added and stored at for 25 minutes with occasional stirring.
This was then centrifuged and the clear supernatant discarded. The
precipitate was dissolved in 2ml of ASO buffer and dialysed overnight
against distilled water. The smadl amount of precipitate which formed
during dialysis was removed by centrifugation and the supernatant was
freeze dried. This was reconstituted in 0.1ml ASO buffer and applied

to a 25 X 2.5cm Sephadex G-200 column equilibrated with ASO buffer.

~ml fractions were collected.

The fractions were examined as before for antigenicity,
haemolysin content and PAGE bands. Protein content was determined by
absorption at 280nm in a SP 1800 Pye Unicam spectrophotometer86 using
quartz cuvettes and bovine senim albiunin as the standard.

The fractions showing maximum haemolysin activity were pooled,
freeze dried and reconstituted in 0.1ml ASO buffer. This was applied
to a 25 x 2.5cm column of Sepharose 6827 equilibrated with ASO buffer
and 2ml fractions were collected. These were analysed as before for
antigenicity, haemolysin activity and PAGE bands.

The addition of 1 drop of 50nm dithiothreitol27 to each
fraction was necessary before haemolysin activity could be seen. The
fractions showing maximum haemolysin activity were concentrated by

freeze drying to 0.2ml.
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2.3*2 Kin«tice of th» hamolysin r«actlont t— pratur« incabation

Hh*n four dlfforent taoporaturra ware used to Incubate haeooljrsin
reactions, the maximum rate of haemolysis was seen at 37°C, with less at
30@C, 20®C and k"C respectirely (Fig.3). It can be seen that at 37°C
maximum haemolysis is achieved in " 30 minutes, following idiich no
further lysis occurs; however at 30°C, 20*C and k"C haemolysis continued
gradually over the next 3 hours.

fAien the slopes of the linear parts of each curve (the maximum
reaction rates) were calculated for the ™ different temperatures they
were found to be 0.45, 1.0, 1.6 and 3«3 per cent haemolysis per minute
for 4, 20, 30 and 37°C respectively.

When these reaction rat