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Preface 
This thesis consists of experimental work conducted at the Department of 

Orthopaedics and Trauma (Chancellor’s Building, Little France, Edinburgh) and the 

Centre for Integrative Physiology (Hugh Robson Building, George Square, 

Edinburgh), The University of Edinburgh, during the period 7th August 2013 to 3rd 

August 2016. The work relates to research into improving our understanding of the 

relative contributions of Staphylococcus aureus toxins and the host immune system 

in the pathogenesis of septic arthritis. The experimental work was carried out 

personally under the supervision of Professor Hamish Simpson, Dr Andrew Hall and 

Professor Sarah Howie who helped me familiarise myself with all the experimental 

techniques. 
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Abstract 
Septic arthritis is a feared disease that can lead to the destruction of joints and result 

in significant morbidity. It is caused by an infection within a joint and up to 65% of 

cases are secondary to Staphylococcus aureus. Antibiotics are the mainstay of 

treatment and these have been so instrumental in improving the initial outcomes that 

there have been no major treatment advances since their introduction. The majority 

of cohort studies investigating septic arthritis consider a treatment success to be the 

resolution of infection and in the antibiotic era most patients initially appear to have 

a satisfactory outcome at this point. There is a deficiency within the literature 

because very few studies have examined the effect on the function of the infected 

joint over a longer time period.  

A retrospective cohort study spanning a period of 14 years that included 142 

skeletally mature patients with a microbiologically confirmed episode of septic 

arthritis affecting the native hip or knee was performed. Eighty-two patients (57.7%) 

had Staphylococcus aureus isolated as the infecting organism. The main outcome 

measure was a ‘failure of the joint’ defined as a requirement for total joint 

arthroplasty, development of chronic infection, resection arthroplasty, surgical 

arthrodesis, or natural ankylosis. The mean survival of affected knee joints at 5 years 

was 88.3% and at 10 years was 65.5%. At 1 year the mean survival of hip joints was 

87.5% and by 5 years was 63.1%. A major finding of this study was the link between 

the infecting organism and poor outcomes. S. aureus takes a more destructive course 

with 37% of affected patients experiencing ‘failure of the joint’ compared to only 8% 

of patients whose infections were caused by other organisms. In addition, patient 

reported outcome measures were collected on patients with S. aureus septic arthritis 

of the knee that had not experienced ‘failure of the joint.’ The data demonstrated 

Western Ontario and McMaster Universities Arthritic Index pain and stiffness scores 

that were comparable to population norms for the non-infected knees but placed the 

individuals between the 75th and 90th percentile for the infected knee.  

These results suggest that a significant insult to articular cartilage occurs during 

septic arthritis resulting in the gradual development of pain, stiffness and disability. 

They also indicate that the perceived good results experienced early after the 
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resolution of infection underestimates the damage. A potential explanation for the 

clinical results is that chondrocyte death could occur during septic arthritis. 

Chondrocytes are required to maintain healthy articular cartilage and in their absence 

degenerative change would be expected to accelerate. 

The predominant cause of damage appears to be related to the infecting organism and 

further research was required before this could be confirmed. The remainder of this 

thesis is focused on septic arthritis caused by S. aureus, which is the most common 

causative organism and appears to be the most destructive.  

S. aureus alpha haemolysin has recently been identified as a major cause of 

chondrocyte death in a bovine cartilage explant model of septic arthritis but this 

experimental model did not assess if there was a contribution to cell death caused by 

the host immune system and the results needed to be reproduced in an animal model.  

An in vivo murine model of S. aureus-induced septic arthritis initiated via direct joint 

inoculation was developed in this study. The main outcome measure was 

fluorescence-mode confocal laser scanning microscopy (CLSM) that permitted an 

assessment of chondrocyte viability. Secondary outcome measures allowed a 

comparison of the magnitude of the inflammatory response and included analysis of 

clinical parameters (weight, limb swelling and gait changes); measurement of 

circulating immune populations, cytokines and chemokines using flow cytometry; 

and histological analysis.    

C57Bl6 mice were randomised to receive an intra-articular injection of S. aureus 

8325-4, S. aureus DU1090 suspended in phosphate buffered saline (PBS) or a PBS 

control. S. aureus DU1090 is an isogenic mutant of S. aureus 8325-4 that is identical 

other than an inability to produce alpha haemolysin. Chondrocyte death was assessed 

2 days after injection.  Chondrocyte death was significantly higher with S. aureus 

8325-4 (96.2%) than with S. aureus DU1090 (28.9%) or PBS control (3.8%). There 

was no statistical difference in the weight loss, limb swelling, gait changes, levels of 

circulating inflammatory markers or histological scores between the two different 

strains of S. aureus. PBS injected animals did not develop any signs of septic 

arthritis. 
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The time course of chondrocyte death following injection of S. aureus 8325-4 was 

studied in more detail and revealed mean chondrocyte death of 15.6% at 8 hours and 

47.6% at 24 hours. 

The effect of the immune system in isolation was briefly studied following the 

injection of antibiotic killed S. aureus DU1090. The result was varied with some 

animals exhibiting a mild inflammatory reaction but no response in others. The mean 

chondrocyte death was 12.6% after 2 days increasing to 25.5% after 7 days but these 

results need to be confirmed through further experimentation. 

The results of the in vivo model allow the following conclusions to be made: 

1. Chondrocyte death is an early event in septic arthritis following infection with 

either S. aureus 8325-4 or S. aureus DU1090. As negligible chondrocyte death was 

observed in the control group injected with PBS the cause was considered to be the 

result of S. aureus toxins and/or the immune response. 

2. Chondrocyte death was significantly higher with S. aureus 8325-4 (96.2%) than 

with the isogenic mutant strain DU1090 (28.9%). Analysis of weight loss, limb 

swelling, gait changes, immune populations and histology did not demonstrate any 

significant differences between the two S. aureus strains inferring an immune 

response of equal magnitude. The only difference between the two strains was an 

inability of DU1090 to produce alpha haemolysin, which was thereby considered to 

be the most significant cause of chondrocyte death. 

3. Mice infected with DU1090 experienced a considerable level of chondrocyte death 

when compared to PBS injected mice. The inference is that either the immune 

system or S. aureus toxins other than alpha haemolysin were responsible.  

4. Chondrocyte death following the injection of dead S. aureus DU1090 was 12.6% 

after 2 days increasing to 25.5% after 7 days. A possible cause for this was side 

effects of the immune system response causing chondrocyte death and this damage 

appeared to progresses with time. Further research is required to confirm this finding. 
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These results are of translational relevance. Firstly, toxins released by S. aureus have 

a rapid and fatal action on chondrocytes supporting the immediate and 

comprehensive washout of joints. Secondly, the confirmation of alpha haemolysin as 

the most significant damaging toxin to chondrocyte viability may enable the 

development of future targeted therapeutic strategies in order to reduce the extent of 

cartilage destruction. Thirdly, if the immune system response is confirmed as a cause 

of chondrocyte death following activation of an inflammatory response the 

possibility of developing selective immunomodulation therapies as part of the 

treatment regime could be explored.  
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Chapter 1 Introduction 
1.1 Prelude 
Musculoskeletal pathologies are a major cause of morbidity in all age groups and can 

severely reduce the quality of life of those affected (Mathers et al., 2006). The 

predominant conditions causing morbidity within the musculoskeletal system are 

those that disrupt the function of articular cartilage (Brooks, 2006). Articular 

cartilage is a specialised form of hyaline cartilage that enables optimal joint function 

(Buckwalter and Mankin, 1997a). When bathed in synovial fluid it has unique 

biomechanical properties that allow it to distribute considerable forces evenly whilst 

simultaneously providing an ultra low friction surface (Sophia Fox et al., 2009). If 

the structure of articular cartilage is compromised it fails to perform these functions 

adequately resulting in abnormal joint function, pain and disability (Buckwalter et 

al., 2005). Septic arthritis is a feared condition that can rapidly destroy joints if 

untreated (Nade, 2003, Girdlestone, 2008). It arises when organisms gain access to 

the synovial space (Shirtliff and Mader, 2002). S. aureus is the most commonly 

isolated organism (Kaandorp et al., 1997a, Gupta et al., 2001). The advent of 

antibiotics has transformed the treatment of septic arthritis and the incidence of 

septicaemia and limb threatening complications has been dramatically improved 

(Weston et al., 1999). The immediate consequences of septic arthritis were so dire 

the long-term outcomes were of little importance prior to antibiotics with treatments 

instead focused on saving life at any cost (figure 1:1). The long-term outcomes have 

seemingly received little attention in the antibiotic era (Badgley et al., 1936, Nade, 

2003).  
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Figure 1:1 Cutting edge treatments for septic arthritis in the pre-antibiotic era 

These treatments were focussed on the ‘free drainage’ of pus so that systemic infection and death 
might be avoided. A) The proposed treatment for knee sepsis whereby an omega shaped incision 
was made along the joint line, around the patella and carried through the quadriceps tendon. The 
menisci were excised as were the cruciate and collateral ligaments in order that the knee could be 
dislocated. All cartilage was excised and the knee left open – often for weeks on end (Rankin, 
1917). B) Girdlestone’s proposed treatment for hip sepsis. A transverse skin incision was made at 
the level of the greater trochanter and then a large excision of gluteal muscle was performed. The 
trochanter and its attached soft tissues were completely removed before the femoral neck was cut 
and the head dislocated. The anterior wall of the acetabulum was often excised and then all the 
cartilage and ‘rotten bone’ was removed. If an intra-pelvic abscess was also found then the floor of 
the acetabulum and part of the ileum was also resected (Girdlestone, 1943 ). 
 

There have been reports suggesting that joint dysfunction develops in up to half of 

patients affected (Weston et al., 1999, Shirtliff and Mader, 2002, Mathews et al., 

2008). There is a need to identify the processes that cause this damage in order to 

improve treatment strategies as there have been no major treatment advances since 

the introduction of antibiotics (Tarkowski, 2006). The damage that occurs may be 

caused by (1) the release of bacterial toxins (Gemmell et al., 1997b, Smith et al., 

2013), (2) as a side effect of a powerful host immune system response to infection 

(Deng et al., 1999, Ali et al., 2015) or (3) both.  

This study investigates the impact of septic arthritis caused by Staphylococcus 

aureus and identifies the processes that cause damage in skeletally mature articular 

joints. In Chapter 2 the long-term outcome following septic arthritis in a skeletally 

mature clinical population is presented. Chapter 3 covers the methodology for animal 

experiments used to study the pathogenesis of cartilage damage during septic arthritis 
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caused by Staphylococcus aureus. Chapter 4 describes the development of this novel 

animal model of septic arthritis, which utilises chondrocyte viability assessed via 

fluorescence mode confocal laser scanning microscopy (CLSM) as the main outcome 

measure. This animal model is used to identify the relative extent of chondrocyte 

death caused by S. aureus toxins and the host immune system, which is presented in 

Chapter 5. Chapter 6 is a general discussion on the findings of this thesis and the 

implications it could make to clinical practice.   

1.2 Septic arthritis 
Septic arthritis results from articular infection with an inflammatory response 

initiated in the synovium. It is predominantly bacterial in origin but can occur 

secondary to fungal or parasitic infection (Choi et al., 2010, Dewar and Sigler, 

2010). It is an uncommon condition, with an incidence of 2-10 per 100,000 persons 

(Levine and Siegel, 2003, Chander and Coakley, 2011), but it is considered a surgical 

emergency because of a mortality rate of 10% associated with it (Kaandorp et al., 

1997b). If a patient survives the infection, the potential to cause rapid and 

catastrophic damage to articular cartilage, frequently causes lifelong morbidity 

(Weston et al., 1999, Shirtliff and Mader, 2002, Mathews et al., 2008).  

Delays in the prompt identification and effective management can have catastrophic 

consequences because ‘every hour that an acute suppurative process continues within 

a joint is of urgent significance to prognosis.’ (Paterson, 1970). The management of 

septic arthritis has remained a challenge for centuries and the optimal therapy is still 

intensely debated. Prior to the introduction of antibiotics, the treatments for septic 

arthritis were often debilitating. The ‘removal of limb by amputation’ was advocated 

by Sir Benjamin Brodie in 1819 and treatment ‘advances’ in the early 20th century 

constituted methods for effective joint resections (Girdlestone, 1943 , Nade, 2003). 

The burden of septic arthritis has been significantly reduced since the advent of 

antibiotic therapy with amputation now only being performed as a last resort in cases 

recalcitrant to standard treatment.  

Despite the advances in treatment, up to half the affected patients are left with 

lifelong problems such as pain, disfigurement and disability (Weston et al., 1999, 
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Shirtliff and Mader, 2002, Mathews et al., 2008). There is a lack of prospective data 

on the long-term outcome following septic arthritis especially in patients who 

recover from the initial episode with no visible signs of cartilage damage, as they are 

rarely followed up beyond a few months. It has been suggested that even in these 

patients, a septic episode causes injury to the cartilage that may initially go 

unrecognised but will lead to early degeneration of the joint (Kaandorp et al., 1997b, 

Goldenberg, 1998, Krieg, 1999).  

1.2.1 Epidemiology 
Septic arthritis affects individuals of all ages but there are incidence peaks at the 

extremes of age (Nade, 2003). Although any synovial joint can be affected there is a 

propensity for lower limb involvement. The hip is most commonly affected in 

children under the age of 2 and the knee in all other age groups (Kaandorp et al., 

1997a, Weston et al., 1999, Abid et al., 2006, Mathews et al., 2010). The overall 

incidence of septic arthritis in developed countries is 2–10 per 100,000 persons 

(Levine and Siegel, 2003, Chander and Coakley, 2011). It has been suggested that 

the incidence may be underestimated as 7- 35% of cases are never confirmed 

bacteriologically and are excluded from the majority of retrospective cohorts (Nduati 

and Wamola, 1991, Weston et al., 1999, Mathews et al., 2010). However up to 14% 

of patients initially diagnosed with septic arthritis in the absence of microbiological 

confirmation are diagnosed with another rheumatological disease within 6 months 

and their inclusion in retrospective studies would cause the incidence to be 

overestimated (Eberst-Ledoux et al., 2012).  

Risk factors for the development of septic arthritis have been identified by several 

well-controlled retrospective and prospective studies. Surgical interventions carry the 

highest risk with an incidence of septic arthritis in native joints of 420/100,000 

following routine arthroscopy (Armstrong et al., 1992). Other routes of direct 

inoculation include trauma, the provision of intra-articular steroid injections and 

intra-venous drug use (Morgan et al., 1996, Weston et al., 1999, Gupta et al., 2001). 

Systemic comorbidities that elevate the risk include diabetes mellitus, underlying 

carcinoma, skin ulceration, haemophilia, alcohol excess, immunosuppressive therapy 

and concomitant illness (Weston et al., 1999, Mathews et al., 2010). Patients with 
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systemic comorbidity account for the majority of cases of polyarticular septic 

arthritis which occurs in up to 20% of cases (Dubost et al., 1993, Kaandorp et al., 

1997a). Patients with arthritidies appear to be at increased risk, with incidence rates 

as high as 70/100,000 persons, and this may be secondary to the combination of local 

pathology and immunosuppression (Goldenberg, 1998). In a study from Northern 

Australia it was found that the incidence of septic arthritis in the aboriginal 

population was seven times higher than in non-aboriginals which the authors 

attributed to socioeconomic deprivation and poor living conditions (Morgan et al., 

1996). No studies have reported specifically on genetic predisposition to septic 

arthritis but recent studies have highlighted a key role for host genetic variation in 

determining the susceptibility to many infectious diseases and this may be an 

alternative explanation to the higher rates observed in aboriginals (Chapman and 

Hill, 2012). 

1.2.2 Route of infection 
The first step in establishing septic arthritis is the invasion of bacteria into the 

synovial joint. The virulence of the strain, the size of the bacterial inoculum, and the 

resistance of the host determine whether septic arthritis ensues. Bacterial invasion 

may occur following haematogenous spread, direct inoculation of a joint or spread 

from a contiguous source (Nade, 2003). 

The haematogenous spread of bacteria into synovial joints has been reported to occur 

relatively easily because the lack of a supporting basal lamina in the synovial 

capillary network allows bacteria to cross into the synovial cavity unhindered 

(Shirtliff and Mader, 2002, Smith, 2011). This route is the primary route of infection 

reported in the majority of cohort studies (Shirtliff and Mader, 2002, Lavy, 2007, 

Mathews et al., 2010) and typically follows a bacteraemia. Contamination of 

vascular access devices is an important cause of haematogenous spread and has been 

proposed to be the predominant cause of the increased rates of neonatal septic 

arthritis in premature infants and in adults undergoing haemodialysis (Deshpande et 

al., 1990).   
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Bacteria may also gain access to a joint from an infectious focus within adjacent 

structures. This route of infection is well recognised in children because they have a 

higher occurrence of osteomyelitis and the presence of an intra-articular metaphysis 

(hip, shoulder, elbow and ankle) can allow direct spread into the joint space (Howard 

and Wilson, 2010). Transphyseal blood vessels, which are absent in adults, increase 

the risk of extension of infection from the metaphysis to the epiphysis and into the 

joint space thereafter (De Boeck, 2005). Direct spread from another focus is thought 

to be an unusual route of infection in adults representing re-activation of childhood 

infection or contamination of bone following surgery or trauma (LeGoff et al., 1981, 

Marsh et al., 1997, Schulz et al., 2007).  

1.2.3 Microbiology 
Septic arthritis most commonly develops secondary to bacterial infection but fungi 

and parasites have been implicated in rare cases (Messner, 1991). Although hundreds 

of different bacteria have been implicated in the development of septic arthritis the 

predominant causative organism is Staphylococcus aureus, which accounts for 

between 40% and 65% of cases (Kaandorp et al., 1997a, Gupta et al., 2001). 

Streptococci are the second most commonly implicated organisms, causing 

approximately 20% of cases (Goldenberg, 1998).  Streptococcus pyogenes, 

Streptococcus pneumoniae and group A β-haemolytic Streptococci are the most 

frequently isolated from this group (Goldenberg, 1998). The distribution of 

organisms in immunocompromised patients is wider and reflects this cohort’s 

underlying susceptibility to infection. In this group it is not uncommon for group B, 

C, G and F Streptococci and Gram-negative bacilli to be isolated (Morgan et al., 

1996, Ryan et al., 1997, Dubost et al., 2002). Although the distribution of infecting 

organisms is comparable in cohorts from around the world (Kaandorp et al., 1997b, 

Weston et al., 1999, Ntsiba et al., 2004, Al Arfaj, 2008, Ravindran et al., 2009, Clerc 

et al., 2011) there are some geographical variations. For example Neisseria 

gonorrhoeae is the most common cause of septic arthritis in young healthy adults in 

the USA but it is uncommon in Europe (Shirtliff and Mader, 2002).  
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1.2.4 Diagnosis 
A classic description of a patient with septic arthritis is an individual in extremis with 

an excruciatingly painful, swollen, erythematous joint (Baker and Schumacher, 

1993). The presentation is frequently not this clear cut (Carpenter et al., 2011) and 

can cause difficulty in making the diagnosis because the acute hot, swollen joint is a 

common medical presentation (Horowitz et al., 2011). The differential diagnosis of 

an acute monoarthritis (figure 1:2) includes bacterial septic arthritis, inflammatory 

arthritis, crystal arthropathy, trauma, haemarthrosis and degenerative joint disease 

(DiCarlo and Kahn, 2011).  

 

Figure 1:2 Acute monoarthritis presentation and differential diagnosis 

The lack of a reliable diagnostic test makes it difficult to exclude these alternative 

diagnoses and the initial diagnosis is often presumptive (Carpenter et al., 2011). 

Systemic signs of infection including fever are common but non-specific (Peltola et 

al., 1984). Circulatory collapse associated with septic shock is rare and should 

prompt emergent management (Nade, 2003). Clinical examination of superficial 

joints such as the knee may reveal characteristic features including erythema and 

increased warmth caused by hyperaemic tissues, a palpable joint effusion and 

restricted movement (Horowitz et al., 2011). In deeper joints, such as the hip, skin 

changes are rarely present and it can be impossible to palpate a joint effusion. In 
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these cases the only apparent clinical sign may be restricted, painful movement 

(Matthews et al., 2008). 

Published case series of septic arthritis usually adhere to modified Newman criteria 

for diagnosis of cases (Newman, 1976). This relies on one of four points to be met: 

(1) isolation of a pathogenic organism from an affected joint; (2) isolation of a 

pathogenic organism from another source (e.g., blood) in the context of a hot, red 

joint suspicious of sepsis; (3) typical clinical features and turbid joint fluid in the 

presence of previous antibiotic treatment; and (4) post-mortem or pathological 

features suspicious of septic arthritis.  

Of these diagnostic criteria only the isolation of pathogenic organisms from the 

affected joint leads to the certainty of septic arthritis (and only in instances where 

contamination of the specimen can be excluded). Bacteria may be isolated from the 

joint through the analysis of synovial fluid via Gram stain or culture. Identification of 

bacteria on a Gram stain leads to rapid diagnosis but has been shown to be unreliable 

with only 50% of cases being positive (Mathews et al., 2010). Culture of bacteria 

from synovial fluid takes a number of days but yields enhanced sensitivity of around 

70%. However, in cases where antibiotics have been administered prior to aspiration 

the sensitivity drops as low as 21% (Hindle et al., 2012). The addition of blood 

cultures is thought to improve accuracy – a retrospective study of 242 cases of septic 

arthritis by Weston et al. (1999) demonstrated that blood cultures were positive in 1 

in 4 patients and in 9% of all cases the only source of a positive microbiological 

diagnosis was the blood culture. 

Blood samples are usually analysed for raised inflammatory markers including the 

erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) which are usually 

elevated (Mathews et al., 2010) but have been found to be within normal limits even 

in patients with microbiologically confirmed septic arthritis (Li et al., 2004).  

In some populations the use of clinical prediction rules incorporating clinical signs 

and laboratory investigations have been introduced to aid diagnosis. Although these 

are more sensitive than an individual test in isolation it must be remembered that 

they are only applicable in specific circumstances. An example is Kocher’s criteria 
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for paediatric septic arthritis (Kocher et al., 1999) which has been shown to have 

diagnostic accuracy in cases of hip septic arthritis but is less reliable in cases 

involving the knee (Joshy et al., 2010).  

1.2.5 Management 
Septic arthritis is an orthopaedic emergency because of the potential to cause 

significant morbidity and even mortality (Weston et al., 1999, Nade, 2003). Death is 

caused by overwhelming sepsis leading to circulatory collapse and multiple organ 

dysfunction. The combination of pus and bacteria within the joint can cause 

catastrophic and rapid damage to articular cartilage and provides a nidus for on-

going infection. The goals of modern treatment are centred on the elimination of the 

infection and the prevention of joint deformity. This is achieved through the 

emergent administration of appropriate antibiotic(s) coupled with joint lavage (Nade, 

2003).  

Antibiotics should be administered as soon as microbiological samples have been 

obtained and should not be delayed whilst a definitive diagnosis is awaited in cases 

where the index of suspicion is high (Chander and Coakley, 2011). In circumstances 

of septic shock it is appropriate to initiate potentially lifesaving antibiotic therapy 

prior to sample collection, for instance in presumed septic arthritis of the hip prior to 

image-guided aspiration. The choice of antibiotic, dosing regimen and duration is a 

matter of debate but it is accepted that the initial route of administration should be 

intravenous (Lavy and Thyoka, 2007). When no pathogen has been identified from 

the Gram stain, a broad-spectrum antibiotic that targets S. aureus and Streptococci, is 

usually selected (Goldenberg, 1998). In clinical practice antibiotic regimens are 

developed to cover local bacterial antibiotic resistance patterns. Cover for organisms 

that are less frequently implicated may be added on the basis of the clinical history, 

such as Gram-negative cover in the case of concurrent urinary sepsis. Antibiotic 

selection is optimised once the results of culture and sensitivity testing of 

microbiological specimens have been performed. A large meta-analysis and 

systematic review of antibiotic treatment for septic arthritis conducted by Stengel et 

al. (2001) failed to show an advantage of any one antibiotic regime over another 

when recurrence of infection at 1 year was used as the end point (Stengel et al., 



   

  10 

2001). Following a clinical improvement and normalisation of inflammatory markers 

a switch from intravenous to oral antibiotics has been recommended (Ballock et al., 

2009). The majority of clinicians continue with the administration of antibiotics for 

4-6 weeks although the scientific justification for this duration is lacking (Lavy and 

Thyoka, 2007). 

Early and aggressive joint lavage has been shown to improve outcomes in clinical 

and experimental studies (Vispo Seara et al., 2002) but there is controversy 

surrounding the optimal way of achieving this. The preferred method of pus removal 

tends to be dependent upon the experience and specialty of the clinicians involved 

(Butt et al., 2011). Rheumatologists often favour serial aspiration of the joint 

whereas orthopaedic surgeons tend to favour a more aggressive course utilising 

either minimally invasive arthroscopic drainage or open arthrotomy. An 

underpowered retrospective study by Ravindran et al (2009) reported no statistical 

difference in the functional outcome at discharge between 32 patients treated for 

septic arthritis by serial aspiration compared to 19 patients who were treated with 

surgical washout. The determination of functional status in this study was based on 

an assessment by a physiotherapist at the time of discharge, a mean of 16 days 

(Ravindran et al., 2009). At this time surgically treated patients would be expected to 

have on-going post-surgical swelling and restriction of function and therefore the 

comparison between groups is not appropriate. Animal studies and clinical evidence 

have yet to demonstrate that any joint irrigation strategy is superior and the rationale 

behind best practice remains theoretical at present (Nord et al., 1995, Smith et al., 

2002). 

Retrospective studies suggest that up to 50% of patients who have an episode of 

septic arthritis sustain some degree of permanent joint damage as a result of direct 

cartilage damage (Kaandorp et al., 1997b, Goldenberg, 1998, Krieg, 1999) and 

efforts are underway to develop treatments that reduce this. The potential of 

improving outcomes through the modulation of the immune system has received 

increased attention in recent years due to animal studies that have demonstrated 

reduced articular cartilage damage following the administration of corticosteroids 

(Sakiniene et al., 1996, Wysenbeek et al., 1996, Wysenbeek et al., 1998, Karakok et 
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al., 2001). Two prospective, randomised controlled trials have reported expedited 

recovery and improved functional outcome in children treated with intravenous 

antibiotics and simultaneous dexamethasone (Odio et al., 2003, Harel et al., 2011). 

Odio et al (2003) randomised 123 children to receive either dexamethasone or saline 

placebo alongside their antibiotic treatment for septic arthritis and then followed 

them up for 12 months. The authors found that the severity of the septic arthritis was 

blunted in the dexamethasone group with earlier normalisation of inflammatory 

markers and a shorter duration of joint pain and swelling. At the final 12 month 

follow up there were 100 children reviewed (50 from each group). One child in the 

dexamethasone group and 13 in the control group who has residual joint dysfunction 

based on the range of movement of the joint compared to the contralateral side 

although none had radiographic evidence of joint damage (Odio et al., 2003). Harel 

et al (2011) randomised 49 children to receive either dexamethasone or placebo 

alongside their antibiotic treatment and they reported faster resolution of symptoms 

but only 29 patients (17 who received dexamethasone) were available for final 12 

month follow up and none had any joint dysfunction (Harel et al., 2011). The effect 

of corticosteroids in skeletally mature patients has yet to be studied in randomised 

controlled studies. 

1.2.6 Outcome 
Data on the outcome following septic arthritis are limited because the rarity of the 

disease means study cohorts are usually small. The absence of rigid exclusion criteria 

allows for increased cohort sizes but comes at the expense of having a heterogeneous 

study population where age and co-morbidity may confound results. Severe and 

immediate consequences are frequently quoted because they are easy to define. 

There is an estimated case fatality rate of 11-13% (Kaandorp et al., 1997b, Weston et 

al., 1999). Risk factors for mortality include multiple co-morbidities, 

immunosuppression, polyarticular sepsis, longstanding joint disease, infected joint 

prosthesis and advancing age (Yu et al., 1992, Kaandorp et al., 1997b, Weston et al., 

1999, Gupta et al., 2001, Shirtliff and Mader, 2002, Gavet et al., 2005, Mathews et 

al., 2008). Severe sequelae to the joint are seen in patients where the infection is 

uncontrolled which was common prior to the routine use of antibiotics (Badgley et 

al., 1936). Fibrous or bony ankylosis may occur as a result of the complete loss of 
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articular cartilage, distension of the joint capsule may lead to joint subluxation or 

dislocation and the infection may spread to surrounding soft tissue or underlying 

bone. Since the introduction of antibiotics these severe sequelae have become 

increasingly rare. Osteomyelitis may be the exception as this complication occurred 

in 7.8% of cases reviewed by Weston et al (1999) although it is not clear whether the 

osteomyelitis was the sequelae and not the preceeding incident (Weston et al., 1999). 

Patients at the extremes of age have been shown to have a higher rate of adverse 

outcomes with the development of osteomyelitis or secondary osteoarthritis 

occurring in more than half of patients aged over sixty (McGuire and Kauffman, 

1985, Vincent and Amirault, 1990). Children carry the unique risk of growth 

deformity as a result of damage to the physeal growth plate (Yuan et al., 2006, 

Baghdadi et al., 2012). It is not uncommon for children to require extensive surgical 

procedures to correct deformities and sadly many are left with lifelong disability 

(Strong et al., 1994, Choi et al., 2005). Another factor that appears to influence 

outcome is the joint involved. Septic arthritis of the hip carries a poor prognosis 

because avascular necrosis of the femoral head or osteomyelitis of surrounding bone 

are frequently encountered (Bulmer, 1966, Matthews et al., 2008).  In a retrospective 

study of 20 adults by Matthews et al (2008) five patients required excision of the 

joint to control the infection. They highlight that the difficulty of making the 

diagnosis resulting in delayed treatment is the main risk factor for the poor outcome 

(Matthews et al., 2008).  

There have been reports suggesting that infection with Staphylococci leads to an 

increased rate of femoral head destruction and poorer outcomes in children with 

septic arthritis of the hip compared to infections caused by other organisms (Lunseth 

and Heiple, 1979, Bennett and Namnyak, 1992).  

In the post-antibiotic era the majority of papers have reported on the resolution of 

infection as their main outcome measure. Relatively few papers report on the patient 

outcome following discharge from hospital and it is possible that more subtle adverse 

outcomes such as limitation of function or on-going pain are under-reported. The 

available data indicates that some degree of joint destruction may occur in up to 50% 

of patients (Kaandorp et al., 1997b, Goldenberg, 1998, Weston et al., 1999). 
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Goldenberg (1985) (Goldenberg and Reed, 1985) stated that a complete recovery of 

joint function occurred in only 20 of 40 patients studied and that the duration of 

symptoms prior to treatment was predictive of poor outcome. Unfortunately, no 

detail is given on how outcome was measured or what the follow up interval was, 

making it difficult to draw conclusions from the data. Weston et al (1999) (Weston et 

al., 1999) performed a retrospective study of patients who had septic arthritis of any 

joint, including prosthetic infections, from Nottingham, UK during a 10-year period. 

The study included 242 patients of which 152 were skeletally mature and had 

microbiological evidence of infection. They abstracted data retrospectively from the 

hospital notes and reported a poor functional outcome in 23.8% of cases. The details 

on what constituted a poor functional outcome and when this assessment was made 

were not given. Kaandorp et al (1997) performed a prospective study from 

Amsterdam health district in the Netherlands over a period of 3 years that included 

82 adult patients with native joint septic arthritis. As a measure of functional 

outcome they measured the joint function relative to the situation before the 

diagnosis of septic arthritis using a 5-point Likert scale (much better, slightly better, 

unchanged, slightly worse, or much worse) (Hochberg et al., 1992). The median 

duration of follow-up was 23 months (range 6-46). Outcome data were available for 

48 adult patients with native joint infection. In native joints there were 6 

amputations, 1 prosthesis implanted and 9 other patients who rated their joint 

function as “much worse.” Poor joint outcome occurred in 7 of 28 knees, 1 of 2 hips, 

0 of 3 elbows, 2 of 6 wrists/hands, 5 of 12 ankles/feet and 1 of 5 shoulders. A poor 

joint outcome was not limited to patients with pre-existing joint disease. In addition, 

this study compared the health related quality of life in patients who developed septic 

arthritis on a background of pre-existing joint disease (as measured by the EuroQol 

questionnaire) with a matched cohort of patients who had not had septic arthritis. 

Before the onset of septic arthritis, the scores of cases and controls were similar 

between the groups. At follow-up, the mean overall health score of the cases had 

deteriorated (from 65 to 55 points; P = 0.004) and was unchanged in the controls 

(from 66 to 65 points; P = 0.37) indicating that the observed changes in the case 

group were caused by the infection and not secondary to aging or the natural course 

of joint diseases. Jenny et al (2006) reported on the outcome of native knee septic 
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arthritis in 78 patients at an average of 19 months. They reported that 13 patients had 

required arthroplasty and only 62% of patients were pain free (Jenny et al., 2006). 

Yanmis et al (2011) used the Bussiere functional evaluation scale (Bussiere and 

Beaufils, 1999) to assess 20 patients treated with arthroscopic washout for knee 

septic arthritis at an average of 29 months after the infection. The Bussiere functional 

evaluation scale is a scoring system for the follow up of septic arthritis of the knee 

that categorises outcome into 4 groups on account of recurrence of symptoms, pain, 

effusion and range of motion. Yanmis et al reported 1 poor, 5 fair, 10 good and 4 

excellent outcomes using this method but did not give any further breakdown of the 

results (Yanmis et al., 2011). Studahl et al (1994) reviewed 64 patients who had 

septic arthritis of the knee using their own functional outcome score 2-11 years after 

the infection. Their scoring system took into account range of motion, anatomical 

deformity, pain during motion and ache at rest. They reported that scores for pain 

were 21% higher in the affected knee than in the contralateral knee. They also 

reported that age under 45 was associated with a greater score loss than in older 

patients suggesting that the insult to healthy cartilage is significant (Studahl et al., 

1994). 

The studies outlined above include patients with pre-existing joint disease that makes 

it difficult to ascertain whether progressive decline in joint function is secondary to 

septic arthritis. 

A meta-analysis of outcomes following uncomplicated anterior cruciate ligament 

(ACL) repair has demonstrated the development of osteoarthritis in 0 - 13% of 

patients 10 years after surgery (Oiestad et al., 2009). Elevated rates of osteoarthritis 

(OA) development in patients whose ACL repair was complicated by septic arthritis 

have been demonstrated in 3 of 4 studies that addressed this field (table1:1).  
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than the coefficient of friction of steel sliding on polytetrafluorethylene which was 

Sir John Charnley’s initial choice of bearing surface for his ‘low friction’ 

arthroplasty (Charnley, 1960). 

1.3.1 Composition 
Articular cartilage is a composite of materials that have widely differing properties. 

The only living components are the chondrocytes. These are highly differentiated 

cells of mesenchymal origin that account for approximately 1% of the tissue volume 

in adult human articular cartilage (Muir, 1995). Approximately 70 - 85% of the 

weight of the tissue is interstitial fluid composed of water with dissolved electrolytes, 

gases, small proteins, and metabolites (Linn and Sokoloff, 1965). The remainder of 

the tissue is composed of an extracellular matrix (ECM) that the chondrocytes 

produce, organise and maintain in response to stimuli from their local environment. 

The ECM is composed of macromolecules including collagens, proteoglycans and 

non-collagenous proteins (Buckwalter and Mankin, 1997a, Bhosale and Richardson, 

2008). 

Between 60 and 70 % of the dry weight of articular cartilage is composed of 

collagen. The predominant type of collagen is the cartilage specific fibrillar type II 

collagen (figure 1:3).  
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Figure 1:3 Fibrillar type 2 collagen and its arrangement in a triple helix structure. 

Collagen fibrils are composed of multiple molecules of collagen arranged in a quaternary 

structure stabilized by many hydrogen bonds. Collagen fibres are composed of individual 

collagen molecules that are formed by three polypeptide strands (called alpha peptides) that are 

twisted together into a right-handed triple helix that is approximately 300 nm long and 1.5 nm 

in diameter.  

Fibrils of type II collagen are organised into a “basket-like” arrangement creating a 

tight meshwork structure extending throughout the tissue and providing tensile and 

shear strength (Buckwalter and Mankin, 1997b). Types IX and XI collagen support 

the meshwork by facilitating extensive cross-linking between the fibrils (Eyre, 1991). 

Other types of collagen including type VI and type III are concentrated in areas of 

the matrix immediately surrounding chondrocytes and may have functions associated 

with binding of the cell to the macromolecular framework of the matrix or assisting 

in physiological processes of the cells (Eyre, 1991). The presence of type-X collagen 

has been proposed to be related to the function of chondrocytes in the process of 

endochondral ossification (Shen, 2005). It is found near chondrocytes of the calcified 

cartilage zone of articular cartilage and the hypertrophic zone of the growth plate 

suggesting that it plays a role in mineralisation of cartilage. 
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Approximately 30% of the dry weight of articular cartilage is composed of 

proteoglycans (Buckwalter and Mankin, 1997a). Proteoglycans consist of a protein 

core to which glycosaminoglycans are attached to form a bottlebrush-like structure. 

Glycosaminoglycans are highly polar, long, unbranched polysaccharide chains 

consisting of repeating disaccharides that contain an amino sugar (Roughley, 2006). 

Each disaccharide has at least one negatively charged carboxylate or sulphate group. 

Glycosaminoglycans found in cartilage include hyaluronic acid, chondroitin 

sulphate, keratan sulphate, and dermatan sulphate (Poole et al., 1996). Because of the 

presence of glycosaminoglycans, proteoglycans are polyanionic in an aqueous 

solution attracting cations and repelling anions. The two major classes of 

proteoglycans that are present are the large aggregating proteoglycan monomers 

known as aggrecans and small proteoglycans including decorin, biglycan, and 

fibromodulin (Buckwalter and Mankin, 1997a). Aggrecans, which constitute 90% of 

the total cartilage proteoglycan mass, are entangled within the interfibrillar space of 

the cartilage matrix (Buschmann et al., 1996). Aggrecans associate non-covalently 

with hyaluronic acid (hyaluronan) and link proteins to form very large 

macromolecules that may consist of more than 300 associated aggrecan molecules 

(Roughley, 2006). Aggrecans have large numbers of chondroitin sulphate and 

keratan sulphate chains containing an abundant number of carboxyl and sulphate 

groups resulting in a molecule with a high negative charge (figure 1:4).  

 

Figure 1:4 Arrangement of proteoglycan aggrecan 
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The negatively charged chains repel each other and cause the molecule to spread out 

and occupy a large volume (Sophia Fox et al., 2009). Swelling of the aggregated 

molecules against the type II collagen framework is an essential element in the 

mechanical response of cartilage that contributes to its durability (Buckwalter and 

Mankin, 1997a). During compression the negatively charged sites are pushed closer 

together, which increases the repulsive force adding to the compressive stiffness of 

the cartilage. Large non-aggregating proteoglycans contribute 10 per cent or less of 

the proteoglycan mass and may represent degraded aggrecans (Buckwalter et al., 

2005).  

Small non-aggregating proteoglycans contribute about 3 per cent of the proteoglycan 

mass (Buckwalter and Mankin, 1997a). Decorin and fibromodulin provide additional 

stability to the type-II collagen meshwork (Poole et al., 1996) whilst biglycan is 

concentrated around chondrocytes where it interacts with type-VI collagen (Poole et 

al., 1996).  

The remainder of cartilage is composed of non-collagenous proteins and 

glycoproteins such as anchorin CII, cartilage oligomeric matrix protein, fibronectins 

and tenascin (Buckwalter and Mankin, 1997a). Their functions in articular cartilage 

remain poorly understood but they may have roles in matrix organization, cell-matrix 

interactions, and the responses of the tissue to inflammation. 

The unique biomechanical properties of articular cartilage are the result of the 

intricate inter-relationship between the interstitial fluid and the ECM. It can be 

considered to be a biphasic structure with the interstitial fluid forming the fluid phase 

and the ECM forming the solid phase (Athanasiou et al., 1991, Pearle et al., 2005). 

The interaction of collagen with aggregating proteoglycans within the matrix confers 

a high frictional resistance on the solid phase reducing the permeability (Mow et al., 

1984). When a load is applied, the interstitial fluid is displaced but the configuration 

of the ECM limits the flow and results in areas of high fluid pressurisation (Soltz and 

Ateshian, 2000). It is the incompressible fluid, rather that the fibrous matrix, that 

supports the loading (Park et al., 2003) and this protects the ECM from excessive 

stresses (Soltz and Ateshian, 2000). An alteration in the composition and 

configuration of the macromolecules in the ECM leads to changes in the behaviour 
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of the interstitial fluid and significantly influences the biomechanical properties of 

cartilage (Buckwalter and Mankin, 1997b).  

1.3.2 Organisation of the extracellular matrix   
Chondrocytes are embedded within a large volume of ECM (Goldring, 2012). The 

composition and structure of the extracellular matrix varies considerably according 

to the proximity to chondrocytes giving rise to three distinct regions called the 

pericellular, territorial, and interterritorial matrices (figure 1:5) (Poole, 1997). The 

chondrocyte and its pericellular microenvironment represent the ‘chondron’ (Poole et 

al., 1992). These microanatomical units, which can be visualised under low power 

light microscopy, either exist as single, double or linear chondron columns (Poole, 

1997).  

 

Figure 1:5 The chondrocyte (C) with its pericellular (Pg), territorial (Tm) and inter-territorial (Im) 
matrix (from Poole et al, 1984) 

It is probable that the pericellular and territorial matrices exist to optimise conditions 

for the chondrocytes, which are extremely sensitive to their extracellular 

environment (Poole et al., 1992). The primary function of the inter-territorial matrix 
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is to provide the mechanical properties of the tissue and this region makes up most of 

the volume of mature articular cartilage (Buckwalter and Mankin, 1997a, Guilak et 

al., 1999).  

The secretion and organisation of ECM components by chondrocytes is dependent on 

their mechanical and nutritional environment and this is intricately related to their 

proximity to the articular surface (Urban et al., 1993). This gives rise to a depth-

dependent zonal architecture of the inter-territorial matrix (Buckwalter and Mankin, 

1997a). Through the full thickness of articular cartilage it is possible to identify three 

main layers, or zones. These consist of a superficial zone (SZ), a transitional zone 

(TZ) and a deep zone (DZ) (figure1:6).  

 

Figure 1:6 Zonal organisation of the inter-territorial matrix demonstrating the arrangement of 
collagen fibres.   

SZ – superficial zone, TZ – transitional zone, DZ – deep zone, CZ – calcified zone, SB – 
subchondral bone, CB – cancellous bone, TM – tidemark demarcating transition between calcified 
and uncalcified cartilage. (Adapted from Brinker et al 1999).  

The composition and function of the SZ, TZ and DZ are compared in table 1:2. A 

thin, calcified zone (CZ) anchors the DZ to the underlying subchondral bone. The 

relative size and appearance of these zones vary among species and among joints 

within the same species (Athanasiou et al., 1991). 
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The primary role of the chondrocyte is to synthesise the macromolecular components 

of the ECM whilst also regulating matrix metabolism (Muir, 1995, Buckwalter and 

Mankin, 1997a). Chondrocytes can sense alterations in the composition of their 

surrounding ECM through the resultant changes in their local environment such as 

osmolarity, charge density, or strain. This is facilitated by transmembrane receptors, 

known as integrins, which bind to ligands within the ECM to form signalling 

complexes (Loeser, 2002). Integrins play a key role in chondrocyte survival, 

proliferation, differentiation, migration, remodelling and mechanotransduction 

(Adams and Watt, 1993, Loeser, 2002, Millward-Sadler and Salter, 2004, Gao et al., 

2014). Chondrocytes respond to changes in ECM composition by altering matrix 

synthesis or breakdown accordingly. The family of proteolytic enzymes responsible 

for ECM digestion are the matrix metalloproteases (MMPs) (Buckwalter and 

Mankin, 1997b) and these are inhibited by the tissue inhibitors of MMPs (TIMPs). 

The balanced response between the catabolic and anabolic activities of chondrocytes 

effects the repair of the ECM and thus restoration of the homeostatic environment 

under normal physiological conditions. Chondrocytes can therefore be considered to 

be the architects, cellular building blocks and housekeepers of articular cartilage 

(Muir, 1995). 

1.3.4 Articular cartilage degeneration and repair  
Although chondrocytes are capable of synthesising replacement matrix components 

following routine ECM component degradation or minor injury, the capacity for 

repair of articular cartilage is limited (Buckwalter and Mankin, 1997b). Injuries that 

penetrate into subchondral bone cause bleeding and an associated delivery of 

inflammatory cells, fibroblasts and mesenchymal cells to the zone of injury resulting 

in the formation of mechanically inadequate fibrocartilage (Bhosale and Richardson, 

2008, Kang et al., 2008). Chondrocytes exist in a post-mitotic quiescent state and do 

not replicate under normal physiological conditions in healthy adult articular 

cartilage (Muir, 1995). When the integrity of the ECM is compromised chondrocytes 

may proliferate but do so slowly and produce abnormal architecture that is 

inadequate for repair or large defects (Mankin, 1963, Poole, 1997).  
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Articular cartilage degeneration ultimately leads to the clinical syndrome of 

osteoarthritis (OA), which is characterised by loss of joint function and pain. The 

pathogenesis involves the progressive loss of articular cartilage that is mediated by 

mechanical and inflammatory stimuli (Goldring et al., 2011).  Osteoarthritis is 

subdivided into primary and secondary forms: in the secondary form, the 

predisposing factor(s) can be identified but are unknown in primary (or idiopathic) 

osteoarthritis (Buckwalter et al., 2005). In OA the matrix macromolecular framework 

is disrupted or altered at the molecular level causing an increase in permeability and 

a decrease in stiffness allowing the matrix to swell with water. The altered 

mechanical properties increase the vulnerability of the cartilage to further mechanical 

insult.  

With on-going ECM deterioration, the mechanical and nutritional stresses on the 

chondrocytes become significantly altered causing some to develop a hypertrophic 

phenotype (a resumption of the natural sequence of endochondral ossification which 

is arrested in chondrocytes in most zones of articular cartilage) (Carter et al., 2004). 

Hypertrophied chondrocytes promote breakdown and subsequent mineralisation of 

the ECM through the release of MMP’s (van der Kraan and van den Berg, 2012). As 

the disease progresses, pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-

6, are secreted by synoviocytes, mononuclear cells in the synovial sublining layer 

and by chondrocytes themselves (Goldring et al., 2011). These modulate 

chondrocyte metabolism to increase MMP synthesis further, inhibit the synthesis of 

TIMPs, and inhibit the synthesis of collagen and proteoglycans thereby favouring 

matrix catabolism (van der Kraan et al., 2002). Therefore, the initiation of OA causes 

chondrocytes to become progressively dysfunctional with escalation of damage to 

the matrix that ultimately leads to mechanical failure of the tissue (van der Kraan and 

van den Berg, 2012).  

If an injury causes chondrocyte death, damaged and degraded ECM components will 

not be replaced in adjacent areas of the tissue leading to a progressive deterioration 

of ECM structure and function (Muir, 1995, Goldring, 2012) and it is possible that 

this is a cause of secondary OA. The importance of chondrocytes to the maintenance 

of cartilage integrity was demonstrated by Simon et al. (1976) who used cryotherapy 



   

  25 

to produce localised areas of cell death in rabbit articular cartilage in vivo (Simon et 

al., 1976). The joints were subsequently examined morphologically, histochemically 

and metabolically at two to twelve months. There were no morphological changes 

evident six months following the injury despite an absence of metabolic activity that 

confirmed chondrocyte death. However, by twelve months fibrillation and softening, 

which are characteristic features of osteoarthritis (OA) (Pearle et al., 2005), had 

appeared.  

As identification of chondrocyte death in clinical practice is difficult, there is a 

paucity of data on this topic, however chondrocyte viability was examined in a small 

case series in which three consecutive patients who underwent anterior cruciate 

ligament repair mistakenly received joint irrigation with chlorhexadine at a 

concentration of 0.2% instead of the standard 0.02% (van Huyssteen and Bracey, 

1999). Within four months each patient developed extensive chondrolysis, evident as 

catastrophic radiographic joint space narrowing. Fragments of cartilage were 

retrieved during follow up arthroscopy and histopathological analysis demonstrated 

non-viable chondrocytes and an absence of inflammatory cells. Each patient 

ultimately required total knee arthroplasty.  

1.4 Synovium 
Synovium, a specialised tissue of ectodermal origin, lines the fibrous tissue capsule 

encasing the synovial joint (Smith, 2011). Synovium is responsible for the 

lubrication of cartilage and nutrition of chondrocytes through the production of 

synovial fluid. Synovial fluid has been reported to be an ultrafiltrate of plasma that is 

rich in hyaluronan and as it resembles ‘the white’ of an egg, it has been termed 

‘synovia’ which means ‘with egg’ (Mow et al., 1984).  The normal synovial 

membrane is composed of a cellular intimal layer, which is 1-2 cells thick, and a sub-

intimal connective tissue layer (Hamerman and Barland, 1966). Two types of cells 

are present in the intima. Type A synoviocytes are derived from macrophages and 

play a regulatory role by phagocytosing cell debris and presenting antigens to cells of 

the immune system (Smith, 2011). Type B synoviocytes, which are far more 

abundant, are specialised fibroblasts adapted to the production of hyaluronan and 

specialised matrix constituents for maintenance of the intimal interstitium (Edwards, 
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1995). The subintima is relatively acellular and is composed of a collagenous 

extracellular matrix with fat cells, scattered blood and lymphatic vessels, nerves, a 

few resident fibroblasts and other invading cells (Revell et al., 1995). To retain 

synovial fluid, the intimal matrix must allow free exchange of crystalloids and 

proteins but inhibit rapid transit of the viscous hyaluronan solution (Levick and 

McDonald, 1995). In processes where the synovium becomes inflamed, these 

functions are altered leading to changes in the composition of synovial fluid that can 

interfere with joint function and adversely affect cartilage health (Ghosh, 1994). The 

synovium has a rich blood supply from vessels of the peri-articular network that 

pierce the fibrous capsule. Within synovium they become smaller and form 

numerous plexuses. The innermost capillaries are often fenestrated and occur just 

below or within the intima close to the joint cavity (Wilkinson and Edwards, 1989). 

The cells of the intimal layer of synovium lack a basement membrane and in many 

places they do not form a continuous unbroken layer and as such the vascular 

network is a potential portal of entry for inflammatory cells and pathogens into the 

joint (Smith, 2011). 

1.5 Cartilage damage during septic arthritis 
The destructive effects of sepsis on articular cartilage were described as early as 

1743 when William Hunter stated: “when a cartilage is inflamed and soaked in a 

purulent material, the connecting fibres will be the soonest to give way and the 

cartilage will become soft and red.” In 1924 Phemister incubated pieces of articular 

cartilage in pus samples of various types and demonstrated that complete destruction 

occurred in three hours in some while in others it took more than twenty-four. He 

noted that samples of pus in which Staphylococci were isolated produced the most 

rapid destruction (Phemister, 1924). 

The pathogenesis of acute septic arthritis is multifactorial and depends on the 

interaction of the host immune response and the invading pathogen (Nade, 2003). 

Once bacteria have gained access to the host they produce various virulence factors, 

such as extracellular toxins, enzymes, adhesins, and cell wall proteins that initiate the 

host inflammatory response. Within the joint it is thought that both the bacterial 
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virulence factors and the immune response contribute to cartilage damage 

(Tarkowski et al., 2002).  

Bacterial invasion into the joint causes synovial inflammation leading to tissue 

oedema, hyperaemia and migration of inflammatory cells into the joint space. 

Synoviocytes are responsible for the initiation of the innate immune response 

through the release of the pro-inflammatory cytokines interleukin-1β (IL-1β) and 

interleukin 6 (IL-6) that stimulate the release of acute-phase proteins such as C-

reactive protein (CRP) from the liver (Lowy, 1998, Osiri et al., 1998). The acute 

phase proteins promote opsonisation of bacteria and activation of the complement 

system. The composition and cell content of the synovial fluid becomes distorted 

when the synovium becomes inflamed. Accumulation of synovial fluid causes 

capsular distension and increased intra-articular pressure that can mechanically 

impede blood flow in the synovium (Vegter and Klopper, 1991, Hardy et al., 1996). 

Proliferating synovium often adheres to the articular cartilage as it intrudes into the 

joint. These changes combine to cause alterations in the nutrition, lubrication and 

mechanical environment of the cartilage that can lead to cartilage damage (Nade, 

2003). 

An influx of neutrophils occurs early in the process and is followed by macrophages. 

These cells, and resident type A synoviocytes, attempt to bring the infection under 

control through phagocytosis of bacteria. During this process, further pro-

inflammatory cytokines are produced including increasing levels of IL-1β, IL-6 and 

tumour necrosis factor-α (TNF-α) (Shirtliff and Mader, 2002). After a few days the 

adaptive immune response is initiated with the emergence of T cells in the joint and 

associated increases in the levels of T-cell produced cytokines including IFN-γ 

(Abdelnour et al., 1994a). The adaptive immune response consists of pro-

inflammatory T-cell mediated (T-helper 1 (Th1)) and anti-inflammatory humoral (T-

helper 2 (Th2)) responses which are tightly controlled by the release of specific 

cytokines (Berger, 2000). The balance of pro and anti-inflammatory cytokines has a 

profound effect on the nature of the immune response. 

Inflammatory cells, synovial cells and invading staphylococci all release proteolytic 

enzymes that are capable of degrading the ECM and these may initiate damage 
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within 8 hours of infection (Smith et al., 1987). Degradation of proteoglycans was 

evident within 48 hours of infection in a cartilage explant model (Smith and 

Schurman, 1983). This is followed by a more prolonged period of collagen loss 

(Riegels-Nielsen et al., 1989, Wysenbeek et al., 1998) that was detectable within 10 

days in a lapine model (Smith et al., 1987).  

Despite the eradication of bacteria the inflammatory cascade persists and leads to on-

going joint destruction (Bobechko and Mandell, 1975, Smith et al., 1987). The 

persisting damage in this instance could be caused by the release of damaging 

reactive oxygen species and the production of collagen degrading enzymes including 

matrix metalloproteinases, stromelysin and gelatinase A & B that are stimulated by 

the high levels of inflammatory cytokines (Williams et al., 1990b). Synovial fluid 

samples from patients with septic arthritis have been found to have high levels of 

active metalloproteinases (MMP’s) but no proteinase inhibitors (Cawston et al., 

1989). Exposure of synovial fibroblasts to Staphylococcus aureus has been shown to 

enhance expression of MMP’s (Williams et al., 1991, Kanangat et al., 2006). In 

animal models MMP-7 has been shown to contribute to the development of a 

destructive course of septic arthritis (Gjertsson et al., 2005) whilst MMP-9 is 

protective by promoting bacterial clearance (Calander et al., 2006). 

In summary, there is evidence to suggest that the damage could be caused by the side 

effects of a powerful host immune response or result from bacterial toxins, or a 

combination of the two. It is not yet known what contribution each of these play in 

the destructive process.  

1.6 Staphylococcus aureus 
The work presented in this thesis focuses on septic arthritis caused by 

Staphylococcus aureus. S. aureus was first identified as a human pathogen in 1880 

by the surgeon Sir Alexander Ogston who isolated it from the pus of a knee joint 

abscess (Ogston, 1881). S. aureus is a gram-positive organism that is spherical in 

shape when viewed under the microscope. When grown on agar plates, the bacteria 

undergo cell division in more than one plane forming grape-like clusters (staphyle is 

Greek for grape), which are golden in colour (aureus is Latin for golden) that helps 
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distinguish S. aureus from other staphylococcal species. S. aureus is coagulase 

positive, a characteristic feature frequently used in identification. The typical features 

of S. aureus are illustrated in figure 1:7. Coagulase is an extracellular protein that 

binds prothrombin in a ratio of 1:1 to form staphylothrombin (Hemker et al., 1975, 

Kawabata et al., 1985).  

 

Figure 1:7 Staphylococcus aureus – typical appearance and positive identification 

A) Golden colonies forming on TSA agar plate B) Appearance of grape like clusters under 
microscopy. C) The latex agglutination is used to confirm the presence of S. aureus. The clumping 
factor secreted by S. aureus results in the visible agglutination of small latex particles contained 
within the test solution (*). In comparison, there is no latex agglutination identified in the control 
sample (**). Images courtesy of I. D. Smith and C. Doherty. 

Staphyloccoci are facultative anaerobes capable of generating energy by aerobic 

respiration, and by fermentation that yields lactic acid (Fuchs et al., 2007). S. aureus 

forms part of the normal commensal microflora in 20 - 50% of the population. It 

colonises the skin and mucous membranes, especially the anterior nares (Kluytmans 

et al., 1997). Individuals with S. aureus infections are commonly infected with their 

colonising strain (von Eiff et al., 2001). For S. aureus to cause disease, conditions 

must be met that allow it to breach the host's epithelial barriers and access the 

adjacent tissues or the blood stream. Access is usually via a mechanical breach of the 

epithelium, such as may occur as the result of a wound or surgical procedure. Once 

S. aureus has breached the epithelial barriers, its ability to cause septic arthritis 

depends on virulence factors that afford it the ability to attach to host tissues, evade 

host defences, and cause tissue damage. 
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1.4.1.1 Factors promoting the attachment of Staphylococcus aureus to 
host tissues 
S. aureus has a variety of receptors for host tissues including fibronectin, fibrinogen, 

laminin, elastin, collagen and hyaluronic acid, bone sialoprotein, osteopontin, 

thrombospodin and vitronectin (Shirtliff and Mader, 2002). Many of these host 

extracellular matrix proteins are expressed densely in synovial joints. Low fluid 

shear conditions within the joint promote adhesion of S. aureus to host-derived 

extracellular matrix proteins allowing the infection to become established (Shirtliff 

and Mader, 2002). Adhesion is dependent on the bacterial strain and the expression 

of surface receptors. Patti et al (1994) demonstrated that the absence of the collagen-

binding protein Cna significantly decreased the ability of S. aureus to establish septic 

arthritis (Patti et al., 1994). Palmqvist et al (2005) demonstrated a similar importance 

of fibrinogen-binding clumping factors in the arthritogenicity of S. aureus (Palmqvist 

et al., 2005).  

1.4.1.2 Avoidance of host defences 
Several studies have examined strategies that S. aureus employs to evade or 

counteract the host immune response allowing further bacterial growth and 

persistence of the infection, these will now be reviewed: 

 

1) S. aureus has the ability to form biofilms on host and prosthetic surfaces. Within a 

biofilm the bacteria become encased in an extracellular slime that limits access of 

host immune cells and impedes the penetration of antimicrobials (Donlan and 

Costerton, 2002). Biofilms that form on prosthetic material are particularly difficult 

to eradicate and are a major clinical problem in prosthetic infections.   

2) S. aureus limits the migration of neutrophils from the bloodstream to the site of 

infection through the production of ‘chemotaxis inhibitory protein of staphylococci’ 

(CHIPS) which is produced by 60% of strains (de Haas et al., 2004).  

3) S. aureus avoids opsonins, including antibodies recognising cell surface 

components such as peptidoglycan and teichoic acid, that bind bacteria to mark them 

for phagocytosis (Foster, 2005). About 90% of S. aureus isolates produce capsular 
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polysaccharide (Hochkeppel et al., 1987), which forms a layer on the outer surface of 

the peptidoglycan in the cell wall and this has anti-opsonic properties (Nilsson et al., 

1997). The majority of S. aureus clinical isolates express serotype 5, 8 or 336 

capsular polysaccharide (O'Riordan and Lee, 2004, Roghmann et al., 2005). Nilsson 

et al (1997) have demonstrated that staphylococci defective with respect to the 

expression of the type 5 capsular polysaccharide induced a lower frequency and 

severity of arthritis than the con-geneic wild-type strain in mice. Further in vitro 

studies suggested that this was secondary to enhanced phagocytosis and intracellular 

killing of the bacteria lacking capsular polysaccharides (Nilsson et al., 1997).  

4) S. aureus can cause plasma clotting resulting in the bacteria becoming coated in 

fibrin and fibrinogen which inhibits phagocytosis. Fibrinogen binding is mediated 

through the expression of the adhesin clumping factor A (ClfA). In a murine model 

the severity of arthritis was markedly reduced following intravenous challenge with a 

ClfA mutant, compared with mice infected with the wild-type strain (Josefsson et al., 

2001).  

5) Protein A, which is anchored to the cell wall of S. aureus, binds to the Fc region of 

the immunoglobulin IgG (Forsgren and Sjoquist, 1966) which results in the 

antibodies being orientated in the wrong direction for interaction with phagocytic 

cells (Uhlen et al., 1984, Foster, 2005). Isogenic mutants with a disruption in the 

protein A gene have been examined in a murine model of S. aureus arthritis. It was 

found that the wild type parental strain produced a greater degree of inflammation 

and cartilage destruction than the isogenic mutant (Palmqvist et al., 2002). 

6) In response to S. aureus infection the host deploys antimicrobial defence peptides 

such as defensins and platelet microbicidal proteins (Varoga et al., 2004) and mice 

deficient in these have been shown to develop more severe signs of septic arthritis 

following intra-articular challenge of S. aureus (Bian et al., 2011). Staphylococci 

have developed resistance mechanisms against these host defences. Staphylokinase, 

which participates in the spreading of staphylococci from the vascular compartment 

to parenchymatous organs, is produced by the majority of staphylococcal strains 

(Wilkinson, 1983). It has been shown to bind human defensins and neutralise their 

bacteriolytic properties (Melly et al., 1974). Additional mechanisms to counteract 
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defensins either combat specific host defence peptides or broadly protect against a 

range of cationic antimicrobial peptides. Two different genetic loci, Multiple peptide 

resistance factor (MprF) and DltA-D have been shown to be crucial to S. aureus 

defensin resistance (Peschel and Collins, 2001, Peschel et al., 2001, Collins et al., 

2002). The DltA-D proteins catalyse the introduction of d-alanine into the teichoic 

acids of the staphylococcal cell wall, whereas MprF is involved in modification of 

the membrane phosphatidylglycerol with l-lysine. Knockout of the Dlt locus renders 

the bacteria susceptible to killing by defensin peptides and enables faster and more 

efficient in vitro inactivation by neutrophils (Collins et al., 2002) whereas S. aureus 

strains lacking the MprF gene have an altered net surface charge and increased 

sensitivity to defensin-mediated killing (Peschel et al., 2001). The mortality, and 

frequency of arthritis were dramatically reduced in mice that were infected with 

either a Dlt- mutant or MprF- mutant, compared to those that were infected with the 

wild-type strain (Peschel et al., 2001, Collins et al., 2002). 

7) S. aureus may attack the cells of the innate immune system through the release of 

leukotoxins that specifically target and lyse leukocytes. These toxins are capable of 

killing neutrophils attempting to engulf and kill bacteria (Foster, 2005) and are 

responsible for abscess formation, a characteristic feature of S. aureus infection 

(Cheng et al., 2009). An example is Panton-Valentine leukocidin (PVL) which is a 

two-component pore-forming toxin with a high affinity for neutrophils and 

macrophages (Lina et al., 1999, Lipinska et al., 2011). It destroys host cells through 

the formation of cell membrane pores. In children with septic arthritis the presence of 

PVL genes in the S. aureus isolate have been associated with severe disease 

(Carrillo-Marquez et al., 2009) 

8) During infection, host cells may internalise bacteria, which normally results in 

bacterial death. S. aureus can survive within the intracellular environment (Hudson et 

al., 1995) and in some instances will induce host cell apoptosis (Menzies and 

Kourteva, 1998, Kahl et al., 2000) which enhances tissue destruction (Menzies and 

Kourteva, 1998, Kahl et al., 2000). The internalisation of S. aureus by osteoblasts 

has been postulated as a mechanism of persistence in cases of bone infection 

(Mohamed et al., 2014) and by epithelial cells can induce changes in gene expression 
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that may lead to the appearance of small colony variants (SCVs) in some strains 

(Vesga et al., 1996). These SCVs are phenotypically very different to the parent 

strain, existing in a metabolically dormant state which confers resistance to 

aminoglycosides and cell-wall-active antibiotics and also allows them to persist 

intracellularly within the host for prolonged periods (Proctor et al., 1995, Kahl et al., 

1998, Proctor and Peters, 1998). Following cessation of the immune response and 

antibiotic therapy, SCVs can revert to their aggressive parental phenotype and lyse 

the host cell (Proctor and Peters, 1998). This may explain why persistent and 

recurrent infections are common with S. aureus, even years after the initial infection. 

S. aureus strains expressing the SCVs phenotype have been shown to cause a more 

severe arthritis in mice than strains which do not produce SCVs (Jonsson et al., 

2003).  

1.4.1.3 Bacterial factors causing tissue damage 
S. aureus produces a diverse group of other toxins with differing biological activities 

including the haemolysins, nucleases, proteases, lipases, hyaluronidase, collagenase, 

toxic shock syndrome toxin-1 (TSST-1), enterotoxins A-E and the exfoliative toxins 

(ETA and ETB) (Tomita and Kamio, 1997, Dinges et al., 2000). It has been proposed 

that the purpose of many of these is to allow S. aureus to utilise nutrients derived 

from the destruction of local host tissues (Dinges et al., 2000). In septic arthritis 

some, but not all (Calander et al., 2004), of these toxins may increase virulence and 

lead to severe joint damage and higher rates of infection-related mortality.  

The most widely recognized group of S. aureus exotoxins is the superantigens, which 

comprise three distinct groups: toxic shock syndrome toxin 1 (TSST1), the 

enterotoxins and the exfoliative toxins. The enterotoxins and TSST-1 are classical 

superantigens that are characterized by their ability to induce non-specific clonal 

expansion of T-cells by binding to the major histocompatibility complex (MHC) 

class II molecules on antigen presenting cells. The activated T-cells secrete large 

amounts of pro-inflammatory cytokines including IL-1, IL-6 and TNF-α that can 

cause multiple organ failure and circulatory collapse (Cunningham et al., 1996). The 

role of enterotoxins and TSST-1 in S. aureus induced bacterial arthritis has been 

shown to accelerate and worsen the outcome of sepsis and septic arthritis as a result 
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of their superantigenic properties (Abdelnour et al., 1994b, Bremell and Tarkowski, 

1995). The exfoliative toxins are thought to be the causative agent of scalded skin 

syndrome (Melish and Glasgow, 1970, Melish et al., 1972) but their role in septic 

arthritis has yet to be verified. 

Staphylococcal haemolysins 
The haemolysins are a group of exotoxins named because of their ability to lyse 

erythrocytes (Haque and Baldwin, 1964, Wiseman, 1975). They consist of four 

unrelated toxins that have different mechanisms of action: alpha (Hla), beta (Hlb), 

gamma (Hlg) and delta (Hld) haemolysin. Hla is a 33 kDA β-barrel pore-forming 

cytotoxin, encoded by the gene hla (Gray and Kehoe, 1984), that is capable of 

inducing eukaryotic cell death (Bhakdi and Tranum-Jensen, 1991). It was first 

identified over 100 years ago by van de Velde (Van de Velde, 1894) and is 

commonly identified in laboratory examination by its ability to lyse rabbit (lapine) 

erythrocytes (Cooper et al., 1964). Hla is thought to be produced by all strains of S. 

aureus although high and low producers have been described (Anderson et al., 

2012). Hla is secreted as a water soluble monomer capable of binding to the host cell 

membrane where it aggregates with other monomers into a cylindrical heptameric 

structure (figure 1:8) (Gouaux, 1998). This culminates in the extension of a 1- to 2-

nm membrane-perforating pore that allows the rapid influx and efflux of ions and 

molecules between 1 and 4 kDa. This causes a disruption of the ionic equilibrium, 

osmotic swelling and cellular death (Dinges et al., 2000, Bantel et al., 2001, 

Essmann et al., 2003).  
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Figure 1:8 Alpha haemolysin of Staphylococcus aureus 

Hla is released from S. aureus in a monomer form. The rim domain of the toxin adheres to the 
plasma membrane and subsequent intertwining of the stem regions results in the formation of a 
transmembrane pore. Adapted from Dinges et al. (2000). 

Hlb is a 35 kDa Mg2+ dependent enzyme, sphingomyelinase C, that is encoded by the 

hlb gene (Coleman et al., 1986, Projan et al., 1989). It cleaves sphingomyelin from 

the phospholipid layer of eukaryotic cell membranes, making them leaky and thus 

allowing small molecules to exit rapidly through the membrane (Coleman et al., 

1986). The sphingomyelin content in the erythrocyte outer membrane varies between 

species and this correlates with their sensitivity to the toxin (Dinges et al., 2000). 

Due to the high sphingomyelin content of sheep erythrocytes they are highly 

susceptible to Hlb induced lysis whereas the low content in rabbit erythrocytes 

means lysis is not observed (Huseby et al., 2007, Burnside et al., 2010a). This 

property is used as a laboratory test for the presence of the toxins. Hlb is frequently 

referred to as the ‘hot-cold’ haemolysin because it was discovered that the 

haemolytic activity is enhanced when erythrocytes are incubated for (37°C) and then 

chilled for a short period below 10°C (Wiseman, 1975, Coleman et al., 1986, Huseby 

et al., 2007).  

Hlg is a member of the bicomponent pore-forming toxin family of exotoxins known 

as synergohymenotropic toxins (Prevost et al., 1995) that have high affinity for 

leukocytes and includes the Panton–Valentine leukocidins (Konig et al., 1997, 

Dinges et al., 2000, Yamashita et al., 2011). Hlg is encoded by the hlg gene and is 

composed of 3 components: HlgA and HlgC are referred to as S components and 

HlgB as the F component (Ferreras et al., 1998). When the larger F component binds 
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to the eukaryotic cell membrane one of the S components can bind to form the active 

γ toxin pore (Finck-Barbancon et al., 1993) which leads to increased membrane 

permeability and ion efflux. Unlike PVL Hlg is able to lyse other mammalian cells 

including erythrocytes. Hlg can be difficult to identify on laboratory blood agar 

plates due to the inhibitory effect of impurities in the agar on toxin activity.  Whereas 

PVL is only made by 2 to 3% of S. aureus isolates, γ toxin is produced by a broad 

range (Clyne et al., 1988, Prevost et al., 1995, Siqueira et al., 1997), making it an 

important candidate virulence factor.  

Hld is a 26 amino acid peptide encoded by the hld gene and produced by 97% of S. 

aureus isolates (Wiseman, 1975, Janzon and Arvidson, 1990, Burnside et al., 2010b). 

The exact mechanism of action of Hld is unclear but it is thought to share structural 

and functional homology with the bee venom melittin (Thelestam and Mollby, 1975). 

It has been proposed that Hld forms an α-helix with hydrophobic and hydrophilic 

domains on opposite sides which acts as a surfactant to disrupt the cell membrane 

which ultimately causes cell lysis (Freer and Birkbeck, 1982, Lee et al., 1987, 

Dinges et al., 2000, Verdon et al., 2009). This theory is supported by the speed with 

which the target cell is lysed. Low-molecular-weight particles are released first and 

larger molecules are released following prolonged exposure. Hld is capable of lysing 

erythrocytes and other mammalian cells, as well as membrane-bound organelles, 

spheroplasts, and protoplasts (Freer and Birkbeck, 1982).  

The haemolysins have been studied in models of septic arthritis. Gemmell et al 

(1997) examined a variety of strains of wild type S. aureus 8325-4 or mutants 

derived from it (outlined in table 1:3) in a murine model in order to assess the role of 

virulence factors in the development of septic arthritis (Gemmell et al., 1997b). 

Adult male Swiss white mice were given a single intravenous inoculum of bacteria 

and then their joints were examined both clinically and histologically on day 14. 

Clinical severity was based on the severity of the swelling of the joints, which were 

graded from 0 (absent) to 3 (severe). Changes were assessed and scored for each 

limb and the mean score per animal group was taken. The histological scoring for 

each joint was based on the degree of joint damage and destruction measured on 

haematoxylin and eosin stained slides and graded from 0 (absent) to 3 (severe). 
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groups that had a higher number of joints involved. It is therefore unclear from these 

results whether the importance of these virulence factors is in the enhancement of the 

organism’s ability to establish arthritis or if they are a cause of direct cartilage 

damage themselves.  

Nilsson et al (1997) intravenously injected naval medical research institute mice with 

1.6 x 108 cfu/mL (colony forming units/mL) S. aureus 8325-4 or isogenic mutants that 

had differing haemolysin expression profiles.  They experienced problems initiating 

septic arthritis with over half the animals in each group showing no clinical signs 

after one week. After 21 days the mice were sacrificed and haematoxylin and eosin 

stained sections of the left front and hind paws were analysed irrespective of the 

macroscopic appearance of arthritis. Due to this methodology it was not possible to 

be sure when the limbs that were inspected became infected, if at all. Forty-five 

percent of mice inoculated with the 8325-4 strain, and 18% of those inoculated with 

DU5719 (which produces Hla and Hlg but not Hlb), had severe arthritis with severe 

destruction of cartilage and/or subchondral bone. Thirty-three percent of mice 

inoculated with DU5938 (devoid of haemolysin production) and 15% of those 

inoculated with DU5945 (which produces Hlb only) showed a total absence of 

synovitis or erosions. Only 8% and 15%, respectively, of mice in these two groups 

displayed moderate arthritis with erosivity. Nilsson et al (1997) summarised their 

findings to suggest that a combination of Hla and Hlg were important in the 

development and progression of S. aureus-induced arthritis but based on the 

deficiencies in the methodology it is difficult to ascertain whether these haemolysins 

were a direct cause of cartilage damage from this study (Gemmell et al., 1997a, 

Nilsson et al., 1999a).  

Smith et al (2013) provided a clearer picture of the role of the haemolysins in 

cartilage damage by using confocal laser scanning microscopy to measure 

chondrocyte death in bovine cartilage explants exposed to a selection of isogenic S. 

aureus mutants, with varying haemolysin production capabilities (all originating 

from S. aureus 8325-4).  Hla producing mutants induced significant chondrocyte 

death whereas mutants producing Hlb or Hlg in the absence of Hla were unable to 

induce significant chondrocyte death. Hla alone was therefore identified as the key 
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toxin causing chondrocyte death. Interestingly, there was no difference in the 

macroscopic appearance of explants in which the chondrocytes were alive or dead 

(Smith et al., 2013). This explant model was designed to avoid the complexities of 

the host immune response and the results now need to be replicated in an in vivo 

environment to consider the role the immune system plays. 

1.6.1 The innate immune response   
The acute inflammatory response to septic arthritis is characterised by an influx of 

neutrophils (Bremell et al., 1991). Large numbers of neutrophils can be observed 

systemically and locally within the inflamed synovium within 24 hours of bacterial 

inoculation (Bremell et al., 1992). When neutrophils encounter microorganisms they 

phagocytose them (Kolaczkowska and Kubes, 2013). This triggers the so-called 

respiratory burst (that generates reactive oxygen species) and fusion of neutrophil 

cytoplasmic granules with the phagocytic vacuole (Dahlgren and Karlsson, 1999). 

Neutrophil granules contain a multitude of antimicrobial and potentially cytotoxic 

substances including myeloperoxidase, neutrophil elastase, defensins, 

bactericidal/permeability-increasing protein, phospholipase A2, cathepsin G, and 

cathelicidins (Faurschou and Borregaard, 2003, Borregaard et al., 2007). 

Degranulation releases these substances from the neutrophil granules into 

phagosomes or through exocytosis into the extracellular environment leading to a 

noxious environment for the Staphylococcus (Lacy, 2006).  

Animal models of septic arthritis have shown that neutrophils play a dual role in 

septic arthritis. Complete depletion of neutrophils leads to an overwhelming systemic 

infection with a very high mortality rate and severe septic arthritis (Verdrengh and 

Tarkowski, 1997) but in animals which are not neutropenic the severity of arthritis is 

increased following inoculation of strains that promote enhanced neutrophil 

recruitment (Gjertsson et al., 2012). In vitro experiments utilising two-dimensional 

high-resolution proton NMR spectroscopy on porcine articular cartilage explants 

exposed to activated neutrophils in the presence of specific enzyme inhibitors have 

demonstrated that elastase is the main proteolytic enzyme responsible for cartilage 

damage (Hilbert et al., 2002). The production of reactive oxygen species was also 

thought to contribute to cartilage damage (Kowanko et al., 1989) but in fact these 
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appear to protect host tissues from the effects of the proteolytic enzymes (Schiller et 

al., 2000). 

Mononuclear phagocytes migrate to the joint slightly later than the neutrophils 

(Bremell et al., 1992). Monocytes phagocytose bacteria that have been coated by 

opsonins (such as antibodies or complement) or bind directly via pattern-recognition 

receptors (Murray and Wynn, 2011). Monocytes can also kill abnormal host cells via 

antibody dependent cell mediated cytotoxicity (Shaw et al., 1978). Monocytes appear 

to play a dual role in the pathogenesis of septic arthritis with depletion of circulating 

monocytes enhancing the severity of sepsis but decreasing the severity of joint 

inflammation and destruction (Verdrengh and Tarkowski, 2000). 

Extravasation of leukocytes to the site of infection is mediated by adhesion 

molecules, selectins and enzymes such as the isoenzyme of glutaminyl cyclase 

(isoQC) (Vestweber, 2015). Disruption of these molecules or enzymes reduces, but 

does not prevent, the number of leukocytes entering the joint during septic arthritis. 

In animal models of septic arthritis, joint inflammation is reduced in mice deficient 

in isoQC (Hellvard et al., 2013), intracellular adhesion molecule 1 (Verdrengh et al., 

1996), integrin-associated protein (Verdrengh et al., 1999) or P-selectin (Verdrengh 

et al., 2000) adding further evidence that an exaggerated innate cellular response is 

detrimental.  

Cells that do not have a primary immune function are capable of secreting soluble 

components of the innate response after encountering staphylococci. Examples are 

proteins that participate in the complement cascade and nitric oxide (Bogdan, 2001, 

Sarma and Ward, 2011). In vivo administration of cobra venom factor leads to a 

temporary inhibition of the complement system, and aggravates both S. aureus 

septicaemia and arthritis (Sakiniene et al., 1999). This outcome is thought to be due 

to the decreased opsonisation of staphylococci, thereby leading to less efficient 

phagocytosis. Nitric oxide has been shown to provide protection against S. aureus 

arthritis (Sakiniene et al., 1997, McInnes et al., 1998).  



   

  41 

In summary, the literature reports that components of the innate immune system 

provide resistance to S. aureus arthritis but the cellular response leads to worsening 

of disease severity when activation is excessive.   

1.6.2 The adaptive immune response  
T- and B-lymphocytes are the only cells that participate in acquired immune 

responses (Delves and Roitt, 2000). B cells mediate an antibody-mediated immune 

response whereas T cells mediate a cell-mediated response (Kersey and Gajl-

Peczalska, 1975). Antigen presenting cells generate antigenic peptides from a 

pathogenic agent by antigen processing and then display them on the cell surface 

utilising the major histocompatibility complex (MHC) molecules (Mellman and 

Steinman, 2001, Heath et al., 2004). The adaptive immune system is initiated 

following the recognition of antigens by naive T cells that display high affinity 

binding to the specific antigen via T cell receptors (Berard and Tough, 2002). The T 

cells then undergo clonal expansion, migrate to the sites of antigen presentation and 

direct a highly specific immune response targeted at the antigen (Polonsky et al., 

2016). The type of immune response relies on the particular type of T cells produced. 

CD4+ Helper T cells (Th cells) recognise antigen in the context of MHC class II 

molecules on so-called professional antigen presenting cells such as macrophages 

and dendritic cells (Zhu and Paul, 2008). Th cells secrete cytokines that have a 

variety of effects including direct toxicity to the target cells, promotion of B cell 

antibody production and cytotoxic T cell and macrophage activation (Ziegler, 2016). 

Th cells are grouped into Th1 cells that enhance pro-inflammatory cell-mediated 

immunity and Th2 cells that promote non-inflammatory immune responses (Berger, 

2000). CD8+ lymphocytes recognise antigens presented by MHC class I molecules 

(expressed on all nucleated cells) and form effector cytotoxic T lymphocytes (Tc 

cells) (Zhang and Bevan, 2011). Tc cells are capable of inducing apoptosis in cells 

bearing the antigen through direct cytotoxic pathways (Barry and Bleackley, 2002).  

In a haematogenous murine model of septic arthritis T cell infiltration was found to 

be prominent from 48 hours after the infection becoming established (Abdelnour et 

al., 1994a). The predominant T cells to migrate to the joint were CD4+ Th cells. In 

mice with depletion of the CD4+ cells there was amelioration of both arthritis and 
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sepsis-triggered mortality indicating that the T cell response was detrimental 

(Abdelnour et al., 1994a). The adaptive immune response is reliant on effective 

antigen-presentation via the MHC and it has been shown that MHC class II deficient 

mice display decreased prevalence and severity of arthritis (Abdelnour et al., 1997). 

Activated B cells secrete immunoglobulins that bind specifically to the antigen that 

stimulated their production (Maddaly et al., 2010). Binding of immunoglobulin 

marks invading pathogens for phagocytosis by cells of the innate immune system and 

in some instances the immunoglobulins inactivate certain bacterial toxins (LeBien 

and Tedder, 2008). In mice, intravenous inoculation of live S. aureus results in early 

lymphoproliferation with the peak of IgM secreting cells within 3-4 days and a 

pronounced increase of IgG-secreting cells by 2 weeks (Abdelnour and Tarkowski, 

1993). The late increase of IgG-secreting cells is a CD4+ Th cell-dependent 

phenomenon stimulated by IL-1α and IL-6 (Abdelnour and Tarkowski, 1993). Mice 

that are rendered agammaglobulinemic show striking similarities to con-geneic 

littermates with respect to the development of S. aureus arthritis and mortality 

following intravenous inoculation of bacteria (Gjertsson et al., 2000). Mice which 

have a Bruton's tyrosine kinase mutation (which interferes with B cell function and 

manifests as a complete inability to produce immunoglobulins) were found to display 

decreased frequency and severity of arthritis. The authors proposed that the 

favourable outcome in these animals might have been secondary to decreased IL-6 

and IL-1ß synthesis (Zhao et al., 1995). These findings were suggested by these 

authors to indicate that B cells were of minor importance in the defence against 

severe S. aureus infection but may, directly or indirectly, contribute to the 

pathogenesis of septic arthritis. 

1.6.3 Cytokines involved in the host immune response to 
septic arthritis 

Cytokines are low molecular weight proteins that are produced by a broad range of 

cells under homeostatic conditions but are readily detected at high concentration in 

response to cellular stress (Turner et al., 2014). They act through receptors to 

modulate the balance between antibody and cell based immune responses and have 

additional regulatory functions in the maturation, growth, and responsiveness of 
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particular cell populations (Dinarello, 2007). Their impact on disease outcome may 

vary depending on their local concentration as well as the time point for their 

secretion in relation to the start of the disease (O'Shea et al., 2002, Mege et al., 

2006). Cytokines can be grouped into pro-inflammatory and anti-inflammatory 

groups. Th1 cytokines, which include IL-1, IL-6, IL-12, TNF-α and IFN-γ, favour 

cellular immune responses and are therefore classified as pro-inflammatory cytokines 

(Berger, 2000, Turner et al., 2014). By contrast Th2 cytokines, including IL-4 and 

IL-10, are regarded as anti-inflammatory as they promote antibody responses and 

dampen cellular immunity (Berger, 2000, Turner et al., 2014).  

During S. aureus septic arthritis there is an early upregulation of TNF-α, IL-1β and 

IL 6 (Bremell et al., 1992). Expression of T cell-derived cytokines follows with 

induction of Th2 cytokines (IL-4, IL-10) preceding the appearance of Th1 cytokines 

(interferon-γ, TNF-β) (Tarkowski et al., 2002).  

Experiments on mice that have been genetically manipulated to knock out certain 

cytokines have demonstrated that the mortality, severity and degree of joint damage 

following septic arthritis can be altered with changes to cytokine profiles (Zhao et 

al., 1998) (Hultgren et al., 2001) (Hultgren et al., 1998a) (Gjertsson et al., 2002).  

The macrophage-derived cytokines TNF-α, IL-1β, and IL-12 mediated protection 

against septic death due to their properties enhancing bacterial clearance. IL-1β 

appeared to play a crucial role in host defence against S. aureus septic arthritis. Mice 

which lacked the IL-1β receptor display increased severity of arthritis and a higher 

mortality than mice without the deficiency which was secondary to a higher burden 

of the bacteria in the joints and systemic circulation (Hultgren et al., 2001).  Similar 

detrimental effects occurred when IL-12 was absent (Hultgren et al., 2001). TNF-α 

had an overall protective effect by decreasing the bacterial load but local secretion in 

the joint cavity gave rise to increased severity of joint inflammation during septic 

arthritis (Hultgren et al., 1998a). IFN-γ had a dual effect by decreasing mortality on 

the one hand but increasing the severity of arthritis on the other. Treating mice with 

anti-IFN-γ monoclonal antibodies has been shown to decrease the severity of arthritis 

in mice without affecting survival and may have a therapeutic role (Zhao et al., 

1998). 
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The seemingly contradictory outcomes seen when studying the effects of neutrophils 

and monocytes may be attributed to the activities of cytokines such as TNF-α and 

IFN-γ. These cytokines have been reported to be necessary to promote efficient 

phagocytosis. However, a surplus in the joint cavity triggered severe inflammation 

which led to cartilage and bone destruction (Hultgren et al., 2002). 

The anti-inflammatory cytokines may have detrimental or beneficial effects. IL-4 

promotes the development of septic arthritis by enhancing bacterial growth and/or 

decreasing bacterial clearance, which eventually resulted in an increased bacterial 

load in the joint resulting in increased joint damage (Hultgren et al., 1998b). 

However, the effects of IL-4 appeared to depend on the genetic background of the 

host with enhanced survival in 129SV mice but the opposite effect in C57Bl6 mice 

(Hultgren et al., 1999). IL-10 deficient mice developed a more frequent and 

destructive arthritis compared to their con-geneic controls demonstrating a protective 

effect of IL-10 in septic arthritis (Gjertsson et al., 2002). 

1.7 S. aureus components elicit an immune response 
It has previously been shown that the presence of non-viable S. aureus, or 

components thereof, can initiate an inflammatory response within the joint. Intra-

articular injection of antibiotic-killed S aureus induced mild-to-moderate synovitis 

and bone erosions that lasted for a minimum of 14 days (Ali et al., 2015). When this 

was repeated in mice with a combined depletion of monocytes and neutrophils the 

frequency of synovitis was significantly lowered indicting that these cells can be 

detrimental. Deng et al showed that the introduction of bacterial DNA into the knee 

joints of mice triggered rapid and severe inflammatory arthritis with an influx of 

monocytes. Joint damage was found to be independent of B or T cells, suggesting 

that it involved the activation of the innate immune system (Deng et al., 1999, Deng 

and Tarkowski, 2000a, Deng and Tarkowski, 2000b). Highly purified staphylococcal 

peptidoglycan from S. aureus injected intra-articularly into murine joints has been 

shown to cause massive infiltration of macrophages and neutrophils with signs of 

cartilage and/or bone destruction (Liu et al., 2001). These findings provide an insight 

into the detrimental effects of the host immune system during septic arthritis because 

the components of S. aureus were not toxic in themselves. The stimulatory effect 
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they have on the host immune system activated the innate host defence mechanisms 

that then acted to destroy the invading bacteria but also resulted in joint damage as an 

off-target effect (Liu et al., 2001) (Deng et al., 1999, Deng and Tarkowski, 2000a, 

Deng and Tarkowski, 2000b). 

1.8 Methods of studying septic arthritis  
Research into septic arthritis has been conducted using clinical studies, in vitro 

studies and in vivo animal models with each having advantages and disadvantages. 

Clinical studies have advanced the knowledge of the epidemiology and microbiology 

of septic arthritis (Kaandorp et al., 1997b, Weston et al., 1999, Al Arfaj, 2008, Clerc 

et al., 2011) but trying to prove the superiority of one treatment regime over another 

has so far proven elusive (Manadan and Block, 2004, Ravindran et al., 2009). A 

priority for clinical studies is to ascertain the long-term consequences of septic 

arthritis.  

In vitro studies utilising isolated chondrocytes (Williams et al., 1990a) or cartilage 

explant culture (Smith et al., 2013) have been conducted to study the pathogenic 

potential of bacteria and their toxins in isolation but the absence of a host immune 

response limits their translation into the clinical domain. An exciting development 

has been the identification of Hla as the most significant S. aureus toxin affecting 

chondrocyte viability (Smith et al., 2013). These results now need to be replicated in 

an animal model to investigate if Hla or the immune response are the major source of 

damage. 

Experimental models of septic arthritis have been described in primates, horses, 

dogs, chickens, rabbits, rats and mice (Bobechko and Mandell, 1975, Ogden et al., 

1981, Alderson and Nade, 1987, Riegels-Nielson et al., 1987, Herlin et al., 1988, 

Daum et al., 1990, Whithair et al., 1992, Bremell et al., 1994, Rothschild, 1999).  

Although animal models cannot flawlessly mimic human infection and disease 

pathogenesis, they are nonetheless important for research as they can overcome the 

limitations encountered in human studies. The majority of the current understanding 

of the pathophysiological processes occurring in septic arthritis has been gained 

through the use of animal models (Tarkowski et al., 2001, Tarkowski et al., 2002). 
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Most studies investigating septic arthritis have utilised mice as they are considered to 

be a good choice of experimental animal for a number of reasons:  

1. Mice are small, have a short generation time and an accelerated lifespan thereby 

keeping the costs, space, and time required to perform research manageable 

(Laboratory, 2016) 

2. Mice are widely used in experimental research and there is a ready supply of 

analytic tools to study them such as analysis of cytokines and methods for 

studying gait, which are not as readily available in other species (Vignali, 2000, 

Masocha and Parvathy, 2009). 

3. The entire mouse genome has been sequenced (Bult et al., 2013, Eppig et al., 

2015). The shared sequence complexity between mice and humans is startling. 

Although some physiological and immunological differences exist between mice 

and humans (Mestas and Hughes, 2004), genomic sequencing has demonstrated 

that of ~30,000 genes in both mice and humans only 300 are unique to either 

species (Mouse Genome Sequencing et al., 2002). 

4. The immune system of the mouse is carefully characterised and septic arthritis in 

the mouse displays many similarities to its human counterpart (Bremell et al., 

1992, Haley, 2003).  

5. Many inbred and genetically well-characterized mouse strains are available so 

that variability in the susceptibility and immune response between experimental 

animals can be minimised (Beck et al., 2000). 

6. The effect of individual components of the immune system can be studied 

because mouse strains either lacking a certain gene of potential interest (knockout 

mice) (Hall et al., 2009) or with a particular gene overexpressed (transgenic 

mice) (Cho et al., 2009) are available. 

7. Mice in a given study have defined medical histories and all animals will be 

equivalently housed, experiencing identical environmental exposures. 
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8. Mice are frequently colonised with staphylococci on their skin (Tavakkol et al., 

2010) and develop staphylococcal septic arthritis spontaneously (Bremell et al., 

1990). 

There are disadvantages to using mice that should be borne in mind when 

interpreting the results.  

1. The host receptor or ligand for certain bacterial components might not be present 

in the mouse (Tarkowski et al., 2001).  

2. Higher doses of bacteria and their associated enterotoxins may be required in 

mice to mimic human responses (Tarkowski et al., 2001). 

3. Mouse knee cartilage is very thin, lacking discernible radial, transitional, and 

superficial layers (Simon, 1970, Glasson et al., 2010). Humans and other large 

animals have a thin layer of calcified cartilage adjacent to the subchondral bone, 

whereas in mice this layer makes up a greater share of the cartilage thickness 

(Glasson et al., 2010).  The thickness of the calcified plus non-calcified cartilage 

layer on the summits of the lateral and medial femoral condyles of mice is 

approximately 90 µm (Frisbie et al., 2006).  

Septic arthritis induced via the haematogenous route of infection has been studied 

extensively in mice (Tarkowski et al., 2001). Mice have been injected via the tail 

vein and the bacteria then home to the joints to establish septic arthritis (Bremell et 

al., 1991, Bremell et al., 1992). Virulent staphylococcal strains were observed to be 

capable of causing severe septic arthritis and mortality in this model (Bremell and 

Tarkowski, 1995). The severity of arthritis was assessed through clinical, serological 

and histological parameters. The arthritic index was constructed to measure the 

clinical severity and this takes into account the number of joints affected, their level 

of swelling and erythema. A total score for each animal in the cohort was calculated 

and then divided by the total number of animals in each group as an objective 

measure to compare groups (Abdelnour et al., 1994a, Abdelnour et al., 1994b). 

Histological samples of the affected joints were stained with haematoxylin and eosin 

and scored according to the level of synovial hypertrophy, pannus formation, 
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inflammatory cell infiltrate and cartilage/bone erosions (Bremell et al., 1990, 

Bremell et al., 1991, Bremell et al., 1992). One of the main drawbacks of this model 

was that it was very difficult to ascertain when each joint first became infected so 

that the time course of joint destruction was difficult to measure (Bremell et al., 

1991). The assessment of damage from histological sections of the joint as the main 

outcome measure related to damage that occurred late in the pathogenesis of septic 

arthritis (Smith and Schurman, 1983, Smith et al., 1987, Riegels-Nielsen et al., 1989, 

Wysenbeek et al., 1998). In addition, this model frequently resulted in polyarticular 

and extra-articular involvement, which occurs in less than 20% of human patients 

(Bremell et al., 1991, Dubost et al., 1993, Kaandorp et al., 1997a).  

The study of the long-term outcome of septic arthritis in mice may not be directly 

relevant to the situation in humans because of the shorter lifespan of mice and 

therefore a surrogate outcome may be more appropriate. It has been proposed that 

chondrocyte death will eventually cause catastrophic failure of cartilage through the 

development of secondary degenerative change (Simon et al., 1976) and therefore 

chondrocyte viability may be a suitable outcome. Chondrocyte viability can be 

assessed using confocal laser scanning microscopy (CLSM) but has not been 

reported as an outcome measure in murine models of septic arthritis. The use of this 

instead of histology may translate more accurately to the clinical situation and hold 

enhanced prognostic significance for the development of secondary degenerative 

change. 

1.9 Hypothesis of the thesis 
This thesis tests the hypothesis that “chondrocyte death occurs during an episode of 

S. aureus septic arthritis and that the main agent responsible for chondrocyte death is 

the staphylotoxin Hla with a smaller component of the death being caused by the 

host immune response”.  

1.10 Aims of the thesis 
1. To review the long-term outcome following septic arthritis in a skeletally mature 

clinical cohort through review of case notes and the collection of patient reported 

outcome measures. 
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2. To develop a murine model of S. aureus induced septic arthritis using direct joint 

inoculation of S. aureus and utilising chondrocyte viability assessed through confocal 

laser scanning microscopy as the primary outcome measure.  

3. To utilise this animal model to compare the outcome of septic arthritis in mice 

infected with wild type S. aureus 8325-4 and an isogenic mutant DU1090 that is 

identical other than having a deficiency in Hla production. 

4. To utilise this model to assess if the host immune system has the capability of 

producing chondrocyte death by initiating an immune response in the absence of 

active infection through the injection of dead S. aureus DU1090 incapable of toxin 

production. 
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Chapter 2 Clinical study of the outcome 
following septic arthritis 

 

2.1 Introduction 
The introduction of antibiotics has transformed the outcome of septic arthritis. In the 

pre-antibiotic era, to control the infection and to reduce the mortality of septic 

arthritis, massive, destructive, but potentially life-saving surgical treatments were 

used (Rankin, 1917, Girdlestone, 1943 ). 

Antibiotics have been so instrumental in improving initial outcomes that there have 

been no major advances in the treatment for septic arthritis since their introduction. 

The majority of cohort studies investigating septic arthritis consider a treatment 

success to be the resolution of infection and in the antibiotic era most patients 

initially appear to have a satisfactory outcome at this point. There have been few 

previous studies that have examined the effect on the function of the infected joint 

over a long time period (Kaandorp et al., 1997b, Goldenberg, 1998, Weston et al., 

1999). A small number of studies have suggested that there may be a high proportion 

of patients who go on to experience symptoms of osteoarthritis (including pain, 

stiffness, and/or limitation of function) in their infected joints. Limited conclusions 

can be drawn from these studies because of either short follow-up periods 

(Goldenberg and Reed, 1985, Weston et al., 1999, Jenny et al., 2006), low patient 

numbers (McAllister et al., 1999, Schollin-Borg et al., 2003, Fong and Tan, 2004, 

Binnet and Basarir, 2007, Van Tongel et al., 2007, Yanmis et al., 2011, Schub et al., 

2012) or sub-optimal assessment methods (Studahl et al., 1994, Kaandorp et al., 

1997b, Yanmis et al., 2011) as discussed in Chapter 2. Animal studies (Tarkowski et 

al., 2002) have indicated that significant damage occurs to the cartilage during septic 

arthritis and it is possible that this would not be recognised at the time the infection 

had resolved. If the damage subsequently led to secondary degeneration of the joint 

then the outcomes in clinical studies could be far worse than reported if cohorts were 

followed up for longer, thus one of the aims of this chapter was to collect long term 

data on a large cohort of patients with confirmed septic arthritis.   
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Patient reported outcome measures (PROMs) are standardised, validated 

questionnaires that are completed by patients to measure their perceptions of their 

own functional status and wellbeing. PROMs have been designed to measure either 

patients’ perceptions of their general health (“generic” health status) or their 

perceptions of their health in relation to specific diseases or conditions. The outcome 

measures used in previous studies categorised patients into broad outcome groups 

that do not allow for in depth analysis of functional status and are poor at responding 

to subtle change in outcome (Giesinger et al., 2014). Use of a combination of 

outcomes including the rate of adverse events, generic health status and disease 

specific PROMs would allow a more focused evaluation of the outcome and provide 

an opportunity to understand better the implications of septic arthritis on those 

affected.  

The mechanisms leading to joint dysfunction are poorly understood but it is thought 

that bacterial and host factors both cause cartilage damage during septic arthritis. 

Thus an aim of this chapter was to relate the outcome to type of bacteria causing the 

septic arthritis. 

2.2 Aims 
(i) The first aim of this chapter was to determine if the epidemiology of the cohort of 

skeletally-mature patients with native joint septic arthritis reported in this study is 

similar to previous published cohorts. 

(ii) The second aim was to determine the rate of joint failure (as indicated by a 

salvage procedure being carried out on that joint) in patients who had experienced an 

episode of septic arthritis. 

(ii) The third aim was to assess the outcome following septic arthritis relative to the 

infecting organism. In particular to test whether those patients infected by S. aureus 

would be more likely to have adverse outcomes than those infected by other 

organisms. 

(iv) The fourth aim was to evaluate the longer term outcome following septic arthritis 

using OA specific PROM’s. 
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2.3 Methods 
An ethical application for this study was submitted to the South East Scotland 

Research Ethics Service, who advised that formal ethical approval was not required.  

2.3.1 Inclusion and exclusion criteria 
In this study the effect of septic arthritis on articular cartilage was being investigated 

and therefore all prosthetic joint infections were excluded. Any joint that had not had 

an arthroplasty procedure was deemed to be the patient’s ‘native joint.’ The effect of 

sepsis on the growing physis was not the focus of this study and therefore patients 

had to be skeletally mature and over the age of 16 (the age of legal consent in 

Scotland) at the time of diagnosis for inclusion. 

2.3.2 Identification of patients 
There is no standardised method of diagnostic coding in use within NHS Lothian that 

would allow for the retrospective identification of patients who have suffered from 

septic arthritis and therefore the identification of patients for inclusion was 

challenging. The assumption that every patient who had a suspected episode of septic 

arthritis during this study period would have had a joint aspirate sample sent to the 

local microbiology department for analysis was made. Within NHS Lothian all 

microbiology samples are coded and recorded in a universal database that was 

initiated in the year 2000. Information can be abstracted to identify the patient the 

sample was taken from, the anatomical source of the specimen (in most cases) and 

the date that the specimen was received. The database does not contain details of the 

patient episode or diagnosis and therefore the electronic medical records had to be 

reviewed to confirm if the specimen related to an episode of septic arthritis or an 

alternative pathology. There were 107,601 specimen results between March 2000 

and December 2014 and it was not possible, or necessary, to review each of these. 

An initial trial was performed with 5 known cases of septic arthritis and it was found 

that it took between 5 and 10 minutes to confirm if the case was a native joint septic 

arthritis through review of the electronic records and a further 30 - 45 minutes to 

abstract detailed clinical data. Search strategies were subsequently employed to 

identify specific cohorts from the database as outlined below and illustrated in figure 

2:1.  
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Strategy 1 
The initial strategy was to identify all cases of native joint septic arthritis (including 

the estimated 30% of cases that would have negative microbiological specimens 

(Hindle et al., 2012). I examined the records of all patients over the age of 16 who 

had a microbiological specimen sent from the knee, hip, or unidentified joint 

between October 1st 2006 and September 30th 2007. This resulted in 373 potential 

cases. After retrieval of the electronic medical records and exclusion of patients with 

prosthetic joint infection or specimens that were not taken from the knee or hip there 

were 201 records remaining. Detailed review of these 201 records identified 11 

patients with a native knee joint septic arthritis (3 of whom were treated on clinical 

suspicion in the absence of an isolated organism) and none with native hip joint 

septic arthritis. This approach was considered too time consuming and alternative 

strategies were employed. 

Strategy 2 
Animal studies have indicated that S. aureus leads to a destructive course of arthritis 

and because this was the predominant causative organism the decision was made to 

look at the 900 knee specimen results in which S. aureus was isolated following 

culture (Newman grade 1 (Newman, 1976)) from the creation of the database in 

March 2000 until December 2014. By manually reviewing each patient’s electronic 

record and removing cases where there was prosthetic infection or alternative 

pathology (such as infected bursitis or soft tissue abscesses) 71 cases of native knee 

septic arthritis were identified.  

Strategy 3 
Strategy 3 was methodologically the same as strategy 2 but the search was extended 

to include all microbiology specimens in which any bacteria had been isolated from 

culture leaving 5,729 results.  Removal of results that did not correspond to a 

potential joint aspirate (for example specimens from anatomical locations such as the 

breast or neck) or those that had already been screened in strategy 2 resulted in 2,805 

results. After reviewing every electronic record I identified 154 additional cases of 
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native joint septic arthritis and each case was coded according to the joint affected.

 

Figure 2:1 Schematic representation of search strategy for the identification of patients with septic 
arthritis 

2.3.3 Cohorts 
The creation of 3 cohorts as outlined (figure 2:2): 

1. All joints identified through strategies 2 and 3 (225 cases) 

2. All knees and hips identified through strategies 2 and 3 (142 cases) 

3. S. aureus infected knees identified through strategy 2 (71 cases) 

 



   

  55 

 

Figure 2:2 Diagram showing how clinical cohorts are related 

2.3.4 Data abstracted 
Patients from cohort 1 had their age at diagnosis, affected joint and causative 

organism abstracted and no further analysis was performed. Patients from cohort 2 

were assigned a unique, non-identifiable study number that was used to record 

abstracted data in a secure electronic database. The electronic medical records were 

examined in a structured fashion using a standard proforma and the following were 

abstracted:  

• Age at diagnosis  

• Sex of the patient  

• The joint affected  

• The organism isolated  

• Time to presentation from onset of first symptoms  

• Likely cause of septic arthritis 

• Comorbidities within the Charlson comorbidity index (Charlson et al., 1994) 

• Previous history of an arthritic condition 

• Details of treatment 

• Outcome  
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The index has been validated for its ability to predict mortality in various disease 

subgroups, including cancer, renal disease, stroke, patients on intensive care, liver 

disease, and those presenting to an emergency department with suspected infection 

(Goldstein et al., 2004, Lee et al., 2005, Ho et al., 2006, Murray et al., 2006, Myers 

et al., 2009, Quach et al., 2009).   

Treatments for septic arthritis were coded as serial joint aspirations, arthroscopic 

washout or open washout.  

Septic arthritis was considered to have contributed to death where it was listed as one 

of the causes on the death certificate and occurred during the same hospital 

admission. The outcome for the affected joint was obtained (where available) from 

the notes of the initial or subsequent clinical presentations. Patients who had 

undergone an excision arthroplasty, total joint arthroplasty (TJA), surgical 

arthrodesis or natural ankylosis were recorded. Patients who had been recommended 

a TJA by an orthopaedic specialist were identified and then coded as awaiting 

arthroplasty if they had been placed on a waiting list or coded as unsuitable for TJA 

because of either excessive comorbidity or young age. These outcomes, along with 

chronic infection that developed into osteomyelitis, were considered to be a failure of 

the joint. Patients who had attended for a medical review without recommendation 

for surgical intervention were identified but not considered as a failure of the joint. 

These patients were categorised into the following categories: no problems reported, 

mobility limited due to unrelated health problem or reported reduction in 

activity/increase in pain. Patients who had not had a medical review beyond the 

initial post-sepsis review were deemed to have had no subsequent contact with 

specialist services if they were still alive or an outpatient death with no recorded joint 

problems if they had subsequently died.  

2.3.5 Patient reported outcome measures 
In February 2015 patients from Cohort 3 were contacted and asked to complete 

postal questionnaires that included a patient information leaflet, consent forms and 

PROMs questionnaires. The European Quality of Life 5-Dimensions score (EQ5D-
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It has been demonstrated that existing PROM’s (including the WOMAC) exhibit a 

ceiling effect, potentially losing the ability to determine differences in outcome in a 

high functional range (Williams et al., 2012, Giesinger et al., 2014). The forgotten 

joint score (FJS) is a recently published PROM designed to assess joint awareness 

during various activities of daily living (Behrend et al., 2012, Thienpont et al., 2014). 

Generally, joint awareness comes with a negative connotation as healthy joints do 

not cause ‘awareness’ in daily life and are essentially ‘forgotten’. It uses a 5-point 

Likert scale, consisting of 12 equally weighted questions with the raw score 

transformed to range from 0 to 100 points. High scores indicate good outcome, i.e., a 

high degree of being able to forget about the affected joint in daily life. The forgotten 

joint concept is a more discerning construct and has shown better discriminatory 

power and lower ceiling effect compared to traditional questionnaires measuring pain 

or function (Behrend et al., 2012) which is especially appealing in more active 

patients.  

Patients were asked to complete the EQ5D retrospectively for their quality of life 

immediately prior to the onset of septic arthritis and again for the present day. The 

FJS and WOMAC were only recorded for the present day. For the pain and stiffness 

components of the WOMAC the patients were asked to respond for their affected 

joint and the unaffected contralateral joint. Questionnaires were returned using 

prepaid envelopes before being electronically scanned and archived as a comma 

delimited file (Formic fusion, Formic solutions, Heathrow, UK) that was then 

exported to an excel database for analysis (Microsoft Excel, Microsoft Inc., 

Washington, USA). EQ5D health states were transformed into a weighted health 

state index score (Kind, 1999) using lookup tables provided by the York centre of 

health economics (http://www.york.ac.uk/che/pdf/DP172.pdf). The values in the 

lookup tables were calculated from a regression model developed using the time 

trade off procedure data collected by the UK measurement and valuation of health 

survey (Dolan et al., 1996). The FJS-12 was transformed into a scale of 0 - 100 with 

0 indicating worst function and 100 perfect function. WOMAC scores were linearly 

transformed to a 0-10 scale with higher scores indicating more severe impairment. 
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2.3.6 Statistical Analysis 
For the analysis of data in cohort 2 the patients were allocated to group 1 (caused by 

S. aureus) or group 2 (caused by any other organism). Statistical analysis was 

performed using the statistical package for the social sciences version 21 for Mac 

(IBM Inc., New York, USA). Chi-squared tests were used for comparison of nominal 

data between the groups and the independent samples t-test/Mann-Whitney U tests 

were used for continuous variables. Univariate predictors of inpatient death and 

failure of the joint were analysed for cohort 2 using a binomial logistic regression 

model and multivariate predictors were inputted into a forward stepwise regression 

model. For all tests the significance was set at p < 0.05. Joint survival with 95% 

confidence intervals was calculated according to the Kaplan-Meier survivorship 

analysis using Graphpad Prism version 5.0 for Mac (GraphPad Software Inc., San 

Diego, USA). 
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Figure 2:5 Scatterplot of patients according to age at diagnosis and Charlson comorbidity index 

There was generally higher morbidity and older age in those that died as a result of septic arthritis. 
 

The median time from presentation to death was 20.5 days (range 0 – 159). All cases 

of septic arthritis in those who died were acquired via the haematogenous route. Six 

patients had arthroscopic washouts and in 7 they were treated with serial aspiration. 

Univariate analysis of factors affecting risk of death is presented in table 2:9.  
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Figure 2:6 Sequalae of hip sepsis example 1 

A) Initial AP pelvis radiograph at presentation; B) Coronal slice and axial slice (C) taken from a 
magnetic resonance image performed at the same time demonstrating signal change in the right 
femoral head indicating bone involvement. D) Post-operative AP radiograph following an excision 
arthroplasty performed to control the infection.  
 

 

Figure 2:7 Sequalae of hip sepsis example 2 

A) AP radiograph taken 6 months after an episode of right hip sepsis demonstrating subtle joint 
space narrowing which is more obvious on a coronal slice from the CT scan (B). The normal left 
hip joint with the clearly demarcated joint space can also be seen. The patient underwent a TJA (C) 
but this subsequently became infected and was treated with an excision arthroplasty (D). 
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Figure 2:8 Sequalae of knee sepsis example 1 

A) AP standing radiographs taken 6 weeks after septic arthritis affecting the right knee of a patient 
with pronounced pre-existing arthritic change. B) 1 year later the septic right knee became 
naturally ankylosed. 
 

 

Figure 2:9 Sequalae of knee sepsis example 2 

A) AP radiographs of the right knee at presentation with septic arthritis and B) 6 months after the 
diagnosis. The patient was an intravenous drug abuser poorly compliant with treatment and had 
gone on to develop osteomyelitis of the distal femur and proximal tibia. 
 
Kaplan-Meier survival curves 
Knee joint survival following septic arthritis was calculated using Kaplan-Meier 

survivorship analysis. The 13 patients who died as a direct result of septic arthritis 

were excluded from the analysis leaving 113 patients with knee septic arthritis 

(figure 2:9) and 16 with hip septic arthritis (figure 2:10). Patients were censored 
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following their most recent follow up whether death had occurred or not. Failure of 

the joint for any of the reasons outlined in the methods was considered as an event. 

The time of the event occurring was calculated in years.  

 

Figure 2:10 Kaplan-Meier survival analysis following septic arthritis of the knee.  

Percent survival represents survival of the joint and not mortality. Mean survival of the knee joint 
at 5 years was 88.3% (95% CI 79.2 – 93.6) with 53 subjects at risk at this time and at 10 years was 
65.5 % (95% CI 48.4 – 78.2) with 18 subjects at risk at this time. 

 

Figure 2:11 Kaplan-Meier survival analysis following septic arthritis of the hip.  

Percent survival represents survival of the joint and not mortality. At 1 year the mean survival of 
hip joints was 87.5% (95% CI 58.6 – 96.7) based on 15 subjects at risk and by 5 years was 63.1% 
(95% CI 31.944 – 83.115) based on 8 subjects at risk.  
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2.5 Discussion 
The first aim of this chapter was to determine if the epidemiology of the cohort of 

skeletally mature patients with native joint septic arthritis reported in this study is 

similar to previous published cohorts. NHS Lothian serves a population of 

approximately 800,000 people. The 2011 Edinburgh Census indicates that between 

75-80% of individuals in Edinburgh were aged over 18 between 2001 and 2011 

(http://www.scotlandscensus.gov.uk/) so that approximately 600,000 adults were at 

risk during this study period. The 2-10/100,000 incidence quoted in other studies 

(Kaandorp et al., 1997a, Weston et al., 1999) includes those patients with prosthetic 

joint infection and the 30% of microbiologically negative cases of septic arthritis. 

The expected number of patients developing septic arthritis was between 168 and 

840. Cohort 1 had 225 patients equating to an incidence of 2.7/100,000/year and was 

comparable to previous studies (Levine and Siegel, 2003, Chander and Coakley, 

2011). It was possible that the search strategies missed cases of septic arthritis 

because of the assumption that all cases would have had an aspirate taken. In practice 

some cases such as those of metacarpo-phalangeal ‘fight bite’ septic arthritis, 

unusual joints such as sacro-iliac, sternoclavicular and acromioclavicular septic 

arthritis were potentially not identified.  

However, there were advantages of only including microbiologically confirmed 

cases of septic arthritis as firstly this minimised the potential for inclusion of cases 

that were initially thought to represent septic arthritis, but were subsequently 

diagnosed with a rheumatological condition. This was estimated to occur in up to 

14% of patients with negative microbiological specimens and potentially acts as a 

confounder in other series (Eberst-Ledoux et al., 2012). The second advantage was 

that outcomes following infection with S. aureus could be compared to those 

following infection with other organisms. It was possible that ‘cases’ where there 

was contamination of the specimen were erroneously included. Atkins et al (1998) 

investigated the predictive value of microbiological specimens taken from 297 

patients at the time of revision arthroplasty where multiple samples are taken. They 

considered that if growth occurred in a single microbiological specimen that it was 

likely to be a contaminant and this occurred in 47 samples out of 1206 giving a 

contamination rate of 3.9% (Atkins et al., 1998). Despite these limitations this study 



   

  80 

has reported one of the largest case series of native joint septic arthritis and is one of 

a limited number of studies to report on outcomes following the resolution of 

infective symptoms. 

Staphylococcus aureus caused 54.6% of all cases of septic arthritis in this series 

(table 2:3) which was comparable to other published cohorts (Kaandorp et al., 1997a, 

Gupta et al., 2001). The knee joint represented 60% of all cases and was the most 

commonly affected joint in all age groups (figure 2:3). To the author’s knowledge 

this study is the first to demonstrate that septic arthritis of the knee in patients under 

the age of 50 is more commonly caused by direct spread. Categorising patients who 

developed septic arthritis following IV drug use is challenging as the route of 

infection could be either direct or haematogenous. Including this group as 

haematogenous in the analysis may under-estimate the proportion of cases caused by 

direct spread in this data. The lower rates of direct spread reported in other cohort 

studies of septic arthritis, may be because of the relatively high proportion of patients 

at the extremes of age, or with comorbidity, who predominantly develop septic 

arthritis via the haematogenous route (Shirtliff and Mader, 2002, Lavy, 2007, 

Mathews et al., 2010). It is unknown if patients who develop septic arthritis via a 

direct route present differently to those infected haematogenously but there has been 

a small case series of 3 patients with confirmed septic arthritis following arthroscopic 

knee surgery who presented with lower levels of circulating inflammatory markers 

than would be expected (Rowton, 2013). Further research comparing the presenting 

clinical features and inflammatory markers of patients infected haematogenously 

with those infected via the direct route would be important in order to ascertain 

whether the two groups do present differently as this may have implications for 

diagnostic criteria in the future. 

The results have demonstrated that mortality following septic arthritis was more 

commonly seen in elderly patients with a high number of comorbidities. Mortality in 

this cohort was only seen in patients who acquired septic arthritis via the 

haematogenous route. These results correlate with those of Weston et al (1999) who 

found that age greater than 65 years are associated with increased mortality (Weston 

et al., 1999). Weston et al also found that confusion at presentation and elbow 
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involvement were predictors of death which were parameters not measured in these 

data whereas they did not investigate dialysis as a predictor for death. Particular 

attention should be paid to patients on haemodialysis as they had a 15 times higher 

risk of mortality and therefore a high degree of suspicion and early, aggressive 

treatment in this group is warranted. A study of 15 patients who developed septic 

arthritis whilst being treated with haemodialysis for renal failure only reported one 

death as a result of the infection (Al-Nammari et al., 2008) and therefore the 

mortality in this cohort may over-represent the risk posed to this group. However, 

Gupta et al (2001) found impaired renal function in 7/8 patients who died of septic 

arthritis compared to only 14/67 who survived indicating that renal dysfunction is a 

poor prognostic sign in septic arthritis (Gupta et al., 2001). 

The second aim was to determine the rate of joint failure (as indicated by a salvage 

procedure being carried out on that joint) in patients who had experienced an episode 

of septic arthritis. There was a high number of patients who went on to develop 

catastrophic failure of the joint following septic arthritis and the perceived good 

results experienced initially were misleading. Poor outcomes were seen in all age 

groups but occurred more frequently in those with pre-existing joint disease, which 

was predictive of joint failure. A possible explanation for this was that the effects of 

septic arthritis on arthritic cartilage were more severe than on healthy cartilage 

therefore leading to accelerated decline.  

Infected hip joints tended to do very badly with 9/17 cases progressing on to a failure 

of the joint. Poor outcomes were 7 times more likely than in patients who had knee 

infections. This added to the findings of Matthews et al, 2008 who reported excision 

arthroplasty in 25% of patients with hip septic arthritis (Matthews et al., 2008).  

Matthews et al felt that it was possible that increased difficulty making the diagnosis 

of hip (compared to knee) infection led to delays in treatment and accounted for the 

poorer outcomes. Unfortunately, the data obtained on the timings of the onset of 

infection prior to presentation and treatments was not accurate enough to analyse this 

in the current dataset. An alternative theory might be that there were intrinsic 

differences in the susceptibility of the hip joint to infection when compared to the 

knee. 
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The third aim was to assess the outcome following septic arthritis relative to the 

infecting organism. In particular to test whether those patients infected by S. aureus 

would be more likely to have adverse outcomes than those infected by other 

organisms. To the author’s knowledge this is the first study to link the infecting 

organism to poor outcomes following septic arthritis in skeletally mature patients. S. 

aureus took a more destructive course with 37% of patients developing joint failure 

compared to only 8% of patients whose infections were caused by other organisms. 

A possible explanation for this was that the predominant cause of damage to the joint 

during an episode of septic arthritis was caused by the direct action of the infecting 

organism. 

The fourth aim was to evaluate the longer-term outcome following septic arthritis 

using OA specific PROM’s. The data obtained with PROMs were based on a small 

number of patients and the response rate was poor, which limited the extent of the 

data. The fact that all the data was obtained at a single time point prevented accurate 

interpretation of change in disease or health status. As the patients were asked to fill 

out one of the forms for their pre-septic arthritis status, the results were potentially at 

risk of recall bias. Despite the limitations of the data there are some advantages. The 

patients included in this cohort were those that were deemed to have had a ‘good 

outcome’ based on the results from cohort 2. The cohort had a young age and there 

were minimal comorbidities amongst the participants. The inclusion of pain and 

stiffness scores for the unaffected knee could be considered to be an internal control. 

There was a clear difference in WOMAC pain and stiffness scores that were 

comparable to population norms for the non-infected knees but placed the individuals 

between the 75th and 90th percentile for the infected knee.  

This study being retrospective in nature has limitations. There was a reliance on the 

information in the notes being accurately recorded and there was a possibility of 

comorbid conditions being missed. There were also areas within the notes that were 

poorly recorded including the timing of the onset of symptoms. This study has 

highlighted the complexities with retrospective identification of patients and defining 

the outcomes following septic arthritis.  
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It should be questioned why these poor outcomes have occurred if the majority of 

patients were doing well at the time the infection had resolved. The answer may lie 

in the unique structure of articular cartilage. Chondrocytes are the only living 

component and are responsible for the maintenance of the joint (Muir, 1995, 

Buckwalter and Mankin, 1997a). It is possible that during septic arthritis there was a 

significant insult to chondrocytes leading to chondrocyte death. If chondrocyte death 

had occurred then there would be cumulative damage to the matrix caused by normal 

wear that would not be replaced (Buckwalter and Mankin, 1997b). Over time the 

integrity of the articular cartilage matrix would continue to decline and ultimately 

lead to the development of secondary degenerative change or even failure. Measures 

to identify the mechanism of cartilage damage during S. aureus infection would be 

beneficial so that chondroprotective treatment strategies can be developed. 
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Chapter 3   General Materials and Methods 
The materials and methods presented within this chapter represent general 

methodology relevant to chapters 4 and 5. Where appropriate, additional materials 

and methods specific to the individual experiments presented within a particular 

results chapter are addressed within that chapter. 

3.1 Animal experimental protocols 
3.1.1 Ethics 
The University of Edinburgh animal welfare and ethical review body granted ethical 

clearance for the animal experimentation. All experiments were reviewed by the 

University of Edinburgh Veterinary Committee to ensure they adhered to the 

Animals (Scientific Procedures) Act 1986 and the guidelines of the National Centre 

for the Replacement, Refinement and Reduction of Animals in Research 

(https://www.nc3rs.org.uk/the-3rs). In addition experiments on animals were 

reviewed to ensure compliance with the ARRIVE (Animal Research: Reporting of In 

Vivo Experiments) guidelines (Group, 2010). The work was carried out under the 

UK Home Office project licence 60/4052 between August 2013 and October 2014 

and then licence 70/8519 from April 2015 to June 2015. The work was authorised 

through the Home Office personal license 60/14100.  

3.1.2 Mice 
C57Bl/6 mice (originally obtained from Charles River Laboratories, Tranent, East 

Lothian, UK) were maintained in the animal facility of the University of Edinburgh 

and acclimatised for a minimum of 1 week prior to experimentation. Four mice were 

housed in each individually ventilated cage (IVC) on a 12-hour light/dark cycle that 

was maintained at 22°C. Mice were fed standard laboratory chow and water ad 

libitum. Male mice aged 12 weeks and weighing a minimum of 25g were used for 

the experiments detailed in Chapter 5. 
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3.1.3 Anaesthetic 
Mice were individually anaesthetised in an anaesthetic chamber (Compact 

anaesthesia system, Vet Tech Ltd, Cheshire, UK) with 5% isofluorane (ISOFLO, 

Abbott laboratories, Maidenhead, UK) in pure oxygen delivered at a flow rate of 

2L/min. Once the animals were fully anaesthetised they were removed from the 

chamber and 3% isofluorane in pure oxygen was continually delivered at a flow rate 

of 2L/min via a facemask. A subcutaneous injection of 0.1mg/kg buprenorphine 

(Vetorgesic, Alstoe Ltd, York, UK) was administered. Repeat buprenorphine doses 

were administered on a daily basis by an experienced laboratory technician. 

3.1.4 Establishing infection 
Anaesthetised mice were laid supine on chipboard covered with a sterile surgical 

drape. The right hind limb was shaved using clippers and the mouse was secured into 

position using tape over the thorax, ensuring that respiration was not compromised.  

 

Figure 3:1 Positioning of mice for intra-articular injection 

The right knee was flexed to approximately 45° over the barrel of a 2.5mL syringe. 

Two 18G needles (BD biosciences, New Jersey, USA) were placed into the 

chipboard either side of the limb to prevent medial or lateral displacement and the 

right foot was held securely using tape. In this position (illustrated in figure 3:1) the 

leg was firmly immobilised. An operating microscope (Carl Zeiss Surgical GmBH, 

Oberkochen, Germany) was positioned so that the patella tendon (arrow) could be 

visualised at x4 magnification.  
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The research technician who performed the experimental blinding procedure filled an 

unmarked Hamilton syringe (Hamilton Company, Nevada, USA) with 10µL of 

experimental solution (either a bacterial suspension in 1% PBS or sterile 1% PBS 

control). A sterile, single use 30G needle (BD biosciences, New Jersey, USA) was 

attached to the syringe and then angled at 90° to the patella tendon and inserted 

slowly through the centre of the tendon, at the junction of the proximal 2/3rd and 

distal 1/3rd, until the bevel of the needle was no longer visible. At this point all 10µL 

of the PBS solution was injected and correct placement was confirmed when 

swelling of the supra-patellar pouch was visualised. The supporting tape was then 

removed and the knee was gently flexed and extended 5 times. The animals were 

then transferred to a separate cage to recover from the procedure.  

3.1.5 Clinical measurements 
Each mouse was inspected at daily intervals by two observers blinded to the 

experimental group (R.C. and an animal house technician). Each animal was 

weighed daily. The animal house technician performed a manual restraint and the 

injected knee was measured in the AP plane at its maximum diameter by R.C. using 

sterile callipers (Linear Tools Ltd, Isleworth, Middlesex, UK). Five separate 

measurements were taken and the average was recorded. The University of 

Edinburgh’s Named Veterinary Surgeon (NVS) independently monitored the welfare 

of the animals in order to identify any adverse events including the development of 

skin lesions around the injection site, excessive weight loss (over 15% in one week), 

inability to mobilise, and signs of behavioural change indicating distress. If there was 

concern about the welfare of any animal they were humanely euthanised in a rising 

CO2 chamber. 

3.1.6 Sampling of blood 
An animal house technician performed tail vein bleeds using a standardised 

technique immediately prior to initiation of infection and on one occasion thereafter 

(either day 2 or day 7). Sodium citrate tribasic dehydrate was obtained from Sigma-

Aldrich Ltd (Gillingham, Dorset, UK) and 3.8g was diluted in 1L of distilled water. 

25µL of blood was drawn into a 100µL pipette tip which was pre-filled with 25µL of 

sodium citrate to prevent coagulation so that a 1:1 ratio was achieved and this sample 
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was placed immediately into a pre-labelled Eppendorf and transferred onto wet ice. 

No more than 25µL of blood was sampled on either occasion and if the amount of 

blood obtained was less than 25µL the exact volume was recorded. The tail vein 

bleeds were processed within 7 days for flow cytometry to identify immune cell 

populations. 

3.1.7 Animal termination 
Animals were killed in accordance with the “humane killing of animals under 

schedule 1 of the Animals (Scientific Procedure) Act 1986 code of practice.” 

Individual mice were exposed to a rising concentration of CO2 in an enclosed 

chamber to effect death and then maintained in the chamber for a minimum of one 

minute following the cessation of respiration. After death, the carcass was removed 

from the chamber and blood samples were obtained via a cardiac stab. The blood was 

transferred to a sterile Eppendorf, refrigerated overnight and then centrifuged for 10 

min at 2000 rpm at 4°C in a bench top ultrafuge (Biofuge Pico, Heraeus Holding 

GmBH, Hanau, Germany) to separate serum from cellular components. The serum 

was removed using a fine tipped pipette and then stored at -80˚C for subsequent 

analysis of cytokines and chemokines. Sterile dissection was performed to remove 

the right leg, which was then processed for either routine histology or confocal laser 

scanning microscopy (CLSM). 

3.2 Bacteria 
3.2.1 Bacterial culture media 
The standard bacterial culture media were tryptone soya agar (TSA) and tryptone 

soya broth (TSB) both obtained from Oxoid Ltd (Basingstoke, UK). Phosphate 

buffered saline (PBS 1%) was obtained from Baxter’s Healthcare (Thetford, UK). 

3.2.2 Bacterial storage 
For long-term storage purposes, S. aureus strains were streaked onto TSA plates 

(with erythromycin where appropriate – see Chapter 5) with a sterile loop. Following 

24hrs incubation (37˚C), a group of individual bacterial colonies was harvested with 

a sterile harvesting stick and transferred to vials containing 10% v/w skimmed milk 

(Oxoid Ltd., Basingstoke, UK). Thereafter, the vials were placed into -80˚C storage. 
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Storage in skimmed milk was advantageous in comparison to glycerol as it allowed 

multiple freeze/thaw cycles without compromising the viability of bacteria (Cody et 

al., 2008). 

3.2.3 Preparation of defined bacterial aspirates 
When required, bacteria were thawed from -80˚C storage and streaked onto TSA 

plates (with erythromycin where appropriate). Following 24hrs incubation at 37˚C, 

10mL of TSB, with erythromycin where appropriate, was inoculated with several 

individual bacterial colonies from the 24hr TSA plate of a given bacterial strain and 

cultured in a shaking incubator at 37˚C for 24hrs. Serial dilutions in 1% PBS, to a 

maximum of 106, were performed on the 24hr TSB culture in order to calculate the 

number of colony forming units in 1mL of 24hr TSB (cfu; a single cfu is defined as a 

bacterium that is capable of reproducing to form a group or ‘colony’ of the same 

bacterial species; the number of cfu is therefore a measure of the number of active 

bacteria). 100µL of 104, 105, and 106 dilutions were spread evenly onto TSA plates 

and incubated at 37˚C for 24hrs. Colonies, which appeared as isolated ‘islands’ of 

bacterial growth were then counted using a colony counter (Stuart®, Bibby Scientific 

Ltd, Stone, UK). Bacterial counts were performed on a number of cultures for each 

bacterial strain studied and a count of approx. 1.0 x 109 cfu/mL (counts ranged from 

1.0 to 1.4x109 cfu/mL) was consistently obtained for each strain. Based on these 

results, a 24hr culture of each strain grown in 10mL TSB was diluted in 1% PBS to 

produce the final bacterial concentration of 1 x 107 colony forming units/mL. 

3.3 Gait analysis 
Gait was evaluated using the ‘CatWalk’ automated gait analysis system (Noldus 

Information Technology, Wageningen, The Netherlands). The Catwalk system 

consists of an enclosed transparent walkway with a high-speed colour camera 

attached to recording and analysis software that is able to assess the locomotor 

performance of rodents. The transparent walkway is made from glass that is 130cm 

long, 15.2cm wide and 0.68cm thick. Opaque plexiglass walls are spaced 5 cm apart 

along the length of the walkway to contain the animal and encourage it to walk in a 

straight line. Two infrared light beams spaced 20 cm apart were used to detect the 

arrival of the mouse and to control the start and end of data acquisition (Hamers et 
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al., 2001). Light from an otherwise completely encased white fluorescent tube 

(length 110 cm, 30 W) enters the long edge of the glass walkway. Sufficiently far 

from the edge, it strikes the surface below the critical angle and is entirely internally 

reflected. Via a mirror, the corridor’s floor is monitored by a Pulnix TM-765E CCD 

camera (Takex Inc, Sunnyvale, California, USA) equipped with a wide-angle 

objective and capable of capturing images at 100 frames per second. Where the 

mouse paws make contact with the glass plate, light is reflected down and the 

illuminated contact areas are recorded. The camera detects the average light intensity 

within a rectangular area (pixel) in which total skin–floor contact may differ. The 

intensity of the light emitted at the point where the paws contact the walkway glass 

plate increases with an increase in the pressure exerted by that paw (Vrinten and 

Hamers, 2003, Angeby-Moller et al., 2008). The paw pressure is therefore measured 

as light intensity, which is the mean brightness of all pixels of the print at maximum 

paw contact, ranging from 0 to 255 arbitrary units. The signal is digitised by a PC 

lmage-SG frame grabber board (Matrix Vision GmbH, Oppenheimer, Germany). The 

CatWalk programme acquires, compresses, stores and eventually analyses the 

‘videotapes’ of animals crossing the walkway. The software automatically recognises 

all the areas containing pixels above the analysis threshold of 7 pixels. The areas are 

identified and assigned to the respective paws or marked as artefact. Ordered data are 

then output in ASCII format to generate a wide range of parameters which are 

exported to a computer spreadsheet (Microsoft Excel, Microsoft, California, United 

States). The principles of the CatWalk apparatus are illustrated in figure 3:2. 
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Figure 3:2 Principles of the CatWalk apparatus.  

A) Light from a fluorescent bulb is sent through a glass plane. Light rays are completely reflected 
internally, except where a paw is placed on the glass surface. This results in a sharp image of the 
paw. B) Images are reflected by a mirror placed at a 45-degree angle, and recorded by a CCD video 
camera connected to a computer. C) Example of a paw print during walkway crossing. The footpad 
and four of the toes are clearly visible. For visualisation purposes, intensity is inverted, i.e. the 
darker the print in this figure, the brighter it appeared on the walkway. Influence of skin–floor 
contact on pixel intensity in two neighbouring pixels is shown (insets). D) A faint image of the 
mouse’s body is visible over the paw prints, thus making it possible to identify the different paws 
(adapted from Hamers et al., 2001). 
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3.3.1 Gait analysis protocol 
All experiments were performed during the same period of the day (between 9:00 am 

and 4:00 pm) in a darkened room. On each testing occasion, mice were brought to 

the testing room and left to habituate for one hour. Mice were trained to cross the 

Catwalk walkway in the week prior to injection. The cage housing the mice was 

placed on one end of the walkway. Each mouse was placed individually on one end 

of the walkway and left to traverse the walkway freely. The mice were removed from 

the walkway and put back into their cages only after two auditory sounds from the 

computer signalling that they had traversed the walkway. The crossing distance that 

was recorded was 20cm.  

3.3.2 Data transformation and analysis 
A typical crossing contains between 3 and 4 step cycles and averaged data from all 

step cycles in a crossing were recorded. Three runs for each mouse were performed 

at each time point and mean values from the 3 runs were used in the analysis. 

General measurements including run speed and number of steps were transformed 

into a percentage of the baseline data taken immediately prior to injection. Data 

representing parameters for the experimental (right) hind limb, such as print area and 

swing speed, were transformed into a percentage of the control (left) hind limb value 

from the same experimental run.  The following parameters were recorded: 

1. Run speed 
2. Number of steps 

3. Stance phase duration 
4. Swing phase duration 

5. Single stance duration 
6. Swing speed 

7. Print area  
8. Mean intensity of the 15 most intense pixels from footprint intensities 
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3.4 Fluorescence mode confocal laser scanning 
microscopy (CLSM) 

3.4.1 Principles 
The combination of fluorophores and CLSM is frequently referred to as 

‘fluorescence-mode’ CLSM. A fluorophore is a chemical compound that emits light 

upon excitation of light of a specific wavelength (Semwogerere, 2008). Fluorophores 

have unique excitation and emission light spectra (Tsien, 2006). The specimen is 

stained with fluorophores that attach to specific cellular components of interest. The 

fluorophores are the only visible component with this particular form of confocal 

microscopy and any unstained microstructure is not visible.  

A laser light source with a wavelength that is close to the peak excitation wavelength 

of the chosen fluorophore is released from a gas or solid-state laser (excitation 

source) and passes through a spatial filter and beam expander before being reflected 

by a dichroic mirror (otherwise known as a beam splitter) and focused by an 

objective lens onto a single point (focal volume) on the specimen. This excites the 

fluorophores within the specimen and they then emit light, which is of a longer 

wavelength than the excitation wavelength. The emitted light travels back along a 

similar path to the excitation light and passes through a dichroic filter that is 

designed to block light of the original excitation wavelength. The light is then 

focused onto a ‘pinhole aperture’ (Jones et al., 2005) which is unique to confocal 

microscopy (Combs, 2010) and is the source of the term ‘confocal.’ In-focus light, 

i.e. light from the focal plane, converges on the pinhole and passes through it. Out-

of-focus light originating from above or below the focal plane does not converge on 

the pinhole and is rejected and therefore the image quality is superior when 

compared to standard wide-field fluorescent microscopy (Claxton, 2006). (Figure 

3:3). The light that passes through the pinhole proceeds to the photodetector where it 

is converted into an electrical signal and ultimately a computer-generated image 

(Claxton, 2006).   
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Figure 3:3 Principles of the confocal laser scanning microscope 

CLSM illuminates the specimen point-by-point rather than illuminating the entire 

specimen (Semwogerere, 2008). The detected light originating from an illuminated 

volume element (single point) within the specimen represents one pixel in the 

resulting image. The laser beam is scanned across the sample in the horizontal plane 

with the use of motorised oscillating mirrors. As the laser scans over the specimen, a 

whole image is obtained pixel-by-pixel and line-by-line. With point-by-point 

illumination of the fluorophore labelled specimen, a 2D image (known as an optical 

section) of the emitted fluorescence is generated. Information can be gathered from 

different focal planes by either raising or lowering the microscope stage or the 

objective lens. Using computer software, a 3-D image of the specimen can be 

generated by assembling a stack of the 2-D optical sections from successive focal 

planes. This is collectively referred to as a ‘z-stack’ (North, 2006). 

3.4.2 Fluorophores 
Fluorescent stains used to process samples were obtained from Invitrogen Ltd 

(Paisley, UK). A two-fluorophore cell viability assay was utilised to identify live and 

dead cells in this study. Live cells were labelled with 5-chloromethylfluorescein 

diacetate (CMFDA) and dead cells were labelled with propidium iodide (PI). The use 

of CMFDA and PI is an accepted method utilized by many studies to fluorescently 

label living and dead cells, respectively (Bush and Hall, 2001, Huntley et al., 2005, 

Amin et al., 2008, Smith et al., 2013). 
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CMFDA passes freely through the plasma membrane. Within metabolically active 

cells cytosolic esterases remove the acetate groups from CFMDA to produce 5-

chloromethylfluorescein (Jones et al., 2005). This molecule fluoresces green 

following laser excitation and is impermeable to cell membranes. Therefore, within 

living cells it produces a uniform cytoplasmic staining which does not occur in dead 

cells that lack the activity of the cytosolic esterases (Stoddart et al., 2006). PI is 

impermeable to the plasma membrane of living cells (Krishan, 1975, Fried et al., 

1976, Jones and Senft, 1985). In dead cells the membrane integrity is compromised 

and PI is able to pass freely into the cell where it binds irreversibly to nuclear DNA 

(Unal Cevik and Dalkara, 2003). The DNA-PI complex fluoresces red following 

laser excitation and therefore identifies the nuclei of dead or dying  (membrane-

compromised) cells only (Krishan, 1975, Jones and Senft, 1985, Huntley et al., 

2005).  

3.4.3 Dissection protocol  
Preparation of samples for CLSM was performed immediately after mice were 

sacrificed to ensure cell death was kept to a minimum. The skin over the back was 

opened and extended circumferentially around the abdomen. The skin was removed 

from both hind limbs with gentle traction. An 18G needle was inserted through the 

pelvis of the infected limb and a second needle was inserted through the foot to 

stabilise the limb. The remainder of the dissection was performed with the aid of a 

dissecting microscope. A single-use, sterile, size 11-blade scalpel (Swann-Morton 

Ltd, Sheffield, UK) was used to make a circumferential cut through the musculature 

of the thigh just below the level of the greater trochanter until the diaphysis of the 

femur was visible. A Lane’s forceps was used to secure the distal edge of the cut 

quadriceps musculature and gentle distal traction was applied to free this from the 

bone until synovium was visible. With further gentle distal traction this could be 

peeled off to reveal the articular cartilage of the patellofemoral groove of the femur 

(figure 3:4). The soft tissue was attached to the tibial tuberosity via the patella tendon 

and this was sectioned with the scalpel as close to the bone as possible. The 

remaining soft tissue was cleared from the bone using fine-toothed forceps and the 

scalpel, with care to avoid touching the articular cartilage. Sharp pliers were used to 

cut the mid-point of the femur and the tibia. The resulting knee-joint specimen was 
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transferred immediately into a well of a 24-well plate containing 2mL of serum-free 

Dulbecco’s Modified Eagle’s Medium (DMEM, 340mOsm/Kg H2O; pH7.4) with L-

glutamine (4 mM), D-glucose (25 mM) and sodium pyruvate (1 mM) with added 

penicillin (100 U/mL) and streptomycin (100 mg/mL). Each specimen was fully 

submerged within the DMEM solution and within 1 hour the specimens were 

subjected to the staining protocol outlined below. 

 

 

Figure 3:4 The exposure of the patellofemoral articulation. 

A) Following removal of the skin it was easy to identify the patella tendon (arrowhead). B) 
Following circumferential dissection through the thigh musculature the femur was visible and all 
soft tissue attachments were removed. C) Gentle distal traction on the sectioned quadriceps tendon 
revealed synovium overlying the stifle joint (right pointing arrow). D) A Lane’s forceps was 
attached to the free edge of the quadriceps and distal traction frees the synovium off the bone 
revealing the joint with the intact articular cartilage (upwards arrow). This technique prevented 
damage to the articular cartilage because all dissection occurs outside of the joint.   
 
3.4.4 Cell viability staining and fixation 
CMFDA cell tracker Green™ was prepared as a 1mM stock solution in the solvent 

dimethyl sulphoxide (DMSO). PI was used as an aqueous 1.0mg/mL stock solution 

that was obtained directly from the manufacturer. Specimens were incubated for 1hr 

at 21˚C in penicillin (100 U/mL) and streptomycin (100mg/mL) containing DMEM 

with CMFDA (30µM) and PI (15µM). Explants were subsequently fixed overnight 

(4% formaldehyde) prior to storage (4˚C) in 1% PBS. Formaldehyde solution (4% 
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v/v in normal saline) was obtained from Fisher Scientific (Loughborough, UK). For 

CLSM, explants were secured to the base of a Petri dish with Blu-Tack (Bostik, 

Leicester, UK) and re-submerged in 1% PBS (figure 3:5). 

 

Figure 3:5 The preparation of explants for cell viability staining. 

Immediately after dissection the sectioned limb was placed into a well of a 24 well plate containing 
DMEM. Once all animals had been dissected the solution was changed to the staining solution and 
incubated for one hour. After this the solution was changed to 4% formaldehyde to fix the tissues 
and after 24 hour incubation each specimen was transferred to a medium sized petri-dish and 
secured in place with Blu-Tack before being submerged in 1% PBS. The specimen was orientated 
so that the articular cartilage of the patella-femoral groove was amenable to scanning in this 
position to minimise handling of the specimen. 
 
3.4.5 CLSM Imaging 
An upright Zeiss LSM510 Axioskop (figure 3:6) (Carl Zeiss Ltd., Welwyn Garden 

City, UK) CLSM, fitted with a x10/0.3 dry objective, was used to acquire optical 

sections of CMFDA- and PI-labelled chondrocytes using established methods 

(Huntley et al., 2005, Amin et al., 2008, Smith et al., 2013). 
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Figure 3:6 The confocal laser scanning microscope 

A ‘multi-track protocol’, utilising argon and helium neon lasers, bandpass filters (500 

to 550nm) and long pass filters (>560nm), permitted capture and visualisation of the 

fluorescence emitted from CMFDA (excitation wavelength (λex) = 488nm, emission 

wavelength (λem) = 517nm) and PI (λex = 543nm, λem = 650nm), respectively. 

Detector gain, detector sensitivity and laser power were adjusted to obtain optimal 

image quality without excessive dye bleaching or pixel saturation. The pinhole 

diameter was set to one Airy unit in order to achieve the optimal balance between 

image resolution and signal strength (Jones et al., 2005).   

Images were obtained in the axial plane to visualise the articular cartilage of the 

patellofemoral groove. The focal plane was moved through the tissue at 10µm 

increments (i.e. in the z-direction) from the articular surface to a depth of at least 

100µm, thereby enabling detailed visualisation of chondrocytes within the entirety of 

the articular cartilage thickness. Each optical section measured 921x921µm and had 

an image resolution of 1024x1024 pixels. 

3.4.6 Quantitative analysis 
Region of interest 
The LSM file generated from the confocal microscope was loaded into IMARIS x64 

version 8.0.2 (Bitplane AG, an Oxford Instruments Company, Zurich, Switzerland). 
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A standardised 512 x 512 pixel square (corresponding to 460.5µm x 460.5µm) was 

centred on the lowest portion of the groove as illustrated in figure 3:7 to select the 

region of interest (ROI).  

 

Figure 3:7 Selecting the region of interest (ROI) in IMARIS 

Percentage chondrocyte death 
For reconstructed 3-dimensional (3D) CLSM projections, the percentage 

chondrocyte death ((number of dead cells/total number of living and dead cells) x 

100) was calculated within the defined region of interest (ROI) by using IMARIS 

imaging software to perform automated live/dead cell counts. Objects were selected 

based on size. The size thresholds were 7µm diameter for spherical and up to 10µm 

for ellipsoid shaped objects in the green (live/CFMDA stained) channel and 5µm 

diameter for spherical and 7µm diameter for ellipsoid shaped objects in the red 

(dead/PI stained) channel with minor manual adjustments to the thresholds to ensure 

that all objects in each channel had been selected which was visually confirmed in 

the software by the presence of a marker spot. A second filter was then applied to 

increase the minimum limit for the ‘mean intensity’ of the object in order to remove 

any spots centred over background noise (figure 3:8). All cells touching the margin 

of the ROI were included in the counts. The remaining objects were presented as the 

final automated live and dead cell count by the IMARIS software. 
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Figure 3:8 Marking objects with 'spots' for automatic counts in IMARIS 
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3.5.2 Data analysis 
FacsDiva software v8 (BD Biosciences, San Jose, USA) was used for digital data 

acquisition and post acquisition analysis with the gating tree illustrated in figure 3:9.   

 

Figure 3:9 The gating tree for flow cytometry of immune populations  

Step 1: forward scatter area vs. side scatter area (represents the distribution of cells in the light 
scatter based on size and intracellular composition, respectively. The gating was set to remove 
debris and select only cells for further analysis) 
Step 2: forward scatter area vs. forward scatter height (identifies singlets and excludes events that 
could represent more than 1 cell). 
Step 3: Cells that stained positively for CD45 (all leukocytes) are selected for further analysis. 
Step 4: CD45 positive leukocytes are separated into populations that are CD11b positive (monocytes 
and neutrophils) or CD11b negative (B and T lymphocytes). 
Step 5: CD11b positive cells are separated into monocyte and neutrophil populations based on 
LY6G/LY6C staining profiles.  
Step 6: CD11b negative cells are separated into B and T cell populations based on B220/CD3 
staining profiles. 
 
The software calculates the number of events that occur in each gate including the 

control (bead gate). To transform the data so that it could be expressed as leukocytes 

per mL of blood, the following formula was used: ((number of events in gate of 

interest)/(number of events in bead gate)) x (number of beads added) x (1000/volume 

of blood in sample added to FACS tube).  

Example: If exactly 25µL of blood had been collected from the tail vein bleed, the 

gate of interest (for example the neutrophil gate) in this case read 10,000 and the 

bead gate read 10,200. The volume of blood per FACS tube was calculated: (volume 
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concentration with 80µL of assay diluent and then 50µL of the resulting solution was 

placed individually into the remaining wells of the plate. Each of the 14 Becton 

Dickson (BD) cytomeric bead array (CBA) Mouse Soluble Protein Flex set capture 

bead stocks and phycoerythrin (PE) detection reagents were prepared according to 

the manufactures instructions. 50µL of mixed capture bead solution was added to 

each assay well and the plate was placed on a digital shaker for 5 min at 500rpm. 

Samples were then incubated for 1 hour at room temperature. 50µL of mixed PE 

detection reagent was then added to each well and the plate was placed on a digital 

shaker for 5 min at 500rpm. Samples were incubated for a further hour at room 

temperature. The plate was then centrifuged at 300g for 5 min before excess fluid 

was removed from the wells. 75µL of wash buffer was added to each well before 

mixing the plates for 5 minutes using a shaker at 500rpm in order to re-suspend the 

beads. The samples were then ready for data acquisition. 

Data acquisition and analysis 
The Accuri C6 flow cytometer (BD Biosciences, San Jose, USA) was used to 

perform the analysis with data acquisition controlled with BD CSampler software. 

Data files were subsequently analysed using FCAP Array multiplex analysis 

software version 3.0 (BD Biosciences, San Jose, USA) to calculate individual sample 

concentrations. 

3.6 Histology 
3.6.1 Protocol for the preparation of histological slides. 
Following animal termination the whole limb was fixed overnight in 4% formalin. 

The limb was then decalcified in ethylenediaminetetraacetic acid (EDTA) for 4 

weeks on a shaking incubator maintained at 40˚C. The EDTA was maintained at pH 

7 and the solution was changed weekly. Following decalcification the limbs were 

embedded in paraffin and 10µm sections were cut in the sagittal plane. Sections were 

stained with haematoxylin and eosin.  

3.6.2 Evaluation of histological slides 
Sections were coded prior to blinded examination. The grading of the slides was 

undertaken according to a semi-quantitative, scoring protocol that was modified from 
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a protocol outlined by Sakiniene et al (1999) (Sakiniene et al., 1999). The parameters 

assessed were: 

1. The presence of synovial hypertrophy or hyperplasia  
2. Pannus formation  
3. Cartilage and/or subchondral bone destruction 
4. Infiltration of inflammatory cells into the extra-articular space 

 
Each parameter was given a grade of 0 for normal appearance, 1 for mild changes, 2 

for moderate change and 3 for severe change. An overall grade of the histological 

severity of septic arthritis was calculated as 0 = normal, 1-4 = mild, 5-8 = moderate 

and 9-12 = severe. 3 sections for each animal were graded separately and then 

averaged. The scores for each experimental group were averaged to allow 

comparisons between groups and between time points.  

3.7 Statistical analysis 
Statistical analyses were performed using SPSS version 21 for Mac (IBM Inc, New 

York, USA). Comparisons of individual gait parameters with the pre-operative 

values within one group were tested via a student’s paired t -test. To identify 

differences between groups at specific time points a one-way ANOVA with Tukey’s 

post-hoc analysis was performed. The differences were considered significant at 

p<0.05. The percentage chondrocyte death, percentage weight change, percentage 

limb swelling and the change in levels of circulating inflammatory cells, chemokines 

and cytokines were compared between groups using one-way ANOVA with post hoc 

Tukey’s test if data were parametric or Kruskal-Wallis test if non-parametric. Data 

are presented as means +/- Standard Deviation (SD) with the level of significance set 

at p<0.05. Comparison of overall histology scores or the individual component 

scores (grouped into 4 categories: normal, mild, moderate and severe) was made 

using a Chi-squared test with significance set at p<0.05. 
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Chapter 4 Development of a direct inoculation 
animal model of septic arthritis to 
study chondrocyte viability 

4.1 Introduction 
The results from Chapter 2 indicate that a high proportion of patients experience a 

decline in normal joint function following an episode of septic arthritis. Symptoms of 

pain, stiffness and limitation of activities of daily living are consistent with 

osteoarthritis (Bellamy et al., 2011b) and these developed in some patients even 

when there were no adverse outcomes apparent immediately following resolution of 

the septic arthritis. The cause of this progressive decline in function is unclear but it 

is possible that it could be secondary to chondrocyte death. Although the gold 

standard would be to investigate if chondrocyte death occurs in human patients with 

septic arthritis, methods for intra-operative quantification of chondrocyte death are 

still in the development stage (Novakofski et al., 2014) and therefore alternative 

experimental models are required to investigate this hypothesis further. Chondrocyte 

viability can be assessed using fluorescent mode confocal laser scanning microscopy 

(CLSM). A recently published ex vivo model using CLSM of bovine cartilage 

explants has shown that strains of S. aureus that produce Hla (alpha haemolysin) 

induce rapid and extensive chondrocyte death whereas isogenic mutants that do not 

produce Hla produce little cell death (Smith et al., 2013). Explant models are limited 

by the lack of an immune response and in order to study the combined effect of the 

bacteria and the host response an animal model is required.  

The aim was to develop a reproducible animal model of septic arthritis using a direct 

inoculation of S. aureus into the joint and using chondrocyte viability as the primary 

outcome measure. The priorities in the development of the model were: 

1) Choosing an appropriate animal and strain.  

2) Ensuring direct inoculation of a suitable joint would be possible and reproducible. 

3) Ensuring that CLSM could be performed on the injected joint. 
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4) Ascertaining the correct concentration of S. aureus to be injected that would 

produce clinical signs of infection that mirror those that occur in human patients. 

5) Development of additional secondary outcome measures to characterise the 

response to infection. 

During the development of the model the clinical signs were given the highest 

priority and other outcome measures were subsequently developed. For this reason 

not all outcome measures that are outlined in Chapter 3 were employed in each of the 

initial trials. 

4.2 Which experimental animal? 
A murine model was selected because of low cost and the availability of analytical 

tools in the mouse. To study the long-term outcome of septic arthritis in mice with 

the endpoint being the development of osteoarthritis may not be directly relevant to 

the situation in humans because of the shorter lifespan of mice. The mouse knee can 

be problematic when studying the development of osteoarthritis because of its small 

size compared to humans and because the thin cartilage makes it difficult to induce 

small defects that progress slowly to OA (Glasson et al., 2010).  

The use of chondrocyte viability measured by CLSM as an outcome measure may be 

an earlier marker of cartilage damage than traditional outcome measures (such as 

histological evidence of joint destruction) and may therefore translate more 

accurately to the development of secondary degenerative change that was observed 

in the clinical cohort. The haematogenous route of infection has been studied 

extensively in mice (Tarkowski et al., 2001, Tarkowski, 2006) but because it is very 

difficult to ascertain when each joint first becomes infected (Bremell et al., 1991) it 

was considered that this would be a poor model for monitoring chondrocyte death 

where the time course was critical. This model also frequently results in poly-

articular and extra-articular involvement, which occurs in less than 20% of human 

patients (Bremell et al., 1991, Dubost et al., 1993, Kaandorp et al., 1997a). A direct 

inoculation model has advantages for CLSM because the joint to be infected can be 

selected and the time of infection corresponds to the time of inoculation. Direct 

inoculation of the joint occurred more frequently in patients under the age of 50 in 
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the clinical cohort where native articular cartilage was less likely to have arthritic 

change and therefore studying this route of infection was more likely to mirror the 

effects on healthy articular cartilage in a clinical population.  

4.2.1 Selecting the strain 
Outbred mice are cheap and are widely used in research. They are usually maintained 

as large breeding colonies within which there is inter-individual genetic variation 

(Chia et al., 2005). Mice within these colonies are allowed to mate at random 

producing a number of offspring that are “genetically undefined.” Mice obtained 

from the same stock at different times may display different characteristics due to 

selection, inbreeding and random genetic drift. The response to septic arthritis has 

been shown to be dependent on the genetic background of the experimental mice and 

therefore use of outbred mice was a potential confounder for this study (Hultgren et 

al., 1999). Inbred strains are produced by over 20 generations of brother x sister 

mating with all individuals tracing back to a single pair in the 20th or subsequent 

generations (Beck et al., 2000). The key properties of inbred strains are isogenicity 

(all individuals within a strain are genetically identical), homozygosity (animals are 

homozygous at virtually all genetic loci leading to immortality of the genotype) and 

phenotypic uniformity. There are over 400 inbred strains of mice but C57BL/6 is the 

most widely used strain (Beck et al., 2000) and are utilised in a wide variety of areas 

including immunology research (Coyle et al., 1995, Murphy et al., 2001, Calander et 

al., 2006). C57BL/6 is commonly used as a general-purpose strain but is also the 

predominant strain for the generation of congenics carrying both spontaneous and 

induced mutations (Hall et al., 2009), which would be useful for future experiments 

investigating the effects of specific genetic traits in septic arthritis.  

4.3 Development of injection technique 
4.3.1 Selecting the injection site 
The ideal joint needed to be accessible to direct inoculation and be large enough to 

guide a needle accurately into the joint. CLSM works best on flat surfaces and 

therefore joints that have relatively flat surfaces are the most suitable for subsequent 

analysis. The stifle (knee) joint was selected because of its superficial position and 

the presence of the patellofemoral groove on the femur that is relatively flat. 
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The comparatively large size of the needle in relation to the joint necessitated the use 

of an operating microscope to ensure accurate placement. It was difficult to see the 

injection sites adequately because anatomical landmarks were obscured by hair and 

therefore depilatory cream was used to remove this.  

4.3.4 Confirmation of correct needle placement 
Methylene blue was injected into cadaveric mice stifle joints using either the trans-

patella or lateral injection portals before dissecting out the joints to confirm the 

extent of tissue staining. Both techniques resulted in adequate inoculation of the joint 

but the rate of extra-articular contamination was initially high. It was felt that the 

trans-patella route was easier to perform and therefore this was selected for further 

investigation. The technique for needle placement was developed by using an 

assistant to hold the stifle joint flexed at 45 degrees and then slowly advancing a 

needle at 90° to the tendon through the junction of the proximal 2/3rd and distal 1/3rd 

under microscope guidance until the bevel of the needle was no longer visible. If the 

needle was placed at the wrong angle bone was encountered and if it was inserted too 

far it penetrated through the back of the joint causing damage to the neurovascular 

structures and contamination of the soft tissues. Following optimisation consistent 

joint inoculation without these complications was achieved (figure 4:2). 

 

Figure 4:2 Confirming correct injection technique.  

A) mouse stifle joint after injection of methylene blue via the trans-patella route. B) After removal 
of the skin the staining could be seen either side of the patella tendon. C) After opening the joint 
the methylene blue could be seen staining the synovial tissue and confirming intra-articular 
placement.  
 
4.3.5 Ascertaining correct injection volume 
Varying quantities of PBS were injected into cadaveric mouse stifle joints whilst 

observing swelling of the supra-patella pouch under a dissecting microscope. A 
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volume of 20 µL was found to fill the joint. Higher volumes caused rupture of the 

capsule (confirmed when leakage of fluid into the surrounding soft tissue was seen) 

or excess backflow of fluid from the needle tract. Injection of small volumes was 

difficult and required the use of a 100µL Harrison syringe. The volume of the 30G 

needle itself was measured to be 50µL.  

Fluid volumes in the barrel of the syringe that were less than10µL were frequently 

achieved when attempts were made to draw fluid directly into the syringe with the 

needle attached. In early trials this led to some cadaveric mice being “injected” but 

no fluid being expelled from the tip of the needle. This was overcome by drawing 

fluid up without the needle attached and then expelling fluid through the syringe 

once the needle was attached to ensure that any further depressions of the syringe 

resulted in expulsion of accurate volumes. In further cadaveric experiments it was 

found that the long lever arm on the syringe plunger caused difficulty with 

maintaining the correct needle placement and the need to check the volume of 

injection meant an assistant was required to deliver the dose. This was a tedious set 

up that resulted in a large number of samples that were injected incorrectly because 

the assistant caused minor displacements of the tip of the needle. In a subsequent 

optimisation the syringe was primed so that only 10µL of fluid remained enabling a 

one-handed injection technique that afforded total control of the placement of the 

needle and the speed and volume of the injection.  

4.3.6 Modifications to technique required when using 
anaesthetic set-up 

Difficulties were encountered when attempts were made to reproduce the injection 

with the animals attached to the anaesthetic equipment as this made it difficult for the 

assistant to immobilise the animal and therefore needle placement was more 

challenging. The technique was modified to immobilise the animals so that there was 

no need for an assistant. With the stifle joint flexed to 90° over a support (the barrel 

of a 2.5mL syringe was used) the joint positioning for trans-patella injections was 

optimal. By placing 2 separate 18G needles either side of the thigh as supports and 

then securing the foot with tape it was possible to immobilise the limb and avoid any 

medial/lateral displacement (figure 4:3). 
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Figure 4:3 Positioning of mice for intra-articular injection demonstrated on a cadaveric mouse.  

Tape was placed over the thorax and the stifle joint was flexed over a support with additional tape 
over the foot to hold the position. Needles were used as lateral and medial supports to prevent 
displacement. A needle was inserted at 90° to the patellar tendon showing correct angulation. 
 
4.3.7 Live animal experiment 1: Confirming no adverse 

effects from injection technique in live mice 
To confirm that the injection technique did not produce adverse effects in live mice, 

three anaesthetised male C57Bl/6 mice aged 12 weeks were injected with 10µL of 

sterile 1% PBS into the right stifle joint. There were no discernable changes in the 

clinical characteristics of the mice, no gait change visible to the naked eye and no 

weight loss. The use of depilatory cream in the live animals caused irritation to the 

skin with development of mild erythema. This could have caused difficulties when 

observing for subtle skin changes indicative of early septic arthritis and in 

subsequent experiments clippers were used to remove the hair instead.  

4.4 Confocal technique development  
4.4.1 Staining protocol   
Previous studies have used bovine cartilage explants incubated with10µM CFMDA 

and 10µM PI for one hour to produce effective staining of live and dead cells (Amin 

et al., 2008, Amin et al., 2009a, Amin et al., 2009b, Smith et al., 2013). When these 

concentrations were trialled with murine cartilage explants there was poor uptake of 

CFMDA with little or no green stain visible in any of the explants. Following 

optimisation experiments it was ascertained that 30µM CFMDA and 15µM PI 

provided good visualisation of live and dead cells in murine samples. 
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4.4.2 Region of interest 
The patellofemoral groove was identified as an ideal location for confocal scanning 

because of its relatively flat, accessible surface. The articular cartilage in this region 

is curved in 2 planes (concave medial-lateral and convex proximal-distal). When 

using a x10 objective and scanning from superficial to deep it was possible to 

generate a z-stack image that encompassed both condylar ridges and the ‘groove’ 

between them. The LSM file generated from the confocal microscope was loaded 

into IMARIS x64 version 8.0.2 (Bitplane AG, an Oxford Instruments Company, 

Zurich, Switzerland) and was represented as a z-stack of 1024 x 1024 pixel squares 

(figure 4:4).  

 

Figure 4:4 Example of how the Z-stack is generated. 

Each individual image obtained in the z-plane is combined to form a 3D image of the structure. 
Scale bar = 200µm. 
 

A standardised z-stack of 512 x 512 pixel squares centred on the lowest portion of 

the groove was identified as an ideal region of interest (ROI) that excluded the 

condylar ridges and resulted in a consistent area for analysis (figure 4:5). Preliminary 

experiments that attempted image acquisition at 5µm depth intervals resulted in 

prolonged imaging times with no apparent gain in cellular detail. A 10µm depth 

interval was found to decrease scan times without missing chondrocytes and was 

used for all subsequent experiments. 
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Figure 4:5 Selecting the region of interest in a Z-stack using IMARIS software. 

4.4.3 Calculating chondrocyte viability 
The percentage chondrocyte death within the defined region of interest (ROI) of the 

reconstructed 3-dimensional (3D) CLSM projections was calculated using IMARIS 

imaging software to perform automated live/dead cell counts. Whilst good 

correlation between automated and manual counts has been identified, the 

reproducibility of the counts generated by automated algorithms has been shown to 

be significantly better in comparison to human evaluation (Jomha et al., 2003). 

Individual objects (cells or nuclei) in both the green (living) and red (dead) channels 

were initially identified by size. The size of cells and nuclei were measured in 

multiple specimens and consistent values for each were obtained. The diameter of 

‘green’ labelled cells averaged 8µm whereas the diameter of ’red’ labelled nuclei 

averaged 6µm. Size thresholds were set to 7µm diameter for spherical and 10µm for 

ellipsoid shaped objects in the green (live/CFMDA stained) channel and 5µm 

diameter for spherical and 7µm diameter for ellipsoid shaped objects in the red 

(dead/PI stained) channel. In order to confirm the automated capture of objects 

visually within each ROI, living and dead cells were marked by the software with 

spots and manual adjustments to the size thresholds were performed to ensure that all 

objects in each channel had been selected. The addition of a second filter for the 

‘mean intensity’ of the object allowed any spots identifying only background noise to 

be excluded because the mean intensity of background noise was much lower than 

that of stained objects (figure 4:6).    
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Figure 4:6 Using a filter to reduce background noise when selecting objects in IMARIS.  

Only red stained cells in the image should be highlighted by a yellow spot – when this was 
performed only using size as a filter many areas of background noise were identified (left). The 
addition of a mean intensity filter eliminates this problem (right). 
 
All objects touching the margin of the ROI were included in the counts. The objects 

marked with a spot at the end of this process were presented as the final automated 

live and dead cell count by the IMARIS software (figure 4:7). Chondrocyte death 

was then calculated using the formula: (number of dead cells/total number of living + 

dead cells) x 100. 

 

Figure 4:7 Confirming objects of interest have been correctly marked with a spot in IMARIS. 

4.4.4 Dissection protocol 
The original protocol for exposing the stifle joint involved a longitudinal cut along 

the medial side of the patella tendon and through the quadriceps before sliding the 
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patella and soft tissue attachments laterally which resulted in high levels of 

chondrocyte death within the patellofemoral groove (figure 4:8).  

 

Figure 4:8 Confocal images of the region of interest produced before and after dissection technique 
modification (note large number of red labelling cells in the left hand image). Scale bar = 100µm. 

Evolution of the technique allowed avoidance of any dissection close to the articular 

surface by dissecting the soft tissues off proximally, releasing attachments from the 

periosteum and then inverting the quadriceps and patella, which produced confocal 

images with minimal chondrocyte death.  

4.4.5 Confirming no cell death occurred following injection 
technique  

Ten surplus stock mice from the animal house were culled via rising CO2 overdose 

and were subsequently injected into the right stifle joint before processing for CLSM. 

The images confirmed that there was no cell death caused by the injection.  

4.4.6 Optimisation of IMARIS using damaged cartilage 
samples  

Following dissection of cadaveric mice, deliberate injuries were made to the ROI 

with either a needle or a scalpel blade to produce focal chondrocyte death or 

allowing samples to dry to produce global defects (figure 4:9). The resulting images 

were used to validate the quantification process in IMARIS and calculations of 

chondrocyte death were found to be reproducible with values accurate to within 5% 

of each other when run in triplicate.  



   

  116 

 

Figure 4:9 CLSM images of intentionally damaged cartilage samples. 

A) Sample damaged with the point of a needle, B) sample cut with a scalpel and c) sample dried in 
an extractor hood. Scale bar = 200µm. 
 
4.5 Confirming the optimal concentration of bacteria 

for injection 
Previous studies have utilised concentrations of bacteria between 104 and 106 cfu/mL 

in direct inoculation models (Lee and Han, 2011, Hellvard et al., 2013) and trials 

were performed to ascertain the correct concentration of S. aureus 8325-4 for this 

model. The aim was for the mice to resemble the clinical picture in human patients 

closely and therefore it was important that they displayed signs of localised joint 

involvement. Previous studies utilising the haematogenous route of infection have 

constructed an ‘arthritic index’ used to compare treatment groups. The arthritic index 

is used to measure the clinical severity and takes into account the number of joints 

affected, their level of swelling and erythema. A score for each animal in the cohort 

is added and then divided by the total number of animals as an objective measure to 

compare groups (Abdelnour et al., 1994a, Abdelnour et al., 1994b). This technique is 

not relevant to a direct injection technique because multiple joint involvements 

would not be expected to occur and therefore an alternative assessment had to be 

developed. This was challenging as it was not immediately apparent what the 

relevant signs of septic arthritis would be following direct inoculation. 

4.5.1 Live animal experiment 2: 104, 105 and 106 cfu/mL doses 
of S. aureus 8325-4 

Twelve male C57Bl/6 mice aged 8 weeks were injected via the trans-patella 

approach with wild type S. aureus 8325-4 suspended in 10µL sterile 1% PBS at 
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concentrations of 1 x 104, 1 x 105 and 1 x 106 cfu/mL or PBS control (four mice per 

dose). Mice were monitored for changes in general appearance (Ullman-Cullere and 

Foltz, 1999), signs of abnormal behaviour (Garner, 2005), weight change and 

localised signs of septic arthritis (joint erythema, skin lesions, limb swelling and gait 

abnormalities) (Burkholder et al., 2012). The mice were inspected on a daily basis 

for one week but they failed to demonstrate any clinical evidence of septic arthritis 

with no mice developing joint swelling or altered gait. Over the course of the 

experiment the mice gained weight as would be expected for their age with no 

differences observed between the groups (figure 4:10).  

 

Figure 4:10 No difference in weight change over 7 days between groups injected with 10µL of 1x  
104 - 106 cfu/mL of S. aureus 8325-4 when compared to PBS control group 

After the mice were terminated the limbs were processed for histology using the 

methods outlined in Chapter 3 with results discussed in section 4.10. It was noted 

that the male mice were occasionally aggressive with each other and when handled 

and it was suggested by the veterinary inspector that females might be more docile. 

After failing to achieve clinical signs of infection in a single animal the author was 

concerned that there was a problem with the experimental model. Contact was made 
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with Piotr Mydel, a researcher from Norway, who had experience in the use of an 

intra-articular model of septic arthritis (Hellvard et al.). He confirmed that S. aureus 

8325-4 did not easily cause septic arthritis (Nilsson et al., 1999a) and even when he 

had used more virulent strains of S. aureus he would routinely inject a 106 

concentration suspended in 20 µL PBS. The use of S. aureus 8325-4 was critical to 

the future experiments as the isogenic mutants available were based on this strain 

(O'Reilly et al., 1986) and Piotr therefore advised that a repeat trial be made using a 

higher bacterial concentration in a larger injection volume. He also suggested using 

the lateral portal for injection which he had experienced success with in the past.  

4.5.2 Live animal experiment 3: 109 cfu/mL dose of S. aureus 
8325-4 

To ensure that S. aureus 8325-4 was capable of producing septic arthritis via a direct 

inoculation, the highest concentration that could be achieved after 24-hour broth 

culture was selected.  Six adult female C57Bl/6 mice aged 10 weeks were injected 

with 20µL of 1 x 109 cfu/mL S. aureus 8325-4 suspended in sterile 1% PBS using 

the lateral injection technique. In all of the mice there was a significant effusion 

evident within 24 hours. The mice all lost weight within the first 24 hours and 

developed a severe antalgic gait pattern. After 48 hours the mice continued to 

deteriorate with retraction of the limb into a position of combined hip and stifle joint 

flexion resulting in the stifle joint being pressed into the abdomen. The effusions 

became purulent and it was evident that extra-articular abscesses had formed (figure 

4:11). The skin around the abdomen where the stifle joint was held became infected 

and the mice were losing excessive weight (table 4:1). After discussion with the 

veterinary staff it was concluded that this dose was too aggressive and the 

experiment was aborted on the 3rd day. The limbs were processed for histology as 

outlined in Chapter 3.  
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4.5.3 Live animal experiment 4:106, 107 and 108 cfu/mL doses 
of S. aureus 8325-4    

A further trial was performed by injecting 4 mice with 1 x 106, 4 with 1 x 107 and 4 

with a 1 x108 cfu/mL dose of S. aureus 8325-4 in 10µL of sterile 1% PBS via a 

trans-patella approach. Two mice from each group were killed at 48hrs and the 

remainder were killed on day 6. The legs were processed for histology as outlined in 

Chapter 3. All 107 and 108 animals developed clinical signs of septic arthritis (figure 

4:12) and associated weight loss (figure 4:13). 

 

Figure 4:12 Clinical appearance of infected murine stifle joints. 

 

Figure 4:13 Injection of 10µL of 1 x 107 and 1 x 108 cfu/mL S. aureus 8325-4 leads to drop in 
weight.   

Data presented as mean and standard deviations 
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Within 24 hours following injection the mice that were injected with 107 or 108 

cfu/mL doses developed an antalgic gait pattern spending less time on the affected 

limb although they still appeared to bear weight through it. The mice injected with 

the 106 cfu/mL dose displayed a normal gait pattern. The author had anticipated that 

the mice that developed clinically septic joints would stop using the affected limb but 

this was rarely the case and the gait changes were subtler than those seen in the 

animals injected with a 1 x109 cfu/mL dose. After 24-48 hours there was a gradual 

improvement in gait and by 72 hours it was not possible to detect any gait 

abnormality with the naked eye. Some of the mice developed mild skin lesions that 

were confined to the injection site but these did not have the same appearances as the 

purulent abscesses seen following inoculation with the 109cfu/mL dose.  

The results of these experiments identified that 1x 107 cfu/mL was the lowest 

concentration that resulted in clinical signs of septic arthritis.  

4.6 Live animal experiment 5: Timeline experiment  
In order to study the evolution of septic arthritis in this model 16 C57Bl/6 mice were 

injected with 10µL of a 1 x 107 cfu/mL dose of S. aureus 8325-4 suspended in sterile 

1% PBS. Four animals were culled on each of days 1, 2, 3 and the remainder on day 

7. Blood samples were taken using a cardiac stab immediately after termination and 

were processed as described in Chapter 3. The serum was stored for later analysis. 

Limbs were taken for analysis of histology and fixed overnight in methacarn and 

then wax embedded prior to sectioning and staining with haematoxylin and eosin. 

Methacarn was recommended as a fixative because formaldehyde fixation has a 

deleterious effect on the resolution of proteins in formalin-fixed tissues (Howat and 

Wilson, 2014) that might hinder any subsequent immunohistochemical analysis of 

the samples. Results of the histology and serum analysis are discussed in sections 

4.10 and 4.11 respectively.  

The mice initially lost weight during the first 3 days and then began to recover 

weight thereafter. The infected joints became swollen with the greatest swelling seen 

on day 2 (data presented in table 4:2).  
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fibrinated horse blood. A homogenate of the kidneys, neat blood obtained from the 

cardiac stab and a section of skin from the non-injected limb were also cultured. The 

culture plates were incubated at 37˚C for 24 hours and inspected for growth. It was 

noted that it was extremely difficult to visualise the articular cartilage in the infected 

mice culled on day 7 because of extensive fibrous adhesions from the synovium, 

which would make preparation for CLSM almost impossible. 

4.7.1 Microbiological confirmation of active infection  
All 8 samples from the stifle joints of mice injected with S. aureus and 3 samples 

from the skin of contralateral limbs were found to be growing a single type of 

bacteria that appeared identical under visual inspection. There was no growth from 

stifle joints injected with PBS, homogenates of the kidneys or blood indicating that 

the infection was localised to the joint. Several colonies from each separate isolate 

were inoculated into separate vials of TSB and grown in a shaking incubator 

overnight at 37˚C. In order to assess whether the retrieved specimens were the S. 

aureus 8325-4 strain that was injected, pulsed-field gel electrophoresis (PFGE) was 

conducted. Pulsed-field gel electrophoresis (PFGE) is one of the most reliable, 

discriminatory and reproducible typing procedures to enable the detection of a high 

degree of DNA polymorphism (Murchan et al., 2003, Stranden et al., 2003). It relies 

on the use of a restriction endonuclease (Liu et al., 1996) to digest bacterial genomic 

DNA into large DNA fragments that can be separated by periodically shifting the 

orientation of the electrical field (Levene and Zimm, 1987, Benson and Ferrieri, 

2001). The following buffers were obtained from Severn Biotech Ltd, Kidderminster, 

UK: TEN buffer (0.1M Tris Cl, 0.1M EDTA, 0.15M NaCl), EC (E. coli) buffer 

(6mM Tris Cl, 1M NaCl, 0.1M EDTA, 0.5% Brij 58, 0.2% deoxycholate, 0.5% 

Sarkosyl), TE buffer (10mM Tris, 5mM EDTA, pH 7.5) and 0.5X TBE buffer 

(40mM Tris Cl, 45mM Boric acid, 1mM EDTA, pH 8.3). Several individual colonies 

of a particular test isolate were harvested from a TSA plate using a sterile harvesting 

stick and transferred to an Eppendorf tube containing 1mL of TEN buffer to establish 

a test isolate suspension. The Eppendorf tube was centrifuged (13,000rpm) for 2min 

before the pellet was re-suspended in 500 µL of EC buffer. Lysostaphin (2µL of 

1mg/mL solution dissolved in 20mM sodium acetate) and 1.2% low melt agarose 

(500µL) were added. The entire volume of the suspension within the Eppendorf tube 
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was pipetted into a plug mould and left at room temperature for 15mins. After 

15mins, the plug was placed into a bijoux containing 3mL of EC buffer, which was 

subsequently placed into a water bath at 37˚C for 1hr. The EC buffer was replaced 

with 3mL of TE buffer prior to a further 1-hour incubation at 55˚C. The plug was cut 

with a sterile scalpel blade and transferred to a fresh Eppendorf tube before 90µL of 

distilled water (DW) and 10µL of reaction buffer were added. The Eppendorf tube 

was placed into a refrigerator (4˚C) for 30 minutes. The buffer was carefully 

removed using a fine pastette and replaced with DW (90µL), reaction buffer (10µL), 

bovine serum albumin (2µL;1mg/mL), dithiothreitol (2µL; 1.5mg/100µL DW) and 

restriction enzyme (2µL; XbaI). Finally, the Eppendorf tube was immersed in a water 

bath at 25˚C for 5hrs. The above procedure was conducted for each isolate 

individually. A pulsed field agarose gel was prepared by adding 1g of pulsed field 

agarose to 100mL of 0.5X TBE buffer. The liquid agarose was poured into a gel 

mould and allowed to set. Upon setting, plugs within the Eppendorf tube (one plug 

per isolate) were placed into the wells in the gel. The gel was then transferred to the 

centre of a PFGE tank containing approximately 2L 0.5X TBE buffer that was 

continuously circulated by a circulator pump. PFGE was performed using a contour-

clamped homogenous electric field apparatus (CHEF DRII System, BIORAD 

Laboratories Ltd, CA, USA) with the following running parameters: 14˚C; 200V 

(6V/cm); initial pulse time, 5secs; final pulse time, 40secs; and total time, 20hrs. The 

gel was stained with Gel Red (7.5µL in 250mL 0.1M NaCl) for 20mins in a covered 

container after the completion of the electrophoresis run and was then photographed 

using a gel doc system (Molecular Imager® Gel Doc™ XR System, BIO-RAD 

Laboratories Ltd, CA, USA) before visual analysis. Isolates were defined as 

representing the same strain if they possessed 100% similarity to the restriction 

fragment patterns of DNA (PFGE profile). The results confirmed that active 

infection with the S. aureus 8325-4 strain was present in the stifle joint of 6 out of 8 

mice (one sample taken from a 2 day specimen and another taken from a 7 day 

specimen failed to process within the gel and therefore typing could not be 

confirmed) confirming active infection up to 7 days following injection. The skin 

samples had a different appearance and were considered to be representative of 

native skin commensals (figure 4:14). 
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Figure 4:14 Molecular weight ladder generated from PFGE analysis of microbiological specimens.  

Number 1: Reference sample of S. aureus 8325-4 grown from original stock. Numbers 2,3, 5 and 6: 
samples taken from stifle joints after 2 days. Number 4: Sample taken from skin culture. Numbers 
7-10: Samples taken from the stifle joint after 7 days.  
 
4.7.2 Catwalk gait data transformation and analysis 
The ‘Catwalk’ relies on the mouse traversing from one end of a covered walkway to 

the other without interruption. A 20cm crossing distance within the centre of the 

130cm long walkway was designated as the recording area in an attempt to catch the 

mice performing a normal, uninterrupted gait cycle. Previous experience in 

monitoring gait had demonstrated that mice often stop, slow down to explore a new 

environment or even change direction, which makes gait analysis difficult. The first 

time the mice encountered the walkway they were often inquisitive and would rarely 

perform a compliant crossing resulting in a high number of runs being compromised 

(figure 4:15). In order to overcome this, the mice were brought to the testing room 

and left to habituate to the room for one hour prior to any testing. The cage housing 

the mice was placed at the end of the walkway furthest from the mouse in order to 

encourage them to move towards the familiar smell. Mice were trained to cross the 

Catwalk walkway in the week prior to injection and after a few days of 

acclimatisation the mice crossed from one end of the walkway and back without 

interruptions. 
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Figure 4:15 Examples of gait analysis in non-compliant (A) and compliant mice (B).   

The upper images are the footprint ‘maps’ showing where the paws were placed and the lower 
images represent when each paw was placed to the floor over the course of the entire recording. In 
the non-compliant mouse there are a large number of footprints within a small area because the 
mouse was stopping and making small shifting movements that would compromise the analysis. 
Comparison of the graphical representation of the time spent on each individual limb shows a non-
symmetrical, abnormal reading in the non-compliant mouse. 
 
A typical crossing of a mouse across the experimental walkway contained between 3 

and 4 step cycles. After the mouse completed a compliant run the footprint data had 

to be manually analysed in order to label each footprint correctly and remove any 

artefact from impact of the tail, nose or body onto the walkway (figure 4:16).  

 

Figure 4:16 Footprint labelling of gait analysis recordings 

Three unique runs for each mouse were performed at each time point and the data 

was automatically exported into the integrated ‘CatWalk’ software for analysis. The 

recordings yield a very large number of parameters (Hamers et al., 2001). The initial 

readout provided detailed analysis of general parameters including: 

1) Speed (run time duration, run average speed and run speed maximum variation)  

2) Mean base of support of the front paws and the hind paws 

3) The total number of steps and cadence 
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It also provided detailed analysis of the individual parameters for each of the four 

limbs including: 

1) Stance and swing phase parameters (time spent in stance phase, time spent in 

swing phase, swing speed, stride length, time spent in dual stance at the initiation or 

termination of stance phase, time spent in single stance)  

2) Footprint size analysis (print length, width and total area) 

3) Footprint intensities (mean footprint intensity, maximum footprint intensity, 

minimum footprint intensity, and mean intensity of the 15 most intense pixels)  

4) Specialised parameters (step cycle, duty cycle, stand index) 

Data from the 3 separate runs for each mouse were exported to an Excel spreadsheet 

and mean values were calculated for further analysis. Values for mice injected with 

PBS were grouped together and compared to values from the mice injected with S. 

aureus at each time point. Graphical representations of individual parameters were 

studied in order to identify which were of value. Individual parameters for the front 

limbs did not show any obvious changes and these were discarded from further 

analysis. Parameters from the hind limbs in infected mice were seen to change and 

were consistent with an antalgic gait pattern such as an increase in stance phase on 

the non-infected hind limb with a corresponding increase in swing phase in the 

infected limb. It was apparent when analysing the graphical representations that there 

could be wide variations in some parameters even between separate runs from a 

single mouse at one time point. Gait parameters can vary considerably depending on 

the speed at which the animal walks or runs (for example the duration of stance 

phase and the footprint size are both reduced when the animal is running in 

comparison to walking). In order to control for the variation between animals, and 

between different runs from the same animal, the data from each mouse was 

transformed so that it served as its own control. The data for the experimental (right) 

hind limb was transformed into a percentage of the control (left) hind limb value 

from the same experimental run. This allowed a direct comparison between the 
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parameters for the injected and non-injected hind limb at each time point without 

being compromised by alterations in run speed or intra-species variation.  

The following parameters were studied in more detail (figure 4:19): 

1) Run speed: The S. aureus group were seen to slow in speed within the first 24 

hours and then increase following this. This phenomenon was observed in the PBS 

control group as well and the run speed was felt to be a fairly poor representative of 

abnormal gait when analysed in isolation. 

2) Number of steps: The number of steps went up in the infected animals over the 

first 72 hours and then began to return towards baseline. 

3) Right hind limb print area (expressed as a percentage of the size of the left hind 

limb print area during the equivalent run): This parameter described the total floor 

area contacted by the paw during the stance phase. Reduction in print area was 

typical of an antalgic gait pattern. There was a significant difference in print size 

over the first 2 days in infected mice. 

4) Right hind limb footprint intensities (expressed as a percentage of the left hind 

limb intensity during the equivalent run): This parameter described the mean 

pressure exerted by one individual paw during the floor contact, during the whole 

crossing of the walkway. It was expected that a persistent difference in the footprint 

intensity in septic mice would be observed but the mean intensity only showed a 

noticeable difference within the first 24 hours (figure 4:17). However, analysis of the 

15 most intense pixels showed that although the mean intensity did not alter much 

the mice were avoiding putting excessive pressure through the limb for at least the 

first 48 hours as the intensity of most intense pixels was reduced in comparison to the 

other hind limb.  
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Figure 4:17 Footprint intensities of a normal left hind limb compared to a septic right hind limb. 

The peak intensity appeared to be lower in the right hind limb. The units of pressure are arbitrary 

light units. 

5) Duration of stance and swing phases: There were changes in the durations of 

stance and swing phase of the hind limbs of infected mice that did not fully recover 

even after 144 hours. For the infected limb, the stance phase duration markedly 

reduced whilst there was a corresponding increase in swing phase duration. The 

opposite changes were observed in the non-infected hind limb (figure 4:18). There 

was also an increase in dual stance (where both hind limbs are in contact with the 

ground) at the initiation and termination of single leg stance on the right hind limb. 

The amount of time the limb spends in contact with the ground was postulated to 

have a direct effect on the pain experienced by the mouse. 
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Figure 4:18 Footprint intensities/time maps for a mouse with septic arthritis of the right hind limb 
(A) and a PBS injected mouse (B).  

The purple bars (which correspond to the right hind limb) are lower in height indicating lower 
intensity and shorter in length indicating shorter stance phase in the septic mouse. There is a 
corresponding increase in stance phase in the left hind limb (green bar). 
 
6) Swing speed: (expressed as a percentage of the left hind limb swing speed during 

the same run. The swing speed is computed from stride length and swing duration. 

The combination of shortened stride length with increased swing duration in the 

infected hind limb gave an excellent measure for gait analysis in this model. 
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4.8 Live animal experiment 7: Use of gait monitoring 
to refine analgesia regimen  

Methods that minimise the pain, suffering, distress or lasting harm that may be 

experienced by animals in scientific research are essential but the assessment of these 

parameters is often subjective (Carstens and Moberg, 2000). Thus an aim of this part 

of the work was to identify the appropriate analgesia regimen for the experimental 

model by comparing two analgesia regimes utilising the mouse grimace score 

(Matsumiya et al., 2012) and gait changes as outcome measures.  

4.8.1 Methods 
Fourteen male C57Bl/6 mice aged 12 weeks were inoculated intra-articularly with 

10µL of 1 x 107 cfu/mL S. aureus suspended in 1% PBS into the right stifle joint to 

establish septic arthritis. Seven mice received a single dose of subcutaneous 

buprenorphine on the day of inoculation only (Group A) whereas the other seven 

received daily injections (group B). Gait was evaluated using the ‘CatWalk’ 

automated gait analysis system to calculate the swing speed. Three unique runs for 

each mouse were performed at each time point (0, 24 and 48 hours post inoculation) 

and calculated as a percentage of the contralateral limb to serve as an internal 

control. Mean values from the 3 runs were used in the analysis. Immediately prior to 

the gait analysis the mice were placed into a Perspex box and video recorded for 5 

minutes. Still images were developed from these films and scored according to the 

mouse grimace score by five blinded, independent assessors who have extensive 

experience in animal handling. Statistical analyses were performed using SPSS 

version 21 for Mac (IBM, New York, USA). Paired t-tests were used to compare 

parameters to baseline measures for each group. Independent samples t-test was used 

to compare between the 2 groups for each time point. 

4.8.2 Results 
Table 4:3 demonstrates that there was a statistically significant difference in the 

swing speed between baseline and subsequent time points in both groups (p <0.001).  
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synovial lining cell layer and in the deeper sub-synovial tissues (Goldenberg and 

Cohen, 1978, Pessler et al., 2008).  

Bremell et al (1992) have outlined the histopathological course of septic arthritis in 

mice following intravenous inoculation of 0.2mL of 5 x 107 cfu/mL S. aureus 

(Bremell et al., 1992). Within 24 hours after injection 90% of the mice exhibited 

arthritic joints with hypertrophic synovia. In addition, 50% of the mice displayed 

pannus formation and 20% displayed signs of cartilage or bone destruction. By the 

third day, six of eight arthritic mice displayed mild cartilage and/or bone erosions 

and by day 8 all arthritic animals exhibited severe erosions of cartilage and bone.  

4.9.1 Analysis of histology from animal experiments 
Histological findings were used to supplement the primary outcome measure of 

CLSM and confirm that septic arthritis had been induced. Samples were processed in 

the same way as previous studies with fixation in formalin, decalcification, paraffin 

embedding and then sectioning at 10µm (which was performed in the sagittal plane) 

before haematoxylin and eosin staining.  

Histological samples from experiments performed during the development of the 

animal model were analysed and there was no evidence of any histological changes 

in mice injected with 104 or 105 cfu/mL doses of S. aureus 8325-4, which correlated 

with the absence of clinical signs in these mice (figure 4:20).  
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Figure 4:20 Normal histological joint architecture. 

 F = femur. M = meniscus. Arrow shows normal cartilage covering anterior aspect of the distal 
femur. The joint space is clearly visible and there are no inflammatory cells within the joint space. 
Scale bar = 100µm. 
  
Samples taken from mice 2 days after injection with a 106 cfu/mL dose of S. aureus 

8325-4 showed a small number of inflammatory cells within the joint space but no 

evidence of any other changes. By 7 days the joints looked histologically normal in 

the 106 cfu/mL group. Analysis of sections from the 109 cfu/mL animals showed the 

presence of a massive inflammatory infiltrate within the joint but there was also 

substantial abscess formation within the surrounding soft tissues corresponding to the 

severe clinical picture in these animals (figure 4:21).  
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methacarn had caused loss of cellular architecture making them un-interpretable 

(figure 4:22). As a result methacarn was not used as a fixative again.  

 

Figure 4:22 Comparison of cellular architecture from methacarn fixed sections (A) with formalin 
fixed sections (B) stained with haematoxylin and eosin.  

The sections are focussed in on the bone marrow and it was difficult to distinguish the cell types 
with the methacarn fixed samples. Scale bar = 100µm 
 
4.9.2 Development of a scoring system for histological 

changes 
Sakiniene et al (1999) developed a scoring system for murine septic arthritis, known 

as the histological index, which was designed for use with the haematogenous route 

of infection (Sakiniene et al., 1999). Histological examination was performed after 

routine fixation, decalcification, paraffin embedding and staining with haematoxylin 

and eosin. Tissue sections from the elbow, wrist, carpal joints, fingers, knee, ankle, 

tarsal joints, and toes are required in their method. A score of 0–3 points is assigned 

for each joint with regard to both (a) synovial hypertrophy and (b) cartilage and/or 

bone destruction. They assigned the following scores for synovitis: 0 point = no 

synovial hypertrophy, 1 point = mild synovial hypertrophy consisting of up to five 

cell layers, 2 points = moderate hypertrophy consisting of up to 10 cell layers and 3 

points = marked hypertrophy consisting of >10 cell layers. The following were 

assigned for cartilage and/or bone destruction: 0 point = no destruction, 1 point = 

mild cartilage destruction with occasional bone erosions, 2 points = moderate 

cartilage destruction with deeper bone erosions, 3 points = overwhelming cartilage 

and bone destruction. The total index is calculated by adding up the scores within 
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each animal tested. In addition they examined for infiltration of inflammatory cells to 

the extra-articular space and the types of invading cells were evaluated.  

The histological index was modified for the analysis of the stifle joint in isolation as 

occurred in the direct injection model. Three different slides from each animal that 

depicted the articular surface were graded and then the scores were averaged. To 

give an overall score for each experimental group the scores for the individual mice 

were added together and then divided by the total number of animals in the group. 

Synovitis and the presence of cartilage/bone destruction were graded in accordance 

with the original histological index (Sakiniene et al., 1999). In addition the extent of 

pannus formation and the infiltration of inflammatory cells into the joint were graded 

using a semi-quantitative, scoring protocol graded 0 (normal), 1 (mild) 2 (moderate) 

and 3 (severe) for each.  

4.10 Analysis of systemic inflammatory markers 
Mice have around 58.5 mL of blood per kilogram of bodyweight and therefore a 

mouse weighing 25 g has a total blood volume of approximately 1.5mL. To measure 

a number of systemic inflammatory parameters in the mice including the total 

number and ratio of inflammatory cells during the evolution of the infection, the 

protocols for measuring inflammatory markers from tail vein blood, which were 

kindly donated by Tiina Kapari (a researcher in the Centre for Cardiovascular 

Science at the University of Edinburgh), were used.  

In addition, a number of mediators of inflammation such as cytokines and 

chemokines were to be measured, but the tail vein bleeds could not be reprocessed 

for this purpose. The volume of blood available was a major restricting factor in 

murine models and additional tail vein bleeds would have exceeded the 

recommended limits for safe blood sampling. Thus, blood taken from a cardiac stab 

after termination of the animals was obtained for this purpose and assays that 

required only small blood volumes were used to quantify chemokines and cytokines. 

A multiplexed bead-based array is a flow cytometry application that allows the 

quantification of multiple analytes simultaneously. The major advantage of a bead-

based array is that up to 30 proteins can be analysed using just 25-50µL of sample. 
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Other methods such as enzyme-linked immunosorbent assay (ELISA) and Western 

blot require a similar amount of sample but can only analyse one protein from the 

same volume were therefore not suitable for analysis of multiple analytes in 

individual serum samples.  

4.10.1 Principle of bead-based arrays in flow cytometry 
Secreted cytokines and chemokines may be captured by immobilised antibodies on a 

surface and visualised by enzyme-linked antibodies in Enzyme-Linked ImmunoSpot 

(ELISPOT) assays. In a bead based array, the detection of autoantibodies requires 

purified or recombinant antigens to be immobilised by microscopic plastic beads 

(commonly 1-5um in size). The immobilised antibody or antigen is used to capture 

cognate target from the solution phase. The multiplexed assay is achieved by mixing 

bead sets (~5000 or more beads per set), each coated to detect a single, unique type 

of capture molecule. Each bead set in the array has a unique fluorescence intensity 

allowing beads from different sets to be differentiated from one another. After 

washing, a mixture of appropriate second antibodies, labelled with another 

fluorescent dye is added to the mixture providing quantification of the detectable 

signal for each assay. Acquiring many thousands of readings for each bead set 

provides robust statistical measurements. The whole assay was performed in a 96 

well plate, allowing 80 or more samples and a multiplexed standard curve per assay 

plate. Data acquisition through a flow cytometer provides easy automation of the 

entire sampling process.  

4.10.2 Use of ELISA to screen for chemokines and 
cytokines of interest for subsequent analysis in 
finalised model. 

The flow cytometry facility in the Queens Medical Research Facility in Edinburgh 

that houses a BD Accuri C6 capable of performing multiplex bead arrays was to be 

used for the finalised experimental protocol. Following local advice (personal 

communication Shonna Johnston, manager flow cytometry facility), it was decided 

to select analytes from the BD Cytometric Bead Array (CBA) system (BD 

Biosciences, San Jose, USA). There was a range of mouse ‘flex set’ assays available, 

which enabled individual reagents of interest to be selected and then combined into a 



   

  140 

custom multiplexed array. Prior to selecting the reagents to be used in the bead-based 

array I had to identify the analytes of interest. Blood obtained during the timeline 

experiment was processed with cytokine and chemokine screening multiplex ELISA 

kits for this purpose.  

The serum was analysed according to the manufacturer’s instructions using the 

proteome profiler Mouse Cytokine Array Kit, Panel A and the Proteome Profiler 

Mouse Chemokine Array Kit, which were obtained from R&D systems 

(Minneapolis, United States). The Mouse Chemokine Array and Cytokine Array kits 

allow for the simultaneous detection of chemokine and cytokine differences between 

samples. The relative expression levels of 25 different mouse chemokines and 40 

different cytokines could be determined without performing numerous 

immunoassays. In order to provide enough serum to run the analysis samples from 

mice culled on days 1 and 2 were pooled, as was that from mice culled on days 3 and 

7. A further sample of pooled serum taken from C57Bl/6 mice that had not been 

injected was run as a control.  

Capture and control antibodies were spotted in duplicate on nitrocellulose 

membranes which were exposed to the pooled serum following a standardised 

dilution and addition of a cocktail of biotinylated detection antibodies provided in the 

kits. Any cytokine or chemokine/detection antibody complex present is bound by its 

cognate immobilized capture antibody on the membrane. Following overnight 

incubation the membranes were washed to remove unbound material and then 

streptavidin-horseradish peroxidase and chemiluminescent detection reagents were 

applied. This step produces a chemiluminescent signal that was proportional to the 

amount of chemokine or cytokine bound. The signal was detected by placing the 

membranes in an autoradiography film cassette and then exposing them for between 

1 and 10 minutes before selecting the film with optimal exposure. The films were 

then digitised and exported to Photoshop Elements 10 for Mac (Adobe Inc, San Jose, 

California, United States) to correct for white balance. The white balanced digital 

images were exported to Image J (Open source software developed by Wayne 

Rashband and available from http://imagej.nih.gov/ij/), where they were inverted to 

produce a negative image where dark areas appear bright and vice versa. The pixel 
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density of each spot was calculated using a standardised area corresponding to the 

size of the spot. The values were corrected for background signal to give a final 

value. The pixel density had a direct relationship with the amount of chemokine or 

cytokine present in the original sample. The signal values were exported to a 

Microsoft Excel database (Microsoft Inc, Redmond, WA, United States) and the 

average signal (pixel density) of the pair of duplicate spots representing each 

cytokine or chemokine were ascertained.  

The Proteome Profiler Mouse Chemokine Array kits worked well for samples 

exposed to both pooled serum samples. There was a significant early elevation in the 

concentration of pro-inflammatory chemokines in comparison to control serum. 

Chemokines raised over 1.5 times the levels expressed in control serum are presented 

in figure 4:23. There were no chemokines expressed at reduced levels in either of the 

pooled serum samples when compared to the control serum.  
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Figure 4:23 Chemokine profiler results  

Presented as a percentage of expression of each analyte from pooled control serum. Serum pooled 
on days 1 & 2 (red) and days 3 & 7 (blue). See text below for a description of chemokines. 

KC, also known as C-X-C Motif Chemokine Ligand 1 (CXCL1), is expressed by 

macrophages, neutrophils and epithelial cells and has chemoattractant activity for 

neutrophils (Moser et al., 1990). It showed an early spike in the serum pooled from 

days 1 and 2 of over 4 times the levels expressed in control serum. The levels 

remained elevated in the pooled serum from days 3 and 7 but had dropped by almost 

half that seen in the early pooled serum. This result corresponds with the histology, 

which showed a prolific influx of neutrophils to the joint early in the time course 

compared to the samples processed on day 7. A number of other chemokines that 

predominantly act to enhance neutrophil activity were elevated including MIP-1α 
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(Macrophage inflammatory protein 1α), and MIP-2 (Macrophage inflammatory 

protein 2) (Kolaczkowska and Kubes, 2013).  

Chemokines known to increase in response to either IFN-γ or TNF-α were shown to 

be elevated including MIG (Monokine induced by gamma interferon) (Groom and 

Luster, 2011), CXCL16 (Chemokine C-X-C motif ligand 16), IP-10 (also known as 

Chemokine C-X-C motif ligand (CXCL10)), and I-TAC (Interferon-inducible T-cell 

alpha chemoattractant) (Turner et al., 2014). 

Chemokines with influences on cells of the immune system other than neutrophils 

were also elevated. Leukocyte migration and adhesion is known to be promoted by 

fractalkine (Imai et al., 1997), which had double the expression found in normal 

serum in early and late serum samples. Levels of RANTES (regulated on activation, 

normal T cell expressed and secreted, also known as CCL5) were seen to rise early 

and get progressively higher in the serum from later in the timecourse that may 

reflect its T-cell chemoattractant role and a developing adaptive immune response 

(Appay and Rowland-Jones, 2001). MDC (C-C Motif Chemokine Ligand 22 

(CCL22)) had a similar progressive rise being elevated early and increasing in the 

later samples. It displays chemotactic activity for monocytes, dendritic cells, natural 

killer cells and for activated T lymphocytes but has no chemoattractant activity for 

neutrophils (Appay and Rowland-Jones, 2001). 6Ckine (C-C Motif Chemokine 

Ligand 21 (CCL21)) induces preferential chemotaxis of macrophage progenitors 

(Nagira et al., 1997). IL-16 (interleukin 16) is a T cell derived cytokine that induces 

the chemotactic and immunomodulatory responses of CD4+ lymphocytes, 

monocytes and eosinophils (Cruikshank et al., 1994). MIP-1β (Macrophage 

inflammatory protein-1β) is a chemoattractant for natural killer cells and monocytes, 

BLC (CXCL13) recruits B cells and eotaxin is an eosinophil chemotactic (Turner et 

al., 2014).  

JE (also known as MCP-1 (Monocyte chemotactic protein 1)) is primarily secreted 

by monocytes, macrophages and dendritic cells and can also be found at the sites of 

bone degradation (Deshmane et al., 2009). Although elevated levels were expressed 

they were comparable in the early and late samples, which may indicate that bone 

involvement is not a significant component in this model during the first week. 
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CTACK (Cutaneous T-Cell Attracting Chemokine also known as CCL27) is 

associated with homing of memory T lymphocytes to the skin, which may suggest 

that inflammation of the skin did occur (Morales et al., 1999). 

The proteome profiler Mouse Cytokine Array Kit, Panel A did not develop any 

signals for the pooled sample from days 1 and 2 and therefore a comparison could 

only be made between the pooled sample from days 3 & 7 and normal serum which 

may result in some early phase cytokine responses being under-represented.  Because 

the signal did not develop in the early pooled sample the author had concerns about 

the accuracy of the result from the cytokine kit. Where identical analytes were 

measured across both kits the results from the cytokine kit were compared with the 

results of the chemokine kit (figure 4:24). The majority of analytes showed a lower 

expression than expected (when expressed as a percentage of the control normal 

serum samples) in the cytokine kit when compared to results from the chemokine kit 

with the only exceptions being eotaxin and I-TAC. In many cases where there was 

significant elevation seen in the chemokine kit (for example: KC, RANTES, JE, 

MIP-2 and MIP-1α) the expression of these analytes in the cytokine profiler was 

actually lower than those found in normal serum. The results are therefore interpreted 

with the possibility that expression of analytes in the experimental sample may be 

lower than expected.    
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Figure 4:24 Differences in results between chemokine and cytokine profiler kits 

Comparison of values of pooled 3 & 7-day samples expressed as a percentage of expression in 
normal serum using the Chemokine profiler (red) and Cytokine profiler (blue).  

The predominant cytokines elevated in the late sample were those involved in 

recruitment of an adaptive immune response (figure 4:25).  
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Figure 4:25 Cytokine profiler results – analytes with high expression 

Analytes from pooled 3 & 7 day blood with expressions over 200% of those in normal serum using 

the Cytokine profile 

There was a massive increase in the expression of Il-12-p70 (Interleukin 12) of over 

16 times the expression seen in normal serum. IL-12-p70 is involved in the 

differentiation of naive T cells into Th1 cells. It is pro-inflammatory and stimulates 

the production of interferon-gamma (IFN-γ) and tumour necrosis factor-alpha (TNF-

α) from T cells and natural killer (NK) cells, whilst reducing IL-4 mediated 

suppression of IFN-γ (Gee et al., 2009). IL-6 levels were 8 times higher than those 

found in normal serum. IL-6 can be secreted by macrophages in response to specific 

microbial molecules, referred to as pathogen-associated molecular patterns (PAMPs) 

(Kaplanski et al., 2003, Diamond et al., 2009). PAMPs bind to detection molecules 

of the innate immune system, called pattern recognition receptors (PRRs), including 

Toll-like receptors (TLRs) and induce intracellular signalling cascades that give rise 

to inflammatory cytokine production (Diamond et al., 2009). TARC (thymus and 

activation regulated chemokine)(CCL17), which was raised to 7 times the level of 

control serum, induces chemotaxis in T cells (Saeki and Tamaki, 2006). Il-3 



   

  147 

stimulates the differentiation of multipotent hematopoietic stem cells into myeloid 

progenitor cells and was elevated to almost 3 times that found in control serum 

(Broughton et al., 2012). iTAC (CXCL11) is chemotactic for activated T cells and is 

strongly induced by IFN-γ and IFN-β (Yang et al., 2007) – the levels expressed were 

10 times higher than those seen in control serum. Il-5: Interleukin 5 (IL5) levels were 

5 times higher than those in control serum. IL5 is an interleukin produced by type-2 

T helper cells and mast cells, which stimulates B cell growth and increases 

immunoglobulin secretion (Broughton et al., 2012). 

Along with elevation of cytokines promoting an adaptive response there was a 

reduction in the expression levels of a number of cytokines in comparison to control 

serum (figure 4:26). 

 

Figure 4:26 Cytokine profiler results – analytes with low expression 

Analytes from pooled 3 & 7 day blood that had expressions less than 50% of those in normal serum 
using the Cytokine profiler 
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IL-7 is a hematopoietic growth factor secreted by stromal cells in the bone marrow 

and thymus but is not produced by normal lymphocytes (Gao et al., 2015) and the 

levels expressed were markedly reduced to only 15% of those in normal serum. 

Cytokines with predominant anti-inflammatory properties such as IL-13 were 

reduced. A number of pro-inflammatory cytokines were expressed at reduced levels 

and this may be because levels were genuinely low in the late serum samples or 

because the cytokine profiler did not process correctly. IL-23 is an important part of 

the inflammatory response against infection. IL-23 mediates its effects on both innate 

and adaptive arms of the immune system that express the IL-23 receptor (Lubberts, 

2015). Th17 cells represent the most prominent T cell subset that responds to IL-23. 

Th17 cells produce IL-17, a pro-inflammatory cytokine which stimulates the 

production of other pro-inflammatory molecules (such as IL-1, IL-6 and TNF-α) and 

recruits monocytes and neutrophils to the site of inflammation (Gaffen, 2016). IL-23 

and IL-17 levels were found to be low in the late serum samples. IL-1β is an 

important mediator of the inflammatory response, and is involved in a variety of 

cellular activities, including cell proliferation, differentiation, and apoptosis 

(Dinarello, 2009) – the expressed levels were less than half of those expressed by 

normal serum. IFN-γ is an important activator of macrophages and inducer of Class 

II major histocompatibility complex (MHC) molecule expression. IFN-γ is produced 

by natural killer (NK) and natural killer T (NKT) cells as part of the innate immune 

response, and by CD4 Th1 and CD8 cytotoxic T lymphocyte (CTL) effector T cells 

once antigen-specific immunity develops (Schroder et al., 2004). The fact that IFN-γ 

levels were less than half the level seen in normal serum is surprising because a 

number of chemokines known to respond to it were elevated.  

The data obtained had some deficiencies but provided a general overview of the 

chemokine and cytokine response to septic arthritis in this model. After comparison 

with the results of previous animal experiments outlined in Chapter 1 a range of 

analytes available within the BD mouse ‘flex set’ were selected for analysis via flow 

cytometry in individual mice for the experiments presented in Chapter 5. The 

following analytes were selected: 
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1. RANTES  
2. MCP-1  
3. MIP-1α  
4. MIP-1β  
5. MIG  

6. KC 
7. IL-1β  
8. IL-4  
9. IL-6  
10. IL-10 

11. IL-17A  
12. IL-12p70  
13. TNF-α  
14. IFN-γ  

 
4.11 Chapter conclusions 
The priorities in the development of the model were met as summarised below. 

1) Choosing an appropriate animal and strain: Male C57Bl6 mice aged 12 weeks and 

weighing a minimum of 25g were selected as an appropriate animal for this study. 

2) Ensuring direct inoculation of a suitable joint would be possible and reproducible: 

Inoculation of the stifle (knee) joint was found to be reproducible via a trans-patella 

route. 

3) Ensuring that CLSM could be performed on the injected joint: The stifle joint was 

amenable to CLSM examination without incurring damage to the articular cartilage 

during the injection or dissection protocols. 

4) Ascertaining the correct concentration of S. aureus to be injected that would 

produce clinical signs of infection that mirror those that occur in human patients: An 

inoculum of 10 µL of a 107 cfu/mL concentration of S. aureus suspended in 1% PBS 

was found to be the minimum dose required to produce clinical features of septic 

arthritis which included weight loss, limb swelling and the development of an 

antalgic gait. 

5) Development of additional secondary outcome measures to characterise the 

response to infection: Secondary outcome measures were developed including 

clinical parameters (gait, weight change and limb swelling), inflammatory 

parameters (histological examination of H&E slides and systemic inflammatory 

parameters) along with a secondary evaluation of cartilage damage (histology). The 

model can now be utilised to investigate the effects of S. aureus septic arthritis on 

chondrocyte viability.  
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Chapter 5 Is Hla the main determinant of 
chondrocyte death in S. aureus 
septic arthritis? 

5.1 Introduction 
Chapter 2 demonstrated that the outcome following septic arthritis is dependent on 

the infecting organism. S. aureus infections were shown to take a more destructive 

course with 37% of patients developing joint failure compared to only 8% of patients 

whose infections were caused by other organisms. 

A potential explanation for these observations is that chondrocyte death may occur 

during septic arthritis and as these cells are the only living agents capable of cartilage 

maintenance (Muir, 1995) subsequent cartilage degeneration may not be clinically 

evident for years. Thus, it is possible that patients who appear to have had 

successfully treated episodes of septic arthritis may actually have significantly 

damaged articular cartilage that subsequently degenerates leading to early-onset 

osteoarthritis.  

S. aureus is a highly virulent pathogen that produces a diverse array of toxins 

(Tomita and Kamio, 1997, Dinges et al., 2000) (see Chapter 1). It is postulated that 

there are two major mechanisms leading to the cartilage destruction that occurs in 

septic arthritis: (1) damage secondary to bacteria and associated toxins, and (2) 

damage secondary to components of the host immune response. However, the 

contribution from each of these is currently unknown. 

Hla has recently been demonstrated to have a catastrophic influence on chondrocyte 

viability assessed via confocal laser scanning microscopy in a bovine cartilage 

explant model (Smith et al., 2013). Smith et al (2013) demonstrated that S. aureus 

8325-4 which produces all the haemolysins rapidly reduced chondrocyte viability 

with over 45% of chondrocytes dead after 40 hours exposure. By utilising a selection 

of isogenic mutants originating from S. aureus 8325-4, Smith et al isolated Hla as the 

responsible toxin and showed that there was minimal chondrocyte death resulting 

from exposure to the other haemolysins (figure 5:1).  
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Figure 5:1 CLSM images of bovine cartilage explants after 40 hours exposure to different S. 
aureus strains.  

The haemolysin deficient Hla-Hlb-Hlg- strain control group produced minimal cell death whereas 
the 8325-4 and Hla+Hlb-Hlg- strains induced similar chondrocyte death over the experimental 
period (white bar=100µm).  Image courtesy of I. D. Smith   
 
The disadvantage of the bovine explant model is the absence of a host immune 

response and it is possible that the other haemolysins may exert a significant effect in 

vivo if they altered the host’s inflammatory response.  

Animal models have examined the role of the haemolysins as virulence determinants 

in haematogenous models of septic arthritis (Gemmell et al., 1997b, Nilsson et al., 

1999a). Both studies examined the histological changes to the joints at defined times 

after inoculation rather than at a set time following the appearance of clinical signs 

which means the time of active joint infection between groups was not consistent. 

There were clear differences in the clinical severity, which is related to the number of 

joints affected, between the groups infected by different S. aureus stains. The 

histological severity score involves the assessment of a large number of joints from 

each animal and is more likely to include some normal joints in groups with lower 

clinical severity scores potentially biasing the results. These studies were able to 

conclude that Hla is an important virulence factor allowing S. aureus to establish 

septic arthritis more readily but these studies were unable to isolate Hla conclusively 

as a direct cause of cartilage damage. 

The current study describes the influence of Hla on chondrocyte viability using the 

murine model of S. aureus-induced septic arthritis described in Chapter 3. The use of 

a direct inoculation model was advantageous over the haematogenous model because 

the onset of infection was defined and outcomes were less likely to be secondary to 

the ability of the particular S. aureus strain’s ability to establish infection. The use of 

chondrocyte death assessed with confocal laser scanning microscopy allowed an 



   

  152 

assessment of cartilage damage at time points when there may be no morphological 

abnormality to the joint (Smith et al., 2013). This may translate more appropriately 

to the clinical situation than histological assessment made at a later time point 

because severe cartilage damage on presentation is uncommon.  

This study primarily focuses on the laboratory ‘wild-type’ strain S. aureus 8325-4, a 

well-characterised prophage-cured derivative of strain NCTC8325 (Novick, 1967, 

Gemmell et al., 1997b). NCTC8325 was originally isolated from a sepsis patient in 

1960 and its lineage remains a valuable resource for S. aureus research (Herbert et 

al., 2010). 8325-4 is known to produce large amounts of Hla, Hlb, Hlg, Hld, protein 

A, lipase hyalonurate, staphylokinase, metalloproteinase, serine proteinase, 

coagulase, nuclease and acid phosphatase but does not produce any enterotoxins, 

PVL or TSST-1 (O'Reilly et al., 1986, Nilsson et al., 1999a, Dajcs et al., 2002). 

DU1090 originating from the laboratory ‘wild-type’ strain 8325-4 was also utilised – 

it is identical to 8325-4 other than an inability to produce Hla.  

This study was conducted to improve the understanding of the interaction between S. 

aureus, the host immune system and chondrocytes with a view, ultimately, to 

improving the treatment of septic arthritis 

5.2 Hypotheses 
The first hypothesis was that mice infected with S. aureus 8325-4 or DU1090 would 

mount an equal immune response to infection and exhibit equivalent clinical signs of 

septic arthritis.  

The second hypothesis was that infected mice would have reduced chondrocyte 

viability as a result of the combined effect of S. aureus toxins and the immune 

response to septic arthritis. 

The third hypothesis was that mice infected with S. aureus 8325-4 would exhibit 

significantly higher levels of chondrocyte death than those infected with DU1090 

supporting the postulation that Hla is the key damaging S. aureus toxin to 

chondrocyte viability in vivo and has a greater impact on chondrocyte death than the 

immune response. 
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5.3 Materials and methods 
5.3.1 Bacterial strains 
S. aureus 8325-4 and the isogenic mutant DU1090 were kindly provided by 

Professor Timothy J. Foster, Dept. Microbiology, Trinity College, Dublin, Ireland.  

S. aureus 8325-4 produces significant amounts of Hla, Hlb, Hlg and Hld but does not 

produce any enterotoxins or TSST-1. DU1090 is an isogenic mutant of 8325-4 that is 

identical other than an inability to produce Hla because of an inactivated Hla gene 

which carries an associated erythromycin resistance marker (hla::Emr)(O'Reilly et 

al., 1986). The erythromycin resistance enables the selective growth of DU1090 in 

antibiotic-loaded culture media. Prior to experimentation, the Hla production by 

8325-4 and DU1090 was confirmed by plating each strain onto 5% v/v rabbit blood 

TSA plates, with additional erythromycin (10µg/mL) for DU1090, and assessing for 

haemolytic activity (figure 5:2) (Haque and Baldwin, 1964, Wiseman, 1975). 

 

Figure 5:2 S. aureus 8325-4 (A) and DU1090 (B) on rabbit blood agar. 

The 8325-4 strain produces clear areas of haemolysis (arrow) indicative of alpha haemolysin 
production that are absent in the DU1090 strain. 
 
In addition both strains were sent blinded to the Scottish MRSA Reference 

Laboratory who confirmed the strains were both S. aureus and performed an 

antibiotic resistance profile followed by a multiplex PCR assay for the detection of 

genes associated with the production of epidermolytic toxin genes A and B (eta/etb), 

Panton Valentine Leukocidin (pvl), Toxic shock syndrome toxin 1 (TSST-1), 

enterotoxins a-j and haemolysins (alpha, beta and gamma) and the results are detailed 

in table 5:1.  
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Preparation and analysis of samples for CLSM was performed as outlined in Chapter 

3 (section 3.4). 

Five mice per group were used in order to observe for histological evidence of 

localised joint infection at the time the CLSM analysis was performed (day 2) and to 

compare the CLSM results with histological evidence of cartilage damage. A further 

five mice had histological analysis after 7 days of infection to ascertain whether any 

difference in chondrocyte death observed after 2 days translated into increased 

histological evidence of cartilage damage at this time.  Histological analysis could 

not be performed on mice used for CLSM thereby increasing the group sizes by 10. 

The experiment was not specifically powered to find a statistical difference in 

histology scores between groups as it was felt too many additional animals would be 

required and contradict the NC3R’s principles. Preparation and analysis of 

histological slides was performed as outlined in Chapter 3 (section 3.6). 

An additional 5 mice per group were used for gait analysis on days 0,1,2,3 and 7 

according to the protocol in Chapter 3 (section 3.3). After 7 days these mice were 

sacrificed and the injected stifle joints were opened under aseptic conditions in order 

to confirm that viable bacteria could be retrieved. After sterile dissection of the joint 

a microbiological sample was taken from within the joint with a sterile loop and 

spread onto a tryptone soya agar (TSA) plate that was then cultured at 37°C 

overnight. PFGE was performed using the same methods outlined in Chapter 4 

(section 4.7.1) to confirm that the isolated bacteria were the same as the injected 

organism. 

The total number of animals used per group was 25. Fifteen mice from each group 

were sacrificed after 2 days and the remainder at 7 days.  

Tail vein blood from each mouse was collected on day 0 and immediately prior to 

sacrifice (either day 2 or day 7) and was then used for flow cytometric analysis of 

haematogenous immune cell populations according to the protocols in Chapter 3 

(section 3.5). Blood taken from a cardiac stab after sacrifice (day 2 or day 7) was 

used for analysis of circulating cytokines and chemokines according to the protocols 

in Chapter 3 (section 3.5). Every animal had weights measured at baseline and then 



   

  156 

at day 2. The ten animals alive for 7 days following injection had additional weights 

on days 4 and 7 along with measurements of limb swelling on days 0, 2, 4 and 7. 

Statistical analysis of the results was performed as outlined in Chapter 3 (section 

3.7). A pictorial representation of the experimental method is shown in figure 5:3. 

 

Figure 5:3 Schematic of experimental design.  

Of the fifteen mice from each group sacrificed at 2 days, ten were used for the primary outcome 
measure of chondrocyte death measured using CLSM and five were used for histological analysis. 
Five mice from each group were used for histological analysis at 7 days and the remaining five 
animals from each group were used to retrieve microbiological specimens from the injected joint. 
 

5.4 Results 
5.4.1 Adverse events 
One of the animals from the DU1090 CLSM group was inadvertently asphyxiated 

during restraint by an animal house technician whilst performing tail vein bleeding 

on the second day. This happened immediately prior to planned termination and did 

not affect the experimental results but an adverse incident report was completed.  
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5.4.2 Confocal results 
Chondrocyte viability in the PBS and DU1090 groups was normally distributed but 

in the 8325-4 group the presence of a single outlier meant that this group was not 

normally distributed. It was noted from the experimental log that the injection of 

bacteria was thought to be extra-articular at the time of experimentation because of 

an absence of observed swelling in the supra-patella pouch in the outlier mouse. This 

animal had a markedly different cell death than others from the 8325-4 group with 

only 24.9% of the chondrocytes dead compared to > 80% in all others. The data from 

this animal was excluded. There was a statistically significant difference between 

groups as determined by one-way ANOVA (F(218.8) p<0.001). A Tukey post-hoc 

test revealed that the cell death was significantly higher in the animals infected with 

S. aureus 8325-4 (96.2% +/- 5.5, p<0.001) or DU1090 (28.9% +/- 16.0, p <0.001) 

when compared to the PBS control group (3.8% +/- 1.2) (figure 5:4). There was a 

significant difference between the extent of cell death caused by 8325-4 when 

compared to DU1090 (p <0.001). Using an intention to treat analysis with the results 

of the outlier included in the 8325-4 group did not alter the significance of the 

differences between groups when analysed by the Kruskal-Wallis test (p<0.001; 

medians - 8325-4: 97.7%; DU1090: 26.4%; PBS: 3.8%). 

 

Figure 5:4 Representative confocal images in mice 48 hours after injection 

PBS (A), DU1090 (B) and 8325-4 (C) after 48 hours. Scale bar = 100µm 

5.4.3 Weight change 
One-way ANOVA indicated no difference between the percentage weight change 

between groups at day 2 (p = 0.06). There was a significant difference at day 4 (p < 

0.01) and day 7 (p < 0.01) (figure 5:5). Tukey’s post-hoc comparison showed that 
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Figure 5:9 Typical histological appearance of a PBS injected stifle joint 7 days following injection.  

This demonstrates normal joint architecture F= femur, T = tibia. A = normal articular cartilage 
and no evidence of inflammatory cells within the joint space. B = single layer of synovium. C = 
normal cartilage-synovium interface with no evidence of pannus formation. Red scale bar = 
500µm, black scale bars = 50µm. 
 
On day 2 there was an intense inflammatory response localised to the stifle joint in 

the infected animals with evidence of extensive infiltration of inflammatory cells 

within the joint and synovial tissues, pannus formation and synovial hyperplasia. The 

invading cells had the appearance of neutrophils with a smaller number of 

macrophages visible (figure 5:10).  
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Figure 5:11 Histological appearance 7 days after injection with 8325-4 

There was: (A) severe synovial hypertrophy (block), (B) bone erosions (horizontal arrow) and (C) 
pannus formation (downward arrow). Despite this the majority of the articular surface appeared to 
be histologically intact (asterisk). 
 

5.5 Additional experiments 
5.5.1 Timeline of chondrocyte death following S. aureus 8325-

4 infection 
Because cell death was so rapid and universal following infection with S. aureus 

8325-4 an additional experiment with this bacterial strain was performed using 

earlier end points of 8 hours and 24 hours (5 mice in each group). The injection 

protocol was identical to the one used during the previous experiment but the only 

outcome measure used in this additional study was chondrocyte viability. The CLSM 

for two mice at day 2 did not process correctly because of an error with the formalin 

and therefore these animals did not generate results. The mean chondrocyte death 

was 15.6% (+/- 3.2) at 8 hours (n=3) and 47.6% (+/- 7.6) at 24 hours (n=5) with 

examples in figure 5:12. 
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Figure 5:12 Representative confocal images demonstrating the progression of cell death in animals 
injected with S. aureus 8325-4.  

There was a mean chondrocyte death of 15.6% after 8 hours (A), 47.6% death after 24 hours (B) 
and 96.2% after 48 hours (C). White scale bar = 100µm 
 
5.5.2 Does the immune system cause cell death in isolation? 
To investigate the isolated contribution of the immune system to cell death required 

the initiation of an immune response in mice that would resemble that elicited by live 

S. aureus as closely as possible. An immune response can be elicited following the 

injection of S. aureus DNA (Deng et al., 1999, Deng and Tarkowski, 2000a, Deng 

and Tarkowski, 2000b), proteoglycans (Liu et al., 2001), or dead bacteria (Ali et al., 

2015). Injection of dead S. aureus has been shown to elicit an immune response 

lasting up to 14 days and has been demonstrated to cause bone erosions (Ali et al., 

2015). The use of dead DU1090 instead of 8325-4 would ensure the Hla 

concentration within the bacterial suspension would be negligible.  

Live S. aureus DU1090 was prepared and serial dilutions were performed as outlined 

in chapter 3. Immediately following the serial dilutions the remainder of the TSB 

solution was incubated with 40mg/L cloxacillin at 60˚C for one hour (Ali et al., 

2015). 100µL of the resulting TSB solution was evenly spread onto a TSA agar plate 

and repeated in triplicate before overnight incubation at 37°C. There was no growth 

found on any of the plates exposed to the dead bacteria whilst the serial dilutions 

demonstrated a concentration of 1.3 x 109 in the TSB broth prior to antibiotic 

exposure (data not shown).  

Fifteen adult male C57/Bl6 mice aged 12 weeks were injected with 10µL of 1.3 x 107 

cfu/mL dead S. aureus DU1090 suspended in PBS. Five mice were used for 
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histological analysis at day 2 to confirm there was an immune reaction and the 

remainder were used to quantify cell death via confocal analysis – 5 at day 2 and 5 at 

day 7. No additional outcome measures were performed.  

None of the animals displayed gait abnormalities that could be appreciated with the 

naked eye and there was no obvious skin change or effusion. Three of 5 animals 

demonstrated an immune response on histological analysis (figure 5:13). The mean 

chondrocyte death was 12.6 +/- 5.6% after 2 days increasing to 25.5 +/- 7.3% after 7 

days (examples illustrated in figure 5:14).   

 

Figure 5:13 Histological appearance 2 days following injection with dead DU1090.  

F = femur, T = tibia. There was: (A) an effusion present and (B) a small number of inflammatory 
cells present in the joint space.   
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Figure 5:14 CLSM images of joints injected with dead DU1090 after 2 (A) and 7 (B) days.  

Scale bar = 100µm.  
 

5.6 Discussion 
This study has utilised percentage chondrocyte death determined by CLSM as a 

primary outcome measure to determine changes to the viability of murine 

chondrocytes following direct intra-articular injection of S. aureus 8325-4 or its 

isogenic mutant DU1090 in a live animal model. Two major findings emerge from 

this study. Firstly, the S. aureus 8325-4, which produces Hla, caused significantly 

higher levels of chondrocyte death than the Hla deficient DU1090 in this 

experimental model. Secondly, chondrocyte death occurred secondary to injection 

with live or dead S. aureus DU1090 suggesting a detrimental effect of the immune 

response. This suggests that chondrocyte death caused by S. aureus infection is not 

the result of a single pathway but has a multifactorial pathogenesis. 

DU1090 is an isogenic mutant derived from 8325-4 by the controlled mutations of 

genes conferring production of Hla (O'Reilly et al., 1986, Nilsson et al., 1999a). By 

combining this mutation with an antibiotic resistance cassette to erythromycin it was 

possible to ensure that DU1090 had grown in preference to 8325-4. This was 

confirmed by its inability to haemolyse rabbit blood agar plates (fig 5.2) confirming 

an absence of significant Hla (Traber et al., 2008, Burnside et al., 2010a). In addition 

to Hla, S. aureus 8325-4 is known to produce a diverse array of potential virulence 

factors including exoenzymes, capsular polysaccharides, protein A and Hlb, Hlg and 
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Hld (Cunningham et al., 1996). The factors promoting the attachment of S. aureus to 

host tissues, avoidance of host defences and bacterial factors causing tissue damage 

produced by S. aureus 8325-4 and DU1090 are identical other than the expression of 

Hla (O'Reilly et al., 1986). The use of these two strains therefore provides a specific 

experimental model to test the potency of Hla in vivo. 

The first hypothesis was that mice infected with S. aureus 8325-4 or DU1090 would 

mount an equal immune response to infection and exhibit equivalent clinical signs of 

septic arthritis. Injection with 10µL of 1 x 107 cfu/mL of either strain of S. aureus 

resulted in the clinical appearance of septic arthritis with weight loss (figure 5:5), 

limb swelling (figure 5:6) and gait changes (table 5:2 and figure 5:7) which were not 

seen in the PBS control group. Microbiological analysis of samples taken from the 

stifle joints after sacrifice on day 7 demonstrated viable bacteria from each animal 

demonstrating an active infection throughout the time course of the experiment 

(section 5.4.6).  The histological analysis demonstrated profound immune responses 

within the joint in both experimental groups with an infiltrate of predominately 

neutrophils and a smaller number of macrophages (table 5:5, figure 5:10 and figure 

5:11).  There was normal joint architecture in the control group with no evidence of 

immune cell infiltration (figure 5:9).  Despite confirmation of an immune response 

within the joint there were no statistically significant differences found in the levels 

of systemic inflammatory markers between any of the groups (figure 5:8, tables 5:3 

and table 5:4).   It is difficult to explain this result but reductions in neutrophils were 

seen in all 3 groups at day 2 and an explanation could be that the neutrophil staining 

did not process correctly in this batch. There were no statistically significant 

differences between the groups for any of the populations at any time point. There 

are possible explanations for these findings. The first is that the infections were 

localised to the limb and did not produce a systemic reaction large enough to detect. 

A second is that the experimental protocol was not sensitive enough to show a 

difference. In the flow cytometry bead array experiments the standard curves 

demonstrated the detection of beads confirming that the samples had processed 

correctly. The reason for the failure of this protocol is not clear. Explanations include 

that there was no systemic change in these inflammatory markers or the 

concentration of the serum samples being tested was too dilute. The experiment was 
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performed according to the manufactures instructions and samples were diluted to 

the recommended minimum dilution of 1:4. The company was asked for their 

comment but no reply has been received. 

The second hypothesis was that infected mice would have reduced chondrocyte 

viability as a result of the combined effect of S. aureus toxins and the immune 

response to septic arthritis. The CLSM results indicate that chondrocyte death is an 

early event in septic arthritis (figure 5:4 and figure 5:12). Differentiating between the 

severities of joint damage between the two strains of S. aureus through clinical 

observations (weight, limb swelling and gait changes) was not reliable. Despite 

96.2% of chondrocytes being dead in mice infected with wild type S. aureus 8325-4 

after 2 days the histological analysis graded the cartilage damage as between 

‘normal’ and ‘mild’. Utilising chondrocyte viability as an outcome measure therefore 

has enhanced sensitivity and allows a more accurate analysis of the early events in 

septic arthritis.  

The third hypothesis was that mice infected with S. aureus 8325-4 would exhibit 

significantly higher levels of chondrocyte death than those infected with DU1090 

supporting the postulation that Hla is the key damaging S. aureus toxin to 

chondrocyte viability in vivo and has a greater impact on chondrocyte death than the 

immune response. The most significant factor identified affecting chondrocyte 

viability following S. aureus infection is the production of Hla. In this animal model 

chondrocyte death caused by the Hla producing S. aureus 8325-4 was rapid and 

almost universal (96.2%) within 48 hours. The Hla deficient strain of S. aureus 

DU1090 caused an elevated level of chondrocyte death (28.9%) when compared to 

PBS control (3.8%) suggesting either a role of other S. aureus toxins or the host 

immune system (figure 5:4). The cell death seen following injection of dead S. 

aureus DU1090 suggests that the immune system response does have an impact on 

chondrocyte viability (figure 5:14) but further work is required to confirm these 

findings. The varied success of the technique and the reduced severity in comparison 

to injection with live bacteria does not allow for direct comparison between the 

extent of cell death caused by the immune system and that which occurs in active 

infections.   
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Two previous studies have utilised isogenic mutants of S. aureus in murine models 

of septic arthritis and reported increased cartilage damage by Hla producing strains 

(Gemmell et al., 1997b, Nilsson et al., 1999b). However both these studies induced 

septic arthritis via the haematogenous route of infection and reported differences in 

the rates and timings of onset of septic arthritis between different strains. It was 

unclear from their results whether the increased cartilage damage was due to an 

enhanced ability of Hla producing strains to establish arthritis or as a direct effect of 

the Hla itself on the cartilage. Neither study was able to isolate Hla as the major 

cause of cartilage damage in isolation. Gemmell et al. (1997) concluded that Hla, in 

combination with protein A, was of major importance to the pathogenicity of S. 

aureus-induced septic arthritis (Gemmell et al., 1997b). Nilsson et al. (1999) 

concluded that the simultaneous presence of Hla and Hlg were crucial for the 

development and progression of S. aureus induced septic arthritis (Nilsson et al., 

1999b). In contrast to these studies the initiation of septic arthritis by direct 

inoculation has allowed a direct comparison between S. aureus 8325-4 and DU1090 

without the confounding influence of a variable onset of septic arthritis. The results 

strengthen the findings of Smith et al (2013) who demonstrated a catastrophic 

influence of Hla on chondrocyte viability (Smith et al., 2013). In contrast to Smith et 

al (2013) who found negligible death caused by S. aureus strains incapable of 

producing Hla, this study has demonstrated substantial chondrocyte death caused by 

S. aureus DU1090 in vivo. The major difference between the models when using Hla 

deficient mutants is the absence of an immune response in the bovine cartilage 

explant model used by Smith et al (2013) which is the probable cause of the 

difference in the observed chondrocyte death. The observation that injection of dead 

S. aureus DU1090 caused chondrocyte death implies that an immune response is 

detrimental as the concentration of haemolysins and other toxins is negligible but 

further work to confirm these findings is required.  

Care should be taken when extrapolating these results to the clinical situation in 

human patients. To the author’s knowledge, no studies have analysed the quantitative 

load of bacteria within infected synovial fluid in humans presenting with S. aureus-

induced septic arthritis. Matching concentrations in the murine model with those in a 

septic joint was therefore based on the minimal concentration that would reproduce 
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clinical signs in the mouse which may be higher than those required to initiate septic 

arthritis in humans. There is some evidence that the rate of chondrocyte death in the 

current model may be comparable to those in human patients. Fight-bite septic 

arthritis classically occurs following a punching injury when the 

metacarpophalangeal joint is punctured by the tooth of another individual and is 

subsequently inoculated with contaminated saliva, most frequently with S. aureus 

(Perron et al., 2002, Talan et al., 2003). Kelly et al. (1996) reported that patients 

presenting within 24hrs of injury and adequately treated had a good functional 

outcome but those presenting beyond 24hrs had a poor outcome with long-term joint 

morbidity indicating that chondrocyte death may be just as rapid in humans (Kelly et 

al., 1996). It should also be recognised that the thickness of articular cartilage is 

significantly thinner in mice than in humans. The extracellular matrix may impede 

diffusion of Hla thereby protecting chondrocytes deeper within the matrix in human 

cartilage leading to a comparatively slower progression of chondrocyte death. 

Therefore it is possible that this model leads to an accelerated time course when 

compared to human infections.  

The results presented in this study may have clinical relevance for the treatment of 

septic arthritis which is caused by S. aureus in 40 - 65% of cases (Kaandorp et al., 

1997a). The current treatment of septic arthritis is a combination of intravenous 

antibiotics and removal of contaminated synovial fluid either through surgical 

washout or serial aspirations.  

The rapid and fatal action of Hla on chondrocyte viability highlights the importance 

of emergent and thorough joint lavage in all patients presenting with septic arthritis 

with surgical washout likely to offer the most comprehensive form of irrigation. 

There remains a concern with serial bedside aspirations that S. aureus toxins may 

remain within the joint. Antibiotics may kill or inhibit the growth of bacteria within 

the infected joint. The findings of the current experiments have demonstrated that in 

the absence of viable bacteria an immune response was elicited. Chondrocyte death 

progressed between days 2 and 7 suggesting that a continued inflammatory response 

may elevate the extent of joint damage but these findings need to be confirmed. 

Antibiotics do not have the ability to remove bacterial toxins including Hla actively 
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and therefore whilst the bacteria are dead the presence of their toxins and the 

immune response to their components may continue to cause chondrocyte death. 

Therefore, antibiotic therapy alone should rarely be considered appropriate. 

There is potential for therapeutic interventions to be developed on the basis of this 

research in order to reduce the levels of chondrocyte death during and after an 

episode of S. aureus-induced septic arthritis. The confirmation of Hla as the most 

significant damaging toxin offers a potential future therapeutic target. The receptor 

for Hla on eukaryotic cells has been identified as A-disintegrin and metalloprotease 

10 (ADAM10) (Wilke and Bubeck Wardenburg, 2010, Inoshima et al., 2011, Powers 

et al., 2012). Future studies should aim to identify treatments capable of blocking the 

action of S. aureus Hla for example through neutralising antibodies or selective 

blockade of ADAM10. The potential that the immune system is a cause of 

chondrocyte death may offer some explanation of the improved outcomes seen in 

children who are given steroids following washout of septic arthritis (Odio et al., 

2003, Harel et al., 2011). There is considerable concern regarding uncontrolled 

infection following steroid administration and with a mortality of 9.2% seen in our 

skeletally mature population (Chapter 2) it would be premature to suggest that such 

an intervention is adopted routinely in clinical practice. Further studies aimed at 

identifying which components of the immune system are responsible for the 

chondrocyte death would be beneficial in order that targeted immune-modulating 

treatments could be employed. 
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Chapter 6 General Discussion 
In this chapter, the key study conclusions are presented and their translational 

relevance to current clinical practice and future scientific research are considered. 

The experimental animal model developed during this study to improve the current 

understanding of S. aureus-induced septic arthritis is discussed and novel aspects of 

the methodology are highlighted.  

6.1 Implications of the clinical cohort results 
The results of Chapter 2 were previously discussed in detail and key findings are 

reproduced here. This study reported one of the largest case series of native joint 

septic arthritis, which was also one of a limited number of studies to report on 

outcomes following the resolution of infective symptoms. Staphylococcus aureus 

caused 57.7% of all cases of septic arthritis (table 2:3) and the knee joint represented 

60% of these (figure 2:4). To the author’s knowledge, this study is the first to 

demonstrate that septic arthritis in patients under the age of 50, who generally have a 

lower incidence of pre-existing arthritic joint damage, is more commonly caused by 

direct spread (figure 2:4). The pathogenesis of septic arthritis initiated via direct 

spread may be different to that initiated via the haematogenous route with the 

potential that there is increased joint damage before a systemic response is detected. 

Further research is required to ascertain whether the presenting symptoms and 

inflammatory markers differ depending on the route of infection so that diagnostic 

criteria can be improved.  

The results demonstrated increased mortality in elderly patients and those with a high 

number of comorbidities (figure 2:5). Particular attention should be paid to patients 

on haemodialysis as they have a 15 times higher risk of mortality. A high degree of 

suspicion and early, aggressive treatment in this cohort is warranted. 

The high number of patients who go on to develop catastrophic failure of the joint 

following septic arthritis demonstrates that the perceived good results experienced 

early after the resolution of infection underestimates the damage to the joint (table 

2:11). A major finding of this study was the link between the infecting organism and 

poor outcomes. S. aureus takes a more destructive course with 37% of patients 
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experiencing joint failure compared to only 8% of patients whose infections were 

caused by other organisms. The data obtained from PROMs demonstrated a clear 

difference in WOMAC pain and stiffness scores that were comparable to population 

norms for the non-infected knees but placed the individuals between the 75th and 90th 

percentile for the infected knee (table 2:17). These results suggest that a significant 

insult to articular cartilage occurs during septic arthritis resulting in the development 

of pain, stiffness and disability. It appeared that the predominant cause of damage is 

the direct action of the infecting organism and further research was required before 

this could be confirmed. 

6.2 A direct inoculation murine model of S. aureus-
induced septic arthritis.  

It was postulated that the results seen in the clinical cohort might have been as a 

result of chondrocyte death. Chondrocytes are the only living component of articular 

cartilage and are responsible for the maintenance of the joint (Muir, 1995, 

Buckwalter and Mankin, 1997a). A damaged matrix with large numbers of viable 

chondrocytes may have the capacity for repair whereas a damaged matrix with a 

paucity of viable chondrocytes will inevitably become degenerate (Simon et al., 

1976). Cartilage explant models have implicated S. aureus Hla as a major cause of 

chondrocyte death but because of the lack of an immune system response their 

translational relevance is restricted (Smith et al., 2013). Murine models utilising 

histological changes and clinical measurements as experimental endpoints have 

previously been used to investigate the destructive roles of S. aureus on articular 

cartilage but these gave no indication of chondrocyte viability following infection. It 

was therefore considered important to analyse chondrocyte viability following 

infection with S. aureus in an animal model so that the combined effects of Hla and 

the immune response could be investigated. A murine model was selected because of 

low cost implications and the availability of analytical tools in the mouse. The 

C57BL/6 strain was selected because it is widely used (Coyle et al., 1995, Beck et 

al., 2000, Murphy et al., 2001, Calander et al., 2006) and is the predominant strain 

for the generation of congenics carrying both spontaneous and induced mutations 

(Hall et al., 2009), which would be useful if future experiments investigating the 

effects of specific genetic traits in septic arthritis were required. Septic arthritis 
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established through the haematogenous route has been studied extensively in mice 

(Tarkowski et al., 2001, Tarkowski, 2006) but because it is very difficult to ascertain 

when each joint first becomes infected (Bremell et al., 1991) it was felt that this 

would be a poor model for monitoring chondrocyte death where the time course was 

critical. A direct inoculation model was therefore developed allowing certainty of the 

time course and enabling control of which joint was infected which was essential for 

CLSM. The stifle (knee) joint was selected because of its superficial position and the 

presence of the patellofemoral groove on the femur that was suitable for subsequent 

CLSM examination.   

6.2.1 Primary outcome measure: Fluorescence-mode CLSM 
The animal experiments detailed within this thesis involved the assessment of the 

percentage chondrocyte death following establishment of S. aureus infection in 

murine stifle joints. Whilst CLSM is a well-established research tool, it has not been 

used for the assessment of chondrocyte death following S. aureus infection in live 

animal experiments and it therefore presented a novel investigative strategy. 

Conducting automated cell viability counts on CMFDA- and PI-labelled 

chondrocytes assessed the chondrocyte death. The use of CMFDA and PI is an 

accepted fluorescent method utilised by many studies to label living and dead cells 

respectively (Bush and Hall, 2001, Huntley et al., 2005, Amin et al., 2008, Smith et 

al., 2013). A standardised method of CLSM imaging and quantification was 

developed (section 3.4.5) based on a region of interest (ROI) on the patellofemoral 

groove of the femur, which typically contained approximately 1500 chondrocytes. 

Low-power (x10) CLSM images were obtained and optical sections involved the 

entire depth (approx. 100µm) of the articular cartilage. Quantitative analyses of 

chondrocyte viability based on such large numbers of cells throughout all cartilage 

zones ensured an accurate representation of the overall effect on the articular 

cartilage. The imaged volume within CLSM 3D reconstructions (produced using 

IMARIS software) considerably exceeded that of the fine sections used for 

conventional histology enabling the visualisation of cartilage in more detail. 

Quantification of chondrocyte death was achieved by replicating a previously 

validated and reproducible algorithm based on thresholding percentage voxel 
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intensity (Jomha et al., 2003) that minimises background noise whilst maximising 

the inclusion of cells in spite of signal attenuation. This technique has a high 

sensitivity and specificity (Jadin, 2005) and has been specifically validated for use 

with fluorophores used to label viable and non-viable chondrocytes (Jomha et al., 

2003). The ability to quantify cell death was tested with a range of joints that had 

damage inflicted using differing methods. The dissection technique was optimised to 

ensure the articular cartilage sustained no damage during preparation for imaging 

(figures 3:3 and 4:8). Following animal sacrifice, the stifle joints were dissected and 

fluorescently stained immediately to ensure no additional chondrocyte death 

occurred during sample preparation.  

The major advantage of utilising CLSM was the ability to detect considerable 

cartilage damage at early time points. At equivalent time-points conventional 

histology demonstrated minimal detrimental effect to the cartilage and therefore 

under-estimated the extent of damage. As with any experimental technique there are 

limitations associated with the use of fluorescence-mode CLSM. The limitation of 

obtaining one experimental result for each animal requires a high number of animals 

to reach statistical significance and does not allow for monitoring of the time course 

of chondrocyte death within an individual animal. The results from these studies 

represent a snapshot in time but advanced imaging techniques such as multiphoton 

imaging may be able to image the articular cartilage through the soft tissues and 

therefore may allow multiple assessments over time in a single animal (Novakofski 

et al., 2014). This is a technique that should be investigated further. Another major 

limitation of the current model is that the sensitivity of murine chondrocytes to S. 

aureus toxins and their immune response may be different to those of human 

chondrocytes. It is not possible to conduct a study like this in human patients and 

therefore the applicability of the results could only be extrapolated from explant 

studies performed using human cartilage explants. It is very challenging to source a 

consistent supply of non-degenerate human cartilage and therefore only a limited 

number of studies have been performed. These have demonstrated similar responses 

by bovine and human cartilage to a variety of experimental challenges (D'Lima et al., 

2001, Demarteau et al., 2006) supporting the use of animal cartilage for experimental 

assessments. Murine chondrocytes showed a similar sensitivity to S. aureus Hla as 
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that in bovine explants reported by Smith et al (2013) thereby indicating that 

although the results are unlikely to be identical they should demonstrate significant 

similarities. 

6.2.2 Ascertaining infective dose 
A key goal of the model was to mirror the clinical features of human S. aureus 

induced septic arthritis in mice. No studies could be found that measured the 

bacterial concentrations within the infected synovial fluid of humans presenting with 

S. aureus-induced septic arthritis. It was therefore impossible to know if the bacterial 

concentration used in the experimental model equates with those in a septic human 

joint. The development of clinical signs such as joint swelling and altered gait 

patterns were given priority when ascertaining the correct infective dose. 

Experiments conducted during the development of the model identified that the 

administration of 10µL of 1 x107 cfu/mL of S. aureus 8325-4 directly into the stifle 

joint was the minimum dose that produced clinical signs of septic arthritis in mice. 

This concentration was considerably higher than those used by previous lapine and 

murine direct joint-inoculation in vivo studies of septic arthritis (Riegels-Nielson et 

al., 1987, Lefevre et al., 2011) and the result may have been overly aggressive septic 

arthritis in comparison to infection in human patients. Ultimately, the goal of the 

model was to assess the influence of S. aureus Hla and the immune system response 

on chondrocyte viability and the level of infection established within the 

experimental model enabled this to be achieved. It should be noted that the bacterial 

concentration would directly affect levels of Hla within the joint which may lead to a 

relative over-estimation of the contribution of Hla and an under-estimation of the 

contribution of the immune system in this model. 

6.2.3 Secondary outcome measures 
The use of secondary outcome measures allowed confirmation that active infection 

was achieved within the joint over the time course of the experimental studies. It 

should be possible to conduct future studies without all of the additional secondary 

outcome measures used in this thesis thereby reducing the total number of animals 

required in accordance with the NC3R’s. Weight changes and limb swelling were not 

predictive of chondrocyte death but weight change was useful in the assessment of 
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severity as a humane endpoint particularly when the excessive 20µL of 1 x 109 

cfu/mL dose was administered. The detailed gait analysis may have advantages in 

other experimental models such as refining analgesia regimes but for the majority of 

septic arthritis research, it may not provide much additional information, however it 

was useful in this thesis for confirming infection had been established.  

Histological assessment was useful for observing the inflammatory infiltrates within 

the joint but because this required culling of the animals and prevented CLSM 

assessment, attention should be paid to alternative approaches such as non-invasive 

optical imaging that would reduce animal requirements. Fluorescent molecular 

tomography (FMT) is a novel technique for monitoring disease pathogenesis that 

facilitates the non-invasive, longitudinal monitoring of disease progression, cell 

trafficking and gene expression patterns in living animals (Leevy et al., 2007). FMT 

utilises molecular probes bound to a fluorescent reporter group that are activated by 

specific processes within the animals. When the fluorescent reporter is activated it 

will emit light of a specific wavelength upon laser excitation. FMT generates data 

through transillumination of the animal using lasers to create a baseline absorption 

and fluorescence profile of the animal’s biological composition. The use of multiple 

reporters with FMT provides a convenient method to monitor multiple biological 

processes simultaneously and in real time. The distorting effects of in vivo tissue 

heterogeneity are normalised for each fluorescent measurement so that each reporter 

group can be accurately quantified. Fluorescence measurements in user-selected 

regions of interest can then be calculated. FMT could be used to study the 

pathogenesis of septic arthritis in this model. The bacteria could be monitored using 

BacteriSense 645 (Perkin Elmer, Waltham, Massachusetts, USA), which is highly 

specific to negatively charged lipids on bacterial cellular membranes. It produces a 

fluorescent signal that is directly proportional to the number of bacteria present that 

would serve as a useful indicator of infection severity. This would allow monitoring 

of the progression of the infection in real time and confirm that an active, localised 

infection had been achieved throughout each experiment. This probe could be used in 

conjunction with Neutrophil Elastase 680 FAST (Perkin Elmer), which is a 

fluorescent neutrophil elastase-activatable agent that is optically silent upon injection 

and produces a fluorescent signal after cleavage by elastase produced by neutrophil 
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cells. The combination of these reporters would allow the temporal and spatial 

distribution of bacteria and neutrophils in live animals to be studied.  

It is disappointing that the assessments of immune populations, cytokines and 

chemokines within the systemic circulation failed to identify an inflammatory 

response to infection (section 5.4.7). In future studies the assessment of these 

parameters within the synovial tissue surrounding the joints would be beneficial to 

characterise the localised immune response. It would be possible to utilise tissue 

taken from around the stifle joint at the time of preparation of the confocal samples 

for this purpose. 

6.3 How should patients presenting with a painful, 
swollen joint be treated? 

When patients present with a painful, swollen joint the differential diagnosis includes 

septic arthritis (DiCarlo and Kahn, 2011). The rapidity of chondrocyte death 

demonstrated in the in vivo murine model used in this thesis underpins the 

importance of a prompt diagnosis and emergent management but the difficulty in 

making the diagnosis may lead to delays. Joint aspiration and an urgent gram stain 

may identify the presence of organisms affording an early diagnosis but in 

approximately half the cases of septic arthritis no organisms are seen (Mathews et 

al., 2010). It is inappropriate to wait for the results of culture before initiating 

treatment as this takes several days to yield results Thus, the diagnosis must rely 

heavily on the clinical history, examination features and other investigations that 

tend to be sensitive but not specific for septic arthritis (Swan et al., 2002, 

McGillicuddy et al., 2007, Wiener et al., 2008). It would be beneficial to improve the 

diagnosis of septic arthritis and efforts are underway to achieve this (Welling et al., 

2000, Akhtar et al., 2005, Yang et al., 2008, Beiki et al., 2013, Saeed et al., 2013). In 

the interim there is a need to debate the merits of the aggressive treatment of 

ambiguous cases of septic arthritis. The demonstration that chondrocyte death occurs 

rapidly indicates that delaying treatment may lead to catastrophic joint damage if the 

cause is subsequently identified as septic arthritis. An argument against this approach 

is that some patients may receive antibiotic treatment and undergo surgical washout 

unnecessarily.  
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6.4 Optimisation of existing treatments 
Minimising chondrocyte death during an episode of septic arthritis is likely to be 

pivotal to reducing the chance of long-term morbidity such as early onset 

osteoarthritis.  

Antibiotics are the cornerstone of treatment for septic arthritis but two findings of 

this research indicate that treatment with antibiotics alone may be insufficient. 

Firstly, antibiotics do not remove Hla from the joint and because Hla was found to 

cause rapid and extensive chondrocyte death, any prolonged exposure could 

significantly worsen outcomes. Secondly, the presence of inactivated or non-viable S. 

aureus within the joint will continue to produce an immune response (Deng et al., 

1999, Deng and Tarkowski, 2000b, Liu et al., 2001, Ali et al., 2015) that may lead to 

progression of chondrocyte death.    

It is therefore appropriate to recommend the prompt and thorough removal of 

bacteria and their associated toxins from infected joints in combination with 

antibiotic therapy. Animal studies and clinical evidence have yet to demonstrate any 

superiority of serial aspirations over surgical washouts and the rationale behind best 

practice remains theoretical (Nord et al., 1995, Smith et al., 2002). However, the 

timing of the early outcome assessment and the small size of the cohorts may mean 

these studies were not able to demonstrate a significant difference between 

treatments even if it did exist. Surgical washout provides a more comprehensive 

evacuation and potentially decreases the concentration of bacteria or toxins more 

thoroughly and should therefore be considered as an emergency. Several hours may 

pass between the commencement of antibiotics and formal joint lavage in clinical 

practice and limiting the concentration of Hla within the joint during this time may 

significantly alter the extent of chondrocyte damage. Hence, it is reasonable that 

every effort should be made to remove the maximum amount of fluid as possible at 

the time of the initial diagnostic joint aspiration. 

The most commonly employed empirical antibiotics are intravenous flucloxacillin 

and benzyl penicillin (Goldenberg, 1998, Shirtliff and Mader, 2002, Matthews et al., 

2008). Flucloxacillin and benzyl penicillin are bactericidal antibiotics that cause 
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bacterial lysis (Bergeron et al., 1976, Elliott et al., 1979). Lysis of bacteria releases 

intracellular contents including Hla (Pankey and Sabath, 2004) into the joint which 

may cause an acute acceleration in chondrocyte death. Evidence suggesting that the 

rapid lytic action of bactericidal antibacterial agents results in adverse clinical 

consequences in other infective diseases supports this postulate (Jackson and Kropp, 

1992, Quagliarello and Scheld, 1992).  An example is the ‘endotoxin surge’ in the 

CSF of infants with gram-negative bacterial meningitis following antibacterial 

administration (Mustafa et al., 1989, Arditi et al., 1990). In addition to the release of 

intracellular toxins the rapid death of microorganisms after bactericidal antibiotic 

treatment has been shown to intensify the immune response and worsen outcomes in 

meningitis due to S. pneumoniae (Friedland and Klugman, 1992, Nau and Eiffert, 

2002). An alternative is to use bacteriostatic antibiotics that inhibit bacterial growth 

(Kohanski et al., 2010) enabling the controlled removal of intact bacteria by the host 

immune system (Varley, 2009). The use of bacteriostatic antibiotics prior to formal 

washout may avoid causing an acute pulse of Hla within the joint following 

administration and this strategy may improve outcomes, but needs to be researched. 

A proposed future study may therefore utilise the model of S. aureus-induced septic 

arthritis detailed within this thesis to assess in situ chondrocyte viability following 

treatment with a variety of commonly used bacteriostatic and bactericidal antibiotics. 

6.5 Strategies to inhibit the activity of Hla 
The confirmation of Hla as the most significant contributor to chondrocyte death 

makes it a potential therapeutic target (figure 5:4). Hla is secreted as a soluble 

monomer by S. aureus. Monomeric Hla binds to ADAM10 on eukaryotic cells 

(Inoshima et al., 2011) and then undergoes oligomerisation into a heptameric prepore 

on the cell surface. The heptameric prepore undergoes a conformational change 

leading to the formation of an active 14-stranded transmembrane β-barrel pore 

(Gouaux, 1998). 

Chondrocyte death caused by Hla could be prevented either through prevention of 

active pores forming or by blocking pores that have formed. Blocking Hla cellular 

binding either through competitive inhibition or direct neutralisation could prevent 

pore formation. Competitive inhibition could be achieved through the development 
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of high affinity antibodies for the ADAM10 receptor. Monoclonal antibodies that act 

by blocking Hla heptamer formation have been identified and have been shown to 

reduce cell damage in a murine model of S. aureus-induced skin necrosis (Tkaczyk 

et al., 2012). In established septic arthritis the membrane-spanning Hla pore may 

have been established by the time the patient has presented and therefore treatments 

preventing pore formation will offer little protection to affected chondrocytes. 

Treatments capable of blocking the active pore may therefore be more attractive in 

septic arthritis. β-cyclodextrin derivatives are synthesised using cyclodextrin as a 

starting molecule to produce cyclic molecules with a sevenfold symmetry (Szente 

and Szejtli, 1999). A β-cyclodextrin compound that closely mirrors the heptameric 

alpha-haemolysin known as IB201 was developed by Karginov et al (2007). IB201 

does not prevent the formation of the oligomeric alpha-haemolysin but it has been 

shown to block Hla pores specifically (figure 6:1) thereby compromising toxin 

function (Karginov et al., 2007, McCormick et al., 2009, Ragle et al., 2010, 

Inoshima et al., 2011, Yannakopoulou et al., 2011).  

 

Figure 6:1 IB201 blocking active alpha haemolysin pore 
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IB201 is still being evaluated and has not entered clinical practice but it has been 

shown to be effective at reducing the severity of S. aureus pneumonia when 

administered intravenously in mice (Ragle and Bubeck Wardenburg, 2009). It is now 

being considered for further development and translation for human clinical 

investigation. The administration of β-cyclodextrin compounds in a murine model of 

S. aureus-induced septic arthritis should now be investigated.  

6.6 Modulating the immune response 
It has previously been shown that the presence of non-viable S. aureus, or 

components thereof, can initiate an inflammatory response within the joint. (Deng et 

al., 1999, Deng and Tarkowski, 2000a, Deng and Tarkowski, 2000b, Liu et al., 2001, 

Ali et al., 2015). Despite the eradication of bacteria the inflammatory cascade 

persists and leads to on-going joint destruction (Bobechko and Mandell, 1975, Smith 

et al., 1987). The experiments using dead S. aureus DU1090 suggest chondrocyte 

death occurs as a detrimental side effect of the host immune system during septic 

arthritis but further work is required to confirm this finding. This could be achieved 

by performing CLSM on murine cartilage explants cultured in the presence of 

suspensions of either live or dead S. aureus DU1090. Using live DU1090 in the 

culture medium would confirm the effect of the other S. aureus toxins (Hlb, Hld and 

Hlg) on murine chondrocytes and allow an estimation of the effect of cell death 

elicited by the immune response in the animal model. By additionally confirming 

that components of dead S. aureus DU1090 do not produce chondrocyte death would 

illustrate that the immune system is indeed the cause of the chondrocyte death 

observed in the animals infected with S. aureus DU1090. 

The potential of improving outcomes through the modulation of the immune system 

has received increased attention in recent years due to animal studies that have 

demonstrated reduced articular cartilage damage following the administration of 

corticosteroids (Sakiniene et al., 1996, Wysenbeek et al., 1996, Wysenbeek et al., 

1998, Karakok et al., 2001). Two large, prospective, randomised controlled trials 

have reported expedited recovery and improved functional outcome in children 

treated with intravenous antibiotics and simultaneous dexamethasone (Odio et al., 

2003, Harel et al., 2011). There have been no controlled trials on the effects of 
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corticosteroids in skeletally mature patients. Clinicians harbour concerns about the 

possibility of uncontrolled systemic infection in patients who are immunosuppressed 

and therefore selective immunomodulation may be a more attractive intervention 

(Galloway et al., 2011, Rostaing and Malvezzi, 2016). 

Chondrocyte death was observed 2 days after infection with live DU1090. The 

timing of this suggests that the innate immune system plays a significant role in 

cartilage damage if other causes of cell death can be excluded in future experiments. 

The acute inflammatory response to septic arthritis is characterised by an influx of 

neutrophils (Bremell et al., 1992), which were seen to be abundant in the joints of 

infected mice at day 2.  Animal models of septic arthritis have shown that neutrophils 

play a dual role in septic arthritis. Complete depletion of neutrophils leads to an 

overwhelming systemic infection with a very high mortality rate and severe septic 

arthritis (Verdrengh and Tarkowski, 1997) but in animals that are not neutropenic the 

severity of arthritis is increased following inoculation of strains that promote 

enhanced neutrophil recruitment (Gjertsson et al., 2012).  An explanation for this 

could be that a threshold level of neutrophils is required to prevent overwhelming 

bacterial growth and the associated tissue damage caused by bacterial toxins. 

Utilisation of the animal model presented in this thesis could investigate if 

chondrocyte death is significantly reduced in neutropenic mice following injection of 

S. aureus DU1090 thereby confirming that neutrophils are a major damaging 

component of the immune response.   

Degranulation of neutrophils releases potentially cytotoxic substances (Faurschou 

and Borregaard, 2003, Borregaard et al., 2007) into phagosomes or through 

exocytosis into the extracellular environment leading to a noxious environment for 

the Staphylococcus. Beyond a specific threshold it is possible that the noxious 

environment created by neutrophils results in excessive levels of cytotoxic 

substances thereby causing accelerated cartilage damage. Therapeutic interventions 

would have to avoid complete neutropenia, which would be likely to result in 

overwhelming sepsis.  

Potential strategies that could be investigated include reducing the neutrophil load in 

the joint or blocking specific damaging neutrophil products. Extravasation of 
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leukocytes to the site of infection is mediated by adhesion molecules, selectins and 

enzymes such as the isoenzyme of glutaminyl cyclase (isoQC). Disruption of these 

molecules or enzymes reduces, but does not prevent, the number of leukocytes 

entering the joint during septic arthritis. In animal models of septic arthritis, joint 

inflammation is reduced in mice deficient in isoQC (Hellvard et al., 2013), 

intracellular adhesion molecule 1(Verdrengh et al., 1996), integrin-associated protein 

(Verdrengh et al., 1999) or P-selectin (Verdrengh et al., 2000). In vitro experiments 

utilising two-dimensional high-resolution proton NMR spectroscopy on porcine 

articular cartilage explants exposed to activated neutrophils in the presence of 

specific enzyme inhibitors have demonstrated that elastase is the main proteolytic 

enzyme responsible for cartilage damage (Hilbert et al., 2002). 

Experimentation on mice that have been genetically manipulated to knock out certain 

cytokines has demonstrated that the mortality, severity and degree of joint damage 

following septic arthritis can be altered with changes to cytokine profiles offering the 

potential for therapeutic immunomodulation. TNF-α has an overall protective effect 

by decreasing the bacterial load but local secretion in the joint cavity gives rise to 

increased severity of joint inflammation during septic arthritis (Hultgren et al., 

1998a). IFN-γ has a dual effect by decreasing mortality on the one hand but 

increasing the severity of arthritis on the other. Treating mice with anti-IFN-γ 

monoclonal antibodies has been shown to decrease the severity of arthritis in mice 

without affecting survival and may have a therapeutic role (Zhao et al., 1998). The 

seemingly contradictory outcomes seen when studying the effects of neutrophils and 

monocytes may be attributed to the activities of cytokines such as TNF-α and IFN-γ. 

These cytokines are necessary to promote efficient phagocytosis. However, a surplus 

in the joint cavity triggers severe inflammation which leads to cartilage and bone 

destruction (Hultgren et al., 2002). IL-10 deficient mice develop a more frequent and 

destructive arthritis compared to their congeneic controls demonstrating a protective 

effect of IL-10 in septic arthritis (Gjertsson et al., 2002). It may be possible to 

develop treatments that alter the cytokine profile during septic arthritis to affect a 

more favourable outcome. 
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6.7 Conclusions  
This thesis tested the hypothesis that “chondrocyte death occurs during an episode of 

S. aureus septic arthritis and that the main agent responsible for chondrocyte death is 

the staphylotoxin Hla with a smaller component of the death being caused by the 

host immune response. The aims and the chapters which covered them are re-stated: 

1. To review the long-term outcome following septic arthritis in a skeletally mature 

clinical cohort through review of case notes and the collection of patient reported 

outcome measures: Chapter 2. 

2. To develop a murine model of S. aureus induced septic arthritis using direct joint 

inoculation of S. aureus and utilising chondrocyte viability assessed through confocal 

laser scanning microscopy as the primary outcome measure: Chapters 3 and 4. 

3. To utilise this animal model to compare the outcome of septic arthritis in mice 

infected with wild type S. aureus 8325-4 and an isogenic mutant DU1090 that is 

identical other than having a deficiency in Hla production: Chapter 5.  

4. To utilise this model to assess if the host immune system has the capability of 

producing chondrocyte death by initiating an immune response in the absence of 

active infection through the injection of dead S. aureus DU1090 incapable of toxin 

production: Chapter 5 but further experimental work is required to confirm findings. 

Smith et al (2013) demonstrated a significant effect of Hla on chondrocyte death but 

the importance of Hla in the pathogenesis could not be fully evaluated in the absence 

of an immune response. The murine model of septic arthritis developed in this thesis 

has expanded on the work of Smith et al (2013) because of the additional influence 

of the immune response. After comparison of chondrocyte viability following 

infection with S. aureus 8325-4 and its isogenic mutant DU1090 the following 

conclusions can be made: 

1. Chondrocyte death is an early event in septic arthritis following infection with 

either S. aureus 8325-4 or DU1090. As negligible chondrocyte death was observed 

in the control group injected with PBS the cause was considered to be the result of S. 

aureus toxins or the immune response. 
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2. Chondrocyte death after 48 hours of infection was significantly higher with S. 

aureus 8325-4 (96.2%) than with the isogenic mutant strain DU1090 (28.9%). The 

only difference between the two strains was an inability of DU1090 to produce Hla. 

Analysis of weight loss, limb swelling, gait changes, immune populations and 

histology did not demonstrate any significant differences between the two S. aureus 

strains inferring an immune response of equal magnitude. Hla was therefore 

considered to be the most significant contributor to chondrocyte death. 

3. Mice infected with DU1090 experienced a significantly higher level of 

chondrocyte death when compared to PBS injected mice. The aetiology of the 

chondrocyte death in the animals injected with this Hla negative staphylococcus was 

considered to be either the immune system or S. aureus toxins other than Hla.  

4. Chondrocyte death following the injection of dead S. aureus DU1090 was 12.6% 

after 2 days increasing to 25.5% after 7 days. This suggests that the immune system 

in isolation caused chondrocyte death and the damage progresses with time but 

further research is required to confirm these findings.  

The cause of chondrocyte death during an episode of S. aureus-induced septic 

arthritis is multifactorial and depends on the presence of Hla and the magnitude and 

characteristics of the host immune response (figure 6:2).  

 

Figure 6:2 A simplified proposed model of chondrocyte death based on the findings presented 
within this study.  
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There is potential to decrease the chondrocyte death caused by the direct action of 

Hla and the main cause of chondrocyte death may then be a result of the immune 

response necessitating modulation to prevent on-going damage after the initiation of 

treatment. The progression of cell death may not be linear as presented in figure 6:2 

but based on the time points at which cell death was measured in this thesis it is not 

possible to extrapolate this further. 

6.8 Future studies 
A larger scale, prospective, multi-centre study with defined follow up utilising 

radiographic and patient orientated outcome measures would be beneficial to clarify 

the clinical results presented in Chapter 2. In practice this would be difficult to 

coordinate, expensive to run and take many years before producing results and 

therefore other centres should be encouraged to review their retrospective data to see 

if these results are reproduced.  

The experimental model of S. aureus-induced septic arthritis developed during this 

study will now be used for further investigations including:  

(1) the assessment of chondrocyte viability during infection and following treatment 

with a variety of commonly used bacteriostatic and bactericidal antibiotics and;  

(2) the assessment of the chondroprotective potential of Hla inhibiting agents such β-

cyclodextrin compounds and;  

(3) the isolation of chondrocyte-damaging agents of the host immune response and 

assessing the impact of selective immunomodulating therapies. 
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