VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

Experimental Staphylococcal Infection in the Mouse

Sheila E. McKay

Presented for the Degree of Doctor of Philosophy
in the Faculty of Sclence, University of Glasgow

Department of Microblology November 1975



ProQuest Number: 10647477

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uesL

ProQuest 10647477

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, M 48106- 1346



We cannot separate one aspect of Wisdom from another, neither
the philosophic from the scientific, nor the wisdom that Is in the
heart from the wisdom that issues from the hands, in other words,

the ideal from the practical.

N. Sri Ram of india.
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OBJECTS OF THE RESEARCH

Staphylococcus aureus is known to cause several types of infection, both

superficial and systemic, In man. Relatively little, however, s known of the
mechanisms of its pathogenicity. The organism produces many biologically active
extracellular products which have been the subject of much research but only two
of these, i.e. the epidermolytic toxin and the enterotoxin have been directly

associated with specific disease symptoms.

A major drawback to staphylococeal research has been that laboratory

animals exhibit high natural resistance to experimental infection by Staph. oureus.

However, a very successful animal model for studying Toxic Epidermal Necrolysis,
a staphylococcal disease of infants and children, has been developed in the
neonatal mouse. But there is still a requirement for o generally applicable
experimental animal system for the other more common staphylococcal infections,
i.e. of the pyogenic type. Clinlcal evidence indicates that man Is in general,
most susceptible to staphylococcal infections in infancy, For these reasons the

objects of this research were:~

l. To find an experimental system in the mouse for the study

of pyogenic stophylococcal infections.

2. To test whether susceptibility to staphylococcal Infection is
related to age in the mouse and If so, to determine whether

this applies to certaln other bacteria.

3. To exomine several strains of Staph. aureus, Including fresh

clinical Isolates, of known haemolysin and enzyme patterns

for differences in virulence,



4, To study the growth of strains of Staph, aureus In-vivo,

5. If possible to Identify the role of particular virulence

factors In the mechanism of pathogenicity,
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The Pathogenicity of Staphylococcus aureus -

General remarks

As a result of the work of Ogston (1882) Staphylococcus aureus became

recognised as a major pathogen, Very few micro=organisms have its ability
to produce such a diverse array of both superficial and systemic infections.

(Table 1), Yet Staph, aureus s commonly considered as part of the normal

microflora of the body, Newborn infants are colonised rapldly (Hurst, 1965;
Evans et, al., 1973; Deacon and Smith, 1973 and Kwong et al., 1973) and

the organism is found with great frequency on the skin and in the nasopharynx

of normal healthy adults, Indeed, it is well established that a normal individual

may carry and excrefe many millions of staphylococel.

The interrelationships between local catriage, contiguous infection at
a local stte and metastasis are more difficult to understand (Fig. 1). However,
1t seems the staphylococcus readily takes advantage of any imbalance of the

host-parasite relationship in its favour causing both local and systemic disease.

Host defence mechanisms In relation to Staph, cureys infections

Skin and mucous membranes: The skin Is an excellent mechanical barrier to

bacterial infection. When the integrity of the epithelium is broken a portal
of entry Is created through which organisms may pass, Most commonly it is In
this way that staphylococei invade skin and subcutaneous tissues. Wounds,
surgical tncisions, burns, cutaneous viral infections, e.g. varicella and
exfoliative dermatifis are particularly susceptible to staphylococcal infections
(Pentkett, Knok and Liddell, 1958; Cluff et. al., 1968; Hambreaus, 1973
and Wald, Levine and Togo, 1978), Also when the skin barrier is bypassed



TABLE |

Spectrum of staphylococcal infections

Local Infection Sites

I, Skin folliculitls, furunculosts, boils,
cor buncles, impetigo, Toxic
Epidermal Necrolysis

2, Eye conjunctivitis, deep orbital infections

3, Mouth, nose and throat sinusitis, pharyngitis, porotitls,
botryomycosls, mastolditis

4. Gastrointestinal fract enterocolitls

5. Urogenital tract cystitls, prostatitls, prostatic abscess,

Metastatic Infection Sites

Bones and joints

cervicitis, salpingltis, pelvic abscess,
Bartholinitis

osteomyelitls, septic arthritls

2. lungs secondary pneumonia

3. Skin and muscle abscessas

4. Heart endocardltis, myocarditis, pericarditls

5. Kidney abscesses, pyelonephritis, glomerulo~
nephritis

6. CNS obsce.sses, ﬁen!ngifis



Figwe I:  Interrelationships of carriage and Infection
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by injection without attention to aseptic techniques, e.g. by drug addicts,

Staph. aureus can cause serious local infection occasionally followed by

bacteraemia and metastatic abscesses. On rare occasions immunisation by
jet-gun has allowed enfry of staphylococei from the skin with fatal outcome
(Kassanoff, Nohamias and Abrutyn, 1971).

The cillated eplithelium of the upper respiratory fract is normally
efficient in coping with inhaled bacteria, When the normal function of this
is impaired, e.g, by Influenza virus the lower respiratory tract may be

invoded by bacteria Including Stoph. aureus. Secondary staphylococcal

pneumonia also occurs commony in individuals with mucoviscidosis
(cystic fibrosls), where viscid pulmonary secretions in the lung may account

for the increased ability of the staphylococct to survive,

Natural cellular and humoral immunity: Non-specific cellular immunity is

primarily a function of the phagocytic cells of which there are basically
two types (1) the polymorphonuclear (PMN) leucocytes and (if) the mono=-
nuclear monocytes (macrophages). These cells are present in oll Hssues of
the body, in clrculating blood and in certaln filterlng organs such as lymph
nodes, liver and spleen. When they encounter bacteria either randomly or
by directed movement (chemotaxis), they may ingest them by phagocytosis
and kill them by means of bactericidal factors, Normal phagocytes have
several bactericidal factors as follows:~

(1 AcMd

(2) Phagocytin

(3) Muramidase (lysozyme)

(4) Cationic proteins

(5) Myeloperoxidase

(6) Hydrogen peroxide
(7) Halides

9
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Defects in non~specific immunity can lead to increased susceptibility
to staphylococeal infection. When chemotaxis is Impaired or when leucocytes
are Incapable of responding properly to chemotuctic and phagoaytic stimull,
recurrent sfaphylococaal infections occur (Mandell, 1972; Clark et. al.,

1973).

Among the deficiencles in intracellular bactericidal factors by for
the most Important In relation to stophylococeal disease is hydrogen peroxide
which acts synergistically with myzloperoxidase and halides to kill bacteria,
Individuals with chronic granuloniatous disease (CGD) were shown fo be
virtually Incapable of producing H, O, and such individuals suffer from
severe recurrent infections by staphylocoact and other catalase~-producing

bacteria. (Quie et. al,, 1967).

Other known leucocyte malfunctions are not so important in
staphylococcal disease (Quie and Davis, 1973). However, the imporiunée
of the non=speclfic cellular immune response In general s underlined by
the fact that general granulocytopenia whether congenital, associated with
levkaemia or artificlally induced, leads to increased susceptibility to
staphylococaal infection (Cluff et, al., 1968).

Specific Cellular Immunity (SCI) involves primarily thymus dependent
(T) lymphocytes which during development, become sensitised to porticular
antlgens. Associated with SCl Is delayedwtype hypersensitivity (DTH), a form
of Immune allergy mediated by the sensitised small lymphocytes (see p. 43).

In general, individuals with defectlve SCI do not normally suffer from

severe staphylococcal Infections. From this we con conclude that SCl is
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“not of prime Importance in protecting against staphylococcal infection.

Indeed, there appears to be some evidence that SCI, or more accurately
DTH, is an important contributing factor In recurrent staphylococcal
infection (Mudd, Taubler and Boker, 1970). This Is discussed more fully

{n Section C2.

Humoral immunity is Important In protecting against stophylococcal
infection, for instance patients with deficiencies of humoral fmmunity ore
more susceptible than normal subjects to stophylococcal infection. Antibodies

probably have two main functions:=

(1)  the promotion of phagocytosis by opsonisation, and

(i1)  antitoxic actlvity once an Infection is established,

Thus staphylococcel most often express thelr pathogenic potential in a host

whose Immune mechanisms are Impaired.

Other predisposing factors

The presence of foreign bodies In any site tend to increase susceptibility
to staphylococeal Infection. Intravenous catheters, sutures, vascular grofts
or pacemakers, prostheseses used in various types of surgery ond valves used
in the treatment of hydrocephalus are examples of such forelgn bodies whose

prolonged presence in the tissue may lead to infection.

Staphylococcal superinfections may develop in patients being treated
with penicillin for infection by another organism because many strains of

Staph. aureus produce penicillinase; In these patients the normal microfiora

is suppressed, Also, prophylactic use of antibiotics prior to gastro-intestinal
surgery may lead to staphylococceal enterocolitis (Tisdale, Fenster and Klatskin,
1960 and Garrod, 1972). (
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Certain other diseases, e.g. diabetes mellitus, alcoholism, coronary
artery disease, chronic lung disease and various malignant tumours are

associated with increased susceptibility to staphylococcal infection.

Table 2 summerises the factors which most often predfspose to

staphylococcal Infections,

Staph, aureus therefore, Is responsible for o wide range of localised

and generalised Infections.

It is notable that the more serious and often fatal stophylococaal
Infections occur-In infants and children (Cluff et, dl., 1968; Quieet, dl.,
!967 and Lyell, Dick and Alexander, 1969). In particular, staphylococcal
impetlgo, osteomyelitis and Toxic Epidermal Necrolysis are almost exclusively

diseases of children,

There Is little doubt that certaln stralns of Staph, .aureus are associated

with particulor types of infectlon, Also for reasons which ore only partly
understood individuals vary conslderably In susceptibillty to infection. - There

has been much debate as to whether Staph. aureus s best considered as a

“true" pathogen or as an "“opportunistic” pathogen, . Nelfther term adequately
describes this group of coagulase positive cocci; on occasion, strains of high
virulence can cause outbreaks of infection in certaln human populations;
mare commonly the organism escopes from Its normally parasitic niche to

penefrate the Impaired defences and establish an opportunistic infection.

Epldemiology of Staph, aureus

It is well established that staphylococcal infections are a continuing

problem in the hospital environment despite the avatlability of anti-



TABLE 2
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Factors predisposing to staphylococcal infection

Predisposing Factor

Skin injury
e.g. burns
surgical incisions
Impalred respiratory function
e.g. viral infection
cystic fibrosis
Leucocyte defects
(i) granulocytopenia
(i) defects in chemotaxis
(111) defects In phagocytosis
(iv) defects in intracellulor killing

Humoral fmmunity defects
Presence of foreign bodles

Therapeutic and prophylactic use of
antibiotics

Other ilinesses which reduce host
resistance

e.g. diobetes meliitus
chronic artery disease
alcoholism

Possible Resulting Infection

Initially local with consequent
bacteraemia and metastosis

Secondary pneumonia

Local and metastatic

Cold abscesses, pneumonta
Abscesses

Recurrent deep skin abscesses
Local and metastatic

Local and metasiatic
Superinfections including
secondary pneymonia and

enterocolitis

Local and metastatic
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staphylococcal antiblotics. Also In nurseries, outbreaks of staphylococcal
infection are not infrequent, In such situations it is essential fo have some

means of differentiating and identifying strains of Staph. aureus. The

following section outlines the principal methods of typing strains of Staph,

aureus which are commonly used as epidemiological tools.

Serotyping: Cowan (1932) was the first to identify sirains of Staph. aureus

by serotyping with absorbed antisera. He found three main groups, sub-
sequently designated, Cowan I, 1l, and lll. Since then advances in

immunochemistry have allowed further subdivision of the Cowan types.

Pillet and his colleagues developed o serotyping system producing
what are known as the International Types. Per Oeding in 1952 reported
a new system based on patterns of multiple type-specific antigens, This

system was refined by Haukenes in the early 1960's.

It is obvious from the literature that serotyping of staphylococei is
a very complex subject and that the different systems are not sufficiently

reproducible for general laboratory use,

Bacteriophage typing: Bacteriophages lytic for staphylococci were first

isolated by Callow in 1922, Since then many phages have been obtained
and some of them selected and standardised for use in phage typing. The
practical aspects of phage typing have been established since 1952

(Williams and Rippon, 1952) and are accepted as belng of primary importance
in epldemiological and clinical investigations. The "basic set" of phages

for typing of Staph. aureus of human origin falls Into four main groups as

follows: =



Group Number Phages
i 29, 52, 52A, 79,70
| 3A, X, 55,71
m 6, 42E, 47, 53, 54, 75, 77, 83A, 85
v 42D
Unassigned 8l, 167

Distinct from this, is a system for typing strains of Staph. aureus of

animal origin In particular, bovine strains.

Patterns of phage types have emerged which suggest a correlation

with disease potential, e.g. strains of Staph. aureus lysed by the group |

phages of 80, 8l, 52, 52A are often associated with outbreaks of sepsis in
hospitals and strains lysed by the group Il phage 71 are associated with
superficial skin infections both in adults (impetigo) and in children (Toxic
Epldermal Necrolysis and Pemphigus Neonatorum). (Parker, Tomlinson and
Williams, 1955; Lowney et al., 1967; Samuels, 1967 and Lyell, Dick and
Alexander, 1969). Also, strains lysed by group lll phages 6, 47 have been
associated with food poisoning outbreaks, However, the correlation is

not complete and it must be remembered that the strains of staphylococci
being typed in this way are usually from specialised environments, e.g. an

outbreak of sepsis in a hospital,

Virulence Factors and Disease

Many pathogenic micro~organisms produce virulence factors which
are thought to coniribute either directly or indirectly to their pathogenicity.

However, it must be stressed that because an orgonism considered to be a
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pathogen produces a product, does not mean that this product must be
involved in pathogenicity, I.e. o virulence factor. Indeed, there are
relatively few bacterial products which have been proved definitively to

be virulence factors, This is especially true of the staphylococcus.

Toxins and enzymes

Staphylococel produce a wide range of extracellular products including
some toxins and enzymes, Many, if not all, of these have been studied to
determine whether or not they are virulence factors and, if so, their role
in pathogenicity. Several, especially the toxins have been Isolated in
highly purified form and much information is avatlable about thelr structure,
antigenicity, specificlty and blologlcal activity, (Arbuthnott, 1970;
Abramson, 1972; Jeljoszewicz, 1972; Woodin, 1972; Bergdoll, 1972;
Mallby and Wadstrom, 1973).

This discussion will refer mainly to work done in vivo since, by
definition, pathogenicity is the ability to produce disease and, as stressed
at the beginning of this section a specific product must be shown to be

active in vivo before it can be considered a true virulence factor.

Coagulase: Loeb in 1903 was the first to describe the action of staphylo-
coagulase on human plasma. [t is now commonly used to differentiate the
potentlally pathogenic sirains of staphylocoacl from the non-pathogens.
There are two types of coogulase:~
(i) bound coagulase (clumping factor) which acts directly on
fibrinogen, and
(i1)  free coagulase which requires a plasma co-factor called

"coagulase reacting factor" (CRF),
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The use of coagulase production as the criterion for potential
pathogeniclty a#sumes that it Is directly related to virulence. Several
workers have found that coagulase~positive strains are indeed virulent
for mice while coagulase negative are less so (Alomi, Kelly and Race,
1968; Gorrtll, Klyhin and McNell, 1966). This seems to be related to
the éblllty of the coagulase-positive strains to survive for longer periods
in the tissues of the infected animals (Smith and Dubos, 1956), and not
to the ability of coagulase-posltivé strains to reslst phagocytosis (Foster,
1962). These inwvivo findings are in agreement with classical in~vitro
studies of phagocytosis and Intracellular killing of coagulase-positive and
coagulase-negative strains, (Rogers and Melly, 1960; Melly, Thomison
and Rogers, 1960). These studies showed that in the presence of hyman
serum, both coagulase~positive and negative strains are phagocytosed
equally by human and rabbit PMN leucocytes but that coagulase-positive

strains can survive infracellularly for much longer periods,

By contrast, experiments with rabbits and mice showed that coagulase~
negative mutants were as virulent as the parent sirain and, conversely, a
coagulase=positive mutant was avirulent when administered by the intravenous,
subcu!;:neous and infradermal routes (Kapral and Li, 1960; LI and Kopral,
1962; Karas and Kapral, 1962), Although the coagulase test has proved
immensely valuable In practice, justification for accepting coagulase
production as a unique determinant of pathogenicity remains questionable.

A further point is that both coagulase-positive and negative sirains used in
the experiments described above were tested for clot production In human

plasma. 1t Is known that plasma from different specles gives varying results
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in the coagulase test, due to differing amounts of CRF which is a necessary
accessory factor for clotting, Mouse and fowl plasma for example, contain
very small amounts of CRF compared to human, Gorrill (1951) noted that
when mouse plasma was used In the coagulase test to differentiate
staphylococcal sirains, there was complete correlation between coagulase
positivity and virulence for the mouse. Also, when mouse plasma was used
to test strains from humans, sheep and cows, the animal strains gave strong
coagulase reactions while weak reactions were given by human sirains.

The animal stralns were more virulent for the mouse (Smith, 1963). Coagulase
testing of strains with plasma from the host species may be more valid as an

indicator of pathogenic potential for that species.

The importance of coagulase as a virulence factor may be related to
the ability of the organism to become lodged and establish a focus of
infection, e,g, on abscess. Rammelkamp and Lebovitz (1956) point out
that the plasma of children contains only low levels of CRF and that abscesses
and localised staphylococeal infection is rarer in children that in adults and
Invasion of the blood stream is more common than in older age groups. Also,
in experimental Infections with coagulase=positive strains injected i, v, often
death resylts from the formation of kidney abscesses (Gorrill, 1951, 1958;
Foster, 1963; Rogers, 1956; Alami, Kelly and Race, 1968).

The fact that coagulase-negative strains cause clinical diseases such
as endocarditls, urinary tract Infections and eye infections (Shulman and
Nohamlas, 1972) is in itself an argument against coagulase production as a

necessary determinant of virulence. Also, since there is a variation in
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virulence amongst the coagulase~positive strains 1t Is most likely that
coagulase, although a contributing factor in pathogenicity, is not an

overriding determinant.

Alpha haemolysin:  The ability of strains of staphylococci to produce toxins

is relatively easily measured in vitro and may provide a useful indication of
virulence in differentlating potentially pathogenic strains, [t Is, however,

only an indication and cannot be used determinately.

Alpha-toxin (a=lysin) is excreted by the majority of strains of Staph.
aureus (Elek and Levy, 1950; Jeljaszewicz, 1960 a,b). It has many biological
activities, the most important of which are its haemalytic, dermonecrotic and
lethal effects in both laboratory animals and man (Jeljaszewicz, 1972),

Those properties have lead many investigators to study a«toxin as a factor in

staphylococeal disease,

There Is little doubt that a=toxin Is produced by staphylococel growing
in_vivo in rabbits, mice and guinea pigs (Gladstone and Glencross, 1960;
Kapral, Keogh and Taubler, 1965; Foster, 1967; Bartell et, al., 1968;
Takeuchl and Suto, 1974 and Anderson, 1974). Tissue necrosis has been
linked directly and indirectly'wlm its production In-vivo (Foster, 1967;
Goshi et. al., 1961, b and 1963), os has increased invasiveness (Kimura,

1971; Tokeuchi and Suto, 1974).

One approach which has been used by several groups is to select
mutants lacking the ability to produce a=lysin but this was not accompanied

by loss of virulence (Foster, 1963 and Kimura, 1971), In a more recent
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systematic study, a series of mutants of a mouse~virulent strain wos produced
which lacked ﬁs far as possible only one product (van der Vijver, van Es-Boon
and Michel, 1975 a). The virulence of these mutants was compared with the
wild type in mice challenged subcutaneously and intravenously (von der Vijver,
van Es«Boon and Michel, 1975 b). The a=lysin deficient mutants did not

cause dermonecrosis in local lesions which developed after subcutaneous
challenge and had reduced ability to multiply in the kidneys of mice

challenged Intravenously. This is in agreement with some work referred to earlier.

Another approach to measuring the contribution of a=lysin to the
virulence of strains is to measure the efficacy of antitoxic immunity in
protecting against infection with living staphylococel. -In reviewing the
work from several laboratories it is difficult to compare results becouse of

the use of (i) different species of experimental anlmal (ii) different sirains

of Staph. aureus (iif) different challenge routes, and (iv) different methods

of challenge. Nevertheless it seems that a~antitoxic immunity is rore
important in protecting against the local effects of Infection on challenge
with living orgonisms (Koenlg, Melly, and Rogers, 1962 a; CGoshi, Cluff and
Norman, 1963; Agarwal, 1967 a,b,c; Ekstedt and Yoshida, 1969; Easmon
and Glynn, 1975 o). It also protects against death, although persistent

infection may still develop in 'immunised’ experimentol anlmals (Ekstedt, 1972),

Beta haemolysin: P=toxin (B-lysin) a hot=cold haemolysin, is produced

mostly by strains oi’ Staph. aureus of animal origin, 1t is active against
sheep, bovine, goat and human red blood cells, The toxin has been shown
to be a phospholipase C acting specifically on sphingomyelin (Doery et. al.,
1965; Wiseman and Caird, 1967),



In purified form f-lysin is dermonecrotic and lethal for rabbits,
guinea pigs and mice (Gow and Robinson, 1969; Wadstrém and Mallby,
1972) but very little in=vivo work has been done to correlate the production
of this toxin with pathogenicity, Kimura (1971) showed that mutant strains

of Staph, aureus producing B~lysin but not a~lysin were lethal but less

invasive in mice challenged Intraperitoneally than mutants producing
a~lysin. 1t has been shown to be produced during experimental infections
in mouse skin. (Takeuchi and Suto, 1974).

3

Delta haemolysin:  The haemolytic activity of H~toxin (5=lysin) for mammalion

REC is relatively non-specles specific, It also has some leucocidal activity
and 0.5 mg of a partially purified preparation was shown to cause an acute
inflommatory response. (Gladstone and van Heynigen, 1957; Gladstone,
1966).

The production of B-lysin correlates well with potential pathogenicity
of strains of Staph. aureus, In fact, equally as well os a~lysin (Elek and
Levy, 1950; Jeljuszwicz, 1960 a,b). In vivo lethal doses of a or H=lysin
(I5 - 20 HD 5 and 200 HD ., respectively) are produced in the perltoneal
cavity of mice and robbits within 2 h of Inoculation if the inoculum Is large
enough (2 x 108 or more). If a=lysin is not produced, or Is neutralised by
antitoxin, B=lysin is of prime Importance (Kapral, 1974) and, in combination
with a=lysin, has been shown to have dermonecrotic activity in-vivo,

Mutant strains of Staph. aureus lacking 8~lysin had reduced dermonecrotic

activity in local lesions which developed after subcutanecus injection

(van der Vijver, van Es-Boon, and Michel, 1975 a,b).

i



Other haemolysins (y and € )1  Comparatively little is known about these

two haemolysins: y=toxin (y-lysin) is now generally accepted as distinct
from the other haemolysins (Taylor and Bernheimer, 1974) but the existence
of an & ~toxin ( & ~lysin) distinct from B-lysin is still controversial, Raised
levels of neutralising antl y antibody have been detected in sera of patients

with staphylococcal bone disease (Taylor and Plommet, 1973).

Epidermolytic toxin: Epidermolytic toxin Is produced by certain strains of

Staph, aureus (originally thought to be exclusively phage group 1l but now
non group ! sirains have been found). These strains are normally associated
with superficial infections of the skin of children (Impetigo, Pemphigus
Neonatorum and Toxic Epldetmc;l Necrolysls of Ritter's type), (Parker,
Tomlinson and Willioms, 1955; Lyell, 1967; Lowney et. al., 1967; Lyell,
Dick and Alexander, 1969), Epidermolytic toxin is a diffusible protein
which with the exception of enterotoxin, is the only exotoxin shown to be
responsible for specific symptoms of a stuphylococcal disease. TEN or
Scalded Skin Syndrome is a disease of infants and children characterised

by intra~epidermal splitting and extensive exfollation of the epidermis.
Several groups of workers have been able to reproduce these symptoms in
neonatal and adult mice and in man by subcutaneous injection of phage group
Il strains or purified epidermolytic toxin, (Melish and Glasgow, 1970;
Melish and Glasgow and Turner, 1971; Arbuthnott et, al., 1972; Kapral

and Miller, 1972; Elias et, al., 1974 a,b). The toxin causes intra-
epidermal splitting ot the level of the stratum granulosum and electron micrescopy
of toxin~ircated mouse skin showed that the toxin causes the development |

of fluid filled spaces between adjacent cells of the stratum granulosum and
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that desmosomal splitting is a secondary effect. (Mclay, Arbuthnott and
Lyel]' ‘IWS)G

Epidermolytic toxin has a definite role in the pathogenesis of TEN
and bullous impetlgo ond as such is a virulence factor, The elucidation
of its action on skin is an example of the value of a good experimental

animal model. This will be discussed more fully in Section D,

Leucocidin: Panton«Valentine (P=V) leucocldin Is produced by many strains

of Staph, aureus. It specifically kills PMN leucocytes and macrophages of

rabbit and man but no other cell type. {t consists of two proteln components,
the F (fast) component and the S (slow) component, so nomed because of
their relative rates of migration on a corboxymethylcellulose column. The

F and S components act synergistically to produce their cytotoxic effect.

The leucocidin Is produced in vivo by organisms growing in cellophane
sacs Implanted in the peritoneal cavity of the mouse, rabbit, rat and guinea
plg (Gladstone and Glencross, 1960) and In humans raised levels of anti-
leucocidin are assoclated with Infection (Gladstone et, al., 1962 a,b).
Attempts to proteat rabbits by immunising with foxold containing about 50%
leucocidin have been partially successful but without any correlation between
degree of protection and antl-levcocidin titres (Souckova~Stepanova et. al.,
1965). Large doses of leucocidin injected into rabblts caused a marked but
brief granulocytosis (Gladstone, 1966). Measured in this way leucocidin is
relatively non~toxic, Also, mutants lacking leucocidin did not differ In
virulence from the wild type straln when Injected either subcutaneously or

intravenously into mice. It remains, therefore, to be shown that leucocidin



in ltself is a virulence factor, We should remember, however, that Staph.

aureus produces leucocidin in combination with other cytotoxic factors,

Enterotoxins: Five serologlcally distinct staphylococcal enterotoxins have
been identified and designated A, B, C, D.and E. (Bergdoll, 1972). These
are produced mainly by phage group Il stralns. in adults the symptoms of
staphylococcal food polsoning are vomiting and diarrhoea which usually
develop | « 6 hours after ingestion of the food contuminated with enterofoxin
(Dack, 1956). | pg of the enterotoxin is thought to be the minimal amount
required to produce the disease symptoms in man, Many laboratory animals
Including rhesus monkeys, cats, dogs, rabbits, rats and mice have been used
to study the effects of the enterotoxin. Animals appear to be more resistant
than man, on a weight hasls, to the effecis of ente.rotoxm, but young rhesus
monkeys have proM to be extremely valuable in enterotoxin research
(Surgalla, Bergdoll and Dack, 1953). Intragestric adminisiration of entero=
toxins to monkeys produces acute gastroenteritis which mimics very closely
the disease In humans and has permitted Investigation of the emetic action
and histopathological effects of this toxin (Suglyoma and Hyama, 1964, 1965;
Kent, 1966; Merrill and Sprinz, 1968), Thus the role of this toxin in the
pathogenesis of food polsoning Is well established although its mode of action

is not known.

Extracellular enzymes: Many strains of Staph. aureus produce exoenzymes as

well as producing toxins. Although none of these have been linked directly
with pathogenicity some have important blological activities which may
contribute to the pathogenic process. The following enzymes have been

studied more extensively in vitro than in vivo,



Hyaluronidase hydrblyses the cell cementing substance hyaluronic
acid and for this.reason it is somefimes termed 'spreading factor', |t s
produced by both coagulase~positive and coagulase-negative strains of
staphylococei and Is produced in vivo (Schmidt, 1965; Ivanova, 1968).

Heat stable deoxyribonuclease (DNaae) hydrolyses the 5' phosphodiester
bond of DNA, s production correlates well with coagulase production, It,

too, has been demonstrated in vivo in lesions in mice (Kalyuk, 1971;
Takeuchi and Suto, 1974),

Proteases, ?néludiﬁg fibrinolysin and gelatinase, are produced by many
strains of staphylococci both coogu!ase-pésiﬂve and negative, As with the
other enzymes they have been detected in vivo (Takeuchl and Sute, 1974).

Table 3 summorises the important staphylococcal products, their biological

activities and possible roles in pathogenicity.

Thus the pathogenic mechanisms of Staph. aureus are undoubtedly

multifactorlal and the contribution of individual factors Is very difficult to

assess,

Surface compc)nenﬁ

Capsules: Capsules possessed by certaln bacteria have long been established
as virulence factors In that they confer upon that bacterium the abllity to
resist phagocytosis, Examples are the polysaccharide capsule of Strep,

pneumoniae, thehyaluronic acid capsule of Strep, pyogenes and the protein

capsule of B, dnéwa‘c’is (Smith, 1968), Certain strains of Staph, aureus have

been reported as capsulated, Yoshida reportad that 18% of fresh clinical
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isolates studied were capguloted (Yoshida, 1971). However, the methodsused ’
for demonsirating tho presence of capsules are controversial; "true” capsules
. are not always distinguished from 'pteudocapsules' or extracellular slime
layers. There.are three main methods for demunstrating staphylococcal

capsules:=

(1)  Negative staining by making wet mounts of the organism in
India ink; the capsule oppears as an unstained halo around

the organism (Duguld, 195]; Mudd and De Courcy, 1965).

(i)  the specific capsular reaction "quellung” in which cells are
allowed to interact with homologous immune serum and an
apporent capsular swelling p}ienomenon takes place if the
organism possesses ¢ capsu}é. (Price and Kneeland, 1954;

Wiley, 1972). /’

(111)  characteristic diffuse growth in serum-soft agar (Finkelstein
and Sulkin, 1958; Koenlg, 1962; Yoshida, 1971).

Methods (11) and (i11) correlate fairly well (Yoshida and Naito, 1972).

In discussing the contribution of capsular materlal to virulence there

is one capsulated straln of Stoph. auwreus which merits special mention; this

Is the Smith diffuse straln first described by Smith and Dubos (1956). The
Smith straln is virulent for mice at lowar challenge doses than for other strains

of Staph. aweus studled previously (Koenlg, 1962; Koenlg, Melly and Rogers,

1962 a; Parker, Warner and Slipetz, 1966; Yoshida and Ekstedt, 1968;
Wiley and Maverakis, 1968). The capsule protects this strain from phagocytosis
In=vitro (Morse, 1960) and in-vivo (Koenlg, Melly and Rogers, 1962 a) which
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probably accounts for the increased virulence, Other strains of Staph, aureus

exhibit increased capsular slime production in high corbohydrate-high sqlf”’
medium. Grown under these conditions the stralns were more virulent both
i.p. inmice, (Yoshida and Ekstedt, 1968) and intradermally in cows (Brock
and Reiter, 1972; Brock, Turvey and Relter, 1973), The latter group of workers

studied two strains of Staph. aureus originally isolated from bovine mastitis;

these showed enhanced virulence when grown in raw milk which also has a
high carbohydrate content. This effect may be significant in the pathogenesis

of staphylococcal mastitls,

Much work has been done to purify and characterise the capsular material

and this has been reviewed by Ekstedt, 1972,

The Immunising capacity of capsuler material is uncertain although there
is some evidence that It may have a protective effect. Mice Immunised with
a heat-killed vaccine prepared from a diffuse colonlal varient of the Smith
straln were protected from an otherwise lethal infection with the homologous
organism (Koenig, Melly and Rogers, 1962 b). Also, mice which were more
susceptible to the Smith strain than to another mucold strain were shown to

be frequent corriers of strains of Staph. aureus closely related antigenically

to the mucoid strain and to have capsular antibodies to these but not to the
Smith straln (Wiley ond Maverakls, 1968).

Protein A:  This antlgen is found on the surface of the majority of strains of
Staph. aureus but not Staph. epldermidis, (Kronvall et, al., 1971). It hos

been Isolated and characterised chemically by several groups of workers
(Oeding and Grov, 1972; S{dquist, Meloun and Hijelm, 1972), Protein A has
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the ability to react non-specifically with the Fc fragment of immunoglobulin
G of many specles Including man (Forsgren and Sjoquist, 1966; Lind, 1968;
Lind and Mansa, 1968; Lind and Rhodes, 1970; Lind, Reyn and Birch -
Anderson, 1972). This ability has been linked indirectly with pathogenicity,
Dosset ot. al.,(1969) aamoruiruted that protein A on the .surfcce of the bacterium
could combine with the Fc fragment of 1gG molecules, thus blocking the
opsonic site and retarding phagocytosis. Purified protein A had been shown
to Inhibit phagocytosis and this has been confirmed more recently (Forsgren
and Nordstrom, 1974). Also, protein A = human lgG complexes can eliclt

Arthus=type hypersensitivity reactions when injected subcutaneouily in rabblts.

More directly, purlfied protein A injected intracardially caused severe

anaphylactic shock and death In normal guinea pigs.

Mutant strains of Staph. aureus which lacked the ability to produce

several factors including proteln A were tested for virulence In mice (Forsgren,
1972). Mutants with reduced amounts of both proteln A and o haemolysin or
mutants with neither protein A nor coagulase showed only slightly reduced
virulence when injected intravenously or subcutaneously (with cotton dust),
However, mutants which had lost the abilitles to produce protein A, nuclease,
coagulase and fibrinolysin were significantly less virulent, Thus there is no
direct demonsiration of protein A as a virulence factor, and indeed a fairly

comprehensive study of different phage groups of Staph, aureus "revealed no

demonstrable or suspected pathogenic properties of protein A" (Lind, 1972),

Deoxycholate residue (DOCR): The Importance of the inflammatory response

in protecting against cutaneous infections with staphylococcl was established
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experimentally in guinea pigs (Miles, Miles and Burke, 1957). Suppression

of inflammation led ;to increased severity of lesfons for a given dose of
bacteria. This was established also in man (Elek and Conen, 957) and the
mouse (James and Mcleod, 1961). Noble (1965) developed a mouse model

for sfudyir_ug cytaneous Staph, ayreus Infections by Injecting staphylococci

subcutaneously on plugs of cotton dust. Agarwal (1967 a,b,c) used this
system fo study the development of local inflammatory response a3 manifested

by oedema and infiliration of leucocytes. The virulence of the strains of

Staph. aureus wos scored by the severity of the lesions produced and cotton

dust was found to potentiate virulence by delaying fhg onsef ’k;f'ft‘hea inflommatory
response thus allowling Initlal rapid multipli.(caﬂ%pf the bacterfa (Agarwal,
1967 a). Agarwal further postulated that vlri;let;t staphylococel also possessed

a factor assoclated with f:i‘ie( éqcmiul cells which suppressed the initlal
inflammatory response (Agorwal, 1967 b). This was confirmed by Hill (1968)
who isolated ‘fhe. factor from cell walls of virulent strains in the logarithmic
growth phase, The factor was found In the residue of cell walls treated with
deoxycholate (DOCR) and suppressed the early Inflammatory response, thereby

enhancing lesions produced by otherwlise ineffective doses of Staph, aureus

strain PS 80, In vitro, DOCR inhibits leucocyte migration (Weksler and Hill,
1969). More recently it has been clglnﬁad to act on the release of kinins
(Easmon, Hamilton and Glynn, 1973). Because it acts on the defence
mechanisms of the host without direct damage to host Hssues, it is clossed

as an ‘impedin' (Glynn, 1972), lts isolation only from so~called virulent

strains of Staph, aureus and its activity In potentiating Infection suggests

that It may contribute to pathogenicity,
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Qther factors

Adlam et, al,, (1970 a) showed that in vivo grown staphylococci
(designated V) were more virulent than organisms passaged in rabbits and
then grown In broth (designated ) or organisms grown throughout in broth
(designated O), They postulated from an in=vifro study of the strains that
V survived more readily inside phagocytes. But this has been disproved

- in more recent work with these sirains and in~vivo growth is alternatively

suggested "fo enhance the association with and penetration of staphylococci
into polymorphs", (Peorce, Scragg and Kolawole, 1975). The nature of the

“In vivo acquired virulence factor" is unknown,

Another surface antigen which may be important is telchoic acid which
may act as a protective antigen (Ekstedt, 1965, 1966). Interestingly Martin,
Crowder and White, 1968 found that all human adults tested gave Immediate

type hypersensitivity reactions to staphylococcal teichoic acid,

immunopathology of Staphylococcus aureus

The Immune responses of the body have evolved sufficiently to protect
us from invasion by many micro-organisms but in some circumstances the
reactions so elicited may domage the host and possibly be of advantage to
the invader. This is true in the cellular response to the staphylococel and
although a distinct entity from the immune deficiencies (see p.20) this
effect may be of simllar Importance In staphylococcal pathogeniclty,

This section discusses the evidence for this view.

Inflommation and infection by Staph. aureus

Inflammation Is the response or reaction of tissues to Injury which
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includes that caused by foreign material such as bacteria, The most Important
cells in this response are the phagocytic leucocytes of the non-specific immune

syster, Staph. aureus has been shown fo elicit an inflommatory reaction

(Foster, 1960), suppression of which leads to enhancement of infectivity in
both humans (Elek and Conen, 1957) and experimental animals (James and
Mcleod, 196l; Noble, 1965 and Agarwal, 1967 a). Furthermore, as discussed

earlier, some stralns of Staph, aureus possess as on integral part of their cell

wall an anti=inflammatory substance (D OCR) which may contribute to

increased infectivity (Hill, 1968; Hill, 1969 and Easmon et. al., 1973),

Eusmon and CGlynn (1975 a) have suggested that an early inflammatory

response to local infection with Staph. aureus is the major protective factar.

They concluded that a~antitoxic immunity was protective against dermonecioiic
effects of Staph, aureus not only because of its specific neutralising power but
also because the antigen-antibody reaction faking place locally in the tissue
elicited o brisk-inflammatory response which proved protective. Non-specific

acute inflammation also protected against dermonecrosis.

It thus appears that acute inflommation is somewhat protective against
the staphylococci; however, when the inflammatory response Is very severe
and prolonged, there may be further tissue damoge and consequent enhance~

ment of infectivity (Goshi, Cluff and Johnson, 1961 o).

Delayed=-type hypersensitivity and staphylococcal disease

One of the main features of serious staphylococcal disease is that it
is often recurrent and persistent (Cluff, 1965). This Is, in general, unfrue of

most other bacterial Infections where a clinical or sub=clinical infection
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confers immunity, however short=lived. It has also been noted that persons
suffering from recurrent staphylococcal infections usually show hypersensitivity
of the delayed~type to staphylococcal anﬂgens (Cluff, 1965). Paradoxically
delayed-~type hypersensitivity Is associated with immunity (specific cell
medioted immunity). It is helpful in trying to understand this apparent contra~

diction of roles to consider a definition of delayed~type hypersensitivity.

Delayed-type hypersensitivity is an allergy mediated by sensitised
lymphocytes which, when they encounter the antigen in a venule, cause the
antigen to combine with cell bound antibody. Migratory inhibitory factor
(MIF) 1s then released. This factor stops the migration of monocytes which

adhere to the endothelial lining of the venule, Gradually, the monocytes
| are activated by MIF and are transformed into macrophages which force them~
selves through the endothelium and vessel wall and release lysosomal hydrolases.

The end result Ts tissue domage (Waksman, 1971).

Johanovsky (1958) was the first to report that delayed~type hypersensitivity
to staphylococceal antigens can be transferred from sensitised animals to normal
recipients by means of living cells (presumably sensitised lymphocytes).

Increased susceptibility to staphylococcal infection was transferred simultaneously,
He suggested that tissue damage coused by Interaction between the antigens
of the Invading microbe and sensitised lymphocytes may provide conditions

which promote staphylococcal Infection,

In a similar study in rabblfs, repeated infection of the skin was
assoclated with the development of delayed~type hypersensitivity which in

turn Increased the infectivity of the organism in the skin of the sensitised
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animal. A!Sscesses were Induced with inocula which gave no lesions in
normal animals. (Johnson, Cluff and Goshi, 1961).. The in vitro studies
of Lenhart and Mudd (1972) showed that peritoneal macrophages from

hypersensitive rabbits had no Increased bactericidal activity for staphylococel.

Delayed-type hypersensitivity has been reported in both mice
(Taubler, 1968; Touialer, Grieb and Mudd, 1970; Modak, Banerjee and
Basu Mallik, 1971; Easmon and Glynn, 1975 b) and in guinea pigs (Kowalski
and Berman, 1971; Targowski and Berman, 1974) infected repeatedly with

Staph, aureus, The hypersensitivity was transferable to normal animals by

lympheid cells.

An Interesting study of the dissemination of Staph, aureus from the

stte of carriage into the bloodstream and localisation at a raumatised
portion of bone In mice has shown that locallsation of the organism at the

injured bone occurred only in hypersensitive animals (Banerjee et. ol,, 1971),

It, therefore, appears that the ability of staphylococcal antigens to
elicit a delayed~type hypersensitive response may contribute to virulence,

especially In recurrent staphylococcal disease.

In cenclusion it Is evident that the pathogenlcity of Staph, aureus is

dependent not only on the many cellular and extracellulor faators It

produces but also on the immune responses of the host,

Experimental Animals in the Study of Pathogenicity

Scme classical animal models

No attempt will be made in this introduction to discuss all the



2,

45

investigations In animals which have contributed fo our understanding of
microblal pathogenicity inman, However, there Is Justification for recalling
some of the milestones, Griffiths (1928) demonstrated the Importance of the

capsule of Strep, pneumoniae in virulence for mice, Toxins responsible for

the main pathological effects of anthrax (Smith, Keppie and Stanley, 1955)
and cholera (De, Ghose and Sen, 1960; Finkelstein, Norris and Datta, 1964)
were demonstrated fn laboratory animals. Virulence factors of Pasteurella
pestis were elucidated in mice (Burrows, 1955). Also, experiments in more
vnuswal animals, e.g. ewes and ferrets, have shown that bacteria and viruses
show specific localisation during infection (Lowrie and Pearce, 1970; Basarub
and Smith, 1969). The use of experimental animals for studying the growth of
the more fastidious microbes has fed to the development of acceptable animal

models for diseases cavsed by these organisms. For example, H. Influenzae

has been studied successiully in rabblts (Schneerson and Robbins, 1971) and
rats (Smith et. al., 1973). Syrian hamsters have proved to be acceptable

models for the disease produced by Mycoplasma pneumoniae; another species

Mycoplasma arthritidis caused a disease resembling human arthritls in mice

(Cole, Ward and Golightly-Rowland, 1973).

Staphylococcal Infections have proved more difficult to reproduce In
laboratory animals because they are very resistant to infection by the
staphylococel. However, some animal systems have been developed and

are reviewed in the next section,

Expefimental systems for the study of staphylococcal diseases of man

Saphylococeal
Toxic Epidermal Necrolysis (TEN): This disease when first described was

thought to be uniquely a disease of human infants caused by phage group Il
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strains of Staph, aureus. The disease is characterised by extensive loosening

of the epidermis accompanied by peeling, Histologically the splitting occurs

within the dermls at the level of the stratum granulosum (see p. ).

Melish and Glasgow (1970) injected phage group Il stralns, isolated
from cases of TEN into neonatal mice and reproduced all the symptoms as
well as the histological features of the disease, This work involving the
newborn mouse lead to more detailed studies of the products of the TEN

strains of Staph, aureus and showed that an exiracellular product of the

bacterium was responsible for the disease symptoms (Arbuthnott et, al., 197L;
Melish et. al., 1972). 1t was originally reported that mice more than six days
old (with the exception of hairless mice more than twenty-one days old) were
resistant (Melish et, al., 1972; Arbuthnott ct. al., 1972 and Arbuthnott et. al.,
1973). More recently, however, It has been reported that adult mice and

hairy as well as glabrous skin sites are potentially susceptible to the toxin

(Elias et. al., 1974 a,b)

This has proved to be the most successful animal model for staphylococcal
disease since it almost exactly mimics the human disease in many respects.
Consequently, it has allowed detalled study of the factors involved In the

pathogenesis of Toxic EpidermalMecrolysis,

Impetigo: Dajani and Wannamaker (1970, 1971 -, 1972) have reported
experimental Impetigo In Syrlan homsters, The disease so produced resembles
human Impetigo in the gross appearance of the lesions, In progression of the
various stages, and in the histopathology of the process. Use of this animal

has facilitated the study of the interaction of staphylococel and group A
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streptococei in impetigo and, perhaps more important, evaluation of vorious

therapeutic regimens,

Mastitiss A technique of Intramommary Inoculation in the mouse was devised
by Chandler in-1970 and has been used by other workers (Anderson, 1971;
Anderson, 1972; Anderson and Mason, 1974; Anderson, 1974) to produce
staphylococcal mestitis, Using the mouse, staphylococel from outbreaks of
bovine mastitis were compared and their susceptibility to antibiotic therapy

evaluated.

A study of a natural outbreak of staphylococcal mastitls in rabbits

showed that the disease could be transmitted via suckling young (Adlam et, dl.,
1975).

Osteomyelitis: Rabbifs have been used with some success in the study of

experimental osteomyelitis (Andriocle, Nagel ond Southwick, 1974). The
pathological and rodiological features of the experimental disease closely
resemble those of the human disease which is an important, though infrequent
complication of open reduction and Internal fixatlon of fractures of long
bones. Suitable experimental Infections should prove invaluable for

evaluating various specific approaches to treatment.

Endocarditis: Experimental endocarditls was produced In rabblts by Garrison
and Freedman (1970) and by another group (Linnemann, Watanakunakorn and
Bakie, 1973). Similor infections in dogs (Hamburger et, al., 1967) was used

to evaluate antibiotic therapy.

Superficial lesions: Noble (1965) injected live staphylococei on plugs of
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cotton dust into the skin of mice and produced skin lesions resembling human
abscesses. The technique was developed further by Agarwal (1967 a,b,c) and
has been used maore recently for comparlson of cellular responses to staphylococeal
infection (Hill, 1968; Hill, 1969; Weksler and Hill, 1969 and Easmon and
Glynn, 1975 a,b).

The fact that normal adult laboratory animals are resistant to staphylococeal
Infections was in port the stimulus for the present study. Since many of the
more serious stuphylococcal infections in humans occur in children and the
age dependence successfully reflected in the TEN investigations, our approach
was bosed on a study of age susceptibility. Also, the pathogenicity of Staph,
aureus is thought to be connected with Immune reactions, In the neonatal
animals these reactions are underdeveloped and may, therefore, simplify a

study of experimental infection,



MATERIALS AND METHODS
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Strains of Bacteria used

Staphylococcl

The strains of staphylococei used in this investigation included clinical
isolates from children and adults and a strain Isolated from an outbreak of
bovine mastitis., Some lyophilised reference strains were also obtained from
the National Collection of Type Cultures (NCTC), Colindale, London, For
convenience the sirains were given loboratory numbers as shown in Table 4

which lists the strains and their origins.

Other organisms

All other organisms were obtalned from the Department of Medical
Microbiology, Royal Infirmary, Glasgow. All were clinical isolates and

they Included the following genera:~

Escherichia, Pseudomonas, Klebsiella and Streptococcus.

Culture and Maintenance

Challenge inocula

N

Fifty-mi amounts of sterile Nutrient Broth (Oxoid) were inoculated
with 3 or 4 morphologleally simtlar colonies of each strain from horse blood
ager (see Appendix ). These were incubated for 18 = 24 h af 37°C after
which each starter culture was used to inoculate 500-ml omounts of Nutrient
Broth. The 500-mi: cultures were incubated for 16 = 18 h at 37°C. The cultures
were cenirifuged in 250-m! centrifuge bottles ot 17,000 g for {0 min. at 4°C

in a High-speed MSE 25 refrigerated cenirifuge (MSE Litd,, London).
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The pellets were suspended in 250 ml sterile Peptone Water
(10% w/v Oxoid) ot 4°¢ asceptically. The centrifugation and washing
procedure was repeated once. The washed pellets of cells were resuspended
in the appropriate volume of Peptone Water at 4°C to a concentration of
approximately 2 x lo"’ orgonisms per ml measured by means of Opacity
Tubes (Wellcome Ldbox.'atories, Kent). The number of viable organisms per

ml was measured by the technique outlined in Section Cl, p. 33.

Maintenance of staphylococcal suspensions: The suspensions prepared as

above were dispensed asceptically in sterile 2=ml ampovles (Flow Laboratories,
Ayrshire) which were then sealed and immersed in liquid nitrogen in a
‘Yi;/ostdt' liqi:id nifrogen refrigerator (BOC (Cryoproducts) Lid., Glasgow).
Thirty un;poules of each strain were prepared. Frozen in this way the viability
of suspensiohs of staphylococel was reduced by 30% In the first week but therew
after remained stable over a period of months, The advantage of this method

of maintenance is that small aliquots of the same standard suspension of
organisms are available for experiments carried out over o long time, one
aliquot being used for each experiment, thereby obviating variation in the

challenge inoculum as a variable in animal experiments.

Other bacterial suspensions: Nutrient Broth in 50-ml amounts inoculated with

3 or 4 morphologlcally similar colonles from horse blood agar medium were
incubated for 18 h at 37°C ofter which .ihe cultures were centrifuged at
3,000 g for 10 min, in sterile 50-ml centrifuge tubes (MSE Ltd,, London).
The pellets were resuspended in sterile Peptone Water at 4°C and washed
twice with Peptone Water, The washed pellet of cells was resuspended to

a known concentration which was diluted to contuin the required number of
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viable organisms for challenge,

The strains were maintained on slopes of Nutrient Agor (Oxold)

in bijou bottles stored at 4°C.

Production of exotoxins

Haemolysins: A suspension (I ml) of each straln of staphylococcus was
used to inoculate 15 ml of semi-solid agar medium (see Appendix 1) in
petri dishes, These were incubated for 48 h at 37°C in an atmosphere
of 20% (v/v) COZ' To prepare crude culture supernatant fluid, cultures
were frozen to -10°C, thawed and centrifuged. (10,000 g for 10 min, ot
4°C using a Highspeed MSE 25 refrigerated centrifuge.

Leucocidin: Modlified CCY medium (50 ml) (sae Appendix ) was inoculated
with 3 or 4 morphologically similar colonles of each staphylococcal straln,
The cultures, In dimpled Ehrlenmeyer flasks, were incubated at 37°C for
20 h in an orbital shaking incubator (1H400, A, Gallenkamp and Co. L.,
Glasgow) at 100 cycles per min. and were then centrifuged at 3,000 g for
10 min. at 4°C.

Measurement of growth rates

Nutrient Bro.lh (100»ml) in a 250~mi dimpled Ehrlenmeyer flask was
inoculated with | ml contalning 2 x l09 colony forming units {(c.f.u.) of
each strain SM1, 6, 9, 10, 14 and 15, This gave a storting E (o8 = 0,03,
The flasks were incubated at 37°C with shaking (100 cycles per min. Samples
(5 ml) were withdrawn aseptically from each flask at 30 min. Intervals for
6.5h, TheE :5%'3 was measured In a SP 800 specirophotometer (Pye Unicam,

Cambridge).
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Viable Counting Methods

Challenge suspensions

As described in saction Bl, the staphylococeal strains and other
bacteria were prepared for challenge by suspension in cold Peptone Water
to a final concenivation of 2 x IO'O organisms per ml by opacity. The actual
viable count (c.f.u, per ml) waos then estimated by a method described by
Postgate (1969) suitable for bactericl suspensions known to contaln approximately

10° c.f.u. per ml,

In this procedure 100 ml of sterile Peptone Water was added to sach
of two sterile 250~ml Ehrlenmeyer flasks numbered (1) and (2); 0.1 ml wos
removed from flask 2) to give a volume of 99.0 ml. Using '"Microcap’ pipettes
sterilised with 70% (v/v) ethanol and drled in air for 30 sec. 10 pl of bacterlal
suspens!oﬁ was added to flask (1), After vigorous shaking to achleve adequate
mixing 0.1 ml wos transferred from flask (1) to flask (2). Aliquots (0.2 ml) of
diluted suspension (from flask (2)) were spread evenly with o sterile glass
spreader on each of ten dried plates containing 15 ~ 20 ml Nutrient Agar.
If the plates were not sufficiently dried Isolated colonies were not always
obtained on incubation and accurate counting was Impossible. Plates were
Incubated overnight at 37°C and the number of colonies on each was counted
and an average value obtained, Best results were obtained with suspensions
which gave 20 « 50 colonles per plate, The average count was multiplied
by 5 x 107 to obtain the number of colony forming units per ml of the

orlginal suspension,

The main disadvantage of this method is that the approximate viable
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count of the suspension must be known within fairly narrow limits. Also,
the method was designed to count suspensions of organisms of viable count
around l09 c.f.u. per ml., However, with appropriate adjustments to the

second difution volume, it is possible to count more dilute suspensions,

This procedure was used to estimate the viable count of suspensions
used for challenge in animal experiments, (One ampoule was removed from

the liquld nitrogen refrigerator, thawed and diluted for each animal experiment).

This method of viable counting was chosen In preference to the more

~ commonly used method of viable counting first described by Miles, Misra and

Irwin (1938) because it Involved fewer dilution steps and consequently less
error. The error in using measuring cylinders with volumes of 100 ml Is well
within the Polssonlan error of the average count. The method is particulorly
suitable for counting staphylococel because diluted suspensions can be shoken
vigorously to break up clumps of staphylococei which gives more accurate

counts,

Bacteria grown in vivo

The number of staphylococel in homogenates of mouse tissue (see p. 65)
was estimated by the method described by Miles, Misra and lrwin (1938). This
method was used because the number of staphylococel! in these homogenates
was unknown and it was, therefore, essentlal fo cover a much wider range
than was possible by the Postgate method, Ten«fold dilutions were made of
the homogenate In I-ml volumes of phosphate buffered saline (PBS) pH 7.0
(see Appendix I1) in an lce bath with good mixing between steps, Each

dilution (0.02:ml) was dropped from a sterile graduated pipette) onto Mannitol
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Salt Agar (MSA; Oxoid) in peiri plates dried for 24 h ot 37°C. After the
drops had been completely absorbed into the agar the plates were incubated
at 37°C for 24 - 48 h after which the first countable dilution was selected,
counted and multiplied by the corresponding dilution factor to give c.f,u.
per ml In the tissue homogenate. Where possible two or three dilutions were
counted and average values calculated and recorded, MSA being selective
for stophylococe! was chosen to exclude the growth of other microbes in the
mouse tissue homogenates especially the skin homogenate. Also it helped to

differentiate between Staph, aureus and other organisms. In practice about

95% of the colonies had the typical appearance of Staph, aureus and were

recorded as such,

Assay of Staphylococcal Products

Exotoxins (haemolysins)

Crude culture supernates (see p. 52) were assayed for haemolytic
activity against erythrocytes from four specles:~ rabbit, sheep, horse and

human.

~ Standardisation of erythrocyte suspensions: Fresh whole blood was washed

three times in sterile saline and an approximately 2% (v/v) suspension made
In Bernheimers buffer (see Appendix I1), This suspension was standardised
by haemolysing an aliquot with a few crystals of saponin. The lysate was

diluted ien-fold with distilied water and the amount of haemoglobin contained

0.5 cm
545 nm

0.20. The suspension was then considered to be a standardised 2% suspension

in the dilution was measured in an 5P 800 spectrophotometer at E of

of erythrocytes.
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Haemolysin assays: Serial doubling dilutions of 0.5 ml of the crude culture

supernates were made In quadruplicate in 0,5-ml volumes of Bernheimers
buffer contalning albumin (see Appendix Il). To each tube was added 0.5 mi
of the standardised suspensions of sheep, rabbit, horse or human erythrocytes,
The tubes were incubated In o water bath ot 37°C for | h with periodic shaking
to prevent sedimentation of unlysed erythrocytes and the haemolytic titre
recorded In HU per ml as the reciprocal of the dilution which caused visible
haemolysis. To estimate hotwcold haemolysls with sheep erythrocytes, tubes
were reincubated at 4°C overnight and a second reading of the haemolytic

titre recorded,

The general haemolytic patterns against the four red cell specles
described indicate the predominant toxin(s) present in culture supernates.

The haemolytic patterns were interpreted as follows:~-

(1) A high titre against rabbit indicated a=lysin,
(2) An Increase in titre against sheep after hot=cold Incubation
indicated B-lysin.

(3) Low tifres against all four species indicated y or S«lysin,

Production of a~toxin was confirmed by the a~antitoxin neutralisation

test as follows:~

The dilution of commercial a~antitoxin (Wellcome Laboratories,
Kent) which neutralised 8 HU of freshly prepared a«~lysin from strain
Wood 46 was determined, Each culture supernate was diluted to
contaln 8 HU per 0.2 ml (colculated from the tiire against rabbit

erythrocytes). Cultures which contained < 40 HU per ml were ysed



undiluted, To each 0.2 ml of culture supernate was added 0.5 ml

of the diluted antiserum and the mixture incubated for 90 min. at
37°C. To each tube was then added 0.3 ml of a 3% (v/v) suspension
of rabbit erythrocytes and the Incubation continued for a further

60 min, Absénce of haemolysis indicated neutralisation of a=lysin
by the antiserum, Residual haemolysls indicated that an additional
non-neviralisable haemolysin was present. 1t was not possible,

however, in this assay to distingulsh between y= and B~lysins.

Exoenzymes

Coagulase: Ciltrated rabbit plasma was diluted | in 5 using Palitsch buffer
(see Appendix I1). Toa 4 x 3" test tube containing 0.4 ml of diluted plasma
and 0.2 ml Palitsch buffer was added 0.2 mi of an overnight broth culture of
each straln, The fubes were incubated at 37°C in a water bath for 8 h.

Known positive and negative sirains were included as controls.

Fibrinolysin: Nutrient Agar was sterilised in an autoclave (15 Ib/ln2 pressure
for 15 min.)and then cooled to 56°C. Fresh human plasma was added to o
final concentration of 12% (v/v) and the mixture heated at 56°C for a

further 15 « 30 min. during which time the plasma clotted and the mixture
became opaque, Plates containing 15-ml amounts of heated plasma agar

were poured and allowed to cool, Each fibein plate was streak inoculated

with three strains of the staphylococcl to be tested. The plates were incubated
at 77°C for 17 » 22h, Clearing of the medium around the streak of growlh

was recorded as a positive result,

Lipase (tributyrinase): Tributyrin was added to molten sterile Nutrlent Agar

(10 - 15 rril) in o universal container at 56°C to a final volume of 1% (v/v).



The mixture wos shaken very vigorously to disperse the lipld, poured into

a sterile petri plate and allowed to cool. Each plate was streaked with

three strains of staphylococai and incubated at 37°C for 24 h, Zones of
clearing around the streak measwing > 0 and < 3 mm in diometer were recorded

as - zones measuring >3 mm were recorded as -+,

Gelatinase: Gelatin (Oxotd) was added to Nutrient Agar to a final
conceniration of 10% (w/v). The gelatin ugar w§s sterilised In an auto~
clave (15 !la/in:z for 15 min.), cooled to 56°C and 10 - 15-ml amounts poured
Into petri plates. The cooled, dried plates were sireaked with one strain per
plate and incubated at 37°C for 3 days when they were flooded with acidic
mercuric chloride (see Appendix 1l) which formed a white precipitate with
unhydrolysed gelatin, A clear area around the streak of growth was

recorded as a positive result.

DNase: Petri plates containing 10 = 15 mi sterile DNase Agar (Difco) were
streaked (one strain per plate) and after 24 h Incubation at 37°C were flooded
with a 10% (v/V) solution of 1.0 M perchloric acid. Clearing around the

streaks was recorded os a positive result,

Egg Yolk Factor; Concentrated Egg Yolk Emulsion (Oxoid) was added to
sterlle Nutrlent Agor cooled to 56°C to a final concentration of 5% (v/v).
Egg Yolk Agar was poured (10 ~ 15+ml amounis) into petri plates which were
. cooled, dried and streaked with each strain (three strains per plate), The
plates were then incubated at 37°C for 7 days and dense opacity around the

growth recorded os a positive result,

Phosphatase: Sterile Phenolphthaleln Phosphate (0.1% w/v, Oxold) was
added to sterile Nufrient Agar to glve a final concentration of 0,01% (w/v),



~ Petri plates containing 10 - 15 ml of the Phenolphthalein Phosphate Agar

were cooled, difed and streck inoculated with three strains of staphylococal,
After 3 = 5 days incubation at 37°C the plates were exposed to ammonia vapour
in a fume cupboard, Streaks of growth which turned bright pink were recorded

as positive.

Leucocidin

The microscopical method as described by Gladstone et. al., (1962)

wos used with minor modifications:-

Glassware: Mlcroscope slides, coverslips, test tubes and pipettes
used in the assay were thoroughly cleaned in a 5% (v/v) solution
of Decon 90 (Decon Laboratories, Brighton) in hot tap water,
Thereafter the glassware was rinsed between six and ten times in
tap water and once In distilled water. Slides and coverslips were
kept in 70% (v/v) alcohol.

Leucocyte preporation: Fresh human blood from « finger prick

was collected into an equal volume of ice cold Hanks Basal Salt .
Solution pH 7.0 (see Appendix II) on Ice. Using a Pasteur pipette

a drop of the diluted blood was placed on a coverslip and incubated
in a molst chamber at 37°C for 15 - 30 min. The clot which formed
wos removed using a palr of fine foreceps and residual erythrocytes
were removed by rinsing with worm sterile gelatin (0.5% w/v) In
saline, (see Appendix Il) Under these conditions leucocytes adhered

to the coverslip.

Serial doubling dilutions of culture supernates (see p, 53 were made

in f=ml volumes In 0,5% (w/v) gelatin saline. A drop of each dilution was



placed on a microscope slide and a coverslip with adhering leucocytes
was inverted onto the drop. Preparations were sealed with nail varnish
and Incubated at 37°C for 15 = 30 min, Control preparations were mounted

in gelatin saline solution,

Using phase contrast microscopy, the leucocyte preparations were

examined for the following features of cytological damage:~

(i) complete destruction of the leucocytes
(1)  stimulated movement of intracellular granules
(1i1) rounding of leuconytes with moffc;nless granules

(iv) round blebs protruding from the leucocyte membrane

The titre of leucocidal activity was rgcorded in levcocidal untts (LU)
as the reciprocal of the highest dilution of supernate which caused cytological

domage under the conditions desaribed.

Protein A

r———— s w————

The ability of protein A to adsorb serum globulins non-specifically
Is the basls of the assay (Lind, 1968). The globulin is labelled with fluprescein
isothiocyanate (FITC), o flucrochrome dye which allows assay by direct

observation.

Preparation of FITC labelied human immunoglobulin: Human fmmunoglobulin

was used because it has been shown to give high tifre non-specific staining

in the fluorescent antlbody test (FAT), (Lind, Live and Mansa, 1970). Human
y-globulin concentrate was obtained by precipitating the y~globulin fraction
of normal serum with an equal volume of 32% (w/v) Na,SO 4+ The precipltate

was dissolved in one~half the original volume of distilled water and an equal



volume of 32% (w/v) Na,SO, was added to repreciplitate the y-globulin.
This was dispersed in o small volume of phosphate buffered saline (PB$ R
see Appendix II) and dialysed at 4°C for 24 h against PBS. The protein
conceniration of the concentrate was measured by the biuret method

 (Mehl, 1944).

Conjugation of FITC to y«globulin: To one volume of human y~globulin

concentrate was added two volumes of bicarbonate buffer (see Appendix 1l)

in @ 25-m! beaker which was then cooled to 0°C in an ice bath, FITC isomer
1 (BDH Chemicals Ltd. , Poole) was added with continuous stirring over a
period of 15 min. The correct amount of FITC was calculated such that

FITC: y«globulin =1 : 20 (w/w). The mixture was stirred overnight in the
cold room using a magnetic stivrer and unreacted FITC removed by passing

the mixture through o column of Sephadex G25. The fractions containing

the FITC - labelled y~globulin (monltored ot E2 80 and £ 4%) were bulked
and an equal volume of 32% (w/v) Nu_st added, The resulting precipitate

4
was collected by cenfrifugation (3,000 g for 20 min,) and the sediment

6l

dissolved in 4 ml distilled woter and dialysed overnight against 0.1 M phosphate

buffer pH 7.4 (see Appendix I1).

Fluorescent antibody test (FAT): Smears of the staphylococcal strains were

made from overnight broth cultures and heat fixed, The FITC - labelled
conjugate was diluted ten-fold and applied to the smears which were then
incubated at room temperature In the dark for 15 - 20 min. After thorough
rinsing in distilled water (5 changes over a perled of 30 min.), coverslips
were placed over the smears and sealed. The preparations were then

examined using a Leltz Qrthoplan mlcroscope fitted with a fluorescent
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vertical illuminator according to Ploem (1967). A brilliant yellow-green
fluorescent layer uniformly covering the surface of each bacterial cell
was recorded as positive. A pale blufsh hue, or no apparent flucrescence,

was recorded as negative. A known positive strain (Staph, aureus Cowan 1)

and a known negative siraln (Staph, aureus Wood 46) were included as

GDH*TO‘E;
Animals

Strains ysed

In most experiments the CD~| random bred Albino (Charles Rivers
U.K. Lid,, Kent) strain of mice were used. This strain was derived by
caesarean section and barrier-maintained. A breeding nucleus of this strain
was used to establish a large colony. Although not barrier-maintained,
speclal attention was paid to husbandry and the animals were housed in

modern, well ventilated Animal House.

Theilers strain (Tuck and Son, Essex) and CFLP strain (Carworth Europe,

Huntingdon) were used in some experiments.

Age groups of mice used

Neonatal mice: Pregnont animals in the breeding colony were checked for

litters at 2,30 a.m, ond again at 5,00 p.m. each day. Litters born during
this perlod were recorded and only these were used for experiments requiring
aceurately aged animals between one and ten days of age. Mice of these
ages were housed, along with lactating females, os individual litters, In
general the CD | mothers proved o be very tolerant to the handling of their

litters. However, as a confrol for maternal neglect a neonatal animal which
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received sterile peptone water (10% w/v) wos included In each litter selected
for challenge, If the control mouse died we assumed that the mother had

neglected the litter which was thereafter not included in the results.

Weanling mice: In addition to neonatal mice, 2l-day old weaned animals

were used, These were maintained in groups of 10 animals per cage.

Preparation of the mice for challenge

The mice were challenged subcutaneously and to facilitate the
observation of the lesions which developed in mice older than 7 days, hair

was removed from the dorsolateral reglon.

Young mice (7=, 8~, 9= and 10-day old) were depilated with cosmetic
depilating cream (BUTO, Wright, Layman and Umney Ltd,, London) which
was safe, non-irritant and effective. Great care was taken to remove all
the cream by washing the mice thoroughly. Because the halr of 2l-day old
mice was coarser and thicker, the dorsolateral area was first shaved, with
small electric clippers (Andis T-liner clippers, Brookwick, Ward and Co. Ltd.,
London) and the shaved area completely depilated with BUTO cream. Again

the mice were carefully washed after the removal of hair. All the mice were

welghed just prior to challenge,

Challenge procedures

For neonatal mice, the appropriate dilution of organisms (see p. 53
was injected subcutaneously (0.05 ml) from a 26 G 0.5 in. needle fitted to
a l-mi syringe. The injection was made along the dorsal midline, It was
noted that back-pressure resulted in leakage of smatl amounts of the

inoculum from the injection site. In order to monitor how much of the inoculum
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was lost In this way, twenty neonatal mice were injected with a suspension

of Staph, aureus of known viabl my, and the small drop which lecked after

injection was collected with a sterile 10 ] capillary micropipetie, The
material thus collected was immediately expelled into 100 ml sterile Peptone

Water in an ice bath and the number of viable orgonisms counted (see p, 39,

The technique for weanling 2l=day old animals was the some as for

the neonates except that a 25G | in, needle was used, No leakage of inoculum

occurred with the older animals.

Assessment of Virulence

Death rates

The number of dead animals was recorded each doy and these animals

were removed .,

Lesion assessment

Lesions were scored as present or absent but, because of the
differences in the types of lesions produced by the different strains of
stophylococcl, no atfempt was made to develop a graded scoring system,

However, differences in lesion types were noted,

Skin specimens

In=vivo growith studies: The comparatlve virulence of two strains, nomely

SM 9 and SM 10, wes assessed by monitoring thelr growth rate in the skin
of 3~ and 2l-day old mice, Groups of 60 = 100 mice of each age group

were challenged subcutaneously with 106 e.f.u, of elther straln, At time



65

intervals after challenge mice, selected at random, were sacrificed and

an area of skin containing the Injection/lésion site was excised. This

area measured approximately 2 <:m2 in 3~day old mice and approximately

4 e In 2l~day old mice. Each piece of skin was placed In a sterile bijou
bottle of known weight In an ice bath, The bottles together with the skin
specimens were weighed agaln. The skin was chopped finely with two
sterile scalpels and homogenised to an even suspension In | ml cold phosphate
buffered saline pH 7 (see Appendix II) in 10~ml glass tissue grinders (Jencons
Scientific Lid., Herts,). The grinders were stertlised by immersion tn 70%
alcohol (v/v) and dried in a hot alr oven, The number of viable organisms
in each skin homogenate was counted by the method of Miles, Misra and

~ lrwin (1938) (see p. 54.

Histology: Skin specimens were collected from 3~day old mice 18 h after
challenge with 10° .f.u. of elther strain SM 9 or SM 10. After fixing in
formal saline and mounting in paraffin, thin sec%io;ws of the specimens were
cut and stained with (I} haematoxylin and.aosin, and (ii) Gram stain,
Skin from mice injected with sterfle Peptone Water was included as a

control,

Cell Transfer Experiments

Peritoneal exudate cells

With minor modifications these cells were prepared by the method
of Hackbarth, Relnarz and Sagik,(1973). Peritoneal exudate cells were
prepared by injecting 3 » 5 ml of Honks BSS (see Appendix Il) intraperitoneally

into adult CFLP mice, and recollecting as much fluld as possible from the
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peritoneal cavity, This was termed the whole peritoneal exudate cell
(WPEC) suspension, The total number of cells in this suspension was

‘-cauntad in a Neubauer chamber (approximately 5 x f06 cells per ml),

Macrophage and Lymphocyte enriched cell suspensions: The WPEC

suspension was Incubated for 30 min. at 37°C tn o small sterile glass tssue
culhwe vessel, The supernatant fluld, designated the lymphocyte-enriched
cell (LEC) suspension was removed ond the number of lymphocytes per ml

was counted using a Neubouer chamber., A smear was also made, fixed

and stalned with haematoxylin and eosin to check the cell types, The
macrophages (attached to the vessel) were washed three times with sterlle
Hanks BSS (see Appendix 1) and finally resuspended in one~third of the
volume of the original WPEC suspension, This suspension was designated

the macrophage~enriched cell (MEC) suspension. The number of macrophages
per ml was counted and a stolned smear made as before was prepared to check
the cell types. Each cell suspension contained approximately 2 x 106 cells

per ml.

Cell tronsfer to neonatal mice

LEC, MEC and WPEC suspensions were Injected Intraperitoneally
in 0.05-ml amounts (approximately | x 105 cells) into newborn mice. Three
days later the mice were challenged subcutoneously as before with 10% c.f.u.
of Stoph. aureus strains SM ¢ and SM 10,




RESULTS
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Characteristics of the Strains of Staphylococcl Grown in vitro

Haemolysin patterns

The culture supernates of each of fifteen strains of staphylococei
werex tested for haemolyiic activity agalnst rabbit, horse, human and sheep
RBC. From the orlginol fifteen strains, six with varled toxin patterns
(SM 1, 6, 2, 10, 14 and 15) were selected. The culture supernate of each
of these six stralns was tested for neutralisability by a~antitoxin, (Table 5)
From these patterns it can be seen that the principal toxins preduced by the

stralns were as follows:=

SM1 (Wood 46) a

SM 6 non-haemolytic
SM9 very weak « oand 6
SM 10 a

SM 14 a, P and weak &
SM 15 P and weak b

Enzyme potterns, leucocidin and protein A production

Each of strains SM 1, 6, 9, 10, 14 and 15 was tested for production of
a serles of enzymes which have been considered os possible virulence factors

(Table 6).

Leucocidal activity of the CCY supernotes (see p.59) was assayed
and activities compared to sirain V8 which is a known leucocidin=producing
strain, Each CCY supernote was also tested for haemolytic activity against

rabbit and human RBC, None of the supernates had a haemolytic titre
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£ 16 HU per ml, which meant that any cytotoxic effect observed with

dilutions of more than | in 16.of the supernates was unlikely to be due to
a haemolysin, Only one of the strains, SM 9, had marked leucocidal
activity (Table 7).

Each of the strains was tested for protein A on the surface of washed
cells using strain SM 5 (Cowan ) as a positive control. SM | (Wood 46 and
SM 6 (Staph. epidermidis) proved to be the only two negative strains (Table 7).

From Tables 6 and 7 it is evident that the six selected strains vary in
their enzyme patterns, ability to produce leucocidin and protein A and
haemolysins. This group was chosen for the initial mouse virulence studies
to establish whether a pattern of virulence might emerge which could be

related to these in-vifro properties,

Antibiotic patterns of the strains

Each of sfroins SM 1, 6, 9, 10, 14 and I5 was tested agalnst six of
the most common antistaphylococcal antiblotics in use today. (Table 8)
Of particulor interest is the fact that the three recent clinical isolates
(i.e. SM 9, SM 10 and SM 14) were penicillinase producers. Also strain

SM 14 was a methicillin-resistant strain.

Growth rates in vitvo

In vitro growth curves of strains SM 1, 6, 92, 10, 14 and 15 are shown
in Fig. 2. For each strain in mid~log phase (between | and 2 h) the growth
rate constant:

logyg N, = logjg No
0,301t

k =



TABLE 7 ©

Leucocidin and proteln A production by staphylococcal strains

S::fn Il:at:c:::dr::; Protein A
SM 1 16 -
SM 6 a -
SM9 500 +
SMI0 8 +
SM 14 ié +
SM 15 8 +
Vg 1,000 "

* LU (Leucocidal Units) = Inverse of titre i assay using human

leucacytes

71



TABLE 8

Antibiograms of the staphylococcal strains

Strain No.

ﬂSM I SMé6 5SM9 SMI0 SMIi4  SM 55)

Penicillin +* + -+ - - +
Cephaloridine + + + + - +
Tetracycline + o+ o+ + - +
Clindomycin + + + + + +
Methi}:i Hin + + + o+ - +

Fucidin + + o+ o+ + o+

* 4+ = sensitive

-~ = resistant



Figure 2: The in=vitro growth of staphylococeal strains

lem
E s60nm M8 measured at intervals of 0.5 h

Symbols: E lom of strain

660nm
e : SMI
o : SM6
A ¢ S5M9
a1t SMI0
m: SMI4

o : S5MI5
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and the mean doubling time (I/k) were calculated (Table 9). These values
show that strains SM 1, 2, 10, 14 and 15 multiply at very similar rates in vitro,

SM 6 (Staph. epidermidis) however, grew at a much slower rate than the other

strains. | will refer later to the possible relationship between in-vitro growth

rate and virulence.

Assassment of Methods used In Animal Experiments

Viability of inocula maintained under liquld nitrogen

To maintain standard inocula for each mouse experiment, numerous
small aliquots of a standard suspension of each strain were frozen, Before
preparing and freezing all six strains, the viabiliiyl of o suspension of a
representative strain SM 9, was monitored just before freezing and at
weekly intervals for six weeks thereafter (Table 10), The viability of the
suspension fell by 31% on initlal freezing but remained stable after this time.
Such frozen suspensions were sultable therefore, for use as challenge inocula
in onimal experiments. Indeed, the viabllity of the suspensions has remained

constant for two years,

Injection technigues

A small omount of the Inoculum lecked out of the injection sites in
3~day old mice, The leaked fluid was collected as described previously
(see p.5J from twenty 3-day old mice and the number of viable staphylococei
determined, Leckage varied from 0.1% to 15% of the challenge inoculum

(0.98 x I07 c.f.u.) and an average amounted to 5,5%.

Recovery of Staph. aureus from mouse tissue

Normal mouse tissue: [t was planned to determine the presence and extent




TABLE 9

In=vitro growth rates of the staphylococcal strains

Strain Growth rate constant (k) Mean Doubling Time (1/k)
no. generations per h min.
SM | 2.5 24.3
SM é 0.6 96.8
SM 9 2.2 27.6
SM 10 2,1 24,6
SM 14 2.5 24,3
SMI5 2.4 25,1




TABLE 10

Viability over a period of six weeks

of strain SM 9 stored in liquid nitrogen

Time (weeks) Viable count (c.f.u. per ml)
0o* 1.0 x 10°
t 6.9 x 108
2 6.2 x 1o°
3 6.3 x I0°
4 6.5 x 1o°
5 7.3 x 10°
6 6.4 x I

*  before freezing



of multiplication of Staph. aureus in certaln organs of experimentally

ir_xfected mice. The organs selected were lung, spleen, liver, kidney

ond skin (injection site). In order to Investigate the efficiency of recovery

of staphylococci from these tissues, suspensions of SM 9 (l04 c.f.u, ond

IO8 c.f.vu.) were added to homogenates from normal mice and viable counts
were made of the mixtures (Table 11). The recovery of 10* c.f.u. was never
less than 50% from any homogenate and was particularly high from liver and
spleen (70% and 80% respectively). The recovery of lOs.c.f.u. wos also
satisfactory from all organ homogenates but again was very high from liver,
kidney and skin (83%, 94% and 85% respectively). This experiment confirmed

that Staph. aureus was recoverable with acceptable efficiency from normal

mouse fissue,

Infected mouse tissue: In a pilot experiment in which 60 3-day old mice were

challenged subcutaneously with 107 c.f.u. of sirains SM 9 and SM 10, the
numbers of staphylococci recoverable from varidus organs were estimated. A
lethal dose was chosen for this experiment in order to follow the growth of
organisms at the injection site and to trace any spread of the staphylococci
into other organs of the body, i.e. lung, liver and kidney. Blood was also
collected and exomined for numbers of viable staphylococel. The results
(Fig. 3) are expressed os L°9l0 number of orgonisms per mg (wet weight)

tissue and per ml blood. Each point represents the average count for 4 mice,

Within a few minutes of challenge, organisms were detected in all
organs, but the level of viable organisms in kidney and blood dropped to an
almost undetectable level by I2 hours. At this time about 100 organisms per

mg were detected in the liver, By contrast, in the first 12 hours the numbers



e %\1:\_
. 73
TABLE H
Recovery of skraln SM 9
from mouse tlssue homogenates
Percentage rec:erry Percentage recovery
Organ of 104 ¢.f.u, of 10° c.f.u.
Spleen 60 59
Liver g0 43
Kidney 68 | 24
Lung 62 55
Skin 70 85




Figwe 3: Numbers of staphylococci recovered from the organs

of 3-day ald mice challenged with 107 c.f.u, SM9

Symbols:  Log. no. of viable staphylococci recovered

from o homogenate of

e : skin
A 3 Iiver
w : kidney

o : blood
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of staphylococci in the injection site increased rapidly from 104 c.f.u. to
1o’ c.f.u, per mg., Between 12 and 36 hours the systemic spread of staphylococcl
was evidenced by the Increasing numbers of organisms detected in the lung
and kidney. In particular, it is notable that by 36 hours, the number of
organisms per ml blood had increased to approximately I06 ¢.f.u. per ml
producing a marked septicaemia. By this time the number of organisms in
the skin had increased slighHy and in general the mice appeared very ill,
some being moribund. By 48 hours many mice had died and thereafter the

death rate continued to increase.

For practical reasons in subsequent growth experiments involving
large numbers of animals It was not possible to monitor all organs: Therefore,
two organs were chosen; skin (injection site) and liver, Skin was chosen for

two reasong:~

(1) because of good recovery of organisms from skin homogenate, and
(1) because on subcutaneous challenge, lesions developed locally
at the Injection site and a study of the kinetics of growth at this

site provided a means of investigating staphylococcal growth in-vivo.
Liver was chosen also for two reasons:~

(i) because of good recovery of the organisms from homogenates, and
(i1) because it was extremely difficult fo obtain adequate volumes of .
blood aseptically from neonatal animals as én indication of systemic

spread in the Hssues of the host,

Virulence of the Strains for Mice of Different Ages

Staphylococcal strains




Y

The natural high resistance of laboratory animals to Staph., ‘aureus and

the fact that man. is most susceptible to serious staphylococcal infection in
infancy were the two main reasons for studying the susceptibility of mice of
different ages to experimental infection by the six selected strains. Straln
SM 16 (PS 80) a virulent strain responsible for many outbreaks of hospital
sepsis, was also Included. In these early experiments, death and/or develop~

ment of lesions locally at the injection site was recorded.

Suscepﬂbility of 3wday, 10-day ond 2l-day old mice: Mice in these three age

groups were challenged subcutaneously with doses of l04, I06 and 10° c.f.u.

of each sirain, The results are summarised at 24 hours ofter injection (Table 12),
48 hours ofter injection (Table 13), 96 hours after injection (Table 14) and 10
days ofter Injection (Table 15). In these tables the percentage mortality in an
experimental group is represented by a circled figure; all the surviving animals
in these groups developed lesions. In experimental groups where no deaths
occurred, the perceniage of animals which developed lesions is represented by

a plain figure,

Differences In susceptibility between age groups: It should be emphasised that

a challenge of 10* c.f.u, is relatively low for stophylococei. Three of the
strains (SM 9, SM 14 and SM 16) produced lestons at 10% c.f.u. In each case
the 3~day old mice were most susceptible (Tables 14 and 15). SM 14 also
caused the death of o small percentage of the 3-day old and 10-day old mice

at this dose,

With the exceptlon of SM 6 (Staph, epidermidis), 10° c.f.u. of each

sivain caused mortality in the 3«day old groups ranging from 15 ~ 85%, Three
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strains (SM 14, SM 15 and PS 80) at this dose produced a very low mortality

in the (0~day old group. No 2i~day old mouse died (Tables 14 and I5).

Each strain at 10° c.f.u. killed between 85 and 100% of 3~day old
mice. Four of the sirains (SM 1, SM 14 and SM 15 and PS 80) produced
mortality (75 » 100%) in the 10~day old group and 15 = 100% in the

2l~day old group (Tables 14 and 15),

It is evident from these results that the 3~day old mice were most
susceptible to infection. This Is made clear by the data summarised in
Table 16 which shows the total number of animals dead in each age group
at each challenge dose irrespective of staphylococeal strain. A total of

120 animals of each age were used.

Differences in susceptibility related to weight: The average weight of

3~day old mice was 2 g, of 10~day old mice was 6 g and of 2l-day old mice
was 10 g, This is a ratio for the three ages of | : 3 : 5. There was no evidence
from the results efther from lesion development or death that susceptibility
was related to this ratio. In fact, for four of the strains (SM 1, SM 9, SM 10

| and SM 15) there was less mortality within the 2l-day old group injected

with 108 c.f.u. than In the 3=day old group injected with 106 c.f.u. (o
difference of a hundred fold in dose compared with a five fold difference in
welight,

Susceptibility of O - l10~day old mice: In order to establish more precisely at

what age mice became resistant fo a single challenge dose (107 c.f.u)a
further study of age~related susceptibility was carried out, first with strain

SM 9. Mice aged from newborn to ten days of age were challenged and
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TABLE 16

Total number of mice dead in each age group*

Age 10 10° 10°
(days) ¢, fou. . - e.fu, c.f.u.
3 51 ié
i0 12 3 68

21 0 0 40

* 120 mice of each age were Injected ot sach dose
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Table 17 shows the perceﬁtage mortality ot 5 days ofter challenge, by which
time the pattern of results was established. The percentage mortality fell

below 50% in mice aged four days and upwards.

A similar experiment was also carried out using I07 c.f.u. of strain
SM 10. However, It was only possible fo use twenty mice per age group,
Percentage mortality was consistently less than 50% in mice aged seven days

and older (Table 18).

These two experiments emphasise the value of liquid nitrogen as a
method of storing aliquots of the same bacterial suspensions, since results
from experiments performed on days (over a period of several months) on
which adequate numbers of animals were available could be treated in a

cumulative way,

Comparative virulence of the strains: The initial age-related studies (Tables

12 ~ 15) showed that the strains of staphylococci varied in thelr virulence for

mice. In porticular, SM 15 was highly virulent. Strains of Staph. aureus of

bovine origin have previously been reported as particularly virulent for the
mouse. (Chesbro, Taylor and Smith, 1972). However, in these experiments
PS 80 and SM 14, both human derlved strains, were also relatively virulent
in that they produced lesions ot 10* ¢.f.u. and caused high mortality rates
at IO8 c.f.u. inall ages of mice. Strains SM 9 and SM 10 were of similor
virulence although they had very different toxin and enzyme profiles and
produce different leslon types, For this reason these two strains were chosen

for later comparative studies, Least virulent was straln SM 6 (Staph. epidermidis)

confirming the validity in this system of the coagulase test as a criterion for
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TABLE |8

Vitrulence of strain SM 10 at I07 c.f.u,

for mice aged 0 ~ 10 days

No.* dead out of 10 animals challenged in
Ag?d:fy:)mm Experiment no. Tofl?t:lzac:?::éed
| 2
0 10 10 20/20
| 0 0 20/20
2 10 10 20/20
3 10 5 15/20
4 8 i0 18/20
5 7 A (/20
é 8 9Q 17/20
7 | 1 2/20
o 5 | ' 6/20
9 i 1 2/20
10 2 0 2/20

* At 5 days ofter challenge

i e



pathogenicity. Lesions produced by this strain were very slight {a small

area of Inflommation with little evidence of pus formation).

Differences in virulence between the strains were seen most clearly,
in terms of the number of deaths in 3~day old mice challenged with l()6 c.f.u,

of each strain. This dose produced mortality ranging from 0 - 85% (Fig. 4).

As iIndicated in Tables 12« 15 the strains produced local lesions in
all age groups of mice and these were of two types as judged by macroscopic

appearance:~

(1) A localised abscess type: Pus formation was visible by
48 hours after injection and occasionally there wos o
central area of necrosis.

(it) A diffuse necrotic type: This was typically dark purple
and grey when very severe, If an animal showing such a
lesion survived the infection, pus often formed by 72 hours

after injection.

Plates { and 2 show typical lesions of both types (i) at 48 hours after
injection and (1) af 24 hours ofter Injection In 3~day old and 2|~day old
mice. Type (i) lesions (abscesses) were produced by strain SM 9 while type
(i1) lesions (necrotic) were produced by strains SM 1, 10, 14, 15 and 16,

This was in accordance with the toxin profiles since strain SM 9 was the

only non-toxinogenic strain of Staph. aureus included in this study, It
seemed possible, therefore, that the necrofic effect seen In vivo was due
to the production of toxin in which case cell free culture filtrates of the
toxinogenic strains might produce necrosis in the mice when injected .

subcutaneously.



Figure 4: Comparative virulence of staphylococeal strains
assessed by mortality rates In 3~day old mice

challenged with 106 c.f.u, of each straln

Symbols:  Percentage of mice dead challenged with strain

e : SMI
o SM6
A : S5M9
m : SMIO
a : SMN4
‘o : SMI5

x : SMI6
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Plate ]: = Macroscopic appearance of the lesions caused by

Staph, aureus in 3~day old mice,

Symbol:

A:  Abscess leston=type (i) 48 h after injection

B:  Necrotic lesion~type (ii) 24 h ofter injection

Plate2:  Macroscopic appearance of the lesions caused by

Staph, aureus in 21-day old mice.

Symbol:

A:  Abscess lesion-type (i) 48 h after injection

B:  Necrotic lesion-type (ii) 24 h after injection






Effects of extracellular stuphylococeal products in vivo

Each of strains SM 1, 6, 9, 10, 14 and 15 were grown in two types of

media and under conditions as follows:=

(i) Nutrient Broth at 37°C for 18 hours (see p.49)
(i) Semi-solid agor at 37°C in 20% CC)2 for 48 hours (see p.52)

Supernate (0.05 ml) from each culture was sterilised by millipore
filtration and injected subcutaneously Into mice (3~day, 10~-day and 2)~day
old). The results (Table 19) show the number of mice dead (circled figures)
and the number which had developed lesions (plain figures) by 48 hours ofter
injection. No mice injected with supernates from Nutrient Broth cultures
died or developed lesions and this confirmed that Nutrient Broth was a
suitable medium for culturing organisms for challenge, i.e. there was no
preformed toxin assoclated with the cells. Semi~sold agar, on the other hand,
is a medium which enhances toxin production and culture filirates from the
toxinogenic strains (SM 1, 10, 14, 15 and 16) grown in this medium were
dermonecrotic and lethal. The lesions were similar to those produced by
injection of whole organisms particularly at 10% c.f.u. Filtrates from strains
SM 6 and SM 9 grown in the same medium produced no observable effects,

confirming that neither strain produced toxic factors under these conditions,

Other bacteria

To investigate whether the age-related susceptibility to staphylococci
observed in the CD =] mice might hold also for other organisms, representative
strains of four other genera were tested in the same three age groups of mice.

These were Escherichia coli, Pseudomonas aeruginosa, Klebsiella species and

Streptococcus pyogenes; all were freshly isolated from clinical specimens,
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Tables 20 and 2! summarise the results 24 hours and 96 hours after challenge
respectively. These tables show that there was some age-related susceptibility
but, by contrast with the results for the staphylococcal strains, there was no
difference in percentage mortality between J-day old animals challenged
with 108 c.f.u. and 2l-day old animals challenged with 10° c.f.u. This
suggests that any age~related susceptibility might have been, at least in part,

due to weight differences between the two age groups.

The response to these four genera wos different from that to the

staphylococci In respect of the following:~

(1) Mice injected with P. aeruginosa at Iﬂ8 c.f.u. died very rapidl
ug y rapidly

(12 = 24 hours).
(1)) Animals in all age groups which survived showed no obvious

lesions except a few of the mice challenged with Strep. pyogenes.

This shows that the Staph. aureus strains have a characteristic

property of multiplying in subcutaneous tissue,
(i) A less marked age-related susceptibility was observed in the CD-

mice to these four organisms than to the staphylococci. However, o.

the four, the response to Klebsiella sp most resembled that to the

staphylococcus.

Comparative Study of Strains SM 9 and SM 10

From the Initial studies of the virulence of the six staphylococcal
strains in mice, two strains namely SM 9 and SM 10 were shown to be of -
similar virulence as measured by the percentage mortality and lesion
production, However, the two strains differed distinctly in three important

features:~
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(i) SM 9 was only very weakly toxinogenic, while SM 10 was
quite strongly toxinogenic producing mainly a=-toxin,

(i1) SM 9 was non-proteolytic, while SM 10 was proteolytic,
preducing both fibrinolysin and gelatinase, enzymes which
have been associated in the past with staphylococeal virulence,

(iif) SM 9 produced localised abscess~iype lesions while SM 10
produced diffuse necrotic lesions. Because of their similar
virulence and differences in other properties, these two shrains

were selected for a series of comparative studies,

CGrowth of in vive in 2l-day old and 3~day old mice

Qur study of recovery of staphylococei from various organs of mice
showed that both skin and liver were sites from which good recovery (80 - 95%)
was possible. These were the sites selecied for monitoring in=vivo multiplication
of strains 5M 9 and SM 10, Skin was the principal site because the progress
of any lesions which developed could be monitored macroscopically. We used
two age groups of mice, 3~day old and 2l~day old becuase these two age
groups responded very differently to the same challenge dose, The dose selected
was I06 c.f.u. because this dose produced substantial mortality (50 - 55%) and
severe lesions in neonates but had little or no observable effect on 2l-day old
mice., Large numbers of animals were challenged with I()‘S c.f.u. of either
strain SM @ or SM 10 and at intervals thereafter the number of viable staphylococci

present in the skin and liver homogenates were counted (see p.

Multiplication of staphylococei in the skin: Counts were expressed as logw

as suggested by Moroney (1973).
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The multiplication of the SM 9 In the skin of 3~day old mice is

shown In Fig. 5. The arrow indicates the average number of viable organisms
counted in a comparable area of skin from fen normal animals. Up to 48 hours,
each time point represents the average number of viable staphylococci per
injection site of 4 - 10 animals selected at random. By 48 hours after
injection it was easy to distinguish between mice which were moribund and
had severe lesions (50% at |06 ¢.f.u.) and those which were going to survive
with milder lesions (50% at IO6 ¢.f.u.). From 48 hours onwards animals in
both categories were selected separately. In Fig. 5 the number of viable
organisms in the lesions of moribund animals is represented by the solid line
while that of survivors is represented by the broken line. [t can be seen that
the number of viable organisms per injection site of the moribund animals
(1.e. the solid line) continued to rise slightly after 48 hours. However, in
the Injection site of the surviving animals the number of viable organisms

had fallen to approximately 10 c.f.u. by 48 hours and this number decreased

still further to the control level by 96 hours after challenge.

2l-day old animals challenged with the same dose (I06 c.f.u,) of
SM 9 showed a different response (Fig. 6). Each time point represents the
average count from four mice selected at random, The arrow indicates the
average number of viable organisms in a comparable area of skin from 10
normal mice SM 9 multiplied only slightly in the first 48 hours post
challenge, ofter which the number of viable organisms in the skin at the
Injection site fell to approximately the normal confrol level. No visible
lesion was produced, Comparing the growth of SM 9 in the skin of the two
age groups (Flg. 7) it is evident that, | hour ofter challenge, the number of

viable staphylococci detectable in the injection site of both 3~ and 2l-day



Figure 5:  Growth of straln SM 9 In the skin of 3~day old
mice challenged with !06 c.f.u.

Symbols:

——e—: Log. no. of viable staphylococci recovered
from a homogenate of skin token from mice
selected at random till 30 h and thereafter
taken from mice which were moribund.

---o--- 3 Log. no. of viable staphylococci recovered
from o homogenate of skin taken from mice
which were not ill at 48 h or thereafter,
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Figure 6:  Growth of strain SM 9 in the skin of 2l-day old

mice challenged with 10 c.f.u.

Symbol:

——o0——1 Log. no. of viable staphylococci recovered

from a homogenate of skin
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Figure 7: Comparison of the growth of straln SM 9 in the skin of
3=day old and 2i~day ofd mice challenged with 10%.f.u.

Symbols:

—e— Log, no, of viable stuphylococct recovered
from a homogenate of skin taken from 3~day
old mice selected at random till 30 h and
thereafter from mice which were moribund.

~-e-~ 1 Log. no, of viable staphylococci recavered
from a homogenate of skin taken from 3~day old
mice which were not ill at 48 h or thereafter.

——0-—— 1t Log. no. of viable stephylococ'ci recovered
from a homogenate of skin from 2l~day old
mice, '
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old anlmals was almost the same (105 c.f.u.). This represented 5 - 10% of

the original challenge dose (l()‘ﬁl c.f.u.). These remalning organisms were
able to multiply rapldly In the skin of 60% of the 3=day old mice but scqrcel'y
" at all in the 2l~day old mice. The curve representing the number of
staphylococei in the skin of the 40% of the 3~day old mice which survived
(broken line) challenge followed very closely the curve representing the

numbers of staphylococel in the skin of 2l-day animals.

The growth of strain SM 10 followed a similor overall pattern. Fig. 8
shows the growth of SM 10 in the skin of 3~day old mice. As in Fig. 5 the solid
line represents the numbers of staphylococcl In the skin of the 60% of mice
which developed severe lesions, became ill and died. Easily distinguishable
at 30 hours after challenge were the mice which were going to survive,

These were selected separately at each time point ofter 30 hours and the growth
of SM 10 in their skin is represented by the broken line. As with SM 9 (Fig. 5)
the viable numbers of staphylococci In the injection site of these surviving

neonates decreased to the control level by 6 days after challenge.

In the skin of 2l~day old mice (Fig. 9) there was only slight multiplication
ond after 48 hours the level of organisms in the Injection site fell steadily to
the control level. Compc;rlng the curves for the two age groups (Fig. 10), it
is clear that as with SM 2, approximately the same number of staphylococci were
detectable | liour after challenge in the skin of both 3«day old and 2l~day old
mice. SM 10 was able to multiply rapidly in 60% of the neonates which died
30 ~ 36 hours ofter challenge, However, in the skin of 2l-day old mice and
similarly in the 40% of surviving neonates, SM 10 multiplied oﬁly slightly
initially; by 6 days ofter challenge the viable count in the skin had fallen o

the control level,



Figure 8:  Growth of strain SM 10 in the skin of 3~day old
mice challenged with !06 c.f.u,

Symbols:

—a—— ¢ Log. no. of viable staphylococei recovered -
from a homogenate of skin taken from mice
selected at random #ill 24 h and thereafter
taken from mice which were moribund,

~ —m -~ ; Log. no. of viable staphylococei recovered
from a homogenate of skin taken from mice
which were not ill at 30 h or thereafter,
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Figure 91 Growth of strain SM 10 in the skin of 2l-day old

mice chollenged with !96 c.f.u,

Symbol:

——o— Log. no. of viable staphylococci recovered
from o homogenate of skin from 2l-day old
mice.
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Figure 10: Comparison of the growth of strain SM 10 in the skin of
3~day old and 2l-day old mice challenged with §06 c.f.u,

of each strain,

Symbols:

—u— :  Log. no. of viable staphylococet recovered
from a homogenate of skin taken from 3~day old
mice selected at random till 24 h and thereofter
taken from mice which were moribund,

—-m-—: Log. no. of viable staphylococci recovered from
a homogenate of skin taken from 3~day old
mice which were not ill at 30 h or thereafter.

——o— ¢ Log. no. of viable staphylocaccl recovered
' from @ homogenate of skin taken from 21-day old
mice, _
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Figs. Il and 12 compare separately the curves of the two strains in

each age group. The two curves for the growth of the SM 9 and SM 10 in the
skin of 2]-day old mice (Fig. 1) al;e very similar, suggesting that there was
very little, if any, &fferencé in the in-vivo behaviour of the two strains in
the skin of 2l~day old animals. In the skin of 3~-day old mice, however,

(Fig. 12) SM 10 was able to multiply faster than SM 9; the growth constants
and the mean doubling times (MDT) measured between 4 hours and 24 hours
after challenge are shown in Table 22, The table also shows the in-vitro
growth rates of the two strains for comparison. For both strains, growth in-vivo
was much slower than growth in=vitro, The mean generation time for SM 9 was
2.3 hours and 1.78 hours for SM 10. This compares with mean generation times
of 27 and 28 min. respectively for those strains in-vitro, Also evident from
this table ig that although the strains grow at a very similar rate in vitro,

SM 10 grows faster than SM 9 In vivo; k for SM 10 was 0.57 and for SM @ was
0.44 in vivo. It is interesting to note, however, that both SM 9 and SM |0
multiply to the some level of approximately !O" ¢.f.u./lesion site by which
time animals are moribund; SM 10 reaches this number by 30 hours and SM 9

by 48 hours.

Presence of staphylococcl in the liver: No staphylococci were detected in

liver homogenates of 2l-day old mice infected with either strain SM 9 or

SM 10, In 3-day old mice the numbers of staphylococcl detected in the liver
homogenates varied substantially even In mice in which the number detected
in the injection/lesion site was the same. A noteworthy feature of the results
was, however, that the numbers of staphylococcei in the livers of the 50 - 60%
of 3=day old mice which become ill and died were markedly different in mice
injected with SM 9 compared with SM 10, Table 23 shows that in the livers

of mice injected with SM 9, organisms were detected | hour after chollenge



Figure Il:  Comparison of the growth of strains SM 9 and SM 10 in the
skin of 2]~day old mice challenged wlth 10® c.f,u. of

each strain,

Symbols:

—o0— : lLog. no. of viable staphylococei recovered
. from o homogenate of skin taken from mice
challenged with strain SM 9.

~—o— : Log. no, of viable staphylococci recovered
' from o homogenate of skin taken from mice
challenged with sirain SM 10.
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Figure 12: Comporison of the growth of strains SM 9 and SM 10
in the skin of 3~day old mice challenged with 106

c.f.u. of each strain,

Symbols:

_‘_..__

-

Log. no. of viable staphylococei recovered
from a horogenate of skin taken from mice
challenged with 106 .£,u. of strain SM 9
and selected at random #ill 30 h and there~
after from mice which were mortbund,
--o—-~: log, no, of viable staphylococei recovered
from a homogenate of skin taken from mice
challenged with 10¢ c.f.u. SM 9 which were
not ill at 48 h or thereafter.

-k

—a— : log. no. of vicble staphylosocci recovered
from a homogenate of skin token from mice
challenged with 10° ¢,f,u. of strain SM 10
and selected at random 11l 24 h and there~
after from mice which were moribund,

—-m-- 1t Llog. no, of viable staphylococei recovered
from o homogenate of skin taken from mice
challenged with 106 c.f.u. of strain SM 10
which were not ill at 30 h or thereafter,
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TABLE 23

Recovery of staphylococet from liver tissue of 3~day old mice

challenged with 10 c.f.u. SM 9 and SM 10

Time ofter Average number per liver homogenate (4 mice)
injection
(h) SM9 SM 10
I 7.0x10° 37.0
4 0 3.4 x |02
24 0 6.3 x 10*
30 .5 1.0 x 1o*
m 3.5 x lo* ..




after which time none were detected till 30 hours, by 48 hours there were on
average 3.5 x 104 c.f.u. Counts in the lesion site had reached a level of

10 c.f.u, by this time (Fig. 5) and animals were moribund and dying.

10
By contrast Table 23 shows that in the livers of 3~day old mice injected with
SM 10, organisms were detected | hour after challenge and in increasing
numbers thereafter i‘o’a lovel of 6.3 x 10* ¢.f.u. by 24 hours. Counts In the
lesion site had reached a level of IOlo c.f.u, by 24 hours (Fig. 8) and mice

were moribund and dying. These results indicate that staphylococei were

2

detectable in the llvers of moribund animals in high numbers (around l04 c.f.u.)

and support the view that SM 10 was a more Invasive strain than SM 9 as
judged by its presence in the liver throughout the Infection. However, both
SM 9 and SM 10 were detectable in the liver in similar numbers jus! prior to
death which occurs earlier with SM 10 than with SM @, This s in accordance

with the relative multiplication and final number of organisms in the skin,

The effect of antibictic on growth In vivo

A pilot experiment was performed to investigate the effects of extra~
cellular in=vivo products. Neonatal mice were challenged as before with
SM 92 and SM 10 (l()6 c.f.u.) and 5 hours later the number of viable
staphylococet in the injection site was menitored as before. | hour later,
at 6 hours after challenge, a single dose (14 pg) of Cephaloridine was injected
infraperitoneally, Cephaloridine was chosen because both organisms were
sensitive, it Is well absorbed into the tissues and has been used with success
in treating staphylococcal infection in man (Smith, 1971). The dose was
chosen to kill all the viable staphylococci so as to allow any extracellular

products present in the tissues at that time to exert cbservable effects. The
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dose of Cephaloridine, calculated by weight, was iwice the recommended adult

human dose (3.5 mg per kg). At 3 hours and 45 hours after giving the antibiotic

samples of the lesion sites were taken as before for bacterial counting.

The effect of the Cephaloridine on the numbers of SM @ viable in the
lesion site is shown in comparison with the numbers in untreated animals in
Fig. 13. Just prior to administration of the antibiotic (first circled point)
the number of staphylococci In the injection site of two mice was slightly
higher than the corresponding point on the growth curve as measured in the
previous experiments, At 9 hours (3 hours ofter the administration of
Cephaloridine) although there had been a slight increase in the number of
viable staphylococci the rate of multiplication of the organisms had been
réduced compared with the average growth curve, After this time the
antibiotic stopped further multiplication of SM 9, Also, none of the animals
which received antibiotic died as compared with 8 out of 10 of the untreated

control litter in this experiment.

The effect of Cephaloridine on the growth of SM 10 in the skin of
3~day old mice is shown in Fig. 14. At 5 hours ofter challenge with IO6 c.f.u.
SM 10, the average number of viable staphylococcl per injection site of two
mice (first circled point) lay exactly on the grcawih curve as measured in
previous experiments. At 9 hours ofter challenge (3 hours after administration
of Cephaloridine) the number of viable staphylococci per injection site had
fallen sharply and by 48 hours it wos reduced still further. One out of thirteen
of the antibiotic~freated mice died as compared with all of the untreated

control litter in this experiment,



Figure 13:  The effect of cephaloridine on the growth of siraln SM 9

in the skin of 3~day old mice challenged with lOéc,f.m

Symbols:

—

O
T

L

a
.

.

Log. no. of viable stephylococel recovered
from a homogenate of skin taken from mice

selected ot random till 30 h and thereafter

taken from mice which were ill,

Log. no. of viable staphylococei recovered
from a homogenate of skin faken from mice
which were not ill ot 30 h o thereafter.

Log. no. of viable staphylococei recovered
from o homogenate of skin taken from mice

Log. no. of viable sfaghyloc?céihm.cov?rﬁ“e

W unty LEESnygw,e ©

Time of cephaloridine administration,
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Figure l14: The effect of cephaloridine on the growth of strain SM 10
in the skin of 3-day old mice challenged with l06 c.f.u,

Symbols:

—=a— Log. no, of viable staphylococci recovered
from a homogenate of skin taken from mice
selected at random till 24 h ond thereafter
taken from mice which were morfbund,

--m-—: Log. no, of viable staphylococel recovered
from a homogenate of skin taken from mice
which were not ill at 30 h or thereafter.

——-@—: Log. no. of viable staphylecocci recovered
from a homogenate of skin tuken from mice

which received a single dose of cephaloridine
I é h ofter challenge,

Time of administration of cephaloridine.
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The 3-day old mice which had been challenged with SM 9 and SM 10
and subsequently treated with antibiotic n;f only survived the challenge but
showed no lesions, Under these conditions, therefore, we were unable to
demonstrate any effects of toxins which might have been produced in-vivo,
However, these experiments confirm that multiplication of the staphylococci
to a high level is necessary to produce lesions and death, |t administration
of the antibiotic was delayed tlll there were 10° organisms of each strain
at the injection site (? hours ofter challenge with SM 10 and 24 hours ofter
chéllenge with SM 9) the outcome of the infection was unaltered, i.e, the
mice died, However, the number of viable staphylococcl in the lesion site
about 20 hours after administration of the Cephaloridine wos slightly less

(approximately 10%) than in untreated conirol mice.

Histology of the lesions produced by SM 2 and SM 10

Macroscopically SM 9 produced a localised abscess and SM 10
produced a diffuse necrotic lesion. Histological examination of the skin of

3-day old mice 20 hours after challenge with 106 c,f.u. of either straln

confirmed the macroscopic appearances. The skin sections were stained with -

(1) Hoematoxylin and eosin (H and E), and

(i1) with Gram stain

Plate 3 shows normal mouse skin stained with H and E and plate 4
shows the same section stained by Gram stain, The stratum corneum (sc),

epidermls (c) and dermis (d) are clearly visible.

Plate 5 shows the lesion produced by strain SM 9 stained by H and E

and plate 6 by Gram stain. A classical abscess (A) can be seen beneath the

{6



Plate 3: Histology of normal 3~day old mouse skin

Staint  haematoxylin and eosin

Symbols:
s¢ : sfralum corneum
e : epidermis
d : dermis

Plate 4:  Histology of normal 3-day old mouse skin

Staint  Grom

Symbols:
sc 3 siratum corneum
e : epidermis

d : demis
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Plate 5:  Histology of the leston.caused by strain SM 9
in the skin of 3~day old mice.

Stain:  haematoxylin and eosin

Symbol:

A : gbscess

Plate 6:  Histology of the lesion caused by strain SM 9
in the skin of 3-day old mice.
Stain:  Gram.

Staphylococcl stalned dark purple can
be seen within the abscess.,

Symbol:

A : abscess
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dermis; this is characterised by localised infiltration of polymorphs and

macrophages, The stophylococel can be seen stained dark purple (plate 6)
within this structure, The dermis lying above the abscess has a normal

appearance.

Plate 7 shows the lesion produced by sirain SM 10 stained with H and E
and plate 8 with Gram stain. The central area of the dermis is faintly
stained and the cells appear disorganised and degenerate. This Is an area
of necrosis (N). The staphylococcl stained dark purple (plate 8) ore seen

to have spread afong the underside of the dermis,

Thase histological studies confirmed the differences in the lesion

types produced by SM 9 and SM 10 as judged by their macroscopic appearance,

"~ Cell Transfer Experiments

Whole peritoneal exudate cell (WPEC) suspension, macrophage=-entiched
cell (MEC) suspension and lymphocyte~enrviched cell (LEC) suspension (I x |05
cells of each) were Injected intraperitoneally info l-day old mice, Two days
later (when the mice were 3-days old) each group was challenged with I06
c.f.u. of strain SM @ and the cumulative mortality was recorded over a
period of ten days, Conirol mice which had received Hanks BSS (see Appendix 1)
intraperitoneally were challenged in the same way, The results (number of mice
dead and alive in each group) are summarised In Table 24, Using the )(2
test each group was compared with the control group and p values are shown
in Table 24. Because a multiple comparison was involved the results with
LEC should be taken as showing a possibly significant effect. However, there

was no significant difference between the survival of mice treated with either

”



Plate 7:  Histology of the lesion caused by strain SM 10
in the skin of 3-day old mice.

Stain:  ‘haematoxylin and eosin

Symbol:

N : necrosis

Plate 8:  Histology of the lesion caused by sirain SM 10
in the skin of 3~day old mice.

Stain:  Gram.

Staphylococel stained dork purple can
be seen below the dermis.

Symbol:

N : hacrosis
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TABLE 24

The effect of adult leucocytes on the mortality of

3~day old mice challenged with 10 c.f.u, SM9

No. dead No. alive
Mice treated with 10 days after 10 days aofter P 042 )
injection injection '
MEC 38 Al 0.1 - 0,2
LEC 28 45 0.0l - 0.05
Hanks BSS 33 28 coe




whole peritoneal exudate cells or macrophage-enriched cell suspension
and the control group in these experiments. This is difficult to explain
since the whole peritoneal exudate contains lymphocytes. These are
regarded as only preliminary experiments; further research Is required

to improve techniques of cell separation and transfer before more
definite conclusions can be drawn about the protective effect of different
adult cell types. The neonatal mouse model could be developed for such

a study of Immunological response of the host to experimenial staphylococcal

infection in addition to further study of the pathogenicity of Staph, aureus.



DISCUSSION



Natural Resistance to Staphylococcal Infection

Staphylococcus aureus colonises newborn infants within the first

few days of life and thus begins a lasting commensal relationship, For
the most part a balance exists between, immune defences of the host,
the most important of which in this case Is the mechanical barrier of the

skin, and the pathogenic potential of Staph. aureus, However, when

this balance is upset, for whatever reason, Stoph. aureus may cause a

great many diseases of varied nature (Table 1), The organism produces
many biologically active substances which have been the subject of

much research, However, only two of these substances, nomely
staphylococcal enterotoxin and epidermolytic toxin, have been shown

to be responsible for specific clinical symptoms. Still a mystery is the
involvement of other staphylococcal products in the sequence of events
which leads to the more common, and at times severe, pyogenic infections
such as furunculosis, abscesses, wound infeciions and generalised

staphylococcal disease.

Man, under normal circumstances, is extremely resistont to
staphylococcal infection and this is true also of laboratory animals, a
fact which has been a major drawback to progress In staphylococcal
research, As mentioned earlier, the staphylococcal disease in which
most progress has been made particularly in the understanding of the
aetiology is Toxic Epidermal Necrolysis and undoubtedly a most important
contribution was the discovery that the symptoms of the disease could be

reproduced in the neonatal mouse (see p. 45). Toxic Epidermal Necrolysis
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is a disease of infants and children and as argued in the Introduction to

this Thesis,mn appears to be most susceptible to this and other staphylococcal

diseases in infancy,

All of these facts influenced the direction of this investigation
towards developing an animal model for experimental staphylococcal
infection. For this study a group of staphylococeal strains, including
fresh clinical isolates from children, with varied toxin and enzyme patterns

was selected.

Strain Wood 46 (SM 1) was included as a classical a~toxinogenic
strain, strain BB (SM 15) as a P~toxinogenic strain of animal origin, Staph.
epidermidis as a non=foxinogenic strain, strain PS 80 (SM 16) was included
as a known virulent human strain which has been widely used in experimental
staphylococcal infections in laboratory animals. The other three strains In
our study, i.e. SM?, SM 10 and SM 14, all clinical isolates, had varied
toxin/enzyme patterns; of particular note was the fact that SM 9 was
virtually non=toxinogenic and produced neither of the two proteases for
which we tested, The first objective wos to study the response of mice of
different ages including neonates to experimental infection by the six
strains, The subcutaneous route was chosen, because the most common
staphylococeal diseases are associated with the skin and subcutaneous

tissues,

Age-related susceptibility

This work has established, apparently for the first time, that mice

exhibited an age-related susceptibility to experimental staphylococcal



infection when challenged by the subcutaneous route, This was most
probably related to the immunclogical status of neonatal animals in
comparison with adults, With few exceptions, which will be discussed
later, there has been little work on the virulence of bacterial species in-
neonatal animals, The greatest contribution to the understanding of
immunological development In noenatal animals has come from research

in virology. It is well established that mice demonstrate age«related
susceptibility to many experimental viral infections (Sigel, 1952;

Sawicki, 196]; Marrenikova and Kaptsova, 1965; Hirsch, Zlsman and
Allison, 1970; Relnarz, Broome and Sagik, 1971 and Hirsch ef. «l., 1972)
and this has led several groups to study the contribution of different
immunological cell types to protection during maturation, For this reason,
in discussing the possible immunological reasons for the age-dependent
susceptibility of necnatal mice to staphylococecal infection | will refer
mainly to the work of virologists. While it is true that we cannot draw
any direct conclusions about age=related susceptibility to staphylococci
from experimental infections caused by viruses, there are certain similarities
which bear on the immunological competence of the host against Invasion

by both types of infecting agent in several instances:~

(i) The skin is an effective barrier to both, each may toke
advantage of a break In the skin to set up infection,

(ii) Both are phagocytosed by macrophages in cutaneous and
subcutaneous tissue. If these macrophages subsequently fail
to destroy the ingested ﬁwicrobe the infectious process may
begin,



Immunity and age-related susceptibility

Non-specific resistance is o function of the phagocytic cells,
i.e. the macrophages and the polymorphonuclear leucocytes, It has
been shown that neonatal mice and rats lack immunocompetence because
they lack antigen recognising cells in the form of functional macrophages

(Argyris, 1968; Hirsch et, al., 1970) and that functional development of

the reticuloendothelial system (RES) is related to the macrophage population

(Reade and Casley~Smith, 1965). However, the immunological differences
between neonatal and adult macrophages do not appear to be related to
differences in phagocytic activity since it has been shown in vivo that
phagocytes from newborn and weanling mice are equally able to clear
carbon particles from the blood (Hackbarth, Reinarz and Sagik, 1973)

and in vitro thai macrophages from newborns, weanlings and adults take up
labelled virus (Hackbarth et, al., 1973) and sheep RBC (Ishiguru, 1971)
with equal facility. Competence seems more likely to be related to
differences in bactericidal activity within the macrophage. During the
development of the RES of the rat the phagocytic cells of the liver do not
develop bactericidal properties (measured against Esch. coli (Lilly) and

Salm. typhimurium C5) until the latter part of the suckling period

(Karthigasu, Reade and Jenkin, 1965),

With reference to staphylococcal infection of man it is well
established from studies of children with chronic granulomatous disease
that functional phagocytic cells are of prime importance (Quie et, al.,
1967 and Quie and Davis, 1973). These children who suffer from recurrent

staphylococeal infection show no impairment of the phagocytic function



of the macrophages but bactericidal activity after phagocytosis is deficient,

The results presented here support the notion of eﬁual phagocytic
ability of newborn and wennliﬁg nﬁce, as can be seen from the number of
staphylococel in the iniecﬂc;an site | hour after challenge of 2l~day old and
3~day old mice, This number was almost the same for both age groups
challenged with both strains SM 9 and SM 10 at 106 c.f.u. (Fig. 12). The
subsequent multiplication of these staphylococct which was markedly
different in the two age groups may have been due to differences in
bactericidal activities within the macrophages of the néanotu! and weanling
mice, Certainly it has been shown with some experimental viral infections,
that maturation of macrophages with age was Important in limiting the spread

of infection (Johnson, 1964; Zisman, Hirsch and Allison, 1970).

The preliminary studies of the effect of adult cells indicated that
adult macrophages may indeed have protected neonates from the otherwlise
lethal effects of staphylococei although considerable further work Is required
to investigate this aspect. In evaluating the role of the monocyte and the
neutrophil, one important biological process which must be considered Is
chemotaxis, | have taken part in a collaborative study of the chemotactic
ability of the products of some of our selected strains with colleagues expert
in the techniques of measurement of chemotaxis. Adult human blood neutrophils
and monocytes were used and results indicated that staphylococci and their
products had a direct chemotactic effect for menocytes, and an indirect

effect for neutrophils and that Staph. aureus strains also produced factors

which possessed Inhibitory activity against migration of both cell types

(Russell et. al,, 1975). Extension of this study to include adult and neonatal
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mouse cells may help to elucidate the role of these cells in the response of

mice to staphylococei.

The humoral immune reéponse of neonatal mice was not completely
competent in producing antibodies to sheep RBC although this varied within
strains of mice (Playfair, 1968), It has been suggested that the inability of
the nconatal mouse to produce antibodies is due to immature macrophages

(Braun and Lasky; 1967 and Argyris, 1968).

in the past there has been much controversy about the protective

ability of humoral immunity against infection by Staph. aureus in adult

laboratory animals. However, it Is now generally accepted that antibodies

do contribute a measure of immunity to some types of staphylococcal Infection.
It has been recently proposed by Easmon and Glynn (1975) that In local
infections in mice, circulating a~antitoxin was protective against dermo=-
necrosis because it became iﬁvolved in local antibody=~antigen interaction,
and effected a brisk inflammatory response which proved protective, It seems
possible, therefore, particularly in local lesion development, that the
immature humoral response may contribute to neonatal susceptibility to
stophylococcal infection in the mice studied here. It should prove possible

to test this suggestion experimentally by transfer of competent antibody-

producing cells from odult mice and/or immune sera.

There is little information on the comparative status of specific
cellular immunity (SC1) of neonatal and adult mice or on the maturation of
this system. However, it seems llkely, since it is known that macrophages

and antlbodies (cytophilic) are involved that neonatal mice do not have



competent specific cellulor immunity.

Because healthy human adults and animals are continuously
exposed to staphylococcal antigens due to carriage of staphylococci on
the body surface, it has been suggested that a constant level of SCI is

responsible for a high natural resistance to Staph. aureus (Gutkowski,

Pryjma and Heczko, 1973). Lack of this could be a contributory factor

in age-related susceptibility., The preliminary cell transfer experiments
indicated that lymphocytes from adult mice possibly protected neonates
from challenge with strain SM 9 (Table 24). However, the studles of
Gutkowski et, al,, and this work are in contrast to the idea that SCI or
delayed=type hypersensitivity contributes to enhanced staphylococcal
infectivity, In my view much of this work involved extremely complex
experimental systems in which many cellular and humoral components
probably contributed to the response. For example, one such study
involved the use of coiion dust, turpentine, staphylococel and anti-
lymphocyte serum from normal and immune mice (Medhurst, Hill and Glynn,
1969). While such experimental systems may be useful they are obviously
very complex. The neonatal mouse - a host lacking mature immunological
processes = is probably a better and simpler exéerimentul system for the

study of the pathogenicity of Staph. aureus and possibly other bacteria,

By transfer of adult cells and serum ¢tc. to the neonates, it should be
possible to determine the contribution of these to the resistance of the

adult mouse and to what extent Individual components of the immune system
are involved in different phases of the response to staphylococeal challenge.
Obviously, care should be taken in generalising about the host factors

which determine the outcome of the interaction between the host and the



staphylococcus, As will be discussed later in the following section strains
differ in virulence and some strains such as PS 80 (SM 16) and BB (SM 15)
were capable of overcoming the host defences of 21-day old mice more

efficlently than others,

Staphylococcus aureus as a Pathogen

Clearly under certain circumstances Staph, aureus is a potent

pathogen. It was pathogenic for neonatal mice, cousing severe lesions and
death. In this host, we have an opportunity to consider some of the factors
which contributed to the pathogenic process by studying their response fo

characteristically different strains of staphylococei.

Differences in virulence

Differences in vivulence between strains of Staph. aureus have been

demonstrated in mice injected intraperitoneally, intrarenally, intracerebrally,
intravenously and subcutancously. (Elek, 1965; Pereira and Goldberg, 1970;
Kimura, 1971; Kondo et, al., 1971; Anderson, 1971; Cheskro, Taylor and Smith,
1973; Eosmon, Hamilton and Glynn, 1973). There were obvious differences

in virulence between cur seven strains of staphylocesci on subcutaneous

Injection both in neonates and older mice, (Table i5)

Strain $M 6 (Stoph. epidermidis) was dv?_rulenf except at the high

dose of 10° c.f.u. in 3-day old mice. Although the present study included

only a single strain of Staph. epidermidis the results obtained with this strain

lend support to the long~accepted belief that coagulase~negative strains

can be considered non~-pathogenic except in unusual circumstances in which



the organism gains access to a particularly susceptible site such as damaged
heart valves. The relatively high virulence of SM 1 (Wood 46) was
surprising in view of previous reports that this sfrain was avirulent in

mice particularly in local skin infections (Agarwal, 1967 b and Easmon and
Glynn, 1975). The similar virulence of strains SM 9 and SM 10 was also
unexpected and was difficult to explain in terms of the known extracellular
virulence factors produced by these organisms, This will be discussed more

fully in the following sections.

Bovine strains have been reported previously to differ in virulence
and, in particular, strain BB has been classed as a strain of high mouse-
virulence (Anderson, 1971 and Anderson, 1974). 'fhe present results which
agree with this confirmed the high virulence SM 15 (BB) for mice in all three
age groups. However, the aim of this work was to study the relative mouse
virulence of human strains. Highly mouse-virulent strains have been isolated
by previous workers (Smith, 1963) who suggested that the ability to clot mouse
plasma was an important factor; none of the strains used in this study coagulated

mouse plasma.

Two further strains of human origin, SM 14 and SM 16 (PS 80), were
also of high virulence. It is noteworthy that B-toxinogenic human isolates
(cf SM 14) have breviously been associated with mouse virulence (Chesbro

et, al., 1973). PS 80 is an unusually virulent strain of Staph. aureus, not

only for the mouse but also for man. Clinical evidence of this strain causing
boils in otherwise healthy individuals suggests that it possesses the unusual

ability to penefrate intact normal human skin (Wilson and Miles, 1975).



Although there is an assoclation of particular phage types with certain lesions
(see p. 29, it is interesting to note that two of the very rare reports of
experimental staphylococcal infections in man produced no evidence of
differences in virulence of Staph, aureus in the human host (Elek and Conen,
1957 and Foster, 1960),

Evidence for contribution of specific virulence factors

The factors which contribute to differences in the virulence of

Staph. aureus for laboratory anlmals (and possibly man) have been the subject

of the major field of staphylococcal research in the past.

The contribution of these virulence factors to the pathogenesis of

Staph. aureus during experimental infections is difficult to assess for reasons

which include the difficulty. of detecting such factors as toxins in vivo and
the multifactorial nature of the infectious process, Despite this, some toxins
and other biologically active staphylococcal products have been detected

in vivo and the pattern of in=vitro production of biologically active factors

has been correlated to some extent with specific effects seen during experimental

infection, Some of these were evident in our experiments.

Alpha= and delta=lysins have been shown to be major factors contributing

to tissue necrosis both locally in the skin (Takeuchi and Suto, 1974; van der
Vijver et. al,, 1975) and in deeper tissues (Foster, 1967 and Anderson, 1974),
Our study agreed with these findings since only the toxin~producing strains and

their cell free culture filtrates were able to produce necrosis In weanling or

neonatal mice, In particular, the comparative histological study of the toxino-

genic strain SM 10 and the non=toxinogenic strain SM 9 showed the probable
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importance of a=lysin in the development of necrosis. Pre-freatment of
neonatal mice with mono~specific a-antiserum (kindly donated by
Dr. C. Adlam, Wellcome Laboratories, Kent) reduced the necrosls caused
by SM 10 as judged by the macroscopic appeérance. Unfortunately, because
of the small quantity of mono-specific serum available ond the practical
difficulties in handling damaged (i.e. necrotic) skin tissue from neonatal
mice, it was not possible to confirm this histologically, Despite the
difference in the lasions produced by these strains, both are equally virulent
in terms of number of mice which develop lesions and die. This is evidence

against a~toxin as an overriding determinant of virulence.

Protease production by Staph. aureus has also been correlated with

virulence for the mouse (Chesbro et. al., 1973) and again our comparative

study of SM 9 and 5M 10 agreed with this,

Straln Wood 46, the only Protein A~negative Staph. aureus in this

study was similas in virulence to SM 9 and SM 10, both Protein A=positive
strains. This argues against Protein A being a major determinant of virulence

in the neonatal mouse,

Furthermore, leucocidin-producing ability did not seem to be directly
related to virulence but, as implied earlier, o more detailed study of the

ability of exiracellular products of Staph, aureus to affect movement of

specific cells of the RES may lead to o better understanding of leucocidal

factors and their role in pathogenicity.

Although this study was not directly concerned with the presence or
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absence of DOCR (see p. 39) on the cells, the group of staphylococci used
included o DOCR<positive strafni {SM 16 - PS 80) and a DOCR=-negative
strain (SM | = Wood 46). The greater virulence of strain PS 80 in the
neonatal mouse fits in with the Idea that DOCR, acting as an aggressin,
enhances virulence (Glynn, 1972). It would be interesting to look for

DOCR amongst the other three strains of Staph, aureus, particularly strain

SM 9, and also fo study the effect of purified DOCR on the development of

lesion in the neonates,

An important point to sivess is that all the sirains used in this study of
virulence, Including those freshly Isolated from clinical . specimens, were
subcultured at least twice on laboratory media before freezing in liquid

nitrogen for storage, Since the virulence of Stoph, aureus Is increased by

passage through laboratory animals (Smith, 1958; Beining and Kennedy, 1963;
Adlam, Pearce and Smith, 1970 a,b), it is possible that the virulence patterns
of our group of seven staphylococel would be different if passaged organisms
had baen used, Indeed, the virvlence for neonatal mice might be further
Increased, Also, there is some evidence that growth media may be able to

enhance the virulence of Staph. aureus (Brock, Turvey and Reiter, 1973).

Having established the pattern of results under standard conditions it should
prove possible to proceed fo an examination of in=vivo grown organisms and

organisms grown under vorious conditions in viiro,

Growih of Staph. avreus in vivo

Detailed information about mechanisms of pathogenicity and virulence

of bacteria can best be obtained from studies of those bacieria in-vivo because
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it is then that the pathogenic processes are in action, Studies in-vitro

although helpful may be misleading. The ability to establish local lesions
reproducibly in the skin of neonatal mice made it possible to examine in some

defail the growth of two strains of Staph. aureus in-vivo, Both strains, i.e,

SM 9 and SM 10 were clinical isolates; one, SM 9, was a non-proteolytic,
non~toxinogenic strain while the other, SM 10, was proteolytic and toxinogenic,
producing predominantly a=~lysin, In addition to studying and comparing the
growth during lesion development in 3-day old mice, the numbers of organisms
in the skin of 2l-day old mice was monitored. These weanling mice suffered

no observable ill effects on subcutaneous challenge with either strain at a dose

of 108 c.f.u.

The Initial inoculum

OF the Initial inoculum (|06 c.f.u.) only about 10% was detected at
the injection site | hour after challenge. This was true for both 3-day old and
2l~day old mice challenged with strains SM 9 and SM 10 and we have already
discussed the possible significance of this in relation to the comparative
populations of phagocytic cells and their immunocompetence in both age
groups of mice. The percentage of inoculum detectead at | hour after challenge
was also 10% when strain SM 9 was administered at a dose ten fold higher
(l07 c.f.u.) and a hundred fold lower, i.e. 104 c.f.u. This may indicafg

that for any inoculum of staphylococci, up fo at least I07 c.f.u. about 10%

- of the organisms are able to lodge in the skin near to the injection site.

This is difficult fo explain in terms of actual numbers of organisms but could

possibly have been related to the volume of the inoculum.
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The outcome of this initial lodgement of stophylococci was dependent
on the subsequent ability of the organisms to multiply in the skin. In2i-day
old mice challenged with |06 ¢.f.u. of SM 9 and SM 10 there was initial
slight multiplication from 24 - 48 hours (a maximum increase in numbers of a
hundred fold) but after this time the numbers of staphylococei in the skin fell
off rapidly and no lesions were visible, It seems possible, as has already been
surmised, that this was a manifestation of non=specific resistance, i.e. the
bactericidal capacity of the macrophages and neutrophils in subcutaneous
tissues. Was this also true for the 40% of the neonates which survive the
infection? | have polnted out previously that by 36 = 48 hours ofter chalienge
it was easy to distinguish these neonatal mice which were goling to survive.
It is important that these mice by 4 hours after challenge are 5 days old and
may possibly have undergone a crucial immunological development capable
of limiting the multiplication of the injected stuphylococai. Certainly, it
wos established that the onset of resistance, as measured by survival\ after a
challenge of 107 c.f.u. SM 9, was fairly narrowly demarcated between 4 and
5 days of age (Table 17), A difference of 24 hows in age meant a considerable

difference in the response of neonatal mice to a single challenge dose.

It wos equally clear that in 60% of the neonatal mice the staphylococcl
were able to multiply with great rapidity and in these animals the multiplication

rates of the two strains SM 9 and SM 10 were compared.

Kinetics of growth in the skin and invasiveness

Both of the strains SM 9 and SM 10 were able to multiply in the skin and

underlying tissue to produce severe lesions and death in neonatal mice, SM 9,
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the non=toxinogenic strain, multiplied more slowly than SM 10 (Mean
generation time 2,29 hours and 1,76 hours respectively). At both the gross
and histological levels this strain produced an abscess type of lesion and

mice begun to die from 36 hours onwards.

The toxinogenic strain SM 10 produced diffuse necrotic lesions and
mice began to die from 24 hours onwards, Since strain SM 9 caused similor |
mortality to strain SM 10 it seems likely that a main contribution of a=lysin
is to allow faster multiplication of the organisms in the tissues. It remains
to be determinad whether it does this by breaking down surrounding tissues
and cells, consequently allowing the organisms to multiply faster, or os
suggested by van der Vijver and co~workers (1975), it has a growth~promoting
effect. These authors found that the number of ¢.f.u, in skin lesions caused

by a mutant strain of Staph. aureus lacking the ability to produce a~lysin was

lower than that caused by the wild type. Also In the skin of mice Takeuchi
and Suto (1974) observed a=lysin (as well as protease, nuclease and B-lysin)
production was associated with multiplication in o suppurative focus, Their
diagrammatic representation of the histology of the formation of an abscess

and a necrotic lesion in their animals was very similar to the histology observed
in this study, They reported the same typical features, i.e. confinement of
the staphylococci within the abscess structure by the phagocytes during abscess
formation and subwdermal spread of the organisms, with necrosis of adjacent
tissue, in necrotic leslon formation. Anderson (1974) also reported that
multiplication of the bovine strain BB in the mommoary gland of the mouse was

associated with the presence of a=lysin within the gland and the relative failure

of strain Mexi to multiply in the same in=vivo situation was associated with the
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absence of detectable a~lysin within the gland, Furthermore, Kapral (1974)
demonstrated the importance of the production of a~lysin as a contributing
factor in intraperitoneal and intrapleural infections of mice ond rabbits and
suggested that the survival of organisms within abscesses correloted with

their ability to produce a~lysin.

From our comparative studies of SM 9 and SM 10 in the 3-day old
mice there was also evidence that SM 10 was more invasive as judged by
its presence in the liver from | hour after challenge and thereafter in
increasing numbers (up to I04 ¢.f.u.) until the onimals died. Organisms of
SM 9 disappeared from the liver by 6 hours after challenge and did not
appear again until multiplication had taken place in the skin to a level of
about '08 - I09 c.f.u. The a~lysin has been connected with invasiveness in
mice challenged Intraperitoneally (Kimura, 1971). Further evidence from our
results was provided by the, h’is'tclagy of the lesions (plate ©) where lf'cén be
seen that SM 10 was able to spread 'béneam the dermis and presumably
could reach other sites more easily than SM 9 which wos confined at least

in the et':arl’y stages of infection (Ié = 20 hours) by the phagocytes,

- While strain M 10 multiplied foster In the skin of 3-day old mice

than SM 9, an important feature of this process was that both strains reached

0 ond 10!

the same final level in the skin (between 10 c.f.u,) just before
death of the mice, Also at this time the same number of organisms were
detected in the liver {oround 10* c.f,u.) in mice !niected with both
strains, By vir‘tue of the faster multiplication of 5M 10 this occurred

eorlier with SM 10 (24 - 20 hows) than with SM 9 (36 = 38 hours), The
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final numbers of staphylococci detected in the skin and the livers of neonates
injected with 107 c.f.u. SM 9 wos also similor. Tﬁese findings suggested
that if the number of staphylococci in the tissues of mice reached a certain
"threshold level" these mice died, Of interest and possible significance here

is the fact that 3~day old mice challenged with Staph, epidermidis died if

the dose was high enough (I(]8 c.f.u.). More extensive in-vivo growth
studles in neonates with this strain may confirm the conclusion about a
"threshold level" of organisms. There have been previous reports correlating
death in adult mice challenged by different routes with the final concentration
of staphylococei present in the tissues (Smith et. al., 1960; Gorrill and
McNeil, 1963 and Bortell et. al., 1968).

The clinical response and the macroscopic appearance of the mice
correlated well with the number of staphylococcl recovered from the injection/
lesion site. This was true also in the adult mice used for the study of
staphylococcal mastitls (Anderson, 1974) who showed that between lOm and
16‘3 c.f.u. were recovered from the mammary glands of mice which were ill,
Prevention of death and reduction in severity of the lesions was achieved
. when Cephaloridine was administered 6 hours after challenge (Figs, 13 and
14) when the number of staphylococci present in the lesion site was around
IO4 ¢, f.u, (SM9) and l05 c.f.u. (SM10). However, delay in administration
of Caphaloridine until the number of both strains SM 9 and SM 10 was 108
c.f.u. did not prevent death and the number of organisms recovered in the
antibiotic treated mice just prior to death was still of the order of 10" c.f.v.
Further experiments of this type udmtﬁistering different antibiotics at

different times during experimental infections should lead fo a clearer
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understanding of the significance of the "threshold level”.

In terms of lesion development, skin specimens taken from mice which
had an observable macroscopic lesion rarély contained less than 1o’ c.f.u,
and often much larger numbers of staphylococci. [f total numbers of
staphylococcl are as importont as these results suggested this is evidence in
favour of the clinical procedure of drainage of abscesses which has been o

successful treatment since before the advent of antiblotics and still is today.

Although there appeared to be a definite correlation between the
number of staphylecocei, the clinical state and the eventual death of the
animal, the actual cause of death of the mice has not yet been defined, A
key question remains: is the "threshold level” of organisms associated with
elaboration of lethal amounts of diffusable toxic factors? Further research

in the newborn mouse should throw light on this question,

In conclusion, it has been shown that mice exhibit an age-related

susceptibility to subcutaneous infection by Stoph. aureus which was not

found with the limited number of other bacterial species studied. Strains of

Staph. aureus vary in virulence in this model: The growth of two

characteristically different sirains of Staph. aureus was studied in vivo in

relation to kinetics of growth and histological features in the skin, the
presence of the staphylococci in other organs and the relationship of numbers
of staphylococci to the clinical stote of the mice, This experimental model
we hope will prove a useful tool for further study of the pathogenicity of

Staph. aureys and | have listed briefly below the major areas in which | feel

it will contilbute,
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D. Proposed Future Studies In the Neonatal Mouse

(o) To study the transfer of specific adult cells of varying immuno~
competence to the neonatal mice and their effects on the
development of lesions and death.

(b) the effect of specific antibodies on the in~vivo growth rates
and lesion development,

(c) the comparative virulence of mutants of Staph. aureus lacking

specific virulence factors,

(d) the effectiveness of different antibiotics in=vivo.

(e) the detection of toxins and enzymes In vivo during growth,

(F)  the virulence of specific strains In mice with natural and
induced immunological defects.

{g) the extension of the investigation to include germ~free mice
and the effects of exposure to staphylococci in the environment

on their susceptibility.
E.  Perspectives

The improved standards of hygiene and living conditions and the advent
of antibiotic therapy have led. to a greatly reduced incidence of serious

staphylococcal disease, However, Staph. aureus is still clinically o major

pathogen for man, particularly In neonates and in hospitalised patients,

Although some strains of Staph, aureus, particularly strain PS 80, apparently

show exceptional virulence for man, differences in virulence for humans is
very difficult to quantify. Also, it is not justified to monitor changes in

virulence of the organism by studying only the incidence and mortality of



staphylococcal infections in man, It must be remembered that the type of
hospital patient is always changing as a result of progress in medicine and

surgery.

Since the original experiment of Garré in 1885, in which he produced
boils by rubbing staphylococei into his arm, very little progress has been
made in the undersianding of experimental Infections of man, for obvious
reasons, Intradermal injection techniques required large numbers of organisms
to produce small boils. Elek and Conen (1957) had some success in reducing
the number of organisms required fo cause a large abscess by introducing the
inocula on sutures, but lestons produced in this way do not resemble the
common lesions of spontuneous infection, i.e. the boil. More recently,
Marples and Kligman (1972) have produced acute cellulitis in humans by
placing as few as 100 c.f.u. on skin from which the outer layer of the
epidermis had been stripped. The severity of the lesion depended on several
factors including the need to keep the area moist, and the time between
epidermal stripping ond application of the organism. The shorter this time,
the more severe the lesions presumably because delay meant infiliration of
leucocytes in response to the tissue domage, i.e. the siripping process,

This is similar to the ability of cotton dust to enhance local infection in

the mouse by delaying the onset of the inflammatory response,

Widespreod use of antiblotics in the freatment of infection hos led
to the emergence of plasmid-carrying antibiotic resistont strains, Clinical
evidence suggesis that plasmid-carrying staphylococci may be less rather

than more virulent because the cellular processes required for their



replication are more complex and therefore, reduce their chances of
survival (Lacey, 1975), Acquisition of plasmids by staphylococci could,

therefore, be important in reducing their virulence for man,

Protection against staphylococcal infection has proved extremely

difficult and this may be because the diseases caused by Staph, aureus are

very different in nature, It may prove possible fo protect against some
types of infection, e.g. against bovine mastitis where the infection is

localised in the mammary gland,

Recent studies have shown very successful protection of neonates
from nursery epidemics of staphylococcal infection by colonising the infants
in the first hours of life with a low=virulence strain 502A (Shinefleld et. al.,
1974). These workers claim that colonisation with this strain hos helped as
a control measure in af least eight nursery epidemics and this technique will
undoubtedly prove important in other situations, although side effects were

noted including one fatality amongst the 4,000 neonates treated,

Animal models may not necessarily be applicable to humans but they
are necessary os a tooi for further research into the pathogenicity of Staph.
aureus. Information obtained in using them although perhaps not directly related
to human infections should at least contribute o our general understanding of
the staphylococcus and its interaction with the host and may serve as a basis

for approaches to the problems of infections in man.
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SUMMARY

Several strains of Staphylococcus aureus, all clinical isolates, were tested

for haemolytic activity and for the production of extracellular enzymes. From
these strains four were chosen for their varied toxin and enzyme patterns. Also

included were two reference strains of Staph., aweus, Wood 46 and BB. Each of

these six strains wos tested for antibiotic sensitivity, production of leucocidin and
the presence of protein A on washed cell suspensions, In=vitro growth rates were

also measured.

These six characteristically different strains were used in a study of virulence
for the mouse. Suspensions of known viability of the strains were prepared, dispensed
in small aliquots and frozen in liquid nitrogen. This allowed the same suspension
of organisms to be used for animal experiments carried out over a long time, The e
initlal virulence studies were made in three age groups of mice, 3-day old, 10-day
old and 2l-day old. The response of the mice to subcutaneous challenge with the
strains, i.e. death or the development of lesions was recorded. As measured by
these criteria the neonatal mice were most susceptible to Infection by each strain,
although strains voried conslderably In virulence, Age-related susceptibility to

the four organisms, Esch. coli, P. aeruginosa, Klebsiella sp and Strep. pyogenes,

although evident, was less marked than to the staphylococci. Further work is required

to determine how widely this phenomenon applies to organisms other than Stoph, aureus,

The strains of Stoph, aureus varied in virulence as measured by the ability

to cause death and to produce lesions in the mice, These lesions were of two
types; a diffuse, necrotlc type and a localised abscess type. [t was noted that

the necrotic lesions were produced by the toxinegenic strains and the abscess
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lesion was produced by the non=toxinogenic strain, SM 9. Further evidence that
toxins (particularly a~ and P-lysin) were the cause of the necrosis was obtained by
injecting cell~free culture filirates of each sirain into the mice. Filtrates from the
toxinogenic strains produced necrosis similar to that observed in a lesion caused by
whole organisms, The filtrate from strain SM 9 produced no observable effect,
Histological examination of the lesions produced by SM 9 and SM 10, a toxinogenic
strain of similar virulence to SM 9, confirmed that necrosis was associated with the

toxin=-producing strain,

Further comparative growth studies of these fwo sirains were made in 3~day old
and 2]~day old mice. Numbers of staphylococci present in the injection/lesion site
and the liver were counted, Both SM ’9 and SM 10 multiplied to a very limited
extent in the skin of 21-day old mice but very rapidly In the skin of 3~day old mice.
Staphylococci were not recovered from the livers of the weanling mice but were
. detected in livers of neonatal animals. SM 10 multiplied faster in the skin of the
neonates than SM 9 and was present in the liver from the initial stages while SM 9
did not appear in significant numbers until late in the infection. It is suggested that

both these properties are associated with the ability of SM 10 to produce a~toxin.

Although the two strains multiplied ot different rates, just prior to death the
number of staphylococci recovered from the tissues of the neonates was the some for
both strains. Also there was good correlation between the clinical state of the mice
and the number of organisms in the tissues, Administtation of Cepholoridine at
different times during the infection confirmed that actual numbers of organisms
were an important feaiure of staphylococeal infection in this model. The possibility

of the final number of organisms in the tissues as a direct couse of death is discussed.

Possible future studies Involving the neonafal mouse are suggested.
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Appendix |

Media

i, Horse Erythrocyte Agor

Oxolid Blood Agor Base No, 2
Sterilised at 15 Ib/in” and cooled to 56°C
Saline washed horse erythrocytes

2, Seml Solid Agar

Oxold Nutrient Broth No. 2
Oxoid Blood Agar Base No, 2

Distilled water to a final volume of

90 mi

10 ml

25g
l0g
1,000 ml

3.  CCY Medium (Gladstone and van Heynigen, 1957 as modified by Woodin, 1959)

Yeast Diffusate

Yeast extract (Oxold)

Distilled water

20 g
85 ml

Dialysed (1.5 cm Visking tubing) against 770 ml distilled water at 4°C for 24 h

wlth constant stirring.

Casamino acid

Ye;ust diffusate

Sodium lactate (70% syrup)
Sodium glycerophosphate
Mg SO, .7H, 0.

4°°°2

160 g
1,600 ml
113.6 ml

160 g

0.l6g
0.084 g



0.329% (w/v) Fe 50 7H20 )

0.32% (w/v) Citric aci )
KH2 PO 4
NGZHPO 4° lZHZ?D

Distilled water to 8 [iires
Steellise at 15 Ib/in® for 15 min.

$60 ml

3.28¢
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Appendix Il

Buffers and Diluents

Phosphate Buffered Saline pH 7.0

Na2HPO4 .12H20 120 g

NaCl 2.5¢g
Dissolve in 3 litres distliled water, Add I ml 12N HCl. Adjust pH to
6,95 and odd distilled water to a final volume of 5 Iitres.

Bernheimar's Buffer

NaCl 2.,5¢g

Dissolve in 3 liires distilled water. Add 12N HCI (7 = 9 ml) to odjust
pH to 6,95 and add disHiled water to a final volume of 5 litres,

Bernheimer's Buffer with Albumin

Add | mg bovine serum albumin Fraction V (Armour Pharmaceutical Co. Ltd,,
Eastbourne) for every | ml of Bernhelmer's buffer,

Palitsch Buffer

Solution A = 0.05M sodium tetraborate

Nazﬂ 407 .IOHZO 19.108 g
Distilled water to 1,000 ml,

Solution B ~ 0,2M boric acid salt solution

NaC) 2.925¢g
Distilled water to 1,000 ml,

Mix 1.2 ports A to 8.8 poarts B, Final pH should be 7.4,



5.  Hank's Balanced Salt Solution

Stock Solution A

. NI - 160g
KCl gg
MgSO A .7H20 2g
MeCl, .6H,0 S 29
Distilled water 800 mi

2, CQC|2 o 2,49
Disttlled water 100 mi

Mix | and 2 slowly and adjust volume to 1,000 ml with
distilled water. Add 2,0 ml chloroform aml store Ina

polythene bottle ot £,

Stock Solution B
Na,HPO, ,i2H,0 3.04 g
KH,PO, L2g
Glucose 20.0g
Distilled water 800 ml

When dtssdived add 100 mi phenol red solution and adjust
to 1,000 ml with distilled water,. Add 2 ml chloroform and
store as stock solutien A,

Phenol Red Indlcator Solution (0,4%)

Dissolve | g phenol red in 250 ml distilled water,.

Sodium Blcarbonate Solution

Distilled water ‘ ‘ 100 ml

Starmse in o tightly closed screw cop bottle for 10 min. ot
H5°c © Ib pressure).



T
(9}

Hank's Solution

I volume solution A + | volume solution B + ld volumes
H20 (distilled), Sterilise by steaming for 90 min,
immedtately before use add 0.5 ml of sterile 1.4% sodium
bicarbonate solution to each 20 ml.

6, Gelatin Saline Solutlon pH 7.6

NaCl , d.5g
Gelatin 59

Distilled water to 1,000 ml. Adjust pH to 7.6 with 0.IN
NaOH or 0.1N HCI.

7.  Bicarbonate Buffer

NaHCO'a 3.7g
Na2C03 0.6g
Distilled water 100 ml

8.  Phosphate Buffer 0.1M pH 7.4

Stock Solution A = 0.2M sodium dihydrogen phosphate

Nonpo 4 27.8g
Distilled water to 1,000 ml

Stock Solution B = 0.2M disodium hydrogen phosphate

N02HP04 or 20.49
NQZHPO4 .12H20 .79
Distilled water to 1,000 mi

1?9 ml solution A + 81 ml solution B -+ 100 ml distilled water,

9. Acidic mercuric chloride

HgCl, | 59
HCI (conc) 20 ml

Distilled water 80 ml



Virulence of strains of Staphylococcus aureus for mice of different ages by
Sheila McKay and J. P, Arbuthnott (Department of Microbioclogy, University of
Glasgow, Glasgow and Department of Bacteriology, The Royal Infirmary,
Glasgow, G4 OSF.

Man is probably most susceptible to acute staphylococcal infection in
infancy, With a view to developing an animal model for experimental staphylococcal
infection we examined the influence of age on the susceptibility of CD =l strain
mice to Staphylococcus aureus.

Six stralns of staphylococcl of different origin were selected for the
study; these had different toxin and enzyme patterns, Standardised suspensions,
frozen in small volumes in liquid nitrogen (~196°C) were used as Inocula for each
animal experiment in which 2l-day, 10~day and 3=day old animals were challenged
subcutaneously with 104; 106 and 108, colony forming units (c.f.u.). In every
case the 3~day old anim%ls were énosf susceptible showing a high mortality rate
when challenged with 10° and 10° c,f.u. In general, at these doses, the animals
which survived in each age group developed superficial lesions. Certain strains
produced superficiol lesions at a dose of 104 ¢.f.u.

Virulence, assessed as the ability fo cause either death or lesions, varied
considerably among strains, the coagulase negative strain being the least virulent,
Interestingly, a non~toxinogenic, non=proteolytic, leucocidin producing strain
(SM 9) was comparable in virulence with the toxinogenic strains, The lesions
produced by strain SM 9 were of localised abscess type and differed from the more
widespread necrotic lesions produced by the toxinogenic strains, A detailed study
in neonatal mice challenged with 107 c.f.u. of sirain SM 9 showed that the
percentage mortality decreased markedly at 4 = 5 days of age; by 9 days of age
this had decreased to zero per cent,
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Comparison of the growth of two strains of Staph. aureus in vivo in the skin of
3-day old and 2l-day old mice by Sheila McKay and J.P. Arbuthnott,
(Department of Bacterlology, University of Glasgow, Royal Infirmary, Glasgow,
G4 OSF).

In a previous study (Shella McKay and J.P. Arbuthnott, (1973)
Proceedings for Soclety of General Microbiology |, 79) we showed that
neonatal CD -l mice are more susceptible to experimental staphylococcal
infection than adult mice. Two of the six stralns of staphylococei used in
that study, nomely SM 9 and SMIO were selected for a further comparative
study of growth In vivo; these sirains differed in toxin/enzyme patterns but
not in virulence for neonatal mice. .

Groups of 60 ~ 100 mice of each age group were challenged sub-
cutaneously with 10° colony forming units (c.f.u.) of efther SM 9 or SM 10,
At various time intervals after chullerye the number of viable staphylococcl
in a piece of skin approximately 4 cm® in area contalning the injection/lesion
site was counted. We found that, for both strains SM 9 and SM 10, in both age
groups of mice only 5 = 10% of the inoculum was detectable at | hour after
injection. In the Zl-day old gnimals the numbers of viable staphylococci
increased to approximately 10° c.f.u. within 48 hours; thereafter the numbers
decreased to a normal control level of 103 c.f.u. However, In 3-day old mice
both strains multiplied rapldly to a similar level of 10! G.f.u./injection site at
which time the mice were moribund. Strain SM 10 was able to multiply approximately
1,75 times faster than SM 9.

The histology of the lesion sites in the neonatal mice at 14 hours ofter
challenge confirmed that the strains produced different lesion types; SM 9
produced a classical abscess type lesion whereas SM 10 produced a necrotic lesion.

It is hoped that this experimental model will provide a basis for further
study of the factors affecting staphylococcal pathogenicity.
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Effects of staphylococcal products on locomotion of human blood neutrophils

and monocytes by R.J. Russell, R.J. Mclrway, P.C. Wilkinson, Sheila McKay
and Christine MacCariney, (Deportment of Bacteriology and Immunology,
University of Glasgow and Drepartment of Bacteriology, Royal Infirmary, Glasgow).

The effect of staphylococcal products on the locomotion of human
leucocytes in Boyden chemotaxis chambers was studied.

Washed staphylococcal calls had little direct effect on leucocyte
locomotion. By contrast culture supernatants contained both chemotactic
factors and factors which inhibited chemotaxis. Of the 9 strains tested, 4
produced direct chemotactic activity for monocytes up to a dilution of | in 1000
whereas none of the supernatants showed direct activity for neutrophils at this
dilution. FHowever, staphylococcl and their products were chemotactic for
neutrophils in the presence of serum complement. Also, when tested at a
dilution of | in 1000, 7 of the 9 supernatants contained inhibitors of neutrophil
chemotaxis, whereas only 3 contained inhibitory activity for monocytes.

Analysis of fractions obtained by preparafive isoelectric focusing of
a culture supernatant from Staph, aureus (Wood 46) revealed (a) monocyte
chemotactic activity was present over a wide pH range, (b) only traces of
neutrophil chemotactic activity were detected, (c) strong inhibitory activity
for monocyte locomotion was found in distinct peaks at pH 4.1, 4.6, 7.25,
7.4 -7,5,8,3-38,6,9.0and (d) marked inhibition of neutrophil migration
was detected ot pH 6.1, 6.6, 6,9-7.1, 7,5, 8,3 - 5.6, 8.9 - 9.0,

The activities of two highly purified staphylococcal toxins were now
examined, The u~toxin Inhibited locomotion of both monocytes and neutrophils
whereas B-toxin (sphingomyelinase C) had no effect on neutrophils at 104 HU/ml
but Inhibited monoeytes at a concentration of | HU/ml,
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