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ABSTRACT

Previous studies reported that clinical isolates of S. aureus may respond
differently following addition of UK to in vitro growth medium, suggesting that the
plasminogen activator influenced bacteﬁal growth (Hart et al., 1996 and Hart and Woods,
1994). Two animal models were developed to further investigate these findings in an in
vivo setting. CD1 mice and uPA-/- mice were intravenously inoculated with S. aureus
and found to develop bacterial colonization primarily of the kidney and some joints. The
uPA-/- mice were more susceptible to infection than the CD1 mice and also showed
bacterial colonization of the heart. Preliminary investigations revealed that an inoculation
dose of 10’ CFU per mouse was optimal with regard to the development of chronic

infection.

Using these two mouse models, UK responsive and UK non-responsive S.
aureus isolates were tested for in vivo correspondence to in vitro findings. From the
results, it appears that the in vitro UK phenotype does not overtly influence in vivo
pathogenicity. When bacterial colonization of the kidney and mortality in vivo were
assessed, UK responsive and UK non-responsive S. aureus isolates displayed similar
results. The MSSA isolates tested did however show increased virulence compared to the
MRSA isolates tested. This investigation also indicated that gender has an influence on
bacterial colonization. Female mice were more susceptible to MRSA colonization and
mortality than identically treated male mice, and castration of CD1 male mice resulted in

an increase in bacterial colonization of the kidney, knee joint and elbow joint.
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CHAPTER 1

INTRODUCTION

L1 STAPHYLOCOCCUS AUREUS
Staphylococcus aureus is one of the most important and widespread hospital
pathogens known. It is a gram-positive coccus, often found as part of the normal flora of

humans, which seizes the opportunity to cause disease in situations of host compromise.

1.1.1. Pathogenicity

How a microorganism causes disease is multifactorial, usually involving at
least four different steps. The first step is adherence, which is necessary so that the
bacteria can begin to colonize a specific area. Adherence is facilitated through
attachment by bacterial adhesins (Salyers and Whitt, 1994). Staphylococci can possess
over 8 different virulence factors involved in attachment (Projan and Novick, 1997).
Multiplication of the microorganism follows, allowing bacterial colonization. To ensure
survival, the bacteria now require means to evade host defense mechanisms. A number
of the virulence factors that Staphylococcus aureus can produce to protect itself from host
destruction are discussed below.

Some strains of S. aureus possess an extracellular polysaccharide capsule
which covers the surface of the bacterium. The role of the capsule is believed to protect
the bacteria from the inflammatory response of the host. Strains of S. aureus can be

mucoid and encapsulated or non-mucoid and encapsulated. The latter are referred to as
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“microcapsules” and are the most commonly found phenotype of clinical isolates

(Wilkinson, 1983). Lee and colleagues have found that mucoid capsulated forms of S.
aureus are more virulent than capsule-negative or capsule-deficient mutants, but
microcapsulated strains are not more virulent (Lee et al., 1987; Albus et al., 1991).

Bacteria such as S. aureus can also coat themselves with host-like proteins to
evade the host’s immune response. Protein A of S. aureus can bind to the Fc portion of
host antibodies, thus coating the bacteria with antibodies, but in a way that does not lead
to opsonization of the bacteria (Salyers and Whitt, 1994).

Other factors such as lipase, leukocidin, staphylokinase and fatty acid
modifying enzyme can also be produced by S. gureus to evade host immune responses.
Together, these bacterial components act to ensure the survival of the bacteria within the
host.

The fourth step to occur in bacterial pathogenesis is tissue destruction. This
also involves a large number of bacterial virulence factors, as well as the host immune
response. In gram positive bacteria, exotoxins are key virulence factors. Exotoxins are
toxic bacterial proteins which are usually secreted into the medium by growing bacteria
(Brock and Madigan, 1991). Staphylococcus aureus strains can produce many different
exotoxins. Dermonecrotic toxin, enterotoxin and toxic shock syndrome toxin (TSST-1)
are just three toxins which S. aureus isolates can produce to aid in the development of
disease symptoms. Hydrolytic enzymes such as hyaluronidase and proteases are also
produced. They can degrade extracellular matrix components and thus disrupt host tissue

structure. Hydrolytic enzymes are also beneficial to the bacteria because they provide
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carbon sources and energy to the bacteria by breaking host polymers into usable low-

molecular-weight sugars and amino acids (Salyers and Whitt, 1995). Staphylococcus
aureus can also use enzymes such as DNAses to reduce the viscosity of debris from dead
host cells, thus allowing spread of the bacteria.

Bacterial cell walls are often associated with host tissue damage.
Peptidoglycan is the main structural polymer in the staphylococcal cell wall (Brock and
Madigan, 1991). Peptidoglycan is endotoxin-like in that it is pyrogenic, it activates the
host complement cascade and it generates chemotactic factors which can result in the
aggregation and lysis of blood components (Salyers and Whitt, 1997).

It is evident that Staphylococcus aureus has a diverse arsenal of components
and products that contribute to the pathogenesis of infection. Every strain of S. aureus
may not possess all of these virulence factors, but it should be noted that when these
components and products are present or being expressed, they may have overlapping roles

and can act either in concert or alone (Lowy, 1998).

1.1.2. Diseases

Staphylococcus aureus is the causative agent of many diseases. The majority
of S. aureus infections are acute and referred to as pyogenic or pus-eliciting, but the
organism does cause other types of infections. Some of the common ailments caused by
S. aureus are: pyodermas, scalded skin syndrome, nephritis, food poisoning, endocarditis,
pneumonia, arthritis, post-surgical wound infections and bacteremia (Projan and Novick,

1997; Brock and Madigan, 1991). Because of the large number of virulence factors S.
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aureus can possess and express, it is possible for all of these conditions to occur.

Although S. qureus is a pathogen, it is not always harmful and can be part of the normal
flora of humans. Up to thirty percent of the human population has S. aureus on their skin
with carriage being particularly common in healthcare workers (Siu, 1994). These people
are classified as symptomless carriers and appear to be healthy individuals, but are a
reservoir of the bacteria allowing for spread to others and possible harmful infection of

themselves at a later time.

1.1.2.1. Glomerulonephritis

Glomerulonephritis has often been reported to occur after staphylococcal
bacteremia and is often associated with endocarditis (reviewed in Yoh et al.,, 1997).
Staphylococcal infection may also play a role in some forms of primary
glomerulonephritis (Sato et al., 1979; Spector et al., 1980). Glomerulonephritis findings
can include glomerular lesions associated with visceral abscesses caused by the
staphylococcal infection and immune complex deposits within the kidney (Spector et al.,
1980). Staphylococcus enterotoxins are known to act as superantigens and have been
reported to be involved in the pathogenesis of glomerulonephritis foilowing
staphylococcal infection (Koyama et al., 1995). This results in the over activation of host
T-cells and the excessive production of cytokines which can lead to a variety of

symptoms including shock (Salyers and Whitt, 1995).



1.1.2.2. Bacterial Arthritis

Infectious arthritis, septic arthritis and suppurative arthritis are all comparabie
terms that imply an infectious pathogen, such as bacteria, and is responsible for an
inflammatory reaction in the joint (Gentry, 1997). The development of bacterial arthritis
is a potentially life-threatening condition that requires prompt medical attention. Bacteria
may spread to the blood and individuals can become septicemic. Staphylococcus aureus
is the most common pathogen causing non-gonococcal bacterial arthritis and accounts for
some 80% of cases (Mikhail and Alarcon, 1993). The synovium of joints is a highly
vascular connective tissue without a basement membrane and, thus is susceptible to
hematogenous seeding of bacteria (Gentry, 1997). Bacteria can also be introduced into
the joint through surgery or a penetrating wound. Once the bacteria are present in the
joint, host inflammatory mediators are released in large amounts which leads to synovitis,
with the potential for subsequent cartilage and subchondral bone destruction (Bremell et
al., 1991). A number of S. qureus virulence factors have been investigated to determine
their role in bacterial arthritis (Gemmell et al., 1997; Abdelnour et al., 1993; Cunningham
et al., 1996). Factors such as a- and B- haemolysins, protein A, and coagulase are
thought to be important in the pathogenicity of S. aureus in bacterial arthritis (Gemmell et
al., 1997; Nilsson et al., 1999). The outcome of bacterial arthritis depends on multiple
associated factors, with prognosis poor in certain groups (Goldenberg and Reed, 1985;
Bremell et al., 1990). Risk factors include impaired host defense mechanisms resulting
from the use of immunosuppressive drugs, chronic illnesses such as diabetes, as well as

previous joint damage (Bremell et al., 1990; Goldenberg and Reed, 1985). Other



6
destructive joint diseases, such as rheumatoid arthritis, are related to an increased

incidence of bacterial arthritis (Abdelnour et al., 1994; Cunningham et al., 1996). In
general, if early diagnosis is made and treatment is initiated immediately, less sequelae

will result.

1.1.2.3.  Endocarditis

Endocarditis is defined as the inflammation of one or more heart valves and
can be caused by a number a different pathogens. As with any condition involving the
heart, endocarditis can be fatal because destruction of the valves and surrounding heart
tissue can lead to heart failure (Salyers and Whitt, 1994). The prevalence of S. aureus
endocarditis has increased and now accounts for 25 to 35 percent of cases in some locales
(Sanabria et al., 1990; Sandre and Shafran, 1996). Staphylococcus aureus is an ideal
endocarditis pathogen as the organism possesses a number of virulence factors which
enables it to establish the disease (Ing et al., 1997). This disease occurs frequently in
intravenous drug users, elderly patients, hospitalized patients and patients with prosthetic
valves. Initially, endocarditis may present with fever and malaise therefore making
diagnosis difficult and often missed (Marantz et al., 1987). Depending on underlying
complications, endocarditis can be treated or be fatal as mentioned earlier.
Staphylococcus aureus is also one of the most common pathogens in nosccomial and
prosthetic-valve endocarditis (Lowy, 1998). Prosthetic-valve endocarditis is often

fulminant and is characterized by the formation of myocardial abscesses and the
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development of valvular insufficiency, often requiring surgery and replacement of the

colonized valve.
1.1.3. Antibiotic Resistance

With time, and the increasing use of antibiotics, bacteria tend to adapt to their
environment in order to survive (Jacoby et al., 1991). These steps in evolution tend to
make the bacteria even more of a health risk than they already are and extremely difficult
to control. Increasing bacterial resistance to many antibiotics that once readily cured
bacterial diseases is cause for increasing concern. With each passing decade, bacteria that
defy not only one, but muitiple antibiotics have become increasingly common (Levy,

1998).

1.1.3.1.  Methicillin-resistant Staphylococcus aureus (MRSA)

Staphylococcus aureus developed resistance to penicillin via a plasmid and an
extracellular enzyme called penicillinase. Penicillinase, or also referred to as p-
lactamase, hydrolyzes the B-lactam ring of the penicillin thereby making it inactive
(Labischinski, 1992). Methicillin, a semisynthetic derivative of penicillin not susceptible
to penicillinase, was then developed to treat S. aureus infections and subsequently,
methicillin-resistant Staphylococcus aureus (MRSA) have appeared. First identified in
1961, MRSA, which is also referred to as multiple resistant S. aureus, is emerging as a
problem in countries all around the world (Akram and Glatt, 1998; Voss et al., 1994;
Dunford, 1997). Initially, MRSA was mainly a problem among adults, but now is highly

prevalent in pediatric populations (Boxerbaum et al., 1988). Colonization and/or
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infection with MRSA tends to occur in seriously ill patients who have compromised

defense mechanisms or require intensive care, broad spectrum or high-dose antibiotic
therapy and frequent or prolonged hospital exposure (Boxerbaum et al., 1988). In some
hospitals, more than sixty percent of S. qureus strains are resistant to methicillin and
many of these are cleared only by glycopeptide antibiotics, like vancomycin (Levy, 1998).

This development is not only a threat to lives but is also a huge financial cost on society.

1.1.3.2. Emergence of MRSA

Staphylococci become resistant to methicillin through the acquisition of a
chromosomal gene (mecA) which encodes an alternative target that is not inactivated by
B-lactams (Jacoby and Archer, 1991). The mecA gene encodes a penicillin-binding
protein (PBP), PBP2a, that has a low affinity for f-lactams and that can substitute for the
function of other B-lactam-susceptible PBPs in the bacterial cell wall (Archer and
Niemeyer, 1994). The exact origin of the mecA gene is unclear, but there have been two
main speculations. The first speculation involves horizontal transfer and a multiclonal
theory where PBP2a is adapted from other bacteria or even genera (Labischinski, 1992;
Archer and Niemeyer, 1994; Archer et al., 1994). In comparing PBP of different species,
PBP2a of S. aureus resembles PBPS and PBP3 of Enterococcus hiriae and PBP2 and
PBP3 of Escherichia coli (Piras et al., 1993). The 2 kb mecA gene and flanking DNA are
unique to MRSA with no allelic equivalent found in methicillin-susceptible S. aureus
(MSSA), a finding which also suggests horizontal transfer as the route of gene acquisition

(Beck et al., 1986). The second theory is one that follows vertical transfer and
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subsequent evolution. Some MRSA appear to be descendants of a single clone and

through time have formed a single, related lineage of MRSA (Musser and Kapur, 1992).
Although, the first theory of horizontal transfer seems to have a stronger case, neither

theory has been fully proven or refuted.

1.1.3.3. Future Concerns - Emerging Resistance

Since the emergence of MRSA, the glycopeptide vancomycin has been the
only uniformly effective treatment for staphylococcal infections. As of 1996, four clinical
cases of S. aureus with reduced susceptibility to vancomycin were identified worldwide
(Smith et al.,, 1999). Emergence of forms lacking sensitivity to vancomycin, called
glycopeptide-intermediate Staphylococcus aureus (GISA), signifies that wvariants

untreatable by every known antibiotic may be evolving.

1.1.3.4.  Current Treatments

Treatment of S. aureus infections should be based on the antimicrobial
susceptibility profile of the organism. Penicillin remains the drug of choice if the isolate
is sensitive to it, but 70 to 80 percent of S. aureus isolates are resistant to penicillin
(Atkinson and Lorian, 1984). A semisynthetic penicillin such as methicillin is indicated
for B-lactamase producing strains. Vancomycin is the drug of choice for MRSA isolates.
The glycopeptide-intermediate strains reported to date have been sensitive to
chloramphenicol, gentamicin, rifampin, trimethoprim-suifamethoxazole, and tetracycline

(Hiramatsu et al., 1997; Tenover et al, 1998). Antibiotic treatment in parallel with
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surgical debridement may be necessary to treat cases involving GISA strains (Fowler et

al., 1998; Ingerman and Santoro, 1989). Prolonged exposure of a patient to one specific
antibiotic should be avoided to inhibit the development of antibiotic resistance, a sequelae
which further complicates treatment options. Antimicrobial combinations have been used
in some cases to increase bactericidal activity and to prevent the emergence of resistance

(Chambers, 1997).

1.2. PLASMINOGEN ACTIVATORS

Plasminogen activators have an ubiquitous distribution in the body, usually in
low concentrations. The inactive enzyme, plasminogen, is converted to an active
proteinase, plasmin, by the action of plasminogen activators such as urokinase (UK). The
end-product of this reaction, plasmin, is a trypsin-like endopeptidase responsible for the
degradation of fibrin (Christman et al., 1977). Plasmin substrates include casein, cell
membrane proteins, immunoglobulins, complement components and factors from the
clotting cascade. With the introduction of plasmin, the complement system can become
activated and an accumulation of polymorphonuciear cells (PMNs) occurs through the
generation of C3a. Mammalian plasminogen activators can be divided into two main
groups, urokinase plasminogen activator (u-PA), which is the most abundant, and tissue
plasminogen activator (t-PA) (Hart and Rehemtulla, 1988). Urokinase plasminogen
activators are the primary plasminogen activator in connective tissues, including skin, and
is expressed by inflammatory cells such as macrophages and PMNs, whereas t-PA is the

primary fibrinolytic enzyme of the vasculature (Hart, 1992; Hart and Woods, 1994). Both
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activators activity are tightly regulated by cytokines, growth factors and by specific

inhibitors (Zavizion et al., 1997).
1.2.1. Urokinase Plasminogen Activator

Urokinase was first described by Sahli in 1885 and subsequently has been
purified from human urine, allowing for further investigations of the protein. It is
synthesized as a single chain protein which must be proteolytically cleaved to yield an
active enzyme. Active enzyme is comprised of two subunits, one with catalytic activity
and another non-catalytic, and can be found in two forms, one of high molecular weight
(54 700 kDa) and a lower molecular weight form (31 500 kDa) (Christman et al., 1977).
The kidneys have a high concentration of UK because of the rich blood supply and a
complicated network of tubules to keep functional (Wagner et al., 1996). Urokinase is
actively synthesized by renal tubule cells. Another organ which UK is of importance is in
the lung. Here, UK assists in the maintenance of well aerated alveoli and prevention of

fibrin deposition within the lung (Hart, 1992).

1.2.2. Bacterial Plasminogen Activator-like Proteins

Many clinical strains of S. aureus produce a bacterial PA-like protein
staphylokinase, and acquire host plasminogen which can then be activated by u-PA or t-
PA (Christner and Boyle, 1996). Staphylokinase is not an enzyme, but a protein which
forms a complex with plasminogen leading to direct activation of the enzyme. The
organism then uses the activated complex for growth and invasion (Zavizion et al., 1997;

Boyle and Lottenberg, 1997). Hart and Woods (1994) demonstrated that specific host
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proteinases such as UK can stimulate the in vitro growth of blood-derived

microorganisms especially when the initial inoculum is low. Urokinase enhanced the
growth of some gram-negative bacteria, gram-positive bacteria and stimulated the growth
of yeast (Hart and Woods, 1994). Examination of a larger panel of clinical isolates of S.
aureus revealed that some isolates were responsive to UK enhancement of growth and
others were not (Hart et al., 1996). Only 1/26 Canadian MRSA isolates (isolate 456)
were UK responsive, whereas over fifty percent of MSSA were UK responsive. MRSA
456 (isolated from a rectal swab) was one of two isolates harvested from a patient and
responded to as few as 50 U UK/ml within 9 hours of incubation. The other isolate,
MRSA 457, removed from a hip abscess, was consistently nonresponsive to UK even
though it was also a MRSA. Urokinase responsiveness in vitro thus defines a subset of

both MRSA and MSSA isolates.

1.3. ANIMAL MODELS

Animal models provide an in vivo means of testing and incorporating those
variables not present in vitro. Models are developed to mimic specific diseases or
specific disease situations. With the use of animals, studies on the mechanisms by which

microorganisms infect and cause disease have been greatly facilitated.

1.3.1. Staphylococcus aureus Mouse Models
Many animal models have been developed to study different S. aureus

infections. The problem of obtaining meaningful infection models have been
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compounded by the resistance of test animals to challenge with these organisms (Adlam,

et al., 1983). In most circumstances, very large numbers of bacteria are required to
establish infections. The route of inoculation has an impact on the outcome of the
disease. When comparing routes of inoculation using the same strain, it has been
reported that infection by the intracardiac, intraperitoneal, intracranial, intrahepatic and
intrasplenic routes resulted in the most deaths, with deaths occurring more rapidly than
other routes (Smith et al., 1960). Interestingly, the events preceding death were similar

regardless of route of challenge.

1.3.1.1.  Kidney Abscess Animal Model

S. aureus injected intravenously appeared in the urine of test animals, not from
secretion or excretion by the kidney, but from the formation of lesions in the kidney
(Dyke, 1923). It has been suggested that the production of coagulase by S. aureus might
allow clumping and coagulative necrosis to occur in the kidney which would prevent
passage through into the urine (De Navasquez, 1950; Smith and Dubos, 1956). However,
some coagulase-negative mutants behave in a similar manner to coagulase producing
strains, thus coagulase production alone could not be responsible for kidney abscess
formation (Li and Kapral, 1962). Staphylococcus aureus o-toxin is also thought to
contribute to colonization of the kidney, as a-toxin negative mutants failed to multiply in
the kidney although initial lodgment numbers were comparable to a-toxin positive strains
(Kapral, 1974). Gorrill found the IDs by the intravenous route to be approximately 108

and the number of organisms required to infect the mouse kidney was not reduced by
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animal passage (Gorrill, 1958). Intravenous challenge with more than one S. aureus

strain demonstrated that individual kidney abscess foci were produced by individual
strains (Gorrill, 1958).

Lee and colleagues used a mouse abscess model to study the role of the mucoid
phenotype on the pathogenecity of S. aureus strains (Lee et al., 1985). Following
inoculation of C57BI mice with mucoid and non-mucoid strains, all organs were cleared
of the bacteria except the kidneys. The mucoid strain induced evident renal abscesses,
whereas the non-mucoid strain induced minimal abscess formation (Lee et al., 1985).
Interestingly, further studies with just the non-mucoid strain showed renal lesions began
to resolve after one week post-inoculation and by day 24 approximately eighty percent of

mice had sterile kidneys (Lee et al., 1989).

1.3.1.2.  Bacterial Arthritis Animal Model

Controlled studies of bacterial arthritis in humans are obviously difficult to
undertake so animal models have also been developed to perform research in this area.
There are two different methods of bacterial inoculation that have been employed to
induce bacterial arthritis in animal models. Bremell and colleagues developed an arthritic
mouse model using an intravenous administration of 10 cells of S. aureus into the mouse
tail (Bremell et al., 1991). This protocol resulted in no detectable septicemia, indicating
that the bacteria remain in the blood for a short time. The bacteria were also shown to

colonize the spleen and kidney (Bremell et al., 1991). Other attempted routes (ie:
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intraperitoneal and subcutaneous) of inoculation did not lead to arthritis and the disease

process required the injection of live microorganisms.

The second animal model of bacterial arthritis involves injection of the knee
joint with the antigenic components of bacteria or whole bacteria (Keystone et al., 1977;
Bremell et al., 1991). Within 48 hours after inoculation, the injected joints were swollen
and arthritis was evident. This model may resemble infections obtained from joint
penetration, but the hematogenous route of infection is the most common cause of
bacterial arthritis, and hence direct injection of the joint is the least popular of the two

models presented.

1.3.2. Urokinase Plasminogen Activator Deficient Mouse

When developing an animal model for research, genetic manipulation can often
be useful. Animals with a loss of a gene, or knockouts, first must be examined for any
side effects of the genetic disruption before further experiments can be confidently
performed with them as the animal model. Urokinase plasminogen activator deficient
mice (uPA-/-) lack uPA at the genomic, mRNA, protein and enzyme activity levels
(Carmeliet et al., 1994). This allows the role of uPA to be evaluated without interfering
with any other normal activities.

Urokinase deficient mice have a normal phenotype under non-stressful
conditions (Carmeliet et al., 1994). They appear to live a normal mouse lifespan and
reproduce as per usual. However, some infections such as Cryptococcus neoformans and

botryomycosis have been shown to be more detrimental to uPA-/- mice than to uPA+/+
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controls (Gyetko et al., 1996; Shapiro et al., 1997). The protozoan pathogen

Prneumocystis carinii also requires uPA for clearance. Following inoculation with P.
carinii, mice deficient of UK developed heavy pneumonia and exhibited decreased
accumulation of inflammatory cells when compared to positive control mice (Beck et al.,
1999). Wound healing is also impaired in urokinase deficient mice. These findings
imply that although the uPA-/- mice appear “normal” they may be more susceptible to

certain infectious conditions.

1.3.3. Gender Differences

Sex hormones have been known to influence infections, sometimes making
one gender more susceptible to a pathogen than the other gender. Androgens and
estrogens can act in either a positive or negative manner in the development of a disease.
Testosterone has been shown to act synergistically with antibiotics to prevent or clear
infections and has been associated with the prevention of paralysis in rats inoculated with
herpes simplex virus (Atef and Sokkar, 1980; Yirrell et al., 1987). Some early reports
have indicated that sex hormones may influence bacterial growth and survival directly
(Warren et al., 1970), but this remains to be clarified with physiological levels of
hormones. Estrogens have a tendency to be more detrimental to the host in the
development of infections (Kinsman and Collard, 1986; Harle et al., 1975), but studies
have also shown the contrary (Best et al., 1986). Gender is known to influence

inflammatory and immune responses (reviewed in Yung, 1999) and gender differences in
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the regulation of fibrinolysis have also been reported (reviewed in Hart, 1992) so gender

considerations may be operative at multiple levels.

1.4. RATIONALE FOR STUDY

To conclude, Staphylococcus aureus remains a prominent microorganism
causing disease. With a wide range of virulence factors and the development of antibiotic
resistance, treatment of S. agureus infections is becoming more challenging. MRSA
isolates are becoming more prevalent and strains of GISA have now surfaced. It is
thought that the trend of antibiotic resistance will continue, possibly taking us back to a
situation like the pre-antibiotic era.

Plasminogen activators such as UK have been shown in vitro to enhance the
growth of some strains of bacteria including MRSA and MSSA isolates. Plasminogen
activator-like proteins, such as staphylokinase, can be utilized for growth and invasion.
When formed, plasmin can degrade tissue matrix therefore allowing the bacteria to cross
barriers which are otherwise impermeable. The question then arises if the bacteria,
specifically S. aureus, can use host UK in vivo in the pathogenesis and development of
disease?

Previous animal models involving S. aureus have reported the development of
a range of diseases. Animal models have been used to study endocarditis, bacteremia,
joint inflammation, kidney disease and a range of other ailments. The gender of animals
can influence the onset of disease depending on the causative organism and the animal

model utilized. In some situations females may be more susceptible to infection and in
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others the male species is more prone to infection. Therefore some of these variables will

be investigated in the animal model to be used in this study.

1.5. HYPOTHESIS AND OBJECTIVES

The principal hypotheses are: 1) in vitro UK responsiveness of specific
isolates will influence S. aureus pathogenesis in mouse models and correlate with in
vitro findings, and 2) there will be a gender difference in the susceptibility to
infection with S. aureus.

The objectives of this thesis are to develop an animal model involving S.
aureus infection and use this animal model to: 1) determine if in vitro bacterial UK
responsiveness has an overt effect on in vivo pathogenesis; 2) compare MRSA isolates
with MSSA isolates with regard to pathogenesis and; 3) determine if there is a gender
difference in susceptibility to S. aureus. The primary aims of the investigations presented
are:

1. To develop an animal model to study S. qureus infection and characterize the natural
history of the infection.

2. To assess the survival rate and bacterial colonization of mice inoculated with in vitro
UK responsive and UK non-responsive isolates of MRSA and MSSA.

3. To determine the influence of gender on the development of disease by S. aureus
through mortality and colonization studies.

4. To analyze histological changes of affected organs in the different treatment groups.
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CHAPTER 2

MATERIALS AND METHODS

2.1. BACTERIAL ISOLATES

Table 1 lists the clinical isolates of Staphylococcus aureus used in the current
studies. Methicillin-resistant Staphylococcus aureus 456 was isolated from a rectal swab
of a patient, while MRSA 457 was isolated from a hip abscess of the same patient. For
MSSA isolates, HR78 was isolated from sputum and CSA-1 was isolated from a hand
abscess of two different patients. Both MRSA 456 and MSSA HR78 show enhanced
bacterial growth when urokinase is added to the in vitro growth medium (Hart et al.,
1996). Methicillin-resistant Staphylococcus aureus 457 and MSSA CSA-1 show no
enhanced growth response to urokinase in vitro. All of the isolates were obtained through
the Office of Infection Control at the Calgary General Hospital - Bow Valley Centre

(Calgary, Alberta) and have been used in previous studies (Hart et al., 1996).

Table 1. Features of MSSA and MRSA clinical isolates

Staphylococcus aureus isolate  Isolate source  In vitro urokinase responsive

MRSA 456 rectal swab yes
MRSA 457 hip abscess no
MSSA HR78 sputum yes

MSSA CSA-1 hand abscess no




2.1.1. Culture Conditions and Inoculum Preparation

Bacterial cultures were stored at -70°C using clearly labeled Microbank™ vials
(Pro-Lab Diagnostics, Richmond Hill, Ontario). Microbank™ is a sterile vial containing
porous beads which serve as carriers to support microorganisms. When a fresh culture
was required, a single bead was aseptically removed from the appropriate vial and used
directly to streak trypticase soy agar (DIFCO Laboratories, Detroit, MI). The plate was
then incubated at 37°C overnight and the culture was checked for purity. A few single
colonies of bacteria were then inoculated into 1/10 tryptic soy broth (DIFCO
Laboratories, Detroit, MI) in minimal salts medium (M9) with glucose and grown
overnight in a shaking water bath (50 oscillations/minute) at 37°C. Samples were then
alternately centrifuged and washed with cold sterile PBS (pH 7.2) for a total of three
cycles. Centrifugation was for 10 minutes at 4°C and 7000 x g in a Sorvall Superspeed
centrifuge. The final bacterial concentrates were resuspended in 5ml of sterile PBS, and
aliquoted to be stored at -70°C. The number of organisms in the samples was determined

by standard dilution technique and plate counts.

2.2. ANIMAL MODEL

Two strains of mice were used as animal models in these studies. The mice
utilized were, male and female CD1 mice, obtained from Life & Environmental Sciences
Animal Resource Centre, University of Calgary, Calgary and male and female uPA-/-
mice originally obtained from Dr. Peter Carmeliet at The University of Leuven, Belgium.

Prior to inoculation, bacterial harvests were thawed, serially diluted and plated out on
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mannitol salt agar plates (DIFCO Laboratories, Detroit, MI) to quantify viable organisms.

The bacterial concentrates were then diluted with sterile PBS (pH 7.2) to the appropriate
concentration (10° CFU/ml) to give an inoculum of approximately 10’ CFU per mouse in
a volume of 100ul. Most of the experiments performed used an inoculation dose of 10’
CFU per mouse. Because an exact CFU count is difficult to obtain, the inoculation dose
ranged from approximately 9x10°® CFU/mouse to 2x10’ CFU/mouse. Inoculum dosage
for each experiment was recorded. This dilution was found to be optimal in preliminary
experiments. Depending on the mouse strain, doses of organisms less than 10’
CFU/mouse induced inconsistent or no chronic infection, whereas a dose of 108
CFU/mouse resulted in rapid illness and mortality in a high percentage of the mice. [n the
dose response experiments in uPA-/- mice, the appropriate dilutions were made to
achieve the desired inoculation dosage in a volume of 100ul. Injections were
administered intravenously via the tail using a sterile 30 gauge needle. Upon the
completion of inoculations, the bacteria were again plated to verify the concentration of
the inoculum.

Mice were housed in groups determined by infectious agent, in enclosed
shelved cabinets with filtered air flow. They were given water ad libitum and fed a
pelleted commercial rodent diet. Animals were maintained in accordance with the Guide
to the Care and Use of Experimental Animals approved by the Canadian Council for
Animal Care and the use of mice was reviewed and approved by the University of

Calgary animal care committee.
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2.2.1. Castration of CD1 mice

Three week old male CD1 mice were anesthetized and surgical castration
performed using an abdominal approach (Olson and Bruce, 1986). Incisions were sutured
and tissue glue applied to close the skin. All of the mice were closely monitored until
complete recovery (>95% survival) and maintained until 8-10 weeks of age. Animals

were also assessed at the time of sacrifice to confirm completeness of the operation.

23. ASSESSMENT OF INFECTION

Mice were monitored on a daily basis for signs of illness and sacrificed
immediately if they appeared to be under extreme stress (mice sacrificed at grade 3,
assessed with a pre-set scoring system, Table 2.). At the time of sacrifice, mice were
anesthetized and bled by cardiac puncture to collect serum. Serum was clearly labeled and
tested for Murine Hepatitis Virus (MHV), as presence of MHV may complicate the
experimental results. The serum was then frozen at -70°C. Whole organs such as the
liver, lung, spleen, heart and kidney were routinely aseptically harvested, placed in sterile
PBS and weighed. Joints such as the knee and elbow were also removed in certain
experiments and treated in the same manner. Organs were removed in a manner to
reduce contamination by any other tissues such as adipose. The harvested knee consisted
of a portion from the mid-femur to mid-tibia/fibula and the elbow sample was from the
mid-humerus to mid-radius/ulna. In addition to visual observation of the tissues,
quantitative bacteriology was performed on each tissue and/or joint sample. Whole

samples were homogenized under sterile conditions, using a Polytron PT 2100
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homogenizer (Kinematica AG Dispersing and Mixing Technology, Switzerland) at 24

000 rev/min for approximately 30 seconds. On occasion, joint samples required longer
durations of homogenizing. During this time, all samples were kept on ice and the
homogenizer was washed thoroughly and sterilized after every sample. Individual organ
or joint weight was determined and homogenates serially diluted in sterile PBS and plated
out on mannitol salt agar to determine bacterial counts per gram of corresponding sample.
Routinely, four serial dilutions per sample were spot plated and average CFU counts
calculated with the growth from as many dilutions as possible. Dilutions with extreme
bacterial growth were considered to have too many bacterial colonies to count (TMTC).
Only those dilution spots with distinct single colonies were used for calculations.
Experimental groups started the procedures with a ‘n’ value that would allow for

statistical analysis. The ‘n’ of an experimental group for most experiments was n=1042.

In repeat experiments with a higher chance of mortality, the number of animals/group was
raised accordingly (n=15-25).

Bacterial counts were expressed as log)o transformed mean values and SD per
gram of tissue. Statistical analysis of bacterial colonization differences between male and
female mice, MRSA 456 and MRSA 457 colonization, and CSA-1 and HR7$
colonization was determined by Student’s ¢ test. Fisher’s test was used to compare the
proportion of chronic colonization between the different genders. The significance level

was established at P<0.05.



Table 2. Scoring system for experimental mice

Grade Symptoms
Grade 0  -healthy animal
Grade 1 -floppy tail
Grade2 -floppy tail
-fur is not well maintained
Grade3 -floppy tail
-hyporesponsive when touched
-incontinence
Grade4 -moribund
2.4. HISTOLOGY

six weeks, kidneys and knees were aseptically removed for histological processing and

At different time points post-inoculation such as two weeks, four weeks, and

fixed in 10% neutral buffered formalin. Paraffin and methyl methylacrylate (MMA)

embedding were performed and blocks sectioned using standard methodology. Paraffin

sections were stained with hematoxylin and eosin (H&E) or Gram stain, and Lee’s

methylene blue-basic fuchsin was used on the MMA sections to highlight bacterial

colonies (Bennett et al., 1976). Prepared slides were analyzed for the extent of
inflammatory cell infiltration, bacterial colonization and tissue destruction. Samples from

different time points, different mice strains and from mice inoculated with different

bacterial isolates were compared.



CHAPTER3

RESULTS

3.1. CD1 MOUSE MODEL
3.1.1. Organ Colonization

To assess the establishment of infection following intravenous S. aureus
inoculation of CD1 mice, the colonization of different mouse organs was analyzed 48
hours post-inoculation. Organs with bacterial counts greater than 0.1% of the inoculum
were considered as colonized. Inoculation of male and female CD1 mice with MRSA
resulted in 100% colonization of the mouse kidneys (Fig. 1). Minimal colonization of the
liver and heart were observed following MRSA 456 inoculation, but not with MRSA 457
inoculation, and no colonization of the lung and spleen were ever observed. Patterns of
colonization for MSSA isolates were similar to those following MRSA inoculation, with
the kidney again being the predominant organ colonized (data not shown). If a bacterial
count lower than 10* (0.1%) defined colonization, the results would be similar. If one
bacterial colony in the neat sample, deemed an organ colonized, the kidney wouid still be
the predominant organ colonized, with heart and liver colonization increasing by a
maximum of 20%. Mouse organs not colonized with 0.1% of the inoculum, generally
showed no viable bacteria in the tissue. Bacteria that are passing through an organ

following inoculation, eventually to be cleared, would not show a CFU count of 0.1% of

the initial inoculation dose at 48 hours post-inoculation.



Figure 1. Pattern of colonization of CD1 mouse organs by MRSA
CD1 mice were inoculated with 10’ CFU of either MRSA 456 or MRSA 457. After 48
hours, the mice were sacrificed and organs harvested and analyzed for S. aureus. Organs

with bacterial counts greater than 0.1% of the inoculum were considered as colonized.
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Visual observations of the kidneys inoculated with MRSA or MSSA, often showed the
development of abscesses on the surface of the organ, with abscess prevalence increasing

over time (Fig. 2).

3.1.2.  Chronic MRSA Infection

The CD1 mouse model used in this study was shown to lead to chronic kidney
infection, where inoculation of mice with either MRSA or MSSA failed to show
clearance of the inoculated bacteria up to 42 days post-inoculation (Fig. 3). Along with
kidney colonization, it was shown that the bacteria were being shed into the bladder, as
the bladder of chronically infected mice contained S. aureus (data not shown). The
finding of predominantly renal colonization is of interest since this organ is a site of
urokinase synthesis (reviewed in Hart, 1992). Thus, the animal model developed in this
study is similar to previously reported renal abscess models (Lee et al., 1985 and Adlam
et al., 1983) where chronic colonization by both MRSA and MSSA occurred, with the

kidney being the predominant organ colonized.

3.1.3. Kidney Colonization by MRSA

Kidney colonization was analyzed further to determine if MRSA 456 and
MRSA 457 behaved differently in vivo with respect to colonization. Both MRSA isolates
tested exhibited similar patterns of colonization in the female CD1 mice. With an initial
inoculation dose of 10’ CFU/mouse, over 28 days post-inoculation the CFU/g of kidney

tissue increased approximately one log value for both MRSA 456 and MRSA 457 (Fig.
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Figure 2. Development of abscesses in the kidneys of chronically infected mice

The kidney on the right is from a female CD1 mouse infected with 10’ CFU of MRSA
457, 4 weeks post-inoculation. The kidney on the left is from an age-matched control

mouse.



Figure 2. Development of abscesses in the kidneys of chronically infected
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Figure 3. Chronic colonization of CD1 male mice with MRSA 456

Male CD1 mice were inoculated with 10’CFU of MRSA 456. Kidneys were harvested
and analyzed for bacterial colonization up to 42 days post-inoculation. Of the colonized
mice, bacterial clearance from the kidney was not evident up to 42 days post-inoculation.

Data are log)o transformed averages and standard deviation of the means.
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4). The male CD1 mice showed similar results to those attained for the female mice (Fig.

5). MRSA 456 and MRSA 457 exhibited comparable colonization of the kidney at 14
days post-inoculation. Histological examination showed the presence of bacteria mainly
in the tubules of the kidney along with infiltration of host inflammatory cells. There did
not appear to be any obvious difference in histology between mice inoculated with

MRSA 456 or MRSA 457.

3.14. Survival and Colonization of MRSA Inoculated Mice

Survival of MRSA inoculated mice was assessed to compare the in vivo
behavior of MRSA 456 and MRSA 457 and to determine if a difference in susceptibility
between male and female mice to MRSA exists. Male CD1 mice inoculated with either
MRSA 456 or MRSA 457 had a 100% survival rate up to 28 days post-inoculation (data
not shown). Female CD1 mice were more susceptible than male mice to MRSA lethality,
following inoculation of either isolate of MRSA (Fig. 6). Inoculation of female mice
with MRSA 456 resulted in a total of 8/28 deaths and inoculation with MRSA 457
resulted in a total of 7/27 deaths. Assessment of bacterial counts in the kidneys of
surviving CD1 mice indicated that female mice displayed MRSA colonization levels 2
logs higher than the male mice colonized for the same period of time (Fig. 7). Female
mice dispiayed significantly greater colonization than the male mice with MRSA 456 and
MRSA 457 (P of <0.05). Following inoculation of MRSA isolates, there appeared to be a
gender difference in CD1 mouse survival and colonization, but the two isolates of MRSA
exhibited similar levels of colonization when the different isolates in the same gender of

CD1 mice were compared (Fig. 7).
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Figure 4. Colonization of female CD1 mice kidneys up to 28 days post-inoculation
of MRSA

Female CDI1 mice were inoculated with the indicated MRSA isolate and sacrificed at
varying time points post-inoculation. The kidneys were harvested and processed for
quantitative bacteriology. Data are presented as log;o transformed means +/~ standard

deviation of the means where n=10.
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Figure 5. Colonization of male CD1 mice kidneys up to 14 days post-inoculation of

MRSA

Groups of CD1 male mice were inoculated with either MRSA 456 or MRSA 457 and
sacrificed at different time points post-inoculation. Kidneys were harvested and bacterial
counts determined and expressed as CFU/g of kidney. Data are log;q transformed

averages and standard deviation of the means where n=10.
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Figure 6. Mortality of CD1 female mice inoculated with MRSA 456 isolate or

MRSA 457 isolate

Female CDI mice were inoculated with 10’ CFU and monitored up to 28 days post-
inoculation. Each group began the experiment with 27-28 animals. At 3 days, 7days, 14
days and 28 days post-inoculation randomly selected female mice (4-7/ time point) were
sacrificed and analyzed. Of the female survivors assessed at different time points, 100%

showed kidney colonization.
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Figure 7. Colonization of the kidneys of male and female CD1 wmice surviving to 28

days post-inoculation with MRSA

Colonization of the kidneys of male and female CD1 mice surviving inoculation with
MRSA 456 or MRSA 457. Kidneys were harvested and analyzed for bacterial counts.
Data presented are log)o transformed means +/- standard deviation of the mean. *,
significant difference between male and female mice at P of <0.05. **, significant

difference between male and female mice at P of <0.005.
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3.1.5. Survival and Colonization of MSSA Inoculated Mice

Two MSSA isolates, HR78 and CSA-1, were used to compare the virulence of
MRSA and MSSA isolates in the in vivo CD1 mouse model. The effect of gender on
susceptibility to MSSA infection as well as the influence of in vitro UK responsiveness
on in vivo growth were also evaluated. MSSA inoculation proved to be more lethal than
MRSA to both male and female mice (Fig. 8 and Fig. 6). Female mice tended to die early
in the experiment starting at day 2 post-inoculation, with mortality peaking around day 7.
By 14 days post-inoculation, approximately 25% of the initial mice inoculated with either
isolate of MSSA remained alive. Male mice inoculated with MSSA showed a more
gradual trend of mortality, with a final survival outcome similar to the female mice. To
examine the influence of MSSA isolates in the surviving mice, CFU/g of kidney tissue
was calculated for these mice (Fig. 9). Female and male mice surviving to day 14
exhibited similar levels of kidney colonization and there was no evident difference
between colonization by HR78 and CSA-1. Histological examination displayed no
evident difference between mouse kidneys inoculated with MRSA 456 and MRSA 457

(data not shown).

3.1.6. Influence of Castration on Infection by MRSA
To further explore the influence of gender on MRSA colonization, CD1 male
mice were castrated prior to sexual maturity and then inoculated with MRSA 456. Intact

age-matched male and female mice were inoculated at the same time as the castrated
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Figure 8. Mortality of CD1 mice inoculated with MSSA HR78 isolate or MSSA

CSA-1 isolate

Groups of male and female CD1 mice (n=12) were inoculated with MSSA and observed
for 14 days post-inoculation. Deaths were recorded daily. Fischer’s test revealed no
significant difference in mortality between groups inoculated with MSSA HR78 and

those inoculated with MSSA CSA-1.
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Figure 9. Colonization of the kidneys of male and female CD1 mice surviving to 14

days post-inoculation with MSSA

Colonization of the kidneys of male and female CD1 mice surviving 14 days post-
inoculation with MSSA HR78 or MSSA CSA-1. Kidneys were harvested and analyzed
for bacterial counts. Data are logjo transformed means where applicable and standard

deviation of the means.
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animals. MRSA 456 was arbitrarily chosen for the inoculum as both MRSA isolates

previously displayed a gender difference regarding bacterial susceptibility.

3.1.6.1. Kidney Colonization

At 30 days post-inoculation, the number of mice colonized with MRSA 456
was determined and the CFU/g of kidney tissue assessed (Fig. 10). Ninety-one percent of
female mice exhibited colonization of the kidney, 100% of castrated male mice had
kidney colonization and 67% of the male mice inoculated were colonized with MRSA
456. The number of castrated males colonized was significantly higher than colonization
of the non-castrated male mice (P of <0.05). Of the colonized mice, the female mice had
the highest average CFU/g of tissue, followed by the castrated males, and the male mice
had the lowest average CFU/g of kidney tissue. Kidney colonization was significantly

different between the male and female CD1 mice (P of <0.05).

3.1.6.2. Joint Colonization

The number of mice with MRSA colonization of the knee was determined and
the CFU/g of knee tissue calculated (Fig. 11). Sixty percent of female mice exhibited
colonization of the knee, 100% of castrated male mice had knee colonization and 11% of
the non-castrated male mice inoculated were colonized with MRSA 456. Colonization
numbers consistently decreased from female to castrated male to male mice. The number
of male mice colonized with MRSA 456 significantly differed from the castrated male

mice and female mice (P of <0.05).
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Figure 10. Effect of castration of male CD1 mice on colonization of the kidney by

MRSA 456

Female, male and castrated male CD1 mice were inoculated with 10’ CFU of MRSA 456.
At 30 days post-inoculation, the mice were sacrificed and kidneys analyzed for bacterial
colonization. Average CFU/g (log)o transformed) of kidney tissue of the mice colonized
are shown by the bars (mean +/- SD). The number of mice colonized out of the total
mice in that experimental group is displayed above the respective bar. *, significant
difference (student’s t-test) in average CFU/g of kidney tissue between male and female
mice at P of <0.05. =, significant difference (Fisher’s test) in extent of chronic

colonization between castrated and non-castrated male mice at P of <0.05.
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Figure 11. Effect of castration of male CD1 mice on colonization of the knee by

MRSA 456

Female, male and castrated male CD1 mice were inoculated with 10’ CFU of MRSA 456.
At 30 days post-inoculation, the mice were sacrificed and knees analyzed for bacterial
colonization. Average CFU/g (log)o transformed) of knee tissue of the mice colonized
are shown by the bars (mean +/- SD). The number of mice colonized out of the total
mice in that experimental group is displayed above the respective bar. *, significant
difference (Fisher’s test) in extent of chronic colonization between male and female mice
at P of <0.05. #, significant difference (Fisher’s test) in extent of chronic colonization

between castrated and non-castrated male mice at P of <0.05.
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The elbow was also analyzed for joint colonization (Fig. 12). Twenty percent

of both female and castrated male mice were colonized with MRSA 456 and none of the
male mice displayed elbow colonization. Elbow colonization was similar between the
female and castrated male mice. For a given gender, the average CFU/g of colonized
elbows was approximately one log factor lower than the average CFU/g of colonized
knees. Histological examination of the knee joint revealed microabscesses of bacteria
within the muscle and joint capsule (Fig. 13). There was also a high infiltration of
PMN’s within the joint along with cartilage and tissue destruction (Fig. 14). In response
to infection, the host tissue becomes fibrous which is clearly evident within the kidney

(Fig. 15).

3.2. UROKINASE DEFICIENT MOUSE MODEL
3.2.1. Organ Colonization

The colonization of different uPA-/- mouse organs was analyzed 48 hours post-
inoculation. Organs with bacterial counts greater than 0.1% of the inoculum were
considered as colonized, based on the same reasoning given for the CD1 mice.
Inoculation of male uPA-/- mice with MRSA resulted in 100% colonization of the mouse
kidneys and approximately 50% colonization of the heart (Fig. 16). Minimal colonization
of the liver was seen with both MRSA isolates and MRSA 456 was also shown to
occasionally colonize the lung. No colonization of the spleen was ever observed. Patterns
of colonization for MSSA isolates were similar to those following MRSA inoculation,

with the kidney again being the organ predominantly colonized (data not shown).
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Figure 12. Effect of castration of male CD1 mice on colonization of the elbow by

MRSA 456

Female, male and castrated male CD1 mice were inoculated with 10’ CFU of MRSA 456.
At 30 days post-inoculation, the mice were sacrificed and elbows analyzed for bacterial
colonization. Average CFU/g (log)o transformed) of elbow tissue of the mice colonized
are shown by the bars. The number of mice colonized out of the total mice is displayed

above the respective bar.
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Figure 13.  Histology of bacterial colonization of CD1 mouse knee

CD1 mice were inoculated with MRSA 456. One month post-inoculation the knee was
harvested and processed for embedding in MMA and staining with Lee’s Methylene Blue.
A) Normal mouse knee showing cell structure of healthy tissue. B) Infected CD1 mouse
knee displaying bacterial microabscesses and overall disarray of tissue structure.

Magnification 100X under oil immersion.
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Figure 13. Histology of bacterial colonization of CD1 mouse knee
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Figure 14.  Histology and tissue destruction evident in the knee of CD1 mice

inoculated with MRSA

CD1 mice were inoculated with MRSA 456. One month post-inoculation the knee was
harvested and processed for embedding in MMA and staining with Lee’s Methylene Blue.
A) Infiltration of host PMN cells into the knee joint. Magnification 100X under oil
immersion. B) Tissue and cartilage destruction within the knee joint. Magnification

40X.
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Figure 15.  Histology of the knee from CD1 mice inoculated with MRSA

CD! mice were inoculated with MRSA 456. One month post-inoculation the knee was
harvested and processed for embedding in MMA and staining with Lee’s Methylene Blue.

Evident fibrosis of the knee joint of an infected CD1 mouse. Magnification 40X.



60

Figure 15. Histology of the knee from CDI1 mice inoculated with
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Figure 16. Pattern of colonization of uPA-/- mouse organs by MRSA

uPA-/- mice were inoculated with 10’ CFU of either MRSA 456 or MRSA 457. After
48 hours, the mice were sacrificed and organs harvested and analyzed for S. aureus.
Organs with bacterial counts greater than 0.1% of the inoculum were considered as

colonized.
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3.2.2. Inoculum Dosage

Different bacterial inoculum dosages were utilized for inoculations to
determine the optimal bacterial dose to induce kidney colonization, with limited
mortality, in uPA-/- mice. Male and female mice were inoculated with the appropriate

dose of bacteria and monitored up to 2 weeks post-inoculation.

3.2.2.1. Female Survival and Kidney Colonization

Groups of uPA-/- female mice were inoculated with either 10%, 10°, 107 or 108
CFU of MRSA 456. Female mice inoculated with 10° CFU of MRSA 456 showed 0%
survival (Fig. 17). Inoculation of the mice with 10’ CFU had a slightly less detrimental
effect, with 53% of the mice surviving. At a bacterial dose of 10° CFU 80% of the mice
survived and at 10° CFU of MRSA 456, 83% of the inoculated mice survived up to 14
days post-inoculation. The majority of deaths in all of the inoculum groups occurred by
one week post-inoculation (Fig. 17). To examine the colonization of MRSA 456 in the
surviving mice, CFU/g of kidney was calculated for these mice (Fig. 18). Moving from
the lowest dose of bacteria to the highest, there is an increase in kidney colonization CFU
counts and the number of surviving mice colonized in the kidney. There were no
survivors from the 10® inoculum group to analyze. Female mice inoculated with 10° CFU
of MRSA 456 had no colonization of the kidney, which was significantly different from
both the 10° dose with 75% of the surviving mice colonized and the 107 dose with 7/7

surviving mice colonized (Fig. 18).



Figure 17. Influence of inoculation dose of MRSA 456 on mortality of female uPA-/-

mice

Female mice were inoculated with varyiné doses of MRSA 456 and monitored up to 14
days post-inoculation. Female mice inoculated with 10* CFU of MRSA 456 (n=6), 10°
CFU of MRSA 456 (n=5), 10’ CFU of MRSA 456 (n=13), or 10° CFU of MRSA 456
(n=9). *, significant difference (Fisher’s t-test) in the % survival between mice
inoculated with 10® CFU and 10’ CFU at P of <0.05. #, significant difference (Fisher’s
test) in the % survival between mice inoculated with 108 CFU and 10° CFU at P of <0.05.

& significant difference (Fisher’s test) in the % survival between mice inoculated with

10® CFU and 10 CFU at P of <0.05.
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Figure 18. Influence of inoculation dose of MRSA 456 on kidney colonization of

female uPA-/- mice

Female uPA-/- mice were inoculated with different doses of MRSA 456. At 14 days
post-inoculation, the mice were sacrificed and kidneys assessed for bacterial colonization.
There were no survivors inoculated with 10® CFU of MRSA 456. Average CFU/g (logjo
transformed) of kidney tissue of the mice colonized at different inoculation doses are
shown by the bars (mean +/- SD). The number of mice colonized out of the total
mice/group is displayed above the respective bar. *, significant difference (Fisher’s t-
test) in the extent of kidney colonization between mice inoculated with 10* CFU and 10°
CFU at P of <0.05. #, significant difference (Fisher’s test) in extent of chronic

colonization between mice inoculated with 10° CFU and 107 CFU at P of <0.05.
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3.2.2.2. Male Survival and Kidney Colonization

Groups of uPA-/- male mice were inoculated with either 10°, 10°, 10® or 10’
CFU of MRSA 456. Male mice inoculated with 10 CFU of MRSA 456 had a 100%
survival rate (Fig. 19). With an increase in inoculum dosage the survival rate decreased.
Mice inoculated with 10° CFU of MRSA 456 had a survival rate of 85%, mice with a 10°
CFU inoculation had a 83% survival rate and mice with a 10’ CFU inoculation had a 27%
survival rate (Fig. 19). The majority of deaths occurred prior to 5 days post-inoculation.
To examine the colonization of MRSA 456 in the surviving mice, CFU/g of kidney tissue
was calculated for these mice (Fig. 20). As the bacterial inoculum increases so did the
number of surviving mice colonized and the CFU/g of kidney tissue. Male mice
inoculated with 10° CFU of MRSA 456 had no colonization of the kidneys and this was
significantly different from mice inoculated with 10° and 10’ CFU of MRSA 456 which
both showed over 80% of kidneys colonized in surviving mice (P of <0.05). Surviving
male mice inoculated with 10° CFU of MRSA 456 had a 50% colonization rate in the

kidney.

3.23. MRSA Colonization of the Kidney

Kidney colonization was analyzed to determine if MRSA 456 and MRSA 457
behaved differently in vivo with respect to growth. MRSA 456 and MRSA 457 exhibited
similar patterns of colonization in the female CD1 mice. With an initial inoculation dose
of 10’ CFU/mouse, over 14 days post-inoculation the CFU/g of kidney tissue increased

approximately one log value for both MRSA 456 and MRSA 457 (Fig. 21). MRSA 457
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Figure 19. Influence of inoculation dose of MRSA 456 on mortality of male uPA-/-

mice

Groups of male mice were inoculated with either 10° (n=5), 10° (n=T7), 10° (n=6), or 10’
(n=22) CFU of MRSA 456. The mice were monitored up to 14 days post-inoculation,
when the survivors were sacrificed. *, significant difference (Fisher’s t-test) in the %
survival between mice inoculated with 10’ CFU and 10° CFU at P of <0.05. =, significant
difference (Fisher’s test) in the % survival between mice inoculated with 10’ CFU and

10° CFU at P of <0.05. @, significant difference (Fisher’s test) in the % survival between

mice inoculated with 107 CFU and 10° CFU at P of <0.05.
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Figure 20. Influence of inoculation dose of MRSA 456 on kidney colonization of

male uPA-/- mice

Male uPA-/- mice were inoculated with different doses of MRSA 456. At 14 days post-
inoculation, the mice were sacrificed and kidneys studied for bacterial colonization.
Average CFU/g (log;o transformed) of kidney tissue of the mice colonized at different
inoculation doses are shown by the bars (mean +/- SD). The number of mice colonized
out of the total mice in that experimental group is displayed above the respective bar. *,
significant difference (Fisher’s t-test) in the extent of kidney colonization between mice
inoculated with 10> CFU and 10° CFU at P of <0.05. #, significant difference (Fisher’s
test) in extent of chronic colonization between mice inoculated with 10° CFU and 10’

CFU at P of <0.05.
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Figure 21. Colonization of the kidney at two weeks post-inoculation in uPA-/-

female mice inoculated with MRSA

Female uPA-/- mice were inoculated with the indicated MRSA isolate (456 or 457) and
sacrificed at 14 days post-inoculation. The kidneys were harvested and processed for
quantitative bacteriology. Data are presented as log;o transformed means +/- standard

deviation of the means where n=6.
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did show a slightly higher levels of colonization than MRSA 456, but the differences

were not significant. The CD1 male mice showed greater colonization by MRSA 457
than MRSA 456 up to 14 days post-inoculation, but values were never significantly
different (Fig. 22). At 14 days post-inoculation, MRSA 457 inoculated mice had an
average colonization of 1.5 logs higher than the inoculation dose and MRSA 456
inoculated mice had an average colonization of approximately one log lower than the
initial inoculation dose. Histological examination showed the presence of bacteria in the
glomeruli and tubules along with infiltration of host inflammatory cells in some infected
areas (Fig. 23). Evident bacterial microabscesses were formed within the kidneys
resulting in large amounts of tissue damage (Fig. 24) There did not appear to be any

obvious difference in histology between mice inoculated with MRSA 456 or MRSA 457.

3.2.4. MRSA Survival Rates and Kidney Colonization

Survival of MRSA inoculated mice was assessed to compare the in vivo
behavior of MRSA 456 and MRSA 457 and to determine if a difference in susceptibility
between male and female mice to these MRSA isolates exists. Male and female mice
inoculated with either isolate of MRSA showed a gradual decrease in survival up to 14
days post-inoculation (Fig. 25). All groups of mice inoculated had a final survival rate
less than 70%. Seven out of thirteen female mice inoculated with MRSA 456 survived,
6/12 female mice inoculated with MRSA 457 survived and 7/11 male mice inoculated
with MRSA 457 survived. Male mice inoculated with MRSA 456 had the lowest

survival rate with 2/7 mice surviving at 14 days post-inoculation (Fig. 25). Assessment of
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Figure 22, Colonization of the kidney up to two weeks post-inoculation in uPA-/-

male mice inoculated with MRSA

Groups of uPA-/- male mice were inoculated with 10’ CFU of either MRSA 456 or
MRSA 457 and then sacrificed at different time points post-inoculation. Kidneys were
harvested and bacterial counts determined and expressed as CFU/g of kidney. Data are

log)o transformed averages and standard deviation of the means where n=10.
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Figure 23. Bacteria in the glomeruli and tubules of the kidneys from uPA-/- mice

inoculated with MRSA

uPA-/- mice were inoculated with MRSA and sacrificed 14 days post-inoculation. At the
time of sacrifice, the kidneys were removed and prepared for histological processing,
embedded in MMA, and stained with Lee’s Methylene Blue. A) Normal mouse kidney
showing healthy tubules and glomeruli. Magnification 25X. B) Kidney from an infected
uPA-/- mouse showing bacterial microabscesses in the glomeruli and tubules.
Magnification 40X. C) Glomeruli of the kidney with bacterial colonization.

Magnification 100X under oil immersion.
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Figure 24. Bacterial microabscesses in the kidneys of uPA-/- mice inoculated with

MRSA

uPA-/- mice were inoculated with MRSA and sacrificed 14 days post-inoculation. At the
time of sacrifice the kidneys were removed and prepared for histological processing,
embedded in MMA, and stained with Lee's Methylene Blue. A)  Bacterial
microabscesses and tissue destruction of the mouse kidney. Tissue fibrosis is also
evident. Magnification 40X. B) Bacterial microabscess. Magnification 100X under oil

immersion.
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Figure 25. Mortality according to gender of uPA-/- mice inoculated with 10’ CFU of

MRSA

Female and male uPA-/- mice were inoculated with 10’ CFU of MRSA and monitored up
to 14 days post-inoculation. Male mice inoculated with MRSA 456 n=7, male mice
inoculated with MRSA 457 n=11, female mice inoculated with MRSA 456 n=13 and

female mice inoculated with MRSA 457 n=12.
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bacterial counts in the kidneys of surviving uPA-/- mice indicated that female mice

displayed similar levels of colonization with either isolate of MRSA (Fig. 26). Male mice
however, had significantly greater colonization with MRSA 456 than MRSA 457 (P of
<0.05). Inoculation with MRSA 457 displayed a gender difference in bacterial
colonization levels. Female mice had significantly higher levels of kidney colonization
than corresponding male mice (Fig. 26) (P of <0.05). Of the surviving mice inoculated
with MRSA 456, 100% showed colonization of the kidney. Surviving male mice
inoculated with MRSA 457 showed 4/7 having kidney colonization and 5/6 female mice
inoculated with MRSA 457 displayed colonization of the kidney. Following inoculation
of mice with MRSA isolates, there appeared to be a gender difference in mouse
colonization with MRSA 457, but the two isolates of MRSA exhibited similar levels of
mortality. Histology sections of the mice kidneys, showed infiltration of
polymorphonuclear cells (PMNs) and microcolonies of bacteria throughout the kidneys.
There was no overt differences in the kidney histological preparations of mice inoculated

with MRSA 456 compared to mice inoculated with MRSA 457.

3.25. MSSA Survival Rates and Kidney Colonization

Two MSSA isolates, HR78 and CSA-1, were used to compare the in vivo
virulence of MRSA and MSSA isolates in the uPA-/- mice. The effect of gender on
susceptibility to MSSA infection as well as the influence of in vitro UK responsiveness
on in vivo growth were evaluated. MSSA inoculation proved to be more lethal than

MRSA to both male and female mice (Fig. 27). Both male and female mice inoculated
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Figure 26. Colonization of uPA-/- kidneys of mice surviving two weeks post-

inoculation with MRSA

Colonization of the kidneys of male (M, [1) and female (F, l) uPA-/- mice surviving
inoculation with MRSA 456 or MRSA 457. Kidneys were harvested and analyzed for
bacterial counts at 14 days post-inoculation. Data presented are log)o transformed means
+/- standard deviation of the mean. The number of mice colonized out of the total mice in
that experimental group is displayed above the respective bar. *, significant difference
between male and female mice inoculated with MRSA 457 at P of <0.05. =, significant
difference between male mice inoculated with MRSA 457 versus MRSA 456 at P of

<0.05.
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Figure 27. Mortality according to gender of uPA-/- mice inoculated with 10’ CFU of

MSSA

Groups of male (n=8) and female (n=10) uPA-/- mice were inoculated with MSSA

isolates and observed for 14 days post-inoculation. Deaths were recorded daily.



Figure 27. Mortality according to gender in uPA-/- mice inoculated with 107 CFU
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with either isolate of MSSA showed drastic declines in survival by one week post-
inoculation. By 9 days post-inoculation 0% of the initial male mice inoculated were
alive. Female mice inoculated with MSSA HR78 showed 1/10 survived up to 14 days
post-inoculation and with MSSA CSA-1 2/10 survived up to 14 days post-inoculation
(Fig. 27). To examine the influence of MSSA isolates in the surviving mice, CFU/g of
kidney tissue was calculated for these mice (Fig. 28). Female mice surviving to day 14
exhibited similar levels of kidney colonization and there was no evident difference
between colonization by HR78 and CSA-1. Histological examination displayed no
evident difference between mouse kidneys inoculated with MSSA HR78 and MSSA

CSA-1 (data not shown).

3.2.6. Joint Colonization

The knee and elbow joints of female mice were analyzed to determine if
MRSA 456 and MRSA 457 behave differently in vivo with regard to joint colonization.
The number of mice with MRSA colonization of the knee and/or elbow was determined
and the CFU/g of tissue calculated (Fig. 29). Colonization by the two MRSA isolates
displayed similar results for both the knee and the elbow. At 14 days post-inoculation,

joint colonization was approximately 10’ CFU/g of tissue.
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Figure 28. Colonization of uPA-/- kidneys of mice surviving two weeks post-

inoculation with MSSA

Colonization of the kidneys of female uPA-/- mice surviving 14 days post-inoculation
with 10’ CFU of either MSSA HR78 or MSSA CSA-1. Kidneys were harvested and

analyzed for bacterial counts. Data are logq transformed values.
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Figure 29. Joint colonization of female uPA-/- mice inoculated with MRSA

Female uPA-/~ mice were inoculated with 10’ CFU of MRSA 456 or MRSA 457. At 14
days post-inoculation, the mice were sacrificed and knees and elbows assessed for
bacterial colonization. Average CFU/g (logyo transformed) of joint tissue of the mice
colonized are shown by the bars (mean +/- SD). All groups n=5 except the elbow

colonization with MRSA 457 where n=1.
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CHAPTER 4

DISCUSSION

4.1. CD1 MOUSE MODEL
4.1.1. Tissue Colonization

Following inoculation of CD1 mice with S. aureus it was found that the
kidney, knee joint and elbow joint became chronically colonized with bacteria.
Staphylococcus aureus has been known to cause glomerulonephritis (Sato et al., 1979;
Spector et al., 1980) and previous animal models have been developed to study this
disease (Dyke, 1923; Kapral, 1974; Gorrill, 1958; Lee et al., 1985). Virulence factors
such as exopolysaccharide and coagulase have been suggested to aid in the development
of kidney infection (Lee et al., 1985; De Navasquez, 1950; Li and Kapral, 1962).
Bacterial arthritis caused by S. aureus is extremely prevalent (Mikhail and Alarcon,
1993). The synovium of a joint is susceptible to hematogenous seeding of bacteria
because it is a highly vascular connective tissue without a basement membrane (Gentry,
1997). It is possible that bacteria hematogenously spread to the joints where specific
virulence factors allow bacterial arthritis to prevail. Bremell and colleagues have shown
similar results to the present findings, where in a mouse model S. aureus colonizes the
kidney and joints (Bremell et al., 1991). Tissue colonization exhibited by the CD1 mice
inoculated with S. gureus correlates with previous studies, which also found the mouse

kidneys and joints to become colonized following bacterial inoculation. Factors
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mentioned above, such as virulence factors and joint structure allow kidney and joint

colonization to prevail.

Working with an animal model to perform research inevitably gives variations
in results even though they may be genetically identical. Each mouse is unique and may
react in a unique manner to infectious agents such as Staphylococcus aureus. Certain
individual mice may be colonized with bacteria more than others and some mice may die
whereas other mice treated in exactly the same manner may not die. The basis for such
variation between animals is unknown for the most part. However, with sufficiently large

experimental groups, these individual variations should not skew the final conclusions.

4.1.2. In vitro Urokinase Responsiveness and /n Vivo Pathogenesis

This study demonstrates with two urokinase responsive and two urokinase non-
responsive isolates, that there is little correlation between the in vivo pathogenesis and the
in vitro phenomenon of bacterial UK responsiveness. MRSA 456 and MSSA HR78, the
UK responsive isolates, did not display greater kidney colonization or increased mortality
compared to the UK non-responsive isolates, MRSA 457 and MSSA CSA-L. The in vitro
influence of the S. aureus phenotype could have been obscured in vivo because there may
not be an excess of urokinase in the mouse model, or possibly because of overriding host
factors present in vivo that are absent in the in vitro growth medium conditions.
Whatever the mechanism(s), the in vivo data obtained suggests that the in vitro UK
responsiveness phenotype does not overtly influence the growth and colonization of the

isolates when assessed in vivo.
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4.1.3. Pathogenesis of MRSA versus MSSA

In these studies, it was however observed that the MRSA isolates tested are
less pathogenic than the MSSA isolates assessed. Significantly more deaths occurred
following inoculation of CD1 mice with MSSA isolates than with MRSA isolates. These
findings are consistent with studies reported by Mizobuchi and colleagues, who found
that MRSA strains are less virulent than MSSA in normal hosts (Mizobuchi et al., [994),
as well as other studies indicating that the prevalence of MRSA as nosocomial pathogens
was not the result of increased virulence relative to MSSA strains (Hershow et al., 1992).
Hershow and colleagues suggest that MRSA prevalence may be a result of previous
antibiotic use in patients and prolonged pre-infection hospital stay. Still other studies
indicate that MRSA and other S. gureus strains have equivalent virulence, as shown by
laboratory, animal model, clinical and case-control studies (Peacock et al., 1980, French
et al., 1990, Peacock et al., 1981, Knayr et al., 1990). This topic remains controversial
however, with some studies suggesting that MRSA produce more virulence factors such
as coagulase and new types of cytotoxins (Jordens et al., 1989, Kaku and Yoshida, 1994).
Muder and colleagues reported that colonization of long-term care patients with MRSA
poses a significantly greater risk for infection than does colonization by MSSA (Muder et
al, 1991), and it has been suggested that intensive care unit patients with MRSA have a
risk of mortality three times higher than those with MSSA (Ibelings and Bruining, 1998).
Thus, conclusions regarding the comparison of MRSA and MSSA virulence are still

under debate and further study is needed to fully address the virulence question.
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However, the present model could be used to address some of these issues and expand the

current studies using additional isolates of S. aureus.

4.14. Gender Influence

An additional important concept raised by the present study was that female
CDI1 mice were more susceptible to MRSA colonization and mortality than their male
mice counterparts. Furthermore, castration of male mice prior to sexual maturity resulted
in an increase in bacterial colonization resembling a phenotype between those of intact
male and female inoculated mice. This phenomenon was seen in the colonization of the
kidney, knee joint and elbow joint. These results suggest that steroid hormones such as
androgens and/or estrogens have an influence on the pathogenesis of the invading
organism or somehow affect the host immune system. Oestrogen is known to accelerate
inflammation and immune responses in both mice and humans (Carlsten et al., 1991). It
has been postulated that oestrogen has a differential effect on T and B cell-mediated
immune responses. Interestingly, Yirrell and colleagues found similar results to the
present study when they inoculated mice with herpes simplex virus (Yirrell et al., 1987).
Following intravenous inoculation with avirulent strains of herpes simplex virus, male
mice were less susceptible to paralysis than female mice. Castration of male mice
increased the frequency of paralysis to levels seen in the female mice and treatment with
testosterone reversed this change, suggesting that testosterone is somehow acting as a
protectant for the host. Testosterone has previously been shown to contribute to the

prevention of infections with S. aureus in castrated rats (Atef and Sokkar, 1980). In a rat
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model, testosterone apparently acts to protect castrated rats by acting synergistically with

antibiotics to clear infection with S. aureus. Whether this was due to a direct effect of the
hormone on the organisms or an indirect effect via host defense systems is not clear. In
contrast, some studies have indicated that mortality is associated with serum testosterone
levels and protection from S. aureus toxic shock syndrome is provided by estrogen (Best
et al., 1986). Furthermore, it has been shown that treatment of male and female mice
with oestrogen significantly enhanced the growth of “pyelonephritic” strains of E. coli in
the kidney (Harle et al., 1975). Kinsman and Collard also showed that estrogen dosing
following ovariectomy predisposed rats toward infection with Candida albicans
(Kinsman and Collard, 1986). On the other hand, when progesterone was added to
Listeria monocytogenes growth media the numbers of bacteria decreased (Basher et al.,
1985). An increase in progesterone concentration in culture medium resulted in a
decrease in mortality of chick embryos inoculated with L. monocytogenes. In the studies
discussed here involving CD1 mice and S. aureus, testosterone could somehow be acting
as a protectant to the host or acting in a harmful manner to S. qureus preventing bacterial
growth. Estrogen could also be involved, influencing the host in a negative manner
making the mice more susceptible to S. aureus infection. Correlating with studies by
Harle and colleagues, estrogen could also be influencing the bacteria in a positive manner
promoting bacterial growth and pathogenecity (Harle et al., 1975). Further studies
involving sex hormones would have to be performed to determine the exact reason(s) a

gender influence is seen following inoculation of mice with S. aureus.
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4.2. UROKINASE DEFICIENT MOUSE MODEL

4.2.1. Tissue Colonization

Bacterial colonization shown in the UK deficient mouse model was similar to
what was displayed in the CD1 mice. Colonization of the heart or endocarditis was
however more common in the knockout mice. This is not surprising as S. aureus
accounts for 25 to 35 percent of endocarditis cases (Sanabria et al., 1990; Sandre and
Shafran, 1996). Endocarditis often appears in people with underlying immune
complications which could be why heart colonization was seen more frequently in uPA-/-
mice than in CDI mice. Urokinase deficient mice have been shown to be more
susceptible to certain infectious conditions than normal background matched mice
(Gyetko et al., 1996; Shapiro et al., 1997; Beck et al., 1999). However, as the genetic
backgrounds of the CD1 and uPA-/- mice are different, further investigations with uPA-/-
and uPA+/+ of the same genetic background will be required to make stronger

conclusions in this area.

4.2.2. Inoculum Dosage

The optimal inoculation dose of bacteria to develop kidney colonization with a
low mortality rate was 10’ CFU per mouse. Bacterial inoculation involving doses less
than 107 CFU resulted in cases of low bacterial colonization to no colonization. Mice
inoculated with 10* CFU or lower usually had no detectable bacterial colonization. One
of the main problems in developing animal models with S. qureus is the resistance of test

animals to challenge with this microorganism (Adlam et al., 1983). Inoculations of mice
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with over 107 CFU per mouse resulted in death. Gorrill found with the same inoculation

route as used in the present studies, the IDs, to be approximately 5x10° CFU (Gorrill,
1958). Many of the previous animal models developed to study S. aureus infections have
used an inoculation dose of approximately 10’ CFU per mouse (Lee et al., 1985;
Abdelnour et al., 1994; Nilsson et al., 1999) or higher (Bremell et al., 1992; Bremell et
al., 1991). This correlates with the findings in the present studies, where 10’ CFU per

mouse, in both male and female mice, was found to be the optimal inoculation dosage.

4.2.3. In Vitro Urokinase Responsiveness and In Vivo Pathogenesis

Inoculation of the uPA-/- mice with bacteria differing in in vitro UK
responsiveness did not seem to overtly effect the in vivo pathogenesis of the isolate. This
is true when looking at kidney and joint colonization with both MRSA and MSSA
isolates. These results correlate with the CD1 mouse model results discussed earlier.
When specifically focusing on kidney colonization it was shown that MRSA 457, which
is the in vitro UK non-responsive isolate, had consistently higher colonization levels than
MRSA 456, but the differences were not significant. However, when looking at the
colonization of male survivors of MRSA inoculation, MRSA 456 had significantly higher
levels of colonization than MRSA 457. The survival rate of mice inoculated with MRSA
456 or MRSA 457 was however comparable. If host UK availability was the only factor
considered, it would be expected that both MRSA isolates would behave in the same
manner, because there is no uPA present in these mice. This would eliminate the

opportunity for the observation of differing UK responsiveness phenotypes in the S.
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aureus isolates. Using the in vivo model requires the consideration of many host factors

which interact together in a complex manner. If uPA+/+ background matched mice were
used as controls, the direct influence of host UK on bacterial pathogenesis could be

determined in more detail, as mentioned earlier.

4.24. Pathogenesis of MRSA versus MSSA

With the uPA-/- mice, it was again observed that the MRSA isolates tested are
less pathogenic than the MSSA isolates assessed. More deaths occurred following
inoculation of uPA-/- mice with MSSA isolates than with MRSA isolates. These findings
are consistent with other studies which found MRSA strains to be less virulent than
MSSA strains in normal hosts (Mizobuchi et al., 1994), and indicate that the prevalence
of MRSA as nosocomial pathogens was not the result of increased virulence relative to
MSSA strains (Hershow et al., 1992). As mentioned previously, the debate regarding the
relative virulence of MRSA and MSSA is still ongoing.

It was shown that uPA-/- mice are more susceptible to death than CD1 mice
following inoculation of S. aureus. Because background matched uPA+/+ mice were not
used as controls, any conclusions drawn from this observation are purely speculations.
The loss of uPA in mice has however been shown to make the mice more susceptible to
certain infectious conditions (Gyetko et al., 1996; Shapiro et al., 1997; Beck et ai., 1999;
Busso et al., 1998). Urokinase can help to activate the complement system and trigger the
accumulation of PMNs ultimately helping to elicit an immune response (Christman et al.,

1977). Urokinase is also expressed by macrophages and active lymphocytes. The
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receptor for UK, urokinase plasminogen activator receptor (uPAR), clusters to the leading

edge of migrating monocytes during chemotaxis therefore suggesting the use of UK in
monocyte migration. Because of an impaired immune system, S. aureus isolates may be
able to flourish in uPA-/- mice. Host defense responses in uPA-/- mice may not be as
vigorous as in normal mice making the uPA-/- mice more susceptible to infections. This
would explain the increase in susceptibility to S. aureus infection displayed by uPA-/-
mice compared to CD1 mice. The lack of complete activation of essential host immune
components such as PMNs and macrophages would allow bacterial survival and

subsequent disease conditions to prevail.

4.2.5. Gender Influence

Female uPA-/- mice were shown to have significantly higher levels of
colonization than male mice in the survival colonization studies performed with MRSA
457. Inoculation of mice with MSSA isolates did not display a gender difference but this
may be because of the extremely low survival rate of mice inoculated with MSSA
isolates. The immune systems of males and females have been shown to be inherently
different (Staples et al., 1999). Experimentally, sex hormones have been shown to
directly effect the development of different diseases (Atef and Sokkar, 1980; Best et al.,
1986; Yirrell et al., 1987; Carlsten et al., 1991). As discussed in detail earlier, sex
hormones can act in a harmful or beneficial manner depending on the specific situation.
Female uPA-/- mice could generally be more susceptible to S. aureus infections than

background matched male mice. The results displayed here could be a result of hormonal
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effect. Testosterone could be protecting male mice from S. aureus infections via host

mechanisms or by negatively influencing bacterial growth. Estrogen may also be
affecting the host in a negative manner allowing disease to occur or estrogen could
somehow be increasing bacterial growth and virulence. The results achieved in these
studies could also be a combination of the above mentioned situations, invoiving both

testosterone and estrogen.

4.3. HISTOLOGICAL FINDINGS

[t was found through histological analysis of kidney and joint tissues from both
CDI and uPA-/- mice, that an immune response is being mounted by the host to fight off
infection. In the majority of samples, PMNs are seen in the infected tissues. Infected
uPA-/- mice appeared to have bacteria in the glomeruli which was not observed with the
CDI mice. Infected glomeruli displayed no or fewer PMNs when compared to other
areas of infected tissues. The lack of urokinase in the knockout mice compared to the
CD! mice may have allowed the bacteria to colonize this highly vascular area of the
kidney. Bacterial microcolonies are also seen in the histological preparations, suggesting
the bacteria are working in concert to evade host immune responses. This type of
formation has been shown in many other infections in the form of a biofilm, and is
believed to assist in the survival of the bacteria (Habash and Reid, 1999; Reid, 1999).
There is also evidence of bone and cartilage destruction which could be a result of
bacterial toxins released into the tissue. Bremell and colleagues also found cartilage and

bone destruction following inoculation of mice with S. aureus (Bremell et al., 1991).
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The findings mentioned above are consistent in all of the mouse experimental

groups for all of the S. aureus tested, with minor variances between individual mice. This
suggests that histologically there is no overt difference between male and female mice, in

vitro UK responsive and UK non-responsive mice, or between MSSA and MRSA

isolates.
CHAPTERS
CONCLUSIONS AND RECOMMENDATIONS
S.1. SUMMARY AND CONCLUSIONS

Two animal models were developed to study the pathogenesis of S. aureus
infections. CD1 and uPA-/- mice were inoculated with different isolates of MRSA and
MSSA and analyzed for bacterial affects. It was found that the bacteria mainly colonized
the kidney and knee and elbow joints. In the uPA-/- mice the heart was also shown to be
colonized, but not as predominantly as the other tissues mentioned. The development of
these models allowed further studies involving S. aureus.

The two animal models were utilized to assess the relationship between in vitro
bacterial UK phenotype and in vivo pathogenesis with both MRSA and MSSA isolates. It
was found that the in vitro UK phenotype of the isolates tested did not overtly influence
in vivo bacterial behavior. However, it was observed that bacterial colonization and
mortality by the MSSA isolates assessed was more significant than that following

infection with the MRSA isolates. A gender difference in MRSA susceptibility was also
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clearly evident. In the CD! mice this phenomenon was displayed in the kidney, knee

joint and elbow joint whereas in the uPA-/- mice gender influence in bacterial

colonization was shown with MRSA 457 colonization of the kidney.

5.2 SUGGESTIONS FOR FURTHER WORK

This study has provided some insight into the pathogenesis of S. aureus, but
like many scientific investigations, has also created more questions to be answered.

Further exploring the concept of gender influences in the pathogenesis of S.
aureus could be executed through studies involving hormonal supplements or
replacement. For example, castrated male mice could be given testosterone suppiements
and compared to non-treated castrated male and female mice. Castrating females,
through ovariectomies, could be performed to determine if estrogen has an effect on
bacterial pathogenesis. Normal mice could be treated with either estrogen of
progesterone to conclude if excess amounts of these hormones have an influence on the
development of disease. In vitro experiments could also be performed to determine if the
addition of sex hormones to the growth media cause an increase in bacterial growth. It
would also be interesting to determine if other S. aureus isolates and other bacterial
species exhibit the same gender dependent differences in infection characteristics.

Another valuable set of experiments would involve characterizing the S.
aureus isolates used in these experiments. Because little is known about these isolates,
including the virulence factors they produce, this information would prove to be valuable

in helping to explain some of the results attained. Once the bacterial virulence factors are
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known, further studies could be performed to determine how specific factors influence the

colonization and subsequent sequlae of the kidney and joint displayed in the model used
in these studies.

Urokinase responsiveness in other bacterial species in vitro and in vivo would
be another interesting route to explore. A total of four bacterial isolates were used in
these studies. Analyzing other bacteria would further determine if in vitro UK
responsiveness has an influence on in vivo pathogenecity and if so how.

In order to analyze the influence of host UK levels in vivo on bacterial
pathogenesis, background matched controls could be obtained and used as controls to
uPA-/- mice. These studies could be performed using S. aureus isolates, as well as other

pathogenic bacteria.
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