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ABSTRACT 
 
 

 The re-introduction of metal-on-metal joint replacements and their subsequent poor performance 

has increased interest in the biological response to metallic debris, particularly metal hypersensitivity and 

its relationship to osteolysis.  Since the immune response is implicated in some implant failures, it is 

possible that other immune irregularities, such as rheumatoid arthritis, can affect survival of implants. 

For this study, chromium hypersensitivity was induced in one group of DBA/1 mice, collagen 

induced arthritis was induced in another group, and a control group was sensitized to keyhole limpet 

hemocyanin, an irrelevant antigen.  All mice then received air pouches with syngeneic bone implanted.  

Antibodies to chromium and collagen were measured to assess sensitization, and arthritis progression was 

assessed daily.  The animals were divided into three groups, receiving saline, polyethylene, or cobalt-

chromium particles injected into the pouch.  The mice were sacrificed 26 days after particle injection.  

Pouch thickness, cell count, inflammation, lymphocyte infiltration, and bone density were assessed 

histologically. 

The inflammatory responses differed based on the type of biomaterial, regardless of 

immunological sensitization.  Polyethylene was consistently the most inflammatory debris.  There were 

no significant differences in lymphocytic infiltration or bone resorption between groups.  High variability 

was observed in responses, with some mice exhibiting little inflammation and lymphocytic infiltration 

and others showing severe inflammation and perivascular lymphocytic cuffing.  Neither biomaterial 

appeared to alter the course of the arthritis. 

Individual responses to immunological stimuli and inflammatory debris are complex and resulted 

in variability within the experimental groups.  This finding mirrors the patient experience, but hinders 

investigations of precise factors affecting adverse biomaterial responses.  The dominant responses to 

biomaterial debris were inflammatory, even in the presence of adaptive immunological sensitivity.  Based 

on this research, rheumatoid arthritis is not expected to elicit biomaterial concerns during joint 

replacement surgery. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1 Total Joint Arthroplasty 
 
Total joint arthroplasty (TJA) is a very common and very successful surgical procedure 

which involves the replacement of all articulating surfaces in a joint with a prosthetic device.  In 

the hip, this involves the ball of the femur and the acetabular cup in the pelvis.  This procedure 

can restore mobility and reduce pain for many patients suffering from osteoarthritis, rheumatoid 

arthritis (RA), osteonecrosis, traumatic injury, or other causes of joint pain and damage.  Current 

implants are composed of titanium or cobalt-chromium alloys with one of three major types of 

bearing surfaces: ceramic-on-ceramic, metal-on-metal (MOM), and metal-on-polyethylene 

(MOP) [1-3].  Figure 1.1 shows a well-positioned total hip replacement, and Figure 1.2 shows 

the basic components of a hip prosthesis. 

 

Figure 1.1: A total hip replacement [4]. 
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Figure 1.2:  The basic components of MOP or ceramic on ceramic total hip implants.  In a metal-
on-metal implant, the insert is also metallic [5]. 

 
The first hip prostheses used metal-on-metal bearing surfaces.  High failure rates due to 

dislocation of the femoral head [1], high friction and locking of the bearing surfaces, and 

concerns about metal wear debris led to the addition of a polyethylene liner in the acetabular cup 

to articulate with the metal femoral head [6].  The majority of hip implants today use an ultra-

high molecular weight polyethylene (UHMWPE) liner due to the lowered frictional wear debris 

production [2,6,7]. 

Originally, TJA was mainly performed in elderly patients, but the great success of the 

procedure has led to its use in younger, more active patients.  This new patient base requires the 

development of longer lasting, wear resistant implants, to avoid multiple revision surgeries 

required to replace worn out implants.  To this end, ceramic-on-ceramic implants were 

introduced along with the reintroduction of metal-on-metal implants [6-8].  Unfortunately, some 

of the new metal-on-metal implant designs have proven less wear resistant than expected.  One 

particular design, the DePuy ASR hip implant, was recalled due to high failure rates.  The design 
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of the implant left it prone to edge loading, in which the load is concentrated at the edge of the 

acetabular cup, causing greatly increased wear rates in improperly aligned prostheses [9-11].  

The proper hip anteversion angle range was much smaller than that of most other implants, and 

many surgeons were unable to achieve the appropriate angle when implanting the ASR [10-14].  

With the extremely high wear rates, new and previously less common failure modes are being 

observed [11-17].  Langton et al. found a failure rate of 48.8% for the ASR total hip at only six 

years post-implantation [9]. 

In order to improve future implant designs, a thorough understanding of the failure modes 

is essential.  Many potential causes of failure exist, both mechanical and biological.  Mechanical 

causes include edge loading leading to increased wear, brittle failure due to high impacts 

(specific to ceramic bearing surfaces), surgical implantation angle errors, impingement of the 

femoral and acetabular components, and joint dislocation [9,11,12,18].  Biological failures can 

result from infection, periprosthetic fracture, pseudotumors, aseptic loosening, pain, metal 

hypersensitivity, and adverse responses to metal debris (ARMD) [7,9,11,12,14-22].  A primary 

factor in adverse biological responses to implants is the production of wear debris by the implant 

[2,3,7,8,14,19,22].  Since many of the biological failures occur due to the functions of the 

patient’s immune system, uncertainty exists concerning the longevity of implants in the presence 

of immune abnormalities occurring with autoimmune disorders, particularly RA, since it is a 

common factor leading to the need for TJA.  The prevalence of TJA in RA patients has 

decreased in recent years due to the high effectiveness of biological response modifiers used to 

treat RA. 

The focus of this work will be on aseptic osteolysis, metal hypersensitivity, and ARMD 

in the presence of metal hypersensitivity or a model of RA.   
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1.1.2 Wear Debris Production 

All articulating surfaces will produce particulate wear debris as a result of movement.  

The volume of debris produced depends on several factors, including bearing material, design, 

damage to articulating surfaces, and patient activity level.  On average, the polyethylene liner in 

a well-functioning hip implant loses about 0.1 mm in wear each year [22], compared to 0.016 

mm in ceramic-on-ceramic [23] and 0.0025 mm in a MOM implant [23].  Based on analysis of 

periprosthetic tissues in patients with failed implants, the polyethylene debris generated is about 

0.23-1 µm in diameter, significantly larger than the 0.05 nm ceramic and metal debris typically 

observed [22].   

Ceramic bearing surfaces wear quite slowly compared to MOP implants but good 

surgical technique is vital to avoid damaging the articulating surfaces and causing high wear 

rates.  In addition, ceramic materials are brittle and there is concern that high impacts could crack 

the articulating surfaces [2], leading to some surgeon reluctance to implant them.  While 

polyethylene bearing surfaces were introduced to decrease the level of metal debris generated by 

the joint, concerns about the high volume of wear produced by polyethylene liners led to the re-

introduction of metal-on-metal implants, which, if properly implanted, are more durable and 

wear more slowly than polyethylene [19,22]. 

All joint implants contain some metal with two forms of metal being released into the 

body:  particulate debris and corrosion products.  Any metal implanted in the fluid environment 

inside the human body will undergo corrosion, leading to the release of metal ions.  The small 

size of the particulate debris released from metal-on-metal bearings provides a significantly 

greater surface area for corrosion than the implant surface alone, greatly increasing the amount 
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of metal released in comparison to other bearing surfaces [1,12,14,19,24-26].  Current hip 

implants are modular (Figure 1.3), with interchangeable femoral heads and necks, allowing intra-

operative customization by the surgeon and decreasing the amount of on-site inventory required 

to provide equivalent customization with solid implants.  This modularity results in the existence 

of additional joints which can undergo corrosion and release metal into the periprosthetic tissue.  

In current implant designs, the Morse taper which connects the femoral head to the neck and 

stem of the femoral component is responsible for the majority of the non-articular corrosion due 

to both fretting and crevice corrosion [9,10,12].  Additionally, osteoclasts are known to cause 

pitting of metallic surfaces in vitro releasing corrosion products [27].  All of these sources of 

metal release into the body can contribute to complications, including aseptic osteolysis, metal 

hypersensitivity, and ARMD.  

 

Figure 1.3:  The components of a total hip prosthesis.  This example is a metal on polyethylene 
bearing system [28]. 

 

1.2 Aseptic Loosening 

The most common reason for implant failure is aseptic loosening, which causes more 

than 75% of all implant failures [22].  In aseptic loosening, a chronic inflammatory response 
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occurs due to the presence of any type of particulate wear debris and in the absence of infection, 

leads to resorption of the bone surrounding the implant.  The bone resorption decreases the 

stability of the implant and weakens the surrounding bone.  This leads to pain, loss of function, 

implant failure, and possible periprosthetic fracture, making revision surgery more challenging 

or impossible [22].  The response to debris has a direct correlation with the amount of debris 

present in the periprosthetic tissue, and debris generation is the major limiting factor of the 

lifespan of a prosthetic joint.  Macrophages have long been recognized as a large player in 

osteolysis surrounding total joint implants, and a positive relationship exists between wear 

particle number and macrophage number in periprosthetic tissue [7].  To illustrate the process of 

aseptic loosening, bone metabolism and the innate immune system will now be discussed. 

1.2.1 Bone Metabolism 

Bone is not a static structure.  It is constantly being remodeled, resorbed by osteoclasts 

and formed by osteoblasts.  Bone loss occurs due to an imbalance between the two processes, 

with the rate of resorption exceeding that of formation.  Bone has many functions in the body, 

including definition of the body’s primary structure, provision of muscle attachment sites to 

allow movement, and protection of internal organs, but the highest priority in the body is 

maintenance of calcium homeostasis.  In response to hypocalcemia, bone resorption increases to 

raise the calcium level in the blood and bone formation slows.  Unfortunately, formation occurs 

much more slowly than resorption [29].   

Osteoblasts begin formation of bone by laying down bone matrix, or osteoid, containing 

collagen, which is subsequently mineralized [30].  Osteoblasts become trapped within the bone 

as it forms, becoming osteocytes [31].  Many factors promote bone formation: bone 
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morphogenetic proteins (BMP), intermittent parathyroid hormone exposure, mechanical loading, 

estrogen, and testosterone [29]. 

Osteoclasts are multinucleated cells that secrete various degradative factors to break 

down bone matrix and resorb the remnants.  During bone resorption, the osteoclast attaches to 

bone, and forms a seal to create a microenvironment, which is then acidified.  This results in 

demineralization of the bone matrix, and subsequent degradation by cysteine proteinases and 

matrix metalloproteinases.  Finally, the remnants are phagocytosed by the osteoclast [32].  

Osteoclasts are formed from monocyte/macrophage precursors, which fuse in response to the 

correct stimuli, most often macrophage colony stimulating factor (M-CSF) and binding of the 

receptor activator of nuclear factor-kappaB ligand (RANKL).  M-CSF is required for survival of 

osteoclast precursors, and the receptor activator of nuclear factor kappaB (RANK) is a protein on 

the surface of the precursor, which binds RANKL on the surface of support cells such as 

osteoblasts and fibroblasts.  RANK/RANKL binding and intracellular signaling promotes 

osteoclast differentiation and induces bone resorption.  This process is inhibited by 

osteoprotegerin (OPG), a decoy receptor for RANK, also produced by osteoblasts, B-cells, and 

T-cells [30,32].   

1.2.2 Innate Immune System 

 The first line of defense against pathogens is the innate immune system.  The defense 

elements include the skin, antimicrobial peptides (including lysozyme in tears), and cells of the 

innate immune system [33,34].  Some of the key cells include neutrophils and macrophages, 

which are phagocytic cells able to destroy pathogens through phagocytosis and reactive oxygen 

species or degradative enzymes.  In the case of large targets that cannot be phagocytosed, 

reactive oxygen species and enzymes may be expelled extracellularly, potentially damaging 
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healthy tissue.  A foreign body response may result from debris that is not easily degraded and 

removed from the area, such as large implant wear debris [35].  This response is characterized by 

fusion of macrophages to form multinucleated giant cells, theoretically in an effort to 

phagocytose large objects [35,36].  During the inflammatory process, there is a local increase in 

vascular permeability and expression of adhesion molecules by endothelial cells, which allows 

circulating white blood cells to extravasate from the blood into the affected tissue, facilitating 

infiltration by inflammatory cells and increased inflammation [36-38].   

The innate immune system has no memory component and does not adapt to respond to 

new stimuli over time [34].  Instead, it responds to conserved molecular structures among 

pathogens, called pathogen-associated molecular patterns (PAMPs), which are not found in 

mammalian cells.  Some of the more common examples include lipopolysaccharide and the 

peptidoglycan bacterial cell wall [39,40].  The patterns are recognized by pattern-recognition 

receptors (PRR), including Toll-like receptors (TLR) on macrophages [33,34,39,41].  TLR 

binding eventually leads to activation of the transcription factor NF-κB and subsequent 

production of inflammatory cytokines and heat shock proteins [34,39,41].  In response to the 

presence of a target, macrophages and other innate cells release IL-1, IL-6, TNF, M-CSF, and 

other cytokines, attracting and potentially activating more innate cells, as well as lymphocytes 

from the adaptive immune system.  Macrophages and dendritic cells, another type of phagocyte, 

are termed professional antigen presenting cells (APCs), in that they are highly involved in 

activating cells of the adaptive immune system through antigen presentation [33].  Heat shock 

proteins are produced by cells during normal development and function, but expression increases 

during thermal, or other stresses.  Some act as molecular chaperones to protect proteins and 

forming ribosomes from improper assembly [42].   
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Another component of the innate immune system is the complement cascade, a system of 

proteins and cleavage products, which mediates inflammation and destruction of pathogens.  

There are three major pathways for activation of complement, which lead to the formation of the 

membrane attack complex: a combination of cleavage products that attaches to the cell surface of 

a pathogen, an infected cell, or a cancerous cell, and lyse it.  Complement can be activated by 

interaction with antibodies generated by the adaptive immune system, by microbial binding of 

plasma lectins, or directly by the pathogen.  Various cleavage products can increase 

inflammation, and C3b can opsonize microbes and immune complexes to facilitate phagocytosis 

by macrophages [43]. 

1.2.3 Pathogenesis of Aseptic Loosening 

Although polyethylene debris is often associated with aseptic loosening, any particulate 

debris can cause inflammation around the joint and incite an innate immune response.  The 

response to this wear debris is characterized by increased macrophage and osteoclast activity, 

leading to bone resorption [3,7,8].  Particles between 150 nm and 10 µm are engulfed by 

macrophages, leading to the release of pro-inflammatory cytokines, including IL-1, IL-6, and 

TNF-α.  In the presence of polyethylene, it is suspected that the cytokine production follows 

recognition of the particles by macrophage TLR4 [44].  TNF-α induces production of M-CSF by 

osteoblasts which will, in turn, attract more macrophages and osteoclasts to the area and further 

increase inflammation and bone resorption.  As described previously, osteoclasts are formed by 

fusion of monocyte/macrophage precursors, and from macrophages present in the synovium.  

These cells can become osteoclasts in the presence of supporting cells, typically osteoblasts and 

fibroblasts.  Not only does this response attract and activate macrophages and osteoclasts, the 

inflammatory mediators actually induce differentiation of osteoclast precursors in the 
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periprosthetic tissue [7].  As mentioned previously, the main osteoclast signaling pathway is the 

RANK/RANKL pathway.   RANK is a cell surface protein found on mature osteoclasts and 

osteoclast precursors.  It binds to its ligand, RANKL, which is present on osteoblasts and 

fibroblasts.  When RANK binds to RANKL in the presence of M-CSF, the NF-κB signaling 

cascade is activated which initiates differentiation into osteoclasts and activates osteolysis.  

Expression of RANKL on osteoblasts is also upregulated by TNF-α, further increasing 

osteoclastogenesis [7,30]. 

In addition to the activation of macrophages and osteoclasts by particulate wear debris, 

appropriately sized non-degradable particles may also be phagocytosed by osteoblasts.  This 

results in down-regulation of osteoblast proliferation, as well as the inhibition of collagen 

formation, the initial step of bone formation.  Exposed osteoblasts also release IL-6, interleukin-8 

(IL-8), MCP-1, and prostaglandin E2 (PGE2).  IL-6 and PGE2 activate ostoclasts in the 

periprosthetic tissue, leading to bone resorption, while IL-8 and MCP-1 attract neutrophils and 

monocytes, respectively, increasing local inflammation.  This elucidates a large role of the 

osteoblast in promoting and sustaining a localized inflammatory response in the periprosthetic 

tissue, potentially leading to aseptic osteolysis and eventual implant failure.  When the cellular 

effects of particles of multiple implant materials were compared, metallic particles had a 

considerably greater inhibitory effect on osteoblasts than UHMWPE or polymethylmethacrylate 

(PMMA) cement.  The responses to the particles were found to be dose dependent, further 

implicating excessive wear in premature implant failure [45]. 

1.3 Adverse Response to Metal Debris 

The biological response to metal debris and corrosion products differs from the response 

to UHMWPE, and may include the development of ARMD.  This term describes joint failure 
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due only to the metal debris or corrosion product release from an implant [14].  An 

understanding of the adaptive immune system is necessary for a discussion of ARMD. 

1.3.1 Adaptive Immune System 

While the innate immune response has no memory component, the adaptive immune 

response is directed toward a specific target and maintains an immunological memory of 

previously encountered targets to allow an enhanced response to subsequent exposures.  The 

target of an adaptive immune response is an antigen, which is usually a foreign protein.  The 

major effectors of the adaptive immune system are the lymphocytes: B-cells and T-cells.  Each 

lymphocyte has surface receptors which recognize only one antigen, with great variability in the 

antigen binding region displayed among the cells.  This variability is conferred by a process 

known as somatic hypermutation, in which highly error-prone polymerases and variable segment 

joining lead to nearly infinite receptor specificities.  To prevent the maturation of self-reactive 

lymphocytes, cells with receptors which recognize self antigens undergo apoptosis during early 

development [46].   

In an adaptive immune response, a foreign material is engulfed by a phagocytic cell, 

often a macrophage, and is processed into an actual immunological target, termed an epitope. 

The epitope is displayed on the surface of the cell in the context of a major histocompatibility 

(MHC) II molecule.  The bound epitope can be recognized by the T-cell receptor (TCR) of a 

helper T-cell (TH) resulting in cellular activation. The activated TH cell can then attract other T-

cells, B-cells, and macrophages as well as activating B-cells with receptors bound to the specific 

antigen to secrete antibodies [46]. 

The B-cell receptor resembles an antibody attached to the cell surface. B-cell activation 

occurs when their receptors bind the appropriate antigen in the presence of co-stimulatory 
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molecules on TH cells. Upon activation, B-cells multiply and become either plasma cells, which 

secrete antibodies with the same specificity as their receptors, or memory cells to enhance the 

response to subsequent encounters with the target antigen.  All B-cells produced in this manner 

have identical receptors, so this process is known as clonal expansion.  Circulating antibodies 

bind to the antigen and facilitate it’s destruction by activating complement or opsonization, 

which signals macrophages to phagocytose the bound antigen [46].   

Whereas the B-cell is responsible for humoral immunity, the T-cells primarily act in a 

cell-mediated immune response.  T-cells are classically divided into two types: helper T-cells 

(CD4+) and cytotoxic T-cells (CD8+).  TH cells are involved in the activation of B-cells and 

recruitment of macrophages and other T-cells, while cytotoxic T-cells initiate cell destruction by 

initiating apoptosis.  In contrast to the B-cell receptor, T-cells require antigen to be processed 

into a specific epitope and presented in the context of a protein, either MHC-I or MHC-II.  

MHC-I is present on all nucleated cells, and displays processed antigen from within the cell.  In a 

healthy cell, this antigen will be entirely “self,” and will be ignored by the immune system, in the 

absence of autoimmunity.  If a cell is infected by a virus, or another event occurs to alter the 

status of the cell, the MHC-I may display a “non-self” antigen, which would target it for 

destruction via cytotoxic T-cells.  The MHC-II molecule is present on APCs: fibroblasts, 

dendritic cells, macrophages, B-cells and others.  These cells engulf pathogens or other “non-

self” antigens, process them, and present them to TH cells in the context of the MHC-II molecule.  

Activated T-cells release a variety of cytokines and chemokines to perpetuate the immune 

response.  As with B-cells, activated T-cells undergo clonal expansion, producing memory T-

cells in preparation for a subsequent encounter with the antigen [46,47]. 
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After the infection is resolved, the memory lymphocytes remain in the body, to allow for 

an enhanced response to any subsequent exposures to the antigen.  The initial adaptive immune 

response takes a few days to develop, so a full response will only occur on subsequent exposures.  

In order to develop a strong memory response, the lymphocytes must have a prolonged exposure 

to the antigen [8].  A joint prosthesis provides an ideal chronic exposure to implant materials.   

1.3.2 ARMD 

As described earlier, metal debris in the body includes both particles and corrosion 

products.  The mostly metal specific biological effects are termed adverse responses to metal 

debris (ARMD) [11,14].  These include metallosis, pseudotumors, and aseptic lymphocyte-

dominated vasculitis associated lesions (ALVAL).  ARMD can be diagnosed when a stable, 

well-functioning implant fails due to biological effects [11,14].  There is disagreement regarding 

the etiology of ARMD, with some researchers suggesting it is due to metal hypersensitivity, 

while others consider it to be cytotoxicity from the metal debris [10,12]. 

It is known that the metal debris and corrosion products do not remain localized in the 

periprosthetic tissue, as evidenced by increased levels of metal ions in patients’ blood, 

suggesting that the debris has systemic as well as localized effects [6,12,22,25,49-51].  In some 

revision studies, patients with ARMD had higher average blood metal ion levels than patients 

with other reasons for prosthesis failure.  In those studies, patients with higher metal wear were 

found to be at greater risk of ARMD [14].  Other studies have found no correlation with implant 

wear [19].   Metal ion levels in serum have been widely proposed as a method of monitoring 

wear of metal-on-metal bearings.  It has been suggested that a serum level of < 7 µg/L of cobalt 

and chromium is associated with a properly functioning implant and a level > 20 µg/L is 

associated with a failing implant releasing enough debris to produce metallosis (defined below) 
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[9].  Other studies have proposed different ion cutoff points, and others have found little 

correlation between serum and whole blood metal levels and bearing wear.  In response, 

Smolders et al. have proposed the use of multiple metal ion measurements to analyze trends as a 

more accurate measurement of implant functionality [51].  The significance of metal ion levels 

remains uncertain due to the abundance of environmental metal contamination, the variability 

between different implant systems, and the large variation noted between studies [49,50]. 

Metallosis is defined as the staining of periprosthetic tissue with metal debris, generally 

due to excessive wear or corrosion of the implant, and was originally a concern due to the 

potential misdiagnosis as severe tissue necrosis at revision [6,10,14].  As mentioned above, the 

presence of metallosis has been correlated with high metal levels in blood and serum. 

ALVAL can occur in cases of both well-functioning joints and in joints exhibiting 

excessive wear [10].  The occurrence of ALVAL is not correlated with the metal levels in the 

blood and urine [6].  Common histological findings include histiocytes containing metal particles 

and areas of tissue necrosis, with perivascular lymphocyte cuffing [6,14].  ALVAL is primarily 

distinguished by the perivascular lymphocytic infiltrate since its other features are present in 

other tissue responses, including the foreign body response [6].  The lymphocytic infiltrate can 

also be observed with other diseases, including RA, contributing to the uncertain aetiology and 

diagnosis of adverse metal responses, including ALVAL [6].  Some researchers consider 

ALVAL to be the histological evidence of metal hypersensitivity [6]. 

A soft tissue response to debris that often causes considerable pain is the pseudotumor 

[6,14,17,52].  In some patients, mechanically well-functioning implants have been revised due to 

pain, with one researcher reporting a 27% revision rate for MOM implants due to a vaguely 

described “metal reaction” [53].  The exact description of a pseudotumor remains a topic of 
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discussion.  They are generally considered soft tissue masses, either solid or cystic, associated 

with debris from an implant, which do not result from infection and are not malignant 

[6,14,17,52].  They have the potential to cause serious damage in the surrounding tissue, 

compressing nerves and blood vessels, and sometimes causing severe pain [6,54].  One case 

report describes a metal hypersensitive patient with a pseudotumor compressing the femoral vein 

and causing edema of the leg [53].   

Pseudotumors were originally considered specific to metal debris from MOM implants, 

but further study has revealed their presence in patients with MOP implants and ceramic 

implants [17].  There remains uncertainty regarding the prevalence and risk factors of 

pseudotumors, although they are more common in women than men.  Many studies have shown 

a correlation between high metal wear and elevated blood metal ion levels with an increased risk 

of developing pseudotumors, while others have found no change in pseudotumor incidence with 

degree of metal wear [17].  Matthies et al. found pseudotumors in 69% of patients undergoing 

revision for any reason, including asymptomatic patients with well-positioned and well-

functioning implants [17].  A similar study found a prevalence of 59%.  These high prevalences 

may potentially be due to the broad definition of pseudotumors, and the inclusion of 

asymptomatic patients in the screening [52].  In contrast, Beaule et al. lists a prevalence of 

0.10%, with other authors listing rates of 1% and 4% [54].  Beaule et al. found a positive 

correlation with high wear as well as an earlier pseudotumor development with MOM than with 

MOP implants, and described bone destruction associated with the pseudotumor.  Hart et al. 

found evidence of ALVAL in some, but not all, patients with pseudotumors, as well as in some 

patients without a pseudotumor, indicating that there may be some overlap of the two traits, but 

they are not necessarily the same process [52]. 
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1.4 Metal Hypersensitivity 

Another metal-specific biological response is a metal hypersensitivity reaction.  Metals 

are known to elicit hypersensitivity responses in susceptible individuals [48,55-57].  A 

hypersensitivity response is defined as an exaggerated and harmful immune response, often to a 

harmless antigen.  Hypersensitivity responses are classified into one of four major types.  Type I 

hypersensitivity is known as immediate hypersensitivity and is mediated by IgE antibody binding 

to mast cells and causing the release of histamine and other inflammatory mediators.  Type II, 

antibody mediated cytotoxicity, results in cell destruction due to bound antibody.  The type III 

response is known as immune complex hypersensitivity, and results in tissue damage due to 

circulating antibody-antigen complexes.  Type IV hypersensitivity, also called delayed type 

hypersensitivity, occurs 48-72 hours after exposure to the target antigen.  This response is 

characterized by involvement of macrophages and T lymphocytes [58].  Contact dermatitis is a 

common manifestation of a type IV response to implanted metals [55-57]. 

1.4.1 Prevalence of Metal Hypersensitivities 

 Metals are well known for their potential to elicit hypersensitivity or allergic responses 

in humans.  About 15% of the general population exhibits a contact dermatitis response to one or 

more metals, including chromium [55,58].  The prevalence of metal hypersensitivity increases in 

patients with metal-on-metal implants, even if the implant is stable and functioning well.  In 

order to develop hypersensitivity, there must be multiple exposures to the target antigen, which 

must be of a sufficient size to elicit a response.  Metal ions alone are too small to elicit an 

immune response.  However, metal ions (haptens) can bind to body proteins (carriers) and 

produce a hapten-carrier complex, which is large enough for detection by the adaptive immune 

system [1,25,56,57,59].   
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There is a positive association between failing implants and hypersensitivity to one or 

more component materials of the implant.  It is well established that loose or failing implants 

release much greater quantities of debris than stable implants, with a much higher metal 

concentration in the periprosthetic tissue.  The long-standing question is whether exposure to this 

high level of debris from a failing implant induces metal hypersensitivity, or whether the patient 

developed the hypersensitivity prior to the failure and the elevated response increased osteolysis 

and thus caused failure of the implant [22,60].  This question will be a central focus of this 

investigation.  If hypersensitivity leads to higher inflammation, pain, osteolysis, implant 

loosening, and potential early failure, then pre-operative hypersensitivity testing would be vital 

to the choice of implant type for each patient [25,62).   

Metallic debris can cause failure in mechanically functional joint implants due to chronic 

inflammation and hypersensitivity.  Mikhael et al. presented a case study of a bilateral metal-on-

metal hip arthroplasty failure due to cobalt and chromium hypersensitivity.  For 3 years 

following its implantation, the patient experienced periodic fevers, extreme hip pain, and 

required two canes in order to walk.  The implants were stable with no osteolysis noted on 

radiographs.  The patient had elevated serum levels of both cobalt and chromium and elevated 

inflammatory markers, including erythrocyte sedimentation rate, C-reactive protein, and blood 

leukocyte count.  Periprosthetic tissue showed signs of a chronic inflammatory response.  The 

patient had a known dermatological metal allergy, and his patch test for cobalt and chromium 

was positive.  After ruling out infection, the patient underwent revision surgery to replace the 

cobalt-chromium acetabular liner with a highly cross-linked polyethylene liner and the 

symptoms resolved [62].  This case indicates that metal hypersensitivity can cause adverse 

responses even in the absence of loosening and indicates the importance of testing patients for 
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material sensitivities prior to arthroplasty to determine the most appropriate implant for each 

individual patient. 

1.4.2 Detection of Metal Hypersensitivity 

Metal hypersensitivity is difficult to confidently detect due to the questionable veracity of 

some testing methods and the lack of a universally accepted testing method [58,59].  The classic 

test is the patch test, in which the test material is applied to the skin for a set amount of time, and 

the skin response is measured based on redness and swelling.  This test is controversial due to the 

potential of inducing sensitivity in the patient, as well as the uncertain relevance of a skin 

reaction to the reaction in a joint.  The primary APCs in the skin are Langerhans cells, whereas 

the APC in the periprosthetic tissue remains undetermined [48,58].  In vitro tests are potentially 

more relevant, but have variable acceptance clinically [48].  One in vitro assay, the lymphocyte 

transformation test, measures the level of proliferation of lymphocytes cultured with and without 

particles, as a result of particle stimulation.  This assay uses clonal expansion of lymphocytes 

recognizing specific particles and measures tritiated thymidine incorporation into the new cells 

during formation as a marker [27,58].  Other tests exist, including the leukocyte migration 

inhibition test, in which the random leukocyte motion leading to migration away from an area 

containing the test material is measured.  A reduction of migration indicates that the test material 

provokes an immune response in the patient’s white blood cells.  Multiple factors, including 

migration inhibition factor, are produced during an immune response which function to retain 

cells at the site of the response [48]. 

The clinical long-term prospective studies of pre-operative and post-operative metal 

sensitivity are few in number and have produced somewhat conflicting results.  Some patients 

with negative patch test results prior to the joint replacement surgery developed a positive 
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response several years after the surgery, suggesting sensitization.  Other patients with positive 

patch test results pre-operatively tested negative after the replacement, suggesting a possible 

induction of immunological tolerance, or a pre-operative false-positive [25,62].  These seemingly 

contradictory results indicate how little is understood about the long-term effects of metal debris 

on the body. 

1.4.3 Animal Model 

For this thesis, an animal model of metal hypersensitivity was required.  Yang and 

Merritt developed a sensitization protocol for the induction of hypersensitivity to chromium, 

nickel, or cobalt in mice.  Their study confirmed the haptenic potential of the metal ions when 

complexed with glutathione and rabbit serum albumin.  Glutathione (GSH) was used due to its 

strong affinity for binding metal ions and rabbit serum albumin was used as the carrier protein, 

which allowed the mice to mount an immune response to the metal [56].  They also developed an 

ELISA to detect the presence of metal-specific antibodies in the serum of the sensitized animals 

[57].  The spleens of the sensitized animals were harvested and the splenocytes used to form 

hybridomas that produced monoclonal antibodies against the specific metal to which they were 

sensitized.  They showed that the antibodies produced were specific to the glutathione-metal 

complexes and there was little cross-reactivity between the antibodies to each metal.  The studies 

did not, however, investigate whether the sensitized animals would respond differently to metal 

particles such as wear debris [56]. 

1.4.4 Previous Animal Work 

 For this thesis, a pilot study was performed using Balb/c mice, with the sensitization 

protocol described by Yang and Merritt.  Eight mice were sensitized to chromium, and seven 

served as controls, receiving phosphate buffered saline (PBS) instead of the chromium conjugate.  
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Significant metal sensitization of the chromium group was achieved based on comparison of the 

level of metal antibodies using an enzyme linked immunosorbent assay (ELISA).  Because some 

antibodies could bind to GSH without chromium, half of the wells were coated with GSH and 

chromium, and the other half with GSH only.   The ratio of the optical density (OD) of wells 

coated with GSH and chromium to the OD of wells coated only with GSH was calculated to 

indicate successful sensitization to chromium.  The mean OD ratio of the chromium group was 

significantly greater than the control group by one-way ANOVA (p<0.017).  This success 

encouraged the continued use of this sensitization method.  Figure 1.4 shows the results of the 

pilot study. 

 

Figure 1.4:  The mean OD ratios for the chromium and control groups in the pilot study.  The 
error bars indicates the standard error. 

 
1.5 Rheumatoid Arthritis 

1.5.1 Background 

Because end-stage RA is frequently treated by TJA, and patients with RA are more likely 

to receive a TJA than non-RA patients, it is important to understand how this autoimmune 

disorder could affect the body’s response to implant wear debris.  As many of the biological 
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responses to implants and debris involve the immune system, it is reasonable to expect that the 

alteration in immune function in RA could affect this response.  This potential effect will be a 

focus of this investigation.   

Rheumatoid arthritis is the second most common form of arthritis, affecting about 1% of 

adults worldwide [63-65].  It is a progressive autoimmune disorder in which chronic 

inflammation of joints leads to swelling and destruction of cartilage and bone, often causing 

permanent deformity of the affected joints.    RA often affects the small joints of the hands, 

wrists, feet, elbows, knees, shoulders, and joints of the cervical spine [63].  As an autoimmune 

disease, RA can also produce extra-articular symptoms including fever, malaise, eye 

inflammation and damage, Felty’s Syndrome, as well as heart and lung damage [63].  

The cause of RA is unknown, but it appears to be multifactorial.  There is a known 

genetic component of RA, related to the type of MHC genes, called human leukocyte antigens 

(HLA) in humans. Individuals expressing the HLA-DR4 antigen are at a 3.5 times greater risk of 

developing RA than other individuals [63].  This HLA antigen is suspected to affect antigen 

presentation to T-cells, contributing to perpetuation of the inflammatory process and activation 

of the adaptive immune system [66].  The genetic predisposition alone is insufficient to produce 

RA, however, based on studies of monozygotic twins in which only one individual developed 

RA [67].  A variety of contributing risk factors have been suggested, including viral infection 

leading to immune dysregulation.  The major environmental risk factor for the development of 

RA is smoking, with a massive 21-fold increase in the risk of developing RA in smokers with the 

HLA-DR4 gene [68].   
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1.5.2 Autoimmunity 

A critical requirement of the immune response is to distinguish “self” from “non-self” 

antigens.  During development, lymphocytes with receptors that recognize “self” antigens are 

signaled to undergo apoptosis, thereby preventing autoimmunity.  This system fails in the case of 

autoimmune diseases, including RA [32].  A theory exists which implicates chronic joint 

inflammation caused by the innate immune system in the development of autoimmunity.  The 

innate immune system has also been implicated in the initiation of RA through TLR recognition 

of endogenous heat shock antigens expressed due to tissue damage and consequent induction of 

proinflammatory cytokine production by synovial cells and macrophages [41].  According to this 

theory, the local inflammation decreases the negative selection of autoreactive cells, leading to 

an adaptive autoimmune response [66]. 

 A variety of autoantibodies can be found in RA patients, but their presence and 

abundance vary widely among patients.  These include the Rheumatoid Factor and antibodies 

specific for type II collagen, heat shock proteins, and even glucose-6-phosphoisomerase [66].  In 

about 80% of patients, the Rheumatoid Factor is detectable in the blood [66,69].  The 

Rheumatoid Factor is an antibody which recognizes the fragment crystallizable (Fc) region of the 

individual’s IgG antibodies [66,70].  The presence of this factor is an important risk factor for the 

development of RA [64,66].  The Rheumatoid Factor and other autoantibodies can contribute to 

the formation of immune complexes which embed into articular cartilage and fix complement.  

This leads to tissue destruction and the release of chemoattractants, increasing the number of 

leukocytes in the tissue [66].  The destruction of cartilage in the joints releases heat-shock 

proteins, leading to the activation of innate immune cells through TLR signaling [71].  Many 

endogenous antigens are also released during the tissue damage, including type II collagen and 
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proteoglycans [72].  These antigens can be processed and presented to T-cells in the joint, or can 

activate self-reactive B-cells, leading to activation of the adaptive immune system.  The 

Rheumatoid Factor has also been found in patients with other autoimmune diseases and even in 

normal individuals, so it is not a specific indication of RA.  There is evidence, however, that the 

presence of Rheumatoid Factor predicts more severe disease and a poorer prognosis [66,69].   

More recently, antibodies to citrullinated autoantigens have been found in about 66% of 

RA patients.  These antibodies are rare in non-RA patients, making them a more sensitive marker 

for RA than Rheumatoid Factor.  The citrullinated autoantigens are found to be significantly 

more arthritogenic than the unmodified antigens.  Citrullinated peptides are produced by 

deimination of arginine residues to form citrulline, which increases peptide binding to the HLA-

DR portion of the MHC-II molecule on APCs in individuals with the genetic predisposition to 

RA [68].  This improved binding presumably contributes to greater presentation of these antigens 

to T-cells.  The environmental risk factor of smoking acts synergistically in patients with the 

HLA-DR4 risk factor to dramatically increase the risk of developing RA.  Klareskog et al. 

reported that citrullinated peptides exist in the lungs of smokers, but not in non-smokers, 

suggesting a causal relationship between the presence of the peptides and smoking [68].  There 

was also a strong dose-dependent effect of smoking on the levels of the antibodies.  The presence 

of these antibodies has been shown to precede the development of clinical RA by several years, 

indicating a possible causal relationship [68]. 

1.5.3 Disease Pathology 

There appears to be both an innate and adaptive response in the pathogenesis of RA, with 

some authors suggesting that the innate response initiates the disease.  This theory suggests that 

chronic inflammation in the joint leads to the development of autoimmunity [66].  RA presents 
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with a chronic inflammation of the synovial membrane surrounding the joint, called synovitis.  

There are two major types of synovial cells: macrophage-like and fibroblast-like.  These cells 

have been implicated in the perpetuation of the inflammatory response due to production of 

several pro-inflammatory cytokines, including IL-1, IL-6, TNFα and granulocyte-macrophage 

colony-stimulating factor (GM-CSF).  These cytokines attract and activate leukocytes, and also 

perpetuate the activation of the synovial cells in an autocrine manner.  In response, the cells of 

the normally thin synovial membrane proliferate and are infiltrated by macrophages, T-cells and 

B-cells, forming an erosive pannus structure, which attaches to articular cartilage and leads to 

destruction of cartilage and underlying bone through release of metalloproteinases and other 

degradative enzymes, as well as osteoclast activation and differentiation [66,73].  It has been 

documented that the macrophage-like synovial cells can differentiate into osteoclasts in the 

presence of GM-CSF and RANKL, to directly destroy bone in the arthritic joint.  This process is 

enhanced in the presence of TNFα, produced by macrophages and T-cells, which up-regulates 

the expression of RANKL on support cells, including fibroblasts, osteoblasts, and T-cells [32].  

In addition to inducing cytotoxicity and osteoclast differentiation, TNFα also upregulates 

adhesion molecules on endothelial cells and enhances leukocyte extravasation into the inflamed 

tissue [65].   

Angiogenesis is another important step in the development and perpetuation of RA, as it 

allows the infiltration of greater numbers of leukocytes from the bloodstream and oxygenates the 

massive synovial proliferation [74].  The heavy accumulation of inflammatory cytokines 

contributes to local and system inflammation, perpetuating the damage [73]. 
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1.5.4 Osteoimmunology 

The realization that the immune system and bone metabolism are deeply interconnected 

led to the development of the field of osteoimmunology, which is critical to the understanding of 

RA.  The T-cell is known to have a large role in RA.  There are multiple types of helper T-cells 

(TH), with three major divisions: TH1, TH2, and TH17.  Each type of T-cell expresses a different 

set of cytokines, which drive a particular immune response.  TH1 and TH2 cells exert largely 

protective effects for bone and prevent osteolysis.  Interleukin-12 (IL-12) signals T-cells to 

develop along the TH1 cell pathway and produce IFN-γ, which inhibits osteoclastogenesis by 

disrupting the RANK/RANKL signaling axis.  An IL-12 knockout mouse with induced arthritis 

was found to develop more severe disease than a wild type, confirming that IL-12 is involved in 

the prevention of osteolysis [32].  The TH2 cytokines IL-4 and IL-13 inhibit both the 

differentiation of osteoclasts and their activation by stimulating osteoblasts and endothelial cells 

to express OPG, a decoy for the RANK signaling pathway [32].  Recently, it has been discovered 

that the major T-cell instigator of the bone destruction process is the newly discovered TH17 T 

cell subset.  These T cells release IL-17 and IL-21 [73] which are potent cytokines that increase 

the surface expression of RANKL on osteoblasts and synovial fibroblasts.  As described 

previously, RANKL acts by binding to RANK on the surface of osteoclast precursors (synovial 

macrophages), which signals differentiation into osteoclasts [30,32,73].  IL-17 also activates 

synovial macrophages to release IL-1, IL-6, and TNFα, further upregulating RANKL expression 

and resulting in massive bone destruction [30,32,73].   

Due to the progressive and destructive nature of RA, aggressive drug treatment is 

implemented as early as possible to prevent major disability.  Current therapies are generally 

very effective at reducing morbidity in patients, but response to individual treatments varies 
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widely between patients, and can vary over time.  Treatment involves drugs to relieve symptoms, 

as well as disease modifying anti-rheumatic drugs (DMARD), which actually alter the course of 

the disease to prevent further damage.  The DMARDs are divided into those with biologic and 

non-biologic effects.  Biologic effectors act directly on the inflammatory cytokines involved in 

the progression of the disease.  These effectors include TNFα, IL-1, and IL-6 inhibitors, which 

can very effectively interrupt the progression of the disease [75,76].  Unfortunately, this causes 

immunosuppression and increases the risk of developing serious infections and some cancers.  

The non-biologic DMARDS include methotrexate, sulfasalazine, and leflunomide.  Methotrexate 

is one of the mainstays of RA treatment [63].  Its mechanism of action is only partially 

understood, but it seems to inhibit proliferation of immune cells and interferes with the 

production of proinflammatory cytokines [77].  Current DMARD therapy is highly effective in 

most patients, preventing the worst joint disfiguration, but patients often still require joint 

replacement at some point in the course of the illness. 

1.5.5 Response to Debris 

 As total joint replacement is regularly used in end-stage RA, it is vital to determine if RA 

alters the response to wear debris.  Surprisingly little work has been published at this time.  In 

addition to the detrimental effects of RA on bone metabolism, many of the therapeutic 

medications used to treat RA, such as methotrexate, can have adverse effects on bone.  These 

effects could increase mechanical failure rates and prevent adequate fixation and 

osseointegration after implantation, leading to early joint failure.  A meta-analysis of cementless 

hip replacement in RA patients found some increased risk of intra-operative complications 

including subsidence of the femoral stem and periprosthetic fracture, but overall, found little 

evidence of long-term adverse effects on implant stability from the altered bone metabolism of 
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RA.  The occurrence of early aseptic loosening was quite low in RA patients, and was 

comparable to those without inflammatory arthritis [78].  A similar study examined cemented hip 

replacements in RA patients, and found a small, less than 1% increased risk of failure due to 

infection, presumably due to immune dysregulation, as well as immunosuppressive treatments to 

control RA [79]. 

One recent study analyzed implant wear patterns and histological responses to debris in 

patients with treated RA, untreated RA, or non-inflammatory arthritis at revision due to aseptic 

loosening.  No differences in the wear patterns or particle volume were observed between any of 

the patient groups.  The biological response to the debris did show some differences between the 

groups.  The patients with untreated RA displayed an interstitial lymphocyte aggregation in the 

vicinity of wear debris, while the non-RA patients displayed a perivascular aggregation.  

Interestingly, the treated RA patients showed a mixture of both responses, suggesting that some 

immune abnormalities remain active during treatment with TNF-α inhibitors [80].  The 

significance of this altered response remains unknown. 

1.5.6 Animal Model 

Collagen-induced arthritis (CIA) is a mouse model of rheumatoid arthritis, with many 

similarities to the human disease.  Mice are injected with type II collagen in Complete Freund’s 

Adjuvant, to generate antibodies to collagen.  As type II collagen is abundant in synovial joints, 

these antibodies attack joints in the extremities.  About three to four week after injection, most 

animals develop swelling and erythema in one or more paws, which is the clinical presentation of 

the arthritis.  The disease is self-limiting, as it spontaneously resolves over time, sometimes 

leading to ankylosis of affect joints.  The histopathological appearance of CIA is similar to that 

seen in RA, with synovitis, pannus, and erosion of bone and cartilage [81]. 



28 
 

1.6  Animal Model of Inflammation 

The murine air pouch is an experimental mouse model for assessing the inflammatory 

response to different materials, including metal particles.  Sterile air is injected beneath the skin 

on the back of the mouse to create a pocket for material implantation or injection.  Once the 

pouch is established, the test material is either injected or implanted into the pouch.  Two to four 

weeks after material introduction, the pouch is harvested for molecular and histological 

evaluation.  The membrane thickness, cell number, and cell type are measured to assess the 

inflammatory response to the implanted material.  A thinner membrane composed mostly of 

fibroblasts would indicate a benign healing response, while a thick membrane containing many 

mononuclear cells would indicate inflammation.  The model provides sufficient tissue to allow 

molecular evaluation of the pouch tissue to assess levels of inflammatory cytokines, such as IL-1 

and TNF-α.  A variation of the pouch model includes the surgical implantation of syngeneic 

bone with particles to examine bone resorption due to the particles [35].  This model will be 

utilized for this study. 

1.7 Research Plan 

This study will use the murine air pouch model to investigate the differences in the 

inflammatory response to cobalt-chromium (CoCr) particles in chromium sensitized or arthritic 

animals.  It is hypothesized that both the chromium sensitized and arthritic animals will display a 

stronger inflammatory response to the metallic particles than the control animals, suggesting that 

there may be a stronger inflammatory response around the implant in hypersensitive and arthritic 

patients.  This study will also examine the response to UHMWPE particles (known to be 

inflammatory) in both chromium sensitized and arthritic animals to determine whether metal 

hypersensitivity or rheumatoid arthritis can influence the response to non-metallic particles.  A 
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further objective is to assess whether the introduction of UHMWPE or CoCr particles into the air 

pouch will affect the course of CIA in mice. 

 This study will investigate three basic questions.  First, does the increased metal exposure 

of patients with failing implants lead to the development of metal hypersensitivity, or does a pre-

existing metal hypersensitivity lead to the implant failure by causing a greater response to the 

implant debris?  Secondly, does rheumatoid arthritis, as an autoimmune disorder, affect the 

biological response to implant debris?  Lastly, does the introduction of debris affect the 

progression of the arthritis?  The working hypothesis for this study is that the sensitization to 

chromium and the collagen induced arthritis will cause an increased inflammatory response to 

implanted debris and lead to increased resorption of the implanted bone.  The secondary 

hypothesis is that the introduction of debris will increase the severity of the collagen induced 

arthritis.  
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CHAPTER 2 
 

MATERIALS AND METHODS 
 
 

2.1 Animals 

One hundred and twelve female DBA/1 mice were purchased from The Jackson 

Laboratory (Bar Harbor, Maine) for this study.  Thirty-six underwent metal sensitization, thirty-

six underwent collagen arthritis induction, and twenty-four were sensitized to keyhole limpet 

hemocyanin (KLH) and served as controls.  Because the adjuvant utilized in the sensitization 

process can alter the immune responses in the animals regardless of the specific targets, the 

controls were sensitized.  Since KLH is not found in rodents, the sensitization was not expected 

to induce an adaptive immune response in the mice.  The remaining sixteen mice served as bone 

donors.  The animals were acclimated to the animal facility for one week prior to commencement 

of the study, and all received a standard rodent diet (5001) supplemented with a higher fat diet 

(5015) to increase arthritis development.  All animals were monitored daily throughout the study 

for health status.  All animal activities were approved by the Wichita State University 

Institutional Animal Care and Use Committee. 

2.2 Conjugate Preparation 

 A hapten carrier conjugate was prepared for the metal sensitization using glutathione 

(GSH), chromium, and rabbit serum albumin (RSA) as described by Yang and Merritt.  RSA 

served as the carrier protein while GSH was used to attach chromium to the RSA.  GSH is 

effective in binding metal ions due to the presence of a mercaptan group.  To prepare carboxyl 

groups as additional binding sites, GSH was treated with 1-Ethyl-3-(3-dimethylaminopropyl) 

Carbodiimide Hydrochloride (EDC) [56]. 
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 10 ml of a 5 mg/ml solution of GSH in water was prepared, and combined with 10 ml of 

a 50 mg/ml solution of EDC.  The solution was adjusted to pH 5 with HCl or NaOH as needed, 

and incubated for 5 minutes at room temperature.  Next, 20 ml of a 46 mg/ml solution of RSA 

was added to the solution and incubated for 4 hours at room temperature.  After incubation, 20 

ml of a 0.2M sodium acetate buffer was added to stop the reaction, and the solution was 

incubated for 1 hour at room temperature.  In order to separate the unbound GSH from the GSH-

RSA compound, the solution was dialyzed overnight with four changes of phosphate buffered 

saline (PBS).   25 ml of a 1mM solution of chromium chloride was prepared in water, and 3 ml 

of the GSH-RSA mixture was added dropwise with constant stirring.  Next, the solution was 

again dialyzed  overnight with four changes of PBS.  The final solution was sterilized by passage 

through a 0.22 µm syringe filter, and stored at 4°C until use.  A bicinchoninic acid (BCA) 

protein assay kit (Pierce, Rockford, IL) was used to determine the protein concentration of the 

finished conjugate, to determine necessary dilution for injection. 

2.3 Metal Hypersensitivity Induction and Assessment 

For the metal hypersensitivity group, thirty-six mice received three intraperitoneal 

injections of 0.2 ml of a 0.25 mg/ml protein solution of the chromium conjugate emulsified in 

0.2 ml of Freund’s Adjuvant by mixing in glass syringes with a three-way stopcock, with each 

injection separated by three weeks.  The first injection contained Complete Freund’s Adjuvant, 

while the last two contained Incomplete Freund’s Adjuvant.  Mice were pre-bled to assess 

baseline serum antibody levels.  Blood was further collected ten days after each injection, and 

again at sacrifice to determine the presence of antibodies to chromium. 
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Each retro-orbital blood collection procured about 100 µl of blood.  The blood was 

collected in glass tubes and allowed to clot.  The serum was collected and centrifuged to remove 

any red blood cells.  The serum was stored at -20°C until analysis by ELISA. 

2.4 Preparation of Arthritis Conjugate 

 Bovine type II collagen was dissolved in 0.01 M acetic acid to reach a concentration of 1 

mg/ml.  This solution was emulsified in an equal volume of Complete Freund’s Adjuvant by 

mixing in glass syringes with a three-way stopcock immediately prior to injection. 

2.5 Collagen Induced Arthritis Induction and Disease Assessment 

Thirty six mice received an intradermal injection of 100 µg of bovine type-II collagen in 

Complete Freund’s Adjuvant at the base of the tail four weeks prior to the establishment of the 

air pouches.  The CIA mice were monitored daily for the development of arthritis, manifested by 

swelling and redness of one or more paws.  Once observed, calipers were used to measure the 

thickness of all paws and both ankles three times each week for the rest of the study period.  The 

four paws were scored as follows: 0 – normal, no arthritis; 1 – paw swelling and erythema; 2 – 

swollen paw with limited movement of digits; 3 – ankylosis of joints.  Food pellets were placed 

on the bottom of the cage to facilitate feeding by the mice during the inflammatory portion of the 

arthritis.  Mice were pre-bled prior to the injection to assess levels of collagen specific antibodies 

present in the serum.  Blood was again collected four weeks after injection, and at sacrifice. 

2.6 Preparation of Sensitizer for Control Group 

 20 mg of KLH (Sigma Aldrich, Springfield, MO) was reconstituted with 2 ml of 

deionized water per manufacturer’s instructions to obtain a 10 mg/ml solution of KLH in sodium 

phosphate buffer at a pH of 7.4.  This was diluted to obtain a concentration of 1 mg/ml.  This 
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solution was emulsified in an equal volume of Complete Freund’s Adjuvant by mixing in glass 

syringes with a three-way stopcock immediately prior to injection. 

2.7 Control Group Injections 

Twenty-four mice received an intradermal injection of 100 µg of KLH emulsified in 

Complete Freund’s Adjuvant at the base of the tail four weeks before air pouch induction.  

Because KLH is not found in mice, this injection was not expected to induce autoimmunity. 

2.8 Air Pouches 

Two days after the final metal sensitization injection, and four weeks after the collagen 

and KLH injections, air pouches were established on all mice.  The animals were anesthetized 

with an intraperitoneal injection of 90 mg/kg of Ketamine and 8 mg/kg of Xylazine.  The back of 

the animals were shaved and disinfected.  Next, 2.5 ml of sterile air was injected subcutaneously 

to form a pouch under the skin in the middle of the back.  The pouch was re-inflated as needed 

every other day to maintain the pouch size.   

Six days later, 16 genetically identical mice were sacrificed and femurs and tibias were 

harvested under sterile conditions.  The same day, all pouch mice had a portion of the proximal 

femur, proximal tibia, or distal femur from a donor mouse implanted into the air pouch.  On the 

day of surgery, all mice received a subcutaneous injection of 0.05 mg/kg Buprenorphine and 5 

mg/kg Carprofen for preventative analgesia.  The animals were anesthetized with an 

intraperitoneal injection of 90 mg/kg of Ketamine and 8 mg/kg of Xylazine, and the pouch area 

disinfected with Povidone-Iodine.  An incision was made into the air pouch, and a portion of the 

femur or tibia of a donor mouse was implanted into the pouch using sterile surgical technique.  

The skin and pouch were sutured closed, and the mice were recovered from anesthesia and 

returned to normal housing. 
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Two days later, the 3 groups were further divided into 3 groups: saline, cobalt-chromium 

particles, and UHMWPE particles.  According to group, the air pouches were injected with 500 

µl of saline, 5 mg of cobalt-chromium particles in 500 µl of saline, or 5 mg of UHMWPE 

particles suspended in 500 µl of saline.  The study outline is displayed in Table 2.1, and a 

timeline in Table 2.2 

Table 2.1:  The study groups. 

Treatment Saline Cobalt-Chromium 
Particles 

UHMWPE 
Particles 

CIA 12 12 12 
Metal Hypersensitivity 12 12 12 
KLH (Control) 8 8 8 

 

Table 2.2:  Study timeline. 

Procedure Sensitization Groups Day 
Pre-Bleed All 0 
1st Metal Injection Metal Hypersensitivity 5 
CIA and Control Injection CIA and Control 19 
2nd Metal Injection Metal Hypersensitivity 27 
Bleed Metal Metal Hypersensitivity 36 
3rd Metal Injection Metal Hypersensitivity 48 
Start Air Pouch All 50 
Implantation Surgery All 56 
Particle Injection All 58 
Bleed All Mice All 69 
Sacrifice/Terminal Bleed All 84 

 

2.9 Harvest 

 All animals were sacrificed 26 days after the particle injections into the each air pouch.  

An overdose of pentobarbital was administered intraperitoneally, and the animals underwent 

terminal bleeding.  The air pouches were harvested and divided into two pieces.  The portion for 

histology was fixed in 10% formalin and decalcified using EDTA prior to sectioning.  The other 

half was snap frozen and stored at -80°C for molecular analysis.  All CIA mice and two each of 
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the other two groups had all four feet harvested at the elbow or knee, fixed in 10% formalin, and 

decalcified using EDTA prior to sectioning. 

2.10 Metal Antibody ELISA 

 An ELISA was performed to detect any serum antibodies against chromium.  All reagents 

were prepared using ultrapure water and without any metal instruments to avoid undesirable 

binding of glutathione to any metal ions.  The plates were coated with 100 µl of a coating buffer 

containing 0.5 mg/ml of GSH, and incubated overnight at 4°C.  The next day, 25 µl of PBS or 25 

µl of PBS containing 0.15 mg/ml of CrCl2 was added to each well, and incubated overnight at 

4°C. The plates were washed three times with 300 µl of ELISA washing buffer with 0.5% Tween 

80 and 0.1% gelatin.  The plates were blocked for one hour at 37°C with 200 µl of ELISA 

blocking buffer containing 1% gelatin.  The plates were washed six times, then 100 µl of a 1:100 

dilution of serum samples in blocking buffer were added to the wells.  After one hour at 37°C, 

the plates were washed six times, and 100 µl of alkaline phosphatase conjugated goat anti-mouse 

antibody was added to each well, and incubated for 45 minutes at 37°C.  Next, the plates were 

washed six times, and 200 µl of diethanolamine containing the PNPP substrate was added to 

each well.  To discern antibodies against glutathione from those against chromium, half of the 

wells were coated with glutathione and chromium, and the other half with glutathione only.  The 

plates were read at OD 405 on a microplate reader after 15 minutes of incubation with the 

substrate.  The strength of the antibody response to the metal was determined by the ratio of the 

OD of the GSH+Cr wells the to OD of the GSH wells, as shown in equation 2.1. 

𝑂𝑂𝑂𝑂 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑂𝑂𝑂𝑂 (𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐶𝐶𝑟𝑟)
𝑂𝑂𝑂𝑂 (𝐺𝐺𝐺𝐺𝐺𝐺)

 
(2.1) 
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2.11 Collagen Antibody Assay 

 For the assay, 96-well plates were coated with 300 µl of the coating buffer containing 3 

µg of bovine type II collagen, and incubated overnight at 4°C.  Next, the plates were washed 

three times with PBS containing 0.05% Tween 20, and then blocked with 5% of non-fat milk 

protein overnight at 4°C.  Then the plates were dumped and the serum samples were diluted to 

reach a 1:1000 dilution in blocking buffer.  The serum samples were added to the wells, and the 

plates were incubated at 4° overnight.  After three more washes, the plates were developed by 

addition of a 1:500 dilution of anti-mouse immunoglobulin labeled with alkaline phosphatase.  

After a two hour incubation period, the plates were washed six times, and the p-nitrophenyl 

phosphate substrate was added.  The plates were incubated at room temperature in the dark for 

15 minutes.  Next, the optical densities (OD) of each well in the plate were read with a 

microplate reader at 405 nm.  All samples were analyzed in triplicate and the results were 

averaged.  The positive control wells were coated with anti-mouse immunoglobulin.  Blanks 

included non-coated wells and coated wells with and without serum added to define the baseline 

OD reading.  The means of each group were compared using a one-way ANOVA with LSD 

post-hoc testing with SPSS.  The limit of statistical significance was defined as p< 0.05. 

2.12 Molecular Analysis of Pouch Tissue 

The other half of the air pouches were frozen and stored at -80ºC until analysis.  The 

tissue was homogenized using a Polytron tissue homogenizer.  A BCA kit was used to determine 

the amount of protein in each homogenized sample, which was used to dilute the protein down to 

40 µg/100 µl.  96-well plates were coated with 100 µl of capture antibody (IL-1, IL-6, or TNF-α) 

in 100 µl of 0.1 M sodium bicarbonate buffer in each well and incubated overnight at 4°C.  The 

plates were washed five times with 300 µl of PBS containing 0.05% Tween 20.  The plates were 

blocked with 200 µl of assay diluent in each well for four hours at room temperature.  The 
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blocking solution was dumped prior to addition of samples.  The samples were added in 100 µl 

of assay diluent containing 40 µg of protein and the plates were incubated overnight at 4°C.  The 

next day, the plates were washed six times with 300 µl of PBS containing 0.05% Tween 20, and 

blotted dry on paper towels.  Next, 100 µl of the appropriate biotin-conjugated antibody was 

added to each well and incubated at 37°C for one hour.  The plates were again washed six times, 

and 100 µl of streptavidin-horseradish peroxidase (HRP) was added to each well.  After 40 

minutes of incubation at room temperature, the plates were washed six more times.   

To develop the plates, 100 µl of TMB solution was added to each well and the plates 

were incubated for 5-20 minutes in the dark.  Once the reference samples developed sufficient 

color, the reaction was stopped by the addition of 50 µl of 2N H2SO4 stop solution to each well.  

Within 10 minutes of the addition of the stop solution, the optical density of each well was 

measured at 450-570 nm with a microplate reader.  A reference curve was produced on each 

plate to determine quantitative cytokine levels in the samples.   

2.13 Paw Histology 

All mouse paws were decalcified and histological sections stained with hematoxylin and 

eosin (H&E).  The carpal and tarsal joints were assessed for synovial inflammation, pannus 

formation, erosion of cartilage and bone, and fibrous or bony infiltration.  Table 2.3 shows the 

scoring system for the arthritis paw histopathology. 

Table 2.3:  The scoring system used for the arthritis paw histopathology. 

Synovitis  
0 Membrane less than 3 cells thick 
1 Membrane 3-5 cells thick 
2 Membrane 6-10 cells thick 
3 Membrane 10-20 cells thick 
4 Membrane 20-30 cells thick 
5 Membrane over 30 cells thick 
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Table 2.3 (continued) 

Pannus  
0 No pannus formation 
1 Microvilli present 
2 Clear pannus attachment to bone or cartilage 
3 Marked pannus attachment to bone or cartilage 
4 Joint space filled by pannus 
5 Extensive pannus proliferation 
Marginal Erosions  
0 No erosions visible 
1 Minor erosions in area of capsular attachment 
2 Clear cartilage erosions 
3 Erosions extend into subchondral bone 
4 Major erosion of bone and cartilage 
5 Loss of visible cartilage and major bone loss 
Architectural Changes  
0 Normal joint architecture 
1 Edematous changes 
2 Minor subluxation of articulating surfaces 
3 Major subluxation of articulating surfaces 
4 Loss of joint landmarks 
5 Complete fibrosis and collagen bridging 
Overall Score  
0 Classical normal joint appearance 
1 Minor changes; consistent with remission, may be clinically normal 
2 Moderate inflammatory disease 
3 Major inflammatory disease 
4 Destructive, erosive arthritis 
5 Destructive, erosive arthritis with major bone remodeling 

 

2.14 Air Pouch Histology   

One portion of the pouch was fixed in formalin for histological sectioning and staining 

with H&E and assessed using ImagePro software for pouch membrane thickness and cellular 

composition as described by Ottaviani et al [82].  Representative digital photographs were taken 

of each air pouch and the thickness of the pouch membrane as measured in 6 separate locations 

for each animal.  An example of the thickness measurement is shown in Figure 2.1 below.  

Figure 2.2 shows an example of the cellularity and percentage of inflammatory cells 
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measurement.  Cellularity was assessed in 3 places on each membrane by cell count and 

morphology analysis by ImagePro Plus.  The cell counts were divided by the measured area to 

obtain cell density.  Mononuclear cells and fibroblasts were differentiated visually by the 

difference in nuclear aspect ratio.  Mononuclear cells have a more rounded nucleus with an 

aspect ratio close to 1, while fibroblasts are more elongated, and were classified by an aspect 

ratio of at least 1.8.  The software used automatic dark spot detection to count nuclei and display 

each class of cells with a different false color.  Visual inspection was performed for any clearly 

incorrect assignments and the necessary corrections were made.  A high percentage of 

mononuclear cells in the membrane indicates an inflammatory response, while a high percentage 

of fibroblasts indicates a benign healing response [82].   

 

Figure 2.1:  An example of the pouch thickness measurements.  Six measurements were taken 
from the edge of the implanted bone to the outside edge of the pouch, as indicated by the yellow 

lines.  H&E staining.  50x magnification. 
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Figure 2.2:  An example of the cell count performed on each air pouch.  ImagePro Plus applied 
false color to the cells to separate them based on aspect ratio.  The red cells have an aspect ratio 
of less than 1.8, and are classified as mononuclear cells.  The green cells have an aspect ratio of 

at least 1.8, and are classified as fibroblasts.  H&E staining.  400x magnification. 
 

Because of the limitations of the image analysis software to provide an accurate count in highly 

cellular areas, as well as the complications introduced by the injected particles, the images were 

also visually inspected and scored by the scale listed in Table 2.4. 

Table 2.4:  The lymphocyte infiltration scoring system for the air pouch histopathology. 

Score Description 
0 Few to no lymphocytes 
1 Diffuse scattering of lymphocytes throughout tissue section 
2 Focal accumulation of lymphocytes, or diffuse lymphocytes making up 10% or more of 

the total cells in the section, with or without vascular trafficking 
3 Dense accumulation of lymphocytes with perivascular lymphocytic cuffing 
 

 



41 
 

2.15 Bone Density 

 The density of the implanted bone segments was evaluated using the image optical 

density (IOD) measurement in ImagePro Plus.  Density was assessed in three separate areas for 

each pouch, with an equally sized area of interest (AOI).  The more demineralized bone sections 

had higher IOD scores than the areas with higher density bone, since demineralized bone has a 

lower staining intensity than normal, dense bone. 

2.16 Statistical Evaluation 

Statistical evaluation of all results was performed with the SPSS software package.  The 

means of each group were compared using one-way ANOVA and LSD post-hoc analysis for 

most measurements.  Due to high standard deviations in the bone density and mononuclear cell 

percentages were compared by student t-test to obtain more accurate data.  The limit of statistical 

significance was defined as p < 0.05 for all analyses. 
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CHAPTER 3 

RESULTS 

 

 In order to examine the effects of metal hypersensitivity and collagen induced arthritis on 

the inflammatory and osteolytic response to particulate debris, it was first necessary to sensitize 

the animals to chromium, type II collagen, or KLH using Freund’s Adjuvant.  To assess the 

success of the sensitizations, serum samples were analyzed for circulating antibodies using 

ELISAs. 

3.1 Metal Sensitization 

 Blood samples from the metal sensitive group were collected before the first injection, 10 

days after each of the three injections, and again at sacrifice to track the levels of circulating 

metal antibodies.  Representative samples from the other two groups were also analyzed.  An 

ELISA was used to determine the presence of antibodies to chromium, as described in section 

2.10.  Because it was possible to induce the formation of antibodies directed toward the GSH 

instead of the Cr bound to the GSH, and some non-specific antibody binding was expected, half 

of the wells were coated with GSH with Cr, and half were coated with GSH only.  The ratio of 

the OD readings from the GSH-Cr wells to the GSH wells was used to determine the level of 

chromium specific antibodies.  This calculation assumes that direct binding to GSH was equal in 

wells with and without Cr, which was considered reasonable due to the great size difference 

between GSH and Cr.  A ratio of 1 or greater would indicate the presence of Cr antibodies. 

 The changes in serum antibody levels were normalized to the initial pre-bleed values by 

subtracting the initial OD ratio of each mouse from subsequent blood collections.  Most animals 

showed an increasing antibody level over time, indicating an increasing immune response with 

each injection, but there was some variability.  It is possible that the second and third 
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sensitization injections acted as antigen depots in some animals, sequestering antibodies out of 

the blood circulation and preventing accurate measurement.  Because of the variability in 

sequential samples, a positive response was defined as an optical density ratio of 0.4 or higher at 

any time point, normalized to the pre-bleed ratio.  Based on this cut-off 12 of the 36 animals 

were defined as sensitized to chromium.  No representative animals from the CIA and control 

groups developed metal antibodies.  Figure 3.1 shows the highest OD ratio for each metal 

hypersensitive group mouse by ear tag number and two mice from the CIA and Control groups 

over all sampling points, normalized to the pre-bleed ratio.  Figure 3.2 shows the normalized OD 

ratio for each animal at each time point.  Table 1 shows all animals considered positive for 

antibodies to chromium.  Animals 1022-1033 received a pouch injection of PBS, 1034-1045 

received UHMWPE particles, and 1046-1057 received CoCr particles. 

 

Figure 3.1:  The highest normalized OD ratios for all animals in the metal hypersensitive group.  
Any animal with a ratio of at least 0.4 at any time point was considered to be positive for 

antibodies to chromium.  The highest ratios for each animal are displayed. 
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Table 3.1:  Mice positive for chromium hypersensitivity and the highest normalized OD ratios. 
 

Animal Number Pouch Injection Groups Highest Normalized OD Ratio 
1022 PBS 0.52 
1024 PBS 0.51 
1032 PBS 0.52 
1036 UHMWPE 0.56 
1037 UHMWPE 0.94 
1039 UHMWPE 0.46 
1042 UHMWPE 0.47 
1044 UHMWPE 0.82 
1045 UHMWPE 0.70 
1052 CoCr 0.41 
1056 CoCr 0.52 
1057 CoCr 0.40 

 
 

 

Figure 3.2:  The OD ratios for all animals in the metal hypersensitive group at each sampling 
point, and representative animals from the other treatment groups.  None of the tested mice in the 

other sensitization groups developed antibodies to chromium based on the study criteria.  All 
results were normalized to the pre-bleed ratios, and show high variability between animals and 

over time.  The final rats are the representative animals from the other sensitization groups. 
 

3.2 Collagen Sensitization 
 
 Blood samples were collected from the collagen arthritis group prior to the sensitization 

injection, four weeks after the injection, and again at sacrifice.  An ELISA was performed on the 
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serum samples to determine the presence of antibodies to collagen, as described in section 2.11.  

Successful sensitization was defined as an OD of at least 0.5 after the sensitization.  All mice in 

the CIA group developed antibodies to type II collagen (Figure 3.3).  Mice 1058-1069 received a 

pouch injection of PBS, 1070-1081 received UHMWPE particles, and 1082-1093 received CoCr 

particles. 

 

Figure 3.3:  The collagen antibody level of each of the collagen sensitized animals at each 
sampling time point. 

 
3.3 Pouch Cytokine Levels 

 The levels of IL-1, IL-6, and TNFα in the pouch homogenates were assessed by ELISA, 

as described in section 2.13.  A reference standard curve was performed on each plate using the 

antibodies provided in the kits, and all plates displayed a good curve with correlation coefficient 

value of at least 0.995.  The total protein levels in each homogenate were determined by use of a 

BCA protein kit, and were adjusted to deliver 40 µg of protein to each well.  The ELISAs of all 

samples indicated the complete absence of any of the three tested cytokines.  Samples of the 

homogenates were spiked with the kit cytokine standards to investigate the possibility of an 
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inhibitor in the sample.  The spiked samples showed an amount of cytokine equal to the amount 

added, indicating that there was no inhibition.  No detectable levels of IL-1, IL-6 or TNFα were 

present in any pouch samples. 

3.4 Air Pouch Thickness Measurements 

The thickness of each pouch membrane was measured using ImagePro Plus.  Six 

individual measurements were taken for each animal, either from one section or multiple 

sections.  The distance between the edge of the implanted bone and the outside edge of the 

membrane was measured, and the mean calculated for each animal.  Care was taken to avoid 

sections with large gaps due to tissue separation during histological processing to obtain a more 

accurate measurement.  The pouch thicknesses of all UHMWPE groups were greater than any of 

the PBS (range p<0.000 to p<0.001) and CoCr groups (range p<0.000 to p<0.013).  There were 

no significant differences between any of the groups receiving the same particle injection.  In 

general, the PBS pouches were thinnest, the CoCr pouches were thicker, and the UHMWPE 

pouches were the thickest.  There were no significant differences between metal hypersensitivity 

group mice that did or did not develop antibodies to chromium.  Based on the overall pouch 

thicknesses of each study group, none of the specific sensitizations made a significant difference 

in the response to the particle injections.  This indicates that the inflammatory response to the 

particles was more dominant than the adaptive immune response.  The mean thicknesses for each 

group are displayed in Figure 3.4.  Figures 3.5-3.7 show representative examples of the pouch 

membrane thicknesses for animals receiving PBS, UHMWPE, and CoCr. 
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Figure 3.4:  The mean pouch thicknesses of each experimental group, with positive and negative 
metal sensitive animals separated.  Each group name indicates the sensitization group (metal, 

CIA, or Control), the pouch injection (PBS, UHMWPE, or Cr), and the presence or absence of 
chromium antibodies for the metal hypersensitive group (Yes or No, respectively).  The error 

bars indicate standard error. 
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Figure 3.5:  A representative animal from the PBS groups.  The membrane is relatively thin, 
indicating a low level of inflammation.  The orange arrow indicates the edge of the implanted 
bone.  The yellow lines indicate thickness measurements.  H&E staining.  50x magnification. 

 
 



49 
 

 

Figure 3.6:  A representative animal from the UHMWPE groups.  The membrane is quite thick 
with appreciably high levels of UHMWPE debris.  This indicates a relatively high level of 
inflammation.  The orange arrow indicates the implanted bone.  The yellow lines indicate 

thickness measurements.  H&E staining.  50x magnification. 
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Figure 3.7:  A representative animal from the CoCr groups.  The membrane is thicker than the 
PBS groups and thinner than the UHMWPE groups, indicating a moderate level of inflammation.  

CoCr particles are visible.  The orange arrow indicates the implanted bone, the blue arrow 
indicates the bone marrow of the implanted bone, and the green arrow indicates the CoCr 

particles trapped in the pouch membrane.  The yellow lines indicate thickness measurements.  
H&E staining.  50x magnification. 

 
3.5 Pouch Cell Counts and Inflammatory Percentages 

Pouch cell counts were performed using Image Pro Plus image analysis software.  Three 

AOIs with a consistent area were analyzed for each animal, and the mean count for each animal 

was calculated and divided by the area to obtain cell density.  A higher cell density indicates an 

elevated cellular response in the pouch.  Figure 3.8 displays the mean cell density per group.  

There were no significant trends observed between study groups.  It is notable, however, that 

only three mice in the metal sensitive PBS and CoCr groups that developed antibodies to 

chromium, decreasing the statistical power of any comparision. 
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Figure 3.8:  The mean cell density for each study group, with the positive and negative metal 
sensitive animals separated.  The error bars indicate standard error. 

 
The nuclei in each AOI were counted and separated based upon the aspect ratio, to 

separate them into mononuclear cells and fibroblasts.  Cells with an aspect ratio of 1.8 or greater 

were classified as fibroblasts and those with an aspect ratio less than 1.8 were classified as 

mononuclear cells.  A greater percentage of mononuclear cells indicates a more inflammatory 

response.  Figure 3.9 displays the mononuclear cell and fibroblast percentages of each group. 
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Figure 3.9:  The mean mononuclear and fibroblastic cell percentage for each study group, with 
the positive and negative metal sensitive animals separated.  The error bars indicate standard 

error. 
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both), and the control PBS group (p<0.001).  The CIA UHMWPE group had a percentage of 

mononuclear cells significantly greater than the positive and negative metal hypersensitive PBS 
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control UHMWPE group had a higher percentage of mononuclear cells than the positive metal 

hypersensitive PBS group, but it was not quite statistically significant (p=0.078).  The control 

UHMWPE group had a higher percentage of mononuclear cells than the negative metal 

hypersensitive PBS group (p<0.008), the positive and negative metal hypersensitive Cr groups 

(p<0.047 and p<0.009, respectively), the CIA PBS and Cr groups (p<0.001 and p<0.008, 

respectively), and the control PBS group (p<0.011).  The control Cr group had a significantly 

higher percentage of mononuclear cells than the CIA PBS group (p<0.015). 

The more inflammatory character of the UHMWPE group pouches would be expected 

given the highly inflammatory nature of UHMWPE particles.  The only surprise was the lower 

inflammation of the negative metal hypersensitive UHMWPE group.  Because the pouches 

contained no metal, it is doubtful that chromium specific antibodies would affect the response to 

UHMWPE.  However, the presence of the antibodies would indicate a higher level of immune 

activation, potentially leading to more active macrophages to respond to the UHMWPE particles.  

It would be interesting to determine if the control group had developed measurable antibodies to 

the KLH.  The mononuclear cell percentage of the control CoCr group was also relatively high, 

suggesting that the Complete Freund’s Adjuvant injection by itself may have increased systemic 

inflammation or immune activity, although that would not explain the low densities in the 

control PBS group.  It is suspected that the long implantation time may have affected the cell 

densities.  Even mice in the PBS groups showed significant inflammation with bone resorption, 

as discussed later. 

3.6 Lymphocytic Infiltration 

The pouches were scored on a scale from 0-3, as described previously in section 2.14, 

based on the level of lymphocyte infiltration, as well as the focal or diffuse nature of the 
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infiltrate.  The nature of the biological response in the air pouches was extremely varied, even 

within study groups.  No discernable pattern or trend was displayed in the groups due to the high 

intragroup variability.  Figure 3.10 shows the mean scores for each study group, with the positive 

and negative metal sensitive groups separated.  Some animals displayed a non-lymphocytic 

response, either primarily fibroblastic or inflammatory (Figure 3.11).  Some of the pouches 

contained sparse lymphocytes only, with primarily fibrous tissue (Figure 3.12).  The mere 

sensitization, even to KLH, of the animals provoked a generalized lymphocytic response in some 

animals, even in the non-particle stimulated PBS groups.  This was observed as a diffuse 

lymphocytic infiltrate (Figure 3.13), as opposed to a focal aggregation.  In one arthritic animal, a 

focal lymphocyte aggregate was observed surrounding a piece of UHMWPE debris, suggesting 

an exaggerated adaptive immune response, potentially initiated by the innate response to 

particulate debris (Figure 3.14).  In many pouches no lymphocytes, or very few, were present.  

The few lymphocytes seen in these sections were likely simply trafficking through the tissue, 

rather than collecting to initiate or sustain an immune response to the pouch contents.  In those 

cases, the response was primarily inflammatory, consisting of mostly scattered macrophages and 

osteoclasts, or fibroblastic, resulting in the formation of a fibrous capsule surrounding the pouch.  

In some cases, a focal lymphocytic aggregate was observed surrounding one or more blood 

vessels, consistent with the perivascular lymphocyte cuffing described in patients with ALVAL 

responses in the periprosthetic tissue at revision surgery [6] (Figures 3.15 and 3.16).  One of the 

positive metal hypersensitive mice which received CoCr particles developed the focal 

lymphocytic aggregate with possible clonal expansion due to the presence of a mitotic cell in the 

middle of the aggregate.  This suggests an adaptive immune response targeting chromium in a 

hapten-carrier complex.  The fact that this response did not occur in all animals in any group 



55 
 

mirrors the variation observed among implant patients.  In several pouches, the majority of the 

pouch membrane was quite thin and completely fibroblastic, but the area surrounding the sharp, 

cut end of the implanted bone was often inflamed.  This was likely due to mechanical damage to 

the pouch lining, and/or inflammatory cells originating in the marrow cavity of the implanted 

bone, as opposed to an immune response.  The implanted marrow was visibly active in many of 

the pouches.  Figures 3.11-3.16 show examples of each of the scores to illustrate the grading 

process. 

 

Figure 3.10:  Mean lymphocyte infiltration scores for each study group.  The error bars indicate 
standard error. 
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Figure 3.11:  A representative air pouch scored as a 0.  The membrane itself is quite thin, and 
nearly all visible membrane cells are fibroblasts.  There is no significant mononuclear 

infiltration.  The orange arrow indicates the implanted bone, and the green arrow indicates the 
bone marrow inside the implanted bone.  H&E staining.  200x magnification. 
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Figure 3.12:  A representative animal scored as a 1.  This section contains a few lymphocytes, 
but they are diffuse, with no focal aggregation.  Some UHMWPE particles are visible in this 
section, as well as blood vessels.  The majority of the cells in this section are fibroblasts, with 

considerable acellular fibrous tissue.  The orange arrow indicates the implanted bone, the green 
arrow indicates a blood vessel in the membrane containing erythrocytes, the blue arrow indicates 

lymphocytes, and the red arrow indicates UHMWPE debris contained within the membrane.  
H&E staining.  400x magnification. 
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Figure 3.13:  A representative air pouch scored as a 2.  It contains a diffuse infiltrate of 
lymphocytes, suggestive of a more systemic lymphocyte response, rather than a focal specific 
target.  This response is consistent with published descriptions of metal hypersensitivity.  The 

orange arrow indicates the articular cartilage surface of the implanted bone, the red arrow 
indicates the bone marrow within the implanted bone, the green arrow indicates a blood vessel, 
and the blue arrow indicates the diffuse lymphocytic infiltration.  The yellow arrow indicates an 

erosive pit along the surface of the implanted bone.  H&E staining.  200x magnification. 
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Figure 3.14:  A second representative air pouch scored as a 2.  Focal lymphocyte aggregation is 
observed at the lower end of the slide, but no perivascular lymphocytic cuffing.  The lymphocyte 
accumulation appears to surround a piece of UHMWPE, suggesting that the initial response may 

have been inflammatory, rather than immune.  The rest of the slide contains a mixture of 
mononuclear cells and fibroblasts, with large areas of fibrous tissue running through the section.  
The orange arrow indicates the articular cartilage surface of the implanted bone, the green arrow 
indicates an area of fibrous tissue, the red arrow indicates UHMWPE in the pouch, and the blue 

arrow indicates the focal lymphocyte aggregation surrounding UHMWPE debris.  H&E staining.  
200x magnification. 
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Figure 3.15: A representative air pouch scored as a 3, the maximum level of lymphocytic 
infiltration.  Large numbers of lymphocytes are found throughout the section, with dense 

collections of inflammatory cells.  A dense perivascular lymphocyte cuffing is visible 
surrounding one blood vessel, presumably due to the extravasation of lymphocytes from the 
blood circulation into the tissue.  Two mononuclear cells are visible within the lumen of the 

blood vessel.  There is also very tight contact between the membrane tissue and the implanted 
bone, with evidence of bone resorption.  The orange arrow indicates the implanted bone, the 

green arrow indicates fibrous tissue in the pouch, and the blue arrow indicates the perivascular 
lymphocytic aggregate.  H&E staining.  200x magnification. 
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Figure 3.16:  A second representative air pouch scored as a 3.  There is an intense lymphocyte 
infiltration near multiple blood vessels.  The green arrow indicates a blood vessel, and the blue is 

a lymphocyte aggregation.  There is potential evidence of clonal expansion with visible 
lymphocyte mitosis.  This may be a case of true perivascular lymphocyte cuffing of a blood 
vessel deeper in the section under the accumulation of lymphocytes, or this may be an early 

germinal center, in which new lymphocyte development is taking place.  This animal was in the 
metal hypersensitive group and received CoCr particles, suggesting a potential role of chromium 

sensitivity in the response to the particles.  This animal did not develop detectable circulating 
antibodies to chromium, so it may be a cell-mediated hypersensitivity response.  H&E staining.  

400x magnification. 
 

The observed results, in which the response to either particulate was typically greater 

than the response to PBS, indicated that the inflammatory response to either particle was greater 

than the immunological response, regardless of the sensitization.   

Although most pouches showed some degree of fibrous tissue deposition, two animals 

showed a necrotic response consistent with the definition of necrobiosis by Doorn et al.  Unlike 

conventional necrosis, the fibrous tissue remains intact and the fibroblasts and mononuclear cells 

die.  This response is described in the presence of particulate debris [21].  One animal received 
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UHMWPE particles (Figure 3.17) and the other received CoCr particles (Figure 3.18), consistent 

with the description above.  This response is non-inflammatory, as evidenced by the lack of 

cellularity of the membrane in contact with the implanted bone, the loose adherence to the bone, 

and the lack of erosions of the implanted bone.  This appears to be a more benign response, 

forming a fibrous capsule separating the foreign material from the rest of the body. 

 

Figure 3.17:  An UHMWPE air pouch displaying necrobiosis.  This animal was in the positive 
metal hypersensitive group and received UHMWPE particles.  A large fibrous area is located 
next to the implanted bone, and is mostly acellular.  UHMWPE particles are visible within the 
necrobiotic tissue.  Interestingly, the bone surface appears untouched and the necrobiotic pouch 
tissue is not tightly adherent.  This appears to be a non-inflammatory and non-osteoclastic 
membrane response adjacent to the implanted bone.  The orange arrow indicates the intact 
articular cartilage of the implanted bone, the blue arrow indicates the acellular fibrous tissue, and 
the green arrows indicate UHMWPE inside the necrobiotic tissue.  H&E staining.  200x 
magnification. 
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Figure 3.18:  A CoCr air pouch displaying necrobiosis.  This animal was in the CIA group and 
received CoCr particles.  A large, mostly acellular fibrous area is surrounded by fibroblasts.  
Numerous CoCr particles are visible within the necrobiotic tissue.  The blue arrow indicates an 
acellular area of necrobiosis, and the green arrow indicates CoCr particles contained in the 
necrobiotic tissue.  H&E staining.  200x magnification. 
 
3.7 Implanted Bone Density 

3.7.1 Image Optical Density 

The IOD values were assessed using three AOIs of the same size to measure the density 

of the implanted bone, as described in section 2.15.  There was an inverse relationship between 

the IOD value and the bone mineral density with H&E staining.  Figure 3.19 shows the mean 

IOD values for all study groups.  The hypothesis was that the metal hypersensitive and arthritic 

animals would display lower bone densities than the control animals, and that the animals 

receiving particles in the air pouch would have lower bone densities than those receiving only 

PBS, but this was not observed.  Interestingly, the positive metal hypersensitive animals that 

received CoCr particles showed a greater bone density decrease than the positive and negative 
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metal hypersensitive groups receiving PBS (p<0.02 and p<0.001, respectively), and the positive 

and negative metal hypersensitive groups receiving UHMWPE (p<0.03 and p=0.085, 

respectively), although the difference from the negative metal hypersensitive group with CoCr 

was not quite significant.   The difference between the positive and negative metal hypersensitive 

groups with UHMWPE was not significant (p=0.11).  The three arthritic groups showed similar 

levels of bone demineralization, which was significantly greater than both metal hypersensitive 

groups receiving PBS.  The control group that received only PBS showed the greatest amount of 

bone demineralization, significantly greater than all other groups (p<0.001) except for the 

positive metal hypersensitive group with CoCr and the control group receiving UHMWPE 

particles.  These results indicate that there was significant bone loss even in the absence of 

injected particles.   

The air pouch itself is mildly inflammatory, and inflammation can lead to bone loss, as 

described in aseptic osteolysis and rheumatoid arthritis.  It is likely that the extended 

implantation period for the pouches contributed to bone loss.  Based on other studies, major 

osteolysis of implanted bone in this model is observed in all animals regardless of treatment after 

28 days, and this study ended at 26 days.  More significant trends would likely be observed in a 

14-21 day implantation.  The chromium sensitive animal response to CoCr was interesting, 

suggesting that the sensitivity could play a role bone loss in metal hypersensitive patients with 

metallic implants.  The fact that the positive CoCr group showed a greater degree of bone loss 

(p=0.122) than the negative CoCr, although not statistically significant, suggests that metal 

antibodies could play a role in osteolysis, but this would have to be verified with further work.  

The negative metal hypersensitive mice received the same treatment as the positive animals, but 

did not develop sensitivity.  This is consistent with the relationship between sensitive and non-
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sensitive patients with the same type of implant.  This lends support for the role of the individual 

immune system in the response to debris.  Figures 3.20 and 3.21 display examples of 

demineralized bone sections. 

 

Figure 3.19:  The mean IOD values for each study group, with the positive and negative metal 
sensitive groups separated.  The higher the IOD value, the lower the bone density, so the higher 
IOD values indicate a higher amount of bone resorption.  The error bars indicate standard error. 
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Figure 3.20:  A representative section showing demineralization and resorption of the implanted 
bone.  The discoloration indicates a lower density of bone, and pits have formed in the bone, 

infiltrated with osteolytic cells.  The outlines of non-viable osteocytes or chondrocytes are visible 
in the demineralized area, consistent with the continuing bone resorption.  The green arrow 

indicates the interface between the implanted bone and the tightly adherent pouch membrane, 
and the blue arrows indicate demineralized sections of bone.  H&E staining.  200x 

magnification. 
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Figure 3.21:  A second representative section showing demineralization and resorption of the 
implanted bone.  The discoloration indicates a lower density of bone, and pits have formed in the 

bone, infiltrated with osteolytic cells.  The orange arrow indicates a blood vessel with some 
streaming lymphocyte bands running through the pouch tissue, the green arrow indicates a 

demineralized area of the implanted bone with a tightly adherent pouch membrane, and the blue 
arrow indicates an erosive pit in the bone.  H&E staining.  200x magnification. 

 
3.7.2 Osteoclastic Osteolysis 

 In many sections multinucleated cells consistent with the appearance of osteoclasts were 

observed either near or in contact with the implanted bone (Figures 3.22-3.25).  In many cases, 

the cells were observed attached to erosions in the implanted bone.  About 25% of the sections 

showed presumptive osteoclasts, and they were observed in all groups except for the metal 

hypersensitive PBS groups, potentially due to lower levels of inflammation and immune 

responses. 
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Figure 3.22:  A representative section showing several multi-nucleated cells consistent with the 
morphology of osteoclasts attached to an eroded area in the implanted bone.  These cells appear 
to be actively eroding the implanted bone.  The orange arrows indicate the implanted bone, and 
the green arrows indicate the multinucleated cells morphologically consistent with osteoclasts.  

H&E staining.  400x magnification. 
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Figure 3.23:  A second representative section showing several multi-nucleated cells consistent 
with the morphology of osteoclasts attached to an eroded area in the implanted bone.  These cells 

appear to be actively eroding the implanted bone.  The orange arrow indicates the implanted 
bone.  The green arrows indicate several suspected osteoclasts.  H&E staining.  400x 

magnification. 
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Figure 3.24:  A representative section showing a multi-nucleated cell consistent with the 
morphology of an osteoclast next to an area of bone resorption.  The orange arrow indicates an 

area of articular cartilage, the blue area indicates a demineralized area of either bone or cartilage, 
and the green arrow indicates a cell suspected to be an active osteoclast in close contact with the 

implanted bone.  H&E staining.  400x magnification. 
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Figure 3.25:  A representative section showing several multi-nucleated cells consistent with the 
morphology of osteoclasts.  These cells appear to be actively eroding the implanted bone.  The 
orange arrow indicates an intact surface of the implanted bone, and the green arrows indicate 
suspected osteoclasts in close contact with the bone, and within erosive pits.  H&E staining.  

400x magnification. 
 

3.8 CIA Progression 

All mice in the arthritis groups were evaluated daily for the presence and extent of 

arthritis.  The paws were scored from 0-3 based on the scale described previously in section 2.5.  

The appearance, joint mobility and thickness of the paws were used to determine the paw score.  

The initial onset of arthritis is characterized by redness and swelling.  As the paw moves into the 

second stage, the gross inflammation subsides and the swelling decreases.  Some ankylosis is 

also typically observed.  The final stage of the disease is characterized by ankylosis of most 

joints in the ankle or wrist, as the damaged joints are filled with fibrous tissue.   
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All animals developed arthritis except for one mouse in the UHMWPE group.  There was 

no significant difference in the arthritis scores or paw numbers between the groups receiving 

PBS, UHMWPE, or CoCr in the air pouch, indicating that none of these injections had any effect 

on the development and severity of the arthritis.  Figure 3.26 shows the mean arthritis scores for 

each particle group over the study period.  Figure 3.27 shows the mean number of affected paws 

for each particle group over the study period.  Figure 3.28 shows the percentage of affected paws 

in each group. 

 

Figure 3.26:  The mean paw scores by particle group of the arthritic animals by study day.  No 
significant differences were observed between any of the groups at any time point.  The arrow 

indicates the day of the particle injections into the air pouches. 
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Figure 3.27:  The mean number of affected paws by particle group of the arthritic animals by 
study day.  No significant differences were observed between any of the groups at any time 

point.  The arrow indicates the day of the particle injections into the air pouches. 
 

 
 

Figure 3.28: The percentage of total paws affected in each group throughout the study.  The 
error bars indicate standard error.  The arrow indicates the day of the particle injections into the 

air pouches. 
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near the synovial membrane attachment site.  As the joint swells, edematous changes appear, 

distorting the joint architecture.  The swelling and inflammatory infiltration can cause 

misalignment of the joints, interfering with joint articulation.  The final stage of severe disease 

involves the complete destruction of joint mobility, with full bridging of the joints with fibrous 

tissue.  

Some of the study animals showed possible germinal centers in the inflammatory 

infiltrate, suggesting a local continuation of the immune response in the joint.  In a chronic 

inflammatory process, it is possible to develop tissue that mimics a tertiary lymphoid organ in 

the inflamed tissue.  This is similar to a lymph node, and contains APCs which activate B-cells 

with receptors specific for local antigens.  In this manner, a more efficient maturation and 

activation process for lymphocytes can take place, in addition to antigen transport to regional 

lymph nodes [47].   

There were no statistically significant difference in the histopathology scores of the 

animals at sacrifice.  The mean histopathology scores for each group are displayed in Figure 

3.29.  Figures 3.30-3.36 show examples of each of the overall scores. 

 



75 
 

 
 

Figure 3.29:  The mean histopathological scores for each particle group.  No significant 
differences were observed between the groups for any measurement.  The error bars indicate 

standard error. 
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Figure 3.30:  A representative section of a normal animal scored as a 0.  This section received a 
score of 0 for all parameters.  The blue arrow indicates smooth, intact articular cartilage.  The 

green arrows indicate the thin synovial membrane.  All joint spaces are visible and the bones are 
well-aligned.  H&E staining.  50x magnification. 
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Figure 3.31:  A representative section of an animal given an overall score of 1.  There is slight 
cartilage and bone erosion for an erosion score of 1.  Synovitis score is 2, and microvilli are 

present for a pannus score of 1. The architecture score was also 1, since the joint spaces are still 
present.   The green arrows indicate microvilli.  The blue arrow indicates cartilage erosion.  The 
black arrow indicates a thickening of the synovial membrane, or synovitis.  H&E staining.  50x 

magnification. 
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Figure 3.32:  A representative section of an animal given an overall score of 2.  There is some 
cartilage and bone erosion for an erosion score of 2.  Moderate synovitis is present and some of 

the joints have pannus attachments, so both were scored as 2. The architecture score was a 2, 
since the basic joint spaces are still present.   The blue arrows indicate areas of bone and 
cartilage erosion.   The green arrow indicates an area of pannus attachment, separated by 

sectioning.  The red arrow indicates an area of synovitis.  H&E staining.  50x magnification. 
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Figure 3.33:  A representative section of an animal given an overall score of 3.  There is some 
cartilage and bone erosion for an erosion score of 3.  Synovitis is present and the pannus is 

attached to some of the articular surfaces, so both were scored as 3. The architecture score was a 
2, since the basic joint spaces are still present.  The blue arrows indicate cartilage and bone 

erosions.  The green arrow indicates pannus, detached by sectioning.  The red arrows indicate 
synovitis.  H&E staining.  50x magnification. 
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Figure 3.34:  A representative section of an animal receiving an overall score of 4.  The synovitis 
is clearly a 5, but some cartilage remains and joint spaces are still discernable.  The marginal 

erosions are 5 and the architecture is a 4.  The red arrows indicate areas of synovitis.  The blue 
arrows indicate areas of bone and cartilage erosions.  The green arrows indicate areas of pannus 

filling the joint spaces.  H&E staining.  50x magnification. 
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Figure 3.35:  A possible germinal center adjacent to eroded bone.  The blue arrows delineate a 
possible germinal center.  The horizontal line is a folding artifact from histological sectioning.  

H&E staining.  100x magnification. 
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Figure 3.36:  A representative section of an animal given an overall score of 5.  This severely 
arthritic animal received a score of 5 for all parameters.  The pannus has filled the joint spaces 

and fibrous tissue has immobilized the joints.   The red arrows indicate synovitis.  The blue 
arrows indicate areas of bone erosion.  The green arrow indicates pannus filling the joint spaces, 

although most of the tissue is actually pannus.  H&E staining.  50x magnification. 
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CHAPTER 4 

DISCUSSION 

 
 The objectives of this study were 1) to investigate the effects of chromium 

hypersensitivity and collagen induced arthritis on the inflammatory, immunological, and 

osteolytic response in an air pouch containing bone with either CoCr or UHMWPE particles and 

2) to determine the effects, if any, of CoCr or UHMWPE particles on the progression of collagen 

induced arthritis. 

4.1 Metal Sensitization 
 

Metal hypersensitivity is relatively common among the general population, due to 

environmental exposure to metals such as nickel, cobalt, and chromium.  These sensitivities 

primarily manifest as a cutaneous type IV hypersensitivity reaction [57].  The incidence of metal 

hypersensitivity to medical implants is less well known, and the relevance of it to implant 

success is still being investigated.  This topic has gained in importance due to the premature 

failures of the recent MOM hip prostheses.  The overall prevalence of implant failures directly 

attributable to metal hypersensitivity varies by study, but is suspected to be less than 1% [48].  It 

is unknown, however whether the hypersensitivity may contribute to more failures typically 

attributed to other causes.  About 25% of patients with well-functioning implants display a 

hypersensitivity to one or more metals, as opposed to 10-15% of the general population.  This 

risk rises to 60% with a failing implant, but the cause and effect relationship is unclear [48].  It is 

important to emphasize the individual variability in the development of metal hypersensitivity 

among patients with the same implant under similar conditions.  This indicates that individual 

variation exists in response to similar metal exposures, implicating a potential genetic component 

of the risk of metal hypersensitivity.  It is known that there is a genetic predisposition toward the 
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development of drug allergies [83], so it is reasonable to expect a genetic component of metal 

hypersensitivity. 

To study the effects of a hypersensitivity to metal on the response to metal debris, the 

mouse model developed by Yang and Merritt was utilized [56].  Because metal corrosion 

products are atomic, they must complex with proteins (albumin primarily) to form hapten-carrier 

complexes in order to be recognized by the adaptive immune system [56].  This is observed in 

the case of dermal hypersensitivity.  To provide for the carrier, chromium was bound to 

glutathione and rabbit serum albumin.  The glutathione is ideal for the binding of metals due to 

the presence of mercaptan groups [56].  Since metal is a “weak” antigen three separate injections 

were required, with the use of both Complete and Incomplete Freund’s Adjuvants.  The low 

antigenicity of chromium is also exemplified by the low prevalence of successful induction of 

hypersensitivity (33%) among mice receiving the same treatments, as shown in section 3.1.   

The low percentage of animals successfully sensitized in the metal group reflects the low 

prevalence of metal hypersensitivity in humans [9].  The original study conducted by Yang and 

Merritt had a successful sensitization rate of 33%, which was identical to this study [56].  

However, compared to that study, the degree of sensitization in this study measured by OD ratio 

was quite low, which could compromise the assumptions made based on hypersensitivity to 

chromium.  Since this study utilized an inbred strain, DBA/1, genetic variability between animals 

was minimized, indicating that susceptibility to metal hypersensitivity is not purely genetic.  In 

the pilot work, Balb/c mice were utilized in the metal sensitization process, and the results were 

more positive, suggesting that Balb/c mice may be more prone to the generation of a 

hypersensitivity response to metal than DBA/1 mice.  This difference was unforeseen, so DBA/1 

mice were used in this study due to their improved susceptibility to collagen induced arthritis 
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[81].  For a more informative investigation of chromium hypersensitivity, it would be advisable 

to perform this experiment using Balb/c mice. 

One limitation to the use of circulating antibodies to chromium to define metal 

hypersensitivity is that the prevailing theory of metal hypersensitivity in humans is that it 

resembles a type IV response primarily mediated by T-cells and macrophages [56], not antibody 

secreting plasma cells.  Although the relevance of an antibody mediated response to a primarily 

cell-mediated response is uncertain, antibodies to Co, Cr, and Ni were detected in patients after 

implantation of a metallic implant [56].  This suggests a possible contribution of humoral 

immunity in the response to metals. 

4.2 CIA Induction 

 CIA is a rodent model of RA with significant similarities to human RA, including the 

initial onset of inflammation with joint swelling and redness.  Bone erosions are also mediated 

by an erosive pannus formed from synovitis.  CIA also often results in ankylosis of affected 

joints, leading to a permanent deformity [81].  Germinal centers can arise in the synovium of 

CIA affected joints [47,84] as well as in RA, and are believed to promote continuation of the 

inflammatory response.  Circulating antibodies to type II collagen are present in CIA, and lead to 

erosions of hyaline cartilage which is primarily composed of type II collagen [81].  As with all 

animal disease models, there are some variations from the human disease which must be 

considered when drawing conclusions from animal studies.  In RA, the specificity of 

autoantibodies is more variable and uncertain, as antibodies to citrullinated proteins [68], 

collagen [66], heat shock proteins [66,71], the Rheumatoid Factor [66,85], and other targets [66] 

have all been detected in RA patients.  CIA is also typically a self-limiting disease which 
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resolves spontaneously even without treatment [86].  While RA can resolve, it often persists as a 

chronic disease for decades [83,86]. 

The induction of collagen induced arthritis is much more predictable than the metal 

sensitization procedure.  This is likely at least partially due to the increased antigenicity of 

collagen as a protein, over chromium bound to a carrier protein.  All mice in this study 

developed circulating antibodies to type II collagen after the type II collagen and Complete 

Freund’s Adjuvant injection.   

The development of clinical arthritis is less predictable, with an average of 80-100% of 

animals developing arthritis in one or more paws [86].  The extent of the arthritis is much more 

variable, as observed in this study and others from our lab.  Some animals develop low level 

disease in only one paw, while others develop severe disease in all four paws.  The number and 

extent of paw inflammation showed no relationship to the level of antibodies to collagen.  The 

cause of this variability is unknown.  Because the antibodies are measured in the general 

circulation, they presumably pass through all paws equally.  In this study, 97% of the mice 

developed arthritis, providing large samples for statistical analysis. 

4.3 Pouch Cytokine Levels 

 Wooley et al. demonstrated that UHMWPE and CoCr particles introduced into the air 

pouch stimulated the production of IL-1 and TNF-α, perpetuating an inflammatory response 

[35], so elevation of these cytokines was expected in this study.  CIA causes high levels of IL-1 

and TNF-α [81], so those animals were predicted to have high levels in the pouches.  The 

specimen collection, preparation, and ELISA for IL-1, IL-6, and TNF-α were carried out in the 

established method in our lab, except that half of the implanted bone was homogenized with the 

pouch membrane.  Bone tissue contains numerous proteinases [87], which likely degraded the 
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cytokines in the samples, since no inhibitors were employed in the tissue processing.  It would be 

expected that all three cytokines would be elevated in the thicker pouches and the ones with 

significant mononuclear infiltration, since all three are released by activated macrophages and 

attract further mononuclear cells [7].  As TNF-α is responsible for much of the bone destruction 

observed in RA and aseptic loosening [7,72], this cytokine would likely be more elevated in 

pouches with greater degrees of bone demineralization. 

4.4 Pouch Reactivity 

 The murine air pouch is a widely used model for the assessment of biological responses 

to particulate debris and potential biomaterials.  The membrane allows implanted materials and 

inflammatory cells and cytokines to remain contained in place, allowing convenient tissue 

harvest for histological sectioning, as well as molecular analysis for inflammatory mediators 

[35].  A modified version of the murine air pouch with implanted bone was utilized in this study 

to examine the inflammatory and immune responses to particulate chromium and UHMWPE 

debris, as well as the degree of osteolysis of the implanted bone.   

 The thickness of the air pouch membrane is directly related to the level of the 

inflammatory response to the pouch contents, with more inflammatory or immunostimulative 

contents causing an increase in thickness [13].  In this study, shown in section 3.3, there were no 

significant differences between any PBS groups, any UHMWPE groups, or any CoCr groups.  

This indicates that the specific sensitization targets did not cause a variation in pouch thicknesses 

in response to the same particles.  It is possible that the adjuvant injection itself caused an 

alteration in the pouch thicknesses, but unsensitized controls were not examined.  The 

differences in pouch thickness between groups with different particle injections appeared to be 

due only to the particles.  As expected, the groups receiving the control PBS injections had the 
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thinnest membranes.  The pouches containing CoCr particles were of intermediate thickness, and 

the UHMWPE pouches had the greatest thicknesses.  This suggests that UHMWPE particles 

induce a greater pouch thickening than CoCr, regardless of sensitization.  This trend differs from 

the finding of Wooley et al, when comparing the pouch reaction to various particles, in which 

CoCr particles produced a thicker pouch than UHMWPE, but that implantation was only 2 days, 

a much shorter duration than in the present study [35].  That was an acute study, while this was a 

chronic model, and the adjuvant injections here may have also induced a more aggressive 

response to the UHMWPE particles.  An adaptive immune response would be much less likely in 

the case of the acute study, given the shorter exposure time, since the development of adaptive 

immunity takes several days. 

 Although the cell density measurements showed little variation among the study groups, 

the percentage of inflammatory cells making up the membranes did vary based on the particle 

injection.  In general, the UHMWPE groups showed higher percentages of inflammatory cells 

than the PBS and CoCr groups, with the exception of the negative metal hypersensitive 

UHMWPE particle group.  Because the response to UHMWPE is primarily innate, the higher 

level of inflammatory cells in those pouches is logical.  It was unexpected that the negative metal 

hypersensitive UHMWPE group did not achieve statistical significance over any of the other 

groups.  The value did not vary significantly from the positive metal hypersensitivity UHMWPE 

group, so it is likely that the lower value of the negative group was simply due to intragroup 

variation.  It would be interesting to determine to whether the control group developed 

measureable antibodies to KLH.  If so, it could potentially show an effect of a positive 

sensitization on the biologic response to UHMWPE, which is considered to be a non-specific 

innate response.  However, von Domarus et al. described the appearance of lymphocytes in 
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periprosthetic tissue surrounding MOP implants at revision for aseptic loosening, so some 

uncertainty remains regarding the exact nature of biological responses to debris [88].   

Because the air pouch is an inflammatory tissue, some level of inflammation is expected 

in all pouches, regardless of stimulation [13,35].  In addition, the implanted bone was observed 

to mechanically irritate the membrane and contains viable bone marrow, which could provide 

osteoclastic and mononuclear cells in addition to those generated by the implanted mice.  

Significant bone destruction was observed in most of the pouches, which is an inflammatory 

process on its own, potentially leading to mononuclear cell infiltration regardless of particle 

addition.  A shorter implantation time might have yielded more intergroup difference, as the 

bone demineralization was evident even in the groups receiving only PBS, which were expected 

to display the least bone resorption of all the pouch injections.  The longer implantation time was 

used in order to allow for observation of the effects of the particle stimulation on the progression 

of the arthritis.  Since this study indicated a lack of influence of the particle injections on the 

arthritis course, a 10-14 day implantation is more likely to provide a more robust comparison of 

the pouch responses [13]. 

 Since the metal hypersensitivity reactions are typically lymphocytic [4], the pouch 

membranes were also assessed for lymphocyte infiltration.  No significant trends were observed 

between the groups in terms of lymphocyte infiltration, although the PBS groups tended to show 

less lymphocyte infiltration than the particle-stimulated groups, as described in section 3.5.  High 

intragroup variability was observed in all study groups, which mirrors the high variability of 

patient response to similar biomaterial exposure.  Some animals had very little mononuclear 

infiltration, while others had high levels of perivascular lymphocyte infiltration.  The observation 

of the lymphocyte cuffing is presumably the result of extravasation of lymphocytes into the 
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tissue surrounding the inflammatory material, in this case, both the particles and the implanted 

bone.  The high density of these cells suggests that the tissues contain high levels of 

inflammatory cytokines and chemokines, stimulating a large influx of immune cells.  The innate 

immune system (macrophages) is primarily involved in the response to UHMWPE, as opposed 

to the adaptive system (lymphocytes) [19], so the observation of a lymphocytic response in these 

groups was unexpected.  All animals received at least one injection of Complete Freund’s 

Adjuvant, however, which likely led to alteration of the immune surveillance even in the KLH 

groups.  The majority of the lymphocytes in all groups were relatively scattered throughout the 

pouches, presenting a more diffuse lymphocyte infiltration, suggesting a potentially systemic 

increase in non-specific inflammatory and immune responses.  Von Domarus et al. described 

lymphocytic infiltration in the periprosthetic tissue surrounding loose MOP hip and knee 

replacements, suggesting that they may be involved in the aseptic osteolysis, but their presence 

in the tissue was unexplained [88]. 

 Multiple case studies describe necrotic tissue surrounding MOM implants, primarily in 

the form of pseudotumors [4,15,20,21].  The exact cause of these masses is unclear, but may be 

chronic inflammation and immune activation or local toxicity due to the presence of a large 

volume of debris.  Another type of necrosis, necrobiosis, is observed in periprosthetic tissue and 

involves the loss of cellularity with the preservation of the fibrous tissue matrix.  In conventional 

necrosis, collagenases degrade the fibrous matrix, leaving unstructured acellular tissue [21].  Von 

Domarus et al. described necrobiosis in the synovial tissue in 23 out of 28 patients undergoing 

revision of MOP implants due to aseptic loosening, indicating that it is not simply associated 

with MOM implants [88].  That is consistent with the observation of necrobiosis in one mouse 

receiving UHMWPE, shown in section 3.5.  Both of these results are consistent with the results 
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of Doorn et al, in which debris was implicated in the development of necrobiosis [21].  Von 

Domarus et al. states that this necrobiosis is not a sign of metal hypersensitivity [88], which is 

supported by the fact that none of the UHMWPE group mice received any metal in the pouch, 

excluding that as a possibility.  

 Some pouches contained multinucleated cells, often in close contact with the bone 

surface, which appeared consistent with osteoclasts, although specific staining, such as TRAP, 

would be necessary for definite identification.  The identity of the lymphocytes as B-cells or T-

cells could not be determined without immunohistochemical staining for markers such as CD3, 

CD4 or CD8, but given the general description of the adaptive metal responses as type IV 

hypersensitivities [57], they are expected to be primarily T-lymphocytes.  The close attachment 

of the pouch membranes to the implanted bone, especially in erosion pits, is consistent with the 

appearance of inflammatory bone resorption described in Wooley et al. [35].  Wooley et al. 

observed a significant increase in osteoclasts and bone resorption pits in particle-stimulated 

pouches over those only receiving PBS [35], which would be expected in a more acute 

implantation period. 

4.5 Bone Density Measurements   

 The IOD measurement itself is highly dependent on the consistency of staining intensity 

of the histological sections, which was somewhat variable in this study.  However, visual 

inspection for areas of demineralization in each air pouch section supported the IOD 

measurement results of the different treatment groups, ameliorating the confounding effects of 

staining inconsistency. 

There was little statistically significant difference in the implanted bone densities 

between the different groups.  This may be due to the long implantation time.  Several of the 
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PBS mice showed decreased bone density and increased inflammation related to bone resorption, 

indicating that a shorter implantation time might show more variation.  The air pouch itself is 

inflammatory [82], and the relationship of chronic inflammation and osteolysis is recognized 

[3,19,89].  Therefore, the eventual destruction of the implanted bone is expected in an extended 

implantation, regardless of particle stimulation.  The cut ends of the bone fragments were also 

observed to cause mechanical damage to the pouch membrane, which would further increase 

inflammation surrounding the bone independent of injected particles.  Another possible cause 

would be the sensitization injections.  If a systemic change in inflammatory and/or immune 

responses occurred, it would be reasonable that osteoclastic activity could also be upregulated, 

given the close relationship between bone metabolism and immunology [19]. 

4.6 Effects of Particles on CIA Progression 

 The development of arthritis was assessed throughout the study based on paw redness, 

swelling, and ankylosis.  The onset and progression of arthritis in mice in each particle group 

was compared to determine whether the particles had any effect on the arthritis.  There were no 

significant differences in arthritis progression between the groups receiving PBS, CoCr, or 

UHMWPE particles.  No differences were seen in affected paw number or total paw score.  This 

is not surprising, given that no major differences in cementless implant survival after successful 

osseointegration, are recorded between patients with rheumatoid arthritis and patients without 

inflammatory arthritis [78].   

There are known differences between osteoarthritis and RA patients in the degree of 

osseointegration of an implant after insertion, which led to the recommendation of only placing 

cemented implants in RA patients [78,79].  RA disrupts bone homeostasis and causes decreased 

bone density and bone quality in affected joints.  This poor quality bone, together with the 
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inhibited formation of new bone complicates the development of osseointegration with joint 

replacements, so bone cement is generally used to achieve a more stable junction at the bone-

implant interface [78,79].  Another limitation of this study is that the particles were not 

introduced into any affected joint, so no definite correlation can be made to patients with TJA in 

arthritic joints, in which there would be local introduction of debris.  A more relevant model 

would involve repeated intra-articular particle injections into affected joints, as this would better 

mirror the situation in RA patients with joint prostheses, in which the debris is generated over 

time in the arthritic joint.  The intra-articular debris generation would be expected to cause more 

inflammation in the affected joint than in non-articular areas.  It is unknown whether this intra-

articular debris can exacerbate the course of the arthritis. 

 A second factor potentially influencing the relevance of this study was the fact that none 

of the animals were receiving any sort of treatment for the arthritis.  Patients with RA are 

typically aggressively treated with DMARDs as soon as the diagnosis is reached [75,76], which 

has been shown to alter the biological response to debris [80].  Theoretically, it could be 

expected that untreated animals would be more likely to experience an alteration in arthritis 

progression, given the potentially unrestricted expression of pro-inflammatory cytokines, so the 

lack of the difference in untreated animals would be more definitive than the results of treated 

animals.  It would be interesting to compare mice treated with DMARDs such as methotrexate or 

a TNF inhibitor. Because those treatments have similar effects on CIA as on RA, the animal 

responses would likely be relevant to those experienced in human patients. 
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CHAPTER 5 

CONCLUSIONS 

 

 Hypersensitivity to metallic medical implant components is believed to be a relatively 

rare and poorly understood cause of implant failure.  The pathological characteristics of metal 

hypersensitivity and other ARMDs remain unclear, but improved understanding is vital to 

improvements in implant longevity.  The perceived rarity of implant failure due to metal 

hypersensitivity is supported by the low success of chromium sensitization in this study.  The 

recent metal-on-metal implant failures and recalls have only increased the need for more 

information regarding the biological responses to metallic implants. 

The inflammatory responses in the air pouches in this study showed more correlation 

with the type of particle introduced than whether they were sensitized to chromium, type II 

collagen, or KLH.  The pouch thicknesses of all of the UHMWPE groups were consistently 

higher than the thicknesses of the CoCr groups, and the thicknesses of the PBS groups were 

consistently lower than either particle.   The cell densities showed no significant differences 

between any of the study groups with large standard deviations, and some infiltration due to 

osteolysis.  The mononuclear percentage of the membrane cells was significantly greater in the 

UHMWPE groups than the other groups with, aside from the control CoCr group, which had a 

large standard deviation.  There was no significant difference between the different UHMWPE 

groups, indicating that none of the sensitizations affected the mononuclear cell response.  The 

negative metal hypersensitive UHMWPE was not significantly elevated over the other particle 

groups, but this appeared to be due to a large standard deviation.  The UHMWPE groups were 

the only animals with mononuclear cell percentages greater than 50%.   
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In contrast with the inflammatory response, the lymphocyte infiltration response in the 

pouches was much more variable.  High variability led to a lack of significant differences 

between groups, which correlates well with clinical observations.  The immune response was 

unpredictable regardless of sensitization.  Importantly, perivascular lymphocyte cuffing was 

observed in some animals, showing that this model is capable of producing ALVAL-like 

pathologies. 

The bone demineralization analysis, which is relevant to clinical osteolysis, was likely 

biased by the long implantation period, since even pouches without particles showed appreciable 

bone loss.  The positive and negative metal hypersensitive CoCr group had a higher level of bone 

resorption than the positive and negative metal hypersensitive PBS groups, although the negative 

metal hypersensitive CoCr group was less significantly elevated.  This result suggests that 

antibodies to chromium could encourage bone loss in the presence of CoCr particles, and 

potentially, that the sensitization injections alone may increase bone resorption.  In general, the 

pouches without particles showed lower bone resorption than particle-laden pouches, except for 

the control PBS group.  It is unknown why the control PBS group had the highest level of bone 

resorption of any group, suggesting that in the presence of particles, KLH antibodies are 

potentially anti-osteolytic.  This is unlikely, and further study is required to verify this finding, as 

well as to test for the presence of antibodies to KLH.  The level of bone resorption was 

equivalent between the CIA groups, indicating that CIA itself determines bone resorption, and 

that the presence and type of particles do not measurably affect the amount of resorption.  To 

obtain more comparative data, this study should be repeated with a 10-14 day implantation, as 

this should allow evaluation prior to the generalized resorption occurring around day 28. 
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Based on this study, the overall inflammatory response was largely unaffected by any of 

the sensitizations.  This suggests that the presence of material sensitivities or autoimmunities 

does not affect the inflammatory response to UHMWPE or CoCr particulate debris.  The large 

variation in the immune responses as determined by histopathology precluded conclusions 

regarding the effects of metal hypersensitivities and autoimmune diseases on the immune 

responses to particles.  This study showed a higher prevalence of perivascular lymphocyte 

cuffing among animals receiving either UHMWPE or CoCr particle injections, as opposed to 

PBS, which is consistent with the pathological description of ALVAL in periprosthetic tissue. 

Although no clear effect of metal hypersensitivity on immune response to particles was 

observe, it is logical to assume that patient metal hypersensitivity could adversely impact the 

success of an implant, so patients should be tested for material sensitivities prior to insertion of 

joint prostheses.  The presence of material sensitivity should be considered a contraindication for 

implantation of a metal-on-metal implant due to the metal particulate and corrosion product 

generation. 

 No effect of particle introduction was observed on the progression or severity of collagen 

arthritis, with regard to overall arthritis score or number of paws affected.  These results suggest 

that rheumatoid arthritis likely does not cause decreased longevity of joint replacements, and the 

introduction of metal or UHMWPE particles does not appear to affect the course of the arthritis.  

Further work is required to assess the response to intra-articular debris in arthritic joints, as that 

is more likely to affect joint inflammation.  It is important to realize, as well, that the results of a 

rodent study may or may not translate well to the conditions in humans.  The lack of any effect 

of the particle injections on the course of the arthritis suggests that RA need not be a 
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contraindication for the use of joint replacements to improve quality of life in end-stage RA 

patients. 

 The results of this study did not confirm either of the working hypotheses.  The 

inflammatory and immune responses to the particles did not vary between the different 

sensitization groups, suggesting that the sensitizations did not have a statistically significant 

effect on those responses.  There was also no variation in bone resorption between the 

sensitization groups.  Finally, the particles had no statistically significant effect on the 

progression of the arthritis. 
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